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1. Introduction |

In plain decline of Roman empire, during the second expedition to Britain, Julius Caesar
wrote in book V of De Bello Gallico, "All Britons paint themselves with woad, which grows
wild and produces a blue dye. This gives them a terrifying appearance in battle".[! The term
woad is the common name of a flowering plant also known as indigo plant, which is the
source of the blue dye after which it was named.!? 3! At the molecular level, indigo dye is an
organic (carbon based) material composed by two 3-indolinone units covalently linked
through a double CC bond, resulting on a planar n-conjugated structure due to the presence

of distinctive O---H non-covalent interactions (Figure 1.1).

Figure 1.1. Scheme of the evolution in the application of indigo ((E)-[2,2'-biindolinylidene]-3,3'-
dione), together with its chemical structure.

Eventually, the demand for indigo exceed natural production and therefore, new
synthetic alternatives have been developed until now.* *! In fact, it is presumable that some
of you are using synthetic indigo dye in an unknown way while reading this doctoral thesis,
since several thousand tons per year are used on the coloration of denim cloth and blue
jeans.'®! Furthermore, taking advantage of its m-conjugated nature, indigo was satisfactory
tested in 2012 as semiconducting active layer in organic electronic devices, such as Organic
Field Effect Transistors (OFETs).”! To date, molecular design and device engineering
strategies have been put forward to improve device performances, with new indigo-
derivatives rendering around four order of magnitude higher OFETs performance compared
to those of the reported in 2012, affording the opportunity to modulate materials properties

toward specific device functions.!®!



Semiconducting character in m-conjugated organic materials

As reflected by this historical background, we can assume that the great evolution in
the application of m-conjugated organic materials has gone hand in hand with the knowledge
of their properties. Thus, the quest of structure-property guidelines is an important aspect
to take into account for the optimal application of these materials in optoelectronic devices
as well as to design new derivatives that improve the properties and applications of the

existing ones.

As the reader might have surely noticed in this brief historic background, concepts
such as "semiconducting character" or "m-conjugation" unavoidably have appeared when
talking about organic compounds because of their close relationship. For that, the
introduction will first outline some general aspect about these two terms, then describe how
them can be fine-tuned by structural modifications and finally, we will consider the function

of m-conjugated materials in materials science, for example as active component in devices.

1.1. Semiconducting character in n-conjugated organic materials

Electrical conductivity can be described in its simpler extension as the ability of a
material to transport electric current. The way this electrical conduction works, and the
properties derived from it, can be explained in first instance by an elementary quantum
mechanics point of view of Hiickel Molecular Orbitals (HMO) theory.® 2% For this purpose,
the two simplest linear organic molecules with alternating single and double CC bonds, 1,3-

butadiene and 1,3,5-hexatriene, will be described in the following.

On the basis of the Linear Combination of Atomic Orbitals (LCAO) approach, when
carbon atoms join together to form 1,3-butadiene and 1,3,5-hexatriene, their atomic
orbitals come closer to spatially overlap. At this stage the orbitals hybridize, that is, one 2s-
orbital combines with only two of the three available 2p-orbitals to form three new and
identical sp? hybrid sigma-orbitals arranged in a trigonal coplanar structure around each
carbon atom. The remaining unhybridized 2p orbitals, usually denoted 2p,, are orthogonal
to the plane of the sp? molecular framework and they are responsible of n-bonding due to

the presence of one free electron (or n-electron) for each 2p, orbital.
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Within the HMO approach, it is possible to predict the bond order between two
adjacent atoms i and j (Py), a magnitude of significant importance that represents the
contribution of the m-bond on the molecular structure. In view of the predicted data for 1,3-
butadiene (Figure 1.2) the essence of the m-conjugation is described in a simple way, since
CCbond between atoms 1 and 2 (or 3 and 4) is not a pure double bond (in that case, P should
be equal to the unit), and the CC bond between atoms 2 and 3 is not a pure single bond
(where P should be zero). Thus, the calculated bond orders suggest that the n-electrons are
delocalized over the sp? framework as a consequence of the p, orbitals overlap, through
which electrons can freely move. This is just the definition of m-conjugation, which is defined
by the IUPAC Gold Book as “not localized rt-bonding between two atoms: instead, each link

has a 'fractional double bond character' or bond order”.*!
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Figure 1.2. Schematic illustration of the sp? hybrid and 2p, atomic orbitals of 1,3-butadiene (left)
and 1,3,5-hexatriene (right) molecules. The calculated bond orders between adjacent atoms are
also shown.

It is important to note that, even more pronounced is the effect predicted in 1,3,5-
hexatriene, where the innermost CC bond between atoms 3 and 4 present the lowest P value
within the double bonds. Therefore, the calculated bond order suggests that as long as each
contiguous atom in a chain has an available p,atomic orbital, the system enhances its -
conjugation. To further insight into this, the energies and wavefunctions of the molecular
orbitals involved on the mt-system can be also calculated assuming the HMO theory. In view
of the results plotted in Figure 1.3, it is clear that an additional double bond in the

conjugated system brings the Highest Occupied (HOMO) and Lowest Unoccupied Molecular
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Orbitals (LUMO) closer together, reducing the energy difference between them (namely
energy gap) as a consequence of a higher number of -t overlapped molecular orbitals
which enhance the electronic delocalization along the structure. Therefore, the energy
required to promote one electron from HOMO to LUMO progressively decrease on going
from ethylene to 1,3,5-hexatriene, shifting the absorption maximum to higher
wavelengths.['? As a result, it has been demonstrated that optoelectronic properties of

polyene-based system can be modulated by fine-tunning its m-conjugation degree.[**!
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Figure 1.3. Pictorial representation of Hiickel molecular orbitals energy diagram evolution by
lengthening the oligomer size, together with its respective red-shifted maximum absorption
wavelength. Molecular orbital wavefunctions with the different signs of the orbital lobes being
depicted as different colors are also shown. Please, note that a and B, namely Coulomb and
resonance integrals respectively, are parameters introduced by Hickel that can be evaluated
empirically by fitting the theory to experimental results.
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Similarly, when a large number of carbon atoms come together to form highly
extended covalent systems, such as graphite, numerous adjacent levels so close in energy

look like a continuum, producing both valence (analogous to previously mentioned HOMO)
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and conduction (analogous to LUMO) bands separated by a band gap. This opens the
scenario to the discussion of the effect that the band gap width plays on the electrical

conductivity of the materials, which can be classified as insulators, metals or semiconductors

(Figure 1.4).

Insulator

Energy

Valence band

Figure 1.4. (a) Hypothetical schematic representation of a large number of carbon atoms coming
together to form different carbon-based materials, demonstrating formation of the electronic
band structure. Since N is a very large number in a macroscopic crystal, the adjacent levels are
energetically close together, effectively forming a continuous energy band. (b) Comparison of
characteristic energy bands for insulator (diamond), semiconductor (fullerene) and metal

(graphene) materials.

Taking the different allotropes of carbon atom as example, natural diamond shows a
large band gap between the completely filled valence and empty conduction band which
avoid the electron-hopping between them, resulting on an insulator nature with null

electrical conductivity (o< 10®Scm™). In marked contrast, electrons in graphene can move

freely since metals or more accurately semi-metals have not energy gap between the two
bands as a consequence of the overlap between them. These materials are characterized by
an electrical conductivity higher than 10° Scm™.[**! Finally, under certain conditions the

inherent small band gap of fullerene makes possible the electron-hopping to the conduction
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band, but not with the same easiness as they do in conductors. For example, it has been
demonstrated that an external electrical field can effectively tune both the injection and

accumulation of charges in this material, providing high conductivity in OFETs devices. In

consequence, electrical conductivity between those of metals and insulators (108Scm™ <o
<103Scm™) can be measured, classifying fullerene as a semiconducting material.[*> 6]

However, from a strict point of view, the molecular solid nature of organic
semiconductors precludes transport of electric charges along delocalized bands like in its
inorganic counterpart, except in exceptional cases of ultrapure single crystals at very low

temperature.[t7- 8

1.2. Charge transport mechanism operating in organic semiconductors

Unlike inorganic semiconductors, where all the atoms are covalently bonded together
forming a highly crystalline three-dimensional solid with a strong overlapping of the atomic
orbitals which in turn allows the charge transport along highly delocalized bands, the order
of molecular solids is determined by non-covalent intermolecular interactions between
molecules.!*® 2% Taking into account the weakness of these interactions, the solid structure
of an organic semiconductor is subjected to statistical changes on the distances and
orientations between molecules (positional disorder) leading to variable molecular
environment for each molecule, and thus different energy levels.?* 22 As a result, charge
carriers (charged particles that generate an electric current when moving) in organic
semiconductors are usually localized over spatially and energetically distributed energy
levels that define a Density of States (DOS), as showed in Figure 1.5, determined by either
gaussian!?® [1.1] or purely exponential®*! [1.2] functions:

g =_"_exp (—;jz [1.1] 9@ ="exp ) [1.2]

oVl

where o is the energy scale of the DOS, while € and N are the energy and the concentration

of randomly distributed localized states, respectively.
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Figure 1.5. A hypothetical example of the density of states diagram for a generic organic
semiconductor as a function of HOMO and LUMO energy levels. Fullerene is shown on the left
as an example.

Before going in detail into the transport mechanism which will be expanded below, let
me to stop here to briefly explain the first critical process that affects the electronic devices
functioning: the charge carrier injection at the semiconductor-electrode interface. There are
two types of charge carriers responsible of semiconducting properties in organic materials:
(i) Negatively charged electron particles, which are generated and transported through
LUMO energy levels population of the semiconductor. (ii) Effective particles known as holes
with positive charge, interpreted as electron vacancies in the HOMO energy levels resulting
from either one electron excitation or electron transfer process with an electrode.[? 26
Depending on the type of charge carriers predominantly transported, semiconductors can
be further sub-categorized as p-type or n-type for holes and electron-transporting materials,
respectively. Another kind of semiconductors, known as ambipolar materials, can combine
both electron and hole charge carriers as a consequence of simultaneously electron and hole

injection from electrodes.?”!

As can be inferred by looking Figure 1.6, the position of the work function of the
electrode (Wr) relative to the HOMO/LUMO levels of the semiconductor can, in principle,
determine if a material operates as p-type, n-type, or ambipolar. In fact, W of the electrode
aligns with the HOMO (LUMO) energy levels for p-type (n-type) organic semiconductors,

whereas ambipolar transport requires that W lies in between the HOMO and LUMO levels
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in order to reduce the injection barrier (¢ps) and thus, allowing that holes/electrons can be

injected/extracted to localized states into the bulk at accessible applied electric fields.

a) Vacuum Level b) Vacuum Level C) Vacuum Level
A A== w ([T&E= / . - =
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= it e t

Electrode p-type Electrode n-type Electrode Ambipolar

Figure 1.6. Scheme of (a) holes and (b) electrons injection into the HOMO and LUMO orbitals of
p-type and n-type semiconductors, respectively. (c) Electrodes with We in between the HOMO
and LUMO levels can facilitate ambipolar transport. The ¢ as the difference between W and
the corresponding semiconductor energy level is also shown.

Nevertheless, ¢g is influenced by many complex effects, including the formation of
interface dipoles and charge transfer between interfaces brought into contact, which make
almost impossible to predict the energy level alignment at the electrode/semiconductor

interface given only Wr and semiconductor HOMO/LUMO levels.[?®!

Once the charge carriers responsible of electrical conductivity have been injected into
the semiconducting material, we aim at exploring the following question: How do charge
carriers move through the semiconducting material and what parameters control that? In
this sense, the answer can be found on the “hopping” mechanism, which assumes that at
the microscopic level the charge carriers randomly “hop” from one localized state to another
associated to an adjacent molecule due to thermally activated effects that permit to
overcome the energy barrier. Therefore, each “hop” is taken as an energetically activated

electron transfer (ET) process between two adjacent molecules, as illustrated in Figure
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1.7.12%31 ysually, hopping mechanism in disordered materials can be interrupted by charge
trapping, that is, situations where charge carriers are located in isolated energy levels which
have not adjacent levels with a similar energy in a nearby molecule, leading to shallow or
deep traps (depending on the deviation with respect the center of the DOS) from which
charge carriers can release by energy or definitively get trapped stopping its contribution to

charge transport, respectively.3% 33
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Figure 1.7. lllustration of hopping electron transport mechanism over spatially and energetically
distributed energy levels. Charge trapping effects are also considered.

In this context, the main contribution to the electron transfer theory comes from R. A.
Marcus, whose first formulation of the theory in 1956 drove him to the Nobel Prize in
Chemistry in 1992.B% 35 For Marcus, the inspiration to develop his theory was a work of W.
F. Libby in which Franck-Condon principle was applied to explain why electron transfer
reactions between pairs of small cations in aqueous solution are relatively slower than those
involving larger ions.® In this sense, Marcus proposed that the missing ingredient to explain
the different rate of these reactions is the dramatic variations in the chemical structure of
the reactants, which is thermally activated by the reorganization of the surroundings that
create the geometrically favorable situation prior to the electron transfer. Given that

electron transfer in solution has much in common with the theory of the "polaron", which

10
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is defined as an electron moving in a medium and carrying with it a polarized atmosphere,
Marcus theory has been significantly refined and extended to address electron transfer
processes in solids. In fact, about 20 years ago, Brédas et al. first proposed to use
semiclassical Marcus theory to describe the charge transport process in organic

semiconductors, 3’ 38 describing the electron transfer hopping rate (Kyr) as:

472 1 (Ai+ 20)
=2 t2exp (— 1.3
Kir = = e 6% ( pyw ) [1.3]

Where h and Kp are the Planck and Boltzmann constants respectively, T is the
temperature, A is the reorganization energy and t is the transfer integral. It is important to
highlight that this theory is applicable when vibrational mode energies are significantly
smaller than the thermal energy available and t is considerably shorter than 4,2° in which
case the electronic transport is essentially controlled by two parameters: (i) t, which reflects
the degree of intermolecular interactions between HOMOs or LUMOs of nearest-neighbor
molecular pairs and the (ii) A term, which describes the strength of the electron-phonon
(vibration) coupling at both intra- and intermolecular levels, denoted as A; and 4,
respectively. A; is reliably associated with the energetic cost of the conformational
molecular changes needed to the acceptance or release of charge carriers, while A, reflects
the external response of the environment surrounding the molecules involved in the charge
transfer process. In solid state, A, is usually much smaller than A;, therefore it can be
neglected to consider only 1,.1%! With these considerations in mind, Equation 1.3 reveals
that efficient charge transfer processes within a hopping regime require large transfer
integrals and small reorganization energies.** %21 These two parameters are closely

associated to the molecular structure and the solid-state packing.

This fact points up that the new area of molecular electronics depends critically on the
understanding and the control of the electron transfer in and between molecules. Since the
spirit of the present thesis is digging into the structure-property relationships of organic
semiconductors, it can be considered mandatory to approach how structural changes at

both intra- and intermolecular levels can fine-tune the charge-transport properties of a

11
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specific material, in order to rationally manipulate them for their final implementation in
devices. When it comes to complex structure-property relationships, an important
requirement in developing high-performance optoelectronic devices involves the design of
n-conjugated systems with an optimal charge carrier ability,/*®! whose clues are presented

in the next sections.

1.3. n-conjugation tuning at the intramolecular level

Taking the OFETs as a representative example of electronic device, since the first
polymer and small molecule-based transistors were reported in 1986 and 1989
respectively,[* %! tremendous progress has been made on the development of “the perfect
system”, with OFET devices rapidly improving performance records year after year (Figure
1.8).146491 | fact, in the 1980s the mobility (the ability of charges to move under an applied
electric field) of the first reported organic semiconductor was of around 10° cm?V1s?, while
in 2020 the values of single crystal small molecules have increased up to 48 and 28 cm?V'!s”

1for hole and electron transport, respectively.l% >4
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Figure 1.8. Statistical relationship between the charge carrier mobilities of reported small
molecules and polymer-based semiconductors and their report date, from 1980 to 2020.
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In the next subsections, we review the key milestones that have been made in terms
of design criteria over the last 30 years, outlining the molecular design strategies that have,
over time, been behind these successes, rather than focus on specific/highest reported
mobilities. Considering that polymers consist of several conjugated small units which dictate
the processability and optoelectronic properties of the final materials and given that both
small molecules and polymers share the same design criteria to obtain high performance
organic semiconductors, we mainly discuss the case of small molecules to provide the

readers with the historic research route.

1.3.1. From twisted to planar nt-conjugated systems

Since all the materials proposed to study in this thesis are based on cyclic and/or
heterocyclic units covalently linked, we firstly discuss the simplest oligoarylene derivative:
the biphenyl molecule (1 in Figure 1.9), which consists of two phenyl rings almost
perpendicularly connected to each other through a CC single bond, due to the steric
hindrance caused by the hydrogen atoms of adjacent rings.!*?! This molecular arrangement
has physical consequences, such as a m-conjugation disruption between the two adjacent
phenyls rings induced by a negligible orbital overlapping. In fact, almost identical absorption
maxima (at around 256 nm) can be found on the UV-Vis absorption spectra of benzene and
biphenyl molecules, confirming that both phenyl rings of biphenyl act as independent units
without apparent m-conjugation between them.!®¥! Likewise, a-sexithiophene, which
supposes the first ever OFET based on a small molecule, shows a backbone conformation
strongly dependent on the rotational freedom of the single bonds connecting the thiophene
rings.’* It is, therefore, an invaluable prerequisite for conjugation that conjugated systems
are planar (or nearly so), in which case, “side-on” orbital overlap between line-up adjacent

n-orbitals takes place.[®% 5!

To address this issue, molecular materials with two or more fused rings have attracted
considerable attention in the emerging area of organic electronics, as the combination of

conformationally blocked and rigid molecular structures as well as optimum m-orbital

13
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overlapping may lead to practical applications.’®”) Similar to strategies presented by Miillen
and coworkers in the 1990s for minimizing the mutual distortion between phenyl rings in
poly(p-phenylene),’® > totally coplanar 9H-fluorene (compound 2 of Figure 1.9) and pyrene
(compound 3 of Figure 1.9) m-systems can be obtained via formation of methylene and
doubly ethene-bridged biphenyl bridges.!®®! Note that pyrene can be considered as two
fused naphthalene (compound 4 of Figure 1.9) moieties, which is the simplest polycyclic

aromatic hydrocarbon.

Thereby, the lowest energy transition of diluted chloroform solutions containing these
samples greatly red shift on going from the non-fused biphenyl molecule (255 nm) to the
fused fluorene (301 nm), naphthalene (312 nm), or pyrene (349 nm) analogous,
corroborating that fused rings is a useful strategy to enhance the overall m-conjugation of
the system.[®¥%3 |n addition, these planar and rigid backbones give rise to lower A values
since the molecular geometry undergoes less changes on going from the charged to the

neutral state (see Figure 1.10), which result in enhanced intramolecular charge transport.[5*

65]

However, reducing the torsional disorder along the molecular backbone can not only
be achieved by covalently linking aromatic units into fused moieties. Another technique is
based on the introduction of noncovalent intramolecular conformational locks to control
the rotation and enforce the planarity of the conjugated backbones.'®! Indeed, free rotation
of sigma bonds can be restricted by X--:Y (Y = O, N, halide) noncovalent interactions by taking
advantage of electron interactions between the lone pair electrons of Y and the antibonding
orbitals of the heteroatom X inserted to the cycle.[7-%%1 The two most prominent building
blocks illustrating this strategy are the electron-deficient isoindigo (IIG, named as 5 in Figure
1.9) and diketopyrrolopyrrole-based systems with flanking phenyl rings (DPP, named as 6 in
Figure 1.9), where favorable oxygen-hydrogen interactions lead to highly coplanar systems

with reduced torsional disorder along the molecular backbone.[70-73!
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Figure 1.9. Time-evolution of small molecule based OFETs performance. Some milestone
progresses are labeled out.

1.3.2. m-conjugation extension

As anticipated in the previous section, another successful strategy toward enhanced
semiconducting properties is lengthening the n-framework. Taking the above-mentioned
fused-rings molecules as building blocks, extended condensed derivatives of considerable
interest for optoelectronic applications can be obtained. For instance, closely related with
naphthalene, when the focus is on highly n-conjugated semiconductors with fused rings, it
is unavoidable to think in pentacene (compound 7 of Figure 1.9). In fact, since hole mobility
of OFETs based on pentacene films was beyond that of amorphous silicon (0.5-1 cm?V1s?)
in 1997,74 this molecule is considered as the fused system par excellence, being the
precursor of the most important p-type building-blocks synthesized to date, as we will see

below. The clearly improved electronic delocalization along the molecular backbone of
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pentacene when compared with naphthalene is evidenced by the absorption maxima red
shifts experimentally observed when the system gets larger (from 312 to 380 nm on going
from naphthalene to pentacene), as a consequence of the HOMO-LUMO gap narrowing
going from -4.3 eV for naphthalene to -2.1 eV for pentacene.”® 76! Additionally, the extensive
conjugated structure benefits the intramolecular delocalization of charge carriers, giving rise
to lower reorganization energies compared to the naphthalene counterpart (see Figure

1.10).

It is worth to mention that m-conjugation extension is not limited to follow a linear
direction as observed in pentacene. In fact, fluorene can be used as building block for the
design of three-armed star-shaped molecules such as truxene (compound 8 of Figure 1.9),
which can be considered as three fluorene units that share a fused aromatic ring. Compared
with the linear system commonly used, star-shaped molecules offer a number of advantages
when used in optoelectronic devices, including the ability to show multifunctionality in a
single molecule.””! The effective electron delocalization along the three fluorenone arms
confers this molecule a narrower energy gap (determined by a red-shifted of the longest
wavelength of 43 nm) with respect the parent fluorene as well as successful semiconducting

characteristics for solution processable OFETs, displaying hole mobilities of up to 10 cm?V-

161 [78]
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Figure 1.10. Theoretically calculated (B3LYP/6-31G** level) hole (blue) and electron (orange)
reorganization energies for some oligoarylene derivatives.
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Although mobilities exceeding those of amorphous silicon were already obtained at
this point of the historic research route, some issues still need to be addressed to improve
the applicability of these materials. On one hand, low-lying HOMO levels make these
systems notably vulnerable to the oxidation by exposing oxygen. On the other hand, rigid
highly m-conjugated molecules are generally poorly soluble in most common solvents due to
their strong intermolecular m-interactions and the lack of flexible chains. These
considerations open the scenario to the design of new highly-performance organic
semiconductors meeting the environmental stability and easy processability standards
required for the high throughput manufacturing of devices, which is discussed in the next

two sections.

1.3.3. Insertion of solubilizing substituents

To guarantee sufficient solubility of the material and thus improve the processability
of organic semiconductors in solution, solubilizing lateral substituents are usually introduced
in the m-conjugated skeleton. In this sense, the search of solution processable pentacene
derivatives has led to the discovery of several new materials.’*#! Examples include the
introduction of triisopropylsilylethynyl groups to the pentacene, which drive us to the
second breakthrough (compound 9 of Figure 1.9). For TIPS-pentacene, solution deposition
yielded devices with hole mobility up to 2 cm?V-1s%,18% syggesting the material is able to form
highly crystalline films, with the lateral chains leading to soluble materials without
disturbance of the conjugated system. Even more remarkable is the case of rubrene
(compound 10 of Figure 1.9), in which arylation in peri-positions of tetracene (linear acene
composed of four fused benzene rings) resulted in single crystal based OFETs with mobilities
up to 15 cm?V*s L. However, low mobility thin film OFETs (in most cases less than that of
amorphous silicon) were recorded as a consequence of the poor film quality, which was
attributed to an inefficient molecular packing caused by the mutual distortion of the
phenylene units.[® 8! Therefore, on the basis of the above considerations it is of crucial

importance that the incorporation of lateral groups helps to solubilize the conjugated
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material without altering the molecular planarity and, thus, the intramolecular m-orbital

delocalization.

1.3.4. Insertion of heteroatoms

The pursue of environmentally stable materials has driven research to design new n-
conjugated systems invulnerable to oxidation by exposing oxygen. A commonly used
strategy to accomplish that is the use of sulfur-rich systems owing to the following
characteristics: (i) conjugated systems with sulfur atoms have been shown to be
environmentally stable and robust in nature,’® #I and (ii) they offer a great ability to
improve the extent of intermolecular m-it overlap in the solid state as a result of multiple
short intermolecular S--:S contacts, being both factors of crucial importance to achieve

90, 91 |n this context, Takimiya and coworkers

effective semiconducting materials.
demonstrated that incorporation of fused thiophenes into oligoacene frameworks is an
efficient strategy to overcome the instability of pentacene, proposing 2,7-
Dioctyl[1]benzothieno[3,2-b][1]benzothiophene (C8-BTBT-C8 listed as compound 11 in
Figure 1.9) as a new promising semiconductor, which placed us on the last breakthrough of
this historic route.l®” In fact, C8-BTBT-C8 shows larger mobility compared to pentacene
(higher than 31 cm?V1s? for single-crystalline thin films) in addition to a significantly
improved solution processability and stability to oxidation, with device characteristics
preserved for more than 200 days without any significant change. From a supramolecular
point of view, the excellent electrical properties of C8-BTBT-C8-based OFET devices can be
attributed to the existence of bidimensional semiconducting channels with strong

intermolecular overlap.!®®! As a result, C8-BTBT-C8 has been taken as model to design new

organic semiconductors.[#4%I

Interestingly, depending on the heteroatom used, the charge transport properties of
these organic semiconductors can be modulated going from p-type to n-type or ambipolar

characteristics. For example, the substitution of sp? carbon atoms by N in the conjugated
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skeleton of TIPS-pentacene (compound 12 of Figure 1.9) leads to electron-transport

properties with mobilities of 13 cm?V1s™ for semicrystalline thin films.!7- %I

On the basis of all the aforementioned data, it has been evidenced that the vast
majority of organic semiconductors favor hole-transport whereas electron or ambipolar
transporting materials are rarer and, in general, still lag behind its p-type counterparts.®®
An explanation to this can be found on the difficulty of designing organic semiconductors
whose LUMO energy level is close to the work function of the used electrodes (like Au and
Pt), which is a basic requirement to have an efficient charge injection from the electrode to
the organic layer. Simply speaking, the work functions of the most common electrode
materials are very high and thus, more suitable for the injection of holes into the HOMO of
the organic semiconductor. Furthermore, compared to holes, electrons are more easily
trapped as a result of the oxidative environment in which we live.[*® |n order to match the
LUMO energy level of the organic semiconductor with the work function of the electrode,
tuning the energy levels of organic materials by chemical functionalization of the molecular
structure with electron donor and acceptor groups is a widely used strategy, as described

below.

1.3.5. Functionalization with donor and acceptor groups

Nowadays, precise engineering of both HOMO and LUMO energy levels of n-
conjugated systems is critical and therefore, it has become one of the main research topics
in the field. In general, the linear extension of the m-conjugation tends to both raise the
HOMO and lower the LUMO making the system both easier to oxidize and reduce, as
previously discussed. Such strategy has been employed to design ambipolar materials into
which both hole and electrons can be injected. If one desires to preferentially lower the
energy of the LUMO, the substitution of the m-conjugated framework with electron
withdrawing groups, is a reasonable strategy. In contrast, the insertion of electron-rich
groups preferentially increase the energy of the HOMO with a lower effect on the LUMO

(Figure 1.11).1*%1 As a3 representative example, substitution of two sets of m-accepting
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dicarboximide groups at the peri-positions of naphthalene molecule renders a more
extended oligoarylene system named as naphthalene diimide (NDI), which can exhibit
electron mobilities as high as 6.2 cm?V's? (compound 13 of Figure 1.9).1*%%! |n addition,
further functionalization at both N atoms of the imide groups and naphthalene core with
acceptor units (cyano, nitro, etc.) pull electron density away from the core of the m-system
by mesomeric effect, essentially lowering the energy of the LUMO and facilitating electron
injection.!1%% 104 Another approach to make a conjugated system more electron deficient is
by the insertion of inductive electron withdrawing groups such as halides. Such substitution
directly affects the polarisation of the o-orbitals and effectively lowers the electron density
at the nuclei of the attached atoms in the m-systems, resulting in a stabilization of both
HOMO and LUMO. In this context, respectable electron mobilities can be extracted from
benchmark p-type semiconductors such as pentacene, as long as strongly electron-
withdrawing groups such as F groups are introduced to the conjugated framework

(compound 14 of Figure 1.9).120
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Figure 1.11. Schematic representation of the HOMO and LUMO energy levels modulation by
insertion of either electron-rich or electron withdrawing groups to the NDI (left) and pentacene
(left) cores. The HOMO and LUMO energy values have been predicted by using DFT calculations
at the B3LYP/6-31G** level of theory.
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Note that this donor-acceptor concept was firstly introduced by Wynberg in 1992 as
an excellent approach to design polymers constituted by alternating electron-deficient
(acceptor) and electron-rich (donor) repeating units.[*°! For instance, the HOMO of the
polymer will depend strongly on the donor, while its LUMO will localize fundamentally in the
acceptor group. Consequently, the HOMO-LUMO gap of these D-A polymers can be
modulated according to the choice of the donor and acceptor moieties, in addition to the
appropriate functionalization of the conjugated backbone through the insertion of

peripheral substituents.

1.4. From small molecules to polymers

Compared to small molecules, the application of conjugated polymers in commercial
electronic devices as well as the further understanding of structure—property relationships
remain challenging due to some of their inherent disadvantages. For example, (i) the
traditional synthesis methods for semiconducting polymers lead to the presence of high
polydispersity, which significantly hinders the purification of polymers due to the
uncertainty of molecule weight. This fact produces batch-to-batch variations undesirable for
commercial applications. In addition, (ii) intra and interchain entanglements usually provide
less ordered materials with low degree of crystallinity, limiting its charge transport
properties. Finally, (iii) thermal evaporation methods, which are widely used in the

deposition of organic small molecules, can no longer be used in polymers.

However, despite these limitations, organic semiconducting polymers are considered
attractive candidates for future applications in lightweight and foldable electronic
devices,*! due to its potential low-temperature solution processing ability (which allow
large scale production applicable to building circuits) and the excellent capacity to modulate
its electronic and mechanical properties by adjusting the substituents or monomeric

(108, 1091 |n fact, thanks to the discovery of novel polymers and the

building blocks.
improvements of device fabrication, most recent reports on semiconducting polymer

implemented in OFETs have highlighted device performance on par with the best small
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molecules.[ 110 111 A 3 representative example, it is worth to mention the thienoisoindigo-
naphthalene-based conjugated polymer reported by Yang, Noh and coworkers in 2014
(PTIG-Np in Figure 1.12), which exhibited hole mobility up to 14 cm?V-s™! from a simple
coating processing.l**? Likewise, Yan and coworkers reported in 2009 one of the first
examples of stable, printable and high-performance electron-transporting polymer-based
OFETs fabricated with an naphthalene-bis(dicarboximide) polymer (NTCDI in Figure 1.12).
Electron mobilities up to 0.85 cm?V-!s™* were recorded.[**¥! These findings show that both
high performance p-type and n-type donor-acceptor polymers with mobilities exceeding the
benchmark value of amorphous silicon semiconductor have now been achieved, which

suppose a major step towards commercialization of polymer-based circuit technologies.
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Figure 1.12. Representative examples of: small molecules, linear (1D) polymers and

bidimensional (2D) polymer.

Curiously, it has been demonstrated that the charge transport pathway of these linear
polymers take place along the molecular chains rather than through the m-m stacking
direction, leading to a considerable anisotropy between intrachain and interchain
directions.*#%! |n this context, expanding the polymer dimensionality towards two (or
even three) dimensions architectures has emerged as an effective way to exploit the
dominant intrachain charge transport. For example, large-area bidimensional covalent

organic framework (COFs) materials built from the precise periodic in-plane integration of
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building blocks through covalent bonds (as show in Figure 1.12, right) have demonstrated to
be isotropic materials with higher in plane mobility.l**”! The correct selection of the building
blocks is a critical step on the formation of this kind of polymers, since the required topology,

optical and electronic properties of the resulting polymer will depend on it.[t26 118-121]

In view of those considerations, we conclude that the m-conjugation of semiconducting
materials clearly depends on molecular structural factors, such as planarity, effective
conjugation length and the presence of the attached substituent groups, among others.[%!
Nevertheless, the charge transport ability of organic semiconductors is not exclusively
determined by the properties of the individual molecules that compose them, but also its
spatial arrangement in the solid is a crucial aspect that must be investigated in order to

obtain molecular materials with outstanding performances in electronic devices.3 122

1.5. Importance of intermolecular interactions

The good overlap between molecular orbitals of adjacent molecules is an
indispensable prerequisite to obtain an efficient migration of electric charge within a
semiconductor, being this greatly conditioned by the degree of ordering of the organic
molecules in the material. In this context, it is possible to distinguish three types of molecular
packing depending on the molecular order in the solid state: high-order crystalline, partial-
order polycrystalline and disorder amorphous states (see Figure 1.13). In a crystalline solid,
the molecules that constitute it are perfectly arranged in a periodic network by the effect of
intermolecular interactions such as hydrogen bonds or by cooperative effects of Van der
Waals forces. As a consequence of the weak nature of these interactions, various molecular
environments can coexist in the solid state, leading to a polycrystalline solid formed by
several crystalline domains with different orientations.[*?*! In this situation, even though the
molecules are ordered within each crystalline domain, the overall periodicity of the solid is
broken at the limit between different domains (named as grain boundaries). Finally, if the
molecules that form the material are randomly distributed without any periodic pattern, the

solid is considered to be amorphous.!*?¥
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The different degree of molecular order in the solid state plays a key role on the
macroscopic properties of the material. In fact, structural defects and grain boundaries in
amorphous and polycrystalline molecular packing structures normally complicate the
intrinsic charge transport properties, being thus desirable highly dense and ordered
molecular packing motifs with minimal traps and defects.!'?®! This effect is evident by
comparison of the electrical mobilities measured in disorder, partially ordered, and highly
ordered films of pentacene (Figure 1.13), where variations by three to six orders of

magnitude can be observed.
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Figure 1.13. Evolution of OFET performance as a function of the molecular order for pentacene
films.

In the case of amorphous films, low mobilities of around 10 cm?V!s™* were measured
in 1992.1*?%! Curiously, a notable mobility enhancement of three orders of magnitude was
reported during the 1990s as a result of a higher control of the conditions under which
pentacene molecules assemble to form the solid. In this sense, mobilities of 0.038 cm?V1s?
were reported for devices based on polycrystalline pentacene films, whose structural

characterization revealed the coexistence of two phases.[*?” 1281 Since mobility is very
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sensitive to structure imperfections, the polycrystalline nature of these films limited the
device performance due to the presence of grain boundaries that impede the carrier
transport process. This consideration opened the scenario to think that better mobilities
could be obtained in pentacene, provided that grain boundaries effects were minimized. In
2007, this issue was addressed when ultrapure single crystal films characterized by a
herringbone pattern within the layers were obtained, showing charge-carrier mobility values
around 15 cm?V-1s and thus, corroborating that defects free materials are desired to obtain

high-mobility devices.[*?°

Such characteristics highlight the importance of controlling the molecular packing by
the correct material design and device optimization. In this regard, four typical molecular
packing motifs can be found: herringbone packing motif without (style | in Figure 14) or with
ni—t overlap (style Il in Figure 14) between adjacent molecules, and lamellar motifs with one
(slipped in Figure 14) or two dimensional n—mt stacking (bricklayer in Figure 14).1*3% |t should
be noticed that different transporting routes can be seen along different orientations of the
molecular packing motifs. As a result, structural anisotropy is unavoidable, with transfer
integral along the direction of maxima m-mt overlap being much larger than those along other
directions.*3% 1321 Therefore, it is of crucial importance the correct use of the structural

isotropy for achieving high performance optoelectronic devices.[*33-133]

/é
<
\<<

»
Jﬂﬂk
!
ﬂr[u

iy
lilh
Il
lilh
il

VD
97
g

N
74
AL
)
)

— 2™ AR
Ui

n

U

U

l

Sligpedjétacjk}ng ) BrEI;Ia\E} stgéking

Herringbone style | Herringbone styl

(1]

Figure 1.14. lllustration of the most important crystalline molecular packing styles.

Since the first organic semiconductor crystal was reported in the 1950s,!*3¢! the
understanding of how molecular packing affects charge transport has become a powerful
tool for examining structure-property relationships, paving the way to the understanding of
fundamental factors needed to achieve high performance devices. Thereby, in addition to

the nature of the molecule itself (as seen on the previous section), optima molecular packing
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motifs that increase the m-m stacking are considered the most efficient for transporting
charge carriers.[*" 3% 1371 The key point behind this philosophy is that if the molecules would
adopt a more m-mt stacking arrangement, the electronic coupling would be maximized due
to enhanced n-mt overlap between neighboring molecules and thus, the charge carrier
mobility would also be improved.!*?? 1381 From this point of view, tremendous effort has been
focused on achieving m-mt stacking in two dimensions, being finally demonstrated that highly
planar polyheteroaromatic systems help the formation of such packing motifs as a
consequence of cooperative intermolecular interactions between heteroatoms that lead to
a balanced bidimensional electronic structure.*3® 13°1 However, there exist molecules that
have effective wavefunction overlap without extensive m-stacking and likewise cases of
molecules with strong m-stacking but which a poor wavefunction overlap. These statements
point out that one must not only consider simply the presence of n-stacking interactions to
determine coupling but also the precise nature of that n-stacking.!*?! To further complexity,
it should be point out that although the addition of lateral substituents to the conjugated
core does not necessarily contribute to charge transport directly, they can strongly modify
the crystal packing of the organic semiconductors.[**® ¥4 For example, X-ray crystallography
data of TIPS-pentacene reveals that this material stacks in a two-dimensional columnar
array with significantly enhanced orbital overlap and reduced interplanar spacing compared

to unsubstituted pentacene.®

Despite the difficulty in the investigation of charge transport in organic materials, after
three decades of enormous research effort, the field of organic semiconductors has

incredibly grown for next-generation optoelectronics applications.

1.6. Applications of organic semiconductors in electronics

Looking around us, electronic dominates the current word in which we live since most
of our daily activities involve the use of optoelectronic devices. Different fundamental
aspects such as the economy, leisure, health, personal relationships, etc. are closely related

to technological progress. This close relationship, more and more dependent on each other,
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makes mandatory the design and synthesis of new materials that improve the properties
and applications of the existing ones. The quest of this objective requires an interdisciplinary
scenario in which chemists, physicists, material scientists and engineers work together in
the comprehension of new fascinating materials. Until now, this social need has been mainly
satisfied with the use of inorganic materials mostly based on silicon. Nevertheless, its hard
processability, high cost of the massive manufacturing of devices and difficult modulation of
its electronic properties have been a turning point, making incompatible these materials for

new social demands.[24% 1431

In this sense, organic semiconductors have emerged as an important class of materials
for next-generation optoelectronics applications, offering interesting prospects for high
throughput, low-cost and flexible electronic circuits which are often unreachable by the
most common and widely used inorganic counterpart. Indeed, the organic optoelectronics
can be considered a future alternative. There are several reasons for the incredibly rapid
emergence of the organic optoelectronics in the past three decades: (i) facile structural
synthesis and functionalization allowing fine tuning of electronic properties, solid-state
packing and solubility among others; (ii) the presence of high mechanical flexibility which
allows devices with low brittleness; (iii) economic processing by printing, which is beneficial
for large-area industrial applications; (iv) possibility to be used in biologic systems
(biocompatibility).[*+14¢1 With these benefits and after three decades of enormous research
effort, the field of organic optoelectronics has already reached the market. In fact, organic
semiconductors have become widely used in the preparation of OLEDs (Organic Light-
Emitting Diodes, displayed at the center of Figure 1.15) being specially common and
widespread.[**”] Likewise, other technologies are experiencing great development, such as
photovoltaic cells (OPVs, displayed on the right of Figure 1.15)1481 and OFETs (displayed on
the left of Figure 1.15).

It is important to highlight that in these next-generation optoelectronic devices, the
efficiency of charge transport within the organic layer plays a key role. For example, in solar

cells the charges created by photoexcitation of the active material must be efficiently
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transported to the metallic contacts, where they are collected and stored under the form of
electrical energy.'*! In light-emitting diodes, it is desirable that the injected holes and
electrons from the electrodes have large and balanced charge transport characteristics to
favor recombination processes in the bulk instead of electroluminescence quenching
produced by charges recombination close to a metallic interface.!**® Another challenge is to
develop materials displaying high hole and electron charge transport properties in field-

effect architectures to design complex organic circuits.

Figure 1.15. Some examples of electronic devices based on organic semiconductors. It is worth
to highlight the cases of ultra-thin, flexible and transparent OFETs (top), commercialized high-
resolution OLED screens (middle) and flexible as well as lightweight solar cells (bottom).

Since OFETs are a versatile platform for a quick examination of the electrical mobility
of new semiconductors (which is essential, as previously discussed), most of the materials
proposed to study in this thesis have been implemented in OFETs. A field-effect transistor
can be defined as a type of electronic device that uses an external electric field to control
the flow of current in the semiconducting channel. Thereby, they can act as signal-amplifiers,

oscillators and logic switchers.
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Simply speaking, an OFET is constituted of different layers assembled on a substrate:
the organic semiconductor, the insulating layer (dielectric) and three terminal electrodes
(the gate, source and drain electrodes). The operation of an OFET relies on the application
of an electric potential at the gate electrode (Vgs) which generates an electric field causing
the accumulation of charge carriers at the semiconductor-dielectric interface (left side of
Figure 1.16). Once the charge carriers are accumulated, an applied electric potential
between source and drain electrodes (Vps) allows charge transport within the
semiconducting layer and thus, a current (lps) is measured (right side of Figure 1.16). Note
that the charge density in the transistor channel (and thus, Ips) can be modulated by the

magnitude of the applied field (Vgss), hence the “field-effect” terminology.
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Figure 1.16. Schematic illustration of the operation of an OFET with p-type characteristics.

Given that usual transistors are now the fundamental building blocks of any electronic
device, OFETs could be in the future the base for the next generation of organic circuits and

this is the reason of the increasing interest in this research field.3®!
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2. Goals|

As can be seen in previous sections, charge transport process in organic materials is a
complex topic which depends on many factors. This inherent complexity makes that, even
nowadays, the charge transport mechanisms in organic semiconductors is not fully
understood. Therefore, the main motivation for continuously designing and synthesizing
new organic frameworks in the past few decades do not only include improving the
optoelectronic characteristics and realizing novel functions, but also to better understand

the complex structure-property relationships.

In this sense, the present Ph.D. Thesis is focused on the exhaustive physico-chemical
investigation of organic semiconductors, from small molecules to one-dimensional or even
two-dimensional polymers. Our aims in this perspective are two-fold: (i) On one hand, to
have a detailed understanding of the effect that different structural modifications plays on
the intramolecular m-electron delocalization characteristics of organic semiconductors. On
the other hand, (ii) to analyze the consequences of these structural modifications on the
supramolecular arrangement, a factor which determines the charge transport properties of

the final materials.

To this purpose, we have performed a joint experimental and theoretical study that
links a wide range of techniques such as UV-Vis absorption, fluorescence, electrochemistry,
Raman and OFETs characterization with Density Functional Theory (DFT) calculations. The
outcome of this study will help drawing the key structure—property—function relationships
for the fundamental understanding of the charge transport behavior in these systems, and
more generally, it will provide insights in to the design of new semiconductors for electronic

applications.

With this goal in mind, the present Ph.D. Thesis has been divided in four main chapters

according to the m-conjugated frameworks of the systems under study:
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Chapter I: Role of peripheral substitution on the molecular order of disk-like
semiconductors: the case of triindoles and diazatruxenones

In this first chapter, we became interested in the study of two families of triindole and
diazatruxenone-based semiconductors functionalized at 3,8,13 positions with different
peripheral groups (i.e. methoxy electron donor group or acetyl, nitrile and nitro electron-
withdrawing groups). The particular aim of this chapter is to shed light on the influence that
the electronic nature of the attached peripheral groups and the combination of electron rich
and electron deficient segments in the same diazatruxenone scaffold exert on the electronic,
supramolecular and semiconducting properties of these materials. Particularly, both series
show a favorable synergy between their good intrinsic optoelectronic properties and its high
tendency to self-assemble into one-dimensional superstructures, which can be dramatically
modulated as a function of structural modifications. The synthesis of these disk-like
semiconductors has been performed by the group of Prof. Berta Gémez-Lor Pérez from the
Instituto de Ciencia de Materiales de Madrid (ICMM) and their chemical structures are

depicted in Figure 2.1.

Peripheral Groups

2uouU=2.J0N|4 1Uaijag uoJlde|3

Figure 2.1. Chemical structures of triindole 1-3 (top) and diazatruxenone-based systems 4-7
(bottom) studied in Chapter I.

45



2. Goals|

Chapter II: Untangling the optoelectronic properties of 2D-organic polymers

In this chapter, a series of 2D-conjugated polymers derived from Cs-symmetry n-

conjugated building blocks have been investigated. To make clear the discussion of the

results, this chapter has been divided in two blocks. In the first block, a combined

experimental and theoretical approach was used to get a detailed understanding of the role

that the different m-spacer group (phenylene or benzothiadiazole) and linkage position

between the cores (para in T2 or meta in T3) plays on the effectiveness of m-electron

communication between the conjugated platforms, emphasizing on their ability for the

detection of electron deficient nitroaromatics analytes (see Figure 2.2). The synthesis of

these conjugated microporous polymers (CMPs) has been also performed by the group of

Prof. Berta Gdmez-Lor from the ICMM.
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Figure 2.2. Idealized chemical structures of the conjugated microporous polymers studied in the

first block of Chapter II.
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Secondly, we performed a purely theoretical investigation of a total of 27 different 2D-
conjugated polymers (Figure 2.3) with the ultimate goal of exploring how their the
structural, electronic and charge-transport properties can be modulated by molecular
engineering. For this purpose, we have explored three different chemical structural changes:
(i) the nature of the building blocks (from truxene to trindole or truxenone), (ii) insertion of
different m-spacers (phenylene to alkyne), (iii) the connecting mode (from para in T2 to meta
in T3) or (iv) the increased number of m-bridges from three units in T2 and T3 to six units in
T2,3). This exhaustive and systematic study provides a powerful prefiltering protocol to
select the most promising polymers towards different applications according to a targeted

functionality.

C-(CH,),, Truxene — Tx

Phenyl = Ph
X:|N-CH,, Triindole —»Tr  (T):| "
Alkyne = A

C=0, Truxenone —To
Figure 2.3. Idealized chemical structures of the conjugated 2D-polymers studied in the second
block of Chapter II.
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Chapter lll: Extended n-conjugation effect of NDI and PDI-based semiconductors on n-type
electrical properties

In the third chapter, we approach the investigation of the semiconducting properties
of four D-m-A-n-D small molecules having NDI and PDI as central acceptor cores, and
triphenylamine and phenylcarbazole donor groups laterally linked through ethynyl bonds.
This study was motivated by the interest in exploring the effects of the m-conjugation
extension (either via (i) the enlargement of the acceptor central core going from NDI- to PDI-
based semiconductors or (ii) the lateral substitution with different electron rich conjugated
groups) on the molecular structure, energy levels and supramolecular order of the resulting
n-type materials. The syntheses of these NDI- and PDI-based semiconductors have been
performed by the group of Prof. Maria Pilar Prieto from the University of Castilla-La Mancha

and their chemical structures are depicted in Figure 2.4.

Lateral Substitution _ /
NDI-2 CoHyy

O g :
@Q@:j

‘uonesuo|3 a10) [enua)

Figure 2.4. Chemical structures of NDI and PDI-based systems studied in Chapter IlI.
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Chapter IV: Towards high performance ambipolar field effect transistors: the fluorination
effect

In this final chapter, the importance of the planarity to achieve an effective n-electron
delocalization is assessed. For this purpose, we have investigated a series of A-D-A’
copolymers composed of isoindigo (1IG) and benzothiadiazole (BTD) building blocks linked
by a flanking thiophene ring, which have been subjected to a progressive fluorination
process giving rise to four different copolymers with different degrees of fluorination and
thus, different degrees of backbone planarization (Figure 2.5). The synthesis of these
copolymers has been performed by the group of Prof. Mohammed Al-Hashimi from the
Texas A&M University at Qatar. The main goal of this study lies on the analysis of the impact
that fluorination of 1IG and BTD units produces on the polymer structure, energy levels and
intramolecular interactions, which can lead to different electrical performances. We hope
that the results of this study pave the way to the control of the degree of backbone n-
conjugation, intra and interchain interactions as well as thin-film morphologies, which are

key aspects to design new derivatives with improved semiconducting performance.

BTD Fluorination /

uoneuuon|4 9l

Figure 2.5. Chemical structures of semiconducting polymeric materials studied in Chapter IV.
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3. Methodology |

During the development of this thesis, a systematic study that combines experimental
techniques and quantum chemical calculations has been carried out. As Figure 3.1 shows,
this methodology can be divided in four key stages: (i) Firstly, the systems under study have
been subjected to a spectroscopic and electrochemical characterization process in order to
explore the optical and electronic properties of them. (ii) With this information, quantum
chemical calculations have been performed not only to get deeper insights in the
interpretation of the experimental results, but also to understand the physical and chemical
behaviors responsible of the optoelectronic properties of the materials under study.
(iii) Then, the systems that present promising optoelectronic properties have been
implemented in electronic devices such as OFETs or sensors. (iv) Finally, the crystallinity and
morphology of OFETs has been characterized to gain insight into the effect that the
molecular packing plays on the charge transport process. In this chapter, the different

techniques/methods used in each of these points will be described.

Figure 3.1. Scheme of the methodology employed during the development of this thesis.
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3.1. Spectroscopic techniques

Spectroscopy is defined as a branch of science that studies the interaction between
matter and the electromagnetic radiation. As a result of this interaction, detailed
information about the structure and other chemical properties of atoms and molecules can
be elucidated.” 2 According to the nature of the electromagnetic radiation, it generates
different kinds of information on the chemical systems under study, giving rise to different

kinds of spectroscopies (see Figure 3.2).

Rotational Vibrational Electronic changes
changes Changes (UV-Vis and X-Ray spectroscopies)
(NMR) (IR and Raman Outer electron Bond breaking

spectroscopies) excitation and ionization
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Figure 3.2. Representation of the different spectroscopies used in this thesis as a function of the
employed electromagnetic radiation region for the sample excitation.

The elemental spectroscopic phenomenon involves the absorption (or emission) of a
quantized radiation that carries the system from an initial energy state (Eo) to a final state
(E1). According to the Einstein equation (AE=huv), the energy of the absorbed radiation must
match the energy difference between the two involved states. As can be seen in Figure 3.3,
attending to the different energy transitions that can take place between the energy levels
of a molecular system, the main spectroscopies are: (i) electronic spectroscopy, when
variations on the electronic function (purple arrows) are generated by an UV-Vis radiation,

(ii) vibrational spectroscopy, when the vibrational function changes (grey arrow) by using an
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infrared radiation or (iii) rotational spectroscopy, in which transitions between quantized

rotational states (orange arrow) occur in the microwave and radiofrequency regions.
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Figure 3.3. Representation of Jablonski diagram. Sn: singlet electronic states; Tn: triplet
electronic states; VS: vibrational states; RS: rotational states; IC: internal conversion; ISC:
intersystem crossing; R: thermal relaxation.

In this scenario, the spectroscopic techniques employed in the present thesis are
electronic absorption, fluorescence emission and vibrational Raman spectroscopies,

principally.

3.1.1. Electronic absorption spectroscopy

Electronic absorption spectroscopy uses an electromagnetic radiation in the UV-Vis-
NIR region as source of excitation to promote a transition from the ground electronic state
(So) to a singlet excited state (Sn). As a result of this electronic transition, an absorption band
appear. Unlike atoms, the electronic transitions in molecular systems are associated with
rotational and vibrational transits of similar but not identical energies. Thus, several of these
spectral lines constitute a band with a vibronic structure. As previously discussed in the
introduction section, analysis of these bands renders valuable information about the

electronic delocalization degree in t-conjugated systems.
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In this context, the electronic absorption spectra of disk-like molecules (Chapter 1),
porous polymers (Chapter Il) and NDI- or PDI-based semiconductors (Chapter Ill) presented
in this Thesis have been generally measured disolving the sample in CH,Cl; solvent (Sigma-
Aldrich/Merck, HPLC grade, 99.8%) at room temperature, with molar concentration in the
range of 10°-10® mol/L. Several solvents were used for the solvatochromic experiments of
NDI- or PDI-based semiconductors (i.e., hexane, toluene, chloroform, tetrahydrofuran,
dichloromethane, acetone and dimethylformamide). In the case of P1-P4 polymers studied
in Chapter IV, 10* M chlorobenzene solutions (Sigma-Aldrich/Merck, HPLC grade, 99.8%)
were prepared. Electronic absorption of thin films was also carried out for these polymers.
To perform these measurements, the previously prepared 10* M standard solutions in
chlorobenzene were spin-coated on glass. The spectrophotometers employed in the

electronic absorption measurements were:

e Agilent 8453 UV-Vis spectrophotometer, which used a deuterium lamp for the UV
spectral range and a tungsten lamp for the visible and near-infrared (NIR) one. The
Agilent spectrophotometer consists of 910 photodiodes, one for each nanometer,

which allows very short registration times in a wavelength range of 190-1100 nm.

e Cary 5000 UV-Vis-NIR spectrophotometer with a wavelength range of 175-3300 nm
and a spectral resolution of 1 nm. This equipment uses a light source of deuterium for
the UV spectral region and a light source of tungsten halogen for the Vis-NIR region,

together with a PbSmart NIR detector.

3.1.2. Fluorescence emission spectroscopy

As previously mentioned, the absorption of UV-Vis energy results in the formation of
an excited electronic state of higher energy than the ground state. As can be seen in Figure
3.3, the excited state is unstable, therefore it will return to the fundamental electronic state
by losing the excess energy either in a non-radiative or radiative way. In the former, the

energy is dissipated without emission of electromagnetic radiation (vibrational relaxation,
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internal conversion and intersystem crossing). On the other hand, in radiative processes the
energy is dissipated through fluorescence (from a single excited state) or phosphorescence

(from a triplet excited state) emission.

In this context, the fluorescence spectra of 10° M solutions of NDI- or PDI-based
semiconductors in CH,Cl, were recorded on an Edinburgh FLS920 fluorometer (Chapter IlI).
This equipment uses a 450W Xe lamp as excitation source for steady-state measurements
and a R2658P detector. Several solvents were used for the solvatochromic experiments of
these samples (i.e., hexane, toluene, chloroform, tetrahydrofuran, dichloromethane,
acetone and dimethylformamide). On the other hand, fluorescence spectra of the porous
polymers analyzed in Chapter Il were recorded by the group of the Prof. Berta Gdmez-Lor
Pérez from the Instituto de Ciencia de Materiales de Madrid (ICMM). In this case, the
emission spectra of 50 pg/ml suspensions of these polymers in CH,Cl> were recorded on an

Aminco SLM 8000 spectrophotometer.

3.1.3. Raman spectroscopy

As previously described, the light-matter interaction can be studied through
absorption and emission processes. However, photons can also interact with samples and
then be re-emitted from them. This re-emitted radiation is known as light scattering, and it

constitutes the phenomenon in which Raman spectroscopy is based.

In this dispersive technique, the molecular system is excited at a determined frequency
radiation which distorts the electron cloud around the nuclei (in other words, the molecular
polarizability) forming a short-lived virtual state. It should be noted that the energy of the
virtual state depends on the energy of the light source. At this point, the inherent instability
of the virtual state makes the excited photon to be quickly reemitted without energy
exchange (Rayleigh scattering) or with energy transfer from the photons to the molecule
(Stokes Raman scattering) and viceversa (anti-Stokes Raman scattering). It has to be noted
that Raman scattering is an unusual phenomenon since only one of 10°%-10% photons

experiments an inelastic scattering.®
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As a consequence of the large polarizability of m-conjugated systems generated by the
alternant double and single CC bonds, two important characteristics can be found in Raman
spectra: (i) high selectivity of some specific transitions, leading to simple spectra and (ii) an
increasing intensity as well as a wavenumber downshift of selective Raman signals when
lengthening the m-conjugation, particularly those related with the collective ECC (Effective

Conjugation Coordinate) mode.[* *!

An important phenomenon that must be considered when selecting the laser
excitation energy, is the resonant Raman effect. This effect is observed when the laser
excitation energy is close to the energy of an electronic transition, resulting in an enhanced
Raman scattering phenomenon as well as a selective intensification for the Raman activity
of the chromophore responsible of the electronic transition. In this sense, resonant Raman
spectroscopy allows the detection of specific molecules in more complex chemical

systems.[®]

The vibrational Raman spectra shown in the following chapters were recorded in the
solid state as bulk. Since different laser excitation wavelengths have been used (described
below), the employed spectrometers are classified here in accordance with the presence or

not of resonant effects:

e Out-of-Resonance FT-Raman spectra showed in Chapter |, Chapter Il and Chapter IV
were recorded by using an FT-Raman accessory kit (Ramll) connected to a Bruker
Vertex70 FT-IR interferometer. A continuous-wave Nd:YAG laser working at Aexc=1064
nm was employed for excitation, while a germanium detector operating at liquid
nitrogen temperature was used to collect the Raman scattering radiation in a back-
scattering configuration (with an angle of 180° between the incident radiation and the
scattered radiation). A spectral resolution of 4 cm™ was used. In general, the power
of the laser beam was kept at a level lower than 100 mW to conserve the sample
stability. With respect the acquisition times, around 3000-4000 scans were averaged

for each spectrum to optimize the signal-to-noise ratio.
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e Resonance Raman spectra of Chapter IV at 532 and 473 nm laser excitation
wavelengths were recorded by using a InVia Qontor Raman Confocal Microscope of
Renishaw. This setup is equipped with different diffraction gratings optimized for
Visible and Near IR and a Charge Couple Device (CCD) detector to collect the Raman
scattering radiation in a back-scattering configuration with a spectral resolution of 1
cm™. On the other hand, Resonance Raman spectra with 633 nm laser excitations
were recorded by using a Bruker Senterra dispersive Raman microscope equipped
with a CCD detector thermoelectrically cooled to -65°C, a confocal microscope with a
x40 objective and a neon lamp used for laser (Nd:YAG) calibration. This set up
operates in a back-scattering configuration with a spectral resolution of 3-5 cm™. In
all the cases, the power of the laser beam was kept between 0.2-2 mW to conserve
the sample stability and acquisition times of 10 co-additions of 10 s were enough to

obtain high signal-to-noise ratio.

3.2. Electrochemical characterization

Since feasible hole/electron injection from electrodes to the semiconducting active
layer is an indispensable prerequisite for the design of electronic devices, the charge
injection ability of the materials under study was evaluated by analyzing their charged
species. Among the electrochemical techniques, in the development of this Thesis we have

make use of cyclic voltammetry and spectroelectrochemistry.

3.2.1. Cyclic voltammetry

As first step, cyclic voltammetries (CV) of the systems under study were performed.
This electrochemical technique allows the analysis of multistage redox processes by
measuring the current intensity generated as a function of the applied potential to the
working electrode with respect to a reference electrode. As a result, a cyclic process is

obtained in which when oxidation or reduction processes appear, peaks are generated.
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Considering that the most energetically accessible oxidation or reduction process
should be associated with the participation of HOMO or LUMO orbitals, it is possible to
predict the HOMO and LUMO energies from the potential at which the first oxidation and

reduction processes take place, respectively.

In this thesis, CV experiments were performed on a BASi C3 Epsilon Voltammetry Cell
Stand operating at room temperature under nitrogen atmosphere. The electrochemical
measurements showed in Chapter | were carried out using CH,Cl, solutions of triindoles 1-3
(c=1x10° M) and diazatruxenonas 4-7 (c=1x103 M) with the presence of a high excess of
tetra-n-butylammonium hexafluorophosphate supporting electrolyte (0.1 M of BuNs-PFs,
Sigma-Aldrich/Merck, 98%) at a scan rate 100 mV/s. A three electrode setup was used
including a platinum working electrode, Ag/AgCl (3 M NaCl) reference electrode, and a
platinum wire auxiliary electrode. All potentials were referenced to the

ferrocene/ferrocenium redox couple (Fc/Fc*) used as internal standard.

On the other hand, CV measurements of P1-P4 polymers films (Chapter IV) were
performed by the group of Prof. Mohammed Al-Hashimi from the Texas A&M University at
Qatar, making use of CHI760E Voltammetry analyzer operating at room temperature under
argon atmosphere. In this context, thin film cyclic voltammograms of copolymers P1-P4
were recorded at a scan rate of 100 mV-sin acetonitrile/0.1 M BusNPFsas electrolyte, using
a platinum disk working electrode, an Ag/AgCl reference electrode and a platinum wire
auxiliary electrode. Polymer films were drop-casted from chlorobenzene solutions on the Pt
working electrode (2 mm in diameter). All potentials were referenced to the Fc/Fc* redox

couple used as internal standard.

In all the cases, the experimental HOMO and LUMO energy levels were estimated from
the onsets of the first oxidation and reduction potentials referenced to Fc/Fc* respectively,

according to the equation:
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d
ExomosLumo = _[(Eszéze -E

1277 + 4.8 eV] [3.1]

Where 4.8 eV is the formal potential of Fc/Fc* with respect to zero vacuum level.

3.2.2. Insitu UV-Vis absorption spectroelectrochemistry

It is widely known that spectroelectrochemistry is a very useful tool for the study of
charged species of m-conjugated systems, since it provides a whole vision of the evolution
of the absorption spectra in UV-Vis regions during applied potential variation. This technique
provides valuable information from an electrochemical and spectroscopic point of view. On
one hand, we can obtain molecular information related to the charged defects of the m-
conjugated system from the evolution of the spectra. On the other hand, kinetic and
thermodynamic information of the oxidative/reductive processes is obtained from the

electrochemical signal.

In this context, the in situ evolution of the absorption spectra of NDI and PDI-based
semiconductors studied in Chapter Ill upon progressive electrochemical reduction was
recorded. To this end, 10°> M solutions of NDI and PDI-based semiconductors in
dichloromethane with the presence of a high excess of supporting electrolyte (0.1 M of
BuN;-PFe, Sigma-Aldrich/Merck, 98%) was used as electrochemical medium. The diluted
solution was introduced in an Optically Transparent Thin-Layer Electrochemical (OTTLE) cell
positioned in the sample compartment of a Cary 5000 spectrophotometer. This
spectroelectrochemical cell is based on a transparent thin-layer of quartz and three
electrodes: a Pt gauze as the working electrode, a Pt wire as the counter electrode and an
Ag wire as the pseudo-reference electrode. The potential was controlled with a C3 epsilon

potentiostat from BASiI.
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3.3. Quantum chemical methods

According to modern science, matter is constituted essentially by elemental particles
combined in different ways. Since elemental particles do not obey classic physics but
guantum mechanics laws, the study of molecular systems is thus a quantum mechanics
problem. In this context, quantum chemistry has emerged as a powerful tool to understand
the structure-property relationships of a wide range of molecular systems and therefore, to
guide the molecular design of new materials with potential applications in electronic
devices. From a physical chemistry point of view, the main interest of quantum chemistry
is to find approximate solutions of the time-independent Schrodinger equation (Equation

3.2), which allow to obtain the energy and related properties of any molecular system:
Ay = E¥ [3.2]

where H is the Hamiltonian operator, ¥ stands for the wavefunction that contains all the
information about the quantum system at hand and E is the value of the energy of the state

described by ¥. Focusing on the Hamiltonian operator, it can be formulated as:

R 1N 1M 1 NMZA N N q MMZAZB
H=-  Vv2— vz — + + [3.3]
2 VA VI
i=1 A=1

T, T r
i=14a=1 4 i=1j>1 9  a=1B>a 4B

In the above equation, V2 and V2 involve the Laplacian operators with respect to the
i A

coordinates of the ith electron and the At® nucleus, respectively; M 4 and Z 4 are the mass
and the atomic number of nucleus A, respectively; r;4 is the distance between the ith
electron and the At nucleus: r;; is the distance between the i*" and the jthelectrons; and
T 4p is the distance between the Ath and Bth nucleus. The first two terms correspond to the
kinetic energy of electrons and nuclei, respectively. The third term represents the Coulomb
attraction between electrons and nuclei, while the fourth and fifth terms stand for the

repulsion between electrons and between nuclei, respectively.

However, the Schrédinger equation can only be solved exactly for the hydrogen atom

(two-particle system), and therefore, it is necessary to introduce approximations which
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allow one to deal with the study of molecular systems. Regarding to that, the Born-
Oppenheimer approximation is of critical importance in quantum chemistry. ! This
approximation takes advantage of the significant difference between the masses of
electrons and nuclei (which are much heavier than electrons and therefore, they move more
slowly) to assume that the electronic and nuclear motions are independent. In this way, the
separated electronic Hamiltonian H,,. has the expression:
1 N N MZA N N 1
= - VZ. - + [3.4]

elec E i - -

T
i=1 i=14=1 “4

i=1j>1' Y

which has been simplified with respect to Equation 3.3 since the kinetic energy of nuclei is
zero and the potential energy of nucleus-nucleus repulsion is merely a constant.
Nevertheless, the last term related to interelectronic Coulomb repulsion (r;1) significantly
increases the difficulty to solve the electronic Schrédinger equation for a molecular system,
being necessary further approximations. There are several methods in quantum chemistry,
based on different mathematical approximations and degree of accuracy, which allow us to
address this issue: (i) ab initio methods, which are based on quantum mechanics and do not
use other data than the fundamental physical constants (i.e. speed of light, mass of
electrons, Planck constant, the charge of nuclei, among others). Indeed, ab initio calculations
solve approximately the Schrédinger equation by using rigorous mathematical approaches.
(i) Semi-empirical methods are characterized by introducing parameters obtained from
experimental data, simplifying quantum-chemical calculations and reducing the
computational cost. (iii) Density functional theory (DFT) methods, which constitute the

approach used along this Thesis.

3.3.1. Density functional theory method

Nowadays, DFT is the most used method for electronic structure calculations in
guantum chemistry and matter physics. One of the main reasons is that this methodology

allows the study of molecular systems with a reasonable accuracy and a low computational
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cost. In fact, the theoretical characterization and description of all the systems studied along
this Thesis have been performed within this methodology. Thereby, theoretical calculations
have been performed not only to get deeper insights in the interpretation of the
experimental results, but also to understand the physical and chemical behaviors
responsible of the optoelectronic properties of the materials under study. This method
represents an alternative to the conventional ab initio methodology, and considers the
ground state electron density (p(r)) as the key variable that contains all the information

about a molecular system, and not the wavefunction as in ab initio methods.®!

DFT as we know it today was born in 1964, when Hohenberg and Kohn published a
decisive work in the Physical Review that proved the existence of a universal functional of
the density.”! The theorems published in this work constitute the major theoretical pillars
on which modern DFT is supported. The first theorem states that “any observable for a non-
degenerated ground state of an N-electron system, including the energy, can be calculated,
in principle exactly, from the electron density of the ground state”. Therefore, the energy of

the ground state can be expressed as:

Eolp]l = [ p(r).Vedr + Fux[p] = Enelp] + Tlp] + Enalp] + J(p] [3.5]

where the first term corresponds to nuclei-electron attraction and Fyg[p] refers to the
Hohenberg-Kohn functional, which contains the functionals for the kinetic energy (T[p]),
the classical Coulomb part J[p] and the non-classical contribution to the electron-electron
repulsion (E,~[p]). Unfortunately, the explicit form for the T[p] and E,.[p] terms were
unknown, so we had to wait just one more year, when Kohn and Sham proposed an
ingenious method by which these functionals could be approached.*”) The Kohn-Sham
approach is based on the HF method, in which the Slater determinant describes a fictitious
non-interacting system that does not include electron-electron repulsion terms:

Q1(x1)  @2(x1) glz\y&(;))l

0 (x1, %2 . x) = (N1)-1/2] P12 P2(x2) [3.6]

(p1(;(1v) (PZ(.XN) (PN(.XN)
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Where ; refers to the Kohn-Sham orbitals, which can be determined by the Kohn-Sham

operator defined as %5 (in parentheses):

MZA
x PO 4y (r)- ¢ = -lv,4v () ¢ =co [B7
xc l 2 eff 1 i ii

2 1
12 4 14

Nld—\

In view of the Kohn-Sham equation, the key that connects the artificial system with
the real one is the choose of one local potential (V,.(r)) such that the density resulting from
the summation of the moduli of squared Kohn-Sham orbitals exactly equals the ground state
density of the real target system of interacting electrons:

N
ps(r) = @i 2= po(r) [3.8]

i
The V,.(r) potential emerges from the introduction of an exchange-correlation energy

term (E.) to the ground state energy functional:

Eolp]l = Enelp]l + Jlp]l + Tslpl + E.lp] (3.9]

Since the exchange-correlation energy term (E,.[p]) is the only one unknown, the
Kohn-sham one-electron equations must be solved iteratively by applying the variational
principle. For that, the starting point is a trial electron density usually calculated as a
superposition of atomic densities. Then, a V. potential is computed from an approximate

expression of E . and the initial density:

[3.10]

With this information, the Kohn-sham equations are solved, obtaining as result an
initial set of orbitals which is used to compute an improved density. This process is repeated
until both the electron density and the ground state energy have converged within the

thresholds chosen.

In the practice, there are different ways to approximate the undefined exchange-

correlation functionals.: (i) the Local Density Approach (LDA) uses the uniform electron gas
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model to obtain an approximate E,. functional which only depends on the density at each
point. (ii) In the Generalized Gradient Approximation (GGA), the non-homogeneity of the
true electron density is considered making that the E,. term depends not only on the
localized density but also on the gradient of the density. This approach improves the
resolution of several parameters (i.e. harmonic frequencies or equilibrium geometries) with
respect to the LDA methods, although it fails in the description of weakly bounded systems.
Therefore, the next step in sophistication of E,. term was to add a dependence with the
kinetic energy density resulting in meta-GGA functionals. (iii) Hybrid functionals incorporate
a portion of exact exchange energy in the expression of E,. as well as local and corrected
gradient terms for the exchange and correlation energy. The development of hybrid
functionals have marked a milestone for DFT, yielding high performances in the computation
of equilibrium geometries, harmonic frequencies, thermochemistry test and charge
densities, among others. These are the reasons why the DFT calculations showed in the
present Thesis have been performed by using this kind of functionals, among which, it is

worth to highlight:

e B3LYP functional, which will be the most widely used in this thesis. It combines the
Becke’s three-parameter exchange functional (B3) with the Lee-Yang-Parr (LYP) non-

local correlation functional.l** 12

e The hybrid generalized gradient approximation PBEO functional from Adamo, which
uses 25% Hartree-Fock exchange and 75% DFT exchange. This functional is based on

the pure functional of Perdew, Burke and Ernzerhof (PBE).[*3!

e MO06-2X functional, which is a hybrid meta-GGA functional of Truhlar and Zhao. It is
well known that this functional gives reliable ground electronic state polarization
when compared to X-ray structures and also accurate excited states dipole moments

for a large variety of push-pull systems.[*%!

e The latest functional from Head-Gordon and co-workers is the wB97X-D functional,

which includes a version of Grimme’s D2 empirical dispersion. The molecular
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geometries of longer systems were calculated with this functional to check the long-

range correction effects on the optical and electronic properties.!**!

Note that except for wB97X-D functional, the used functionals exhibit a local or semi-
local dependence on the electronic density, failing in the description of non-covalent
interactions. To avoid this situation, Grimme’s dispersion correction D3 (which is essential
to describe the intermolecular interactions) has been used to compute the trimeric models

[16, 17]

of Chapter | and the 2D-polymers of Chapter Il.

The mathematical description of the orbitals has been computed with the split-valence
double-zeta 6-31G** basis set,*® ¥ as implemented in the Gaussian 092! and Gaussian 16
programs.?! In this basis set, the core orbitals are described by six primitive gaussian type
orbitals (PGTOs), whereas the inner part of the valence orbitals is a contraction of three
PGTOs and the outer part of the valence orbitals is represented by one PGTO. The double
asterisk (also indicated as d,p) indicates that a single set of d- and p-type polarization

functions have been added on heavier and hydrogen atoms, respectively.

Once the level of theory of the quantum chemical calculations performed along this
Thesis has been defined, let me briefly explain how the study of the different properties

have been approached.

3.3.1.1. Geometry optimizations

In all the calculations, large alkyl chains were replaced by methyl groups to reduce the
computational cost. All geometrical parameters were allowed to vary independently apart
from planarity of the rings, and no imaginary frequencies were observed, which ensures the
finding of the global minimum energy. Ultrafine integration grid and tight convergence
criteria were used. Molecular orbital topologies and dipole moments were directly obtained
from the optimized geometries and were plotted using the ChemCraft 1.8 molecular

modelling software.??
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3.3.1.2. Aromatic parameters

The degree of aromaticity has been evaluated by computing the Nucleus-Independent
Chemical Shifts (NICS) values at the geometrical centers of selected phenyl rings.?* 241 In this
work, this aromatic parameter has been computed at B3LYP/6-311++G(2df,p) level from the
B3LYP/6-31G** optimized structures by using the gauge-independent atomic orbital (GIAO)
method.?®! The GIAO method calculates the magnetic shielding tensor for each orbital
contribution separately, and the sum of all orbital contributions gives the shielding tensor

at the ring center.

3.3.1.3. Raman frequencies calculations

The theoretical treatment of molecular vibrations is considered an excellent example
of the importance of theoretical chemistry to assist the interpretation of experimental data.
In fact, the calculated normal modes and their corresponding intensities can be used to
assign the Raman experimental peaks. Additionally, the analysis of the normal modes
enables to explain the frequency shifts of some vibrational peaks within a family of
molecules, which in turn can give important notions about the effective m-conjugation
degree. On the basis of these considerations, vibrational frequencies calculations allow to

establish important structure-property relationships as will be shown along the Thesis.

The calculation of Raman frequencies has been performed at the same level of theory
previously used for geometry optimizations. In fact, all real positive vibrational frequencies

confirm the minima energy of the optimized systems, as previously mentioned.

Although DFT has proven to be a powerful technique to simulate vibrational spectra
of m-conjugated systems, the harmonic frequencies calculated at DFT level are usually
uniformly scaled by using an adjustment of the theoretical force fields to disentangle
experimental misassignments. The specific scale factor for each case under study is
determined by comparison of the computed harmonic frequencies with respect the

experimental frequencies ones. 1252”1 |n this sense, scaling factors of 0.968, 0.954 and 0.971
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were used for the Raman spectra of disk-shape molecules (Chapter I), porous polymers
(Chapter 1) and linear P1-P4 polymers (Chapter V), respectively. Finally, the theoretical
spectra were obtained by convolution of the scaled frequencies and the Raman scattering
activities with Gaussian functions (10 cm™ width at the half-height). Vibrational eigenvectors

were plotted using the ChemCraft 1.8 molecular modelling software.??

3.3.1.4. Simulations of electronic spectra

Up to now, DFT methods have been proved to be a powerful tool for the investigation
of several properties. Nevertheless, DFT is based on a ground state theory within its original
formulation. In 1984, Runge and Gross extended the DFT approach to deal with time-
dependent phenomena such as the formation of excited states. This theory is known as the
Time-Dependent DFT (TD-DFT).[%%3% Thanks to this theory, we have calculated the
properties of the excited states for all the systems under study and, consequently, the
electronic vertical transitions, allowing us to predict their electronic absorption spectra. In
this context, absorption spectra were simulated through convolution of the vertical
transition energies and oscillator strengths with Gaussian functions (0.3 eV width at the half-
height) by using GaussSum 3.0 software.* These calculations have been performed at the
same level of theory that previously used for geometry optimizations and frequency

calculations.

3.3.1.5. Charge transport parameters

In this section, we have computed and presented in Chapter | the two key charge
transport parameters which dictate the electron transfers rate within a semiclassical

hopping mechanism: the intramolecular reorganization energy and the transfer integral.

Considering the former, this parameter reflects the structural changes of the
molecules needed to accommodate a positive or negative charge (i.e., hole (An) or electron

(Ae) reorganization energy, respectively). The A. and A, values were computed directly from
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the relevant points on the potential energy surfaces by means of a standard procedure

reported in the literature.®? 33! This approach needs the calculation of four-points:

Ae = (E*—E_1) + (E* —Eo) Ay = (Ex —E41) + (E* —Eo) (3.11]
0 -1 0 +1

where Ejy is the optimized ground state energy of the neutral molecule, E_1/E1 is the

optimized energy of the anion/cation state, E* /E* is the energy of the neutral molecule
-1 +1

at the anion/cation state geometry and Ej is the energy of the anion/cation state at the

optimized geometry of the neutral state.

On the other hand, the transfer integral parameter reflects the efficiency of the
frontier molecular orbital coupling between neighboring molecular pairs. In this sense, hole
transfer integrals (tn) for cofacial dimers of triindoles 1 and 2 built from the X-ray determined
structures at an intermolecular distance of 3.51 A, were calculated at the B3LYP/6-31G**
level by using the approach described by Valeev et al.3* Since HOMO and HOMO-1 orbitals
of these molecules are degenerated in energy, the t, values were calculated as: [(thomo.Homo?
+thomo-1 Homo-12 + thomo-1.Homo > + tHomo.nomo-12)/4]1Y2. For the diazatruxenones 6 and 7, t values
for cofacial dimeric models in which molecules of the dimer are separated by 3.80 A with an

antiparallel dipole-dipole arrangement were also calculated.

3.3.1.6. Periodic calculations

In a step forward, we used periodic boundary conditions to obtain the geometry
optimizations of the 2D-rt-conjugated polymers investigated in Chapter Il. For that purpose,
the preliminary optimized dimeric models (at PBEQ/6-31G** level) were considered as a
reasonable starting point geometries towards the assembling of the whole periodic systems.
Once the 2D-polymers were constructed, they were fully optimized (simultaneous
lattice/cell and structure optimizations) with the QUANTUM EXPRESSO plane-wave DFT

code.B!
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Within this implementation, the PBEO functional [*3/ was used in addition to Grimme
DFT-D3 corrections.[*”! Ultra-soft pseudopotentials have been used for C, N, O and H
atoms.*® 371 The Brillouin zones have been sampled by means of optimal Monkhorst-Pack
grids,'®¥ and the energy cutoff values have been tested to guarantee a full convergence in
total energy and electronic density. Thereby, the one-electron wave-functions are expanded
in a basis of plane-waves with an energy cutoff of 41 Ry for the kinetic energy and 260 Ry

for electronic density.

Inter-layer distances were also fully-relaxed following the afore mentioned
simultaneous lattice + structure relaxation protocol. In this sense, inter-layer cohesive
energies between the 2D-layers were obtained in their both AA and AB stacking fashions as
the difference between the total energies of the crystal bulks and the optimized

corresponding single-layers.

Furthermore, the topologies of valence and conduction electronic states of the
different 2D-polymers at the k-point have been plotted by using the VMD 1.9.3 program.®!
The same program has been used in order to represent the surface charge distributions of
the resulting 2D-polymeric layers. All of them have been depicted with the same isosurface

value (0.0003 e”/A) for the sake of comparison.

Finally, effective hole (mx’) and electron masses (m.’) have been evaluated from the
top of the valence band and the bottom of the conduction band, respectively. To this
purpose, the following expression has been used:
.= hzaz_E o

m* = o [3.12]
where the E(K) function has been parametrized and fitted by a quadratic anharmonical
expression E(K) = ao + a1k + a»’k? within a close region to the band-gap k-point, with the

rest of quantities in atomic units to obtain the effective masses directly in me units.
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3.4. Implementation of semiconducting materials in OFETs

As mentioned in the introduction chapter, OFETs are a versatile platform for the direct
examination of the electrical mobility of new semiconductors, which is essential in next-
generation optoelectronic devices. Thereby, most of the materials proposed to study in this

thesis have been implemented in OFETs.

3.4.1. Device configuration

Simply speaking, an OFET is constituted of different electrically active layers assembled
on a substrate: the organic semiconductor, the gate dielectric and three terminal electrodes
(gate, source and drain electrodes). According to the different position of the layers, OFETs
can be classified into one of the following four device architectures: bottom gate-bottom
contact (BG-BC, Figure 3.4a), bottom gate-top contact (BG-TC, Figure 3.4b), top gate-bottom
contact (TG-BC, Figure 3.4c) and top gate-top contact (TG-TC, Figure 3.4d). Each of the four
device architectures present advantages and disadvantages, so the one to be adopted is a

direct consequence of its purpose.!*°!

Bottom Contact (BC) Top Contact (TC)
[C) : Source Drain
o Semiconductor
% Source Drain
o Dielectric Dielectric
E
o
s
a a) BG-BC b) BG-TC
= Dielectri s
9 5 ecrlc Source Dielectric " prajn
m© Semiconductor ;
U ; Semiconductor
o | | Source Drain
o [————petrate || Subsftrate |
c) TG-BC d) T6-TC

Figure 3.4. Schematic representation of OFET device configurations: (a) bottom gate-bottom
contact, (b) bottom gate-top contact, (c) top gate-bottom contact and (d) top gate-top contact.
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For instance, BG-BC devices allow for quick examination of new semiconductors
because the insulating layer and the three terminal electrodes can be prefabricated, and
therefore, the semiconductor is deposited in the final step of the process. However, this
configuration fully exposes the semiconductor to ambient conditions which may accelerate
degradation. In this sense, TG-BC and TG-TC configurations reduce environmental
degradation of the semiconductor as the dielectric acts as an encapsulation layer, although
the dielectric must be carefully chosen and deposited to preserve the integrity of the
semiconductor layer. Regarding these configurations, the TC mode is probably more useful
for obtaining high quality semiconducting layers than the BC configuration because the
prefabricated electrodes in the latter can act as nucleation sites, leading to worse contact

quality between the semiconductor and the source and drain electrodes./*!

Based on these considerations, we used the bottom gate-top contact configuration on

the development of this thesis, which is described in detail as follow.

3.4.2. Bottom gate-top contact (BG-TC) configuration

For the fabrication of field effect transistors in a standard bottom gate-top contact
architecture, we followed the procedure shown in Figure 3.5. Commercially available highly-
doped silicon wafers covered with a 300 nm thick thermally grown SiO; layer were used as
gate electrode and dielectric layer, respectively. First the all, Si/SiO, substrates with
dimensions of 2.5 x 1 cm were cut and double-cleaned in an ultrasonic bath with ethanol for
10 minutes, dried with a stream of N, and finally treated with UV-ozone (UVO CLEANER 342-

220) for 10 minutes to eliminate any organic impurities (section i of Figure 3.5).

Nevertheless, this dielectric surface based on SiO, is hydrophilic, whereas most of
organic materials are hydrophobic. To overcome this mismatch, surface functionalization
with self-assembly monolayers is a widely used strategy to change the surface polarity from
hydrophilic to hydrophobic, which can also facilitate the formation of well-ordered organic
semiconductor layers as well as minimize the concentration of charge carrier trap states due

to surface hydroxyl groups, resulting in enhanced charge carrier mobility and device

73



3. Methodology |

stability.> %! In this sense, we have used hexamethyldisilane (HMDS) and
octadecyltrichlorosilane (OTS) as self-assembling materials. The HMDS treatment is
performed by exposing the cleaned silicon substrates to HMDS vapor at room temperature
in a closed air-free container under argon atmosphere for a week. On the other hand, the
surface functionalization with a self-assembled monolayer of OTS is carried out by
immersion of the cleaned silicon substrates in a 3.0 mM humidity-exposed solution of OTS
in hexane for 1 hour. After OTS deposition, the substrates are subsequently cleaned by
sonication in hexane, acetone, and ethanol for 10 minutes each and then, dried with a

stream of N, (section ii of Figure 3.5).
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Figure 3.5. Different steps on the fabrication of BG-TC OFETs showed in this Thesis.
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Once the dielectric surface has been functionalized, the semiconducting active
materials are deposited by slow sublimation under vacuum conditions or solution-processed
techniques. In the vacuum evaporation technique, the organic semiconductor is placed
under vacuum (around 10°® mbar) and heated to cause sublimation, followed by
condensation on the substrate forming thin films. In our case, an OERLIKON UNIVEX 250
evaporator has been used to thermally deposit 50 nm (determined through a quartz
microbalance) of disk-shape molecules 1-7 and NDI/PDI-based compounds of Chapter | and
Chapter lll, respectively. Among the main advantages of thermally deposited films, it is
worth to highlight its excellent uniformity and reproducibility (controlled by monitoring the
substrate temperature and the deposition rate) as well as its high purity due to the lack of
solvents involved in the process or gases such as oxygen.[*!! Nevertheless, this technique is
mainly used for small-molecules and oligomeric semiconductors, not being applicable to
polymers because they tend to decompose by cracking at high temperatures (section jii of

Figure 3.5).

For polymers, solution processing techniques are mainly used since they do not need
high deposition temperatures or high vacuum conditions. Among the different techniques
used to deposit organic semiconductors from solution, the most used method in
laboratories is “spin coating” due to its simplicity, thus not requiring sophisticated and
expensive equipment. However, this technique requires organic semiconductors with good
solubility in some common organic solvents. Translated to the case of the P1-P4 polymers
studied in Chapter IV, where a LAURELL TECHNOLOGIES WS-650MZ-23NPP spin-coater has
been used, the “spin coating” method involves dropping a small portion of semiconductor
solution (at a concentration of 5 mg/ml in tetrahydrofuran) onto the center of the substrate
and spinning the substrate at high speeds (1500 rpm for 60 seconds). Then, the centripetal
acceleration forces the solution to spread on the substrate, leaving it covered with a uniform
thin film upon solvent evaporation. Interestingly, variations in the concentration of the
solution, used solvent or working parameters of the spin coater (i.e. spin speed, time and

acceleration) give rise to changes in the solvent evaporation rate during film formation,
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which might result in different film microstructures and therefore, different OFET device

performances (section iii of Figure 3.5).[4> 46l

The deposited organic active layers were subsequently subjected to a thermal
annealing process to improve its molecular ordering and its crystallinity. Nevertheless, it
should be noted that the same thermal annealing treatment does not work properly for all
organic materials, and thus the annealing conditions should be fully optimized for each
sample by systematically investigating the effect of the annealing condition on materials
morphology and crystallinity, and on charge transport characteristics. In this context, disk-
shaped molecules 1-3 and NDI/PDI-based compounds were deposited on preheated
substrates at temperatures of 60, 80 and 90°C, followed by annealing treatments at 120-
150°C for 2 hours. Likewise, annealing treatments at 100,150 and 200°C for 2 hours were
performed to thin-films based on P1-P4 copolymers (section jv of Figure 3.5). We
recommend readers to see Appendix 6.3, where the complete device optimization

procedure is shown.

The last step in the fabrication of bottom-gate top-contact devices is the deposition of
the source and drain electrodes. In this sense, although platinum and aluminum are also
commonly used, gold is the most used metal as electrode for laboratory purposes due to its
stability and inertness. Therefore, we have made use of the same OERLIKON UNIVEX 250
evaporator previously used for the deposition of the semiconducting materials to thermally
evaporate 40 nm gold source and drain electrodes through shadow masks. The channel
width of these masks (W) oscillates between 100 and 5000 um, while the channel length

varies from 10 to 100 um (section v of Figure 3.5).

Finally, the devices were tested (section vi of Figure 3.5).

3.4.3. OFET operation and determination of device parameters

The operation of an OFET relies on the application of two electric potentials, one at

the gate electrode (Vgs) and the other at the drain electrode (Vps), while the source electrode
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held at ground. For the following discussion, the OFET channel is assumed to be p-type,
being the polarities simply reversed compared with its n-type counterpart. Starting from the
situation where no Ves is applied to an ideal p-type device, the device is “off” (left side of

Figure 3.6).
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Figure 3.6. Schematic representation of the operation of an OFET with p-type characteristics.

However, an applied negative Vgs polarizes the dielectric causing the accumulation of
holes charge carriers at the semiconductor-dielectric interface: in this situation, the
transistor turns “on” (central part of Figure 3.6). It is important to mention that in a real
device a small Vgs potential, known as the threshold voltage (Vr), is firstly required to fill
charge traps at the semiconductor-dielectric interface before charge carriers are
accumulated in the conduction channel. Once the charge carriers are accumulated, an
applied negative Vps forces them to move from the source to the drain electrode where the
drain current (Isp) is measured (right side of Figure 3.6). Note that the charge density in the
transistor channel (and thus, Isp) can be modulated by the magnitude of the applied field

(Ves), hence the “field-effect” terminology.

The operating mode of an OFET produces two typical curent-voltage curves, as shown

in Figure 3.7.
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Figure 3.7. Representative (a) output and (b) transfer curves of a p-type OFET. The BG-TC
structure with the conduction channel highlighted in yellow for the linear (top), pinch-off
(middle) and saturation regimes (bottom) are also shown.

Figure 3.7a shows the well-known “output curves”, which measure the evolution of Ip
with increasingly negative Vpsvalues at determined Ves voltages. As long as Vps< Vs — Vi,
the current flowing along the transistor channel (Isp) obeys the Ohm’s law, in other words,
the device operates in a linear regime in which Ipsincreases linearly with Vps. However, when
Vps magnitude is further increased until approaches that of Vgs, the shape of the conduction
channel changes. At the critical point where Vps= Vgs — Vr , the area near the drain
electrode is depleted of free charge carriers and the channel becomes pinched off (point P
in Figure 3.7a). Further increasing Vps does not substantially increase the current since the
device operates in saturation regime but leads to the growing of the depletion zone and

therefore a slight shortening of the conduction channel.

On the other hand, Figure 3.7b displays an example of “transfer curve”, which shows
in red the evolution of Isp on a logarithmic scale as a function of Vgs with Vps held constant
in the saturation regime. In blue, the same figure shows the dependence between the

square-root Isp value and Vs by using the assumptions of conventional transistor formalism:

w
ne=_C .p.C /2, -V 3.13
SD (ZL " diel) VGS T) 3.13]
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Where Lis the channel length (being the distance between the source and drain electrodes),
W is the channel width and Cg is the capacitance per unit area of the insulator layer.
Importantly, the main electrical parameters that characterize the performance of an OFET
can be extracted from this curve (i) the field-effect mobility (i), which measures how quickly
charge carriers can move in response to an external electric field, is calculated from the slope
of the blue line. (ii) The lon/off ratio which needs to be as high as possible, so the “on” state
and the “off” state are clearly distinguishable. (iii) The Vr value, which is the minimum Ves
required to turn on the transistor, can be calculated by finding the intercept of Ips=0 and the

intersection with the X axis.l*”!

In our case, OFET transfer and output curves were measured at ambient conditions by
using an EB-4 Everbeing ProbeStation or under vacuum conditions (around 10® mbar) by
using a customized probestation from Trinos Vacuum, both connected to a 4200-SCS/C

Keithley semiconductor characterization system.

3.5. Morphological characterization of OFETs

The thin film morphology of organic semiconductors has an important influence in
both injection and charge transport processes, which dictate the device operation. In fact,
an efficient charge transport process requires of highly ordered and homogeneous films, in
which the presence of large crystalline domains is accompanied by a good interconnection
of them.[*® %1 On the basis of the above considerations, the microstructures of the
semiconducting films, prepared under the optimal device fabrication conditions, were
characterized via Grazing Incidence X-Ray Diffraction (GIXRD) and Atomic Force Microscopy

(AFM):

e When a conventional X-ray diffraction analysis is performed on OFETs, it generally
produces a week signal from the semiconducting layer and an intense signal from the
substrate. One effective way to avoid this problematic is to perform the X-ray
scanning with a fixed grazing angle of incidence, leading to the GIXRD version (see

Figure 3.8a). Thereby, GIXRD technique renders valuable information about the
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crystal structure, lattice parameters, and physical properties of thin films and
coatings. From the operating point of view, the GIXDR data were recorded by using a
Bruker D8 DISCOVER diffractometer that uses CuK.; radiation (A= 1.5405 A) to
measure a range of 20 values from 2 to 35° for 120 minutes. The diffracted beam is

collected by a Scintillation detector.

4
a) Qgixrp << Ayrp £

Y /e

Organic layer :
: L& ]

Substrate

Piezoelectric scanner

Figure 3.8. Representations of (a) GIXRD and (b) AFM characterization techniques.

e On the other hand, AFM was the chosen tool to obtain the surface root-mean-
square (RMS) roughness values. This information is gathered by tapping the surface
with a sharp tip integrated at the end of a flexible cantilever, whose movements are
detected by a piezoelectric scanner in a highly accurate and precise way (see Figure
3.8Db). In this Thesis, AFM images of the thin films were recorded by using a multimode
atomic force microscope with a Nanoscope V Controller (Bruker Corporation, Billerica,
MA, USA) working in tapping mode. Attractive/repulsive interactions between the tip
and the sample are established with a separation in a range of 1-100 A, depending on

the vibration frequency of the cantilever.
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Chapter I:

Role of peripheral substitution on the molecular order of disk-like
semiconductors: the cases of triindoles and diazatruxenones

Dielectric ’

The most relevant results obtained in this study have given rise to publications 1 and 2 listed in
Appendix 6.4:

1. Gamez-Valenzuela, S.; Benito-Hernandez, A.; Echeverri, M.; Gutierrez-Puebla, E.; Ponce
Ortiz, R.; Ruiz Delgado, M. C.; Gémez-Lor, B., Functionalized Crystalline N-
Trimethyltriindoles: Counterintuitive Influence of Peripheral Substituents on Their
Semiconducting Properties. Molecules 2022, 27, (3), 1121-1135.

2. Gamez-Valenzuela, S.; Benito-Hernandez, A.; Ponce Ortiz, P.; Golemme, A.; Termine, R.;
Ruiz Delgado, M. C.; Gdmez-Lor. B., Role of peripheral substitution on electronics and
self-assembly of discotic semiconductors: the case of diazatruxenone. In preparation.
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I.1. Introduction

In the search of efficient charge transport materials for flexible electronics, it is
essential to achieve a favorable molecular spatial ordering in the semiconductor thin film
since it involves charge transport as the main operation process, which is highly dependent
on the electronic coupling between neighbouring units, and thus, on the intermolecular
order.[*3! |n this line, disk-shaped molecules arouse a great interest as they have a strong
tendency to self-assemble into column stacks when conveniently functionalized through the
action of intermolecular interactions, offering a favorable pathway for charge carrier
migration. Consequently, the correct design of this kind of semiconductors is usually a
challenging task that requires a deep knowledge of the effects produced by the non-covalent
interactions existing among the molecules, which are weak in nature and act cooperatively.
Furthermore, electronic and spatial ordering changes can be induced by means of electronic
factors. As example, peripheral substitution with electron donors in conjugated backbones
such as methoxy groups, has been found to favor the self-assembly properties giving rise to

highly ordered columnar stacks.!!

In this context, we became interested in the electron-rich disk-like triindole system
(10,15-dihydro-5H-diindolo[3,2-a:30,20-c] carbazole), which can be considered as three
carbazole units that share the central fused aromatic ring (see Figure I.1a). This platform has
been demonstrated to be a high performance self-assembling p-type organic
semiconductor.” ® Particularly, high hole mobilities above 2 cm?V's* have been found on
triindole-based materials as a result of the favorable synergy between their good intrinsic
charge transport properties and its high tendency to self-assemble into one-dimensional

superstructures providing an efficient path for charge transport.!”

Structurally related to triindole is truxenone. Using the same analogy as the one used
to describe the triindole platform, truxenone can be considered as three fluorenone units
sharing the central fused aromatic ring (see Figure 1.1b), with the three ketone groups
rendering this molecule electron deficiency. Although less investigated in the area of organic

electronics than electron-rich triindole, owing to its poor solubility, truxenone has recently
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attracted much interest in the development of electron-transport molecular
semiconductors. In fact, electron mobility values above 1 cm?Vs! have been reported for

truxenone-based semiconductors.!**!

On the other hand, to obtain organic materials able to transport holes and electrons
charge carriers and thus, with ambipolar semiconducting properties, a widely employed
strategy is the covalent linking of electron donor and electron acceptor moieties
conformationally rigidified into fused m-conjugated molecular skeletons.*?®! |n this sense,
it was recently theoretically demonstrated that the combination of the respective molecular
characteristics of the electron rich triindole platform with those of the electron deficient
truxenone one, in the diazatruxenone molecule (see Figure I.1c), would result in favorable

ambipolar charge transport behavior.[*”!

Triindole » p-type Truxenone > n-type Diazatruxenone » ambipolar?

Figure I.1. Chemical structures of (a) triindole, (b) truxenone and (c) diazatruxenone molecules.

In this sense, we propose to study two families of triindole and diazatruxenone-based
semiconductors functionalized at 3, 8 and 13 positions with different peripheral groups, such
as methoxy electron donor groups or acetyl, nitrile and nitro electron-withdrawing groups
(see Figure 1.2). This work helps us to shed light on the influence that the electronic nature
of the attached peripheral groups and the combination of electron rich and electron
deficient segments in the same trigonal skeleton exert on the electronic, supramolecular

and semiconducting properties of these disk-shaped materials.
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To this purpose, we have performed a joint experimental and theoretical study that
links UV-Vis spectroscopy, electrochemistry, Raman and OFETs characterization with DFT
calculations performed at the B3LYP/6-31G** level of theory. M06-2X functional was also
used and the results, which are comparable to those obtained at the B3LYP level, have been
summarized in Appendix 6.2.1. This chapter is divided in two sections as a function of the

nature of the platform (triindole or diazatruxenone).

R

R 3: R=COCH;

Figure 1.2. Chemical structures of triindole 1-3 (left) and diazatruxenone-based systems 4-7
(right) studied in this chapter.

1.2. Triindole-based semiconductors

1.2.1. Structural features

Here we investigate how the electronic nature of the attached peripheral substituents
influences the structural properties of the triindole platform, which can further determine
their solid-state organization and semiconductor behavior. To this purpose, the optimized
ground-state structure of the triindoles 1-3 were theoretically investigated. As seen in Figure
I.3a, the DFT-calculated molecular geometries for the three systems result on similar twisted
triindole platforms, with the three peripheral rings bending out of the plane of the central
aromatic ring (with dihedral angles of 6°) and the methyl groups also slightly out of the

molecular plane of the central ring. Interestingly, this fact indicates that functionalization on
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the periphery exerts a slight impact on the structural conformation of the isolated triindole
molecular structure. It is not surprising that the twisted triindole conformation is more
energetically stable than the constrained planar conformation (around 6 Kcal/mol), since
they contribute to relax the steric hindrance caused by the methyl groups and the outermost

benzene rings.

1: R=H

2: R=0CH, Dihedral Angles /°© NICS(0) / ppm

. ¢ b b
1 6 6 6 92 90 -89 -9.0
2 6 6 6 88 95 96 96

94 -84 -84 -85

3

H
Re

Figure 1.3. (a) Chemical structures of compounds 1-3 together with the B3LYP/6-31G**
calculated dihedral angles along the conjugated triindole platform and the NICS(0) values
computed at B3LYP/6-311++G(2df,p)//B3LYP/6-31G** level. (b) Top and lateral views of the DFT-
optimized structures for the triindoles 1-3 are also shown.

NICS parameter is a widely employed indicator of chemical aromaticity;!*® ! being the
more negative the NICS value, the more aromatic the system. In this sense, NICS values were
calculated at the geometrical centers of all the phenyl rings (NICS(0)) by using the gauge-

independent atomic orbital (GIAO) method.!*® 2°! The calculations were performed at the
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B3LYP/6-311++G(2df,p) level from the B3LYP/6-31G** optimized structures. On the basis of
the calculated data, the aromaticity of these systems is affected by the electronic nature of
the peripheral substituents. Compared to the reference 1 derivative, the insertion of
electron-rich methoxy groups results in less (more) negative NICS(0) values of c.a. 0.5 ppm
on the central (external) benzene ring, suggesting that the three-arm platform become more
aromatic on the periphery and more quinoid on the innermost side at the same time. In
contrast, the insertion of three electron-withdrawing acetyl groups in 3 results in less
negative NICS(0) values (c.a. 0.5 ppm) on the external benzene rings. This can be explained
in terms of the electron-withdrawing character of the acetyl groups, which decreases the

aromaticity of the structure in consonance with better electronic delocalization.

1.2.2. Electronic properties

The electronic properties of these triindole-based semiconductors were investigated
by using Ultraviolet-Visible (UV-Vis) absorption spectroscopy and cyclic voltammetry (CV)
and rationalized with the help of DFT and time-dependent DFT (TD-DFT) calculations
performed at B3LYP/6-31G** level of theory. Figure |.4a compares the absorption spectra
of the three compounds in CH,Cl, solution at a concentration of 5x10° M. Independently of
the electronic nature of the substituents, a bathochromic shift on the maximum absorption
band can be observed upon external functionalization of the triindole platform at 3, 8, and
13 positions when compared with the non-substituted derivative 1 (i.e. maximum

absorption band appears at 317 nmin 1,332 nmin 2 and 339 nm in 3).

Furthermore, the optical band gap estimated from the tangent to the low energy edge
of the absorption band is also progressively redshifted going from the non-peripherally
substituted triindole 1 (3.36 eV) to the derivatives substituted with electron donor methoxy
groups (3.09 eV) and electron-withdrawing acetyl groups (2.66 eV), with the latter showing

the lowest optical gap within the series.

TD-DFT vertical excitation energies calculated for triindoles 1-3 nicely reproduce the

experimental data, predicting the red shifting of the lowest energy band upon
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functionalization as well as the presence of several electronic transitions around 300 nm
with a m-rt* nature.?!! An inspection of the main vertical excited-state transitions reveals
that in all the cases, the maximum absorption band results from the overlap of the S-S
and So>Ss electronic transitions, which are assigned to different combinations of
HOMO-LUMO, HOMO-1-5LUMO, HOMO-1-5LUMO+1 and HOMO-LUMO+1 one-electron
excitations. Note that in these systems the S¢->S: electronic transition is forbidden by
symmetry with respect to dipole—dipole selection rules, although distortions from the C;

geometry in solution can contribute to the activation of these electronic transitions.[??
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Figure 1.4. (a) Normalized experimental UV-Vis absorption spectra of triindoles 1-3 in CH,Cl,
solution at ¢ = 5x10® M. The main vertical excited-state transitions (shown as dotted bars)
calculated at the TD-DFT//B3LYP/6-31G** level are also shown. (b) DFT-calculated (B3LYP/6-
31G**) frontier molecular orbital energies for the triindoles under study. The topologies of
HOMO, HOMO-1, LUMO and LUMO+1 are also shown.
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On the basis of the calculated frontier molecular orbitals (FMO) diagram shown in
Figure 1.4b, the HOMO/HOMO-1 and LUMO/LUMO+1 energy levels are energetically
degenerated as expected from the Cs-symmetry of these systems.!??! The inspection of the
FMO topologies reveals that both HOMO and LUMO are delocalized over the entire m-
molecular frameworks. Interestingly, the insertion of the methoxy groups in 2 causes the
extension of the HOMO over these peripheral donor groups, producing a destabilization of
the HOMO while the LUMO level is barely affected. Contrary, the attachment of acetyl
groups in 3 produces the extension of LUMO over these electron-withdrawing groups, and
results in a moderate HOMO and LUMO stabilization with this effect being more pronounced
for the latter. Thus, the peripheral functionalization of the triindole scaffold leads to a more
extended m-conjugation, decreasing the HOMO—-LUMO gap in the following order: 1 (4.30
eV)>2 (4.17 eV) > 3 (3.97 eV), in good agreement with the experimental reduction of the
optical gaps. The observed difference in the FMO wavefunction upon peripheral substitution

might influence the electronic coupling within the stacks as will be discussed below.

Since feasible hole/electron injection from electrodes is an indispensable prerequisite
for the design of ambipolar semiconductors, charge injection was evaluated by analyzing the
FMOs energy levels obtained from CV measurements. As shown in Figure 1.5a, the three
compounds under study can be easily and reversibly oxidized. As we expected,
functionalization with methoxy electron-donor groups produces a shifting of the first
oxidation potentials towards less positive values because of the increment in the electronic
density of the t-system. On the contrary, functionalization with acetyl electron-withdrawing
groups produces a shifting of the first oxidation potentials towards more positive values
because of the vanishing in the electronic density. In this regard, we have estimated the
HOMO level for 1-3 compounds through the first oxidation potentials referenced to the
ferrocene/ferrocenium (Fc/Fc*) redox couple, in comparison to the formal potential of

Fc/Fc* with respect to zero vacuum level (4.8 eV) according to the equation:

Evomo= -[(E%,s, - E1/,"/F*) + 4.8 eV].
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The HOMO-LUMO gap were estimated by the absorption edge of the electronic
spectra, allowing us to estimate the LUMO energy level as the difference between this value

and the value previously determined for the HOMO level (see Figure 1.5b).
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Figure 1.5. (a) Cyclic voltammograms of triindoles 1-3 (c=1x10" M) recorded at a scan rate of 100
mV-s1in CH,Cl/0.1 M BusNPFsas electrolyte, using a Pt working electrode, an Ag/AgCl reference
electrode and a Pt wire auxiliary electrode. (b) Experimentally determined HOMO-LUMO energy

levels. The optical HOMO-LUMOg,, values (Es°t) are also shown.

Compared to the unsubstituted triindole 1, the insertion of methoxy groups in 2 barely
affects the frontier energy levels, whereas the attachment of acetyl groups in 3 moderately
stabilizes both HOMO and LUMO orbitals with the latter in a more pronounced extension
(0.31 eV for HOMO vs 1.01 eV for LUMO). These results are in excellent agreement with the
theoretically predicted FMO modulation upon peripheral functionalization. It is important
to highlight that in all the cases, the HOMO energy matches very well with the work function

of gold (pau=5.1 eV),!?*! which makes them potential candidates as p-type semiconductors.
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1.2.3. Vibrational properties

We now make use of Raman spectroscopy to better understand the effect that the
different electronic nature of the peripheral substituents plays on the effective m-
conjugation of the triindole scaffold. It is well known that Raman spectroscopy renders
valuable information about the electronic coupling between covalently connected
conjugated moieties and about the effective m-conjugation length in semiconductors.24?7!
As seen in Figure |.6a, the Raman bands collected in the 1500-1600 cm™ region, which are
related with the C=C/C-C stretching modes, are selectively enhanced in the spectra as a

consequence of the existence of an effective electron—-phonon coupling.!?®!
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Figure 1.6. (a) Solid state FT-Raman (Aexc=1064 nm) and (b) simulated Raman spectra (B3LYP/6-
31G** level) for triindoles 1-3. The vibrational frequency values associated with the discussed
C=C/C-C Raman features are also shown. An adjustment of the theoretical force fields where the
frequencies were scaled down by a factor of 0.968 to disentangle experimental misassignments
was used, as recommended by Scott and Random.[?°!
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Therefore, we pay attention to this spectral region and specifically, to the doublet
localized at ~1605 cm™ and ~1570 cm™. Importantly, the good agreement found between
the experimental (Figure 1.6a) and theoretical (Figure 1.6b) Raman spectra gives support to
the reliability of the structural information derived from this discussion as well as our Raman

bands assignment (Figure 1.7).

1 2 3

1608 cm™ (1608 cm™) 1612 cm* (1613 cm™) 1602 cm™ (1602 cm'!)

Figure 1.7. B3LYP/6-31G** vibrational eigenvectors associated with the most outstanding
C=C/C-C Raman features for the triindole-based compounds under study. The experimental and
theoretical (in parentheses) wavenumbers are also shown.

In this sense, the Raman band localized at ~1605 cm™ arises from a CC stretching
mode (i.e. mode 8a of benzene)B® mostly involving the external benzene rings, whereas the
band localized at ~1570 cm™ entailing the same CC vibration but localized on the innermost
benzene rings (see Figure 1.7). Please, note that in the case of triindole 3, the Raman band

recorded at 1666 cm™* emerges from the stretching of the C=0 groups.
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The band at 1605 cm™, involving the external benzene rings, is very sensitive to the
electronic nature of the peripheral substituent. This become evident by analyzing the shift
towards higher or lower frequencies upon trimethoxy or triacetyl functionalization, which is
ascribed to the electron-donor and electron-withdrawing character of these peripheral
substituents, respectively. On the other hand, the Raman band corresponding to the CC
stretching vibration of the innermost benzene rings, recorded at 1571 cm™ in 1,
progressively downshifts to 1568 and 1563 cm™ in 2 and 3 compounds, respectively. This
trend reflects the better m-electronic delocalization upon functionalization, being more
relevant in the case of the triacetyl functionalized triindole 3, in agreement with its lowest
HOMO-LUMO gap. The more efficient m-conjugation in 3 is also corroborated by an increase
in the intensity of these CC stretching bands with respect to those appearing at ~1200-1300
cm™ arising from non-conjugated CH, bending vibrations, due to the existence of an

effective electron—phonon coupling in this semiconductor.[? 311

1.2.4. Electrical characterization

Considering the easy one-electron reversible oxidations, relative low-lying HOMO
levels and good m-electron delocalization of these derivatives, OFETs were fabricated with
the vacuum-deposited active layers in a standard bottom gate-top contact (BG-TC)
architecture to gather information on how the electronic nature of the peripheral

substituent influences the electrical performance of the final device.

As shown in Figure 1.8, all devices exhibited typical unipolar p-channel characteristics
with good output and transfer curves measured at ambient conditions. The main p-channel
transport parameters, including hole charge carrier mobilities (u), intensities ratios (lon/lof)
and threshold voltages (V1), were extracted from the saturated region of the transfer curves
and summarized in Table I.1. It is important to highlight that although only the OFET
electrical data for the best-performing devices are shown, in each case, the device

performance was fully optimized by systematically investigating the effect of the annealing
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conditions and substrate treatments on the charge transport characteristics of these

semiconductors (see Appendix 6.3.1).

The optimization of the device fabrication steps suggests that both thermal annealing

temperatures and substrate treatments play a relevant role in the resultant mobilities of the

devices. It was found that the performance of OFETs fabricated on OTS-treated substrates

of 1 and 2 is up to three orders of magnitude higher than those of HMDS or nontreated

substrates. On the other hand, after thermal annealing at 60°C and 90°C, the mobilities for

the OTS-treated substrates of 1 and 2 increased dramatically by three and two orders of

magnitude, respectively. Curiously, the performance of OFETs based in triindole 3 is

relatively insensitive to thermal annealing or substrate treatments.
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Figure 1.8. OFET transfer (top) and output (bottom) curves of triindoles 1 (a), 2 (b) and 3 (c)

prepared under the optimal device fabrication conditions and measured at ambient conditions.

The transfer curves were measured at a constant source-drain voltage of -80 V, whereas the

output curves were measured at gate voltages varying from 20 to -80 V at intervals of 10 V.
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Table I.1. OFET electrical data for vapor deposited thin films of triindoles 1-3 prepared under
the optimal device fabrication conditions and measured at ambient conditions. Average and the
best (in parenthesis) values are shown. The average values were obtained from at least 6
representative devices for each material.

Compound E:::istiiﬂ:: M, (cm? v1ist) V(V) lon/losr
1 OTS, e0°c (3:2 ] igj) (ﬁ) (; ) 181)
2 0TS, 90°¢ (i:g ) 18:2) (:g) ((15 ) ﬁ)
3 0TS, 120°C (3:; } 182) (:Z) é . 18;

In view of the results, the field effect mobilities of the studied semiconductors are
modest, with the maximum p-type mobility of 2x102 cm?V-s™? for the unsubstituted
triindole 1 in accordance with previously reported data.’?”! Quite high on/off ratios of ~10’
and low threshold voltages of -13 V were measured for this semiconductor, which is
considered to be important for applications of ambipolar OFETs in complementary logic
circuits.®? Nevertheless, the introduction of peripheral methoxy donor groups in triindole 2
impairs the electrical properties, reducing by an order of magnitude the p-type mobility
(1x1073 cm?V~1s71) and by four orders of magnitude the on/off ratios (~6x103%) with respect
to the parent triindole 1. Comparable threshold voltages (-4 V) can be observed.
Interestingly, the substitution with electron-withdrawing acetyl groups in triindole 3
maintain the p-type polarity, although the transistor parameters are strongly reduced in
comparison with triindole 1 with three orders of magnitude lower field effect mobilities

(3x107° cm?V~1s71) and five orders of magnitude lower on/off current ratios (~2x102).

Curiously, opposite trends can be found comparing the electrical performance data of
OFET devices and the m-electronic delocalization degree of 1-3 materials. In fact, the best
OFET electrical data were measured for triindole 1, despite its less conjugated skeleton as
evidenced using UV-Vis absorption and Raman spectroscopies, CV and DFT calculations. This

highlights the importance of a favorable supramolecular arrangement for achieving efficient
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charge transport. Thus, the peripheral groups not only affect the electronic properties but

also significantly influences crystal packing as we will demonstrate in the following section.

1.2.5. Self-assembly properties

As discussed in a previous section, the functionalization on the periphery exerts a slight
impact on the energetics of the isolated molecular structures. However, since the influence
that molecular neighbors play on each other can exert notable changes on the final packing,
the analysis of their crystal structures is crucial. In this context, although X-ray data of
compounds 1 and 2 reveals that both systems pack into the crystal forming very highly
ordered columnar structures, in which the molecules pack face-to-face in an alternate
arrangement (each molecular unit rotated by 60° with respect to its next neighbors in the
stacks and with the central aromatic rings perfectly superimposed) forming columns that
grow up along one-direction, remarkable differences can be found on their molecular
structures. In particular, while compound 1 maintains the slightly twisted conformation of
the triindole core on the crystal packing, functionalization with electron donor methoxy

groups in 2 significantly planarize the molecule on the solid state (see Figure 1.9).

Figure 1.9. Top and lateral views of the molecular packing for triindoles 1 and 2 as determined by
X-ray diffraction analysis.

Unfortunately, it was not possible to obtain single crystals of the acetylated derivative

3. Nevertheless, the position of the maxima peaks observed in its powder diffractogram
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matches very well with the X-ray diffractogram obtained from single crystal data of triindole

2, pointing to a similar structure and packing pattern./?!l

In order to find an explanation to the opposite trends observed on the previous section
and rationalize the effect of the peripheral substitution on the charge transport properties
of triindoles 1-3, we have theoretically predicted the key molecular parameters impacting
the charge mobility, such as intramolecular reorganization energies for holes (An) and
transfer integrals associated with hole transfer (ty). In this context, the reorganization energy
reflects the geometric changes needed to accommodate a positive charge (the smaller A
the larger the expected charge mobility) giving rise to the so-called local electron-phonon
coupling.3 It is important to highlight that here, we focus on the intramolecular
contribution to A, as the polarization contribution is expected to be significantly smaller,3*
being directly calculated at the B3LYP/6-31G** level from the relevant points on the
potential energy surfaces by using previously reported standard procedures.!**! On the other
hand, tn characterizes the electronic coupling for hole transfer between neighboring units,

which, in turn, is determined by the supramolecular order.

A modest increase in the A, values is predicted upon peripheral substitution with A,
values of 231 meV for 1, 257 meV for 2 and 272 meV for 3. Interestingly, DFT calculations
predict a symmetric geometrical relaxation upon oxidation, where the accommodation of

the positive charge take place along the three arms that the triindole platform has.

Prior to compute the transfer integrals for hole transport, we wanted to better
understand the interplay between intramolecular and intermolecular interactions. With this
goal in mind, we have performed DFT calculations including dispersion corrections ¢! for a
supramolecular complex formed by three molecules; in the case of triindole 1, the
supramolecular complex was extracted from its published crystalline structure,’® where the
molecules pack face-to-face in an alternate arrangement (each molecular unit rotated by
60° with respect to its next neighbors in the stacks and with the central aromatic rings
perfectly superimposed) forming columns that grow up along one-direction. The same

model was also used for 2 upon insertion of the peripheral methoxy groups. Triindole 3 has
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been excluded of this study due to have a similar structure and packing pattern to that of

triindole 2.

As seen in Figure 1.10, the resultant optimized geometries reveal that the non-
peripherally substituted triindole 1 maintains the slightly twisted conformation of the
triindole core, in line with the most favorable molecular structure predicted for the isolated
molecules. Conversely, functionalization with three methoxy groups in 2 significantly
planarize the molecule with the methyl and methoxy groups accommodated within the
plane of the molecules and shorter -1t distances between them (see the molecules inside
the box in Figure 1.10); this points to the influence that molecular neighbors play in leading

a planar conformation in the solid state overcoming the tendency to twist.?”!

B3LYP-D,/6-31G** MO06-2X-D5/6-31G** wB97X-D /6-31G**

d=3.58 A d=3.47 A d=3.54 A

d=3.47 A d=3.34 A d=3.40 A

Figure 1.10. DFT-optimized supramolecular complexes of 1 and 2 computed at different levels of
theory. The average centroid—centroid distance of the central aromatic rings between adjacent
molecules is also shown.

Interestingly, this effect was not observed for the same calculations performed

without including an explicit correction for dispersion, highlighting the role played by weak,
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noncovalent interactions in the stabilization of the planar structures upon methoxy
substitution. In this sense, we can see that each methyl group is involved in CH-mt
interactions with the aromatic rings that lie above and below it, which has been found to
stabilize similar alternated stacking in N-dodecyltriindole derivatives both in solution ©*! and

in the solid state.!

Based on the previous results, transfer integrals for cofacial dimers of 1 and 2 built
from the X-ray determined structures at an intermolecular distance of 3.51 A, were
calculated at the B3LYP/6-31G** level by using the approach described by Valeev et al.l8
Since HOMO and HOMO-1 orbital on isolated molecules are degenerated in energy, the t,
values were calculated as: [(thomo.Homo? + tHomo-1.Homo-12 + tHomo-1.Homo? + tHomo Homo-12)/4]1Y2.
Smaller ty values were predicted for dimers of 2 (29 meV) when compared to those found
for dimers of 1 (93 meV). This can be ascribed to less efficient HOMO and HOMO-1
wavefunctions overlap in 2, despite their more planar backbones and smaller stacking

distances (see Figure 1.11).

tHOMO.HOMO tHOMO.HOMO-] tHOMO-l.HOMO-l

132 meV

R
ot

Vel

Figure 1.11. Top and lateral views of the HOMO-HOMO, HOMO-HOMO-1 and HOMO-1-HOMO-1
orbital overlaps for cofacial dimers of 1 and 2. The DFT-estimated hole transfer integrals (in meV)
values are also shown.
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Note that in an alternate arrangement where each molecular unit is rotated by 60°,
only the central aromatic rings are perfectly superimposed, thus, the HOMO and HOMO-1
wavefunctions extension over the peripheral methoxy groups might result in less favorable
wavefunctions overlap in the central core of the staggered triindole platforms, resulting in

smaller t, values.

Thus, our data reveal smaller t, and higher A, values for 2 when compared to 1, which
might result in less efficient charge-transport properties in the former. This fact is in
consonance with the better device performance exhibited in OFETs based on 1 than on 2
(hole mobilities of ca. 0.022 vs. 0.0014 cm?V~'s™* for 1 and 2 were measured, respectively).
On the other hand, the lowest mobility obtained in compound 3 might be probably related
to a combination of intrinsic molecular factors and less ordered columnar packing in

agreement with the poor crystalline organization experimentally observed.
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1.3. Diazatruxenone-based materials
1.3.1. Structural features

We now focus on the disk-shaped diazatruxenone-based molecules (named as 4-7
systems in Figure |.12a). First, we become interested in analysing the impact of the
electronic nature of the attached peripheral substituents on the structural properties at the
intramolecular level. Figure 1.12 displays the top and lateral views of the DFT-optimized
ground state structures (B3LYP/6-31G** level) in addition to the optimized dihedral angles

values along the conjugated backbone for the whole series of systems under study.

As we can observe, the attached peripheral phenyl rings are largely distorted by ~38°
from the rest of the m-conjugated backbone. On the other hand, a dual behaviour in the
internal disorder of the diazatruxenone core is found. Considering the core as two carbazole
and one fluorenone moieties that share a fused aromatic ring a dual effect can be observed:
while the carbazole units result in a moderate distortion (¢, and ¢3 around 6-10°) of the
platform due to the steric hindrance caused by the methyl groups and the outermost
benzene rings, the fluorenone unit is totally coplanar (¢; ~1-0°). This is a consequence of
the favourable intramolecular interaction between the ketone group and the adjacent
hydrogen atom of the outermost benzene ring. In addition, as previously observed on the
studied triindole semiconductors, similar geometrical distortions are predicted by attaching
peripheral groups of different electronic nature on the diazatruxenone molecular structure,
indicating that functionalization on the periphery exerts a slight impact at the molecular

structural level.

Interestingly, the aromaticity of diazatruxenone 4 is barely influenced by attaching
peripheral groups, but it is significantly affected when compared to that of the unsubstituted
triindole homologous. In particular, the replacement of an electron donor carbazole unit by
an electron acceptor fluorenone moiety on the diazatruxenone platform leads to less
negative NICS(0) values, being this effect especially important in the outermost benzene ring

of the fluorenone moiety (with NICS(0) values of around -3 ppm in compound 4 compared
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to values of around -9 ppm for the unsubstituted triindole 1, as previously discussed in Figure
I.3). This can be explained in terms of the electron-withdrawing character of the ketone
groups, which decreases the aromaticity of the structure in consonance with better
electronic delocalization between the acceptor moiety and the two electron donor

carbazole moieties.

Dihedral Angles / © NICS(0) / ppm
b, &, &3 © O,
0 9 6 36 39 -75 -81 -79 -31
1 9 6 36 39 -75 -7.8 -81 -3.1
0 9 6 34 38 -76 -80 -79 -3.2
10 6 34 37 -76 -7.8 -8.0 -3.2

Figure 1.12. (a) Chemical structures of compounds 4-7 together with the B3LYP/6-31G**
calculated dihedral angles along the conjugated diazatruxenone platform and the NICS(0) values

computed at B3LYP/6-311++G(2df,p)//B3LYP/6-31G** level. (b) Top and lateral views of the DFT-
optimized structures for the diazatruxenones 4-7 are also shown.

109



Chapter | |

1.3.2. Electronic properties

The UV-vis absorption spectra of all diazatruxenones in CH,Cl, solution at a
concentration of 10> M (Figure 1.13a) exhibit two broad low energy bands localized around
470 and 560 nm which are barely influenced by the different electronic nature of the
peripheral groups. In fact, similar optical gap values (1.91 eV) for all the compounds are

obtained from the absorption edge of their electronic spectra.
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Figure 1.13. (a) Normalized experimental UV-Vis absorption spectra of diazatruxenone-based
semiconductors in CH,Cl; solution at ¢ = 10 M. The main vertical excited-state transitions (dot
bars) calculated at the TD-DFT//B3LYP/6-31G** level are also shown. (b) DFT-calculated
(B3LYP/6-31G**) molecular orbital energies for the diazatruxenones under study. The topologies
for the molecular orbitals involved in the main electronic transitions are also shown.
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In good agreement with the experimental data, TD-DFT calculations performed at
B3LYP/6-31G** level of theory also predict the existence of two electronic transitions (So=>5:
and So-S;) at low energies (c.a. 550 and 480 nm), which are assigned to HOMO->LUMO and
HOMO-15LUMO one electron excitations, respectively. Interestingly, due to the GC;
symmetry breaking caused by the replacement of a carbazole unit by a fluorenone moiety,
an energy gap between HOMO/HOMO-1 and LUMO/LUMO+1 energy levels emerges
(Figure 1.13b), as previously pointed out in our first study based on asymmetric triindoles.??
In this sense, HOMO and HOMO-1 are mainly located on the electron rich carbazole units
(with HOMO orbital partially delocalized over the fluorenone unit), while the LUMO placed
mainly in the electron deficient fluorenone moiety. Therefore, these low-energy electronic

transitions display an intramolecular charge transfer (ICT) character.

It is important to mention that a negligible impact of the electronic nature of the
different peripheral groups on the frontier orbital topologies was found, corroborating the
insignificant participation of the peripheral groups on the electron density transfer and thus,
explaining the similar wavelengths of the low energies absorption bands experimentally
observed for all compounds. This effect could be a direct consequence of the presence of a
twisted aromatic phenyl ring between the m-conjugated core and the peripheral
substituents, which somewhat limits its participation in the intramolecular electron density

transfer process.

On the other hand, these bands are accompanied by several high energy electronic
transitions in the 250-350 nm spectral region which arise from electronic excitations
between molecular orbitals either delocalized over the whole m-conjugated molecule or

placed on specific segments, thus revealing a 1t to i* character.

As shown in Figure |.14a, CV measurements in CH,Cl; solution were performed to
further explore the electronic properties of the diazatruxenone-based systems. All the
compounds under study show amphoteric redox character exhibiting perfectly reversible
oxidation and reduction waves, which is an essential requirement to design ambipolar

materials. This behavior is the result of the combination of two electron-rich carbazole and
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one electron-deficient fluorenone units in the same n-conjugated platform making these

systems efficient push-pull materials.
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Figure 1.14. (a) Cyclic voltammograms of diazatruxenone molecules (c=1x10"3 M) recorded at a
scan rate of 100 mV-s™t in CH,Cl>/0.1 M BusNPF¢ as electrolyte, using a Pt working electrode, an
Ag/AgCl reference electrode and a Pt wire auxiliary electrode. (b) Experimentally determined
HOMO-LUMO energy levels of the diazatruxenones 4-7.

Figure 1.14b displays the HOMO and LUMO energy levels calculated from the onsets of
oxidation and reduction potentials as previously described for the triindole systems.
Compared to the unsubstituted diazatruxenone 4, the attachment of two methoxy donor
groups in 5 increases the oxidizability of the system, resulting in the most destabilized
HOMO level across the series (-5.35 and -5.28 eV for 4 and 5, respectively), while it barely
affects the reduction process resulting in similar LUMO levels (-3.09 eV for 5 and -3.12 eV
for 4). This results in a slight HOMO-LUMO gap decrease when going from 4 (2.23 eV) to 5
(2.19 eV). The highest oxidizability of compound 5 is also manifested with the appearance

of two subsequent reversible oxidation waves, with half-wave potentials at 0.92 and 1.38 V.

In contrast, the attachment of two CN (6) or NO; (7) electron withdrawing groups

lowers the reduction potentials of the diazatruxenone platform, further stabilizing the
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LUMO level (-3.14 and -3.35 eV for 6 and 7 respectively, vs. -3.12 eV for 4). Note that this
effect is more pronounced when the electron-withdrawing character of the peripheral group
increase, as observed on the further LUMO stabilization of compound 7 (0.23 eV) with
respect compound 6 (0.02 eV) when compared to the unsubstituted diazatruxenone 4.
Furthermore, the easier reduction of compound 7 is evidenced by the existence of two
subsequent reversible reduction waves, with half-wave potentials at -1.01 and -1.27 V. On
the other hand, in both 6 and 7 molecules, the HOMO level is slightly stabilized compared
to the reference diazatruxenone 4 in 0.09 and 0.05 eV, respectively. These two aspects lead
to a slightly wider HOMO-LUMO energy gap in 6 (2.30 eV) with respect 4 (2.23 eV), while the
stronger electron-withdrawing character of nitro groups in 7 give rises to a notably HOMO-

LUMO gap narrowing of 0.25 eV.

1.3.3. Self-assembly properties

Since disk-shaped molecules have a strong tendency to self-assemble by the action of
intermolecular interactions, it would be very interesting to investigate the impact that the
peripheral substituents exert on the self-assembly properties of these diazatruxenone-
based compounds. With this purpose, the mesomorphic properties of compounds 4-7 were
investigated. Nowadays, mesomorphic state definition given by the IUPAC Gold Book is “a
state of matter in which the degree of molecular order is intermediate between the perfect
three-dimensional, long-range positional and orientational order found in solid crystals and

the absence of long-range order found in isotropic liquids, gases, and amorphous solids” .13*!

In this context, compounds 4-7 were melted and then, progressively cooled from the
isotropic phase. While compounds 4 and 5 slowly lose fluidity until crystallization,
derivatives substituted with electron withdrawing groups 6 and 7 exhibit stable mesophases,
which show birefringence together with fluidity when visualized by Polarized Optical
Microscopy (POM), as displayed in Figure |.15. The X-ray diffraction patterns for supercooled
mesophases of diazatruxenones 6 and 7 are indicative of hexagonal columnar organizations

with lattice constants of 19.62 and 19.9 A, respectively.
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Figure 1.15. Polarized optical photomicrographs of 6 and 7 upon cooling from the isotropic liquid.

In view of the results, it is conceivable that the intrinsic donor-acceptor character of
diazatruxenone-based molecules not only confer them amphoteric characteristics, but
might also renders them an important dipolar character which influence their
supramolecular arrangement. In addition, the peripheral substitution with different
functionals groups might also induce different molecular dipole moments that can influence
the self-assembly properties through dipole-dipole interactions. To probe this hypothesis,
the molecular dipole moments for all systems under study were calculated at B3LYP/6-
31G** level of theory. As illustrated in Figure 1.16, the molecular dipole moment
significantly increases in derivatives with electron acceptor groups attached on the

periphery, as a consequence of a higher polarization.

5.25'B 10.02D

Figure 1.16. DFT-calculated molecular dipole moments for the diazatruxenones 4-7 at the

B3LYP/6-31G** level. The molecular dipole moment values are given in debye (red numbers).
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In particular, molecular dipole moments of 9.73 and 10.02 D are predicted for
compounds 6 and 7 respectively, which are almost twice larger than those of the rest of the
studied compounds. Thus, the different mesomorphic properties observed across the series
point to a more favorable dipole-driven arrangement of molecules 6 and 7, as a consequence

of the higher polarization of these systems, which leads to mesomorphism.

1.3.4. Vibrational properties

Focusing on the derivatives substituted with electron withdrawing groups 6 and 7, due
to its interesting mesomorphic properties, FT-Raman spectra were recorded to better
understand the effective m-conjugation length of these diazatruxenone-base systems. In this
sense, Raman spectroscopy has been proved as a useful technique to study the m-

conjugational properties of disk-shaped semiconductors.?% 25 271

Scrutiny of FT-Raman spectra displayed in Figure I.17a shows the presence of the same
doublet previously observed on the C3-symmetry based triindole semiconductors, localized
in this case at ~1580 cm™ (orange) and ~1558 cm™ (blue). It should be remembered that
this doublet arises from the same CC vibration (i.e. mode 8a of benzene) 3% but mostly
localized on the external and innermost benzene rings, respectively. These two Raman
bands are greatly downshifted for diazatruxenone-based compounds compared to those of
the triindole analogous functionalized with electron-withdrawing triacetyl groups (3), as
previously showed in Figure 1.6. In fact, it appears at 1602/1563 cm™ for triindole 3,
evidencing that the replacement of an electron donor carbazole unit by an electron acceptor
fluorenone moiety on the diazatruxenone platform leads to a more n-conjugated system, in

line with the results obtained by UV-vis absorption spectroscopy and DFT calculations.

Again, the nice agreement found between the experimental (Figure 1.17a) and
theoretical (Figure 1.17b) Raman spectra gives support to the reliability of the structural
information derived from this discussion as well as our Raman bands assignment (Figure

1.18).
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Figure 1.17. (a) Solid state FT-Raman (Aexc=1064 nm) and (b) simulated Raman spectra (B3LYP/6-
31G** level) for the diazatruxenones 6 and 7. The main vibrational frequencies associated with
the discussed C=C/C-C Raman features are also shown. An adjustment of the theoretical force
fields where the frequencies were scaled down by a factor of 0.967 to disentangle experimental
misassighments was used, as recommended by Scott and Random.[?°]

On the other hand, the most intense Raman band recorded at around 1600 cm™2, which
is ascribed to a C=C/C-C stretching normal mode mostly located on the external and
peripherally functionalized benzene rings with a strong contribution of the C-C bonds linking
them, as seen in the eigenvectors of Figure 1.18, is found to be 9 cm™ downshifted for the
nitro-substituted compound 7 compared to the cyano-substituted homologous 6. This fact
suggests a better m-electronic delocalization produced by the insertion of a stronger nitro
electron-withdrawing group, in agreement with its lower LUMO level. This effect becomes
evident by analyzing the Raman band corresponding to the stretching of the C=0 groups,
recorded at 1695 and 1701 cm™ in compound 6 and 7, respectively. The moderated band
upshifts observed in diazatruxenone 7 can be explain by an improved mn-electronic
delocalization upon functionalization with two nitro electron-withdrawing groups, which
diminishes the cross-conjugation in the fluorenone moiety. Additionally, the strong activity

exhibited by the band located at around 1340 cm™, which is easily recognized as the
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symmetric stretching vibrations of the NO, groups, gives further support of the large

involvement of the nitro groups in the nt-conjugation.

1558 cm (1553 cm™)

Figure 1.18. B3LYP/6-31G** vibrational eigenvectors associated with the most outstanding
C=C/C-C Raman features for the diazatruxenone-based semiconductors under study. The
experimental and theoretical (in parentheses) wavenumbers are also shown.

1.3.5. Electrical characterization

On the basis of the evidence of the amphoteric redox character and good electronic
delocalization observed on diazatruxenone-based semiconductors, and considering the
acceptable mobility values observed for triindoles 1-3 as previously determined by OFET
measurements, we have fabricated BG-TC thin-film transistors based on diazatruxenones 6-
7 to gather information on how the donor-acceptor architecture and the different peripheral
substitution influence the electrical performance. Although an exhaustive optimization

process was carried out, where the effect of the substrate treatment, active layers
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deposition method and annealing conditions on the charge transport characteristics of these
semiconductors were systematically investigated, the devices prepared with these

compounds were electrically inactive.

From a structural point of view, these disk-shaped systems are constituted by an
aromatic core functionalized with two peripheral alkyl chains. It is known that
diazatruxenone molecules self-assemble into columnar stacks with a parallel arrangement
of the donor and acceptor moieties of the molecules, which might provide a favorable
pathway for hole and electron transport respectively, while the peripheral alkyl chains
provide an isolating cover.!”! Consequently, the charge transport properties of these
materials are highly anisotropic, requiring an alignment step to show their optimal transport
ability. For that, it is reasonable to think that the inefficient electrical conductivity observed
on OFETs fabricated with these semiconductors can be ascribed to a partial or totally
perpendicular molecular disposition with respect the substrate surface, which is detrimental

for the charge transport in OFETs with a bottom-gate top-contact geometry.

With this in mind, the steady-state Space Charge-Limited Current (SCLC) technique has
been widely used to obtain values of mobility in anisotropic liquid crystalline materials.[*%-42
Considering that, SCLC measurements were carried out in collaboration with Prof. Atilio
Golenme of Universita della Calabria (Italy) to estimate charge mobilities in the columnar
stacking direction of diazatruxenones 6 and 7. With this purpose, a sample filling on ITO/Au
cell was prepared by capillarity, heating the material up to around 180°C and then cooling
down until room temperature at 6°C/hour. Finally, SCLC measurements were performed on
4 different points of the sample and average hole mobilities of 5x102 cm?Vis! were
obtained for diazatruxenone 7. For compound 6, currents higher by two orders of magnitude

were measured although the SCLC regime was never observed, which suggest that hole

mobility in compound 6 could be similar or even higher than that of compound 7.

In order to get more insight into this hypothesis, DFT calculations were performed to
analyze the effect of the electron withdrawing moieties on the charge transport properties

of the diazatruxenone platform. To this end, the main charge-transport parameters
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impacting the charge mobility for holes at the molecular level (A and tn) were evaluated.
Interestingly, functionalization with cyano groups results in slightly lower A, when compared
to the nitro-substituted homologue, with values of 159 and 181 meV for compounds 6 and
7, respectively. On the other hand, transfer integrals calculated for cofacial dimeric models
in which molecules of the dimer are separated by 3.80 A with an antiparallel dipole-dipole
arrangement (see Figure 1.19), remain almost unchanged by the nature of the electron-
acceptor groups. For instance, t, values of 155 and 153 meV are predicted for 6 and 7,

respectively.

Thus, the theoretical results are in good agreement with the experimental data as
slightly lower A, and similar t, values are predicted for the cyano-substituted compound 6
when compared to the nitro-substituted system 7, which would result in similar or even
slightly higher intrinsic hole mobilities. Thus, it has been demonstrated that the presence of
electron-withdrawing groups, which dictate an enhanced molecular dipole moment, is an
indispensable prerequisite in these systems to show good mesomorphic properties as well

as moderate hole mobilities.

A= 159 meV b)
t,= 155 meV

A= 181 meV
t,= 153 meV

Figure 1.19. Top views of the cofacial dimeric models used to compute the electron coupling
parameter in diazatruxenones 6 and 7. The A, and ty values calculated at the B3LYP/6-31G**
level are also shown.
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1.4. Conclusions

In view of the results obtained in the study of the self-assembly properties of triindole
and diazatruxenone series as models of disk-shaped systems, the following conclusions can

be extracted:

= From a structural point of view, it has been theoretically demonstrated that peripheral
functionalization of triindole and diazatruxenone scaffolds exerts a negligible impact at
the molecular level. Nevertheless, the insertion of a ketone group on the
diazatruxenone produces a dual effect, enhancing the planarity and electronic

delocalization with respect its triindole homologous.

= CV, UV-Vis absorption and vibrational studies based on Raman spectroscopy confirm
the modest improved m-electronic delocalization upon functionalization, being the
platforms substituted with electron-withdrawing groups (3 and 7) the most affected
cases, in agreement with its lowest HOMO-LUMO gap within their respective families.
Moreover, the electronic delocalization enhancement of diazatruxenone-based

materials compared to their triindole-based homologous has been corroborated.

* [n contrast to triindole-based materials, the combination of two electron-rich
carbazole and one electron-deficient fluorenone units in the same diazatruxenone m-
conjugated platform confers to these systems an inherent push-pull nature. As a result,
the presence of low energies intramolecular charge transfer transitions and
amphoteric redox character have been observed in these systems, which are slightly

affected by peripheral substitution except for the nitro substituted diazatruxenone 7.

= Disk-shaped molecules under study were evaluated as semiconducting materials,
Field-effect p-type mobilities of 2x1072, 1x1073 and 3x107> cm?V~1s" were measured for
triindole 1, 2 and 3, respectively, despite the prediction of a m-conjugation
enhancement on going from 1 to 3. For diazatruxenone-based semiconductor, SCLC

measurements were performed due to the intrinsic anisotropy of these systems, and
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hole mobilities of 5x102 cm?V~'s™! were obtained for diazatruxenone 7. These findings

underline the strong impact of the intermolecular packing on the transport properties.

* |t has been demonstrated with the help of DFT calculations that the peripheral groups
slightly affect both molecular structure and electronic levels but significantly influences
crystal packing. In the case of triindole-based molecules, it was found an inefficient
wavefunction overlaps between molecules in 2 as a consequence of HOMO and
HOMO-1 wavefunctions extension over the peripheral methoxy groups, resulting in
less favorable wavefunctions overlap in the central core of the staggered triindole
platforms. The poorly crystalline organization observed in triindole 3 is responsible of
its lowest hole mobilities within the series. On the other hand, the intrinsic donor-
acceptor character of diazatruxenone-based molecules not only make them ambipolar
materials, but also confers an important dipole character which can be modulated by
peripheral substitution influencing in this way its self-assembly properties through
dipole-dipole interactions. In fact, derivatives substituted with electron withdrawing
groups 6 and 7 exhibit stable mesophases in line with their high predicted molecular

dipole moments.

To summarize, this combined experimental and theoretical study provides a clear
picture of how the peripheral functionalization can impact the self-assembly and thus, the
charge—transport properties of disk-shapes materials of importance to design new

semiconductors with improved performance.
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Chapter Ii:

Untangling the optoelectronic properties of 2D-organic polymers

Part of this work has been carried out at the Instituto de Ciencia de Materiales de Madrid (ICMM),
during a 3 month research stay in the group of Estructura de Sistemas Nanométricos (ESISNA)
under the supervision of Prof. José Ignacio Martinez Ruiz.
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The most relevant results obtained in this study have given rise to publications 3, 4 and 5 listed
in the Appendix 6.4:

3. Echeverri, M.; Gamez-Valenzuela, S.; Gonzalez-Cano, R. C.; Guadalupe, J.; Cortijo-
Campos, S.; Lépez Navarrete, J. T.; Iglesias, M.; Ruiz Delgado, M. C.; Gdmez-Lor, B., Effect
of the Linkage Position on the Conjugation Length of Truxene-Based Porous Polymers:
Implications for Their Sensing Performance of Nitroaromatics. Chemistry of Materials
2019, 31, (17), 6971-6978.

4. Gamez-Valenzuela, S.; Echeverri, M.; Gémez-Lor, B.; Martinez, J. |.; Ruiz Delgado, M. C,,
In silico design of 2D polymers containing truxene-based platforms: insights into their
structural and electronic properties. Journal of Materials Chemistry C 2020, 8, (43),
15416-15425.

5. Gamez-Valenzuela, S.; Echeverri, M.; Ruiz Delgado, M. C.; Gémez-Lor, B., Donor-
Acceptor Truxene-based Porous Polymers for Defense Applications. In preparation.
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II.1. Introduction

Conjugated polymers constituted by one-dimensional chains have attracted great
attention in the past decades because of their potential applications in modern
optoelectronic devices.'**! However, numerous studies have shown that although charge
transport along the direction of conjugated backbones can be very efficient, hopping of
charge carriers between chains is significantly hindered, thus limiting the charge transport
process.>7! To solve this drawback, an effective strategy involves extending i conjugation
in polymers into the second dimension (2D), that is, synthesizing 2D-conjugated polymers
that feature structural periodicity and inherent porosity.’® °! Thereby, bidimensional
conjugated microporous polymers (CMPs) can be synthetized from the precise periodic
integration of organic building blocks in-plane through covalent bonds. As a representative
example, trigonal (Cs-based symmetry) m-conjugated monomers have emerged as excellent
building blocks for the construction of functional CMPs with promising photocatalytic
properties,** 1 sensing ability,'? 3! energy storage,**! thermoelectric*® and field effect
behavior.[*®! Optimizing materials for these applications requires the correct structural
design to fine-tuning key parameters such as molecular structure, energy levels or -
conjugation extension, which further determine the optoelectronic properties of final

materials.

In this chapter, we firstly focus on Cs-based symmetry building blocks based on the
truxene (Tx) m-conjugated platform (in line with the previously analyzed semiconductors of
Chapter 1), which can be connected by direct self-condensation of the Tx building blocks or
by the connection through different linkers. As linkers, phenylene (Ph) and benzotiadiazole
(BTD) rings are used, being connected at two different linkage positions (2,7,12-substitution
in T2 polymers and 3,8,13-substitution in T3 polymers) as shown in Figure II.1. In particular,
a combined experimental and theoretical approach was used to get a better understanding
of the structure-properties relationship of the synthetized systems, by analyzing the effect
that the different m-spacer groups and the linkage position plays on their optoelectronic

properties. In addition, we also evaluate the potential use of these systems for the detection
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of electron deficient nitroaromatics analytes of relevance for sectors that go from security

to human health.
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Figure Il.1. Idealized chemical structures of the conjugated microporous polymers studied in the
first section of Chapter II.

Secondly, inspired by the recent work of professor Huanli Dong in 2020,!**! where the
analogous triindole-based system of Ph-Tx2-CMP was probed as active p-type
semiconducting layer in OFETs, we have performed a purely theoretical investigation of the
electronic and transport properties of truxene-based 2D-polymers (Figure I1.2). The ultimate
goal of this study is to explore how their structural, electronic and charge-transport
properties can be modulated by molecular engineering. For this purpose, we have explored
three different chemical structural changes: (i) the nature of the building blocks (from
truxene to trindole or truxenone), (ii) insertion of different t-spacers (phenylene and alkyne)
or (iii) the variation of the linkage position (from para in T2 to meta in T3 or by increasing

the number of m-bridges from three units in T2 and T3 to six units in T2,3).
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C-(CH,), , Truxene — Tx
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Figure 11.2. Idealized chemical structures of the 2D-conjugated polymers studied in the second
section of Chapter Il.

This exhaustive and systematic study provides a powerful prefiltering protocol of these

polymers towards different applications according to the targeted functionality.

11.2. Truxene-based polymers: a combined experimental and theoretical investigation

11.2.1. Structural features

The optimized ground-state structure of the porous polymers under study were
theoretically investigated using a canonical bottom-up approach, with the main goal of
exploring the structural differences exerted by the different m-spacers connecting the

conjugated platforms and their respective linkage position.

First, we studied at PBEO/6-31G** |level of theory the molecular structure of dimeric
models in which two truxene units are directly linked (Tx2 and Tx3) or through phenylene
(Ph-Tx2 and Ph-Tx3) or benzothiadiazole (BTD-Tx2 and BTD-Tx3) spacers at the two
different linkage positions under study. Note that it has been demonstrated that quantum
chemical calculations of molecular fragments provide relevant information about the
molecular and electronic structure of porous polymeric networks.[-?5! Figure 11.3 displays

selective optimized structures parameters for the dimeric models. The truxene cores show
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a coplanar structure where each methyl group is oriented out of the plane defined by the
conjugated platform and therefore does not sterically hinder the planarity of the overall
fused system. However, the bridging connectors are moderately twisted due to steric
repulsions caused by the hydrogen atoms of adjacent benzene rings. Importantly, slightly
lower torsions are predicted for the para-connected dimers (~36° for BTD-Tx2, Ph-Tx2 and

Tx2) than for the meta-substituted isomers (~38-40° for BTD-Tx3, Ph-Tx3 and Tx3).

Tx2

Figure 11.3. (a) Top and lateral views of the DFT-optimized structures (PBEQ/6-31G** level) for
the dimeric models of the polymers under study. The dihedral angles between the conjugated
cores and the m-bridges (in absolute values) are also shown. (b) Selected optimized bond
distances (in A) for the dimeric models under study. Top (bottom) structures refer to the T2 (T3)
polymers.
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Furthermore, the variation of the linkage position from 3,8,13 (T3) to 2,7,12-positions
(T2) induces a soft shortening of the single C-C bonds connecting the Cs cores, suggesting a
more extended and delocalized n-conjugated skeletons when the cores are connected in
2,7,12-positions. Interestingly, in contrast to the BTD-substituted polymers, the insertion of
phenylene spacers between the truxene units does not significantly affects the bond
distances when compared to those of the homocoupled dimeric systems, suggesting that
the insertion of phenylene bridges barely affects the m-electron delocalization between the

truxene units.

Second, these molecular fragments were then sequentially assembled using Periodic
Boundary Conditions (PBC) to form larger subsystems, and the 2D lattices collected in Figure
1.4 were generated. In accordance with the results obtained for dimeric models, the
optimized periodic single layers predict a planar structure for the truxene core, with the n-
spacers out-of-plane from the overall coplanarity of the system. This structural feature
produces a homogeneous electronic charge distribution in the cutting-xy-plane (increasing
charge density from the light green to the red/purple regions) for Tx2 and Tx3. Similarly to
dimeric models, an improvement of the planarity and thus of the electronic conjugation is
found for the 2,7,12 covalently linked polymers in comparison with their 3,8,13-substituted
isomers. Furthermore, the insertion of phenylene groups between the C;scores barely affects
the electronic charge distribution in the cutting-xy-plane, suggesting similar m-electron
delocalization with respect the homocoupled polymers. However, it is not the case of BTD-
Tx2 and BTD-Tx3 polymers, which display higher electronic charge density on the proximities
of the BTD bridging connectors, as a consequence of the incipient donor-acceptor character
of BTD-spaced systems which lead to a strongly polarized molecular backbone. It is
important to highlight that our calculations of dimeric models provide very accurate

information about the molecular structures of the 2D conjugated polymers.

DFT-calculations reveal that pore surface engineering of these materials can be
achieved by the correct structural design. As seen in Figure 1.4, the size of the hexagonal

mesopores can be modulated by the insertion of m-bridges between the cores (i.e., an

132



Truxene-based polymers: a combined experimental and theoretical investigation

increase of 7-8 A is found when comparing the Ph- and BTD-based polymers with their
directly linked homologues) or by changing the linkage position (i.e., the pore size decreases

by 4-6 A when going from T2 to T3 polymers).

36°
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Figure 11.4. Top and lateral views of the DFT-optimized structures (PBEO/6-31G** level) for the
dimeric models of the truxene-based polymers in addition to the DFT-calculated (PBEO-D3)
surface charge density colour maps in the xy-plane (at the z-position) for the polymeric layers.
Accessible pore diameter (A) for all the polymers and selected dihedral angles values (in absolute

values) are also shown.
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11.2.2. Optical Properties

The optical properties of these porous organic polymers were initially investigated via
UV-Vis absorption and fluorescence spectroscopy and rationalized with the help of TD-DFT
calculations. As we can observe in Figure 1.5, the linkage position in these polymers has a
strong influence on the absorption and light emitting properties of the final materials. In
fact, both absorption and fluorescence spectra of polymers connected through the 2,7,12
positions are significantly red-shifted when compared with those of the polymers connected
through the 3,8,13 positions, being this bathochromic shift especially important for directly

and Ph-bridged polymers.
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Figure I1.5. (a) Normalized experimental UV-Vis absorption and (b) emission spectra of the
porous polymers in CH,Cl, suspensions. The main vertical excited-state transitions (vertical bars)
calculated at the TD-DFT//PBE0/6-31G** level for their respective dimeric models and the
compositions of the frontier molecular orbitals involved in the main transitions for the para-
connected dimers, taken as representative examples, are also shown.
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In order to shed light on the electronic nature of the lowest energy absorption bands
of the polymers, TD-DFT calculations for the dimeric models were performed at PBEQ/6-
31G** level of theory. In this context, TD-DFT vertical excitation energies reproduce very
well the experimentally observed red-shifting and reflect an increase in the conjugation
length along the truxene backbones when varying the linkage position from meta (3,8,13)
to para (2,7,12) connections. As showed in Figure Il.6a, the observed phenomena can be
associated to a significative reduction of the HOMO-LUMO gap on going from 3,8,13 to
2,7,12 systems, marked by a notable destabilization (stabilization) of HOMO (LUMO) energy
levels. This HOMO-LUMO gap narrowing can be explain in terms of the m-conjugation
extension degree, as shown in the topologies of HOMO and LUMO orbitals for the dimers
(see Figure Il.6a). Taking the directly connected models as example, HOMO and LUMO
orbitals of Tx2-CMP spread over the six aligned central rings, while the connection of
truxene units at the meta positions does not allow for direct conjugation and the pathway
of alternating single and double bonds extends only through the two directly connected
central phenyl rings. Note that our calculations for the 2D-polymeric layers (Figure 11.6b)
show the same behavior, where both valence and conduction bands (VB and CB,
respectively) spread over selective directions in 2,7,12-connected polymers whereas these

are located in specific regions of the polymeric backbone for the 3,8,13 isomers.

Upon the introduction of BTD m-bridges between the Tx cores, distinctive spectral
changes are observed. While the UV-vis absorption spectra for the directly and phenylene-
spaced porous polymers show only one band, their BTD-based homologous exhibit two
predominant absorption bands localized around 300 and 470 nm. Focusing on para-
connected systems, the lowest energy absorption band corresponds in all the cases to an
So~>$1 transition that arises mainly from a HOMO=-LUMO one-electron promotion. In view
of the results of Figure Il.6a, we can confirm that this electronic transition is associated to a
n-rt* local excitation for Tx2-CMP and Ph-Tx2-CMP, whereas in the case of BTD-Tx2-CMP
has a strong ICT character as the HOMO is delocalized over the six central rings, while the

LUMO is strongly localized on the BTD acceptor moiety.
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Figure 11.6. (a) DFT-calculated (PBE0/6-31G** level) HOMO/LUMO energies and topologies for
the dimeric models of the studied polymers. (b) DFT-PBEO-D3 computed total density of

electronic states profiles (in arb. units) as a function of the energy (referred to the Fermi energy).
The topologies of the valence (orange) and conduction (purple) bands are also shown.
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Note that the donor-acceptor nature of the BTD-based porous polymers produces a
dramatic bathochromic shift of the So->S: electronic transition compared to that of the
directly or Ph-spaced ones. These results are in good accordance with the remarkable
reduction of the band gap theoretically predicted for dimeric models and 2D-polymeric
layers of BTD-Tx2 and BTD-Tx3 as a consequence of a notable stabilization of the LUMO level

and the CB, respectively.

In contrast, the insertion of phenylene spacers between the truxene units has a weak
influence on the optoelectronic properties of these truxene-based polymers, resulting in
small blue-shifted absorption and emission maxima when compared to those found in the
directly connected polymers. This fact suggests that the insertion of phenylene bridges
barely affects the m-electron delocalization between the truxene units, as support their
almost unchanged band gap when compared to those of the homocoupled polymeric
systems (see Figure I1.6b). It is important to highlight that the band gap obtained from PBC
calculations of the 2D layers and the HOMO-LUMO gap calculated from the dimeric models

give very similar trends.

The calculated data nicely reproduce the experimental trends obtained via Solid-state
Ultraviolet-Visible Diffuse Reflectance (UV-DRS) experiments performed to estimate the
bandgap of the four polymers, by using the Kubelka—Munk function. In fact, slightly lower
energies are found for polymers Tx2-CMP and Ph-Tx2-CMP (3.10 and 3.33 eV, respectively)
than for Tx3-CMP and Ph-Tx3-CMP (3.42 and 3.53 eV, respectively), corroborating that
different linkage position produces a more notorious bandgap reduction than the insertion
of phenylene spacers between the truxene units. On the other hand, the insertion of the
electron-withdrawing BTD ni-bridge produces a dramatic bandgap reduction respect to the
homocoupled polymers (2.52 and 2.63 eV for BTD-Tx2-CMP and BTD-Tx3-CMP,

respectively).
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11.2.3. Vibrational properties

We now use Raman spectroscopy to further probe the impact produced by the nature
and the linkage position of the bridging connectors on the electronic communication
between the conjugated Cs-symmetric platforms. It is well known that Raman spectroscopy
renders valuable information about the electronic coupling between covalently connected
conjugated moieties and the effective m-conjugation length in polymers.2* 26: 271 Figyre 11.7a

compares the solid-state FT-Raman spectra of all the porous polymers under study.
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Figure 11.7. (a) Solid state FT-Raman spectra for the truxene-based porous polymers and the
hexamethyl truxene Tx monomer. (b) Theoretical Raman spectra (PBE0/6-31G**) calculated for
the dimeric models of the truxene-based polymers and for the monomer Tx. The main vibrational
frequencies associated with the discussed C=C/C-C Raman features are also shown. An
adjustment of the theoretical force fields where the frequencies were scaled down by a factor
of 0.954 to disentangle experimental misassignments was used, as recommended by Scott and
Random.[?®!
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Compared to the Tx monomer (as an inset in Figure 1.7), a band broadening of the
strongest Raman band localized between 1500-1600 cm™, which is related with the
C=C/C-C stretching modes, is observed in the polymers due to the higher conformational
flexibility. In addition, an increase in the intensity of these bands with respect to the rest of
the bands recorded below 1500 cm™, which arise from non-conjugated CH, bending
vibrations, is found in the polymers. This effect reflects the better electronic communication
in the polymers when compared to that of the monomer, being especially relevant in the
case of BTD-Tx2-CMP, Ph-Tx2-CMP and Tx2-CMP as a result of the better electronic
communication between the covalently linked moieties through the 2,7,12 connections than
through the 3,8,13 connections, in good accordance with the conclusions previously

obtained in the electronic properties analysis.

The most intense Raman bands (1550-1650 cm™) were deconvoluted into three
distinct peaks by fitting with a Lorentzian function. Importantly, the experimental Raman
spectra were well reproduced by DFT calculations for dimeric models of the polymers (Figure
I1.7b). The three experimentally observed peak contributions were assigned to the same C-
C stretching mode (i.e., mode 8a of benzene)?! but located in different rings: (i) The grey
bands localized at the highest frequencies (~1610 cm™), related to the theoretical signal at
~1612 cm™?, involves the external benzene rings of the Tx cores. (ii) The orange bands at
intermediate frequencies (~1605 cm™), related to the theoretical signal at ~1608 cm™,
corresponds to the covalently linked external benzene rings. (iii) The light blue bands
observed at lower frequencies (~1580 cm™), related to the theoretical signal at ~1568 cm™,
is localized in the internal benzene ring of each truxene unit. In the case of the BTD-
derivatives, a new Raman band can be observed at ~1548 cm™ (black band in Figure I1.7b),
corresponding to the C=C/C-C stretching mode of the BTD linking units, theoretically
predicted at ~1545 cm™. Figure 11.8 shows the vibrational eigenvectors associated with the
above-mentioned C=C/C-C Raman features, supporting our Raman bands assignment and

confirming the good validity of our discussion.
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Figure 11.8. DFT-calculated (PBEQ/6-31G**) vibrational eigenvectors associated with the most
outstanding C=C/C-C Raman features for the dimeric models of the polymers. The experimental
and theoretical (in parentheses) wavenumbers are also shown.
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With these considerations in mind, the experimental l1610/l1580 intensity ratio can serve
as a measure to estimate the effectiveness of the conjugation along the structures. As this
ratio increases, the conjugation becomes more efficient.[?® 3% 31 |f we compare all of the
polymers, a clear trend on the electronic conjugation degree can be obtained as a function
of the linkage position of the truxene moieties. We can observe that polymers connected
through 2,7,12 positions give higher intensity ratio than their 3,8,13-connected
homologous, further proving that polymers linked through the para- connections are much

better conjugated than their meta-connected isomers.

Considering the effects of the n-bridge, the insertion of phenylene spacers in Ph-Tx2-
CMP and Ph-Tx3-CMP polymers barely affects the li10/l1580 intensity ratio and therefore the
n-electron delocalization between the truxene units when compared to the homocoupled
homologous. On the contrary, introduction of BTD spacers between the truxene units
produces an enhancement of the ligi0/l1ss0 intensity ratio with respect the homocoupled
polymers, being this effect especially notorious in the case of BTD-Tx2-CMP polymer. This
factisin fully agreement with the slight impact caused by the insertion of phenylene spacers
between the Tx cores on the HOMO/LUMO energy levels when compared to the BTD-
derivative systems, suggesting a greater influence on the m-electron delocalization the

introduction of the latter.

11.2.4. Sensing of nitroaromatic analytes

Inspired by the pioneering work of Swager in 1998,53% one of the most appealing
applications of light-emitting porous conjugated polymers is the detection of analytes of
interest. Taking advantage of the persistent porosity that characterizes these polymers, the
confinement and close contact of the analyte with the photo-active organic moiety is
facilitated, resulting in an enhanced optical response.[** 33371 Accordingly, we have evaluated
the potential use of these systems for the detection of electron deficient nitroaromatics
analytes of relevance for sectors that go from security to human health, such as,

dinitrotoluene (DNT), p-nitrobencene (NB) and p-nitrobenzonitrile (NBN).[*®!
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With the main goal of determining the implication of the different linkage position on
the sensing performance, the variation of the fluorescence spectra of truxene-based
polymers Ph-Tx2-CMP and Ph-Tx3-CMP suspended in CHyCl, (c=50ug/ml) was recorded in

the presence of increasing amounts (0-350 uM) of the different nitroaromatics (Figure 11.9).
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Figure 11.9. Fluorescence spectral changes of (a) Ph-Tx2-CMP and (b) Ph-Tx3-CMP upon addition
of increasing amounts (0-350 uM) of DNT (left), NB (center) and NBN (right). The insets show
the corresponding Stern-Volmer plots for Ph-Tx3-CMP polymer.

As one can observe, changes in the spectra of 3,8,13 connected polymer are much
more important than those observed for its 2,7,12 homologous, testifying more efficient
sensing properties for the former (Figure 11.10a). An explanation to this effect can be found
on the basis of the Photoinduced Electron Transfer (PET) mechanism, in which the electron
deficient nitroaromatic compounds act as electron acceptors for photoexcited electrons of
the porous polymers (see Figure 11.10b). Therefore, the larger the difference between the
polymer and the guest LUMO levels, the most favorable the electron transfer process will
be.?%! On the basis of these considerations, the superior quenching response to the
nitroaromatic analytes exhibited by Ph-Tx3-CMP polymer can be understood in terms of

LUMO energy levels, where the higher LUMO of the polymer Ph-Tx3-CMP in comparison to
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that of Ph-Tx2-CMP would result in a more exergonic electron transfer to the LUMO of the
analytes. In addition, the trend observed when going from NBN to NB can also be

rationalized on the basis of a PET mechanism, since the lower the LUMO level of the analyte,

the more favored the electron transfer process.
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Figure 11.10. (a) Quenching efficiencies of Ph-Tx2-CMP and Ph-Tx3-CMP polymers with NB, DNT
and NDN at 100 uM. (b) DFT-Calculated molecular orbital energies (PBEO/6-31G** level) for the
dimeric models of the truxene-based polymers Ph-Tx2-CMP and Ph-Tx3-CMP, in comparison
with the orbital energies of the analytes.

We have also analyzed the quenching data using the Stern-Volmer equation
l,/I1=1+Ksy[Q], which provides a quantitative relationship between the changes in
fluorescence intensity (lo/1) related to the initial signal (I,) and the concentration of added
nitroaromatic compounds ([Q]). Graphic representations of Stern-Volmer equation for Ph-
Tx3-CMP polymer are shown as insets in Figure I.9. In this context, high Stern-Volmer
constants of 7.8x103, 3.6x10% and 10.4x10%® M™ were obtained for DNT, NB, and NBN

analytes, respectively.
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11.3. 2D-polymers containing truxene-based platforms: an in-silico study

In this section, we explore the design principles to build functional 2D-polymers, which
involve control of m-conjugation and electronic structure of the building blocks. The former
is achieved by correct selection of the m-bridge groups and the linkage position of them,
while the latter is controlled by the electronic nature of the C3 symmetry platform. Inspired
by the recent work of professor Huanli Dong, where Ph-Tr2 conjugated polymer was probed
as active layer in OFETs,!*¢! we have performed a purely theoretical investigation of a total
of 27 different porous conjugated polymers (Figure 11.11) with the main goal of exploring
how their the electronic and charge-transport properties can be modulated by the following
effects: (i) the nature of the conjugated platform, going from electron-rich truxene (Tx) and
triindole (Tr) cores to the electron-deficient truxenone (To) unit, (ii) the spacing of these
conjugated platforms with different m-spacers (i.e., phenylene (Ph) or ethynylene (A)
groups), (iii) the linker position (2,7,12-substitution in T2 polymers and 3,8,13-substitution
in T3 polymers), and (iv) the increased number of m-spacers connecting the cores, from three
units in T2 and T3 to six units in T2,3. To this purpose, a large battery of DFT calculations was
performed for the corresponding porous polymers (infinite monolayers and self-assembled

monolayers) using periodic boundary conditions.
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Figure 11.11. Idealized chemical structures of the 2D-polymers studied in this section.
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11.3.1. Molecular structure

We first focused on analysing the optimized ground-state structures of single-layer
truxene-based 2D polymers. As we can observe in Figure 11.12, pore surface engineering of
these materials can be achieved by a correct structural design. Whereas hexagonal
mesopores defined by an accessible pore diameter up to 26 A are predicted for T2 and T3
polymers, T2,3 polymers display both hexagonal and triangular micropores defined by
accessible pore diameters of ~6-11 A and ~4-6 A, respectively (see Figure I1.13).
Interestingly, the pore size can be modulated by the insertion of m-bridges between the
cores (i.e., increases of 8 and 4 A were predicted for T2 and T3 polymers by introduction of
phenylene and alkyne linking groups, respectively) or by changing the linkage position (i.e.,
the pore size decreases by ~5 A when going from para-connected T2 to meta-connected T3
polymers). It is interesting to remark that the wide range of pore sizes and geometries could
bring novel functionalities to these polymers, such as multi-selectivity, which can be

exploited in versatile applications in the field of adsorption and separation science.!*%%2
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Figure 11.12. DFT-calculated (PBEO-D3) surface charge density colour maps in the xy-plane (at the
z-position) for T2 and T3-based polymeric layers. Accessible pore diameter (A) values are also
shown.
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Optimized periodic single layers predict that Tx- and To-based polymers show almost
planar chemical structures, especially for the latter where favourable intramolecular
interactions between the ketone groups and the hydrogen atoms of adjacent benzene rings
(with C=0...H distances of 2.12 A) take place. This is not the case of Tr-homologues, which
have a moderately distorted configuration as a consequence of the steric hindrance
between the only existing methyl group and the hydrogen atoms of the outermost benzene
rings. This structural feature plays a key role in the electronic total charge distribution of
these 2D materials. In fact, the analysis of the colour total electronic charge distribution
maps at the cutting-xy-plane (increasing charge density from the light green to the
red/purple regions) reveals slightly inhomogeneous electronic charge distribution in specific
regions for Tr-polymers due to out-of-plane distortions of the structures. It is worth to
mention that the distorted configuration of the Tr-based monolayers will influence the

preferential interlayered bulk stacking, as discussed below.

T2,3
Tx Tr To
Ph-Tx Ph-Tr Ph-To
A-Tx A-Tr A-To
D, D, D, D, D, D,
Tx 63 Ph-Tx 11.2 51 A-Tx 9.5 4.1
Tr 6.0 Ph-Tr 11.4 53 A-Tr 9.0 4.1
To 5.9 Ph-To 11.3 51 A-To 9.2 4.1

Figure 11.13. DFT-calculated (PBEO-D3) surface charge density colour maps in the xy-plane (at the
z-position) for T2,3-based polymeric layers. Accessible pore diameter (A) values are also shown.
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Importantly, a more homogeneous electronic charge distribution can be observed for
Tr-polymers when the number of linking units increase from three to six units in T2,3,
suggesting more extended and coplanar skeletons specially in the cases where the cores are
directly linked (due to the formation of fully fused benzene rings) or when alkyne groups are
connecting the cores (see Figure 11.13). In order to further understand the influence of these
structural modifications on the m-electron delocalization along the polymeric backbone, we

have examined the electronic band structures of the 2D-polymers under study.

11.3.2. Electronic band structures of the single-layer 2D-polymers

A first interesting finding that can be extracted from the band structures is that these
polymers can be classified as semiconducting 2D-materials with energy bandgap values in

the range of 1.1-3.1 eV, as shown in Figure 11.14.

In view of the calculated data, the following observations can be pointed out: (i) a
bandgap decrease is predicted when going from Tx- and Tr- to To-based polymers, with
values of 2.37, 2.22 and 1.77 eV for Tx2, Tr2 and To2, respectively. (ii) On the other hand, a
notable bandgap increase can be observed when changing the linkage position from para to
meta connections, suggesting more effective conjugation pathways in the T2 polymers
compared to its T3 isomers. (iii) The insertion of phenylene m-spacer groups slightly
increases the bandgaps in the trisubstituted T2 and T3, being this effect even more
remarkable in the case of the hexasubstituted T2,3 polymers. This effect can be ascribed to
the more twisted structures of Ph-T2,3 polymers where three-dimensional cyclic cavities are
created between the three phenylene units connecting the cores, thus decreasing the
electronic conjugation between the cores. (iv) Finally, a significant decrease of the bandgap
was observed in the alkyne-connected 2D polymers, with the lowest value of 1.17 eV found
for A-To2,3, indicating that the flat truxenone platforms hexasubstituted with alkyne linking
groups facilitate the extension of the electronic conjugation and enable better electronic

communication between the C; symmetry cores.
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Figure 11.14. Comparison of the DFT-calculated bandgap values (PBEO-D3) for all the 2D-polymers
under study.

Then, we focus on the DFT-calculated (at PBEO-D3 level) electronic band structures of
these 2D-polymers. Only a few cases will be discussed as representative examples. Starting
from the trisubstituted T2 and T3-based polymers, all of them belong to the class of
honeycomb-Kagome hexagonal lattices with the honeycomb lattice sites occupied by the
three-armed platforms (grey dots in Figure 11.15a) and the Kagome lattice sites occupied by
the connecting points between them (red dots in Figure Il.15a). In this way, each node of
the honeycomb lattice has three nearest neighbors on the Kagome lattice while each node

on the Kagome has two nearest neighbors on the honeycomb lattice.!** 44

The DFT-PBE-D3 band structure of the directly connected 2D-polymeric lattices are
displayed in Figure 1.15b. The most striking feature is that the bottom conduction band and
the top valence band are both totally flat in all the cases. In this context, a flat band means
an infinite effective mass for charge carriers injected into these bands, which translates into

fully localized charge carriers and thus, low charge carrier mobilities.
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Figure 11.15. (a) illustration of how the 2D honeycomb lattice (grey balls) transform into a Kagome
lattice (red balls). The primitive unit cells, highlighted in orange are also shown. (b) DFT-
calculated (at PBEO-D3 level) electronic band structures for the directly connected 2D-polymers.
The valence and conduction bands are marked in blue and red, respectively. The zero energy is
taken to correspond to the valence band maximum (Evsm) while the x-axis labels denote a path
through the 2D-space of k-vectors. Points of high symmetry in the Brillouin zone are labeled as T
(0,0,0), M (0,1/2,0) and K (1/3,2/3,0), all in reciprocal space crystal coordinates.

Only a very slight gain of bands dispersion is observed when the cores are directly

connected through meta connections (T3).
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Interestingly, each flat band is degenerate at the I point with a dispersive sub-band,
suggesting that both light and heavy mass carriers could therefore coexist at high

temperatures.*!

Since the totally flat character of the bands around the Fermi level is retained by the
insertion of phenylene or alkyne m-bridges between the cores and changing the linkage
position between them (whose electronic band structures have been omitted), it is
conceivable that the origin of the flat bands is in fact topological, meaning that it is a direct
consequence of its kagome symmetry and more precisely, due to destructive interference

in the wavefunctions of adjacent sites on the lattices.!*6-!

When the interest lies in 2D conjugated polymers with high charge-carrier mobilities,
it is essential to seek chemical structures and lattice topologies that favor highly dispersive
bands around the Fermi energy. However, in other contexts flat bands can be appealing, for
instance, in terms of properties related to superconductivity!®® or magnetism.% Since
honeycomb-Kagome hexagonal lattices built from this kind of C3 symmetry platforms
essentially lead to flat bands that are undesirable from a carrier mobility point of view, it is
useful at this stage to evaluate the replacing of the lattice topology. For that, we have
computed the electronic band structures of T2,3 polymers, in which the combination of both
2,7,12 and 3,8,13 connecting positions leads to polymer lattices with a triangular structure,

in which each C3 symmetry platform coordinates with six neighbours (Figure 1l.16a-b).

By looking the DFT-PBEO-D3 band structures for the directly connected hexasustituted
T2,3 porous polymers (Figure I1.16c), we can see that in marked contrast to the honeycomb-
Kagome lattices calculated for the trisustituted systems, the electronic structures of porous
polymers based on six-armed cores result in more dispersive bands. In this context, it is
worth noting that the more dispersive the valence band (conduction band) at the VB
maximum (CB minimum), the smaller the hole (electron) effective mass and thus the larger

the expected charge-carrier mobility.
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Figure 11.16. (a) Atomistic structure of a 2D polymer with triangular lattice and (b) scheme of this
kind of lattice (with the unit cell marked in light blue). (C) DFT-calculated (at PBEO-D3 level)
electronic band structures for the directly connected T2,3 polymers. The valence and conduction
bands are marked in blue and red, respectively. The zero energy is taken to correspond to the
valence band maximum (Evsm) While the x-axis labels denote a path through the 2D-space of the
k-vectors. Points of high symmetry in the Brillouin zone are labeled as I (0,0,0), M (0,1/2,0) and
K (1/3,2/3,0), all in reciprocal space crystal coordinates.

Particularly large variation of the bandwidths was found for the T2,3 polymers, with
values in the range of 26-400 meV for the CB and 6-633 meV for the VB (see Figure I1.17). In
fact, large CB bandwidths and low effective masses for electron were found for Tx2,3
(me*=0.87 me) and A-To2,3 (m.*=1.26 m.) polymers, making them promising electron
charge-transport 2D materials. On the other hand, large VB bandwidths and low effective
masses for holes were found for Tr2,3 (my*=0.47 my) and A- Tr2,3 (my*=1.21 my) polymers,
making them promising hole charge-transport 2D materials. Curiously, large bandwidths for
both CB and VB (and thus, low hole and electron effective masses) were predicted for To2,3
(my*=0.58 myand m.*=0.55 m.), suggesting that polymers as attractive ambipolar charge
carrier material. It should be noted that phenylene-spaced polymers (Ph-T2,3) retain the low

CB and VB bandwidths (see Figure 11.17). This fact suggests that these linkers effectively
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reduce the electronic couplings among the C; symmetry cores, vanishing the next-nearest-
neighbor interactions. This effect is in line with the more twisted structure predicted for Ph-
based polymers which vanishes the electronic delocalization along the polymeric backbone.
From the differences between the triangular and the honeycomb-Kagome nets, we see that
the network connectivities are determinant for forming the electronic band structures. In
this sense, the directly connected hexasustituted T2,3 porous polymers and their alkyne-
spaced analogous can be considered promising candidates for optoelectronic applications

as evidenced by their large bandwidths and low effective masses.
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Figure 11.17. DFT-calculated bandgap and bandwidth values (PBEO-D3) for the conduction and
valence bands of T2,3 polymers. The zero energy is taken to correspond to the VB maximum.

Interestingly, it should be mentioned that a favorable electronic coupling between the
cores of the adjacent layers may clearly increase the bandwidths along the vertical direction.
In order to reinforce this hypothesis, we have analyzed the preferential interlayer stacking

of selected 2D polymers.
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11.3.3. Preferential interlayer stacking of 2D-polymers

As shown in Figure 11.18, the infinite crystal-bulk in both AA and AB stacking
configurations were computed for the alkyne-based trisubstituted polymers (which showed
more pronounced band dispersion at the intralayer level), in order to check the preferential
interlayered bulk-stacking fashion adopted by the layers. Other intermediate configurations
between AA and AB stacking were analyzed, rendering unfavorable cohesive energies E.
compared with the canonical AA and AB stacking modes. Since the inter-layer cohesive
energies were computed as the difference between the total energies of the crystal bulks
and the optimized corresponding single-layers, a more negative E.value renders a more

favorable interlayered bulk-stacking.

Stacking L(A) E. (Kcal/mol) StaCing AA

AA 3.86 - 5
A-Tx2 +87.75 52

AB 3.22 -34.20

AA 3.79 -35.67
A-Tr2

AB 2.1 -58.80

AA 4.12 )
A-To2 AB L 46.42

; -24.12 . __

AA 3.94 +341.08 Stacking AB
A-Tx3 h

AB 3.23 -36.83

AA 3.79 -36.00
A-Tr3

AB 2.49 -67.01

AA 4.20 -33.24
A-To3

AB 4.38 -28.07

Figure 11.18. Computed data (PBE0-D3) of the optimized inter-layer stacking distance (in A)
and inter-layer cohesive energy (in kcal/mol), defined as the difference between the total
energy crystal-bulk and the isolated single-layer, for A-T2 and A-T3 polymers. Pictorial top
views of the two different stacking AA and AB configurations are also shown.
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As we expected, a wide range of cohesive energies were obtained for the different
systems, with E. values decreasing when inter-layer distances decrease (L values ranging
between 2.21 and 4.38 A are predicted). It is important to note that AB stacking is the
preferential configuration for A-Tr and A-Tx polymers, especially for the latter where the AA
stacking leads to unstable configurations (which is reflected in their high positive E. values)
due to physical steric hindrance towards stacking. In contrast, A-To polymers prefer to stack
in AA fashion. Interestingly, these results are in excellent accordance with prevously
reported X-ray data for triindole % 5% 521 (truxenone) *3 cores in self-assembling systems,
where a preferential staggered (eclipsed) stacking configuration of the cores is adopted and
for which large electronic couplings are obtained. This large electronic coupling between the
cores of adjacent layers may increase the bandwidth along the vertical direction and
probably give rise to the high carrier mobility experimentally measured in Ph-Tr2 polymer

(6] despite of the flat bands predicted for T2 and T3-based single-layer polymers.

1.4. Conclusions

Considering the results obtained from the Section 11.2 of this chapter, regarding the
role that the different m-bridges and linkage position of the conjugated building blocks
exhibits on the opto-electronic properties of the microporous polymers, the following

conclusions can be established:

» Both experimental (UV-vis absorption, emission, and Raman spectroscopies) and
computational results point to the fact that connecting the truxene building blocks
through the 2,7,12 positions results in better electronic communication between the
covalently linked monomers, thus strongly influencing the extension on the

conjugation and reducing the band gap of the final materials.

= The insertion of a phenylene group between the C; symmetry cores barely affect the
optoelectronic properties of these polymers, suggesting a weak influence on the n-
electron delocalization between the conjugated scaffolds. Nevertheless, the insertion

of BTD n-bridges not only entail an increase on the inherent porosity, but also involve
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a more efficient m-electron delocalization across de structure dramatically narrowing
the band gap due to a notable stabilization of the CB. This effect is attributed to the
inherent donor-acceptor nature of BTD-based porous polymers, which is
corroborated by the appearance of low energy absorption bands ascribed to an ICT

process on their absorption spectra.

= From a theoretical point of view, it has been probed that quantum chemical
calculations of molecular fragments provide relevant information about the molecular
and electronic structure of porous polymeric networks, providing a very good
agreement between the results obtained from the dimeric models and those obtained

at the PBC level for 2D layers.

» The potential use of these porous organic polymers for the detection of DNT, NB and
NBN electron deficient nitroaromatics analytes has been demonstrated. Sensing
efficiency has been proved to be remarkably influenced by the different linkage
position of the Cs-simmetry scaffolds, with the Ph-Tx3-CMP polymer showing the

most efficient sensing properties.

On the other hand, the results shown in Section 11.3 from the exhaustive theoretical
study of 27 different 2D-polymers based on Cs-symmetric platforms have helped us to draw
key structure—property relationships for understanding the charge transport behavior of

these systems. In this sense, the following conclusions can be pointed out:

= On the basis of the theoretical data, wide tuning of the structural (i.e., geometry and
pore size) and electronic properties (i.e. band-gap and band dispersion) can be
achieved in these 2D-polymers by suitable selection of the Cs-based symmetry
building blocks and the nature and position of the connecting m-spacers. In fact,
optimized periodic single layers predict a notable bandgap decrease when going from
Tx- and Tr- to To-based polymers, by changing the linkage position from T3 and T2 to

T2,3 connections or by insertion of alkyne m-spacer groups. The insertion of phenylene
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struct

T-spacer groups slightly increases the bandgaps of the trisubstituted T2 and T3

polymers, with this effect being more noticeable in hexasubstituted polymers.

The incipient Cs-based symmetry platforms together with the properties conferred
by the presence of honeycomb-Kagome lattices, directly lead to flat bands in T2 and
T3 polymers that are undesirable from a carrier mobility point of view. To solve this
obstacle, we build triangular nets combining both 2,7,12 and 3,8,13 connecting
positions in T2,3 polymers. From the differences between the hexagonal and the
triangular nets, we see that the network connectivities are determinant for forming
dispersive electronic band structures since large bandwidths and low effective masses
(and thus, high charge carrier mobilities) are predicted for 2D-polymers with six-
armed cores. Particularly, the directly connected (Tx2,3, Tr2,3 and To2,3) or alkyne-
spaced (A-Tr2,3 and A-To2,3) polymers are found to be potential charge carrier

transport materials.

Preferential interlayered stacking is also expected to positively affects electronic
couplings between the cores, which may increase the bandwidths along the vertical
direction, and thus the charge-carrier mobilities. This fact explains the high mobility
experimentally measured for Ph-Tr2 in spite of the DFT-calculated flat bands for T2
and T3 polymers.

In summary, the results of this chapter highlight the importance of understanding the

ure-property relationships to stablish new design tools for tuning the electronic

properties of these electroactive porous polymers with emerging real-life applications.
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Chapter lll:

Extended m-conjugation effect of NDI and PDI-based semiconductors

on n-type electrical properties
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The most relevant results obtained in this study have given rise to publication 6 listed in Appendix
6.4:

6. Gamez-Valenzuela, S.; Torres-Moya, |.; Sdnchez, A.; Donoso, B.; Lopez Navarrete, J. T.;
Ruiz Delgado, M. C.; Prieto, P.; Ponce Ortiz, R., Extended m-conjugation and structural

planarity effects of novel symmetrical D-n-A-nt-D naphthalene and perylene diimide
semiconductors on n-type electrical properties. In preparation.
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lll.1. Introduction

Since the initial report of electrochemically grown polythiophene as semiconducting
layer in an Organic Thin Films Transistor (OTFT), with a p-type (hole-transporting) mobility
of ~107° cm?V-*sL, [l considerable efforts have been carried out to the design and synthesis
of new materials with the high mobilities needed to realize devices capable of sustaining the
switching frequencies, driving currents and device footprint required in modern
electronics.’ 31 Although mostly in a trial and error way, remarkable progress has been
achieved for p-type semiconductors with hole mobilities surpassing 35 cm?V*s [ whereas
high-performance n-type semiconductors lags behind their p-type counterparts.l®
Therefore, given that electron-transporting semiconductors are essentially required for the
development of ambipolar transistors (electron and hole transporting materials) and
complementary metal oxide (CMOS)-like logic circuits,'® 7 one of the major challenges in the
field of organic semiconductors is the development of n-type materials with good transport
properties as well as good air and thermal stability. Fortunately, incorporation of molecular
electron donor (D) and acceptor (A) units in an alternating manner has been proven one of
the most promising strategies to stabilize n-type charge formation and thus, to obtain
unipolar and ambipolar electron transport semiconductors with narrow bandgap associated
with fine-tuned energy levels by choosing different D or A units.®*°! Among the different A
units, imide-functionalized arenes such as diketopyrrolopyrrole (DPP),[** benzothiadiazole
(BTD),™*? perylenediimide (PDI),**! naphthalenediimide (NDI),**! and isoindigo (I1G),!**! have
demonstrated to be excellent building blocks for n-type semiconductors due to their highly
electron-deficient character, chemical accessibility, good stability and the solubilizing ability
provided by N-alkylation.'! On the other hand, arylamine donor moieties such as
triphenylamine (TPA) and its derivatives constitute outstanding building blocks for the

design of electroactive materials for opto-electronic applications.[*-*

In this context, we have investigated a series of four D-t-A-1t-D small molecules having
NDI and PDI as central acceptor cores in addition to triphenylamine and phenylcarbazole

donor groups laterally linked through ethynyl bonds (Figure 111.1). This study was motivated
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by interest in exploring the effects of the m-conjugation extension either via (i) the
enlargement of the acceptor central core going from NDI to PDI-based semiconductors or
(i) the lateral substitution with different electron rich conjugated groups on the molecular
structure, energy levels and supramolecular order of the resulting n-type materials, factors

which will determine the charge transport properties of the final materials.

Electron rich group variation /

uolsuaxa uonesnluod-u

Figure 11.1. Chemical structures of semiconducting NDI and PDI-based materials studied on this
chapter.

To this end, a wide range of techniques such as UV-Vis absorption and emission
spectroscopies, electrochemistry and OFET characterization were used, in addition to DFT
calculations, performed at the B3LYP/6-31G** level of theory. M06-2X functional were also
used and the results, which are comparable to those obtained at the B3LYP level, have been
summarized in Appendix 6.2.2. The contributions of this study to the overall understanding
of the structure-electronic properties of NDI and PDl-based semiconducting materials

provide interesting guidelines to design novel n-type semiconductors.
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11l.2. Structural features

It is widely recognized that the molecular structure of semiconductors exerts
important influences on their intermolecular interactions, which in turn, play a key role in
their stacking motifs and opto-electronic performances in solid state.?> 2! |ndeed, the
molecular ground-state geometries were optimized by performing density functional theory

calculations at the B3LYP/6-31G** level of theory.

The results plotted in Figure 111.2 indicate a totally coplanar m-conjugated backbone for
NDI derivatives, while the extension of the arylene m-conjugated core on PDI-based
semiconductors lead to the twisting of the two naphthalene halves of the central unit (with
torsion angles about 17°) due to steric effects between the lateral substituents and the
hydrogen atoms of adjacent benzene rings. Similar distortion effects on the PDI skeleton
have been previously reported.’?! On the other hand, the attached lateral donor groups at
1,7 bay positions are largely distorted by ~46-50° respect to the m-conjugated backbone,

independently of the mt-conjugated central platform.

This data highlights the impact of the enlargement of the acceptor central core and
the lateral substitution with different electron rich conjugated groups on the molecular
structure, but what about the chemical aromaticity and electronic delocalization of these
materials? To which extent it is affected by these structural modifications? According to
that, Nucleus-Independent Chemical Shifts values at the geometrical centers of selected
rings (NICS(0)), as aromaticity criterion,?> 23 were calculated (values inside the rings in
Figure Il.2). As explained in Chapter I, the more negative the NICS(0) value, the more
aromatic the system. On the basis of the calculated data, the aromaticity of these systems
is moderately affected by the extension of the m-conjugated arylene platform. In fact, less
negative NICS(0) values can be found on the naphthalene central unit for PDI-based
semiconductors (with values between -4.5 and -5.1 ppm) when compared with that of their

NDI counterpart (-5.7 ppm), which translates in a more delocalized quinoide-like structure.
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Note that the most pronounced difference is found on the rings that bring the 1,7 bay
positions, suggesting an effective electronic communication between donor and acceptor
moieties in PDI-based molecules which can be justified by the more twisted central PDI
platform. Considering the lateral substitution effect, a negligible influence on the chemical
aromaticity can be observed. In fact, differences of NICS(0) values of -0.2 and -0.1 ppm are

predicted on going from NDI-1 to NDI-2 and from PDI-1 to PDI-2, respectively.

Figure 1lIl.2. Top and lateral views of the optimized geometries of NDI and PDI-based
semiconductors calculated at the B3LYP/6-31G** level of theory. Dihedral angles and DFT-
calculated NICS(0) values (B3LYP/6-311**G(2df,p)//B3LYP/6-31G** level) for selected rings are
also shown.
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lll.3. Optical properties

The optical properties of all compounds under study were initially studied by UV-Vis
absorption and fluorescence spectroscopies. As we can observe in Figure 1.3, via
comparison of the absorption and emission spectra of NDI- and PDI-based semiconductors
in CH,Cl; solutions, the elongation of the m-conjugated arylene unit has a strong influence
on the optoelectronic properties of these materials. In fact, practically superimposable
absorption and emission spectra for the PDI-based semiconductors are registered, which are

significantly different when compared to those of their NDI-based analogous.
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Figure 111.3. (a) Normalized experimental UV absorption and (b) emission spectra of the
semiconductors under study in CH,Cl, suspensions at a concentration of 10 M.

Concerning the absorption spectra, spectral profiles determined by a vast number of
high energy electronic transitions (with m-m* nature) and the presence of one low intense
and broad band localized at lower energies can be observed. Regarding the latter absorption

band, it should be noted that it is basically absent for NDI-2 and PDI-2 in accordance with
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previously reported naphthalene and perylenediimide systems laterally substituted with
phenylcarbazole groups.?* To further understand the origin of the differences exerted by
the structural modifications across the series, TD-DFT calculations have been performed to
analyze the electronic nature of the main absorption bands. Focusing on the lowest energy
band, TD-DFT calculations predict that this band is defined as a So-S; transition ascribed to
a HOMO-LUMO one electron promotion. As we can see on the frontier molecular orbital
(FMOs) topologies of Figure lI1.4, this S-S electronic transition entails an electron density
redistribution from the lateral electron-rich units (HOMO) to the electron deficient NDI or

PDI central cores (LUMO).
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Figure 111.4. DFT-calculated FMOs energies and topologies for all the compounds under study at
the B3LYP/6-31G** level of theory.

However, only in triarylamine-substituted derivatives NDI-1 and PDI-1 this low energy
band has the structureless and broad profile typical of intramolecular charge transfer (ICT)
absorption bands, while it is much less intense in phenyl-carbazole derivatives NDI-2 and
PDI-2. This fact is intimately connected to the observed solvatochromic behavior, in which

solvent polarity has a negligible influence in the photophysical properties of phenyl-
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carbazole derivatives NDI-2 and PDI-2, whereas both absorption and emission spectra for
the triarylamine-substituted derivatives NDI-1 and PDI-1 display a moderate solvatochromic
behavior (Figure I1.5). Based on these considerations, we can confirm the ICT character of
this absorption band for the compounds substituted with the strong triphenylamine donor

groups.
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Figure l11.5. (a) UV-vis absorption and (b) fluorescence spectrum variation for compounds NDI-1
(top) and PDI-1 (bottom), registered in different solvents at a concentration of 10> M.

Curiously, the observed solvent-dependent behavior is more accentuated for the
fluorescence spectra, with emission bands shifting bathochromically as the solvent polarity
increases from hexane to dimethylformamide (from 406 to 448 nm for NDI-1 and from 534

to 549 nm for PDI-1). This behavior suggests a more polarized first excited S; state when
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compared to the Sp ground state, in line with the higher B3LYP/6-31G** predicted molecular
dipole moment in the first excited state (0.58 and 7.16 D for NDI-1 and PDI-1, respectively)

when compared to the ground state (0.07 and 2.56 D for NDI-1 and PDI-1, respectively).

Comparison of the ICT band for NDI and PDI derivatives reveals a bathochromic shift
going from 572 nm in NDI-1 to 640 nm in PDI-1, in line with the HOMO-LUMO gap narrowing
theoretically predicted when comparing NDI-1 vs. PDI-1, and NDI-2 vs. PDI-2. An explanation
to this effect can be found on the more extended m-conjugated central core of PDI-based
compounds with respect their NDI-based homologous, resulting in a stabilization of the
LUMO orbital after the elongation of the arylene unit, with minimal change of the HOMO
energy level (see Figure lIl.4). Likewise, lateral substitution at 1,7 bay positions with
electron-rich groups has a significant impact on the FMOs. In particular, the change of the
lateral substituents from triphenylamine to phenylcarbazole groups induces a noticeable
stabilization of both LUMO and HOMO energy levels, being slightly more pronounced in the
latter and thus, provoking an increase of the HOMO-LUMO gap. This result corroborates the

more electron-donating character of the triphenylamine group.

On the other hand, concerning the photoluminescence properties (Figure 111.3b), the
practically superimposed emission spectra of the PDI-based semiconductors upon excitation
at 500 nm, suggests that the emission comes primarily from the perylenediimide core with
a negligible contribution of the lateral electron-rich groups. This behavior is in line with the
highly emissive nature of extended arylene diimides cores in solution.?®! Differently from
PDI-based semiconductors, remarkable changes on the emission spectra of NDI-based
compounds were observed (with emission maxima going from 433 to 578 nm for NDI-1 and
NDI-2, respectively), supporting the key role that the lateral donor groups play on the
photoluminescence properties of these systems. This is related to the more limited aromatic
core of NDI derivatives, which results in a less emissive response either in solution or in the
solid state.?®! Furthermore, intermolecular interactions in less emissive NDI derivatives have
been demonstrated to be able to enhance their emissions through the formation of

excimers.[?2°l These observations anticipate that aggregation effects due to efficient
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intermolecular interactions could play a key role on the photophysical properties of these

NDI-based materials.

lll.4. Spectroelectrochemical analysis

In order to get further insight on the ability of NDI and PDI platforms to accommodate
negative charges, as a crucial aspect for electron injection and stabilization in OFETs, the
evolution of the UV-Vis absorption spectra upon progressive spectroelectrochemical
reduction of all the semiconductors (c=1x10 M) was recorded using an optically
transparent thin layer electrochemical (OTTLE) cell in CH,Cl/0.1 M (n-Bu)sNPFs as
electrolyte (Figure 11.6). Focusing on the case of NDI-1 (Figure lll.6a), when the potential
negatively increases the initial UV-Vis absorption spectrum of the neutral state (black curve)
progressively evolves to four new absorption peaks centered at 478, 612, 674 and 747 nm
(red curve), which are ascribed to the formation of radical anion species as a consequence
of one electron injection on the naphthalenediimide fragment. Further electrochemical
reduction provokes the vanishing of this spectral profile together with the appearance of a
new one characterized by the presence of absorption bands at 395, 419, 548 and 595 nm
(blue curve). This fact suggests the second electron injection on the naphthalenediimide
fragment and the formation of dianion species. Clear isosbestic points can be observed in

both electrochemical processes.

As can be expected considering the LUMO topology shown in Figure Ill.4, the injected
negative charges are mainly delocalized over the naphthalenediimide fragment. To
corroborate this, DFT calculations of charges species were performed, and an
accommodation of around 80% of each injected charge (-0.82 and -1.50 e for the radical
anion and dianion states, respectively) by the NDI platform was predicted, in line with
previously reported data.% 31 A strong supportive evidence for this statement has been
obtained from the practically superimposed spectral profile evolution of NDI-2 with respect
its homologous NDI-1, evidencing the stabilization of the negative charges by the central

NDI core independently of the side groups attached to it.
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On the other hand, the extension of the m-conjugated central core in PDI-1 allows to
accommodate a third negative charge on the perylendiimide moiety. In this way, the
absorption spectrum of dianion species (blue curve) progressively evolves until the
appearance of a new one characterized by the presence of three absorption bands between
550-650 nm (orange curves in Figures lll.6¢c and Il1.6d), which are ascribed to the stabilization

of radical trianion species.

a) 8 ND-1— NDI-1-—NDM* | ¢)[  PDI-1—PDI-1"— PDI-1Z —

Absorbance—.
Absorbance .

300 350 400 450 500 550 600 650 700 750 800 300 400 500 600 700 800 900 1000 1100

Wavelenght / nm Wavelenght / nm

b) NDI-2— NDI-2~ — NDI-2% d) PDI-2 —» PDI-2"— PDI-2>—
o

Absorbance —.
Absorbance .

TN RN N R

300 350 400 450 500 550 600 650 700 750 800 300 400 500 600 700 800 900 1000 1100
Wavelenght / nm Wavelenght / nm

Figure 111.6. In situ UV-Vis spectral changes upon electrochemical reduction of NDI-1 (a), NDI-2
(b), PDI-1 (c) and PDI-2 (d) semiconductors. The black, red, blue and orange curves represent the
absorption bands for the neutral, anion, dianion and trianion states, respectively.

In this case, DFT calculations of charged species for PDI-1 predict the accommodation
of around 65% of each injected charge by the PDI platform (-0.63, -1.40 and -1.85 e for the

radical anion, dianion and radical trianion states, respectively). Note that this percentage is
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slightly lower than that predicted for the NDI molecules. Furthermore, an increment of
negative charge density on the ethynyl group of PDI-1 compared to that of NDI-1 in their
radical anion (from -0.048 e for NDI-1 to -0.106 e for PDI-1) and dianion (from -0.061 e for
NDI-1 to -0.098 e for PDI-1) states, is predicted. These facts suggest a higher electronic
communication between the electron-deficient PDI core and the lateral electron donor
groups with respect NDI compounds, probably due to the more twisted central framework
of PDI-based derivatives, explaining the differences recorded in the spectroelectrochemical

behavior of PDI-1 and PDI-2 samples when compared with their NDI-based homologous.

On the other hand, the evolution of the UV-Vis absorption spectra upon progressive
electrochemical oxidation of NDI-1 and PDI-1 samples was also registered and is shown in
Figure 11l.7. In this case, only the formation of radical cation species is observed for both
molecules, whereas NDI-2 and PDI-2 systems, with less electron-donating phenyl carbazole
lateral groups, do not stabilize any oxidized species. This observation further probes the
greater electron-donor ability of triarylamine-substituted systems with respect their phenyl-

carbazole derivatives, which can explain the more efficient ICT character observed in the

former.
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Figure II1.7. In situ UV-Vis spectral changes upon electrochemical oxidation of NDI-1 (a) and PDI-

1 (b) semiconductors. The black and green curves represent the absorption bands for the neutral

and cation states, respectively.

174



Extended m-conjugation effect of NDI and PDI-based semiconductors on n-type electrical properties

lll.5. Electrical characterization and charge transport parameters

Organic field effect transistors were fabricated using a bottom-gate top-contact device
structure to characterize the charge transport properties of these semiconductors,
emphasizing on the influence produced by the m-conjugated core elongation as well as by
the different lateral groups. Although only the devices prepared under the optimal device
fabrication conditions are shown in this section, the transistors performance was fully
optimized by systematically analyzing the effect of the substrate treatment and annealing
conditions on the charge transport properties of these semiconductors. The OFET
performance optimization process includes different surface treatments with OTS and
HMDS self-assembled monolayer as well as annealing treatments at 120-150°C for 2 hours

(see detailed data in Appendix 6.3.2).

Asillustrated in Figure 111.8, all devices exhibit typical unipolar n-channel characteristics

with excellent transfer and output curves measured under vacuum.
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Figure I11.8. Typical OFET transfer (top) and output (bottom) characteristics of NDI-1 (a), NDI-2
(b), PDI-1 (c) and PDI-2 (d) compounds. Transfer curves were measured at a source—drain voltage
(Vbs) of 80 V, whereas the output curves were measured at gate voltages (Vg) varying from 0 to
80V at intervals of 10 V and over a Vps range from 0 to 80 V.
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The main device performance parameters extracted from the saturated region in
transfer curves, including electron charge carrier mobilities (W), intensities ratios (lon/lof)
and threshold voltages (Vr) are summarized in Table Ill.1. The highest electron mobility was
registered for NDI-1 semiconductor, with a value of 0.3 cm?V-s, which is 3-fold higher than
those of devices based on NDI-2 (0.1 cm?V1s!). However, the electrical performances of the
PDI-based semiconductors are substantially lower than those of the NDI-based materials
(1.5x103 and 4.0x103 cm?V's? for PDI-1 and PDI-2, respectively). This can be explained
considering the theoretically predicted structural twisting of perylenediimide scaffold,
which could induce an inefficient overlap of LUMO orbitals and thus lower electronic

coupling in the thin films.

Table Ill.1. OFET electrical data for thin films of all the semiconductors under study prepared
under the optimal device fabrication conditions and measured under vacuum. Average and
maximum (in parenthesis) values are shown. The average values were obtained from at least 6
devices for each material.

Sample H (cm?Vv1s?) lon/lore Vi(V) Method
NI é:; : 182) (; i igz) (:2) @1 Rl
NBI-2 (Zf’) i igj) (421 i 132) éﬁ) HMDS; BT
PDFL (iii ’ igj) (i ) ig:) (32) HMDS, KT
PDI-2 (i:g : igii) (i i 132) (137) B, RT

As observed for NDI-based semiconductors, comparison of the electrical
performances of PDI-based derivatives with varying lateral electron-rich groups shows that
the substitution with phenylcarbazole groups renders devices with mobilities around 3-fold
lower than those substituted with triphenylamine groups. This result is surprising
considering that the more electron-rich triphenylamine group destabilizes the LUMO energy
level, increasing the energetic barrier with gold electrodes Fermi level. Additionally,

triphenylamine group is bulkier than phenylcarbazole, which could be detrimental for
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molecular packing. Regarding these results, the role of the different planarity and lateral
substitution of the m-conjugated core in the electrical properties of these systems seem to

be relevant points that need to be further addressed.

The optimization of the device fabrication steps suggests that both substrate
treatments and thermal annealing play a relevant role in the resultant mobilities of the
devices: (i) it was found that OFET performance is moderately enhanced for treated-
substrates (in a similar way for HMDS- and OTS-treated substrates), increasing the charge
carrier mobilities up to three (one) order of magnitude in NDI-1 (NDI-2, PDI-1 and PDI-2); (ii)
on the other hand, thermal annealing of the thin films at 1202C for 2 hours results in a
notable decrease of the OFET performances. Of special relevance is the case of NDI-2, which

completely lost the electrical mobility after the thermal treatment.

I1l.6. Thin-film characterization

To clarify the impact that different m-conjugated platforms and their lateral
substitutions exert on device performance, the microstructures of the semiconducting films
prepared under the optimal device fabrication conditions were first characterized via
Grazing Incidence X-Ray Diffraction (GIXRD), as depicted in Figure 1ll.9a. Inspection of the
GIXRD patters reveals that all the semiconductors films show moderate crystallinity, with
the triphenylamine-substituted semiconductors NDI-1 and PDI-1 showing slightly sharper
diffraction peaks in accordance with a more ordered solid-state packing. In fact, a
predominant characteristic (100) reflection at 26=4.04° in NDI-1, NDI-2 and PDI-1, and at
26=3.78° in PDI-2, which correspond to an interlayer spacing of d100=21.85 A and d100=23.36
A respectively, was observed. Accordingly, we assume that all the semiconductors under
study self-organize into a lamellar crystalline structure with a practically total interdigitation
of alkyl chains. This assumption is supported by the fact that the lamellar packing distance
di0o is almost identical than expected from the Cg alkyl chain length, as previously observed

for similar derivatives.3% 33
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Figure 111.9. (a) GIXRD patterns and (b) 5x5 um? tapping-mode AFM images of 3D-topography

(left), height (middle) and phase (right) for NDI-1, NDI-2, PDI-1 and PDI-2 thin films fabricated
under the optimal device performance conditions. An Intensity spectral range from 0 to 2100

0.0 Phase 5.0um

a.u. was used for the GIXRD spectra of all semiconductors. The corresponding root-mean-square
(RMS) roughness are also shown.

Interestingly, discernible differences can be observed on their AFM images (Figure
I11.9b). Larger crystalline domains on the submicron scale can be identified on the height
images of NDI-based thin films, contributing significantly to the higher OFET performance
measured in these systems with respect their PDI-based analogous, whose thin films show
smoother texture defined by small grain sizes. It is well known that a better interconnection
of the crystalline domains induces soft grain boundaries on AFM images, leading to higher
OFET mobilities.®* 33 |n this sense, although more pronounced contrast can be observed in
the contours of the crystalline grains in phase images of NDI-based semiconductors (even
more notorious in the case of NDI-1), the absence of considerable crystalline domains in PDI-
based thin films leads to lower OFET performance of PDI-1 and PDI-2 devices. Accordingly,

a much higher rougher surface value of root-mean-square (RMS) roughness was found for
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NDI-1 (RMS=9.3 nm) in comparison with the rest of semiconductors (RMS values of 1.4-3.3
nm), which is in good agreement with its largest crystalline domains. Taken all these facts
into account, it seems reasonable to conclude that NDI-1 and NDI-2 samples exhibit easier
aggregation and nucleation compared to their PDI-based counterparts, which can be
ascribed to the more coplanar central arylene unit. Therefore, the observed differences in
crystallinity between these compounds may also support the differences found in device

performances.

IIl.7. Conclusions

In view of the results obtained on this systematic physical chemistry study, some
remarkable structure—property guidelines have been obtained for these semiconductors.

Thereby, the following conclusions can be stablished:

= Extension of the arylene fragment in PDI derivatives produces two apparently opposite
effects: an energy gap narrowing can be observed at the same time that the planarity
of the m-conjugated skeleton is somewhat broken. As a result, a bathochromic shift and
a more twisted molecular structure has been observed going from NDI-1/NDI-2 to PDI-

1/PDI-2.

= According to the results gathered by electronic spectroscopies and theoretical
calculations, the different lateral substitution at 1,7 bay positions with electron-rich
groups has a negligible impact on the molecular structure of the resulting materials.
On the contrary, the photophysical properties of these molecules are greatly affected
by the lateral substitution, with the change of the lateral substituents from
triphenylamine to phenylcarbazole groups inducing a blue-shifting of the absorption

maxima as well as a less efficient intramolecular charge transfer process.

= Remarkable differences have been observed on the emission spectra of NDI-1 and
NDI-2, further probing the key role that the lateral substituents play on the

optoelectronic properties of these materials.
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= The ability of NDI and PDI scaffolds to accommodate negative charges have been
studied by spectroelectrochemical measurements and rationalized with the help of
theoretical calculations. While NDI-based semiconductors undergo only two reduction
processes, the more extended PDI scaffold can accommodate up to 3 negative charges.
Furthermore, spectroelectrochemical analysis of charged species indicate that the
inclusion of different electron-rich groups has a minimal impact on electron injection
and stabilization. Interestingly, the formation of radical cation species is only observed

on NDI-1 and PDI-1 systems.

= Regarding the semiconducting properties of these systems, the electrical performance
measured in OFETs highly depends on the nature of the central unit. In this sense, the
lower n-type electrical performance found in PDI-derivatives (with values around 1073
cm?V1sl) compared to their NDI-based homologous (with mobilities up to 0.3
cm?v1st for NDI-1) can be related to the more twisted molecular structure of
perylenediimide scaffold, which could induce a poor molecular packing and thus, a low

electronic coupling between LUMO orbitals.

= Further characterization of semiconducting thin films, including AFM and GIXRD
measurements, revealed that larger crystalline domains with an adequate
interconnection between them are an indispensable requirement to achieve highly-
performance OFETs. Thus, the presence of significantly higher crystalline domains in
NDI versus PDI semiconducting films explains the enhanced electrical properties in the
former. In addition, the presence of sharper diffraction peaks on the laterally
triphenylamine substituted samples compared to those of their phenyl-carbazole
analogous support the higher electron mobilities observed in NDI-1 and PDI-1 with

respect NDI-2 and PDI-2.
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Chapter IV:

Towards high performance ambipolar field effect transistors:
the fluorination effect

Planarization

The most relevant results obtained in this study have given rise to publication 7 listed in Appendix
6.4:

7. Gamez-Valenzuela, S.; Comi, M.; Rodriguez Gonzdlez, S.; Ruiz Delgado, M. C.; Al-
Hashimi, M.; Ponce Ortiz, R., The Fluorination Effect: Importance of Backbone Planarity
in Achieving High Performance Ambipolar Field Effect Transistors. Journal of Materials
Chemistry C, 2023, Accepted. (DOI: https://doi.org/10.1039/D2TC05073K).
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IV.1. Introduction

In the state-of-the-art design of new semiconducting m-conjugated polymers,
controlling the polymer conformation to ensure an optimal backbone planarity constitutes
one of the key aspects to achieve high-performing conjugated materials, since the planarity
of the m-conjugated backbone can facilitate intramolecular delocalization of n-electrons.!*5!
This prerequisite is achieved to a maximum effect when the system adopts a totally coplanar
conformation, also allowing for the most efficient m-orbital overlap. Furthermore, changes
on the backbone planarity can determine critical aspects as molecular ordering and thin-film

morphology, which ultimately determine device performances.

In this sense, an efficient strategy to restrict the rotation of the single bonds
connecting neighboring units is the creation of additional covalent bonds to form ladder-
type structures. However, this methodology usually requires complex multiple-step
syntheses, which may limit their technologic applications.”®! To address this issue, materials
with noncovalent conformational locks have emerged as a useful alternative to control the
rotation and enforce the planarity of the conjugated backbones. Among them, isoindigo
derivatives-based polymers have been widely studied since it was firstly used in organic
electronics in 2010,1*” reaching hole and electron mobilities of 14.4 and 14.9 cm?V-*s7tin p-
and n-type OFETs as well as hole/electron mobilities up to 6/7 cm?V-!s™! in ambipolar
transistors.[***3] |n addition, current approaches involving conformational locks in organic
semiconductors also utilize S-..X (X = halide) noncovalent interactions to this respect, taking
advantage of the attractive interaction between the lone pair electrons of X atoms and the
antibonding orbitals of the sulphur atom.!** 1 Thereby, the most widely used approach is
the introduction of fluorine atoms, which not only allows stronger intra-chain interactions
and more ordered thin-film morphologies due to the locked conformation of the polymer
backbones, but also effectively lowers the LUMO energy level for efficient and air stable n-

type mobilities.[*® 7]

Within the framework of this ongoing research, we have investigated a series of A-D-

A’ copolymers composed of isoindigo (I1G) and benzothiadiazole (BTD) units with a flanking
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thiophene monomeric building block, which have been subjected to a progressive
fluorination process giving rise to four different copolymers with different degrees of

fluorination (Figure IV.1).

BTD Fluorination

UonEuHoN 3 ol

Figure IV.1. Chemical structures of the four copolymers studied on this chapter.

The main goal of this study focuses on exploring the effects of the progressive
fluorination on the polymer structure, energy levels and intermolecular stacking of the
analyzed systems, factors which will determine the charge transport properties of the final
materials. To this end, a wide range of techniques such as UV-Vis absorption and Raman
spectroscopies, electrochemistry and OFET characterization were used, in addition to DFT
and TD-DFT calculations performed at the B3LYP/6-31G** level of theory. The wB97X-D
functional was also used and the results, which are comparable to those obtained at the
B3LYP level, are presented in Appendix 6.2.3. The outcome of this study will help drawing
the key structure—property—function relationships for understanding the electron transport
behavior in these systems, and more generally, it will provide insights in the design of new

polymer-based semiconductors for electronic applications.
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IV.2. Structural features

To gain perception into the complicated interplay of intra- and intermolecular
interactions, packing motifs and electron transport properties, the effect of the progressive
fluorination on the molecular ground-state geometry was analyzed by performing density
functional theory calculations at the B3LYP/6-31G** level of theory. In view of the results of
Figure 1V.2a, a lack of severe distortions in the conjugated backbone of the non-fluorinated

P1 copolymer is predicted, with dihedral angles that fluctuate between 6 and 21°.

a)

b) Sample BLA ., NICS(0), NICS(0), NICS(0),- NICS(0),. NICS(0), NICS(0); NICS(0).
P1 0.030 -4.5 2.6 2.5 -4.5 -7.1 -3.0 -7.1
P2 0.025 -4.5 2.5 2.6 -4.5 -8.4 -6.2 -8.5
P3 0.022 -6.4 2.4 23 -6.4 -7.6 -2.9 ST
P4 0.018 -6.3 2.4 2.4 -6.4 -8.8 -6.1 -8.9

Figure 1V.2. (a) Top and lateral views of the DFT-optimized structures (B3LYP/6-31G** level) for
dimeric models of P1-P4 copolymers. The dihedral angles between selected rings are also shown.
(b) DFT-calculated BLA (B3LYP/6-31G**) and NICS(0) (B3LYP/6-311++G(2df,p)//B3LYP/6-31G**
level) values given in Angstroms and ppm, respectively, for selected parts of the systems under
study. See Figure IV.2a for the zones/rings labelling.

Fluorination of the BTD unit in copolymer P2 induces a slight planarization of the

dihedral angle between this acceptor moiety and the adjacent thiophene rings with respect
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the non-fluorinated counterpart (from 6° for P1 to 1° for P2). This effect can be attributed
to the attractive interaction between the lone pair electrons of fluorine atoms and the

antibonding orbitals of the sulphur atom of the thiophene rings.*®

Note that, the most notable distortions in P1 and P2 copolymers were observed where
no S...F interactions were observed, that is, between the |IG acceptor unit and the adjacent
thiophene rings. After fluorination at the a-position of |G acceptor unit, this dihedral angle
value significantly decreases from 21° in P1 to 4° in P3, manifesting the presence of
additional non-covalent sulphur-fluorine intramolecular interactions that further planarize
the conjugated skeleton in copolymer P3. Interestingly, the fluorination in P3 not only has a
notable effect on the above mentioned interring torsional angle, but it also affects to the
internal planarization of the IIG acceptor unit, with a slight planarization of 3° in copolymer

P3 with respect the parent P1.

Combining the fluorination of both BTD and 1IG acceptor moieties in P4 results on the
best planarity among the series due to the cooperative effects observed for both partially
difluorinated P2 and P3 systems. Note however than planarization in P3 is already quite
efficient and similar to that of P4, with dihedral angles between 1 and 8°. Therefore, the
polymer planarity is not only directly related to the amount of fluorine atoms incorporated
to the polymeric backbone, but also to the acceptor unit where F atoms are added. The
polymer coplanarity can modulate intra- and intermolecular aspects, directly affecting the
molecular and electronic properties, molecular packing and active layer morphology, which

we will discuss in detail in next sections.

In order to get further insight on the possible modulation of the electronic
delocalization along the polymeric backbone by progressive fluorination the successive
single-double CC Bond Length Alternation (BLA) and NICS(0), as aromaticity criterions,!*% 2°!
were calculated for the dimeric models (Figure 1V.2b). In this sense, BLA values closer to zero
indicate an increased quinoidization, whereas the more negative the NICS value, the more

aromatic the system.
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On the basis of the calculated data, the aromaticity of these systems is affected by the
fluorination degree which translates into a modulation of the m-conjugation efficiency. In
fact, when compared to the reference P1 copolymer, the DFT-calculated BLA values show a
gradual increment of the quinoidal character for the thiophene ring localized between both
IIG and BTD acceptor moieties upon progressive fluorination (with BLA  values going from
0.030 A for P1 to 0.018 A for P4). This can be explained in terms of the coplanarity
enhancement going from P1 to P4, as previously pointed out, which improve the electronic
delocalization in consonance with the more quinoide-like structure of the polymeric

backbone upon fluorination.

The inspection of the DFT-calculated NICS(0) values reveals that the insertion of
electron-withdrawing fluorine atoms lead to more negative NICS(0) values on the six
membered rings of IIG and BTD acceptor moieties, suggesting that they become more
aromatic. This effect is more important in the case of the BTD acceptor group than in the lIG
one, with a vanishing of the NICS(0) values in c.a. 3.2 and 2 ppm, respectively. Interestingly,
fluorination on the IIG and BTD acceptor groups produce a secondary effect on the
neighbouring thiophene rings, reducing around 0.5 and 1.3 ppm their NICS(0) values,

respectively.

IV.3. Optical properties

A comparison of the UV-Vis-NIR absorption spectra for the four copolymers in
chlorobenzene solutions are depicted in Figure 1V.3. Across the series, all the polymers

exhibit similar spectral profiles with typically dual-absorption bands (Bands | and Il).

TD-DFT calculations indicate that the broad and intense absorption band extending
from 400 to 800 nm (Band 1), is due to a So=»S; electronic transition theoretically ascribed to
one electron promotion from HOMO to LUMO. As illustrated by the frontier molecular
orbital topologies shown in Figure 1V.4, this electronic transition entails an electronic density
redistribution from the whole n-conjugated backbone (HOMO) to both the 1IG and BTD

acceptor moieties (LUMO).
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a) —P1 b) Experimental B3LYP/6-31G**
. P3 Amax Egopt EHOMO ELUMO Eg hmax
(nm)  (eV) (eV) (eV) (eV) (nm)
—P4
P1 633 155 -505 -3.05 200 721
Band I
I y, 614 1.63 -514 -3.08 206 705
SN >4 5 P3 63 150 -5.13 -321 192 765
Q| H
2 AN P4 634 161 -522 -325 197 739
3 H ——

T ~ T X T ¥ T L T % T v
400 500 600 700 800 900 1000
Wavelength / nm

Figure IV.3. (a) Normalized UV-Vis absorption spectra of 10* M chlorobenzene solutions of
copolymers P1-P4. The main vertical excited-state transitions (dot bars) calculated at the TD-
DFT//B3LYP/6-31G** level are also shown. (b) Summary of optical parameters of copolymers P1-
P4. The optical band gaps (E.°t) were estimated from the tangent to the low energy edge of the
absorption band.

For the sake of comparison, the influence of the different fluorine atoms number and
substitution position were analyzed separately. The introduction of fluorine atoms on the
BTD acceptor unit in P2 produces a blue shifting of 19 nm in the maximum absorption
wavelength (Amax) With respect the parent copolymer P1. In order to shed light on this effect,
the frontier energy levels evolution upon progressive fluorination was theoretically
investigated for dimeric models of copolymers P1-P4 and the results are shown in Figure
IV.3b. In this sense, the introduction of the fluorine atoms on the BTD unit has a greater
stabilization effect on the HOMO (0.09 eV) than on the LUMO (0.03eV) energy level, giving
rise to an slight increase of the HOMO-LUMO gap in line with the wider optical HOMO-LUMO
gap (E,°"") experimentally observed in P2 (1.63 eV) with respect the non-fluorinated

counterpart P1 (1.55 eV).

On the other hand, the introduction of fluorine atoms on the IIG acceptor moiety in
copolymer P3 has the opposite effect, further stabilizing the LUMO (0.16 eV) than the HOMO
(0.08 eV). This indicates the increase of the electron withdrawing ability of the 1IG acceptor,

which results in a slight bathochromic shift (of around 3 nm) compared with the non-
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fluorinated copolymer P1 as a consequence of the optical HOMO-LUMO gap narrowing
going from P1 (1.55 eV) to P3 (1.50 eV) copolymers.' 2 |t is important to note that
fluorination of 11G unit provokes a much more pronounced deepening on HOMO and LUMO

energy levels than fluorination on BTD acceptor moiety.

HOMO LUMO

Figure IV.4. DFT-calculated HOMO and LUMO topologies for dimeric models of the polymers
under study at the B3LYP/6-31G** level of theory.

The two independent effects caused by difluorination at different positions are
cooperative in P4, which is supported by the null spectral shift observed in this copolymer
with respect the unsubstituted system P1. This is due to a similar stabilization of both HOMO
and LUMO energy levels (0.17/0.20 eV). It is worth noting that our DFT calculated data nicely
reproduce the experimental absorption spectra trend and the HOMO-LUMO energy gaps

variation upon fluorination.

192



Importance of backbone planarity in achieving high performance ambipolar field effect transistors

In addition, the FMO topologies plotted in Figure 1V.4 show that both HOMO and
LUMO have remarkable contributions on the 1IG and BTD acceptor units, thus explaining the

deepening of both orbitals upon fluorination.

With the above considerations in mind, the adjusting the fluorination degree would be
advantageous for tuning the electronic energy levels and band gaps of the resulting
polymers. Nevertheless, polymers with excess substituted fluorine atoms are generally less
soluble and easily pre-aggregative which is unfavorable for device performance. In fact, it is
known that intermolecular stacking and conformational changes may significantly shift the
absorption spectra and change vibrational peak intensities.??! In this sense, as depicted in
Figure IV.5, all the copolymers under study show three different vibrational peaks (0-0, 0-1
and 0-2) in the Band | region in both solution and spin-coated thin films. Scrutiny of the
spectra reveals that although absorption spectra in both solution and solid state follow the

same trend, some remarkable aspects can be pointed out:

(i) the main absorption peaks of all the copolymers under study are red shifted on
going from solution to film state, indicating a further planarization of the polymer backbone
in solid state as a consequence of considerable inter-chain interactions. This effect is
maximized in the difluorinated P2 copolymer (with a bathochromic shift of 16 nm going from
solution to film), suggesting P2 as the copolymer that might take a more different molecular

conformation and supramolecular organization in solid state.

(i) It is worth noting that the gradual increase of fluorine atoms decreases 0-1 and
increases 0-0 peak intensity in both states, indicating that fluorination promotes the

planarization of the polymer backbone in line with the molecular modelling results.

(iii) Curiously, the relative intensity of the 0-2 vibrational peak of lIG-fluorinated
copolymers P3 and P4 increases in films when compared to solution, being this effect
practically negligible in the case of copolymers P1 and P2. This phenomenon can be
explained in terms of the more coplanar backbone of P3 and P4 copolymers, resulting in

stronger inter-chain interactions, which usually echoes with a highly ordered crystallinity in
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the solid state. This fact highlights the importance of the fluorination on the 1IG acceptor

unit on the molecular packing.
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Figure IV.5. (a) Normalized UV-Vis absorption spectra of 10* M chlorobenzene solution vs thin

film for copolymers P1-P4.

IV.4. Electrochemical analysis

As widely recognized, feasible charge injection of both holes and electrons from source
and drain electrodes is key for the design of high-mobility balanced ambipolar polymers. In
this regard, charge injection was evaluated by analyzing the FMOs energy levels obtained

from cyclic voltammetry measurements of copolymers P1-P4 as thin films (Figure 1V.6a).

194



Importance of backbone planarity in achieving high performance ambipolar field effect transistors

b)1.8
1.7 ®171 ®1.69 ® 171
164 ®162 E.®!
1_5;.:
> ’8
2 .35-
s J
T P3 © -4.0-
[
. w |
35
p -4.5 4
=l P4 1 etees oteed
c 4.99 N
2 N 50- W50 [ s 17
3 ] HOMO
| HNE.ONN DN NN RN NN NN | _55 1 1 I 1
-15-1.0-05 0.0 05 10 15 P1 P2 P3 P4
Voltage / V

Figure IV.6. (a) Thin film cyclic voltammograms of copolymers P1-P4 recorded at a scan rate of
100 mV-s! in acetonitrile/0.1 M BusNPFsas electrolyte, using a platinum disk working electrode,
an Ag/AgCl reference electrode and a platinum wire auxiliary electrode. (b) Experimental HOMO-
LUMO energy levels and electrochemical energy gap (Ege')of copolymers P1-P4.

Notably, all the copolymers are amphoteric redox materials since they exhibit both
oxidation and reduction peaks, which is an essential requirement to design ambipolar
materials. HOMO and LUMO energy levels were calculated from the onsets of oxidation and
reduction potentials referenced to the ferrocene/ferrocenium (Fc/Fc*) redox couple, in
comparison to the formal potential of Fc/Fc* with respect to zero vacuum level (-4.8 eV), as
determined by the equation E = - [(Eonset - E1/27/F*) + 4.80 eV]. In view of the results of Figure
IV.6b, it is corroborated than difluorination of the IIG unit provokes a much more
pronounced deepening on HOMO and LUMO energy levels than fluorination on BTD
acceptor unit. Concretely, difluorination of the BTD acceptor unit in P2 further stabilizes the
HOMO (0.18 eV) than the LUMO (0.09 eV), leading to a wider HOMO-LUMO energy gap (H-
Legap) With respect the non-fluorinated P1 counterpart (1.62 eV for P1 vs 1.71 eV for P2), as
found in the absorption spectra and in the theoretical calculations. In marked contrast, the
introduction of fluorine atoms on the IIG acceptor moiety in copolymer P3, stabilizes both

HOMO and LUMO energy levels in a similar extent (c.a. 0.20 eV) with respect those of P1.
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Further extended fluorination degree in copolymer P4 lead to the lowest HOMO and
LUMO energy levels (-5.17 and -3.46 eV, respectively), although the similar stabilization of
both HOMO and LUMO energy levels results in equivalent E,® value (1.71 eV) when

compared to P2 and P3.

At this point, it is important to highlight that the stronger and reversible oxidation
peaks of these copolymers, in addition to their high-lying HOMO levels (lower than -4.80 eV)
suggest that they may be useful for developing p-channel OFETs. Moreover, the fluorinated
polymers may be excellent candidates as semiconductors for ambipolar OFETs due to their

low-lying LUMO levels (<-3.30 eV) and their quasi-reversible reduction peaks.

IV.5. Electrical characterization and charge transport parameters

The effect that fluorination plays on the charge transport properties of these
copolymers was investigated by the fabrication of bottom-gate top-contact OFETs. Although
only the devices prepared under the optimal device fabrication conditions for each polymer
are shown, the device performance was systematically optimized by modifying substrate
treatment and annealing conditions (see Appendix 6.3.3). In particular, different surface
treatments with OTS and HMDS self-assembled monolayer were tested. Furthermore,
annealing treatments at 100, 150 and 200°C for 2 hours were performed on the deposited

copolymers.

The optimization of the device fabrication steps suggests that both substrate
treatments and thermal annealing temperatures play a relevant role in the resultant
mobilities of the devices. It was found that OFET performance is dramatically enhanced for
treated-substrates (specially for OTS-treated substrates), going from non-active to active
devices in the cases of polymers P1, P2 and P3 or increasing the charge carrier mobilities up
to one order of magnitude in P4. On the other hand, thermal annealing of the thin films at
150°C (200°C) for 2 hours increases hole and electron mobilities by one order of magnitude
for the OTS-treated substrated of P2 (P3), whereas the OFET performance for polymer P1 is

relatively insensitive to thermal treatments in consonance with the amorphous nature of
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the films. In the case of P4, only the enhancement of hole mobility was observed after a

thermal treatment at 150°C for 2 hours.

The representative OFET transfer and output curves, measured under vacuum, are
illustrated in Figure IV.7, and the optimized main device performance parameters, extracted

from transfer curves in the saturated regime, are summarized in Table IV.1.

Table IV.1. OFET electrical data for thin films of copolymers P1-P4 prepared under the optimal
device fabrication conditions and measured under vacuum. Average and the best (in
parenthesis) values are shown. The average values data were obtained from at least 6 devices
for each polymer.

P-channel N-channel
Sample Mn* (KDa) oy (em?Vist)  gy/loge  Vi(V)  Method M (em?Vis?)  gu/loe  Vi(V)  Method
-5 i
P1 21 1.1x 10 8x10 4 OTS, _ — - —
(14x10%) (1x10?) (-3) 150°C,2h
2.9x103 1x 103 -1 oTS, 3.8x 103 4% 103 58 QTS,
24 E g
(33x10% (2x10%) (-17) 150°C, 2h (40x10%) (9x10%) (52) 150°C,2h
P3 55 1.2x 101 2x102 -26 QTs, 9.8 x 102 8x 10! 57 QoTs,
(1.5x107) (4x10) (-31) 200°C, 2h (1.1x107) (1x10?) (53) 200°C, 2h
5 5 = -2 3
pa 29 33x10 1x10 11 QoTs, 1.1x10 2x10 17 oTS
(7.4x102) (4x10% (-29) 150°C, 2h (1.3x107) (7x10% (8)

*Determined by gel permeation chromatography (against polystyrene standards) in chlorobenzene
at 80°C.

In view of the results, P1 shows typical p-channel behavior with a low hole mobility
(~1x10° cm?V1s71), The low mobility can be attributed to the slightly lower molecular
weight, higher energy band gap and somewhat twisted molecular backbone that may
produce inefficient orbital overlapping and thus low electronic coupling, which is generally
detrimental for efficient charge transport in OFETs devices.[?®* 241 The incorporation of
fluorine atoms on the backbone enhances the polymer coplanarity and electron affinity,
progressively decreasing the electron-injection barrier from the gold electrode to the
polymeric semiconducting layers. Consequently, the electronic properties of these polymers
change from low hole-dominated to balanced ambipolar charge transport on going from P1
to P4. As a result, typical V-shaped transfer curves and characteristic output curves of

ambipolar OFETs were recorded, with the latter characterized by the superposition of the
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standard saturation behavior for one type of carriers at high Vs and a superlinear current

increase at low Vg and high Vps, due to the injection of the opposite carriers.
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Figure IV.7. p and n-channel OFET transfer (top) and output (bottom) characteristics of P1 (a),
P2 (b), P3 (c) and P4 (d) polymers. For p/n-type charge carrier mobilities, transfer curves were
measured at a source—drain voltage (Vps) of -80/80 V, whereas the output curves were measured

at gate voltages (V) varying from 0 to -80/80 V at intervals of 10 V and over a Vps range of 0 to
-80/80 V.
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In marked contrast to the reference copolymer P1, the partially fluorinated copolymer
P2 exhibits well-balanced ambipolar transport characteristic (un/pe= 0.82), with hole and
electron mobilities of 3.3x10% and 4.0x10 cm?Vs™! respectively, and lon/loff ratio of 10% in
both p- and n-channel operations. Among the series, copolymer P3 exhibits the highest and
most-balanced ambipolar charge-transport characteristic (pun/pe=1.36), with hole and
electron mobilities of 0.15 and 0.11 cm?V1s™}, respectively (around 2 orders of magnitude
higher than those of the P2-based copolymer). This fact can be explained in terms of its high
molecular weight (see Table IV.1), low energy band gap and high backbone planarity. An
lon/loff ratio of 102 in both p- and n-channel operations was measured for P3. It is important
to highlight that this performance is similar to the best lIG-based polymers measured in a

BG-TC device structure.[?5?7]

However, contrary to what we expected, further extended fluorination degree in
copolymer P4 reduces the OFET performance, with hole mobilities nearly 5-fold higher than
electron mobilities (0.074 vs 0.013 cm?V'1s™!, respectively). This fact seems to be
inconsistent with the lower energy levels and higher coplanarity observed for copolymer P4
compared to that of P3, suggesting that other factors such as solid-state morphology is also
influencing the charge transport properties. Indeed, polymers with excess substituted F
atoms may cause too low-lying HOMO/LUMO energy levels or repulsive F---F interactions,
which will fairly decrease the mobilities or lead to more twisted intermolecular packing.
Therefore, the number of F atoms should be carefully designed in order to obtain high-
performance balanced ambipolar systems. Moderately high lon/lof of 10° and 10° were found
in P4 for p- and n-channel operations, respectively, which is considered to be key for

applications of ambipolar OFETs in complementary logic circuits.?®

IV.6. Polymeric thin-film characterization

In order to better understand the remarkable differences measured on device
performance as a function of the fluorination degree, the molecular crystallinity and

morphology for P1-P4 thin films, fabricated under the optimal device performance

199



Chapter IV |

conditions, were characterized via GIXRD and AFM. As depicted in Figure IV.8a, even when
all the films are moderately amorphous, the crystallinity is directly related to the percentage
of backbone fluorination: while the non-fluorinated copolymer P1 shows an amorphous
nature in the film state, certain degree of crystallinity appears for the fluorinated systems,
being this effect more evidenced in the case of the fully fluorinated copolymer P4. This
higher crystalline tendency, upon the progressive fluorination, can be attributed to the
increment of torsional barriers between the subunits, limiting rotation and enforcing
coplanarity, effects that a priori lead to a better molecular packing in the solid state. At this
point, it is important to highlight that these factors were previously predicted in the
theoretical molecular structure analysis, showing almost flat (partially twisted) polymer

backbone for P4 (P1) in line with its higher (lower) crystallinity.
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Figure IV.8. (a) GIXRD patterns and (b) 1x1 pm? tapping-mode AFM images of 3D-topography
(left), height (middle) and phase (right) for P1-P4 thin films fabricated under the deposition
conditions that render the best device performances. An Intensity spectral range from 0 to 350
a.u. was used for the GIXRD spectra of all copolymers.
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Hence, the presence of a main lamellar (100) reflection at lower 28 values in addition
to the absence of diffraction peaks corresponding to m-m stacking for the fluorinated
copolymers suggest that these systems self-organize into lamellar planes consisting of edge-
on orientations relative to the substrate, which is beneficial for charge transport along the
horizontal transport channel in BG-TC OFETSs. In particular, the fluorinated copolymers P2,
P3 and P4 present a 100 reflection at 26=3.28, 3.64 and at 3.10°, which corresponds with
interchain distances (d100) of 26.92, 24.25 and 28.48 A, respectively. We note that copolymer
P3 has the smallest digo values, resulting in an enhanced inter-chain charge transport in
consonance with its higher mobilities measured in OFETs.”?°! Furthermore, a second

diffraction peak at 26= 4.24° (d100=20.82 A) can be observed for P3 films.

These results can be corroborated by analyzing the AFM images of P1-P4 thin films
(Figure 1V.8b). In this sense, fluorinated polymers display more homogeneous texture than
the non-fluorinated counterpart P1, which presents a poor uniformity with larger
deformations on the surface. Interestingly, discernible differences in domain shape and size
can be observed for each of the fluorinated polymers. Note that, although bigger size
polymer grains can be observed for thin films of P2 and P4 compared to that of P3, their
surface phase images vary by a higher extent outlining the contours of the crystalline grains.
This effect can be clearly observed in the 3D-topography and height images of P4 thin films,
which shows larger surface roughness (RMS=11.30 nm) and domain sizes compared to the
P3 analogous (RMS=3.64 nm), presumably due to its high degree of self-assembly and its
higher crystallinity. It is generally recognized that the well interconnected domains can
minimize the crystalline grain boundaries, leading to higher OFET mobilities.!*® 3! Thus, the
higher OFET performance of P3 devices can be explain by their higher homogeneity, as a
result of a better interconnection of the crystalline domains and thus softer grain
boundaries. These considerations indicate that the introduction of fluorine atoms
dramatically influences the interactions between neighboring polymeric chains, giving rise
to changes on the solid-state packing. Therefore, the numbers and position of introduced F

atoms should be carefully designed to obtain high-performance OFET devices.
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IV.7. Raman spectroscopy study

As indicated in the previous section, control of the film nanostructure is essential
because it influences the charge transport process in OFETs. However, while GIXRD can only
analyze crystalline domains, Raman spectroscopy is able to explore ordered and disordered
phases, which are both crucial in the final device performance. Therefore, we recorded the
FT-Raman spectra of the P1-P4 copolymers as solid powders, and the results are shown in
Figure 1V.9a. As can be observed in Figure IV.9b, simulated Raman spectra nicely reproduce
the experimental ones, further probing the reliability of the structural information derived

from this discussion as well as our Raman bands assignment.
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Figure IV.9. (a) Solid state FT-Raman spectra (Aexc=1064nm) for the copolymers P1-P4. (b)
Theoretical Raman spectra (B3LYP/6-31G** level) calculated for the dimeric models of the
copolymers P1-P4. The main vibrational frequencies associated with the discussed C=C/C-C
Raman features are highlighted and zoom out. An adjustment of the theoretical force fields
where the frequencies were scaled down by a factor of 0.971 to disentangle experimental
misassignments was used, as recommended by Scott and Random.[32
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Firstly, we focus our attention on two representative Raman bands: (i) The most
intense Raman band is recorded around 1430 cm™ (highlighted in light blue in Figure IV.9)
and, as seen in the eigenvectors in Figure IV.10, it is ascribed to a symmetric normal mode
mostly located on the thiophene rings with certain contribution on the BTD acceptor moiety
and (ii) the Raman band recorded at 1455-1435 cm™ (highlighted in grey in Figure 1V.9),

which is ascribed to a normal mode located on the 1IG acceptor unit.

1454 cm™ (1461 cm™) 1433 cm™ (1441 cm?)

1438 cm™? (1446 cm? 1426 cm™ (1435 cm?)

1623 cm™ (1626 « 1430 cm™ (1446 cm™) 1430 cm™ (1432 cm™)

rCfI:ﬁg_ W%%

Figure IV.10. B3LYP/6-31G** V|brat|onal eigenvectors associated with the above dlscussed

C=C/C-C Raman features for the copolymers under study. The experimental and theoretical (in
parentheses) wavenumbers are also shown.

Interestingly, this second band is theoretically predicted to gain intensity and gradually
merge with the most intense Raman band on going from P1-P2 to P3-P4. That is in perfectly
agreement with the Lorentzian deconvolution of the 1400-1475 cm™ Raman bands showed
in Figure IV.11a, where this Raman band is recorded as a high energy shoulder for P3 and P4
copolymers. Note also that the most intense Raman band is found to be wider for P1 and P2
polymers, suggesting the presence of different disordered and ordered phases in the

sample. In order to prove this, deconvolution of the most intense Raman band into distinct
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peaks based on Lorentzian fitting was performed as showed in Figure 1V.11b. It was found
that the Lorentzian fitting is optimal when two different contributions are assumed for
copolymers P1 and P2, corroborating the presence of both disordered and ordered phases
on these materials. On the other hand, as fluorine atoms are included in the IIG unit for P3
and P4, this Raman band sharpens and thus, only a single component is needed to achieve
an optimal fitting, indicating the presence of only an ordered phase as a consequence of the
effective planarization of the polymeric backbone. Therefore, Raman spectra confirm that
selective fluorination of the BTD moiety (in P2) is not enough to significantly increase the
supramolecular order within the material, being necessary the fluorination on the IIG unit

(in P3) to achieve an effective skeleton planarity.
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Figure IV.11. (a) Solid state FT-Raman spectra (Aexe=1064nm) of polymers P1-P4 with a (a) two-
component deconvolution of representative Raman bands and (b) the optimal deconvolution
which best fit the experimental data.

This is further corroborated by comparison of the recorded Raman spectra of
copolymers P1-P4 under different laser excitations (Figure 1V.12). Note that when using 473,
532 or 633 nm laser wavelengths, resonance conditions occur with more disordered phases,

and thus, their Raman signal should be enhanced. In this sense, the contribution
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corresponding to the more disordered phase for P1 and P2 polymers, recorded at around

1440 cm™, notably increase its intensity when using high energy lasers. It is important to

note that this intensity enhancement is less remarkable in the case of P2, suggesting some

skeletal planarization as a consequence of the insertion of fluorine atoms on the BTD unit.

Interestingly, no disordered phases are observed for polymers P3 and P4 independently of

the laser wavelength used, indicating efficient skeleton planarity.
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Figure IV.12. Resonance Raman spectra of copolymers P1-P4 under different laser excitations.

In addition, the enhancement of the backbone planarity by fluorine addition is also

corroborated by others changes in Raman spectra (see Figure IV.9), as explained as follows.

(i) As fluorine atoms are progressively introduced in the conjugated backbone, the most
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intense Raman band recorded at 1433 cm™ for P1 copolymer not only sharpens but also
gradually downshifts, indicating a higher m-conjugation degree as a consequence of the
planarization produced by the presence of Se««F interactions. In fact, it can be found at 1431,
1426 and 1430 cm® for P2, P3 and P4 copolymers, respectively. Note that, the most
remarkable downshift of 7 cm™ is found for P3, where the fluorine atoms are introduced on
the 1IG acceptor moiety. It is in line with its lower BLA values theoretically predicted (see
Figure IV.2b), corroborating that fluorination on 1IG monomeric unit is the most effective
strategy to induce planarity and increase m-conjugation. (ii) The Raman band recorded at
1454 cm™ for P1 (ascribed to a normal mode located on the IIG acceptor unit) greatly
downshifts for copolymers P3 and P4 (by approx. 17-20 cm™) where the fluorine atoms
planarize the IIG unit and the adjacent thiophene rings. On the contrary, a slight downshift
of only 3 cm™ is recorded for copolymer P2 respect to P1, which is in consonance with the
slight backbone planarization when the fluorine atoms are included on the BTD acceptor
moiety. (iii) The Raman band corresponding to the indolinone subunit of the IIG acceptor
moiety, recorded at ca. 1608 cm™ in P1, significantly upshifts in P3 and P4 copolymers (by
13-15 cm™). This is due to an improved intra-chain m-electronic delocalization due to

planarization, which diminishes the cross-conjugation in 1IG moiety.

IV.8. Conclusions

The results of this study have helped us to draw key structure—property—function
relationships for understanding the charge transport behavior of these semiconductors, and

the following conclusions can be pointed out:

= We have demonstrated that “multifluorination”, i.e., introducing F atoms into both IIG
and BTD units, not only lowers the frontier orbital energy levels of the polymers, but
also induces planarity of their conjugated backbones via SeeeF non-covalent

interactions.

= The impact that the gradual fluorination of the polymer backbone produces on the

electronic properties clearly depends on the molecular section where the fluorine
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atoms are introduced. In fact, the introduction of fluorine atoms on the BTD acceptor
unit in P2 produces a Amax blue shifting with respect the parent copolymer P1, while
fluorination of IIG acceptor moiety in copolymer P3 shows a slight bathochromic shift.
Difluorination at different positions are cooperative in P4, which is supported by the
null spectral shift observed in this copolymer with respect the unsubstituted system

P1.

= Comparison of UV-Vis-NIR absorption spectra of all copolymers in both solution and
film state points out a further planarization of the polymer backbone in solid state due
to considerable inter-chain interactions, with P3 and P4 copolymers showing the

strongest inter-chain interactions.

= P1-P4 copolymers have been also evaluated as efficient semiconducting materials. The
enhanced polymer planarity and electron affinity, upon fluorination, progressively
decreases the electron-injection barrier from gold electrodes to the polymeric
semiconducting layers, changing their electrical properties from low hole-dominated
(~1x10° cm?V-1s7?) to balanced ambipolar charge transport (with mobilities up to 0.1

cm?V1s for P3) on going from P1 to P4.

= Characterization of the thin films by using AFM and GIXRD revealed that fluorination
remarkably affects the inter-chain interactions of polymer backbones. In this context,
the crystallinity is directly related to the percentage of backbone fluorination, which is
attributed to the increment of torsional barriers between the subunits, limiting
rotation and enforcing coplanarity, effects that a priori lead to a better molecular
packing on the solid state and thus explain the higher device performance observed
upon fluorination. Nevertheless, poor film uniformity with inefficient interconnection
of crystalline domains has been observed for P4, which can be the reason of its lower

mobilities when compared to P3.

= |t has been demonstrated that the impact of gradual fluorination on the

supramolecular order is highly dependent on the building blocks in which the fluorine
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atoms are introduced. In this sense, Raman spectroscopy helps us to analyze both
ordered and disordered phases of the polymeric samples, demonstrating that
fluorination of the BTD moiety is not enough to significantly increase the
supramolecular order within the sample, while fluorination on the IIG acceptor unit is

a much more effective way to promote skeleton planarity and enhance m-conjugation.
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5. Resumen |

5.1. Introduccidn

Mirando a nuestro alrededor, vivimos en un mundo en el que la mayoria de nuestras
actividades diarias implican el uso de dispositivos electrénicos. De hecho, aspectos
fundamentales como la economia, ocio o salud, estan intimamente relacionados con el
progreso tecnoldgico. Esta relacion, cada vez mds dependiente entre si, abre el escenario al
disefio y sintesis de nuevos materiales que mejoren las propiedades y aplicaciones de los
tradicionales basados en silicio, cuyo alto costo de fabricacidon, compleja procesabilidad, y
escasa modulacién de sus propiedades electrdnicas los alejan de las nuevas demandas
tecnoldgicas.' 2 En este sentido, la Electrénica Organica ha emergido como una solucién
efectiva para saciar dicha demanda social, dando lugar a una nueva generacién de
dispositivos electrénicos basados en semiconductores orgdnicos, entre los cuales cabe
destacar los transistores organicos de efecto campo (OFETs, del inglés “Organic Field-Effect

Transistors”), ! células solares orgénicas (OSCs, del inglés “Organic Solar Cells”) 'y diodos

organicos emisores de luz (OLEDs, del inglés “Organic Light Emitting Diodes”) mostrados en
la Figura 5.1.°! El gran interés generado por estos materiales radica en las excelentes
propiedades que pueden conferir a los dispositivos electrénicos, tales como gran ligereza 'y
flexibilidad, biocompatibilidad, coste reducido de fabricacién a larga escala y una amplia

capacidad de modulacidn de sus propiedades gracias a su versatilidad sintética.

No obstante, a pesar del gran progreso que la Electrénica Organica ha experimentado
en las ultimas tres décadas, como demuestra la tecnologia OLED empleada en la fabricacién
y comercializacion de pantallas flexibles extraplanas, los dispositivos optoelectrénicos
basados en semiconductores organicos suelen mostrar menor rendimiento y estabilidad en
comparacién con sus homdlogos basados en materiales inorganicos. Este handicap es en
gran medida debido a la naturaleza estructural propia de sélidos moleculares que presentan
este tipo de materiales.l®’ A diferencia de semiconductores inorganicos, donde todos los
atomos se mantienen unidos mediante enlaces covalentes formando asi una estructura
altamente ordenada en su estado solido, el orden de los sélidos moleculares esta

determinado por interacciones no covalentes débiles, principalmente interacciones n-i, que
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posibilitan la aparicion de cambios estadisticos en el entorno molecular de cada molécula

que constituye el material, dificultando asi la formacién de dominios ordenados.!”’

Figura 5.1. Ejemplos de dispositivos electronicos basados en materiales orgdnicos. Entre ellos,
caben destacar los (a) transistores de efecto campo ultrafinos, flexibles y transparentes, (b)
pantallas OLEDs de alta resolucién comercializadas por la empresa LG y (c) células solares
flexibles y ligeras.

Este aspecto afecta en gran medida al mecanismo de transporte de carga. De hecho,
los semiconductores inorganicos con estructuras altamente ordenadas forman un continuo
de niveles de energia que dan como resultado una estructura de bandas a través de las
cuales las cargas (electrones y huecos) pueden moverse casi libremente, mientras que el
desorden inherente de semiconductores organicos implica que las cargas generalmente
salten de un nivel energético asociado a una molécula a otro correspondiente a una
molécula adyacente a través de un entorno denominado Densidad de Estados (Density Of
States, DOS), el cual complica el movimiento de cargas a través del seno del material. Esta
transferencia de carga mediante saltos le confiere la denominacion de mecanismo

“hopping”.[&*!
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En consecuencia, dada la dificultad que conlleva el transporte de carga en materiales
organicos, varios modelos tedricos han sido propuestos con el objetivo de comprender la
manera en la que este mecanismo opera y los fundamentos que lo rigen. Entre todos los
propuestos hasta la fecha, destaca el modelo semiclasico de la teoria de transferencia
electronica de Marcus,*® la cual define la constante de transferencia electrdnica

intermolecular (Ker) como:

7 47?1 .2 ( 1) )
ET h Jank,T [4 4kyT [5.1]

Donde h y Ky son las constantes de Planck y Boltzmann respectivamente, T es la
temperatura absoluta, A es la energia de reorganizacion y t es la integral de transferencia.
En vista de dicha expresidon, este modelo predice que el transporte electrénico estd
controlado esencialmente por estos dos uUltimos parametros: (i) t, que refleja la eficiencia
del solapamiento entre los niveles energéticos involucrados en la transferencia de carga y
(ii) el término A, que describe el costo energético asociado a los cambios estructurales de
una molécula para que esta pueda acomodar y/o liberar carga durante el proceso de
hopping. En vista de la Ecuacién 5.1, para que el transporte de carga sea efectivo requiere
de altas integrales de transferencia y bajas energias de reorganizacion, es decir, sistemas
capaces de aceptar y ceder cargas a moléculas cercanas de forma efectiva y al minimo coste

[11]

energético posible. Llegados a este punto, es importante destacar que estos dos

parametros estan estrechamente asociados a la estructura molecular y el empaquetamiento

en estado sélido.[*Z

Desde el punto de vista molecular, un sistema n-conjugado esta formado por cuatro
componentes estructurales bdsicos: esqueleto m-conjugado, cadenas laterales,
heterodtomos y sustituyentes dadores o aceptores de electrones. Entre estos componentes,
el esqueleto m-conjugado es inequivocamente el que dicta la mayoria de las propiedades
optoelectrdnicas de los sistemas organicos, el cual es deseable que tenga una alta planaridad
como prerrequisito para lograr un solapamiento 6ptimo entre los orbitales m adyacentes.

Con el objetivo de reducir el desorden torsional del esqueleto molecular, tanto la fusién de
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unidades aromaticas mediante la formacidon de enlaces covalentes adicionales como el
bloqueo conformacional causado por interacciones no covalentes resultan en estrategias de
disefio molecular altamente efectivas (Figura 5.2).*3! Ademds de la planaridad, es
importante que el esqueleto m-conjugado tenga una extension éptima que asegure una
buena deslocalizacién electrénica a nivel intramolecular sin llegar a repercutir
negativamente sobre la procesabilidad final.'¥ En este sentido, para garantizar una
solubilidad suficiente en sistemas m-conjugados rigidos y, por lo tanto, mejorar la
procesabilidad de los semiconductores orgdnicos en solucidn, generalmente se introducen

cadenas laterales en el esqueleto n-conjugado.
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Figura 5.2. Evolucidn del rendimiento de OFET basados en moléculas pequefias en funcién del
afo. Las principales estrategias de disefio molecular que han dado lugar a sistemas de especial
relevancia en el campo estan destacadas.
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Es importante que la incorporacién de grupos laterales ayude a solubilizar el material
sin alterar la planaridad molecular del mismo.[*> ! Ademas de una buena procesabilidad,
un requisito indispensable para la aplicabilidad de estos materiales en dispositivos organicos
es que tengan una buena estabilidad ambiental, es decir, que sean poco vulnerables a la
oxidacion por exposicién al oxigeno. Una estrategia cominmente empleada para mejorar
este punto es la introduccidon de heterodtomos como el azufre, el cual no sélo dota a los
sistemas m-conjugados de una gran robustez ambiental sino que ademds, ofrece una gran
capacidad para mejorar el empaquetamiento molecular en estado sélido como resultado de
multiples interacciones intermoleculares S--S.[7! Por dltimo, la introduccién de grupos
sustituyentes con naturaleza electro-dadora o electro-aceptora posibilita la modulacion de
los niveles energéticos HOMO y LUMO de un sistema determinado. Esta estrategia ha sido
ampliamente usada en el disefio de semiconductores transportadores de electrones, en
donde la introduccién de grupos aceptores de electrones (derivados de imida, ciano, nitro,
haldogenos, etc.) produce un déficit de densidad electrénica en la plataforma m-conjugada,
reduciendo esencialmente la energia del LUMO y por lo tanto, facilitando la inyeccién de

electrones.[*®!

No obstante, cabe destacar que ademas de la naturaleza de la molécula en si (como
se ha descrito previamente), la presencia de un empaquetamiento molecular ordenado con
un solapamiento n-1t éptimo en el estado sélido se considera de crucial importancia para el
disefio de materiales con buenas propiedades de transporte de carga.[*® El punto clave
detras de esta filosofia es que si las moléculas adoptan una disposicién -1, el acoplamiento
electrénico entre las funciones de onda de moléculas vecinas deberia de ser a priori
ventajoso para obtener una migracion eficiente de carga eléctrica dentro de un

semiconductor.?”

Asi pues, tal y como ha quedado expuesto en el trascurso de esta seccion, el transporte
de carga en materiales organicos es un proceso complejo que depende de muchos factores.
Esto hace que, aun hoy en dia, los mecanismos de transporte de carga en semiconductores

organicos no se entiendan completamente, debido principalmente al limitado conocimiento
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de la relacién estructura-propiedad. Por lo tanto, la principal motivacidn para el disefio y
sintesis de nuevos materiales en las ultimas décadas no solo ha sido la mejora de sus
propiedades optoelectrénicas o el descubrimiento de aplicaciones novedosas, sino también

comprender en mayor medida la compleja relacién estructura-propiedad de los mismos.

5.2. Objetivos

A pesar de la dificultad que entrafia el estudio de la relacién estructura-propiedad
cuando se trata del transporte de carga en semiconductores orgdnicos, esta Tesis Doctoral
se centra por un lado en estudiar el efecto que las distintas modificaciones estructurales, en
una serie de semiconductores organicos, juegan en las propiedades 6pticas y electrdnicas
de los mismos, asi como analizar el impacto de dichas modificaciones estructurales a nivel
supramolecular como factor clave en la determinacidn de las propiedades de transporte de
carga del material final. Con este objetivo en mente, esta memoria se ha dividido en cuatro
capitulos segun la estructura m-conjugada de los sistemas a estudio, los cuales van desde
pequefias moléculas hasta polimeros unidimensionales o incluso bidimensionales, tal y

como muestra la Figura 5.3.

En el primer capitulo, trataremos de analizar el impacto producido por la sustitucién
periférica con grupos dadores (metoxilo) o aceptores de electrones (acetilo, nitrilo y nitro)
sobre las propiedades electrénicas, supramoleculares y de transporte de carga de dos
familias de semiconductores basados en triindol y diazatruxenona. Ademas, el efecto de la
combinaciéon de segmentos ricos y deficientes en electrones en la misma unidad m-
conjugada de diazatruxenona serd también analizado. La sintesis de estos semiconductores
fue llevada a cabo por el grupo de la profesora Berta Gdmez-Lor del Instituto de Ciencia de

Materiales de Madrid (ICMM).

Con respecto al segundo capitulo, una serie de polimeros microporosos derivados de
plataformas m-conjugadas con simetria C; fueron estudiados. En primer lugar, el efecto
producido por la insercidn de distintos espaciadores n-conjugados (fenilo o benzotiadiazol)

asi como la distinta posicién de unidn entre las plataformas con simetria C; (para en T2 o
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meta en T3) sobre el grado de deslocalizacidon electréonica del sistema fue investigado
mediante un procedimiento experimental-tedrico. La habilidad de estos polimeros para la
deteccidn de analitos nitroaromaticos fue también estudiada. La sintesis de estos polimeros
fue llevada a cabo por el grupo de la profesora Berta Gdmez-Lor del Instituto de Ciencia de
Materiales de Madrid (ICMM). En segundo lugar, realizamos una investigacién puramente
tedrica de un total de 27 polimeros porosos diferentes con el objetivo de explorar la
capacidad de modulacién de las propiedades estructurales, electrénicas y de transporte de
carga de estos sistemas mediante tres tipos de modificaciones estructurales: (i) la naturaleza
de las plataformas con simetria Cs (truxeno, triindol y truxenona), (ii) la inserciéon de
diferentes espaciadores m-conjugados (fenilo y alquino) o (iii) la distinta posicion de unién

(para en T2, meta en T3 o combinando ambas en T2,3).
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Figura 5.3. Estructuras quimicas de los sistemas m-conjugados estudiados en la presente tesis
doctoral, enmarcadas segun el capitulo en el cual se investiga la relacién estructura-propiedad
de las mismas.

El tercer capitulo tiene como principal objetivo analizar los efectos producidos en la

estructura molecular, propiedades electrdnicas y el grado de ordenamiento en estado sélido
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de cuatro nuevos semiconductores orgdnicos basados en naftalenodiimida (NDI) vy
perilenodiimida (PDI), ya sea por la extension del esqueleto central o por la sustitucion
lateral con diferentes grupos ricos en electrones. La sintesis de estos semiconductores ha
sido realizada por el grupo de la profesora Maria Pilar Prieto de la Universidad de Castilla-La

Mancha.

En el dltimo capitulo se comparan los efectos producidos por la fluoraciéon de las
unidades isoindigo (IIG) y benzotiadiazol (BTD) en la estructura, niveles de energia e
interacciones intramoleculares de cuatro polimeros A-D-A" sintetizados por el grupo del

profesor Mohammed Al-Hashimi de la Universidad Texas A&M de Qatar.

El resultado de esta Tesis doctoral ayudara a elucidar relaciones estructura-propiedad
claves para la comprensién del proceso de transporte de carga en estos sistemas y, de
manera mas general, proporcionard informacion util para el disefio de nuevos

semiconductores con aplicaciones en el campo de la electrdnica.

5.3. Metodologia

Con el objetivo de abordar la problematica planteada en el apartado anterior, hemos
llevado a cabo un estudio sistematico de cuatro etapas que combina una parte experimental

con cdlculos de modelizacién molecular (Figura 5.4):

En primer lugar, los sistemas a estudio han sido sometidos a un proceso de
caracterizacién tanto en disolucién como en estado sélido mediante el uso de técnicas
espectroscopicas de absorcion electronica UV-Vis, emisién y Raman (resonante y no
resonante), asi como de técnicas electroquimicas de voltamperometria ciclica vy
espectroelectroquimica. Este analisis nos permitird evaluar la implicacion que ejerce la
modificacién quimica sobre la estructura molecular y grado de m-conjugacion de estos

sistemas.

Posteriormente, los resultados obtenidos han sido interpretados con la ayuda de

calculos quimico-cuanticos a nivel DFT (del inglés “Density Functional Theory”), los cuales
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nos han permitido interpretar los espectros en detalle y por lo tanto recabar una mayor
informacioén sobre el papel que juegan las sustituciones estructurales en las propiedades

optoelectronicas de nuestros sistemas.

Figura 5.4. Esquema de las distintas etapas metodolégicas abordadas en la presente tesis.

Una vez caracterizados los sistemas a estudio, trataremos de implementarlos en
dispositivos electrénicos, tales como OFETs o sensores. El objetivo de este punto es la
evaluacidn de la capacidad de transporte de carga que presenta el material semiconductor,
como etapa crucial en cualquier dispositivo electrénico, y relacionarla con las propiedades
conjugacionales observadas previamente. En este apartado, el desarrollo de calculos
quimico-cuanticos sera de crucial importancia para entender el papel que juegan las
interacciones intermoleculares en el empaquetamiento molecular de estos materiales en el

estado solido y, por lo tanto, en sus propiedades de transporte de carga.

Por ultimo, la morfologia de las ldminas delgadas sera analizada mediante el uso de
técnicas como microscopia de fuerza atdémica (AFM, Atomic Force Microscopy), difraccion
de rayos X con incidencia rasante (GIXRD, Grazing Incidence X-Ray Diffraction) o
espectroscopia Raman, con el objetivo de recabar una mayor informacion sobre el efecto

que la estructura morfoldgica juega en las eficiencias eléctricas de los dispositivos.
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5.4. Resultados y discusion

A continuacién, detallaremos los resultados mas relevantes obtenidos de los sistemas

estudiados en la presente tesis doctoral.

5.4.1. Capitulo I: Papel de la sustitucidon periférica en el ordenamiento molecular de

semiconductores con forma de disco: el caso de triindol y diazatruxenona.

En este capitulo se ha estudiado el efecto que produce la distinta sustituciéon periférica
con grupos dadores (metoxilo) y aceptores de electrones (acetilo, nitrilo y nitro) en las
propiedades electrdnicas y supramoleculares de semiconductores con forma de disco
basados en triindol y diazatruxenona. Con el objetivo de mostrar los resultados obtenidos
de la forma mas clara posible, este capitulo se ha dividido en dos secciones de acuerdo a la
naturaleza de la plataforma m-conjugada, diferenciando asi entre sistemas basados en

triindol y sistemas basados en diazatruxenona.

En relacion con los primeros, la Figura 5.5 resume el estudio tanto experimental como
tedrico realizado sobre los triindoles 1 (sin funcionalizar), 2 (funcionalizado con grupos
metoxilo) y 3 (funcionalizado con grupos acetilo). Calculos quimico-cuanticos realizados a
nivel DFT (B3LYP/6-31G**) predicen que la distinta naturaleza electréonica de los
sustituyentes periféricos no tiene repercusidén alguna sobre la estructura molecular de la
plataforma de triindol, la cual presenta los tres anillos periféricos distorsionados con
respecto al anillo aromatico central como resultado del impedimento estérico entre los
grupos N-alquilo y los fenilos externos. Sin embargo, la funcionalizacidn periférica de la
plataforma de triindol afecta en gran medida las propiedades electrdnicas de la misma. En
este sentido, los espectros de absorcidn de estos sistemas medidos en CH,Cl, (c=5x10° M)
muestran como la banda de maxima absorcidon se desplaza batocromicamente tras la
funcionalizacién de la plataforma de triindol, dando lugar a una disminucion del gap dptico
a medida que vamos del triindol 1 no sustituido (3.36 eV) a los derivados sustituidos con
grupos metoxilo dadores de electrones (3.09 eV) y grupos acetilo aceptores de electrones

(2.66 eV). Gracias al desarrollo de calculos quimico cuanticos a nivel TD-DFT demostramos
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que en estos sistemas la transicién electréonica So->S: estd prohibida por simetria con

respecto a las reglas de seleccion dipolo-dipolo. Del mismo modo, los niveles de energia

HOMO/HOMO-1y LUMO/LUMO+1 estan degenerados energéticamente como resultado de

la simetria C;3 que presentan estos sistemas.
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Figura 5.5. Resumen del estudio experimental y tedrico llevado a cabo para los sistemas basados

en triindol 1,2y 3.

Con el objetivo de poder explicar la disminucidn del gap éptico previamente observada

cuando la plataforma de triindol es sustituida con grupos dadores y aceptores de electrones,

224



Disefio racional y caracterizacién de semiconductores orgdnicos: desde moléculas a polimeros

medidas de voltamperometria ciclica (CV) de los tres triindoles bajo estudio fueron llevadas
a cabo. Interesantemente, todos los triindoles mostraron ser facilmente oxidados de forma
reversible. El andlisis de las topologias de los orbitales frontera revela que tanto el HOMO
como el LUMO estan deslocalizados sobre la plataforma de triindol. Curiosamente, la
insercidon de grupos dadores o aceptores de electrones en 2 y 3 produce la extensién de
dichos orbitales frontera sobre estos sustituyentes periféricos, resultando de este modo en
una extensién de la m-conjugacion y por tanto en una disminucidon del HOMO-LUMO gap en
el siguiente orden: 1 > 2 > 3, en linea con la tendencia observada para los gaps dpticos. La
mejora en la deslocalizacién electrdnica tras la funcionalizacion también se pone de
manifiesto mediante el anadlisis de los espectros Raman de los triindoles 1, 2 y 3, en donde
el progresivo desplazamiento de la banda Raman correspondiente a la vibracion CC del anillo
aromatico central junto con el aumento de intensidad de esta banda con respecto a las
vibraciones de flexidn de los grupos CH, no conjugados al pasar del triindol 1 al 2 y al 3,

reflejan una mayor eficiencia en la m-conjugacion en este mismo sentido.

Teniendo en cuenta la facilidad y reversibilidad de las oxidaciones, la cercania de los
niveles HOMO con respecto a la funcion de trabajo del oro (ba,=5.1 eV) y la eficiencia en la
T-conjugacién observada en estos sistemas, podemos pensar que son buenos candidatos
para el estudio de sus propiedades semiconductoras en OFETs. Por ello, los triindoles bajo
estudio se implementaron en tales dispositivos siguiendo una configuracién de contacto-
superior, puerta-inferior (bottom-gate top-contact, BG-TC). Como se puede ver en la Figura
5.5, la sustitucion periférica de la plataforma de triindol repercute negativamente en la
eficiencia del transistor, reduciendo en uno y tres ordenes de magnitud la movilidad de
huecos medida para la plataforma de triindol (~2x102 cm?V~%s™?) al introducir grupos
metoxilo o acetilo en 2 y 3, respectivamente. En vista de estos resultados, tendencias
opuestas del rendimiento de los dispositivos y el grado de conjugacion intramolecular en los
triindoles 1-3 fueron encontradas. De hecho, la mejor (peor) eficiencia en OFETs se midio

para el triindol 1 (3), a pesar de mostrar una estructura menos (mas) conjugada tal y como
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se determindé mediante el uso de espectroscopia de absorcién UV-Vis, Raman, cdlculos

guimico cuanticos y medidas electroquimicas.

Por lo tanto, cabe pensar que aunque los grupos periféricos no afectan la estructura
molecular del triindol, pueden influir significativamente en la disposicidon supramolecular en
estado soélido. En este sentido, las estructuras determinadas a través de difraccion de rayos
X para los compuestos 1-3 muestran que estos sistemas empaquetan formando columnas
en las que cada unidad molecular se encuentra rotada 60° con respecto a sus vecinas dentro
de la columna, de modo que los anillos aromaticos centrales quedan perfectamente
solapados. Sin embargo, notables diferencias en la estructura molecular de estos sistemas
fueron encontradas, ya que mientras el sistema 1 mantiene la conformacién distorsionada
de la plataforma de triindol en estado sdlido, la funcionalizacién con grupos periféricos en 2
y 3 planariza significativamente el esqueleto n-conjugado. Este efecto resulta en valores de
th mas pequefios para dimeros de 2 (29 meV) con respecto a dimeros de 1 (93 meV), debido
a que en una disposicidon columnar alternada en la que solo los anillos aromaticos centrales
estan perfectamente solapados, la extensién de las funciones de onda HOMO y HOMO-1
sobre los grupos periféricos resulta en un solapamiento menos eficiente en la parte central
de las plataformas de triindol. Esto sumado a los mayores valores de Ay calculados para 2
(257 meV) en comparacion con 1 (231 meV) podria explicar las movilidades mds bajas
observadas en 2 con respecto a 1. Por otro lado, la menor movilidad obtenida para 3 es
atribuida a la combinacién de factores moleculares intrinsecos y el pobre ordenamiento

supramolecular observado experimentalmente.

Con relacidén a sistemas basados en diazatruxenona, la Figura 5.6 muestra a modo de
resumen el estudio tanto experimental como tedrico realizado sobre las diazatruxenonas 4
(sin funcionalizar), 5 (funcionalizada con grupos metoxilo), 6 (funcionalizada con grupos

nitrilo) y 7 (funcionalizada con grupos nitro).

226



Disefio racional y caracterizacién de semiconductores orgdnicos: desde moléculas a polimeros

A=159 meV | A,=181 meV
\_th= 155 meV

(" vi) Transporte de carga )

t,= 153 meV /

~

v) Raman

™\

Raman Intensity / a.u

1605 1590

1620

T
1575
Wavenumber / cm

T
, 1560

T
1545

(iv) Mesomorfismo)

Current / a.u.

, 4

i i) Calculos quimico-cuanticos .
¢’1 ¢2 ¢3 el el
0° 9° 6° 36° 39°
1° 90 6° 36° 39°

6 0° 9° 6° 34¢  38°
1 10° 6° 34* 37°
4:R=H  6:R=CN

r 5:R=0CH; 7:R=NO

iii) Analisis electroquimico
24

Energy / eV

-3.12

] e2z3

230 H’Lgap

0205

-3.35
e

LUMQ)|

2/

T
-1.5-1.0-0500 05 1.0 1.5
Voltage / V

Absorbance .

fii) Espectros de absorcié

n

g

Ejﬁ;e )‘e, ' -"{e;‘

x >
HOMO-1 HOmMO Lumo

< < 's

% 1f
5«? : . ‘é§
e, 55% o

Y ”i%{‘ ?g
P

}’g e < VLS « 00

HOMO1™ HOMO ™  LUMO

¥
p+ 8
o
F""{:p $ & i,

S o
HOMOT™ HOMO™™ LuMO

300

400 500
Wavelength / nm

600

.,
\ & Osciliator Strength / a.u.

Figura 5.6. Resumen del estudio experimental y tedrico llevado a cabo para los sistemas basados
en diazatruxenona 4,5,6vy 7.

Calculos quimico-cuanticos realizados a nivel DFT (B3LYP/6-31G**) predicen una

dualidad en el desorden interno de la plataforma de diazatruxenona, ya que mientras las

unidades de carbazol mantienen una moderada distorsién en torno a 6-10° la unidad de

fluorenona queda totalmente plana fruto de la interaccidn intramolecular entre el oxigeno

del grupo cetdnico y el &tomo de hidrégeno del anillo de benceno adyacente. Tal y como se

observd previamente para los sistemas basados en triindol, la distinta naturaleza electrénica

de los sustituyentes periféricos no tiene repercusién alguna sobre la estructura molecular
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de la diazatruxenona ni sobre los fenilos periféricos en los que se introducen, los cuales se
encuentran distorsionados en gran medida (en torno a 38°) con respecto a la unidad de

diazatruxenona.

Del mismo modo, los espectros de absorcidon medidos en CH,Cl; (c=1x10° M) muestran
que la distinta naturaleza electronica de los grupos periféricos apenas afecta sus
propiedades épticas. De hecho, valores similares de gap éptico (1.91 eV) fueron observados
para todas las diazatruxenonas. No obstante, diferencias significativas pueden observarse
en los espectros de absorcién de las diazatruxenonas cuando las comparamos con los de sus
analogos triindoles, como por ejemplo la aparicion de dos bandas anchas situadas en la zona
de baja energia. Tales bandas surgen de la ruptura de la simetria Cs causada por el
reemplazamiento de una unidad de carbazol por una unidad de fluorenona, permitiendo los
transitos electrénicos So->S1y So->S; asociados a excitaciones de transferencia de carga
intramolecular HOMO->LUMO y HOMO-1-5LUMO, respectivamente. En vista de las
topologias de los orbitales de frontera, es importante destacar que no se aprecian
variaciones significativas en funcidén de la naturaleza electrdnica de los distintos grupos
periféricos, lo que sugiere una insignificante transferencia de densidad electrénica de los
mismos Yy, por lo tanto, explica los similares gaps dpticos observados experimentalmente

para todos los compuestos.

Esta hipdtesis fue corroborada mediante medidas CV en CH,Cl, (c=1x103 M), gracias a
la cual las propiedades electrénicas de estos sistemas fueron analizadas en detalle. Tal y
como muestra la Figura 5.6, todas las diazatruxenonas bajo estudio muestran un caracter
redox anfotérico definido por procesos de oxidacién y reduccién perfectamente reversibles.
El andlisis de los niveles energéticos HOMO y LUMO extraidos a partir de los potenciales de
oxidacién y reduccién respectivamente, muestran que la insercidon de dos grupos metoxilo,
dadores de electrones, en 5 produce una ligera desestabilizacién del HOMO (0.07 eV) y del
LUMO (0.03) con respecto a la diazatruxenona sin sustituir, resultando en valores de HOMO-
LUMO gap similares al pasar de 4 (2.23 eV) a 5 (2.19 eV). Por otro lado, la unién de grupos

aceptores de electrones produce una estabilizacién de los orbitales HOMO y LUMO, siendo
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este efecto mas pronunciado para el LUMO de la diazatruxenona 7 sustituida con grupos
nitro de mayor caracter electrén atrayente (con estabilizaciones del LUMO de 0.02 y 0.23
eV para las diazatruxenonas 6 y 7 respectivamente, cuando las comparamos con la
diazatruxenona sin sustituir). Como resultado, valores de HOMO-LUMO gap ligeramente
mayores en 6 y menores en 7 fueron observados con respecto a la diazatruxenona sin
sustituir (con valores de HOMO-LUMO gap de 2.23, 2.30y 2.05 eV para los sistemas 4,6 y 7,
respectivamente). En vista de las sutiles diferencias observadas en los valores de HOMO-
LUMO gap para estos sistemas, podemos corroborar que hay una insignificante
transferencia de densidad electrénica de los sustituyentes periféricos y la plataforma n-

conjugada basada en diazatruxenona.

No obstante, los sustituyentes periféricos influyen enormemente en las propiedades
de autoensamblaje de estos compuestos. De hecho, las diazatruxenonas sustituidas con
grupos electrén atrayentes 6 y 7 mostraron excelentes propiedades mesomérficas, dando
lugar a mesofases estables caracterizadas por una buena birrefringencia junto con fluidez
cuando se visualizaron por microscopia dptica polarizada. Estas diferencias observadas en
las propiedades mesomorficas a lo largo de la serie pueden ser explicadas en términos de
una efectiva modulacién del momento dipolar intrinseco de la unidad de diazatruxenona en
funcién del sustituyente insertado a la misma, lo cual afecta en gran medida a las
interacciones dipolo-dipolo que determinan la estructura supramolecular. En este sentido,
calculos tedricos a nivel DFT predicen un aumento de casi el doble en el valor del momento
dipolar de los derivados 6 (9.73 D) y 7 (10.02 D) con respecto a los demas, apuntando asi a
una disposicién dipolo-dipolo mas favorable en estos sistemas como consecuencia de una

mayor polarizacién.

Con el objetivo de analizar la polarizacién molecular de los derivados 6 y 7, se llevaron
a cabo medidas de sus espectros Raman. En linea con los resultados obtenidos mediante
medidas electroquimicas y cdlculos DFT, el desplazamiento hacia menores (mayores)
frecuencias de la banda Raman asociada a la vibracién de los anillos de benceno

funcionalizados periféricamente (vibracion del grupo C=0) para la diazatruxenona 7 en
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comparaciéon con su homologo 6, sugiere una mejor deslocalizacion electrénica en el
primero como consecuencia de la insercidn de un grupo NO; aceptor de electrones mas
fuerte. Ademas, los espectros Raman corroboran que el reemplazo de una unidad de
carbazol por una unidad de fluorenona en la plataforma de diazatruxenona aumenta

significativamente la conjugacion.

Considerando las interesantes propiedades mesomorficas, caracter anfotérico y
efectiva deslocalizacidn electrdnica de las diazatruxenonas sustituidas con grupos aceptores
de electrones 6 y 7, estos sistemas se implementaron en OFETs siguiendo una configuracion

BG-TC. Desafortunadamente, los dispositivos preparados con estos sistemas fueron

eléctricamente inactivos. Dicha ineficiencia en la conductividad eléctrica de los OFETs
fabricados con estos semiconductores fue adscrita a un empaquetamiento molecular
perpendicular con respecto a la superficie del sustrato, lo cual es perjudicial para el

transporte de carga de OFETs fabricados en una configuracion BG-TC.

Con esto en mente, se hizo uso de la técnica SCLC (del inglés, Space Charge-Limited
Current) para estimar las movilidades de carga en la direccién columnar de apilamiento de
las diazatruxenonas 6 y 7. Como resultado, se obtuvieron movilidades de huecos de 5x1072
cm?V~1s7! para diazatruxenona 7, mientras que para la diazatruxenona 6 no se pudo observar
el régimen SCLC. Curiosamente, calculos tedricos a nivel DFT para modelos diméricos de 6 y
7 en los que las moléculas del dimero se encuentran con los dipolos enfrentados predicen
valores muy similares tanto de A, como de ty, sugiriendo valores de movilidades similares o
incluso ligeramente superiores para el caso de la diazatruxenona 6, aunque no se haya

podido observar el régimen SCLC.
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5.4.2. Capitulo Il: Analisis de las propiedades optoelectrdénicas de polimeros organicos

porosos.

En analogia al estudio realizado en el capitulo anterior, en esta seccion llevamos cabo
el andlisis de una serie de polimeros microporosos derivados de plataformas m-conjugadas
con simetria Cs. En primer lugar, se ha estudiado el efecto producido por la insercién de
distintos espaciadores n-conjugados (fenilo o benzotiadiazol) o la distinta posicién de union
entre las unidades de truxeno (para en T2 o meta en T3) en las propiedades optoelectrénicas
del polimero final. En vista de la Figura 5.7, en la que se resume el estudio tanto
experimental como tedrico realizado sobre estos sistemas, ambos factores estructurales

repercuten notablemente en las propiedades optoelectronicas del material.

En este sentido, cdlculos tedricos llevados a cabo tanto para laminas periddicas (PBEO-
D3) como para modelos diméricos (PBEO/6-31G*) de estos polimeros predicen una mayor
planaridad junto con un acortamiento (alargamiento) de los enlaces simples C-C (dobles
C=C) para los sistemas unidos covalentemente en posicidn -para con respecto a sus isémeros
sustituidos en -meta, sugiriendo asi una mejor comunicacién electrdnica entre las unidades
de truxeno para los polimeros T2. Curiosamente, la insercidn de grupos fenilo (Ph) entre las
unidades con simetria C; apenas afecta la distribucidén de carga electrdnica ni las distancias
de enlace en comparacidn con las de los polimeros unidos directamente, lo que sugiere que
lainsercidn de grupos fenilo afecta minimamente la deslocalizacion de los electrones it entre
las unidades de truxeno. Este no es el caso de los grupos benzotiadiazol (BTD), los cuales
producen una estructura molecular fuertemente polarizada en la que la densidad de carga
electrdnica en las proximidades de los espaciadores m-conjugados aumenta notablemente
como consecuencia del caracter dador-aceptor de los polimeros conectados a través de
grupos BTD. Es importante resaltar que nuestros calculos basados en modelos diméricos
dan informacién muy precisa sobre las estructuras moleculares de los polimeros conjugados

bidimensionales.

Del mismo modo, la distinta posicién de unidn entre las unidades de truxeno tiene un

fuerte impacto en las propiedades épticas y fotofisicas de estos polimeros porosos. De
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hecho, los espectros de absorcién y emision de los polimeros conectados en posicion -para
estan significativamente desplazados hacia el rojo en comparacién con los de los andlogos
conectados en -meta. Este efecto puede ser explicado en términos de una disminucidn

significativa en el valor del HOMO-LUMO gap al pasar de uniones T3 a uniones T2.
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Figura 5.7. Resumen del estudio experimental y tedrico llevado a cabo para los polimeros
porosos basados en la unidad de truxeno.
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Aln mas importante es el impacto producido por la introduccién de espaciadores BTD
entre las unidades de truxeno, los cuales producen que el transito So—>Si, asociado en este
caso a una excitacion con fuerte cardcter de transferencia de carga intramolecular, esté
notablemente desplazado hacia el rojo con respecto a los sistemas unidos directamente o a
través de grupos fenilo. Este resultado refleja una notable reduccion del HOMO-LUMO gap
para los polimeros BTD-Tx2 y BTD-Tx3 debido a la fuerte estabilizacién de su nivel LUMO.
Por el contrario, la insercién de espaciadores fenilo entre las unidades de truxeno tiene una
influencia débil en las propiedades optoelectrénicas de estos polimeros, lo que da como
resultado, maximos de absorcion y emision muy similares en comparacion a los observados
para los polimeros conectados directamente. Este hecho corrobora que la insercién de
grupos fenilo apenas afecta la deslocalizacion de los electrones 1 entre las unidades de

truxeno.

La mejor comunicacion electrdnica de los polimeros cuyas unidades de truxeno estan
unidas covalentemente en posicidn -para o mediante espaciadores BTD queda de nuevo
evidenciada mediante el analisis de los espectros Raman de estos polimeros. En este
sentido, el aumento de las bandas Raman localizadas entre 1500-1600 cm™ (asociadas a
vibraciones C=C/C-C del esqueleto m-conjugado) con respecto al resto de bandas registradas
por debajo de 1500 cm™ adscritas a vibraciones de flexién de los grupos CH, no conjugados,
asi como la mayor relacién de intensidades lie10/l1530 Observadas en los polimeros T2 con
respecto a sus homodlogos T3, reafirman la mayor efectividad en la conjugacidn electrénica
para los primeros. Por otro lado, el mayor (similar) valor lisi0/liss0 Obtenido para los
polimeros basados en BTD (Ph) con respecto a los polimeros en los cuales las unidades de
truxeno estan directamente unidas corroboran la notable (imperceptible) mejora en la

deslocalizacidn de electrones i entre las unidades de truxeno.

Interesantemente, la habilidad de estos polimeros para la deteccion de analitos
nitroaromaticos (como dinitrotolueno, p-nitrobenceno o p-nitrobenzonitrilo) esta
enormemente influenciada por la distinta posicién de unién entre las unidades de truxeno.

En este sentido, las variaciones en los espectros de emisién del polimero Ph-Tx3-CMP
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suspendido en CH,Cl, (c=50 pg/ml) en presencia de cantidades crecientes (0-350 pM) de los
diferentes analitos fueron mucho mayores que las del polimero Ph-Tx2-CMP. Valores en las
constantes de Stern-Volmer para Ph-Tx3-CMP de 7.8x103, 3.6x10% y 10.4x10°> M fueron

determinadas para dinitrotolueno, p-nitrobenceno y p-nitrobenzonitrilo, respectivamente.

En segundo lugar, teniendo en cuenta las interesantes propiedades de los polimeros
microporosos previamente estudiados, realizamos una investigacion puramente teérica de
un total de 27 polimeros porosos diferentes con el objetivo de explorar la capacidad de
modulacién de sus propiedades estructurales, electronicas y de transporte de carga
mediante tres tipos de modificaciones estructurales: (i) la naturaleza de las plataformas con
simetria Cz (truxeno en Tx, triindol en Tr y truxenona en To), (ii) la insercién de diferentes
espaciadores m-conjugados (fenilo en Ph-y alquino en A-) o (iii) la distinta posicién de unidn
(para en T2, meta en T3 o combinando ambas en T2,3). Como podemos observar en la Figura
5.8, el tamano de poro de estos polimeros bidimensionales se puede modular mediante la
correcta seleccion de tales factores estructurales. En este sentido, la insercion de
espaciadores m-conjugados como fenilo (alquino) entre las plataformas con simetria Cs
producen un aumento en el tamafio de poro de 8 A (4 A) para los polimeros T2 y T3,
mostrando estos Ultimos un menor tamafio de poro (en torno a 5 A) con respecto a sus
homodlogos conectados en posicidn -para. Curiosamente, los polimeros T2,3 muestran
microporos triangulares ademas de los microporos hexagonales vistos en T2 y T3. Esta
amplia gama de tamafios y geometrias de poro abre la aplicabilidad de estos polimeros en

el campo de la adsorcidn/separacién multiselectiva de analitos.

Tal y como muestran los mapas de densidad electrénica sobre el plano que contiene
la ldmina polimérica, mientras que los sistemas basados en Tx y To muestran una estructura
molecular plana definida por una distribucidn de densidad electrénica bastante homogénea,
sus homoélogos Tr tienen una configuracién moderadamente distorsionada (tal y como
comentamos en el Capitulo 1) y por lo tanto una distribucién de carga electrénica

ligeramente heterogénea. Es importante destacar que este efecto se suaviza cuando el
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numero de uniones covalentes aumenta de tres a seis unidades en T2,3, lo que sugiere una

mayor deslocalizacion electrdnica de los electrones 1t a lo largo de la estructura polimérica.
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Figura 5.8. Resumen del estudio tedrico llevado a cabo para polimeros porosos basados en
plataformas m-conjugadas con simetria Cs.

Esta hipodtesis fue corroborada gracias al estudio de las estructuras de bandas
electrdnicas de los polimeros bidimensionales bajo estudio. En este contexto, se observé

una disminucién significativa en el valor de band-gap para los polimeros T2,3 con respecto
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a sus analogos T2 y T3, especialmente para aquellos en los que las unidades con simetria C3
estan conectados a través de grupos alquino. Del mismo modo, se prevé una disminucion
del band-gap a medida que la naturaleza de la plataforma m-conjugada va de Tx- a Tr- y To,
con valores de 2.37, 2.22 y 1.77 eV para los polimeros Tx2, Tr2 y To2, respectivamente. En
vista de las dos observaciones anteriores, podemos decir que el valor mas bajo de band-gap

(1.17 eV) ha sido observado para A-To2,3.

Por otro lado, en linea con las conclusiones obtenidas para los sistemas estudiados
experimentalmente durante la primera parte de este capitulo, se ha observado un aumento
notable del band-gap al cambiar la posicion de conexion de las plataformas C; de -para a -
meta, lo que sugiere una conjugacion m-electrénica mas efectiva en los polimeros T2 con
respecto a sus isémeros T3. Ademas, la insercién de grupos espaciadores fenilo no altera de
forma significativa el band-gap en los polimeros trisustituidos T2 y T3, aunque si produce
mayores valores de band-gap en los polimeros hexasustituidos T2,3 como consecuencia de
una mayor distorsion estructural que posibilita la creacion de cavidades ciclicas

tridimensionales entre las tres unidades de fenilo que conectan las plataformas Cs.

Curiosamente, la estructura de bandas de los polimeros trisustituidos T2 y T3
muestran un caracter practicamente plano en la banda de conduccién inferior (BC), asi como
en la banda de valencia superior (BV). Dado que este comportamiento se mantiene tras la
insercion de puentes n-conjugados o cambiando la posicién de enlace entre los mismos, es
evidente pensar que el origen de la planaridad de estas bandas sea una consecuencia directa
de la simetria “kagome” presente en las distintas redes poliméricas. Es importante destacar
gue cuando el interés radica en el disefio de polimeros conjugados bidimensionales con alta
movilidad de portadores de carga, es esencial buscar redes que favorezcan la dispersion de
las bandas situadas alrededor del nivel de energia de Fermi. En este contexto, hemos
demostrado que el aumento del nimero de puentes m-conjugados entre las plataformas
conjugadas con simetria Cs en los polimeros T2,3 da lugar a redes poliméricas con simetria
triangular caracterizadas por estructuras electrdnicas definidas por bandas notablemente

dispersas. De hecho, altos valores de dispersion para la BC (BV) junto con pequefias masas
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efectivas para electrones (huecos) fueron observados para los polimeros Tx2,3 y A-To2,3
(Tr2,3 y A-Tr2,3), lo que los hace posibles candidatos para su uso como materiales
bidimensionales transportadores de electrones y huecos, respectivamente. Ademas, altos
valores de dispersién tanto para BC como para BV (y por lo tanto pequefiios valores de masa
efectiva para electrones y huecos) fueron observados para To2,3 y A-Tx2,3, lo que los

convierte en prometedores transportadores de carga ambipolares.

Curiosamente, los polimeros que contienen fenilo como espaciador m-conjugado
conservan la planaridad de las bandas situadas alrededor del nivel de energia de Fermi, lo
cual puede estar adscrito a la mayor distorsion estructural de estos sistemas que actua en
detrimento del acoplamiento electrénico entre las plataformas con simetria Cs. Este hecho
contrasta con los altos valores de movilidad obtenidos experimentalmente para el polimero
Ph-Tr2,2! donde los valores de movilidad probablemente se atribuyan a un acoplamiento
electrénico favorable entre [dminas adyacentes y por lo tanto, a un aumento de la dispersion
a lo largo de la direccién vertical. Esta hipotesis fue reforzada mediante el analisis del
apilamiento interlaminar preferencial de polimeros basados en triindol, en donde se
predijeron altos valores de energia de cohesién para una configuracion AB (en la que las
unidades de triindol estan rotadas 60° con respecto a sus vecinas dentro de la columna) para

la cual han sido publicados acoplamientos electrénicos eficientes.!?% 23!

5.4.3. Capitulo lll: Efectos producidos por la extension del esqueleto n-conjugado en las

propiedades eléctricas de semiconductores basados en NDI y PDI.

En este capitulo se ha investigado el papel que juega la elongacion del esqueleto m-
conjugado, asi como la distinta sustitucién lateral del mismo en las propiedades
optoelectrénicas de una serie de cuatro semiconductores basados en NDI y PDI. Tal y como
muestra la Figura 5.9, en la que se resume parte del estudio tanto experimental como
tedrico realizado sobre estos sistemas, ambos factores estructurales repercuten
notablemente en las propiedades finales del material. De hecho, calculos quimico-cuanticos

realizados a nivel DFT (B3LYP/6-31G**) predicen un esqueleto m-conjugado totalmente

237



5. Resumen |

plano para los derivados de NDI, mientras que la extensién del mismo en semiconductores

basados en PDI resulta en la distorsion de las dos mitades de naftaleno de la unidad central.

Por otro lado,

los grupos lateralmente insertados en las posiciones bahia estdn

distorsionados en gran medida con respecto a la unidad central, independientemente de la

naturaleza de esta.
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Figura 5.9. Resumen del estudio llevado a cabo para los sistemas basados en NDI y PDI.

Sin embargo, la naturaleza de los grupos laterales repercute enormemente en las

propiedades electrdnicas del material. Tal y como muestran los espectros de absorcion

medidos en CH,Cl, (c=10 M), exclusivamente los derivados sustituidos con la unidad de

triarilamina NDI-1 y PDI-1 muestran una banda ancha y desestructurada en la zona de baja
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energia tipica de procesos de transferencia de carga intramolecular (ICT). Curiosamente,
mientras que las propiedades fotofisicas de los derivados NDI-2 y PDI-2 se mostraron
indiferentes a cambios en la polaridad del disolvente, un moderado comportamiento
solvatocrémico fue observado en los espectros de absorcién y emisién de los derivados NDI-
1y PDI-1, confirmando asi el caracter ICT de esta banda de absorcion para los compuestos
sustituidos con trifenilamina. En este sentido, el andlisis de dicha banda ICT revela que la
extensién de la m-conjugacion en la unidad de arileno afecta enormemente las propiedades
electronicas de estos materiales. De hecho, un desplazamiento batocrémico de 68 nm
puede ser observado al pasar de NDI-1 a PDI-1, en linea con el menor HOMO-LUMO gap
calculado tedricamente, ocurriendo lo mismo al pasar de NDI-2 a PDI-2. Este efecto se
explica en términos de la estabilizacién del LUMO para los sistemas PDI con respecto a sus
homodlogos basados en NDI, como consecuencia de la elongacién de la unidad central

electréon-deficiente.

Como ultimo paso previo a la implementacidn de estos semiconductores en OFETs, se
analizé la capacidad de los mismos para albergar carga, lo cual supone un aspecto clave en
la inyeccidn y estabilizacion de carga en el dispositivo. Para ello, se llevo a cabo la progresiva
reduccion espectroelectroquimica de todos los semiconductores usando CH>Cl,/0,1 M (n-
Bu)sNPFs como electrolito (c=1 x10™ M), gracias a lo cual se observé que mientras los
derivados NDI albergan hasta dos cargas negativas en el fragmento de naftalenodiimida, la
extension del esqueleto central en los derivados PDI permite acomodar una tercera carga
en la plataforma central. Interesantemente, perfiles espectrales practicamente
superpuestos fueron obtenidos independientemente del grupo lateral unido a la plataforma
central, evidenciando que la inyeccidn y estabilizacion de carga se produce mayormente
sobre las plataformas NDI y PDI. No obstante, calculos DFT sobre especies cargadas sugieren
que mientras la plataforma de NDI acomoda alrededor del 80% de cada carga inyectada, su
homologa extendida PDI acomoda un porcentaje de carga ligeramente inferior (entorno al
65%). Esto, junto al hecho de que el grupo acetileno alberge una mayor densidad de carga

negativa en derivados de PDI, sugiere una mayor comunicacién electrdnica entre la
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plataforma central y los grupos laterales en estos sistemas con respecto a los compuestos
basados en NDI, probablemente debido a la mayor distorsiéon del esqueleto m-conjugado

basado en PDI.

Finalmente, dado los bajos valores de energia del LUMO (alrededor de -3 eV), efectiva
T-conjugacion y alta capacidad de estos materiales para acomodar electrones en su
estructura molecular, los cuatro semiconductores bajo estudio fueron implementados en
OFETS siguiendo una configuracién de contacto-superior y puerta-inferior (bottom-gate top-
contact, BG-TC). Como se puede ver en la Figura 5.10, todos ellos exhiben comportamientos
unipolares de tipo-n en condiciones de vacio. Sin embargo, las movilidades electrdnicas (L)
medidas para los semiconductores basados en PDI son sustancialmente inferiores a las de
sus analogos NDI (1.5x1073 y 3.2x10"t cm?V-!s? para PDI-1 y NDI- 1, respectivamente). Esto
puede deberse a la distorsion estructural de la plataforma de perilenodiimida causando un
solapamiento ineficiente entre orbitales LUMO de moléculas adyacentes vy
consecuentemente, un acoplamiento electrénico mas bajo. Por otro lado, cabe destacar que
sistemas sustituidos lateralmente con grupos trifenilamino (NDI-1 y PDI-1) exhiben
movilidades en torno a 3 veces mayores que los sustituidos con grupos fenil-carbazol (NDI-

2y PDI-2).

En vista de estos resultados, el efecto que tanto la planaridad del esqueleto m-
conjugado como el caracter electro-dador de los sustituyentes laterales ejercen sobre el
rendimiento del dispositivo son puntos relevantes que han de ser abordados. Para ello, las
microestructuras de las ldminas semiconductoras se caracterizaron mediante GIXRD y AFM,
evidenciando que aunque todos los semiconductores muestran una cristalinidad moderada,
los semiconductores sustituidos con grupos trifenilamina NDI-1 y PDI-1 muestran picos de
difraccion ligeramente mas estrechos de acuerdo con un empaquetamiento en estado
sélido mas ordenado. Ademads, dicho ordenamiento se ha relacionado con una estructura
cristalina lamelar con una interdigitacion casi completa de las cadenas alquilicas.
Curiosamente, también se observaron diferencias perceptibles en las imdgenes de AFM, en

donde se identificaron dominios cristalinos moderadamente mas grandes en los dispositivos
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basados en NDI, lo que contribuye significativamente al mayor rendimiento de los OFETs
fabricados con estos sistemas con respecto a sus andlogos basados en PDI, cuyos

dispositivos muestran una textura mas suave definida por granos pequefios.

4 iv) OFETs Performance

Sample  p (em?V71s?)  lgyflge  Vi(V)

NDI-1 3.2x101 2x10° 36

NDI-2 1.0x10? 4 x 10 38

PDI-1 1.5x 103 1x10° 42

'iii) GIXRD Patterns ) | PDI2 4.0x10°% 5x100 3

i) OFETs
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Figura 5.10. Resumen de los principales pardmetros eléctricos obtenidos en OFETs fabricados
con los semiconductores bajo estudio, asi como la caracterizacidn de la ldmina semiconductora.

Teniendo en consideracién todos estos efectos, parece razonable concluir que las
muestras de NDI-1 y NDI-2 exhiben una agregacién y nucleacion mas efectiva en

comparacion con sus andlogos basados en PDI.
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5.4.4. Capitulo IV: Importancia de la planaridad del esqueleto m-conjugado en la

obtencidn de transistores de efecto campo eficientes.

Por ultimo, en este capitulo se ha estudiado una serie de copolimeros A-D-A" basados
en las unidades de 1IG y BTD conectadas a través de un anillo de tiofeno, con distinto grado
de fluoracién. En vista de la Figura 5.11, tanto la posicion como el grado de fluoracion
afectan en gran medida a las propiedades intramoleculares del sistema, lo cual determina a
su vez las interacciones intermoleculares, ordenamiento en estado sélido y propiedades de

transporte de carga.

En este sentido, célculos quimico-cuanticos a nivel DFT (B3LYP/6-31G**) realizados
para modelos diméricos de los polimeros P1-P4 predicen que la planaridad de la estructura
polimérica de estos sistemas esta directamente relacionada con la cantidad de dtomos de
fldor incorporados a la misma, debido a la presencia de interacciones intramoleculares entre
el par de electrones solitario de los atomos de fldor y los orbitales antienlazantes de los
atomos de azufre de los tiofenos adyacentes. Como resultado, cuanto mayor es el grado de
fluoracidén, la estructura polimérica es mas plana (P4 > P3 > P2 > P1). En este punto es
importante resaltar que a pesar de que el mismo nimero de atomos de fldor son
introducidos en los polimeros P3 y P2, la fluoracidn selectiva de la unidad 11G en P3 induce
una mayor planarizacién del esqueleto conjugado con respecto a la fluoracién de la unidad

BTD en P2.

A su vez, la insercion de flior modula la energia de los niveles electrénicos
HOMO/LUMO, y por tanto el valor de HOMO-LUMO gap de los polimeros. Asi, los espectros
de absorciéon UV-Vis-NIR de estos sistemas fueron medidos en disoluciones de clorobenceno
(c=10"*M). De forma contraria a lo esperado, dado el significativo caracter electro-atrayente
del atomo de fluor, la introduccion de dichos dtomos en la unidad aceptora BTD en P2
produce un desplazamiento (19 nm) hacia menor longitud de onda en su maximo de
absorcién con respecto a su homdlogo sin sustituir, P1. Este efecto fue explicado en

términos de una mayor estabilizacion del nivel energético HOMO (0.09 eV) con respecto al
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LUMO (0.03 eV) tras la fluoracién, dando lugar a un aumento del HOMO-LUMOg,, con

respecto al polimero de partida, P1.
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Figura 5.11. Esquema de la caracterizacién llevada a cabo para los polimeros P1-P4, antes de su
implementacién en dispositivos electronicos.

Nétese que las topologias tanto de HOMO como de LUMO presentan contribuciones
significativas en las unidades IIG y BTD, lo que explica la estabilizacion de ambos orbitales
tras la fluoracién. Por otro lado, la introduccién de dtomos de fluor en la unidad 1IG, en P3,
causa un ligero desplazamiento batocromico (3 nm) en su maximo de absorcidon con
respecto al del polimero sin sustituir P1, debido a una disminucién del HOMO-LUMOg,,
como consecuencia de una mayor estabilizacién del LUMO (0.16 eV) que del HOMO (0.08

eV). Curiosamente, estos dos efectos independientes causados por la difluoracién en
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diferentes posiciones del esqueleto polimérico son cooperativos en P4, tal y como muestra

el nulo desplazamiento espectral observado con respecto al material de partida P1.

Se registraron a su vez los espectros de absorcion de laminas delgadas, lo que nos
permitié entender que la planaridad del esqueleto m-conjugado de estos polimeros mejora
en estado sélido como consecuencia de interacciones efectivas entre cadenas cercanas.
Ademas, el aumento gradual del nimero de atomos de fldor promueve la planarizacion del
sistema polimérico de acuerdo con los resultados calculados tedricamente, siendo este
aspecto especialmente destacable para los polimeros en los que la unidad IIG esta fluorada

(P3y P4).

Por otra parte, medidas de voltametria ciclica mostraron picos de oxidacion bien
definidos y reversibles para todos los polimeros, asi como niveles de HOMO inferiores a -
4.80 eV. Esto, junto con los bajos niveles de LUMO (menores a-3.30 eV) y picos de reduccién
casi reversibles observados para los polimeros fluorados, los hacen buenos candidatos a
semiconductores ambipolares. Tomando como base estos resultados, dichos materiales
fueron implementados en OFETs con configuracidon de contacto-superior, puerta-inferior
(bottom-gate top-contact, BG-TC). Como se puede ver en la Figura 5.12, una baja movilidad
de huecos (~1x10° cm?V™s™?) fue obtenida para el polimero de partida P1. Esto puede
relacionarse con la distorsion estructural observada en su esqueleto m-conjugado, lo cual
puede dificultar el solapamiento entre orbitales y, por lo tanto, un acoplamiento electrénico
bajo. No obstante, la sucesiva fluoracion del esqueleto m-conjugado mejora tanto la
planaridad como la afinidad electrénica de estos sistemas, disminuyendo progresivamente
la barrera de inyeccidn electrénica. Consecuentemente, las propiedades eléctricas de estos
polimeros cambian desde un bajo transporte de huecos a otro efectivo de caracter
ambipolar al pasar de P1 a P4, siendo el polimero P3 el que muestra un mayor y mejor
equilibrado transporte de carga ambipolar, con movilidades de huecos y electrones de 0.15

y 0.11 cm?V-1s7}, respectivamente.

Cabe destacar que estas movilidades son alrededor de 2 (1) érdenes de magnitud

mayores que las del polimero P2 (P4). Este hecho puede parecer inconsistente dada la mayor
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planaridad y estabilizacién de los niveles energéticos observada para el polimero P4 con

respecto a P3, lo que sugiere que otros factores como la morfologia en estado sélido puede

influir en las propiedades de transporte de carga.

( v) OFETs Performance 1
Sample M (em? V72 s) doyfloee Vi (V) Ho(em? V71 s?) o/l Vr(V)
P1 1.4x105 1x10> -3 - — =
P2 33x10°  2x10° -17 40x10%  9x10° 52
P3 15x10?  4x102 -31 11x107  1x10? 53
| P4 7.4%x107  4x10° -29 13x107  7x10° 8 |
i) OFETs
/iv) Raman Spectroscopy) fDrain) [Source
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Figura 5.12. Resumen de los principales parametros eléctricos obtenidos en los OFETs fabricados
con los polimeros bajo estudio, asi como la caracterizacion de la lamina semiconductora.

La caracterizacion de las peliculas delgadas mediante AFM y GIXRD reveld que la

fluoraciéon afecta notablemente las interacciones entre cadenas poliméricas. En este

contexto, la cristalinidad esta directamente relacionada con el porcentaje de fluoracion del

esqueleto, lo que se atribuye al incremento de barreras torsionales entre las subunidades,
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limitando asi la rotacion y reforzando la planaridad del esqueleto conjugado. Sin embargo,
una pobre uniformidad asi como una interconexién ineficiente de los dominios cristalinos
fue observada para las laminas de P4, pudiendo ser esta la razén de las menores movilidades

medidas para este polimero en comparacion con P3.

Dado que mediante GIXRD solo pueden analizarse dominios cristalinos, la
espectroscopia Raman fue utilizada para explorar tanto fases ordenadas como fases
desordenadas puesto que ambas son cruciales en el rendimiento final del dispositivo. De
acuerdo con esto, la espectroscopia Raman demostré la presencia de fases tanto
desordenadas como ordenadas en los polimeros P1 y P2. Por otro lado, la introduccién de
atomos de fluor en la unidad IIG resulté en la presencia de una Unica fase ordenada como
consecuencia de una efectiva planarizacién del esqueleto polimérico en P3y P4. Por lo tanto,
la espectroscopia Raman confirma que la fluoracidn selectiva de la fraccién BTD no es
suficiente para aumentar significativamente el orden supramolecular dentro del material,
siendo necesaria la fluoracion en la unidad 1IG para lograr una planaridad del esqueleto

efectiva.

5.5. Conclusiones generales

Finalmente, en esta seccidon se intenta proporcionar una vision general de la relacidon
estructura-propiedad analizada para cada uno de los sistemas que componen esta memoria,
asi como su impacto final en el rendimiento de los dispositivos sobre los que han sido

implementados.

En base a los resultados obtenidos durante el estudio de las propiedades de
autoensamblaje de sistemas con forma de disco basados en la plataforma de triindol y

diazatruxenona (Capitulo ), se pueden extraer las siguientes conclusiones:

Se ha demostrado con la ayuda de célculos DFT que la funcionalizacidn periférica de
las plataformas basadas en triindol y diazatruxenona ejerce un impacto poco significativo

sobre su estructura molecular. Del mismo modo, medidas de absorcion UV-Vis y Raman
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junto con medidas electroquimicas predicen una leve mejora en la deslocalizacion
electrénica de las plataformas m-conjugadas tras la funcionalizacidn, siendo este efecto mas
relevante para los sistemas sustituidos con grupos aceptores de electrones. Sin embargo, la
distinta naturaleza de los grupos periféricos influye enormemente sobre las propiedades de
autoensamblaje de estos sistemas, mostrando ser de crucial importancia a la hora de evaluar
su aplicabilidad en dispositivos electronicos como OFETs. De hecho, movilidades tipo p de
2x1072, 1x1073y 3x107° cm?Vs7! fueron medidas para los triindoles sin sustituir, sustituido
con grupos metoxilo dadores de electrones o con grupos acetilo aceptores de electrones,
respectivamente. Esta tendencia sigue el sentido inverso con respecto a la eficiencia de la
T-conjugacién intramolecular previamente observada a lo largo de la serie, lo cual ha sido
atribuido a un pobre solapamiento entre las funciones de onda HOMO y HOMO-1 de los
triindoles funcionalizados como consecuencia de la extension de las mismas sobre las ramas
periféricas sin solapamiento m-m. Por otro lado, debido a la anisotropia intrinseca de los
semiconductores basados en diazatruxenona, movilidades de huecos de 3x10™ cm?V-1s™
pudieron ser medidas Unicamente para el sistema sustituido con grupos nitro mediante la

técnica SCLC (del inglés, “Space Charge Limited).

Curiosamente, la insercidon de un grupo cetdnico en la plataforma de diazatruxenona
produce un doble efecto. Por un lado, mejora la planaridad y la deslocalizacion electrénica
del esqueleto m-conjugado con respecto a su analogo basado en triindol. Por otro lado, el
caracter intrinseco dador-aceptor de las moléculas basadas en diazatruxenona no sélo las
convierte en materiales ambipolares, sino que también les confiere un importante momento
dipolar que puede ser modulado en funcién de la naturaleza de los sustituyentes periféricos.
De hecho, los derivados sustituidos con grupos aceptores de electrones, con valores de
momento dipolar doble con respecto al del resto de sistemas que componen la serie, forman

mesofases estables gracias a interacciones dipolo-dipolo fuertes.

Considerando los resultados obtenidos en el Capitulo Il, con respecto al efecto que

produce tanto la insercién de distintos puentes nt-conjugados como la posicion de enlace de
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los mismos en las propiedades optoelectrénicas de polimeros microporosos, se pueden

establecer las siguientes conclusiones:

Tanto los resultados obtenidos experimentalmente (absorcidn UV-Vis, emisién y
Raman) como resultados computacionales apuntan al hecho de que la unién covalente de
las unidades de truxeno a través de las posiciones 2, 7, 12 produce una mayor extensién de
la conjugacion electrdnica con respecto a los isdmeros conectados en posiciones 3,8, 13. El
mismo enfoque experimental-tedrico ha demostrado que la insercidon de grupos fenilo entre
las unidades con simetria C; apenas afecta las propiedades optoelectrénicas de estos
polimeros, mientras que la insercién de grupos BTD implica un aumento significativo en la
deslocalizacidn m-electrénica como consecuencia de la inherente naturaleza dador-aceptor
de estos sistemas. Curiosamente, ambas modificaciones estructurales han demostrado ser
especialmente utiles para el disefio de polimeros organicos porosos con capacidad de
deteccién de compuestos nitroaromaticos. En este sentido, se ha demostrado que la
eficiencia de deteccidon puede ser notablemente mejorada al conectar las unidades de

truxeno a través de espaciadores n-conjugados (fenilo o BTD) en las posiciones 3,8,13.

Ademas, en base al estudio puramente tedrico llevado a cabo para un total de 27
polimeros bidimensionales diferentes basados en plataformas con simétria Cs, podemos
afirmar que existe un amplio abanico de modulacién en las propiedades estructurales
(geometria y tamafo de poro) y electrdnicas (band gap y dispersién de bandas) en estos
polimeros gracias a la adecuada seleccion de la plataforma m-conjugada (truxeno, triindol o
truxenona), la naturaleza (fenilo o alquino) y posicién de los espaciadores m-conjugados (-
meta, -para o la combinacidon de ambos). De hecho, una disminucién significativa del valor
de band-gap ha sido observada al pasar de polimeros basados en truxeno a triindol y
truxenona, cambiando la posicién de enlace de -meta a -para, aumentando el nUmero de
uniones de 3 a 6 unidades en T2,3 o mediante la insercidn de grupos espaciadores alquino,
sugiriendo asi una conjugacién mas efectiva para A-To2,3. Ademds, las conectividades entre

las plataformas con simetria C; son determinantes de la estructura de bandas del polimero
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final. En este sentido, mientras que la inherente simetria Kagome propia de polimeros
trisustituidos T2 y T3 con simetria Csconduce a la presencia de bandas electrdnicas planas
indeseables de cara a un efectivo transporte de carga intralaminar, el aumento de las
uniones covalentes entre las unidades con simetria C; en T2,3 resulta en bandas dispersas
con bajas masas efectivas. Interesantemente, también se espera que el apilamiento entre
ldminas afecte positivamente a los acoplamientos electrénicos de las unidades Cs, tal y como

se ha visto para Ph-Tr2.

A la vista de los resultados obtenidos en el estudio quimico-fisico del Capitulo Il para
los sistemas basados en NDI y PDI, algunas pautas importantes sobre la relacién estructura-
propiedad han sido determinadas. De esta manera, se pueden establecer las siguientes

conclusiones:

De acuerdo a medidas de absorcién UV-Vis y cdlculos quimico-cudnticos, mientras que
la sustitucion lateral de estos sistemas con grupos ricos en electrones tiene un impacto
insignificante en la estructura molecular, sus propiedades fotofisicas se ven enormemente
afectadas. En efecto, solo los derivados sustituidos con grupos de triarilamina NDI-1 y PDI-1
muestran transferencia de carga intramolecular en sus espectros de absorcidn, resultando
ademds en un menor valor de HOMO-LUMO gap. Aparentemente, la extensién del
fragmento central en los derivados de PDI produce dos efectos contrarios: por un lado, se
observa un aumento en la conjugacion electrénica asi como una mayor facilidad para
acomodar cargas negativas en su estructura molecular, mientras que al mismo tiempo se
rompe notablemente la planaridad del esqueleto m-conjugado con respecto al de los
sistemas basados en NDI. Como resultado, el rendimiento eléctrico de OFETs preparados
con estos semiconductores depende en gran medida de la naturaleza de la unidad central,
con movilidades de electrones para los sistemas basados en PDI en torno a dos 6rdenes de
magnitud menores que las de sus analogos NDI (movilidades tipo n de 0.3 cm?V~!s™* fueron
medidas para NDI-1). Este efecto fue adscrito a la estructura molecular significativamente
distorsionada de los sistemas PDI, lo que dificulta el ordenamiento en estado sélido en linea

con los mayores dominios cristalinos observados en los dispositivos basados en NDI.
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Ademads, un mayor grado de cristalinidad en semiconductores sustituidos lateralmente con
grupos trifenilamina en comparacién con sus analogos sustituidos con grupos fenil-carbazol
respalda las mayores movilidades electrénicas observadas en NDI-1 y PDI-1 con respecto a

NDI-2 y PDI-2.

Por ultimo, los resultados del Capitulo IV nos han ayudado a comprender el efecto de
la fluoracidn sobre las propiedades de transporte de carga de una familia de polimeros,

cabiendo destacar las siguientes conclusiones:

Gracias al uso de medidas electroquimicas, absorcion UV-Vis y cdlculos quimico-
cuanticos hemos demostrado que la introduccién de atomos de F en las unidades IIG y BTD
no solo es una estrategia efectiva para modular los niveles de energia de los orbitales
frontera, sino que también mejora la planaridad de las cadenas poliméricas como resultado
de interacciones no covalentes Se««F. Esto se refleja en las propiedades eléctricas de estos
sistemas, en donde la progresiva fluoracion cambia las propiedades eléctricas de estos
polimeros desde bajos valores de movilidades de huecos (~1x10° cm?V's) para P1 a un

-1

efectivo transporte de carga ambipolar (con movilidades de hasta 0.1 cm?V™s™! para P3) para
P2-P4. Curiosamente, tanto la planaridad como las propiedades optoelectrénicas de estos
polimeros dependen claramente de la seccién molecular donde se introducen los atomos
de fldor, siendo insuficiente la fluoracion de la unidad BTD para mejorar de forma efectiva

el orden interno de la cadena polimérica, tal y como indica la espectroscopia Raman.

A nivel supramolecular, medidas de GIXRD para laminas delgadas de estos polimeros
mostraron que la cristalinidad estd directamente relacionada con el porcentaje de fluoracion
del esqueleto polimérico. Sin embargo, medidas AFM mostraron una interconexion
ineficiente de los dominios cristalinos para la ldmina delgada fabricada con el polimero P4,
lo cual puede ser la razén de las menores movilidades observadas para este material con

respecto a P3.
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6.1. Acronyms and symbols

Acronyms

HMO
HOMO
LUMO
H-Leap
DOS
ET
UV-Vis
G
DPP
TIPS
BTBT
COFs
NDI
PDI
OLED
OoPV
BG-BC
BG-TC
TG-BC
GIXRD
NICS

LCAO
SCLC
cvmpP
PBC

Hiickel Molecular Orbitals

Highest Occupied Molecular Orbital
Lowest Unoccupied Molecular Orbital
HOMO-LUMO energy gap

Density Of States

Electron Transfer

Ultraviolet-Visible

Isoindigo

Diketopyrrolopyrrole
Triisopropylsilylethynyl
Benzothieno[3,2-b][1]benzothiophene
Covalent Organic Frameworks
Naphthalenediimide

Perylenediimide

Organic Light-Emitting Diode

Organic Photovoltaic Cells

Bottom Gate-Bottom Contacts
Bottom Gate-Top Contact

Top Gate-Bottom Contact

Grazing Incidence X-Ray Diffraction
Nucleus Independent Chemical Shift
Intramolecular Charge Transfer
Linear Combination of Atomic Orbitals
Space Charge-Limited Current
Conjugated Microporous Polymer

Periodic Boundary Conditions

NIR
OFET
FT

D

HF
COFs
D-A
OoTS
DFT
HMDS
c8

Ph
CcMO
BT
TPA
FMOs
RMS
AFM
TG-TC
BLA
RT
cv

Tx

Tr

To

2D

Near Infrared

Organic Field Effect Transistor
Fourier Transform

Time Dependent
Hartree-Fock

Covalent Organic Frameworks
Donor-Acceptor
Octadecyltrichlorosilane
Density Functional Theory
Hexamethyldisiloxane

Octyl

Phenylene

Complementary Metal Oxide
Benzothiadiazole
Triphenylamine

Frontier Molecular Orbitals
Root-Mean-Square

Atomic Force Microscopy
Top Gate-Top Contact

Bond Length Alternation
Room Temperature

Cyclic Voltammetry

Truxene

Triindole

Truxenone

Bidimensional
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Acronyms and symbols

Acronyms
VB Valence Band 3D Tridimensional
CB Conduction Band DNT Dinitrotoluene
DRS Diffuse Reflectance Spectroscopy NB p-Nitrobencene
PET Photoinduced Electron Transfer NBN p-Nitrobenzonitrile
GIAO Gauge-Independent Atomic Orbital POM Polarized Optical Microscopy
Symbols
So Ground electronic state P; Bond order between 2 atoms
Sn Electronic excited state “n” c Electrical conductivity
lon/ off Intensities on/off ratio Wk Work function of an electrode
a.u. Arbitrary units ds Injection barrier
my* Hole effective mass A Hole reorganization energy
m¢* Electron effective mass Ae Electron reorganization energy
He Electron field-effect mobility th Hole transfer integral
[Q] Concentration of quencher te Electron transfer integral
Ksv Stern-Volmer constant W Wavefunction
1o/l Fluorescence intensity ratio Aexc Excitation wavelength
(0] Inter-ring rotation degree D Debye
(<] Rotation degree € Dielectric constant
Hh Hole field-effect mobility Vas Gate-source electric potential
Amax Absorption maxima wavelength Vos Drain-source electric potential
Ips Drain-source current Vr Threshold voltage
Rq Root mean square deviation Eonset  Potential Onset
E. Cohesive energy Evem Valence Band Maximum
E® Electrochemical HOMO-LUMO gap E®*  Optical HOMO-LUMO gap
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6.2. DFT Calculations: Effect of the functionals used

6.2.1. Chapter|l

Neutral state Radical Cation b) Neutral state Radical Cation
e, 6, 6; e, 6, 6 6, 6, 6, 6, 6, 6,
6° 6° 6° 6> 12¢ 3° 1 6° 6° 6° 7° 1° 11°
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6° 7° 6° 8> 100 2° 3 6° 6° 6° 7° 1° 10°

N

Figure 6.1. DFT-calculated dihedral angles values along the conjugated backbone for the triindole
systems on their neutral and radical cation states at the (a) B3LYP/6-31G** and (b) M06-2X/6-
31G** |level of theory.
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Figure 6.2. DFT-calculated dihedral angles values along the conjugated backbone for the
diazatruxenones at the (a) B3LYP/6-31G** and (b) M06-2X/6-31G** level of theory.
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Figure 6.3. DFT-calculated molecular orbital energies for triindoles 1-3 at the (a) B3LYP/6-31G**
and (b) M06-2X/6-31G** level of theory. The HOMO and LUMO topologies are also shown.
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Figure 6.5. Simulated absorption spectra and main excitations (shown as vertical bars) for
triindoles 1-3 at the (a) B3LYP/6-31G** and (b) M06-2X/6-31G** level of theory.
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Figure 6.6. Simulated absorption spectra and main excitations (shown as vertical bars) for
diazatruxenones 4-7 at the (a) B3LYP/6-31G** and (b) M06-2X/6-31G** level of theory.
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Figure 6.7. Top and lateral views of the optimized geometries for NDI-1, NDI-2, PDI-1 and PDI-2
molecules at the (a) B3LYP/6-31G** and (b) M06-2X/6-31G** level of theory.
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Figure 6.8. DFT-calculated molecular orbital energies for NDI-1, NDI-2, PDI-1 and PDI-2
molecules at the (a) B3LYP/6-31G** and (b) M06-2X/6-31G** level of theory. The HOMO and
LUMO topologies are also shown
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Figure 6.9. Simulated absorption spectra and main excitations (shown as vertical bars) for NDI-
1, NDI-2, PDI-1 and PDI-2 molecules at the (a) B3LYP/6-31G** and (b) M06-2X/6-31G** level of

theory.
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6.2.3. Chapter IV

Figure 6.10. Top and lateral views of the optimized geometries for dimeric models of P1-P4
polymers at the (a) B3LYP/6-31G** and (b) wB97X-D/6-31G** level of theory. The dihedral
angles values between selected rings are also shown
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Figure 6.11. DFT-calculated molecular orbital energies for dimeric models of P1-P4 polymers at
the (a) B3LYP/6-31G** and (b) wB97X-D/6-31G** level of theory. The HOMO and LUMO

topologies are also shown
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dimeric models of P1-P4 polymers at the (a) B3LYP/6-31G** and (b) wB97X-D/6-31G** level of

theory.
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6.3. OFETs performance optimization

6.3.1. Chapter|l

Table 6.1. OFET electrical data of 1 measured at room conditions. Average and the best (in
parenthesis) values are shown. The average values were obtained from data of at least 6 devices.

Substrate
treatment

Substrate
temperature

Hy,incm?V1st

IONIIDFF

V inV

oTs 60°C 2.2x102%(2.8x102) 1x107(3x107) -11(-17)
25°C 2.0x10%(3.5x105) 5x10%(2x10% -3 (0)
60°C 3.2x10%(3.6x10%) 1x10°(2x10% -11(-6)
HMDS
25°C 1.2x10%(1.3x10% 3x10*(9x10%) -14(-8)
No 60°C 1.9x105(2.8x 105 3 x103(1x 104 8 (6)
treatment 25¢°C 59x10%(6.5x 106 2x102(3 x 10?) -2 (0)

Table 6.2. OFET electrical data of 2 measured at room conditions. Average and the best (in
parenthesis) values are shown. The average values were obtained from data of at least 6 devices.

Substrate
temperature

Substrate
treatment

M incm?Vvist

lonflose~ VyinV

oTSs

HMDS

No

treatment

60°C
25°C
80°C
90°C

60°C
25°C
80°C

60°C

25°C
80°C

2.2x10%5(5.1x 10%)
1.9x 10#(2.0 x 107
9.3x 10%(1.3x 10%)
1.4x 103(1.6 x 10%)

5.8 % 10(6.6 x 10°6)
8.2 x 10°(9.8 x 106)
7.5x 10%(8.3 x 10°6)

1.9x 10°5(2.8 x 10%)
5.9x 10%(6.5 x 10)
1.8x 106(2.1x 10%)

2x102(3x 102)
9 x 105(2 x 10%)
3 x 103 (6 x 10%)
6 x 103 (1 x 10%)

6x10%(2 x 10?)
1x102(3x 102
1x 10%(6 x 103)

3x 103 (1 x 10%)
2x102(3x 102)
9 (1x10%)

3(3)
-5 (-5)
13 (-2)
-4(-8)

7(-5)
10 (-7)
4(-8)

8 (6)
-2(0)
20 (10)
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Table 6.3. OFET electrical data of 3 measured at room conditions. Average and the best (in
parenthesis) values are shown. The average values were obtained from data of at least 6 devices.

Substrate
temperature

Substrate
treatment

By, incm?Vvigt

ICIN/IDFF

V;inV

25°C 1.0x10%(2.2 x105) 8x10'(2x10%) -14 (-29)
OTS 65°C 1.3x10%(1.7x105) 9x10'(2x10%) -12(-29)
120°C 3.1x105(45x105) 2x102(3x102) -17 (-21)
(post annealing)
25°C 1.7x10%(2.2x10%) 4x102(1x10%) -18(-26)
HMDS 65°C 1.5x10%(1.7x105) 2x102(2x10%) -19(-12)
(a]
120°C 1.8x10%(2.2x10%) 1x102(2x10%) -13(-23)
(post annealing)
25°C 6.4x105(9.9x10%) 6x101(1x10%) -8(-11)
No 65°C 6.5x106(7.8x10%) 4x10'(7x10Y) -3 (-5)
treatment 120°C
1.0x105(7.8x 10%) 1x10'(2x10Y 18(7)

(post annealing)

6.3.2. Chapterlll

Table 6.4. OFET electrical data of NDI-1 measured under vacuum. Average and the best (in
parenthesis) values are shown. The average values were obtained from data of at least 6 devices.

Substrate

Substrate

in cm?Vv-is? lon/1 V;inV
treatment temperature  Fe on/loer T
90°C 1.9x10%(2.3x10%)  2x105(5x 105  42(27)
OTS 25°C 3.1x10%(3.2x10%)  1x10°(2x10% 40 (36)
0
120°C, 2 hours g 102 (12x107)  1x105(2x105  31(23)
(post annealing)
90°C 2.2x10%(3.1x 107  2x10°(4x10% 39 (31)
HMVIDS 250C 1.9x10%(2.3x10%) 9x10%(1x 105  42(38)
(o]
120°C, 2hours 4 4 101 (13x10%  9x10°(2x10% 40 (34)
{post annealing)
90°C (1.4x 10%) (2x 109 (27)
No 25°C 1.7x10%(2.4x10% 2x102(3x10%) 23 (28)
treatment o
120°C, 2 hours 4 105(47x10%  9x10°(1x10%) 12 (10)

(post annealing)
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Table 6.5. OFET electrical data of NDI-2 measured under vacuum. Average and the best (in
parenthesis) values are shown. The average values were obtained from data of at least 6 devices.

Substrate

Substrate

A 2y g1 lan/1
treatment  temperature  He'" M e on/lore
60°C 7.1x102(1.0x107)  3x10°(4x10%  55(50)
250C 7.9x102(1.2x107)  2x10°(4x10%  61(55)
oTs
150°C, 2 hours .
(post annealing)
60°C 25x102(3.5x10%) 2x10°(3x10%  38(33)
250C 7.3x102(1.0x107)  2x10°(4x10% 44 (37)
HMDS
150°C, 2 hours N
(post annealing)
60°C 57x102(7.3x102)  3x10%(6x10%  42(38)
No 25°C 5.6x102(9.0x102) 2x10*(3x10%  40(33)
treatment

150°C, 2 hours
(post annealing)

Table 6.6. OFET electrical data of PDI-1 measured under vacuum. Average and the best (in
parenthesis) values are shown. The average values were obtained from data of at least 6 devices.

Substrate
temperature

Substrate
treatment

He (cm?2V1sl)

IDN"OFF

250C 3.2x10%(4.5x10%) 5x10%(1x10%) 58 (55)
oTSs )

150°¢, 2 hD.L"S 3.9x10%(4.9x10%) 9x102(1x10%) 50 (44)

(post annealing)
25°C 1.3x103 (1.5x10%) 2x10%(1x105) 49 (42)

HMDS o

150°C, 2 h.DurS 1.4x10*(1.9x103) 8x10%(1x10%) 49 (39)

(post annealing)
N 25°C 8.0x105(1.1x10% 4x10'(6x10Y) 27 (14)

8]
treatment ~ 150°C 2 hours

(post annealing)
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Table 6.7. OFET electrical data of PDI-2 measured under vacuum. Average and the best (in
parenthesis) values are shown. The average values were obtained from data of at least 6 devices.

Substrate

Substrate

treatment temperature

. (em? v1s?)

lon/lorr

80°C 3.2x10%(4.0x10%) 3x10%(8x10%)  33(9)
250C 3.0x10%(4.0x10%) 3x10°(4x10%)  17(3
oTS { ) { ) (3)
o]
120°C, 2hours ) o 04 (2.4%10%)  2x107(4x107) -4 (12)
(post annealing)
80°C 50x104(7.3x10%) 7x10?(1x10%)  6(3)
HMDS 250C 53x10%(6.9x10%) 5x10?(1x10%) 4 (1)
o]
120°C, 2hours ) 5 104(6.1x10%) 5x102(2x10°)  0(-2)
(post annealing)
20°C -
No 25°C
treatment o
120°C, 2 hours 4 105 4.0x10%)  3x101(5x10Y)  10(6)

{post annealing)

6.3.3. Chapter IV

Table 6.8. OFET electrical data of P1 measured under vacuum. Average and the best (in
parenthesis) values are shown. The average values were obtained from data of at least 6 devices.

Substrate
treatment

Substrate
temperature

Hy, in cm? V-1 s7)

ION/ I(.'lFF

VinV

25°C 1.4x105(2.20x 105) 3x101(4x10Y)  8(5)
100°C, 2h
d © 5
oTS (post annealing] 6.3 x 106(1.53 x 10%) 4 (6) 31(24)
150°C, 2h
T 1.1x105(1.43x105) 8x101(1x10%)  4(-3)
(post annealing)
25°C 57x10%(9.52x10%) 2x101(6x10Y) 22 (0)
100°C, 2h
. 8.6x10%(1.11 x 10> 1x101(2x10! 24 (7
HMDS (post annealing) X ( X ) X 10%(2x 107 )
150°C, 2h
- 1.0x105(1.30x 105) 5x101(1x10%) 3 (1)
(post annealing)
25°C -
No
0,
treatment 150°C, 2h -

(post annealing)
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Table 6.9. OFET electrical data of P2 measured under vacuum. Average and the best (in
parenthesis) values are shown. The average values were obtained from data of at least 6 devices.

Substrate Substrate He Vs B
= 2171 -1 IONIIOFF = = 2271 -1 IONIIOFF
treatment temperature Incm<V-'s inV incm-V's
250C 4.1x10* 1x10% 49 3.0x10* 2x10° -10
(6.29x10%  (2x103) (43)  (424x10%  (3x10%) (-17)
oTS 150°C, 2h 3.8x103 4x103 58 2.9x103 1x10° -1
(post annealing) (4.03 x 103) (9x103%)  (52) (3.32 x 1073) (2x10%)  (-17)
200°C, 2h 1.1x103 3Ix10? 56 1.2x103 1x103 -35
(post annealing) (1.45 x 103) (4x10%)  (49) (1.65 x 1073) (1x10% (42)
6.5x10°® 1x103 -12
250C - e Ao
(7.40x10%)  (6x10%) (-21)
100°C, 2h 2.3x10° 1x10t 9
ost annealin - 3.56 x 10° 5x 10! 4
HMDS (p g) ( ) I )
150°C, 2h _ 1.2 x 103 2x 103 -13
{post annealing) (1.93 x 107) (6x10% (-18)
200°C, 2h . 2.9x107° 7x10t -19
(post annealing) (3.25 x 10) (1x10%) (-20)
25°C — ”
No 150°C, 2h
treatment ' - -

(post annealing)

Table 6.10. OFET electrical data of P3 measured under vacuum. Average and the best (in
parenthesis) values are shown. The average values were obtained from data of at least 6 devices.

Substrate Substrate He Vi B
: o1 ea lon/lorr . q onr1 o1 lon/lor
treatment temperature incm?V-is inV incm?V1ls
I50C 5.3x107? 9 x 10! 48 7.0x 102 1x10? -13
(7.9x107)  (1x10?) (36)  (9.7x107)  (3x10%) (-18)
oTS 100°C, 2h 7.5x 102 9x 10! 49 7.4x 102 1x102 -14
(post annealing) (8.0x 1073 (2x10%)  (45) (8.2x1072) (2x10%) (-19)
200°C, 2h 9.7 x 102 8 x 10! 57 1.2x10% 2x10? -26
(post annealing) (1.1x10%) (1x10%)  (53) (1.5x10Y) (4x10%) (-31)
250C 7.1x107? 3x 10! 37 8.8x 107 3x 101 -20
(7.8x107)  (3x10Y (33)  (1.0x10%Y)  (4x10%) (-24)
100°C, 2h 5.9 x 102 2x 10! 31 6.4 x 102 2x101 -16
HMDS (post annealing) (7.5x 1073 (2x10Y)  (27) (8.4x1072) (3x10Y) (-19)
150°C, 2h 9.4x 102 3x 10! 35 1.2x10% 4x 101 -23
(post annealing) (1.0x 10%) (5x10Y)  (27) (1.4 x10?) (5x10%Y) (-28)
200°C, 2h 9.4 x 102 1x10! 28 1.1x10¢ 1x10t -12
(post annealing) (1.0x 107 (1x10') (26) (1.1 x 10 (1x10%) (-13)
25°C - -
No .
150°C, 2 -
treatment ! -

(post annealing)
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Table 6.11. OFET electrical data of P4 measured under vacuum. Average and the best (in
parenthesis) values are shown. The average values were obtained from data of at least 6 devices.

Substrate Substrate H. vV M Vr
7 2371 -1 IONI'OFF A A 2v/-1 -1 IONIIOFF A

treatment temperature incom?V!s" inV incm?Vils inV
950C 1.1x1072 2x103 17 1.3 x107? 7x10° -21

(1.3x107)  (7x10%3) (8) (1.6x107)  (3x108) (-29)

oTS 150°C, 2h 2.1x107? 9x 10! 13 3.3x10% 1x10° -11
(post annealing) (2.4 x10?) (2x10%) (7) (7.4x10?) (4x10°) (-29)

200°C, 2h 1.4x1072 1x103 37 6.1x107? 3x10* -17

(post annealing) (1.9 x 10%) (2x10%) (32) (1.1x10%) (4x10% (-29)

250¢ 8.0x 103 2x10? 27 9.3x103 4 x10* -16

(11x1073)  (3x103) (23)  (1.2x103)  (1x10% (-25)

100°C, 2h 6.0 x 107 5x 10! 33 8.4x10% 9x 103 -26

HMIDS {post annealing) (7.0 x 103) (7x10Y) (21) (8.8 x103) (1x10% (-28)
150°C, 2h 1.2x1072 1x10? 27 1.3 x1072 5x 10° -16

(post annealing) (1.4 x 102) (1x10%) (24) (1.4 x10%) (1x107) (-21)

200°C, 2h 2.7 x 1072 5x 10! 33 3.3x107? 7 x 10 -24

(post annealing) (3.4x107? (9x10Y) (31) (4.3x1079 (1x10%) (-33)

e 3.4x107 7x 10! 7 6.4 x10* 6 x 102 -22

(42x10%)  (1x103) (1) (7.5x10%  (1x10%) (27)

100°C, 2h 1.1x10% 4x10?2 26 9.4x10* 1x102 -21

No {post annealing) (1.7 x 10%) (1x10%) (18) (2.0x103) (1x10% (-38)
treatment 150°C, 2h 8.1x107 2x10? 32 7.3x10* 9x 10?2 -27
(post annealing) (1.0 x 10%) (2x10%) (18) (1.0x 103) (2x10%) (-30)

200°C, 2h 7.7 x10* 1x10?2 49 2.4x1073 1x 103 -38

(post annealing) (1.4 x 103) (2x10%) (22) (3.3x103%) (1x10%) (-44)
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Abstract: Three crystalline N-trimethyltriindoles endowed with different functionalities at 3, 8
and 13 positions (either unsubstituted or with three methoxy or three acetyl groups attached) are
investigated, and clear correlations between the electronic nature of the substituents and their solid-
state organization, electronic properties and semiconductor behavior are established. The three
compounds give rise to similar columnar hexagonal crystalline structures; however, the insertion of
electron-donor methoxy groups results in slightly shorter stacking distances when compared with
the unsubstituted derivative, whereas the insertion of electron-withdrawing acetyl groups lowers the
crystallinity of the system. Functionalization significantly affects hole mobilities with the triacetyl
derivative showing the lowest mobility within the series in agreement with the lower degree of
order. However, attaching three methoxy groups also results in lower hole mobility values in the
OFETs (0.022 vs. 0.0014 cm? V™! s71) in spite of the shorter stacking distances. This counterintuitive
behavior has been explained with the help of DFT calculations performed to rationalize the interplay
between the intramolecular and intermolecular properties, which point to lower transfer integrals in
the trimethoxy derivative due to the HOMO wave function extension over the peripheral methoxy
groups. The results of this study provide useful insights into how peripheral substituents influence the
fundamental charge transport parameters of chemically modified triindole platforms of fundamental
importance to design new derivatives with improved semiconducting performance.

Keywords: triindole; organic semiconductors; DFT-calculations; OFETs; Raman

1. Introduction

In the last few years, the heptacyclic molecule 10,15- dil'\ydro—SH—diindc:io[S,Z—a:S’ 2]
carbazole (also known in the literature as triindole or triazatruxene) has been identified as
a highly promising p-type organic semiconductor in the construction of electronic and opto-
electronic devices. Owing to its excellent hole-transporter ability, numerous triindole-based
materials have been successfully incorporated in OFETs [1-4] and dye-sensitized [5-7] or
perovskite-based [8,9] solar cells exhibiting excellent performances. On the other hand,
their favorable optical properties have been successfully exploited in the fabrication of
efficient OLEDs [10-14], waveguiding materials [15] and photoconductors [16]. In addition,
the triindole core, has been identified as an excellent aromatic core in the construction
of high mobility p-type semiconducting discotic liquid crystals. By attaching a number
of peripheral flexible chains to this molecule, it is possible to induce in this heptacyclic
platform columnar mesomorphism giving rise to liquid crystalline materials that exhibit
excellent hole mobilities values and can be easily processed from solution or melt [17-19].

Molecules 2022, 27, 1121. hitps:/ /doi.org /10.33%) / molecules27031121

https: / / www.mdpi.com /journal /molecules
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ABSTRACT: Four highly porous truxene-based organic
polymers have been synthesized via C—C cross coupling
methodologies (under Yamamoto and Suzuki—Miyaura
conditions) starting from two different brominated hexame-
thyltruxene isomers (2,7,12- and 3,8,13-tribromohexamethyl-
truxene). We have found that the linkage position in these
polymers has a strong influence not only on the porosity but
also on the absorption and light emitting properties of the
final materials. We have performed a joint theoretical and
experimental investigation to shed light on the role of the
positional isomeric effect of the monomers on the degree of 7-
conjugation of the final materials. Our study indicates that the
2,7,12 linkage significantly enhances the electronic commu-
nication between the covalently linked building units, thus strongly influencing the conjugation length and the position of the
energy levels of the final materials. The result of this work provides us with a new design tool to fine-tune the electronic
properties of conjugated porous polymers with important implications for their potential applications, as demonstrated by their
sensing performance for the detection of nitroaromatic compounds.

Bl INTRODUCTION the electronic properties of these polymers through the
convenient choice of the bridging connectors,'™'® the effect of
the linker position on such properties has been very scarcely
investigated.” ™"’

Among the plethora of 7-conjugated molecules with light

In recent years, considerable attention has been paid to the
design and synthesis of porous organic materials, built up from
organic building units covalently linked. These materials have
found utilities in fields such as adsorption, separation, or

catalysis by virtue of their high thermal and chemical stability emitting or semiconducting properties that have been used as
and permanent surface area.'” On the other hand, the monomers in the construction of conjugated porous polymers,
combination of the porous character of these polymers with we and others have recently become interested in heptacyclic
the inherent functionality of the organic building blocks has truxene, which can be considered as a 1,3,5-triphenylbenzene
enormously broadened their potential applications. Representa- planarized through three bridging methylenes.”"*' These
tive examples are porous m-conjugated polymers™ that have methylene groups give rise to three additional fused five-
emerged as promising candidates for organic electronics,’ membered rings (Scheme 1), thus enhancing the delocalization
photocatalysis,” sensing,”” " or energy applications'* by taking of the m-system, which confers upon this molecule interesting
advantage of the light emitting or semiconducting properties of photoactive properties and excellent electron donating capa-
the constituent monomers and of the extended three-dimen- bilities.™ Curiously, in contrast to the structurally related 1,3,5-
sional conjugation of the resultant polymers. Multiple synthetic triphenylbenzene, truxene has been very scarcely explored as a
protocols ranging from metal-mediated couplings (Suzuki— building block in the construction of porous organic polymers.

Miyaura, Yamamoto, Sonogashira, Heck, etc.) to acid- or base-
catalyzed polycondensation reactions or trimerizations have
been used for the generation of conjugated porous polymers,”

Special Issue: Jean-Luc Bredas Festschrift

allowing for great control of the nature of the linker groups and Received:  Apsl 11, 2019
of the effective conjugation length of the resultant polymers. Revised:  July 1, 2019
However, while many efforts have been provided to modulate Published: July 2, 2019
ACS Publications @ 2019 American Chemical Saciety 6971 DO 10,1021 /acs.chemmater 901432
A4 Chem. Mater. 2019, 31, 69716978
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In the present work, we investigate two-dimensional (20) conjugated polymers based on Cz-symmetric
truxene-based cores at the density functional theory (DFT) level. In total, 27 different 2D polymers have
been exhaustively studied with the aim to explore the impact of the following effects on the electronic
and charge-transport properties: (i) the nature of the conjugated platform, going from electron-rich
truxene (Tx) and triindole (Tr) units to electron-deficient truxencne (To) cores, (i) the spacing of
the cores with different bridges, ie., phenylene (Ph) or ethynylene (A) units, (i) the linker position
(2,7,12-substitution in the T polymers and 3,8,13-substitution in T3 polymers), and (iv) the increased
number of n-bridges connecting the cores, from three linkers in Tz and Tz to six linkers in Tp3. To
this end, we have carried out a large battery of DFT calculations on fragments extracted from the
2D polymers (dimers and trimers) as well as on the corresponding periodic 20 structures (infinite
monolayers and self-assembled monolayers) using periedic boundary conditions. Our results show that
simultaneous manipulation of the pore surface size and band-gap engineering together with charge-
transport parameters can be achieved in these truxene-based 2D polymers by fine-tuning their structural
features. The contributions of this study to the overall understanding of the structure-electronic property
relationships of these semiconducting polymers and its correlation with available experimental work
are highlighted. Our results provide interesting guidelines to design novel 2D materials with applications
ranging from sensing to photocatalysis or electronics.
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DOI: 10.1039/d0tc03139a
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materials are usually constituted by conjugated one-dimensional
(1D) chains and offer continuous electronic delocalization along

Introduction

After three decades of enormous research effort, the field of
organic semiconductors is currently a mature workbench that
has already reached the market."™ Advances in this area have
been closely related to the continuous improvement in the
ability of organic semiconductors to transport charge carriers
(holes or electrons), which is quantified by their charge carrier
mobility u. While the highest mobilities are usually observed
in crystalline or liquid crystalline materials, in the pursuit
of an optimal balance between mobility and processability,
semiconducting polymers are the preferred candidates.” These

 Department of Physical Chemistry, University of Malaga, Campus de Teatinos s/'n,
29071, Malaga, Spain. F-mail: oormen rd@uma.es
" mstituto de Ciencia de Materiales de Madrid, CSIC. C/Sor Juana Inés de la Cruz 3,
Cantoblaneo, Madrid 28049, Spain. Fmail: bpl@icmm. csices,
I CSIC. 65
7 El ic suppl ary infi ion (ESI) Theoretical methods and
computational details; chemical structures of the molecular fragments studied
theoretically and Study of 2D conjugated polymer networks. See DOIL: 10,1039/
dote0313%a

it

This journal is © The Royal Society of Chemistry 2020

the chain axis, and favor the efficient one-dimensional migration
of charge carriers. However, hopping of charge carriers between
chains is significantly hindered, thus resulting in slow down.

Expanding the m-conjugation has emerged as an efficient
strategy to address the aforementioned drawback; this expan-
sion permits the achievement of equally efficient electron
delocalization in two dimension (2D) or three dimension
(3D). This possibility has focused increasing attention on 2D
organic polymers as semiconducting materials with enhanced
transport dimensionality.”

2D covalent organic frameworks (COFs) are porous crystal-
line solids obtained by the polymerization of organic building
blocks functionalized with reactive groups that predetermine
their growth along two or more directions through dynamic
covalent chemistry.®” This design strategy gives rise to well-
defined, high-surface-area materials whose final properties,
topologies and porosities can be conveniently tuned by the
choice of monomers and linking groups and by the position of
the reactive groups, which determines the growth direction.

J. Mater. Chem. C
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fAbstract: This work reports on a quinodimethane-type mol-

ecule, 2,7-dicyanomethylene-9-(2-ethylhexyljcarbazole (1),
one of the shortest m-conjugated biradicaloids reported to
be stable in solution under ambient conditions, This carb-
azole-based quinoidal precursor is able to form a macrocy-
clic o-bonded tetramer (2). The resolved single-crystal X-ray
structure of tetramer 2 shows that four molecules of 1 are
linked together through four long (CNJ),C—C(CN), bonds
(1.631 A) resulting from coupling of the unpaired electrons
in biradicaloid 1. Dynamic interconversion between mono-

mer 1 and cyclophane tetramer 2 is achieved by reversible\
cleavage and recovery of the four (CN),C—C(CN), bonds
upon soft external stimuli (light absorption, temperature and
pressure), which is accompanied by significant color
changes. These novel photo-, thermo-, and mechanochromic
properties expand the versatility of m-conjugated biradical-
oid compounds as novel functional materials that, in combi-
nation with spin chemistry and dynamic covalent chemistry,
can be relevant in molecular machines, sensors, and
switches,

Introduction

m-Conjugated biradical compounds, featuring unique unsatu-
rated valences and radical centers in the ground state, are fun-
damentally important for understanding the nature of chemi-
cal bonds and the fundamental physical and chemical proper-
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ties of m-conjugated molecules, and have potential applica-
tions in material science"! However, most of the m-conjugat-
ed biradical compounds exhibit high reactivity, easily
decomposing or polymerizing under ambient experimental
conditions, which preclude the investigation of their properties
and applications. Recently, significant progress has been
achieved in this field, as some stable m-conjugated biradicals
were prepared through increasing the conjugation length and/
or introducing bulky substituents at the radical centers*'"!

MNonetheless, m-conjugated biradicals existing under ambient
conditions are still scarce. Therefore, rational design and facile
syntheses of novel stable biradical, or significantly spin-spin in-
teracting biradicaloid compounds to explore their bonding sit-
uation, physical properties, and pertinent applicability, consti-
tute a longstanding prominent challenge. Note that the stabili-
ty of the biradicaloid compounds depends on which of the
resonant structures, the open-shell biradical or the closed-shell
quinoidal form, contributes more to the ground state struc-
ture.

Dynamic covalent chemistry (DCC) has attracted great atten-
tion because it provides an efficient strategy to prepare com-
plex assemblies."*"" The building block that can dynamically
form covalent bonds is the key for the success of DCC. m-Con-
jugated mono- and biradicals are potential building blocks in
DDC because they can selectively construct macrocyclic or
staircase oligomers or polymers by self-assembly processes.
For instance, triphenylamine and carbazole units substituted
with dicyanomethyl radicals have been reported to form mac-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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In the present paper, the synthesis and characterization of 2,2'-bis(bi[2,2'-( 3 4-ethylenedioxy)thiophen-
5-yl])-3,3'-bithianaphthene, nicknamed BT;Es, is reported. We show that electrooligomerization of BT;2E4
leads to electroactive films which are evaluated by cydic voltammetry (CV), WV |vis spectroelec-
trochemistry and CV coupled with in-situ conductance measurements. Direct comparisons to the
properties of the oligomers obtained from the atropisomeric all-thiophene analogue BT»T, show that the

introduction of EDOT leads to a strong reduction of the band-gap, an overall red-shifted absorption

Keywords:

Low-band gap monomer
bisEDOT

SelFrigidification

Cydlic oligomers

Mixed valence conductivity

spectrum and a rigidification of the structure. Finally, DFT and TD-DFT calculations were performed in
parallel to investigate and to compare the electronic and molecular structures of neutral and charged
monomer and oligomer species.

@ 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Since the discovery of organic semiconductors, polythiophenes
have been deeply investigated and frequently used in organic
electronic devices as active components. They have been princi-
pally employed as electron-donor layers in light-emitting diodes
(OLEDs), field-effect transistors (OFETs) and bulk heterojunction
organic solar cells (BHJSC).

The most popular materials are poly-(3,4-
ethylenedioxythiophene) (PEDOT) [1-5] and regioregular poly-
(3-hexylthiophene) (P3HT) [6,743], which are, at least for the
moment, the sole examples of commercially available thiophene-
based materials on large scale.

* Corresponding author.
** Corresponding author,
+++ Corresponding author,
E-mail addresses: tizianabenincori@uninsubriait (T. Benincori), carmenrd@
uma.es {M.C Ruiz Delgado), sabineludwigs@ipoc.uni-stuttgart.de (S Ludwigs).

hieeps: | fdoi.org/10.1016j electacta 20 18.07.147
00134686/ 2018 Elsevier Ltd. All rights reserved.

In parallel to the development of polythiophene materials,
Garnier [8,9] demonstrated in 1989 that also shorter oligomers,
such as a-sexithiophene, can act as active semiconductor organic
layers in transistor devices.

Some yearsago, we synthesized the 2,2'-bis(2,2'-bithiophene-5-
yl}-3,3'-bithianaphthene (1), nicknamed BT;Ts, a new, non-planar,
intrinsically chiral sexithiophene, which was chemically or elec-
trochemically oxidized to give well organized electroactive films
characterized by perfect regio- and stereo-regularity [10].

BTTs represents the first member of a new class of chiral oli-
gothiophenes structurally different from those described in litera-
ture where the stereogenic elements responsible for monomer and,
consequently, polymer chirality, are stereogenic centres, external to
the polyconjugated electroactive backbone [11]. Furthermore, only
few examples of chiral electroactive materials derived from the
electrodeposition of EDOT monomers functionalized with side
chains including carbon stereogenic centres are known in literature
[12,13].

The racemate of BT;T4 was resolved through chiral HPLC into
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Push-pull thiophene chromophores for
electro-optic applications: from 1D linear to
p-branched structuresfy
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Sabine Ludwigs () *?

We report the synthesis and characterization of a novel series of push—pul chromophores bearing 1D linear and
p-branched thiophenes as m-conjugated spacers between a 2,2,4.7-tetramethyl-1,2 34 -tetrahydroguinocline
electron donor unit and dicyano- and tricyanovinylene electron acceptor groups. The effect of the
introduction of p-thicphenes on the linear and norlinear (NLO) optical properties as well as electrochemical
and thermal data is studied in detail by performing a comparative study between the branched and 1D linear
systems. In addition, a parallel DFT computational study is used to evaluate structure—property relationships.
The non-linear optical behavior of the molecules both in solution and in solid state as electro-optic (EO) films
using a guest-host approach shows very promising performance for electro-optic applications with high
molecular first hyperpolarizabilities (ufi) of 4840 x 10°* esu and electro-optic coefficients rs; reaching
650 pm VL One highlight is that the electro-optic films of the p-branched chromophores are superior in
terms of thermal stability in device operation as measured by a transmissive modified reflective Teng-Man
method. This work provides guidelines for the design of improved electro-optic materials including
p-branched chromophores which could be useful for practical EO applications, where both enhanced fi

Received 16th October 2019,
Accepted 30th December 2019

DOI: 10.1039/c9cp05640h
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Introduction
The substantial demand for higher data rates’ and thus the need in

the domain of communications for more potent photonic devices
such as frequency converters, modulators or optical switches has
led to strong research activities during the past years. Meanwhile,
devices including electro-optic (EO) components which are based
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details of DFT-calculations; experimental and caleulated nonlinear optical proper-
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and riz values together with chemical and thermal stability are necessary.

on non-linear optical (NLO) materials and films are used for
modern optical transmitters. As alternative to the classically used
lithium niobate modulators, organic compounds have found their
way into so-called silicon-organic hybrid (SOH) approaches
where an integrated silicon photonics platform is combined
with electro-optic organic films.” Modulator-bandwidths of up
to 500 GHz have been demonstrated recently.” In the SOH
platform the EO-films are mainly prepared using a guest-host
approach, which means that organic compounds with a highly
asymmetric structure and high dipole moment are macrosco-
pically oriented in polymer matrices (such as poly(methyl-
methacrylate)) by electric field poling. SOH-modulators provide
high interaction of the optical signal with the electro-optic film,
typically using the Pockels effect. The molecular first hyperpolariz-
ability # of the chromophore is the main physical quantity for the
Pockels effect on the molecular scale, which allows a change in the
refractive index An of the materials by application of weak external
electric fields.” The electro-optic coefficient ry; is the most specific
characteristic parameter of the poled EO-film and can be measured
by the Teng-Man method,® which gives the bulk coefficient of
the material. In SOH devices, the result may be different for the
same matetial due to the thin films and sub-micron structures.

Phys. Chem. Chem. Phys, 2020, 22, 2283-2294 | 2283
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Impact of the Replacement of a Triphenylamine by a
Diphenylmethylamine Unit on the Electrochemical
Behavior of Pentaerythritol-Based Push-Pull Tetramers

Claudia Malacrida,” Amir Hossein Habibi,"™ Sergio Gamez-Valenzuela," Illia Lenko,

[b]

Pablo Simén Marqués,” Antoine Labrunie,”’ Jérémie Grolleau,” Juan T. Lépez Navarrete,
M. Carmen Ruiz Delgado,'” Clément Cabanetos,*™ Philippe Blanchard, " and

Sabine Ludwigs*"”

The synthesis of a tetra-functionalized pentaerythritol core
decorated with N-methyl-N N-diphenylamine-based push-pull
chromophores and its electropolymerization to 3D push-pull
networks are described. The electrochemical and absorption
behaviors of the tetramer are compared with the one of two
reference linear push-pull compounds, carrying triphenylamine
(TPA) or methyldiphenylamine (MeDPA) donor groups, a thienyl

1. Introduction

Triphenylamine (TPA) and more generally arylamine derivatives,
constitute outstanding building blocks for the preparation of
electroactive materials for opto-electronic applications!™ In
particular, D-m-A push-pull molecules, in which the electron-
donating group (D) derived from an arylamine s connected to
an electron-withdrawing group [(A) through a n-conjugated
spacer, have been extensively investigated as efficient donor
materials for organic photovoltaics (OPV)* '™ and electro-optical
applications""'¥ On the other hand, arylamine derivatives may
exhibit a peculiar electrochemical behavior resulting in the
molecule  dimerization  triggered by  their chemical
oxidation™"™ The electrochemically generated electroactive
benzidine-based dimers, endowed with a biphenyl bond, are
also generally soluble and diffuse from the working electrode to
the electrolyte solution.” Electropolymerizable arylamine con-
taining monomers can be achieved by exploiting the dimeriza-
tion ability of twe or more unsubstituted arylamine units
connected to a central core, for example in star-bust or

[al C Malacrda, Frof. 5. Ludwigs
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Stuttgart, Pfaffenwaldring 55, 70569 Stuttgart, Gemmany
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4215

linker and a dicyanovinyl acceptor group (DCV). We found that
substituting the outer phenyl with a methyl group causes
important differences in the radical cation stability, such that
MeDPA chromophore generates stable dimers and TPA is
reversibly oxidized. Interestingly, DFT calculations suggest that
steric hindrance and electrostatic interactions dominate the
radical cation reactivity.

multimeric systems. Different examples of electropolymerization
of arylamine derivatives to produce modified electrodes are
indeed reported in the literature,”** and have shown promis-
ing results when employed as electroactive polymer layers in
electrochromic devices,™ ™! Another attractive approach for the
obtainment of functionalized triarylamine electroactive surface,
as an alternative to electrodeposition from monomer solution,
exploits the dimerizing ability of arylamine units just in a post
deposition step of pre-deposited films. In this case the triaryl-
amine unit is present for example as a redox-active pendant
covalently bound to a polymer backbone, acting as a cross-
linker unit upon oxidative triggering, and generating polymer
films crosslinked with redox-active tetraphenylbenzidine (TPB)
moleties, 27

While the redox behavior of simple arylamines upon
oxidation is known and well-characterized, their functionaliza-
tion by m-conjugated blocks, such as in the case of D-n-A push-
pull molecules, results in an enhanced charge delocalization of
the radical-cation species that might lead to a different electro-
chemical behavior. In this general context, we previously
showed that the simple and synthetically accessible TPA-based
push-pull molecule 1 (2-(i5-(4-{diphenylamino)phenylithio phen-
2-ylimethylene)malononitrile) (Scheme 1) exhibited good ab-
sorption properties in the visible spectrum and interesting
photovoltaic properties as donor material combined with
Coo ™ or its soluble analogue [6,6]-phenyl-Cq-butyric acid
methyl ester (PC,,BM) as acceptors.”™™ More recently, following a
“multimer” approach, the related pentaerythritol based push-
pull tetramer Tetra-1 was shown to give promising and higher
power conversion efficiencies (PCEs) when blended with PCy, BM
in bulk heterojunction solar cells”" In addition, the substitution
of one terminal phenyl ring of the TPA unit of molecule 1 by a
methyl group affording 2 (2-((5-(4-Imethyl{phenyllamino)
phenylithiophen-2-ylmethylene)malononitrile), induced a 50-

© 3019 Wiley-WCH Verlag GmbH & Co. KGaA, Weinheim

281

- CHEM



6. Appendices |

JAIC'S

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Untangling the Mechanochromic Properties of Benzothiadiazole-
Based Luminescent Polymorphs through Supramolecular Organic
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ABSTRACT: Two new luminophore polymorphs of 4-bromo-7-(4-
nonylphenyl)benzo[c][ 1,2,5]thiadiazole (le and 1f) exhibiting
different color emissions, which switch into each other in response
to shear force and solvent vapors, are presented and their X-ray
structure is determined. Supramolecular organic framework topology

[l Metrics & More | e Supporting Information

(SOFT) studies on the two polymorphic structures led us to conclude 1 S
that the mechanochromic phase transformation can be explained on )

the basis of modifications in their respective topological nets: mab and e D

peu for la and 1f, respectively, as a result of the breaking and i iy e ST

restoration of a number of weak supramolecular interactions. The et

color changes accompanying this transformation have been rational-

ized with the help of time-dependent density functional theory. We firmly believe that our findings will inspire future research on the
design of novel stimuli-responsive organic materials with switchable properties based on their supramolecular interactions by
establishing clear SOFT-property relationships.

B INTRODUCTION

Mechanochromic materials, possessing solid-state light-emit-
ting properties that vary upon mechanical grinding or pressing,
arouse much interest in recording or sensing applications that
involve luminescent detection. A number of metal complexes
and purely organic compounds have been found to exhibit this

resulting net can be the strongest topological reference for the
structure.”” To date, topological analysis has been extensively
applied to simplify complex inorganic and hybrid covalent and
supramolecular frameworks,”' ™% but its application to purely
organic crystals is only very incipient.” ™ On the other hand,
although previous work has already unveiled the line from

interesting phenomenon;'_" however, only in a few of them is
the underlying mechanism properly understood, despite the
obvious importance of such knowledge in the development of
new mechanochromic compounds. In this context, the
emission switching between polymorphs is especially interest-
ing.”"" By allowing the understanding of how molecules are
self-associated in the solid state through a deep supramolecular
analysis, we can use single crystals to help us realize how
intermolecular interactions operate among each other, either
separately or cooperatively, thus providing accurate informa-
tion on the key factors that govem the correspondig solid-state
light-emitting properties.”'*™"” Unfortunately, although sev-
eral mechanochromic luminophores have been reported to
date, in most examples crystal-to-amorphous transitions
originate in the differences of color observed.

Topological analysis of crystalline structures provide an
excellent tool to assess the origin of intermolecular interactions
operating in crystals. The construction of a topological net is
carried out considering the initial geometrical data, as well as
the chemically relevant interactions of the material under
study; so, as the reliability of the information increases, the

@ 2020 American Chemical Society

\ 4 ACS Publications

spectroscopy to property passing through synthon and crystal
structure recognition within S}mthons,:u_"] the use of
topological analysis to explain in a simple manner the
correlation between the supramolecular framework and the
physical properties for a specific system has not yet been
realized.

Chalcogen bondings, that is, the interaction between group
VI elements (O, S, Se, Te, and Po) and a Lewis-base partner
atom,”” has emerged as a key motif for controling supra-
molecular frameworks growth. The close contact of chalcogens
and oxygen or nitrogen atoms is observed in many organic
crystals, where this interaction enhances the intermolecular
ordering and play important roles in determining the

Received: July 27, 2020
Published: September 11, 2020

https:Adx dolorg/ 10,1021 acs DcOBOSS
4 Am. Chem. Soc. 2020, 142, 17147-17155

282



List of publications

IEAAPPLIED MATERIALS

X INTERFACES

Research Article

WWW.acsami.org

Stimuli-Responsive Benzothiadiazole Derivative as a Dopant for
Rewritable Polymer Blends
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ABSTRACT: A new rod-shaped benzothiadiazole fluorophore, namely, 4,7-di-(4-
nonylphenyl)benzo[c][1,2,5 ]thiadiazole, which strongly emits fluorescence both in
solution and in solid state has been synthesized, and its photophysical properties
were rationalized with the help of density functional theory calculations. This
molecule crystallizes in two distinct light-emitting crystalline phases, which can be
interconverted in response to pressure, temperature, and solvent vapors. Powder
X-ray diffraction indicates that in both polymorph, molecules adopt a lamellar
packing, the different interlayer spacing being the main difference between the two
structures. Single-crystal analysis of one of the polymorphs allows us to identify
weak interaction planes, which presumably facilitates the polymorphic trans-
formation through mechanically or thermally induced diding processes. The polymorphic transformation and the origin of the
switchable fluorescence have been rationalized through a spectroscopic and theoretical study. This study suggests that the different
colors observed are due to different intermolecular aromatic interactions owing to the displacement of the molecules with respect to
the layer normal. Interestingly, blending this molecule with a biodegradable polymer such as poly(vinyl alcohol) gives rise to a
thermally activated reversible switchable fluorescent system, which entitles this material as an attractive candidate for technological

[l Metrics & More | e Supporting Information

Cooling

applications, such as thermal sensors, security inks, or rewritable paper.

KEYWORDS: mechanochromism, thermochromism, fluorescence, polymorphism, benzothiadiazole, phase transformation

B INTRODUCTION

Smart materials which switch their optical spectroscopic
properties (i.e, color and fluorescence) upon physical external
stimulation (i.e., pressure and temperature) arouse enormous
interest and have found ap?]_.ications in fields such as sensing,I‘2
construction,™" recording,'*“ display tecl'mcllclgies,?’H or rewrit-
able paper.”'” Although highly efficient inorganic and metal-
based chromogenic and fluorogenic materials™'' ™" have been
developed, the enormous structural diversity of organic
chromophores and fluorophores gives these materials a
privileged place in the area.! ~HIHE Particularly, the ready
tunability of their optical properties together with their high
compatibility with different flexible substrates makes these
materials especially interesting for technological applications.

In the quest for efficient chromogenic compounds,
benzothiadiazole (BTD) has emerged as an attractive moiety.
This electron-deficient heterocycle presents high fluorescence
quantum efficiencies both in solution and in solid state,
properties that have been utilized for afp].ications such as
organic electronics'®'” and bioimaging.'™"” Recently, some
BTD-based compounds that switch their emission color upon
mechanical stress or thermal stimuli have been reported,””*’
but in most of them, the origin of the color transformation is
crystal to-amorphous transition. This fact prevents an in-depth
study of the mechanism behind this process and limits the

@ 2020 American Chemical Soclety

5 ACS Publications

rational development of new chromophores with predesigned
properties.

Herein, we present a new BTD derivative, namely, 4,7-di-(4-
nonylphenyl)benzo[¢][1,2,5]thiadiazole, which crystallize as a
mixture of a blue-emitting (polymorph A) and green-emitting
polymorph (polymorph B). Polymorph A can be readily
converted to polymorph B in response to external stimuli
(pressure and temperature). Vapor fuming provides the
opposite transformation probably because of a solution
recrystallization process to form the metastable phase.
Interestingly, heating above the melting temperature of both
polymorphs gives rise to a smectic mesophase (SmA) that
upon cooling yields only polymorph B.

In this molecule, the BTD moiety is flanked by two phenyl
groups substituted with long flexible chains, which make the
assembly of these molecules into layers possible, as could be
confirmed by single-crystal analysis of one of the two
polymorphs. A combined spectroscopic and theoretical study
has been performed in order to get an insight into the

Received: November 21, 2019
Accepted: February 11, 2020
Published: February 11, 2020
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| M) Check for updates | Towards highly conducting bicarbazole redox
polymer films with plateau-like conductivities¥
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Chemical doping of redox polymer films based on triphenylamine (PYTPA), phenylcarbazole (PVPhChz)
and carbazole (PVCbz) pendant redox units is performed with different concentrations of FeCls
solutions. Analogies to in situ electrochemical doping show that stable crosslinked dimer containing
redox polymer films are created. The conductivity behavior of the doped films is analyzed and the
charge carrier species are identified by UV-Vis-NIR spectroscopy. In particular the behavior of PVChz
upon doping is unique: transparent films with conductivities as high as 2 x 1077 S cm™" are found over
a large range of FeCly concentrations. Such plateau-like conductivity — also encountered upon electro-
chemical doping — is a phenomenon, usually only found for conjugated polymers such as poly-
(3-hexylthiophene). PVTPA and PVPhCbz on the other hand show bell-shape behavior with maximum
conductivities reaching 10~ § cm™ for a limited range of dopant concentrations. The stability (induced
by crosslinking) and the transparency make the layers applicable as transparent electrodes or hole-
transport layers in opto-electronic devices. The observed results are discussed in the context of mixed
valence conductivity with high conductivities only accessible when a certain amount of dications
coexists with radical cation species. While PVTPA and PVPhChz follow the classical findings of the
model, a favorable n-stacking tendency of bicarbazole dimers seems to strongly improve efficient
communication between the redox sites in the three dimensionally connected redox polymer films.
Our results indicate that the nature of charge propagation of redox and conjugated pelymers is closer
than usually discussed in the literature which can be mainly attributed to intermolecular interactions
throughout the films. Last but not least we want to highlight the strength of in situ electrochemical
techniques to identify charged species and potential-dependent conductivity regions which help
targeting optimized chemical doping.
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redox active units, whereas for conjugated polymers the motion

Introduction

of delocalized electrons occurs in intra and inter conjugated

The intrinsic electronic conductivity upon chemical and electro-
chemical doping combined with their solution processability,
lightweight and synthetic versatility has made conducting
polymers very appealing candidates in a wide number of
applications including thermoelectric devices, transparent
clectrodes as well as in energy storage applications.

Based on the nature of charge propagation conducting
polymers can be subdivided into two main groups, namely
redox and conjugated polymers.® In the case of redox polymers,
electronic conductivity is sustained by electron hopping, which
is essentially an electron exchange reaction between localized
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chains. Mechanisms of conductivity, and in particular, correla-
tions with the redox state of the polymers have been the subject
of studies since decades;™" a useful technique for this purpose,
with Murray”™'" and Zotti'' as pioneers, is in situ conduc-
tance coupled to cyclic voltammetry, Despite several studies
in the literature,”™'* a general mechanism for describing
the potential-dependent conductivity behavior of conducting
polymers has not yet been found. A mixed-valence conductivity
model can be successfully employed for describing the conduc-
tivity profile of pure redox systems which is typically charac-
terized by narrow potential regions of conductivity with a
characteristic pealk or bell-shape.”*'"'*'" Experimentally it
remains non-trivial to find the optimum doping level to reach
maximum conductivities, furthermore conductivities typically
remain rather low.”

Conjugated systems such as poly(3-hexylthiophene) and
poly(ethylenedioxythiophene) are on the other hand characterized
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Structure, stability, and optical absorption spectra of small Ti, C,
clusters: a first-principles approach
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ABSTRACT

Titanium carbide molecular clusters are thought to form in the circumstellar envelopes of carbon-rich asymptotic giant branch
(AGB) stars but, to date, their detection has remained elusive. To facilitate the astrophysical identification of those clusters in
AGB and post-AGB environments, the molecular structures and optical absorption spectra of small Ti,,C, clusters, withn = 1-4
and x = 14, and some selected larger clusters, TisCy, TiyCs, TigC3, Ti3Cy3, TigCya, TigCis, and Ti3Caz, have been calculated.
The density functional formalism, within the B3LYP approximation for electronic exchange and correlation, was used to find
the lowest energy structures. Except the clusters having a single Ti atom, the rest exhibit three-dimensional structures. Those are
formed by a Ti fragment surrounded in general by carbon dimers, The optical spectra of Ti,C,, computed by time-dependent
density functional theory, using the corrected CAM-B3LYP functional, show absorption features in the visible and near-infrared
regions which may help in the identification of these clusters in space. In addition, most of the clusters have sizable electric
dipole moments, allowing their detection by radioastronomical observations.

Key words: astrochemistry — molecular data — methods: numerical —stars: AGB and post-AGB —stars: carbon - circumstellar

matter.

1 INTRODUCTION

Titanium carbide (TiC) dust is predicted to form in the inner
regions of the circumstellar envelopes (CSEs) of carbon-rich (C-
rich) asymptotic giant branch (AGB) stars (Agundez et al. 2020).
Due to its high refractory nature, TiC is considered to be the first
condensate in the atmosphere of C-rich AGBs and may act as
seed for the heterogeneous nucleation of dust. The identification
of TiC crystals embedded in graphite spherules extracted from the
Murchinson meteorite supports this prediction (Bernatowicz et al.
1991, 1996) but, to date, the detection of molecules comprised of
titanium and carbon that may serve as precursors for the formation
of TiC dust has remained elusive.

In the inner regions of the CSEof AGBs, titanium is in atomic form
presenting fairly low abundances. The reaction of Ti with acetylene
(C2H;) has been suggested as a possible pathway for the formation of
stoichiometric TiC molecules (Chigai, Yamamoto & Kozasa 1999;
Gail & Sedlmayr 2013), and chemical equilibrium calculations of
AGB atmospheres show that the depletion of atomic Ti starts at
stellar radii in which most carbon is locked into C;H;. However, the
predicted abundance of the diatomic molecule TiC is too low and
the high stability of large clusters such as TiyC)2, which might be
formed through the reaction of smaller Ti, C, clusters, suggests that it
is a reasonable candidate as molecular precursor of TiC dust. Indeed,

* E-mail: joseignacio.martinez @icmm.csic.es

chemical equilibrium calculations show that TigC > replaces atomic
Ti as the main Ti reservoir at 2-3 stellar radii (Agtndez et al. 2020).

On the other hand, TiC nanocrystals were suggested as carriers of
the 21 pwm emission feature in C-rich protoplanetary nebulae (PPNe)
(Helden et al. 2000). However. the low abundance of Ti in these
environments is not consistent with this carrier (Chigai et al. 2003;
Zhang, Tiang & Li 2009} and the possibility of a hydrocarbon-based
carrier has been considered instead, although coated TiC grains could
circumvent the constrains imposed by the Ti abundance in post-AGB
environments (Sloan etal. 2014).

The solid-state phase diagram of the Ti-C alloy (Okamoto 1998)
shows a very stable compound centred at TissCys with a wide
composition range. This compound has a high melting temperature
of 3066°C. These features reveal that the formation of strong Ti-C
bonds is favourable, and this is also the case for Ti-C nanoclusters,
which exhibit highly stable structures at particular stoichiometries.

Three decades ago, by reacting metal vapours with hydrocarbons,
Castleman and coworkers discovered a class of highly stable cage-
like clusters with formula MgCa. the metallocarbohedrenes, or
metcars (Guo, Kerns & Castleman 1992a; Guo et al. 1992b; Wei
et al. 1992; Rohmer, Bénard & Poblet 2000), where M denotes
an early transition metal (mainly, Ti, V, Zr, Nb, Hf, Mo, Cr, and
Fe). Later on, Yu, Huber & Froben (1995) performed similar
experiments by reacting laser-vaporized Ti with CHy, and observed
the formation of TigC, along with several other clusters including
Ti,Ca, stoichiometries. The mass spectrometric studies of anionic
Ti,C; clusters performed by Wang, Ding & Wang (1997) and Wang

© The Author(s) 2021,
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We report the synthesis and comprehensive study of two chromophores based on 4H-pyranylidene
moiety as a part of the n-conjugated spacer. Triphenylamine (TPA) acts as donor and tricarbonitrile-
based electron-accepting groups complete these V-shaped D-A-D architectures (A, acceptor; D,
doner). Their electrochemical, photophysical and nonlinear optical properties are analyzed in detail by
using a joint experimental and theoretical approach. The tweo chromophores exhibit near-infrared
flucrescence, large Stokes shift, enhanced emission in tetrahydrofuran/water mixtures and good
photostability. Additionally, the dimerization of triphenylamine groups to tetraphenylberzidine (TPB)
takes place upon electrochemical and chemical oxidation showing their peculiar electrochemical
behavior and film formation capabilities. Interestingly. high molecular first hyperpolarizabilities and
two-photon absorption cross-sections were found, highlighting their potential applications in electro-
optical devices. Overall, our work demonstrates that these near-infrared (NIR) flucrescent chromo-
phores are versatile materials with a myriad of applications ranging from optoelectronics to biclogical
applications.
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Organic push-pull molecules represent a subclass of n-conjugated
systems that are end-capped with electron donor(s) and electron
acceptor(s). The D-n-A arrangement allows the direct interaction
of the donor (D) and the acceptor (A) through the m-system,
sc-called intramolecular charge transfer (ICT). Their versatility
and well-defined and tunable structures, which give rise to
predictable properties, represent a main advantage keeping them
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into focus for different applications: nonlinear optics (NLO),'
dye-sensitized solar cells (DSSCs),” bulk-heterojunction solar cells
(BHJSCs),* organic lightemitting diodes (OLEDs)," two-photon
absorbers,” or near-infrared absorbing dyes (NIR).®

In addition to the ordinary linear D-n-A systems, push-pull
chromophores may also adopt quadrupolar (D-n-A-n-D or
A-n-D-n-A), tripodal (D-(n-A); or A-(n-D)i) or even more
extraordinary arrangements, which may be pictured as uppercase
letters (molecules with shape similarto H, V, Xor Y).” As far as the
field of NLO is concerned, non-centrosymmetry is an imperative
requirement for applications based on second order processes.”
On the other hand, for two-photon absorption (2PA) (a third order
process) a high degree of n conjugation is desirable. Following the
arrangements above mentioned, branching donors and acceptors
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Backbone Configuration and Electronic Property Tuning
of Imide-Functionalized Ladder-Type Heteroarenes-Based
Polymer Acceptors for Efficient All-Polymer Solar Cells

Bin Liu, Yingfeng Wang, Huiliang Sun,* Sergio Gdmez-Valenzuela,
Zhenglong Yan, Kui Feng, Mohammad Afsar Uddin, Changwoo Koh, Xin Zhou,
Juan Teodomiro Lépez Navarrete, Maria Carmen Ruiz Delgado, Hong Meng, Li Niu,

Han Young Woo, Rocio Ponce Ortiz,* and Xugang Guo*

Electron-deficient ladder-type 7-conjugated systems are highly desired for
constructing polymer acceptors due to their unique electronic properties.
Herein, two series of polymer acceptors PBTIn-(F)T (n = 1-4) based on imide-
functionalized ladder-type heteroarenes (BTIn) with tunable conjugation
length are synthesized. Effects of their backbone configuration and electronic
properties on film morphology and performance of all-polymer solar cells
(all-PSCs) are systematically investigated through theoretical computation,
Raman spectroscopy, grazing incidence wide-angle X-ray scattering, etc. It

is found that the ladder-type heteroarene size extension and polymer back-
bone fluorination gradually lower the frontier molecular orbital energy levels,
leading to progressive bandgap narrowing with more efficient exciton disso-
ciation. Furthermore, the centrosymmetric and axisymmetric characteristics
of BTIn result in distinct backbone configuration with varied self-aggregation
and crystalline phases, hence determining the blend film morphology. The
highest efficiencies in these two series are attained from PBTI3-T and PBTI3-
FT with a curved backbone configuration. PBTI4-(F)T with further extended
heteroarenes shows linear backbone, negatively affecting film morphology
and efficiency. This study provides fundamental material structure-device per-
formance correlations for ladder-type heteroarenes-based polymer acceptors
for the first time and demonstrates that more extended ladder-type back-
bones do not necessarily improve the device performance, offering guidelines
for designing polymer acceptors to maximize all-PSC performance.

1. Introduction

All-polymer solar cells (all-PSCs), which
are composed of a p-type polymer as elec-
tron donor and a n-type polymer as elec-
tron acceptor, have attracted considerable
attention due to their pronounced advan-
tages over other type of organic solar cells
(OSCs), including excellent mechanical
flexibility /durability and superior device
performance stability!! Extensive studies
focusing on polymer donors have greatly
enhanced the power conversion efficien-
cies (PCEs) of OSCs. In contrast, the
development of polymer acceptors lags
largely behind, hence more efforts of
developing polymer acceptors are urgently
needed to improve all-PSC performance
and leverage their advantages. To date,
the reported polymer acceptors with PCE
of >8% in all-PSCs are exclusively domi-
nated by naphthalene diimide, perylene
diimide, and B«N bridged bipyridine-
based polymers,? except for recently
reported cyano-functionalized polymers.l
The development of all-PSCs in turn lags
behind the state-ofthe-art small-molecule
acceptor  (SMA)-based counterparts.”l
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