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Introduction 

Looking around us, in a society as advanced and technological as the one we live in, 
in which most of our daily activities involve the use of electronic devices, different aspects 
such as economy, health or social relationships are mainly related to technological 
advancement, see Figure 1.1.1–4 This increasingly dependent relationship is growing at a 
vertiginous pace, and electronic systems are taking up an ever-larger part of our lives. 

Figure 1.1 Scheme representing the use of technology in society. 

So far, this need has been met using silicon and other inorganic materials. However, 
limited resources and mass manufacturing of devices raise urgent issues to be resolved, with 
special attention to the environmental aspects associated with the manufacture, use and 
subsequent disposal of these electronic devices. In this sense, carbon-based electronics, 
organic electronics, with more sustainable manufacturing and disposal processes, open up 
a new field. This, together with the use of small organic molecules, polymers and other 
organic materials that offer electronic structures with unique properties, positions organic 
electronics as an alternative in the electronics of the future.5,6 

Organic electronics arose as a result of a mistake in the 1970s, when a student of 
Hideki Shirakawa, following the traditional Ziegler-Natta polyacetylene synthesis route, 
mistakenly added a thousand times more catalyst than necessary. Instead of obtaining a dark 
and opaque solid, he obtained a shiny and sticky film similar to aluminium.7 This film was 
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flexible like plastic and had surprisingly high conductivity. From this discovery, Shirakawa, 
Heeger, and MacDiarmind made great advances in the study of conducting polymers. These 
three scientists discovered that the conductivity of polyacetylene could be modulated from 
an insulating character to a conducting character by oxidative doping with I2, Br2, or Cl2 
vapors.8 In the case of exposure to iodine, conductivity increased up to seven orders of 
magnitude. The discovery and development of conducting polymers by these three 
researchers led them to receive the Nobel Prize in Chemistry in 2000.9 From this point on, 
efforts in this field of research have focused on the development of conjugated organic 
semiconductors, doped or not, for use in electronic devices. 

Today, we already are surrounded by electronic devices made from organic 
materials: mobile phone screens, portable solar cells, television, screens, etc.10 This is 
possible thanks to the enormous development that organic electronics has undergone and 
the improvement in the miniaturization of organic semiconductors.11,12 However, there is still 
a long way to go for these electronics to become an industrial and commercial reality. To do 
so, it will be necessary to overcome different challenges by making a great effort in research. 
In fact, technology companies invest in the manufacture of low-cost, high-performance 
organic devices, a market worth billions of dollars that is growing rapidly. The key to the 
development of organic electronics is associated with the intrinsic characteristics of the 
organic materials themselves, with advantages such as: reduction in production costs, 
versatility in synthesis processes or compatibility with transparent, flexible and deformable 
substrates.13 Cooperation between researchers from all disciplines is vital for this electronic 
to become an industrial and social reality. 

1.1 Semiconductor materials in electronics 

Depending on their conductivity, materials can be divided into three different 
categories: conductors, semiconductors and insulators (Figure 1.2). Semiconductors form an 
intermediate group between conductors and insulators, presenting relatively small 
conductivity values at low temperatures that increase with temperature or doping. To 
explain the conductivity phenomenon, it is necessary to consider the band theory.14 This is 
based on the fact that the atoms in a solid are so closely packed that their electronic levels 
form a continuum of energy states called a band. The valence band (of lower energy) is the 
one that contains the valence electrons, and the conduction band (of higher energy) is the 
band formed by the immediately higher unoccupied energy levels. 
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Figure 1.2 Representation of energy bands for solids. 

In conducting materials (metals), these two bands are partially overlapped. In 
contrast, in insulating materials, the bands are separated by a large energy interval 
(bandgap), preventing the promotion of electrons from the valence band to the conduction 
band.15,16 In semiconductors, the valence band is completely filled and the conduction band 
empty, with a small bandgap energy, so that a small energy input can lead to electron transit 
between both bands. 

1.1.1 Transistors 

Semiconductor materials are the basic components of all modern electronics, with 
the transistor being the device of excellence where these materials are used. A transistor 
consists of a semiconductor device that is used to obtain an output signal based on an input 
signal. It can be used as an amplifier, switch, signal modulator, voltage stabilizer, among other 
functions. The transistor is the main device that gave rise to integrated circuits and is 
considered one of the greatest discoveries of recent centuries. 

The transistor was born out of the need of the replacement of the vacuum tubes to 
make long-distance calls. Vacuum tubes were large, produced a lot of heat, consumed a lot 
of energy and had to be replaced frequently. For this reason, the American Telephone and 
Telegraph Corporation, formerly known as the Bell Telephone Company, established a 
research centre in 1926 called the Bell Telephone Laboratories. After World War II, 
laboratory director Mervin Kelly hired scientists William Shockley, Walter Brattain and John 
Bardeen to develop his idea based on the use of semiconductors to solve the problems 



7 

Introduction 

caused by vacuum tubes. Thus, in 1947, the first point-contact transistor was born made of 
two gold contacts pressed onto germanium very close to each other.17 The impact of this 
discovery was such that Shockley, Bardeen and Brattain were jointly awarded the 1956 Nobel 
Prize in Physics.18,19 

From the very beginning, the huge difference in size between transistors and vacuum 
tubes was striking. In 1965, Gordon Moore predicted that the number of transistors per unit 
area on a microchip could double every 12 months, an axiom known as Moore's Law. In 
1975, he modified his own law, changing it from 12 months to 24 months.20 It can be said 
that this law has been precisely fulfilled for decades, going from having chips with hundreds 
of transistors to having chips with millions of transistors. The challenge is to make devices 
even smaller.  

1.1.2 Future of electronics 

According to Nature magazine, Moore's Law no longer applies in 2016. Today, there 
are microprocessors with a technology with a distance between transistors of 5 nm. From 
this point on, at this scale, the behaviour of electrons will be governed by quantum 
uncertainties, which will make transistors unreliable. Technology that reduces the size of the 
transistor is reaching its limit. This means that reducing the size of a transistor no longer 
increases speed or decreases power consumption. Therefore, new technologies must be 
developed to overcome the Moore's Law limit.21 In order to address the limitations of 
Moore's Law, a range of approaches may be considered in future research, including: 

• Three-Dimensional System-in-package integration: 3D System-in-package (SiP)
technologies allow silicon dies to be stacked and connected in a three-dimensional
space, thereby improving circuit efficiency and transistor density. Rather than relying
solely on transistor density, SiP technologies, and especially 3D SiP, go beyond
Moore's law in a way that has been termed "More than Moore."22 3D SiP packaging
optimizes space use with designs such as package-on-package, improving circuit
efficiency and reducing costs by producing smaller chips with higher yields.23

However, it presents technical challenges, such as thermal mismatch between
materials, cooling issues, and environmental vulnerability.

• Chiplets: Chiplets are multi-chip modules made up of small, individual integrated
circuits (ICs) that act as building blocks for larger systems, such as CPUs.24,25 They
were developed to improve the transmission of information from smaller nodes,
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optimizing performance in devices such as computers and smartphones.26 These 
modules have advantages such as: better signal transmission, advanced designs, 
cost reduction or ease of producing more powerful chips. However, they also offer 
some disadvantages, such as problems with interfaces or greater complexity. 

• Non-volatile memory (NVM): Moore’s Law addresses challenges such as power
consumption, heat dissipation, and data storage as transistors are miniaturized and
their density increases. Non-volatile memory (NVM) is a type of computer memory
that can retain stored information even after the power is removed27,28. It emerges
as a promising solution to address problems such as i) Power consumption: as it
reduces power and sometimes endurance. ii) Heat dissipation: emerging NVMs
reduce the heat generated, thereby improving system reliability and lifetime. iii)
Data storage: NVM offers solutions through high density to store large amounts of
information in a small space, thereby increasing capacity without increasing size or
power consumption, iv) Integration: NVM can be integrated into existing systems,
improving their performance and extending their lifetime without significant
redesigns.

• Photon-based computing: The heat generated by high transistor density limits chip
performance, a significant challenge to Moore's Law. One proposed solution is
photon-based computing, which uses light (photons) instead of electricity to
transmit and process information, significantly reducing heat and improving speed
and efficiency.29 Data is transmitted via light instead of electricity, using lasers,
waveguides and detectors, allowing for greater speed and lower power
consumption compared to electrical interconnects.30 They are also capable of
performing calculations using light, being faster and more efficient than electronic
processors. They are useful for complex tasks such as Fourier transforms, signal
processing and image recognition. Photon-based computing has advantages such as
reducing the heat generated by chips, increasing data transmission speed and
improving energy efficiency. However, they have certain disadvantages such as
requiring the development of practical and cost-effective photonic components, as
well as effective integration with traditional electronics.

• Biocomputing: Computing based on biological molecules, such as DNA, RNA, and
proteins, offers a potential solution to overcome the limits of Moore's Law. These
molecules possess unique properties that make them ideal for certain tasks, such as
data storage and complex calculations, with high precision and low heat generation.



9 

Introduction 

An option is DNA computing, which uses DNA to both store and process 
information.31,32 A prominent example is the storage of 200 MB of data in DNA 
sequences, achieving extreme compactness and efficient addressing, similar to 
storage on hard drives. On the other hand, protein-based computing, uses protein 
molecules as computing components.33 Proteins offer high storage capacity, low 
energy consumption, and can perform complex calculations quickly, in addition to 
mitigating the problem of heat dissipation. This type of computing has certain 
advantages such as high storage density, energy efficiency, capacity for complex 
calculations and reduction of heat generated. Instead, it must improve in aspects 
such as the speed and precision of biological calculations and overcome technical 
barriers for wider adoption. 

• Quantum computer: Quantum computers, based on principles of quantum
mechanics and using qubits, offer solutions to overcome the challenges of Moore's
Law. Qubits, which can exist in multiple states simultaneously, allow certain
calculations to be performed much faster than classical computers.34–36 These
computers enable the simulation of complex systems, facilitating the efficient and
accurate simulation of the behaviour of atoms and molecules, crucial for areas such
as materials science, overcoming the limitations of classical computers. Quantum
computers also have the ability to solve optimization problems, using quantum
algorithms, such as quantum annealing. These computers can identify optimal
solutions to problems with a large number of possibilities, relevant to sectors such
as finance, logistics and transportation. These types of computers are capable of
solving problems in a faster and more efficient way, ideal for complex scientific and
industrial applications. Although they are in an early stage of development and are
not in widespread use, they represent a promising advance against the limitations
imposed by Moore's Law.

• Polymers and organic molecules: Polymers and organic molecules offer promising
potential to overcome certain challenges of Moore's Law, thanks to their versatility
and unique electronic properties. They offer a simpler and less expensive alternative
to traditional methods such as photolithography and are easy to meld into complex
shapes ideal for small and intricate devices.37 Some of these materials possess high
electron mobility, allowing their use in devices such as organic field-effect transistors
(OFETs), applicable in displays and sensors.38–40 Combined with conductive materials
such as metals or carbon nanotubes, they allow the creation of flexible and
stretchable devices, useful in sectors such as robotics and wearable technology.
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Although they still face challenges such as improving stability, polymers offer a cost-
effective and adaptable way to advance the miniaturization and functionality of 
electronic devices, helping to mitigate the limitations of Moore's Law. 

1.2 Organic semiconductors 

Organic semiconductors stand out over inorganic semiconductors due to their 
flexibility, environmental friendliness, ease of large-scale production, and ability to be 
processed at low temperatures using simple methods such as inkjet or laser printing.41 The 
weak intermolecular bonds in organic semiconductors (Van der Waals and electrostatic 
interactions), in contrast to inorganic semiconductors (Se, Ge) which are characterized by 
covalent     bonds,42–45 allow their processing at room temperature and ambient pressure, 
unlike inorganic semiconductors that require extreme conditions such as high temperature 
and vacuum. On the other hand, these types of materials can be integrated into 
unconventional substrates such as glass, polymers, fabrics and paper, expanding their 
potential applications.46–48 Due to their ability to be produced on a large scale with flexible 
chemical methods, they are more environmentally friendly and compatible with design 
innovations. This combination of properties and ease of manufacturing positions organic 
semiconductors as a promising alternative to traditional inorganic semiconductors, opening 
new opportunities in the electronics industry. 

Organic semiconductors are characterized by being based on structures formed by 
carbon atoms, an element belonging to group IV of the periodic table, whose electronic 
configuration ends in s2p2. The most relevant property of these materials lies in the 
electronic delocalization along a π-conjugated structure, where each carbon atom presents 
sp2

 hybridization. The three sp2
 orbitals of each atom are arranged in the same plane, while 

one pz orbital remains perpendicular to these planes. The overlap of the pz orbitals by π 
bonds generates the formation of π molecular orbitals. This phenomenon is illustrated in 
Figure 1.3a, using the benzene molecule (C6H6) as an example. The main structure of this 
conjugated skeleton is composed of σ bonds (bonding and antibonding) between carbon 
atoms, originating from the overlap of the sp2 orbitals, and π bonds (bonding and 
antibonding) resulting from the overlap of the pz orbitals. Because π bonds are notably 
weaker than σ bonds and are delocalized, facilitate charge mobility.49 As seen in Figure 1.3b 
for the case of benzene, the bonding π orbitals constitute the highest energy occupied 
molecular orbital (HOMO), while the antibonding π* orbitals form the lowest energy 
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unoccupied molecular orbital (LUMO). The energy difference between these two orbitals is 
called the HOMO-LUMO gap. 

Figure 1.3 Note that sp2 orbitals lie on the same plane and form σ-bonds while pz orbitals 
are orthogonal to the plane and form π-bonds. a) Formation of σ and π-bonds in benzene.     
b) Energy level diagrams of molecular orbitals in benzene.

In linear π-conjugated systems, the value of the gap depends on several structural 
factors, such as chain length and degree of planarity.50,51 In addition, there are multiple 
synthetic strategies to modulate or optimize the HOMO-LUMO gap. Among the most 
common are the incorporation of aromatic rings and functionalization with groups that act 
as electron donors and/or acceptors. One of the key properties of organic semiconductors is 
charge transport, which is directly linked to electron or hole mobility, one of the most 
relevant parameters in OFETs. The modulation of the gap energy in these materials to 
achieve high charge mobilities is the basis of numerous research studies.52,53 

Throughout this Doctoral Thesis, continuous reference will be made to   
π-electronic conjugation, the HOMO and LUMO orbitals, as well as the HOMO-LUMO gap 
(Eg) that separates them, since these parameters are fundamental for the analysis of the 
electronic properties of the materials studied in this Thesis. 
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1.3 Applications of organic semiconductors: organic field-effect transistors 

Organic semiconductors play a key role in various applications of organic electronics, 
such as lasers, molecular wires, and chemical and biological sensors, among others.54,55 In 
addition, they are used as active components in a variety of electronic devices, such as solar 
cells (OPVs),56–58 organic light-emitting diodes (OLEDs),59–62 and organic-based field-effect 
transistors (OFETs)63–65. This PhD Thesis focuses on the analysis of organic semiconductor 
materials applied to OFETs. 

A field-effect transistor (FET) is a device in which an electric field induces a net spatial 
charge in the semiconductor. This charge is polarized by applying a potential difference 
between the electrodes. FETs are essential elements in electronic circuits, where they 
perform functions such as switches or signal amplifiers, among others.66,67 In the specific 
case of OFETs, the active layer is composed of organic materials, either polymers or 
conjugated molecules.68–70 

Although the first transistors based on organic materials were described in 1970,71 
the development of OFETs took off in 1986 with the fabrication of the first device of this 
type, based on electrochemically polymerized polythiophene.72 Three years later, in 1989, 
the first OFET based on a conjugated molecule, sexithiophene, was developed. Today, OFETs 
are capable of greatly exceeding charge mobilities higher than the mobility of amorphous 
silicon (0.1–1 cm²/V s)73. Among the advantages of these devices compared to inorganic FETs 
are those of organic semiconductors: they can be deposited at low temperatures, which 
makes them compatible with flexible and deformable plastic substrates, and they are 
suitable for large-scale production processes, such as printing, reducing costs.74 

In the latest generation of optoelectronic devices, charge transport efficiency within 
the organic layer is crucial. For example, in solar cells, charges generated by photoexcitation 
of the active material must efficiently travel to the metal contacts to be harvested as 
electrical energy. In light-emitting diodes, it is important that holes and electrons injected 
from the electrodes exhibit balanced and efficient transport characteristics, favouring 
volumetric recombination rather than recombination quenching near a metal interface. 
Another key challenge is the design of materials that exhibit high charge transport properties 
for both holes and electrons in field-effect architectures, in order to facilitate the 
development of complex organic circuits. 
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1.3.1 Components and configurations of an OFET 

As mentioned above, an OFET is a three-terminal device in which a voltage applied 
to the gate electrode controls the current flow between the source and drain electrodes by 
an imposed voltage. The basic schematic of an OFET is presented in Figure 1.4. 

Figure 1.4 Illustration of top contact–bottom gate organic field effect transistor. L is the 
channel length; W is the channel width and t is the thickness of the semiconductor layer. 

An organic-based field-effect transistor is composed of three main elements:75 

• Contacts: also known as gate, source and drain electrodes. Typically, the source and
drain electrodes are made of gold, while the gate electrode is made of doped silicon.

• Dielectric material layer: this is usually a metal oxide, with silicon dioxide (SiO2)
being the most used material. Polymers are also a potential alternative due to their
intrinsic insulating properties and are widely used as dielectrics.

• Thin film of organic semiconductor: this material connects the source and drain
electrodes, forming the channel through which the current flows. If the device
transports holes, it is classified as p-type; if it transports electrons, it is n-type.
Semiconductors capable of transporting both holes and electrons are called
ambipolar.

Depending on the different situations of these layers, OFETs can be categorized in
four device architectures: bottom contact-bottom gate (BC-BG, Figure 1.5a),   
top contact -bottom gate (TC-BG, Figure 1.5b), bottom contact -top gate (BC-TG, Figure 1.5c), 
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and top contact-top gate (TC-TG, Figure 1.5d). Each of these architectures shows different 
advantages and disadvantages, making the choice of design dependent on the specific 
application requirements.76,77

Figure 1.5 Representation of the four OFET configurations: (a) bottom contact–bottom gate 
(BC-BG), (b) top contact–bottom gate (TC-BG), (c) bottom contact–top gate (BC-TG) and (d) 
top contact–top gate (TC-TG). 

BC-BG and TC-BG devices allow for rapid testing of new semiconductors because the 
insulating layer and terminal electrodes can be prefabricated. However, these configurations 
leave the semiconductor partially or fully exposed to environmental conditions that favour 
accelerated degradation. In contrast, BC-TG and TC-TG architectures mitigate the 
environmental degradation of the semiconductor by using the dielectric layer as a barrier. 
However, these designs require careful selection and deposition of the dielectric to maintain 
the integrity of the semiconductor layer. Among these configurations, the TC mode is often 
better for obtaining high-quality semiconducting layers, as the prefabricated electrodes in 
the BC configuration can serve as nucleation sites, negatively impacting the contact quality 
between the semiconductor and the source and drain electrodes.78 Considering these 
factors, in all devices of this thesis we use a TC-BG configuration. 
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1.3.2 OFET operation 

As shown in Figure 1.4, to understand the operation of an OFET, it is essential to 
define several parameters. We designate VGS as the voltage applied between the gate 
electrode and the source electrode, and VDS as the voltage applied between the source and 
drain electrodes. 

To explain the field effect, we will take as a reference the diagram illustrated in 
Figure 1.6.79 This diagram describes how the field effect induces charges in the 
semiconductor layer, based on the energy levels of the HOMO and LUMO orbitals of the 
organic material in relation to the Fermi level of the source and drain electrodes. 

When the voltage applied between the gate electrode and the source electrode is 
zero (VGS =0), the current flowing between the source and drain electrodes is practically zero, 
indicating that the transistor is in the off state (Figure 1.6a). When a positive voltage is 
applied (VGS>0), the transistor is activated, generating a shift towards lower energy levels in 
the HOMO and LUMO orbitals. If the voltage is high enough, the LUMO reaches resonance 
with the Fermi levels of the electrodes, thus allowing the injection of electrons from the 
electrodes to the LUMO (Figure 1.6b). When a voltage is also applied between the source 
and drain electrodes (VDS>0), a current flow is established between them, characterizing the 
semiconductor as n-type (Figure 1.6d). In contrast, if VGS<0, the HOMO and LUMO orbitals 
shift to higher energy levels, becoming destabilized (Figure 1.6c). In this case, if the HOMO 
of the semiconductor meets the Fermi level of the electrodes, the injection of charges from 
the electrodes to the HOMO is made possible. By applying a negative voltage (VDS<0), a flow 
of charges is generated between the source and drain electrodes, which defines the material 
as a p-type semiconductor (Figure 1.6e). 



16 

Introduction 

Figure 1.6 (a) Idealized diagram of the energy levels of an OFET with respect to the Fermi 
levels of the source and drain electrodes for VGS=0 and VDS=0. (b-e) Schematic representation 
of the field effect, (b) and (d) electron accumulation and transport, (c) and (e) hole 
accumulation and transport. 

The diagram in Figure 1.6 presents an idealized version of the field effect. However, 
it is important to consider several factors, such as mismatches between the Fermi level and 
the HOMO or LUMO orbitals, impurities or charge trapping, which cause mobile charges not 
to be introduced into the semiconductor exactly at VGS = 0. Therefore, a threshold voltage    
(VT) is defined, which corresponds to the minimum voltage value necessary to induce mobile 
charges in the semiconductor. The induced charge density (qind) (C/cm2) in the channel for a 
position x is expressed as: 

𝑞𝑞𝑖𝑖𝑖𝑖𝑖𝑖(𝑥𝑥) = 𝑛𝑛(𝑥𝑥) · 𝑒𝑒 · 𝑡𝑡 [1.1] 

𝑛𝑛(𝑥𝑥) · 𝑒𝑒 · 𝑡𝑡 = 𝐶𝐶𝑜𝑜𝑜𝑜�𝑉𝑉𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑇𝑇 − 𝑉𝑉(𝑥𝑥)� [1.2] 
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where Cox is the capacitance of the dielectric per unit area (nFcm2), n(x) is the charge density 
in the channel, e is the fundamental unit of charge and t is the thickness of the 
semiconductor film. 

Figure 1.7 Schematic representation of the charge density distribution during the operation 
of an OFET: (a) in linear regime, (b) for VGS-VT = VDS, (c) in saturation regime VGS-VT < VDS. 

In the case of n-type conduction, the application of a positive voltage at the gate 
electrode (VGS>0) generates positive charges at the gate/dielectric interface and an 
equivalent number of negative charges at the semiconductor/dielectric interface. If no 
voltage is applied between the source and drain electrodes (VDS=0), the induced charge 
density remains uniform along the entire channel. Assuming in an idealized way that VT is 
not a function of x, and when VDS=0, also 𝑉𝑉(𝑥𝑥)=0 (see Figure 1.7a). However, if VDS takes a 
value different than zero but smaller than VGS, a linear gradient in the charge concentration 
is generated along the channel. Under these conditions, for a small value of VDS, the average 
value of qind is: 

𝑞𝑞𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐶𝐶𝑜𝑜𝑜𝑜(𝑉𝑉𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑇𝑇 −
𝑉𝑉𝐷𝐷𝐷𝐷
2

) [1.3] 

On the left side of the channel, the charge density will be higher, while on the right 
side it will be lower (Figure 1.7b). As an approximation, it can be considered that: 

𝑉𝑉(𝑥𝑥) = 𝑉𝑉𝐷𝐷𝐷𝐷
2

 [1.4] 

By applying Ohm's Law, it is possible to establish a simplified relationship between 
current and voltage in an OFET:80 

𝐼𝐼𝐷𝐷𝐷𝐷
𝑡𝑡·𝑊𝑊

= 𝜎𝜎 𝑉𝑉𝐷𝐷𝐷𝐷
𝐿𝐿
→ 𝐼𝐼𝐷𝐷𝐷𝐷 = 𝑊𝑊

𝐿𝐿
(𝑛𝑛𝑥𝑥,𝑎𝑎𝑎𝑎 · 𝑒𝑒 · 𝑡𝑡)µ · 𝑉𝑉𝐷𝐷 [1.5] 

Here, ID represents the current flowing between the source and the drain, while t, 
W, and L correspond to the thickness, width, and length of the channel, respectively. 
Furthermore, σ denotes the conductivity (σ=nx,av·e·µ), μ the mobility of the charges, and nx,av 

the average concentration of charges in the channel. 
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Substituting equation [1.2] in [1.5] and rearranging terms, we obtain: 

𝐼𝐼𝐷𝐷𝐷𝐷 = 𝑊𝑊
𝐿𝐿
𝐶𝐶𝑜𝑜𝑜𝑜 · µ[(𝑉𝑉𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑇𝑇) · 𝑉𝑉𝐷𝐷𝐷𝐷 −

𝑉𝑉𝐷𝐷𝐷𝐷
2

2
]  [1.6] 

This equation describes the transport of charges in a linear regime, case of Figure 1.7b, when 
VDS < VGS-VT. 

As VDS increases, a point is reached where 𝑉𝑉𝐷𝐷S=𝑉𝑉𝐺𝐺S−𝑉𝑉𝑇𝑇. At this instant, there is no 
potential difference between the gate electrode and the channel region close to the drain 
electrode, which generates an area devoid of charge carriers (Figure 1.7b). If VDS continues 
to increase, this effect is intensified (Figure 1.7c), but no further increase in current is 
achieved. In this state, the transistor enters in the saturation regime. By substituting 
VDS=VGS−VT in equation [1.5], the relationship 𝐼𝐼−𝑉𝑉 that characterizes the behaviour of the 
transistor in the saturation regime, described by equation [1.6], is obtained. 

𝐼𝐼𝐷𝐷𝐷𝐷,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
𝑊𝑊
2𝐿𝐿

𝐶𝐶𝑜𝑜𝑜𝑜 · µ𝑠𝑠𝑠𝑠𝑠𝑠(𝑉𝑉𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑇𝑇)2 

|𝑉𝑉𝐷𝐷𝐷𝐷| > |𝑉𝑉𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑇𝑇| > 0  [1.7] 

1.3.3 OFET characterization 

OFETs are characterized by two types of representations, see Figure 1.8: 

• Output curves: In this case, the current IDS is measured by keeping VGS constant while
performing an incremental sweep of VDS. These curves allow to identify the two main
regimes of an OFET: the linear regime, where the current follows a parabolic
trajectory, and the saturation regime,81,82 in which the current between the source
and the drain is independent of VDS (Figure 1.8a).

• Transfer curves: Here, the current IDS is measured by keeping VDS constant while
varying VGS (Figure 1.8b).
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Figure 1.8 Representative a) output and b) transfer plots of a p-type OFET. 

Using the saturation transfer curves (𝑉𝑉𝐷𝐷S≫𝑉𝑉𝐺𝐺S−𝑉𝑉𝑇𝑇) and applying the previously 
mentioned equation [1.6], it is possible to determine the characteristic parameters of an 
OFET in a simple way (Figure 1.8b): 

• Mobility (μ): It represents the speed of the charge carriers per unit of electric field
(cm2V-1s-1). It is calculated from the slope of the linear section in the graph of IDS

1/2

versus VGS.

• On/off current ratio (Ion/Ioff): It is the ratio between the current in the on and off
states of the transistor.

• Threshold voltage (VT): It is the minimum potential necessary to induce mobile
charges at the dielectric/semiconductor interface. It is determined from the
intersection of the linear interpolation of the square root of the intensity obtained
in the transfer curve with the abscissa axis.

1.4 Understanding charge transport in organic semiconductor materials 

Unlike inorganic semiconductors, whose atoms are covalently bonded to form a 
highly crystalline three-dimensional solid with a strong overlap of atomic orbitals that 
facilitates charge transport through delocalized bands, order in molecular solids depends on 
non-covalent intermolecular interactions.83,84 Due to the weakness of these interactions, the 
solid structure of an organic semiconductor can vary depending on the distances and 
orientations between molecules (positional disorder), generating a diverse molecular 



20 

Introduction 

environment that gives rise to different energy levels.85,86 It is possible to clearly distinguish 
between disordered organic semiconductors, such as amorphous polymers, and organic 
semiconductors with highly ordered or crystalline structures.87 Charge transport in 
disordered semiconductors is mainly described by a hopping mechanism, which occurs by 
thermal activation through a distribution of localized states (Figure 1.9).88,89 This mechanism, 
proposed by Marcus90 for chemical reactions and biological electron transfer processes, 
requires that for a charge to jump between neighbouring molecules, the molecular 
configuration of the initial  site (occupied) and the final molecular configuration site (empty) 
must be distorted towards a common configuration, which is made possible by thermal 
activation.  

Figure 1.9 Theoretical methods proposed for explaining charge transport in materials with 
different supramolecular agreements. 

However, in experimental charge transport processes, these mechanisms can be 
influenced by other factors. Vissenberg and Matters91 developed a model to analyze the 
dependence of temperature and voltage applied to the gate electrode in organic 
semiconductors, especially in amorphous polymers. This model introduces the concept of 
variable hopping range (VRH), where a charge carrier can perform a short hop with a high 
activation energy or a long hop with a low activation energy. In this system, the temperature 
dependence of charge transport is closely related to the density of localized states. In an 
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organic field-effect transistor (OFET), the voltage applied to the gate electrode causes the 
accumulation of charges at the semiconductor/dielectric interface, filling the lower energy 
states of the organic semiconductor. As a result, additional charges will occupy higher energy 
states, which reduces the energy required to jump between neighbouring molecules. This 
means that an increase in the gate voltage increases mobility. Also, since this mechanism is 
thermally activated, an increase in temperature also increases mobility. On the other hand, 
for ordered molecules, experimental data show that mobility increases as the temperature 
decreases, suggesting a delocalized state band mechanism rather than a hopping 
mechanism, similar to that of inorganic semiconductors. 

In organic semiconductor materials we have two types of charge carriers:   
i) negatively charged particles or electrons, that are generated and transported through the
LUMO energy levels of the semiconductor. ii) positively charged effective particles or holes,
that are interpreted as electron vacancies in the HOMO energy levels. These holes are
generated by the excitation of an electron or by electron transfer processes with an
electrode.92,93 Depending on the predominant type of charge carrier, semiconductors are
classified as: p-type, when the charge comes as holes or n-type, when the transport is
dominated by electrons. Additionally, there are ambipolar semiconductors, which have the
ability to transport both electrons and holes thanks to the capability of simultaneous
injection of both types of charge from the electrodes,94,95 see Figure 1.10.

Figure 1.10 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 work function 
(WF) in between the HOMO and LUMO levels can facilitate ambipolar transport. The 𝜙𝜙B 
denotes the difference between WF and the corresponding semiconductor energy. 
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On the other hand, the interface between the organic layer and the electrodes is key to 
the charge injection process, while the interface between the organic layer and the dielectric 
directly affects charge transport and device stability. To improve charge injection, various 
strategies have been developed, one of the most common being the introduction of an 
intermediate layer between the source or drain electrode and the organic layer. This 
intermediate layer reduces the energy barrier and prevents the penetration of metal atoms 
into the organic layer. On the other hand, the interface between the organic layer and the 
dielectric controls charges transport and device stability in three main ways:96,97 

• Trap density: the trap density on the dielectric surface considerably impacts
performance, especially in n-type OFETs.

• Morphology: the dielectric layer influences the morphology of the organic
semiconductor, which affects both device performance and stability.

• Crystalline grain aggregation: This interface also influences crystalline grain
aggregation, where highly ordered and continuous thin films with lamellar packing
are essential to achieve high mobility and stability.

Efficient molecular packing improves orbital overlap between adjacent molecules, which 
facilitates charge transfer. Optimizing both the electrode/organic semiconductor and 
dielectric/organic semiconductor interfaces is an effective strategy to obtain high-
performance devices. 

1.5 Characteristics of molecular materials influencing charge transport 

The charge transport mechanism in OFETs is complex and not fully understood, so 
continued efforts are needed to develop design rules for new materials to elucidate the 
mechanisms involved in the device's operation. 

From a molecular perspective, a π-conjugated system is composed of four main 
structural elements: the conjugated backbone, heteroatoms, substituents (electron-
donating or electron-withdrawing groups or atoms), and side chains (such as solubilizing 
groups)98. Of these components, the conjugated backbone is the predominant factor 
determining most of the material's optoelectronic properties. In addition, this backbone 
significantly influences molecular packing. 
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However, heteroatoms, substituents, and side chains also play a crucial role in the 
optoelectronic properties of conjugated systems, especially in the solid state where 
morphological features such as aggregation and molecular packing are strongly influenced 
by the choice of these structural elements. The impact of these features on charge transport 
properties will be discussed in detail in the following sections. 

1.5.1 π-conjugation extension 

As mentioned above, the π orbitals are energetically accessible for charge transport. 
This allows the charge, once it enters the conjugated molecule, to be rapidly delocalized 
along the conjugated π system. To achieve efficient charge injection in p-type materials from 
metallic electrodes, such as gold, towards the HOMO, it is necessary that the ionization 
potential is around 5 eV.99,100 On the other hand, in n-type materials, the electron affinity 
must be high enough to guarantee an efficient injection of electrons towards the LUMO of 
the semiconductor. This value should not exceed 3 eV,101 since a lower electron affinity can 
compromise the environmental stability of the material. 

A key strategy to increase charge mobility is to extend the molecular skeleton. This 
extension increases π-conjugation, which favours charge transport. In this context, 
naphthalene-based compounds are a point of reference among π-conjugated 
semiconductors.102–104 However, when focusing on semiconductors formed by fused rings, 
linear acenes become the protagonists,105–107 see Figure 1.11. These systems are composed 
of aromatic hydrocarbons with fused benzene rings in a ladder-like fashion. Thanks to their 
high aromaticity, acenes have been widely used in the design of organic semiconductors with 
improved charge transport properties. 

Figure 1.11 Chemical structures of some representative acenes. 
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Theoretical studies have shown that charge mobility in these systems increases with 
increasing number of benzene rings, due to lower reorganization energy, which indicate the 
structural changes of the molecules needed to accommodate a positive or negative charge, 
and higher charge transfer integrals, which shows the efficiency of the frontier molecular 
orbital coupling between neighbouring pairs of molecules. On the other hand, in practical 
applications, the length of the acene core limits chemical stability. Among the existing 
acenes, pentacene has received considerable attention as an active semiconductor for use 
in organic field-effect transistors due to its high charge carrier mobility.108 However, poor 
environmental stability is one of the problems limiting its practical application. The longer 
acenes are difficult to characterize due to their chemical instability and lower solubility.109,110 

1.5.2 Substitution with heteroatoms 

The incorporation of heteroatoms represents an effective strategy to tune the 
electronic properties, solubility, and molecular packing of materials.111 Replacing benzene 
rings with aromatic thiophene rings, for example, decreases HOMO levels and widens the 
HOMO-LUMO energy range. Furthermore, conjugated systems containing sulfur atoms have 
been shown to be robust and stable under ambient conditions.112–114 This type of materials 
also exhibits a remarkable ability to enhance intermolecular π-π overlap in the solid state, 
thanks to the multiple S···S contacts between adjacent molecules.115,116 

In this context, Takimiya and his team demonstrated that incorporating fused 
thiophenes into oligoacene frameworks is an efficient strategy to develop promising new 
organic semiconductors.117 A prominent example is the C8-BTBT-C8 compound (Figure1.12), 
which exhibits charge mobility higher than that of pentacene, reaching over 31 cm²V⁻¹s⁻¹ in 
single-crystal thin films. Furthermore, this material offers significant advantages such as 
improved solution processability and higher stability against oxidation, retaining its electrical 
properties for over 200 days without significant changes in the devices. From a 
supramolecular perspective, the excellent electrical properties of C8-BTBT-C8-based OFET 
devices are attributed to the formation of two-dimensional semiconductor channels with 
strong intermolecular overlap.118 Therefore, C8-BTBT-C8 has become a reference model for 
the design of new organic semiconductors.119–122 

Depending on the type of heteroatom used, it is possible to obtain materials with 
n-type (electrons), p-type (holes), or ambipolar charge transport. For example, substitution
of sp2 carbon atoms by N in the conjugated backbone of TIPS-pentacene (see TIPS-TAP in
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Figure 1.12) leads to charge transport properties with p-type mobilities of 13 cm²V⁻¹s⁻¹ for 
semicrystalline thin films.123–126 

Figure 1.12 Representative heteroatom substituted compounds in organic semiconductors. 

1.5.3 Substitution with donor or acceptor groups 

Electron-withdrawing groups, such as F, Cl, Br, and CN, can decrease the electron 
density of a π-conjugated system through resonance and inductive effects. Incorporation of 
these groups into the conjugated backbone often confers increased molecular stability 
against oxidation,127–130 resulting in ambipolar or electron charge transport behaviour. 
Energetically, replacing the π-conjugated system with electron-withdrawing groups is an 
effective strategy to reduce the LUMO energy.131,132 In contrast, electron-rich groups, such as 
alkoxy or alkyl thioethers, increase the HOMO energy, with a minor impact on the LUMO, 
thereby reducing semiconductor stability in the presence of air.133,134 

A notable example of this effect is the substitution of dicarboximide acceptor groups 
at the peri positions of a naphthalene molecule. This generates an extended oligoarylene 
system known as naphthalene diimide (NDI), which exhibits good electron mobilities.135–137 
Furthermore, additional functionalization on the nitrogen atoms of the imide groups and on 
the naphthalene core with acceptor units, such as cyano or nitro, shifts the electron density 
away from the π system by mesomeric effects.138,139 This shift reduces the energy of the 
LUMO and facilitates electron injection. Another approach to making a conjugated system 
more electron-deficient is to introduce groups with inductive electron-withdrawing effects, 
such as halides. This substitution directly affects the polarization of the σ orbitals, decreasing 
the electron density on the atoms of the π system and stabilizing both the HOMO and the 
LUMO orbitals.140 
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The concept of donor-acceptor (D-A) systems was introduced by Wynberg in 1992 
as an efficient approach to design polymers composed of alternating electron-rich (donor) 
and electron-deficient (acceptor) groups.141 In these compounds, the HOMO is mainly 
associated with the donor moiety, while the LUMO is mostly located in the acceptor group. 
This design allows modulating the HOMO-LUMO gap by adjusting the choice of donor and 
acceptor blocks, as well as by appropriate functionalization of the conjugated main chain, 
including the insertion of peripheral substituents. 

1.5.4 Molecular packing 

Effective overlap between the molecular orbitals of adjacent molecules is a 
fundamental requirement for efficient charge transport in a semiconductor. This 
phenomenon depends largely on the degree of molecular order in the material. Depending 
on the molecular order in the solid state, three types of packing can be identified: crystalline, 
polycrystalline and amorphous.142 

In crystalline solids, molecules are arranged in an orderly fashion in a periodic 
network, influenced by intermolecular interactions such as hydrogen bonds or Van der Waals 
forces. Due to these interactions, different molecular environments can coexist, forming 
polycrystalline solids with multiple differently oriented crystalline domains. Although within 
each crystalline domain the molecules maintain an order, the overall periodicity breaks down 
at the limit between domains, known as grain boundaries. In contrast, when molecules are 
randomly distributed without any periodic pattern, the solid is considered amorphous.143–145 

The degree of molecular order decisively influences the macroscopic properties of 
the material. Structural defects and grain boundaries in amorphous and polycrystalline 
structures often complicate charge transport, making dense and ordered molecular packing 
with minimal defects desirable.146 For example, in pentacene films, charge carrier mobilities 
vary significantly depending on the molecular order, from values in the range of 10−5 
cm2V−1s−1 in amorphous solids, to 10−3cm2V−1s−1 in polycrystalline solids, with these values 
being greatly exceeded in crystalline solids, where they can reach around 30 cm2V−1s−1.147 

Molecular packing in organic semiconductor thin films also plays a crucial role in the 
operation of OFETs. Factors such as reorganization energy and charge transfer integrals, 
which depend on molecular packing, are determinants for good charge transport between 
molecules. Dense molecular packing facilitates this transport. There are four main types of 
crystalline molecular packing:148 (i) Herringbone packing with no π-π overlap between 
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adjacent molecules (Figure 1.13a). (ii) Herringbone packing with π-π overlap between 
adjacent molecules (Figure 1.13b). (iii) Lamellar packing with one-dimensional π stacking 
(Figure 1.13c). (iv) Lamellar packing with two-dimensional (2D) π stacking (Figure 1.13d). 
This last type of packing, 2D π stacking, is the most efficient for charge transport, as it 
maximizes charge transfer integrals by allowing charge carriers to travel along a nearly 
straight path.149 

Figure 1.13 Most important crystalline molecular packing in organic semiconductors: 
a) herringbone packing without π-π overlap, b) herringbone packing with π–π overlap,
c) 1D π-stacking, d) 2D π-stacking.

1.5.5 Incorporation of solubilizing functional groups 

To ensure good solubility of the material and thus improve the processability of 
organic semiconductors in solution, solubilizing side substituents, such as alkyl chains, are 
introduced into the π-conjugated backbone. These groups are considered insulating 
materials and do not contribute to charge transport directly. However, over the years it has 
been shown that these alkyl side chains have a substantial impact on charge transport 
properties due to their influence on molecular packing and thin film morphology in the solid 
state.150–152 A clear example of this is the case of acenes, in which alkyl chains have been 
introduced into the molecular structure to improve oxidative stability and prevent 
dimerization of the molecules. These substitutions also changed the herringbone packing to 



28 

Introduction 

face-to-face π stacking by decreasing the C-H····π interactions.153,154 On the other hand, it is 
known that the size of the alkyl chains also plays a significant role in the formation of 2D and 
3D polycrystalline solids, which directly affects the charge mobility.155–157  

In this regard, the search for solution-processable pentacene derivatives has led to 
the discovery of various materials. For example, the introduction of TIPS groups into 
pentacene has led to materials such as TIPS-pentacene158–160 (see Figure 1.14), in which 
solution deposition yielded devices with good hole mobilities,161–163 suggesting that the 
material can form highly crystalline films, with the side chains giving rise to soluble materials 
without disturbing the conjugated system. Even more remarkable is the case of rubrene in 
which arylation at tetracene peri-positions resulted in single-crystal-based OFETs with 
mobilities around 15 cm2V-1s-1.164,165 However, in many cases low mobility thin film OFETs 
were reported as a consequence of poor film quality, which was attributed to inefficient 
molecular packing caused by distortion of phenylene units.166,167 Therefore, based on the 
above considerations, it is of crucial importance that the incorporation of side groups helps 
to solubilize the conjugated material without disturbing the molecular planarity and hence 
the delocalization of the π orbitals. 

Figure 1.14 Chemical structure of some representative molecules which incorporate 
solubilizing groups. 
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1.6 Organic materials in the development of OFETs 

The challenge to replace traditional inorganic semiconductors has resulted in the 
exploration of new materials, such as organic semiconductors, with the objective of 
enhancing mobility in these materials in comparison to conventional inorganic 
semiconductors. Following the initial reports on the subject of organic semiconductor-based 
transistors in the late 1980s, significant advancements have been made in the development 
of what has been termed "the perfect system". This has been accompanied by a steady 
improvement in the performance records of OFET devices on an annual basis (Figure 1.15). 
Indeed, in the 1980s, the mobility of the first reported organic semiconductor was 
approximately 10⁻⁵ cm²V⁻¹s⁻¹. By contrast, in 2020, the values of single-crystal small 
molecules increased to 48 and 28 cm²V⁻¹s⁻¹ for hole and electron transport, 
respectively.168,169 

Figure 1.15 Charge carrier mobilities of organic semiconductors reported in the last few 
decades. 

In organic electronics, one of the most widely used materials is ladder-type 
heteroarenes.170,171 These molecules, composed of aromatic rings fused by sharing two or 
more adjacent atoms, represent a prominent class of high-performance small molecule 
semiconductors and building blocks for the fabrication of polymeric semiconductors. 
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Key advantages offered by the fusion of heteroaromatic rings into ladder-type 
heteroarenes include: i) Extended π-conjugation and increased electron delocalization 
thanks to their highly planar structures, which reduces HOMO-LUMO energy gaps.172 
ii) Reduced reorganization energies due to the suppression of rotation in the fused aromatic
rings, enhancing intramolecular charge transport.173 iii) More efficient π-stacking between
neighbouring molecules, facilitated by the amplified π-conjugation systems, which
strengthens intermolecular electron couplings.174

Most ladder-type molecules are electron-rich (p-type semiconductors), since the 
synthesis of electron-deficient n-type semiconductors is more complex due to the high 
density of π electrons in the aromatic skeleton. However, developing these systems is 
essential to obtain donor-acceptor semiconductors that support low-energy complementary 
organic circuits. 

Among the most prominent p-type ladder-type organic semiconductors are large 
acenes, such as rubrene, pentacene, and TIPS-pentacene. However, larger acenes, such as 
hexacenes and heptacenes, show low environmental stability due to their high HOMO 
energy levels, limiting their application in electronics. In contrast, [n]-thienoacenes, formed 
by fused thiophenes, show better environmental stability thanks to the incorporation of 
heteroatoms in the aromatic rings, which stabilizes the molecular orbitals and improves 
charge transport.175–177 However, their hole mobility is lower compared to that of acenes. 

The lower availability of n-type semiconductors is mainly due to their limited stability 
under ambient conditions and the difficulty of synthesizing compounds with low LUMO 
energy levels. An efficient strategy to overcome this challenge is to replace p-type 
semiconductors with electron-withdrawing groups, such as F, Cl, Br, and CN. Examples such 
as perfluorinated pentacene have shown n-type behaviour with electron mobilities up to 0.1 
cm2V-1s-1.178,179 Likewise, the addition of cyano groups to fluorene oligomers has generated 
n-type semiconductors.180–183 Despite these advances, chemical modifications in p-type
semiconductors to incorporate electron-withdrawing groups remain a challenge due to
reduced chemical reactivity and unfavourable steric hindrance.

Among the most promising n-type organic semiconductors are perylene 
diimide184,185 and naphthalene diimide derivatives.186–188 Their electron transport capabilities 
are due to i) The strong electron withdrawing ability of the imide/amide groups that reduce 
LUMO levels, facilitating electron injection. ii) The planarity of the core, which improves π-
conjugation and intramolecular charge transport. iii) The improved solubility due to alkyl 
substitutions in N-imide, allowing solution processability and controlled film morphology. 
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iv) The N-alkyl chains far from the aromatic core, which minimize steric hindrance. v) The
ease of synthetic modifications, including the addition of electron-withdrawing groups such
as CN and F, which improves electron mobility and environmental stability.189–191

On the other hand, the diketopyrrolopyrrole (DPP) unit has proven to be a key 
building block for developing high-performance functional semiconductors in OFET 
devices.192,193 This conjugated and planar bicyclic unit facilitates strong π-π interactions, 
optimizing device performance. Hole mobilities in p-type DPP polymers can exceed   
10 cm2V-1s-1, whereas in n-type polymers they can reach values above 7 cm2V-1s-1.194 
Furthermore, DPP-based ambipolar transistors have recorded hole and electron mobilities 
more than 3 cm2V-1s-1.195 Side chain engineering in DPP polymers has proven to be crucial, 
as they affect solubility and molecular packing. For example, the use of urea groups, which 
form hydrogen bonds, favours long-range order structures, which has led to higher field-
effect mobilities, reaching 13 cm2V-1s-1 compared to 3 cm2V-1s-1 observed in non-urea 
polymers.196 Figure 1.16 shows some examples of the molecule’s building block described 
above. 

Figure 1.16 Chemical structure of some representative molecule’s building block used in 
organic electronic devices. 

1.6.1 Materials under study 

In this doctoral thesis, various π-conjugated organic semiconductors are investigated 
for their application in organic field-effect transistors (OFETs), with the main objective of 
deepening the understanding of charge transport in organic materials. Charge transport is a 
complex phenomenon influenced by multiple factors, as previously discussed. This thesis 
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studies several of these factors: (i) The effect of conjugated chain length and heteroatom 
substitution (Chapter I). (ii) Insertion of electronegative atoms (Chapter II). (iii) Insertion of 
electrodeficient groups (Chapter III). (iv) Intermolecular interaction and molecular packing 
(Chapter IV). 

Therefore, the design and synthesis of new organic semiconductors in recent 
decades have been driven not only by the improvement of their optoelectronic 
characteristics and the introduction of new functionalities, but also by the need to better 
understand the complex relationships between structure and property. 

In this context, the present PhD thesis focuses on a comprehensive physical-chemical 
analysis of imide-functionalized ladder-type organic semiconductors and 
diketopyrrolopyrrole-based semiconductors. The aim is, on the one hand, to gain a detailed 
understanding of the impact of different structural modifications on the intramolecular 
delocalization of π electrons, and on the other, to examine the implications of these 
modifications on the supramolecular organization, a key factor for the charge transport 
properties of the final materials. 

To address these objectives, spectroscopic, electrochemical, spectroelectrochemical 
and quantum-chemical methods have been employed, providing detailed information on the 
structure and electronic properties. These analyses are essential to understand the 
electronic and optical characteristics of the conjugated materials, and to rationally guide 
synthetic efforts aimed at developing compounds with improved properties for application 
in OFETs. 

The materials studied in this Doctoral Thesis have been divided into four chapters, 
according to the π-conjugated systems under study: 

Chapter I: Tuning charge stabilization and transport in naphthalimides-based 
semiconductors: the role of fused-ring and core modifications. 

In this first chapter, we present the design and characterization of a new family of 
compounds based on the combination of electron-withdrawing naphthalimides units with 
potent thiophene-derived donor moieties, connected by rigid and conjugated nitrogen 
connectivity units.197 Also, we extended the length of the thiophene units and evaluated 
different isomers. Furthermore, we demonstrated that the implementation of a fused-ring-
based strategy in the donor moiety can significantly modify the charge transport properties 
of organic semiconductors. The group of Prof. José Luis Segura from the Complutense 
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University of Madrid synthesized these semiconductors, and their chemical structures are 
depicted in Figure 1.17. 

Figure 1.17 Schematic representation of the compounds studied in chapter I, based on 
naphthalimides as electron-withdrawing units together with donor moieties derived from 
thiophene, connected by rigid and conjugated nitrogen connectivity units. 

Chapter II: Tuning charge stabilization and transport in naphthalimides-based 
semiconductors: effect of insertion of halogen atoms into the molecular structure. 

In this chapter we have studied a series of compounds based on phenylene-
naphthalimide assemblies (NAI-Ph, NAI-Ph-F and NAI-Ph-Cl), where both the phenylene 
units and the electron-withdrawing moieties of the naphthalimide are directly conjugated 
through rigid inverted amidine (NAI) units. In order to modify the electron-accepting and 
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charge-transport properties of these new systems, different halogen atoms (F and Cl) were 
incorporated into the phenylene unit (Figure 1.18). The effect of the incorporation of these 
halogens (F and Cl) into the phenylene unit on the optical, electrochemical and 
charge-transport properties was studied.198 These compounds also have been synthesized 
by the group of Prof. José Luis Segura from the Complutense University of Madrid. 

Figure 1.18 Molecular structures of naphthalimides derivatives studied in chapter II. 

Chapter III: Tuning charge stabilization and transport in naphthalimides-based 
semiconductors: effect of introduction of electroactive units. 

In this chapter, we studied a new family of processable terthiophene-naphthalimide 
assemblies (see Figure 1.19).199 In this family of compounds, three end-capped units with 
strong electron-withdrawing capacity yield new organic semiconductors with tuneable 
optoelectrochemical properties. Comparison with the end-capped thienopyrazine 
derivatives reported in literature will allow to understand the effect of different linker units 
between the naphthalimide cores and the terthiophene units on the optical and electronic 
properties of these materials. The synthesis of these semiconductors was performed by the 
group of Prof. José Luis Segura from the Complutense University of Madrid. 
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Figure 1.19 Representation of end-capped oligothiophene-naphthalimide assemblies 
connected via imidazole linkers reported in chapter III. 

 

Chapter IV: Impact of supramolecular interactions by hydrogen bonding on the electronic 
properties and charge transport of DPP-based organic semiconductors. 

In this chapter, the role of hydrogen bonds in the supramolecular order of DPP 
derivatives has been studied, as well as their effect on their molecular and electronic 
properties, favouring solid-state redox processes. Consequently, the generation of charge 
carriers in devices can be optimised, enhancing the electrical performance of several 
exceptionally small-sized molecular semiconductors. These are based on a thiophene-
protected DPP-core as the electroactive component and amide groups as hydrogen-bonding 
units. Three different positions of amide groups, DPP2C, DPP4C and DPP6C, were 
investigated and the results were compared with a Control molecule, a molecule without 
amide groups.200 Spectroelectrochemical experiments, complemented by vibrational 
spectroscopies and DFT calculations, revealed that hydrogen bond formation induces not 
only modifications in supramolecular level but also on the effective conjugation length of 
semiconductors, which can facilitate the generation of free charge carriers in organic field-
effect transistors (OFETs). These findings propose a new strategy for the simplified design of 
organic semiconductors, allowing control of their morphological and electrical properties 
through the strategic incorporation of hydrogen-bonding units. The group of Prof. Amparo 
Ruiz Carretero from Instituto de Ciencia de Materiales de Madrid (ICMM) and University of 
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Strasbourg synthesized these semiconductors, and their chemical structures are shown in 
Figure 1.20. 

Figure 1.20 Structures of the diketopyrrolopyrrole (DPP) based compounds studied in 
chapter IV. 
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Methodology 

2.1 Spectroscopic techniques 

Spectroscopy is defined as the study of the interaction between electromagnetic 
radiation and matter. As a result of this interaction, it becomes possible to obtain detailed 
information regarding the structure and other chemical properties of materials1–3. Based on 
the nature of the electromagnetic radiation, we obtained different kinds of information 
about the chemical systems, resulting in different types of spectroscopies (see Figure 2.1). 

 

 

Figure 2.1. Representation of the different spectroscopies associated with the different 
electromagnetic radiation regions. 

 
 

The basic spectroscopy phenomenon involves the absorption (or emission) of 
quantized radiation that moves a system from an initial energy state (E₀) to a final energy 
state (E₁). In compliance with Einstein’s equation (∆E = hʋ), the energy of the absorbed 
radiation must match the energy difference between these two states. As Figure 2.2 
illustrates, various possible energy transitions can occur between the energy levels within a 
molecular system. 
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Figure 2.2. Representation of Jablonski diagram. Sn: singlet electronic state; Tn: triplet 
electronic states; R: thermal relaxation; IC: internal conversion; ISC: intersystem crossing;  
Vn: vibrational states. 

2.1.1 Electronic absorption spectroscopy 

Electronic absorption spectroscopy is a process that utilises electromagnetic 
radiation within the ultraviolet (UV), visible (Vis) and near-infrared (NIR) spectrum as a 
source of excitation, thereby inducing a transition from the ground electronic state (S0) to a 
singlet excited state (Sn). This electronic transition gives rise to the formation of an 
absorption band. In contrast to atoms, the electronic transitions in molecular systems are 
associated with rotational and vibrational transitions of similar, albeit not identical, energies. 
Consequently, a number of these spectral lines form a band that possesses a vibronic 
structure. The analysis of these bands provides valuable information about the degree of 
delocalisation of electrons in π-conjugated systems. 

The optical properties of the conjugated materials studied in this thesis were 
analysed by electronic absorption spectroscopy in solution and solid state4 (as thin films). 

For the absorption spectra in solution, different solvents such as dichloromethane 
(CH2Cl2), chloroform (CHCl3), toluene, 1,2-dichlorobenzene (1,2-diClBz), chlorobenzene 
(ClBz), tetrahydrofuran (THF) and 2-methyltetrahydrofuran (2Me- THF) were used. For room 
temperature measurements, CH2Cl2 and CHCl3 have been used due to the good solubility of 
the compounds under study. However, 2-MeTHF was used for low temperature absorption 
spectra, because this solvent generates a transparent matrix in the solid state, allowing the 



 

64 
 

Methodology 

registration of UV-Vis measurements at 80 K. 2Me-THF along with ClBz were used for the 
measurements at high temperature, up to 380 K. The absorption spectra at variable 
temperature were recorded using an optical cryostat OPTISTAD®DN from Oxford Instrument 
(Figure 2.3), adding liquid nitrogen for low temperature measurements. 

 

 

Figure 2.3. Optical cryostat OPTISTAD®DN. 
 

On the other hand, for the absorption spectra in solid state, solutions of 2 mg/ml in 
CHCl3 or toluene were prepared and deposited onto quartz substrates by drop-casting. 

The following spectrophotometers were employed for electronic absorption: 
 

• Agilent 8453 UV-Vis spectrophotometer (Figure 2.4a): multidiode 
spectrophotometer that use a deuterium lamp, with a spectral range from 190 nm 
to 1100 nm. It consists of 910 photodiodes, one for each nanometre, which allows 
very short registration times. 
 

• Cary 5000 UV-Vis-NIR spectrophotometer (Figure 2.4b): multidiode 
spectrophotometer with a wavelength range from 175 nm to 3300 nm and a spectral 
resolution of 0.01 nm. The equipment uses a light tungsten halogen for the Vis-NIR 
region and a light source of deuterium for the UV spectral region, together with a 
PbSmart NIR detector. 
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Figure 2.4. a) Agilent 8453 UV-Vis spectrophotometer and b) Cary 5000 UV-Vis-NIR 
spectrophotometer. 

 
2.1.2 Fluorescence emission spectroscopy 

As Figure 2.2 shows, the excited state is unstable and will return to the fundamental 
electronic state by releasing excess energy through either non-radiative or radiative 
processes. In non-radiative processes, energy is dissipated without emitting electromagnetic 
radiation, occurring through mechanisms such as vibrational relaxation, internal conversion, 
and intersystem crossing. In contrast, radiative processes release energy as electromagnetic 
radiation, emitting either fluorescence (from a singlet excited state) or phosphorescence 
(from a triplet excited state)5 

The fluorescence spectra were recorded for 10-5 M solutions in CHCl3 on an 
Edinburgh FLS920 fluorometer (Figure 2.5). This equipment has a 450W Xe lamp as excitation 
source and a R2658P detector. 

 
 

 

Figure 2.5. Edinburgh FLS920 fluorometer.  
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2.1.3 Raman spectroscopy 

As explained in the previous sections, the interaction between light and matter can 
be studied by absorption and emission processes. However, photons can also interact with 
the materials and then be re-emitted from them. This light scattering is the main 
phenomenon on which Raman spectroscopy is based. 

In this technique, a molecular system is excited by laser radiation at a specific 
frequency, temporarily distorting the electron cloud around the nuclei (that is the molecular 
polarizability) and creating a short-lived virtual state. The energy of this virtual state depends 
on the energy of the light source, and due to its instability, the excited photon is quickly re-
emitted either without energy exchange (phenomenon called Rayleigh scattering) or with 
energy transfer between the photons and the molecule, which is known as Stokes Raman 
scattering or anti-Stokes Raman scattering. Notably, Raman scattering is an unusual 
phenomenon, with only about one in 10⁶ to 10⁸ photons undergoing scattering.6,7 

Due to the high polarizability of π-conjugated systems, originating from alternating 
C-C double and single bonds, Raman spectra exhibit two prominent features. The first of
these is a remarkable selectivity at certain transitions, resulting in simple spectra, and the
second feature refers to an increase in intensity along with a shift towards lower
wavenumbers in some Raman signals as the π-conjugation is extended.8,9

An additional consideration in selecting laser excitation energy is the resonant 
Raman effect, which occurs when the excitation energy closely matches an electronic 
transition energy. This resonance enhances Raman scattering and selectively intensifies the 
Raman activity of chromophores involved in the electronic transition, allowing for the 
targeted detection of specific molecules within complex chemical systems. 

The vibrational Raman spectra in the following chapters were recorded both as bulk 
materials and as thin films, using different laser excitation wavelengths: 

• FT-Raman spectra were recorded by Jasco RFT-6000 (Figure 2.6a). It allows mapping
thanks to the fact that it integrates a microscope and a motorized platform AXY-3000
Automatic X-Y stage (30 mm travel with 1 μ steps). This equipment incorporates 10x,
20x and 50x Olympus objectives, suitable for measuring FT-Raman spectra on a
microscopic scale. The detection system is through an InGaAs detector, which can
work at room temperature or cooled by a peltier system. The minimum guaranteed
measurement range is 3600-50 cm-1 at 298 K. The excitation source is a Nd-YAG laser
with a wavelength of 1064 nm and a power of 1 W.
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• Raman spectra at 785, 633 and 582 nm laser excitations were recorded both bulk
and thin films samples by using a Bruker Senterra (Figure 2.6b) dispersive Raman
microscope equipped with a CCD detector thermoelectrically cooled to -65ºC, a
confocal microscope with a x40 objetive and a neon lamp used for laser (Nd:YAG)
calibration. The Raman scattering radiation was collected in a back-scattering set up
with a resolution of 3-5 cm-1. The power laser operation was between 0.2 and
10 mW. The spectra were recorded by using acquisition times of 10 co-additions of
10 s.

Figure 2.6. a) FT-Raman Jasco RFT-6000 and b) Bruker Micro-Raman Senterra. 

2.1.4 Infrared spectroscopy 

In this vibrational technique, the electronic dipole moment must change with the 
relative displacement of the atoms for an IR-active vibration to occur. This method is 
commonly used to study π-conjugated molecules with strongly polar groups, such as 
carbonyl or cyano groups, which exhibit characteristic vibrational wavenumbers in spectral 
regions where other groups do not absorb.10–12 

The IR absorption spectra in Chapter IV, were recorded in thin film by drop casting 
solutions of 2 mg/ml and as bulk materials using a Specac ATR (Attenuated Total 
Reflectance). The following IR spectrometers were used for the Infrared absorption 
measurements: 

• Bruker Vertex FT-IR 70 spectrometer (Figure 2.7a): the main module consists of a
Michelson interferometer, coupled to a source and a Deuterated Triglycine Sulfate
(DTGS) system for detecting infrared radiation, and a He-Ne laser as an internal
reference. It allows the recording of FT-IR spectra in the mid- and near-infrared range 
(7500-400 cm-1), with very short recording times. For the measurements of the ATR 
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spectra, a Specac Golden Gate Single Reflection Diamond ATR System accessory is 
used (Figure 2.7b). 

Figure 2.7. a) Bruker Vertex FT-IR 70 spectrometer and b) Specac Golden Gate Single 
Reflection Diamond ATR System accessory. 

• Jasco FT-IR-6800FV (Figure 2.8): this spectrometer employed a Fourier transform
infrared module that allows measurements in a range from 15000 cm-1 to 30 cm-1.
For this purpose, it uses a Mercury Cadmium Telluride (MCT) Mid Band detector
(12000-650 cm-1) and a Broad-Band Triglycine Sulfate (BBTGS-6000) detector, to
ensure the effective measuring range of 15000-30 cm-1.

Figure 2.8. Jasco FT-IR-6800FV spectrometer. 

2.2 Electrochemical characterization 

An efficient hole/electron injection from the electrodes into the semiconducting 
active layer is a crucial requirement to ensure the effective operation of electronic devices. 
Therefore, the charge injection ability of the studied materials was evaluated by analysing 
their charged species. For this, the work presented in this Thesis employed two different 
electrochemical techniques: cyclic voltammetry and spectroelectrochemistry. 
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2.2.1 Cyclic voltammetry 

Cyclic voltammetry allows the study of the redox processes by measuring the current 
intensity generated between the working electrode with respect to reference electrode. 

Cyclic voltammetry measurements of naphthalimide derivatives shown in Chapter I, 
Chapter II and Chapter III were performed by using a potentiostat together with a three-
electrode single-compartment cell (5 mL). The working electrode consisted of a platinum 
wire with a surface of A = 0.785 mm2, which was polished down to 0.5 μm in order to obtain 
reproducible surfaces. The counter electrode consisted of a platinum wire, and the reference 
electrode was an Ag/AgCl secondary electrode. An electrolyte solution of 0.1 M 
Tetrabutylammonium hexafluorophosphate (TBAPF6) in freshly distilled and degassed CH2Cl2 
(HPLC grade) was used in all experiments. 

In all cases, the approximate HOMO and LUMO energy levels were obtained from 
the onsets of the first oxidation and reduction potentials respect Fc/Fc+ potential according 
to the equations:13–16 

𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 = −[𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜(𝑜𝑜𝑜𝑜) + 𝐸𝐸𝐹𝐹𝑐𝑐/𝐹𝐹𝑐𝑐+  𝑒𝑒𝑒𝑒] [2.1] 

𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = −[𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜(𝑟𝑟𝑟𝑟𝑟𝑟) + 𝐸𝐸𝐹𝐹𝑐𝑐/𝐹𝐹𝑐𝑐+  𝑒𝑒𝑒𝑒] [2.2] 

2.2.2 In situ spectroelectrochemistry 

It is well known that spectroelectrochemistry is a useful tool for the study of charged 
species in π-conjugated systems since it provides an evolution of the UV-Vis/NIR spectra by 
progressive spectrochemical oxidation or reduction of diluted solutions (10-5 M). The 
oxidation and reduction processes were recorded using CH₂Cl₂ solutions in the presence of 
a high excess of supporting electrolyte, 0.1M of TBAPF6, Sigma-Aldrich/Merck, 98%. The 
solutions were introduced in an Optically Transparent Thin-Layer Electrochemical (OTTLE) 
(Figure 2.9) cell situated in the sample section of the 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 (32 wires per cm), a Pt wire as the counter 
electrode and an Ag wire used as the pseudo-reference electrode. The cell is connected to 
an EC Epsilon potentiostat and a BASi C3 Cell Stand accessory, providing the voltage to 
oxidaze or reduce the samples.17  
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Figure 2.9. Optically Transparent Thin-Layer Electrochemical (OTTLE) cell. 

2.3 DFT calculations 

Theoretical calculations were conducted within the framework of Density Functional 
Theory (DFT)18–20, using Gaussian 0921 and Gaussian 1622 software packages.  For each family 
of compounds under study, the following functionals have been used: 

• B3LYP utilises the non-local correlation provided by the LYP expression, and VWN
functional III for local correlation.23,24

• CAM-B3LYP is the long-range-corrected version of B3LYP developed by Handy and
coworkers, which employs the Coulomb-attenuating method.25

• ωB97 functional employs a long-range corrected (LC), which partitions the electron–
electron Coulomb interaction into short-range and long-range components. In this
approach, the short-range exchange is treated with a generalized gradient
approximation (GGA) functional, while the long-range exchange is computed using
exact Hartree–Fock exchange.26

• ωB97X-D is the latest functional from Head-Gordon and co-workers, which includes
a version of Grimme’s D2 empirical dispersion.27

• M06-2X is a functional, which is a hybrid meta-GGA functional of Truhlar and Zhao.
This functional provides reliable ground electronic state polarization when
compared to X-ray structures and accurate excited states dipole moments for a large
variety of push-pull systems.28
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These functionals were used in combination with 6-31G**29,30 basis set. Theoretical 
calculations were performed either in gas phase or in solution, the latter simulated by a 
polarizable continuum model (PCM)31,32 using dichloromethane or chloroform as solvent. On 
the other hand, all calculations of radical charged species were performed in the spin 
unrestricted regime. 

To reduce the computational costs the large alkyl chains have been substituted by 
methyl groups in all compounds under study. All geometrical parameters were optimized 
independently, unless otherwise stated. The absence of imaginary frequencies confirmed 
that the global minimum energy configuration was achieved in all cases. An ultrafine 
integration grid and tight convergence criteria were applied during the optimization process. 
Molecular orbital topologies were obtained from the optimized geometries and visualized 
using ChemCraft 1.8 molecular modelling software.33 

2.3.1 Time-dependent density functional theory 

DFT has proven to be a powerful tool for investigating several properties in the 
ground state. In 1984, Runge and Gross expanded the DFT framework to address time-
dependent phenomena, including the formulation and description of excited states. This 
extension is known as Time-Dependent DFT (TD-DFT).34–36 Using this approach, we 
calculated the properties of the excited states for all systems under study and determined 
the electronic vertical transitions, enabling the prediction of their electronic absorption 
spectra. Absorption spectra were generated through convolution of the vertical transition 
energies and oscillator strengths using GaussSum 3.0.37 

2.3.2 Frequency calculations 

The theoretical analysis of molecular vibrations is considered an excellent 
demonstration of how theoretical chemistry can support the interpretation of experimental 
data. Calculated normal modes and their corresponding intensities are particularly valuable 
for assigning experimental Raman and Infrared peaks. Furthermore, analysing these normal 
modes provides insights into frequency shifts observed in certain vibrational peaks across a 
family of molecules. This, in turn, offers important information about the degree of effective 
π-conjugation. 
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The scientific literature has extensively detailed theoretical methods for calculating 
vibrational frequencies. Double harmonic approximation is one of the most commonly 
employed approximations for studying vibrational spectroscopy.38 In this approach, 
molecular vibrations are modelled as harmonic oscillators, with spectroscopic intensities 
determined by the first-order geometric derivative of the dipole moment for infrared 
spectroscopy and the polarizability for Raman spectroscopy. Note that the calculation 
frequencies have been executed at the same level of theory used for geometry 
optimizations. All positive vibrational frequencies confirm the minimum energy of the 
optimized systems exposed in this thesis. 

DFT has been demonstrated to be an effective method for calculating harmonic 
frequencies and simulating the vibrational spectra of complex molecules. However, DFT-
calculated harmonic frequencies are typically scaled by a constant to be compared with 
experimental data. Comparing theoretical harmonic frequencies with the experimental data 
enables the determination of a specific scaling factor for each functional. Finally, the 
theoretical spectra were obtained from scaled frequencies and the Raman scattering 
activities with Gaussian functions (10 cm-1 width at the half-height). Vibrational eigenvectors 
were obtained using the ChemCraft 1.839 molecular modelling software. 

2.3.3 Charge transport parameters 

In order to study the charge transport process, two key theoretical parameters are 
predicted, the internal reorganization energy and the transfer integral, although the latter 
not been calculated in this thesis. Large transfer integrals and lower internal reorganization 
energies are sought to promote better intermolecular charge hopping.40 

The internal reorganization energy (λ) reveals the structural changes of the 
molecules needed to accommodate a positive or negative charge. The reorganization energy 
for holes (λh) and the reorganization energy for electrons (λe) transport were computed 
directly from the relevant points on the potential surfaces by a standard procedure 
previously reported.41,42 The λh and λe values need the calculations of four states, as shown 
in Figure 2.10 and equations [2.3] and [2.4]. 

λℎ = (𝐸𝐸0∗ − 𝐸𝐸+1) + (𝐸𝐸+1∗ − 𝐸𝐸0)  [2.3] 
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λ𝑒𝑒 = (𝐸𝐸0∗ − 𝐸𝐸−1) + (𝐸𝐸−1∗ − 𝐸𝐸0)  [2.4] 

Where E0 is the optimized ground state energy of the neutral molecule, E-1 and E+1 are the 
optimized energy of the anion and cation state, E*-1 and E*+1 are the energy of the neutral 
molecule at the optimized anion or cation state geometry respectively, and finally E*0 is the 
energy of the anion or cation state at the optimized neutral state. 

Figure 2.10. Energy diagram used for the prediction of reorganization energies. 

2.4 OFET fabrication 

As mentioned in the introduction chapter, OFETs serve as a base for directly 
assessing the electrical mobility of emerging semiconductors, a critical property for next-
generation optoelectronic devices. Accordingly, all the materials examined in this thesis have 
been incorporated as semiconducting layers into OFETs for investigation. 
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2.4.1 Top Contact-Bottom Gate (TC-BG) configuration 

Figure 2.11 shows the process of the fabrication of Top Contact-Bottom gate OFETs. 
We used commercially highly doped silicon wafers covered with a 300 nm thick thermally 
grown SiO2 layer acting as gate electrode and dielectric layer, respectively. One of the 
advantages of these commercial wafers is that they can be directly used as substrates 
obtaining efficient reproducibility. First, Si/SiO2 substrates were cut with dimensions of 
2.5 x 1 cm2 and cleaned twice with ethanol in an ultrasonic bath for 10 minutes. After that, 
the substrates were dried with a stream of N2 and finally processed with UV-ozone, using a 
UVO CLEANER 342-220, for 10 minutes to eliminate any organic contamination of the 
surface. 

Generally, the dielectric surfaces based on inorganic oxides are basically hydrophilic, 
while the majority of organic materials are mostly hydrophobic. To address this mismatch, 
surface functionalization using self-assembled monolayers (SAM) is a common approach to 
modify surface polarity from hydrophilic to hydrophobic. This modification promotes the 
formation of well-ordered organic semiconductor layers, and it reduces the concentration of 
charge carrier trap states caused by surface hydroxyl groups, leading to improved charge 
carrier mobility and enhanced device stability.43–46 According to that, we employed 
hexamethyldisilane (HMDS) and octadecyltrichlorosilane (OTS) as SAM reagents. On one 
hand, for the surface OTS functionalization, the substrates were immersed in a 3.0 mM 
solution of OTS using hexane as solvent for 1h. Then, the substrates were cleaned by 
sonication in hexane, acetone and ethanol for 10 minutes each and finally dried by blowing 
N2. On the other hand, for HMDS treatment, the silicon cleaned substrates were exposed to 
HMDS vapor for a week in a closed air-free container.  
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Figure 2.11. Steps for the fabrication of TC-BG OFETs. 

After the dielectric surface functionalization, the organic semiconductor is deposited 
using slow sublimation under vacuum conditions or through solution-processed techniques. 
In vacuum evaporation, the organic semiconductor is sublimated under vacuum 
(around 10-6 torr) to form a thin film. In our case, we used an OERLIKON UNIVEX 250 
evaporator to thermally deposit approximately 50 nm, determined by a quartz 
microbalance. This technique is commonly used for small molecules, oligomeric organic 
semiconductors and low-degree polymerization polymers. It is unsuitable for polymers with 
a higher degree of polymerization, since these are decomposed by cracking at high 
temperatures. The main advantages of vacuum evaporation are the precise control over the 
thickness and purity of the deposited film and the ability to achieve highly ordered films by 
monitoring the substrate temperature and deposition rate. As a result, this method can be 
excellent to get homogeneous and reproducible semiconductor films.47 

In contrast to vacuum evaporation, solution process techniques are mainly used 
because they do not need high deposition temperatures or high vacuum conditions, making 
them ideal for devices on flexible substrates and to reduce costs. Spin coating is one of the 
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most common techniques for the deposition of organic semiconductors, which consists on 
dissolving the organic semiconductor in an organic solvent, which is deposited onto a 
substrate. The substrate is turned at high speeds, and centrifugal forces cover the substrate 
which results in an uniform film. The thickness of the film in spin-coating is determined by 
factors such as the solution concentration, rotation speed or viscosity. Additionally, the 
organic semiconductor must have good solubility to ensure a good deposition process, since 
it requires concentrated solutions (5-10 mg/ml), and is not ideal for large-area fabrication. 
We have used a LAURELL TECHNOLOGIES WS-650MZ-23NPP spin-coater for all samples 
deposited by this technique at 1500 r.p.m. for 30s.48,49 On the other hand, drop-casting is a 
simple deposition method, that involves dissolving the organic semiconductor in an organic 
solvent, depositing the solution onto the substrate and allowing the solvent to evaporate. 
However, this technique is limited by several drawbacks such as low reproducibility, difficulty 
in controlling film thickness, morphology and uniformity of the organic semiconductor thin 
film.50 

The selection of solvent in solution process techniques plays a crucial role in 
determining the thin film properties. One of the most important characteristics of the 
solvent is its volatility. A slow evaporation of the solvent provides additional time to the 
deposited organic semiconductor molecules to arrange themselves into more crystalline 
domains. This enhanced crystallinity is generally advantageous, as it often improves charge 
carrier mobility. 

After deposition, some of the organic active materials layers were then subjected to 
a thermal annealing process to improve the molecular order and crystallinity. Note that, the 
same thermal annealing process does not work properly for all organic materials. The 
annealing conditions are optimized for each compound by analysing their effect on the 
materials morphology, crystallinity and charge transport properties.  

The last step in the fabrication of TC-BG OFETs is the deposition of source and drain 
electrodes. In this sense, gold is the most used metal because is stable and inert, although 
platinum and aluminium are commonly used as electrodes too. The same OERLIKON UNIVEX 
250 evaporator previously used for the evaporation of organic semiconductors is utilized to 
thermally evaporate 40 nm gold source and drain electrodes through shadow masks. The 
channel width oscillated between 100 and 5000 µm, while the channel length varied 
between 10 and 100 µm. 
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2.4.2 Electrical characterization of OFETs 

Electrical characterization of OFETs consists of recording the output and transfer 
curves that define the transport properties of organic semiconductors in saturation 
conditions. 

The output curves are obtained by keeping the voltage at the gate electrode (VGS) 
constant and sweeping the voltage between the source and drain electrodes (VDS). To obtain 
the transfer curves in saturation mode, VDS is kept constant at the value that assumes 
saturation regime, and a VG sweep is performed. With the data from the transfer curves, we 
obtain the characteristic parameters of the OFETs: mobility (μ), intensity ratio (ION/IOFF) and 
threshold voltage (VT). The characterization of the transistors are carried out under vacuum 
and in air. Vacuum characterization (10-6 mbar) has been used due to the environmental 
instability of some organic semiconductors, especially n-type semiconductors. Atmospheric 
exposure to ambient O2 and H2O can inhibit electron transport, which makes measuring 
mobilities in inert atmospheres essential for the study of some organic semiconductors. 

The following equipment have been used for the OFETs characterization: 

• TRINOS VACUUM PROBE STATION: this probe station, custom-made by the company
Trinos Vacuum, allows us to characterize the transistors in vacuum. It reaches
pressures of 10-6 mbar.

• EVERBEING INT’L COMPANY PROBE STATION: commercial probe station that allows
the characterization of transistors in atmospheric conditions.

• KEITHLEY 4200-SCS POTENTIOSTAT: this equipment can be connected to the
aforementioned probe stations to vary the values of VGS and VDS to obtain the output
and transfer curves.

2.5 Morphological characterization of semiconductor thin films 

The morphology of thin films in organic semiconductors plays an important role in 
both injection and charge transport processes, which are key to device operation. Efficient 
charge transport demands highly ordered and uniform films, in which large crystalline 
domains are well interconnected.51,52 Based on this considerations, two different techniques 
have been used to characterize the semiconductor film: X-ray diffraction (XRD) and Atomic 
Force Microscopy (AFM). 
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• X-rays are a form of high-energy, short-wavelength electromagnetic radiation. When
an X-ray beam hits a solid material, some the beam is scattered in all directions. The
rest of the beam can give rise to the phenomenon of X-ray diffraction, which occurs
if there is an ordered arrangement of atoms and Bragg's Law is fulfilled (see equation 
[2.5]).

𝑛𝑛 · 𝜆𝜆 = 2 · 𝑑𝑑 · 𝑠𝑠𝑠𝑠𝑠𝑠 (𝜃𝜃) [2.5] 

Where n is an integer number, λ is the wavelength of the incident X-ray, d is the 
distance between the planes of the crystal lattice, and θ is the angle of incidence, as 
shown in Figure 2.12. X-ray diffractograms are a very useful tool for determining the 
degree of ordering and crystallinity of organic semiconductor thin films. The 
diffractograms have been obtained with the semiconductor thin film, deposited 
under the same conditions and on the same substrate used for fabricating OFETs. 
BRUKER D8 DISCOVER diffractometer was used to obtain X-ray diffraction patterns 
of organic semiconductor thin films by employing a scan (2𝜃𝜃) from 2 to 35º with 
CuKα1 X-ray radiation (0.154 nm) was used. 

Figure 2.12. Representation of XRD characterization technique. 

• The atomic force microscope is a mechanical-optical instrument capable of
detecting forces in the order of nanonewtons between a tip of nanometric diameter
and the sample. The tip is coupled to a microscopic bar. A laser beam reflected on
its back can record the small deflections of the bar. A piezoelectric auxiliary system
moves the sample three-dimensionally, while the tip (cantilever) runs along the
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surface, recording its topography. Consequently, AFM images help us to visualize the 
different topographies obtained from the semiconductor layers, see Figure 2.13. 
These topographies are highly dependent on the treatment performed on the 
dielectric and the thermal treatments. Therefore, AFM images have been recorded 
on the semiconductor deposited under equal conditions and on the same substrates 
as the semiconductor used for the fabrication of OFETs. To obtain AFM images of the 
thin films we have used a multimode atomic force microscope with a Nanoscope V 
Controller (Bruker Corporation, Billerica, MA, USA) working in tapping mode. An 
attractive-repulsive interaction is established between the tip and the sample with 
a separation in a range of 1 to 100 Å, depending on the amplitude and frequency of 
the vibration of the cantilever. 

Figure 2.13. Scheme of the AFM characterization technique. 
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I.1 Introduction 

The development of small molecules and organic π-conjugated polymers has 
generated significant interest due to their tuneable electronic and structural properties. This, 
combined with their flexibility, low molecular weight, high solution processability, and lower 
cost compared to inorganic semiconductors, has brought organic electronics into the 
spotlight. These materials are used as active materials in a wide variety of devices, such as 
OLEDs1,2, OPTs3–5, OSCs6–9, OFETs10–13, and more recently in wearable electronics devices14,15 
and memory arrays16,17. However, despite the great advances in organic electronics in recent 
decades, their performance often lags behind that of their inorganic counterparts, primarily 
due to the lower mobility of charge carriers. Therefore, the design of new organic 
semiconductors with improved properties is essential to overcome these limitations.18,19 

In this context, various molecular building blocks with tuneable properties and high 
performance have been employed in organic electronic devices.20–22 In particular, the design 
and synthesis of new materials have gained great interest, as they allow obtaining 
compounds with efficient charge transport capacity and tuneable HOMO/LUMO energy 
levels.23,24 In this sense, it has been shown that the combination of donor and acceptor units 
through different rigid and conjugated bonds can lead to functional materials with tuneable 
and even unexpected optical and electrochemical properties. Furthermore, these materials 
have shown remarkable performance in OFETs and OSCs devices25–31. Electron-acceptor 
imide units, particularly naphthalimide derivatives, are often employed as electron 
acceptors, facilitating the production of processable organic materials with low LUMO 
energy levels and excellent optical, electrochemical and electrical properties.32–36 On the 
other hand, the covalent conjugation of naphthalimide units with strong donor structures, 
such as oligothiophenes or triarylamines, has proven to be a promising strategy for 
developing new materials.37,38 In this chapter, we explore this type of D-A structures. 

Over the past five years, the fused ring electron acceptor (FREA) strategy has proven 
to be an effective tool to modulate the donor capacity of organic materials without the need 
to introduce strong donor moieties. Representative examples of this approach are the ITIC, 
IDIC and Y6 molecules, which incorporate electron acceptors at terminal positions and allow 
a precise modulation of their donor capacity by controlling the length of the donor units.39,40 

In this study, we have characterized a new family of compounds combining 
electron-withdrawing naphthalimide units and thiophene-based donor moieties connected 
by rigid and conjugated nitrogen connectivity units (Figure I.1). To fine-tune the HOMO 
energy levels, we have modified the length of the donor moiety (BTD-ext, NDI-ext and 
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NIP-ext) and explored different isomers (BTD-inv, NDI-inv and NIP-inv). As for the LUMO 
orbital, the incorporation of imidazole or pyrazine linkers, covalently linked to the 
naphthalimide unit, has allowed to precisely modulate its energy levels. Also, we 
demonstrate that the ring fusion strategy in the donor moiety can significantly modify the 
charge transport properties of these organic semiconductors.  

Figure I.1. Structure of the naphthalimide-based semiconductors described in this work: 
a) BTD derivatives, b) BTD-ext derivatives and c) BTD-inv derivatives.

I.2 Structural properties 

The structure of the studied compounds was optimized by DFT. The calculations 
reveal a moderate distortion, of approximately 5-10 degrees, in the derived benzothiadiazole 
fragment in all the analyzed molecules. Furthermore, when comparing the different 
naphthalimide derivatives, we observed that the compounds with imidazole unit (NDI 
derivatives) present a higher torsion angle in the connecting unit of around 16° compared to 
the pyrazine derivatives (NIP derivatives), regardless of the length of the π-conjugation chain 
or the isomer considered. In contrast, the NIP derivatives showed practically planar 
structures, as shown in Figure I.2. 
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Figure I.2. DFT-computed global minimum structures for the different units studied at 
B3LYP/6-31G** level of theory. 

Table I.1 presents the energy values of the calculated molecular orbitals (MO) for the 
studied compounds. The results show that the introduction of the naphthalimide unit 
significantly stabilizes the LUMO energy level from -1.71 eV in BTD to -2.77 eV and -3.14 eV 
in NIP and NDI respectively. This effect is less pronounced in the pyrazine derivatives 
compared to the imidazole derivatives, a trend also observed in other oligothiophene-
naphthalimide assemblies, due to the lower electronegative character of pyrazine.41 
Furthermore, the LUMO energy values trend is similar within the family of the extended 
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compounds, going from -1.79 eV in BTD-ext to -2.82 eV and -3.18 eV in NIP-ext and NDI-ext, 
and in the inverted compounds, where these values oscillate between -1.69 eV for BTD-inv, 
-2.81 eV and -3.17 eV for NIP-inv and NDI-inv, respectively. This scenery suggests that the
energy of LUMO orbital is mainly determined by the naphthalimide unit, which is common
in the extended and inverted compounds.

On the other hand, the incorporation of the arylenimide fragment has no 
remarkable impact on the HOMO energy levels. However, a slight destabilization of this level 
is observed when the number of fused thiophenes increases. We found values of -4.95 eV, 
-5.01 eV and -5.08 eV for BTD, NDI and NIP, respectively, compared with the values of -4.80
eV, -4.85 eV and -4.91 eV for BTD-ext, NDI-ext and NIP-ext. In the case of isomers with
inversion of the more external thiophene rings a slight stabilization is observed, with values
of -5.06 eV, -5.13 eV and -5.20 eV for BTD-inv, NDI-inv and NIP-inv, respectively. As a result,
NDI derivatives, having the lower energy levels, exhibit substantially smaller energy gaps,
with the extended derivative (NDI-ext) showing the lowest value of 1.67 eV. It is noteworthy
that all the studied systems exhibit HOMO energy levels close to -5 eV, making them suitable
for hole injection from gold electrodes. In contrast, only NDI derivatives show LUMO energy
levels deep enough (lower than -3 eV) to facilitate electron injection.

Table I.1. DFT-calculated (B3LYP/6-31G**) HOMO and LUMO energy levels. 
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The internal reorganization energies for electron and hole transport for the studied 
semiconductors are shown in Figure I.3. The reorganization energy (λ) is a key parameter 
reflecting the structural reorganization required to accommodate the charge defect during 
transport, with low λ values being a fundamental requirement for efficient charge 
conduction. In our study, all systems exhibit lower reorganization energies for p-type 
transport compared to n-type transport. This suggests that the accommodation of positive 
charges is more favourable than negative charges, thus facilitating hole transport. When 
analyzing the NIP and NDI families, the calculated values indicate that the reorganization 
energy for electron transport is similar within each family, regardless of the thienopyrrole 
core length or isomeric structure. This is in concordance with the electron density 
delocalization of the LUMO which is mainly localized in the naphthalimide unit as it will be 
discussed later. This suggests that the electron defect is mainly stabilized through the 
naphthalimide unit. In contrast, a decrease in the reorganization energy for hole transport is 
observed by extending the thienopyrrole unit, indicating a greater ease in accommodating 
positive charges in systems with a longer conjugated core. 

Figure I.3. Theoretically calculated (B3LYP/6-31G** level) hole (blue) and electron (red) 
reorganization energies for studied compounds. 
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I.3 Optical and electrochemical properties 

The incorporation of branched alkyl chains in the imide and pyrrole sites of the 
studied compounds improves their solubility, reaching values higher than 30 mg/mL. This 
allows studying their optical and electrochemical properties by UV-Vis spectroscopy in 
solution and in the solid state (thin film), as well as by cyclic voltammetry analysis. Tables I.2 
and I.3 summarize the most relevant optical and electrochemical parameters obtained from 
the experimental measurements. 

Table I.2. a UV-Vis absorption in CHCl3 solution. b Absorption maxima in solution, c Molar 
extinction coefficient to the referred wavelength. d Onset wavelength for the absorption 
band. e Energy band gap derived from the low-energy absorption edge using the equation 
Eg

opt =1240/ λonset. 

As observed in Figure I.4 and table I.2, the substitution of the benzothiadiazole core 
by naphthalimide units through planar and conjugated bonds induces a red-shift in the 
lowest absorption band (named as λICT in Table I.2) of the UV-Vis spectra, with this effect 
been more pronounced in the NDI derivative as a consequence to the more pronounced 
electron-acceptor character of the imidazole group. In addition, an increase in the molar 
absorption coefficient (ε) is found for the naphthalimide-based derivatives. This effect is 
particularly noticeable in pyrazine-based (NIP derivatives) semiconductors, whose ε values 
are up to twice as high as those observed for BTD analogues, probably due to the extended 
π structure and the higher planarity,42 as shown in Figure I.1. 



100 

Chapter I 

Figure I.4. UV-Vis absorption spectra of a) BTD (black), NIP (red) and NDI (blue) in solution 
(solid line) and thin-film (dashed line),  b) BTD-ext (black), NIP-ext (red) and NDI-ext (blue) 
in solution (solid line) and thin-film (dashed line) and c), BTD-inv (black), NIP-inv (red) and 
NDI-inv (blue) in solution (solid line) and thin-film (dashed line). 

Regarding the higher energy band (λmax), it is observed that all pyrazine-based 
assemblies present a red-shifted absorption maximum compared to their imidazole-based 
analogues, especially in the smaller systems, with a maximum absorption band at 395 nm 
for NIP and 374 nm for NDI. Also, when evaluating the thiophene inversion, we observe a 
red-shift of λmax in NDI-inv (363 nm) compared to NIP-inv (398 nm). However, when 
compared to BTD-inv, when an imidazole unit is introduced, a blue-shift occurs (363 nm in 
NDI-inv and 368 nm in BTD-inv). On the other hand, when analyzing the effect of thiophene 
extension in the π-conjugated systems, we found out that both NIP-ext and NDI-ext 
derivatives present similar λmax values in solution (372 nm for NIP-ext and 360 nm for 
NDI-ext), compared to the non-functionalized BTD-ext analogue (369 nm).  
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Besides, as for the lowest energy absorption band, the extension of the donor 
fragment increases this absorption towards the NIR region, being more pronounced in the 
NDI-ext derivative, with a broad absorption band around 674 nm. On the other hand, NDI-
ext shows a red-shift of 56 nm respect to NIP-ext. The same trend also has been observed 
in the smaller NDI and NIP semiconductors, with an absorption band at 583 nm for NIP and 
670 nm for NDI, and for the inverted analogues (551 nm for NIP-inv and 641 nm for NDI-
inv). 

Furthermore, the modification of the π-conjugated chain involves changes in the 
optical properties of these materials, especially with the inversion of the fused thiophene 
unit, which leads to i) a significant decrease of the molar absorption coefficient (ε), probably 
due to the non-linearity of the donor fragment, and ii) a blue-shift in the ICT band, evidenced 
by the λonset values compared to the non-inverted systems. This latter trend is supported by 
TD-DFT calculations, as shown in Table I.3 

Table I.3. The lowest-energy electronic transition obtained by TD-DFT (B3LYP/6-31G**) for 
BTD, NIP and NDI derivatives. 

UV-Vis absorption spectra of BTD, NDI and NIP derivatives in thin film show almost 
negligible differences with solution spectra. All derivatives show a similar absorption profiles 
in solution and thin film, with two family of absorption bands around 400 and 650 nm. This 
coincidence suggests that, despite the extensive π-conjugated structure of these systems, 
the introduction of long branched alkyl chains into their structure not only improves 
processability, also prevents the formation of large supramolecular aggregates in the films. 
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TD-DFT theoretical calculations were performed to understand the nature of the 
electronic absorption bands. The lowest energy absorption bands in all studied systems are 
theoretically attributed to the HOMO-LUMO transition. As observed from the frontier 
molecular orbital topologies shown in Figure I.5, this electronic transition exhibits a clear 
intramolecular charge transfer (ICT) character. While the HOMO is localized on the most 
electron-rich region of the semiconductor, the thienopyrrolic part, the LUMO is localized on 
the most electron-deficient unit, the thiadiazol in the BTD systems, and the naphthalimide 
group in the NDI and NIP systems. This electronic absorption band is more intense and 
red-shifted in imidazole derivatives (NDI derivatives) compared to pyrazine derivatives (NIP 
derivatives). 

To study the electrochemical properties of these organic semiconductors, cyclic 
voltammetry experiments were performed in an argon atmosphere, using dry solutions of 
dichloromethane and 0.1 M NBu4PF6 as supporting electrolyte. As shown in Table I.4 and 
Figure I.6, the results show amphoteric redox organic semiconductors, in NIP and NDI 
derivatives, with lower oxidation potentials compared to BTD derivatives.  BTD system 
displays an oxidation potential of 0.42 eV, while NIP and NDI show a value of 0.37 eV. 
Furthermore, it is possible to modify the oxidation potential values by extending the 
thienopyrrole unit (extended systems) or, by modifying the position of the sulfur atom in the 
thiophene unit (inverted systems), as we will explore now in detail. 
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Figure I.5. DFT-calculated (B3LYP/6-31G**) molecular orbital topologies of all compounds 
under study (isovalue of 0.035 a.u.). 
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The experimental values summarized in Table I.4 demonstrate that, despite their 
similar chemical structures, slight changes in the position of the heterocyclic sulfur atoms 
can significantly alter the oxidation processes. For instance, the oxidation potentials increase 
to 0.56 eV in BTD-inv (0.42 eV for BTD), 0.49 eV in NIP-inv (0.37 eV for NIP) and 0.46 eV in 
NDI-inv (0.37 eV for NDI), compared to the non-inverted systems. Finally, the oxidative 
capacity of these semiconductors can be significantly improved by extending the effective 
conjugation at the thienopyrrole core. In fact, the values of oxidation potential decrease up 
to 0.26 eV for BTD-ext and NDI-ext, and 0.27 eV for NIP-ext. Thus, the larger semiconductors, 
NIP-ext and NDI-ext, exhibit a shift of approximately 0.10 V towards less positive potentials 
compared to their smaller derivatives, NIP and NDI, enhancing their oxidising ability. 

Table I.4. aElectrochemical values obtained from experimental measurements for the organic 
semiconductors studied in this work. aCyclic voltammetry recorded in DCM/TBAPF6 (0.1 M) 
at a scan rate of 0.10 V/s using Pt as working and the counter electrode, and Fc/Fc+ as 
reference. bEstimated from EHomo = -5.1 eV - E1/2ox I. cEstimated from ELUMO = -5.1 eV - E1/2red 
I dEstimated from Egap

elec = EHOMO - ELUMO. eEstimated from Egap
opt = EHOMO - ELUMO. fEgap for easier 

comparison with Egap elec. 

As for the electron acceptor capacity of these organic semiconductors, it can be 
significantly modified upon insertion of naphthalimide units in the core, as shown in 
Table I.4. Note that our naphthalimide-based derivatives present reduction potentials 
around -1.13 V, which are lower values with respect to -2.2 V determined for other 
benzothiadiazole-based semiconductors shown in the literature.43 It is important to note 
that in the benzothiadiazole-based systems studied (BTD, BTD-ext and BTD-inv) no reduction 
processes were recorded within the solvent window. However, for NIP two reduction 
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processes are recorded at -1.37 V and -1.74 V, and for NDI at -1.13 V and -1.43 V. In addition, 
by extending the π-conjugated chain and by synthesizing different isomers, we have 
attempted to tune the acceptor-electronic properties of these naphthalimide-based 
semiconductors. These modifications have rendered reduction potentials of -1.36 V and    
-1.65 V when the thienopyrrole chain is elongated in NIP-ext, and -1.12 and -1.49 V in NDI-
ext. On the other hand, the different isomers in the inverted compounds, give reduction
potentials of -1.37 V and -1.77 V for NIP-inv, and -1.14 V and -1.49 V for NDI-inv. Both, in
the extended and inverted semiconductors an improvement of approximately 0.2 V in the
electron-acceptor properties is observed for NDI derivatives when compared to NIP
derivatives.

Figure I.6. Cyclic voltammetry of studied compounds: a) BTD (black), NIP (red) and NDI (blue) 
b) BTD-ext (black), NIP-ext (red) and NDI-ext (blue) c) BTD-inv (black), NIP-inv (red) and
NDI-inv (blue). d) The corresponding energy levels diagram estimated from the experimental
electrochemical values.

From the first reduction and oxidation potentials obtained by experimental cyclic 
voltammetry measurements (Figures I.6a, I6.b, I.6c and Table I.4) in dry dichloromethane, 
HOMO and LUMO levels of the studied compounds can be estimated. As shown in Figure 
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I.6d, the replacement of the thiadiazole core by a naphthalimide unit significantly stabilizes
the LUMO energy level, also in the extended and inverted compounds, reaching values
around -3.73 eV for NIP derivatives and around -3,97 eV for NDI derivatives, versus values
around -3 eV obtained for BTD derivatives. This stabilization is less pronounced in pyrazine-
containing derivatives (NIP derivatives) compared to their imidazole analogues (NDI
derivatives), a behaviour that is in agreement with DFT calculations (Table I.1). This can be
explained by the presence of three carbonyl groups in the naphthalimide structure that
enhances its electron-acceptor capacity to a greater extent than pyrazine-based compounds.
On the other hand, the introduction of these naphthalimide electroactive units affects very
slightly the HOMO energy levels (i.e. 5.32 eV in BTD, 5.47 eV in NIP and NDI). Nevertheless,
the HOMO energy level is moderately destabilized, with values up to -5.37 eV by increasing
the number of fused thiophenes in extended derivatives, whereas the HOMO values are
stabilized up to around -5.55 eV in inverted thienopyrrole derivatives.

Consequently, the strong impact on the LUMO energy level due to the incorporation 
of the naphthalimide units, combined with a subtle modification of the HOMO level, results 
in a reduction of the electrochemical bandgap in the NDI and NIP systems. Furthermore, a 
good correlation is observed between the values of the optical bandgap (Egap

opt) and the 
electrochemical bandgap (Egap

elec) determined for these donor-acceptor semiconductors (see 
Table I.4). 

I.4 Spectroelectrochemical studies 

In order to analyze the charged species, Figures I.7 to I.9 show the evolution of the 
UV-Vis/NIR spectra obtained by progressive spectroelectrochemical oxidation and reduction 
of a low concentration solution of the compounds studied, in the presence of a large excess 
of tetrabutylammonium hexafluorophosphate (NBu4PF6) as supporting electrolyte.  

In this study, BTD is considered the main structural block common to all investigated 
systems. This compound stabilizes two positively charged species at 930 mV and 1200 mV, 
attributed to the radical cation and the dicationic species, respectively. During the reduction, 
a negatively charged species is formed at -1490 mV, corresponding to the radical anion. The 
incorporation of a naphthalimide unit into the benzothiadiazole core (in NDI and NIP 
compounds) significantly reduces the potential needed to stabilize two positively charged 
species during the oxidation process. In the case of NDI, the values decrease to 300 mV and 
580 mV, while for NIP they are recorded at 680 mV and 1150 mV. This reduction in potential 
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is remarkable, especially considering that the HOMO orbital, which is mainly located in the 
BTD fragment, undergoes minimal changes with the introduction of naphthalimide units. In 
addition, in both NDI and NIP semiconductors, two negatively charged species are stabilized 
during the reduction process, corresponding to the radical anion and dianion. The radical 
anion appears at potentials of -460 mV for NDI and -480 mV for NIP. In the case of dianion, 
this appears at -650 mV for NDI and -1000 mV for NIP. The stabilization of the dianion species 
observed in Figure I.7, together with the decrease in the reduction potentials, is consistent 
with the remarkable LUMO energy level adjustment upon the introduction of the 
naphthalimide unit. 

Figure I.7. UV-Vis/NIR spectra changes at room temperature upon oxidation for a) BTD, 
b) NDI and c) NIP and upon reduction for d) BTD, e) NDI and f) NIP within an OTTLE cell in
dichloromethane in presence of 0.1M NBu4PF6 as the supporting electrolyte.

Furthermore, by extending the π-conjugated core in BTD-ext, two positive charges 
at 215 mV and 500 mV are stabilized, attributed to cation and dication species, respectively, 
as in BTD, but at remarkable lower potentials. In addition, as in BTD, this compound also 
stabilizes a negative charge at -1450 mV ascribed to anion species. Regarding to NDI-ext no 
new oxidized species are detected compared to NDI, as it also undergoes two oxidation 
processes at 850 mV and 1060 mV associated with the formation of cation and dication 
species, just like NDI, but at higher potentials (Figure I.7).  For NIP-ext three distinct oxidized 
species are stabilized, at 380 mV, 520 mV and 800 mV, corresponding to the radical cation, 
dication and trication, respectively (Figure I.8). In contrast, in the NIP molecule only the first 
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two species were identified (Figure I.7). This behaviour is explained because the extension 
of the thienopyrrole chain favours the stabilization of the positive charge along a more 
extensive conjugated pathway, as evidenced by the HOMO topology in Figure I.5, especially 
in NIP-ext, due to its higher planarity and the lower electrodeficient character compared to 
NDI-ext. On the other hand, chain extension does not generate significant differences in the 
stabilization of the reduced species. Both NIP-ext and NDI-ext presenting two reduction 
processes, just like NIP and NDI. NIP-ext stabilized two species at -550 mV and -620 mV 
attributed to the formation of radical anion and the dianion. For NDI-ext, radical anion and 
dianion are stabilized at -500 mV and -1500 mV. 

Figure I.8. UV-Vis/NIR spectra changes at room temperature upon oxidation for a) BTD-ext, 
b) NDI-ext and c) NIP-ext, and upon reduction for d) BTD-ext, e) NDI-ext and f) NIP-ext within
an OTTLE cell in dichloromethane in presence of 0.1M NBu4PF6 as the supporting electrolyte.

On the other hand, π-conjugation in the thienopyrrole chain is partially hindered in 
the inverted derivatives, which also influences charge stabilization. In BTD-inv we observed 
a similar scenario that in the case of BTD and BTD-ext, with two oxidation processes at 850 
mV and 1220 mV, albeit at higher potential, assigned to cation and dication species. In the 
same way this compound presents a reduction process at -1300 mV, indicating the formation 
of a radical anion, just like in the other BTD derivatives. However, the reduction processes 
are favoured in NDI-inv, where three new spectral profiles attributed to the radical anion (-
830 mV), dianion (-1050 mV) and trianion (-1200 mV) species are recorded (Figure I.9), in 
contrast to the stabilization of only two reduced species in NDI (Figure I.7). Instead, only one 
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oxidized species is formed at 1130 mV, indicating that the inversion in NDI significantly 
favours the reductive processes over the oxidative ones. In contrast, this effect is not 
observed in NIP-inv, whose spectral changes are similar to those of NIP, with the stabilization 
of two reduced species, radical anion at -1100 mV and dianion -1700mV and two oxidized 
species, radical cation at 1050 mV and dication 1220 mV. These results show that extending 
the π-conjugated chain is an effective way of stabilising positive charge. Conversely, inverting 
the thiophene in the π-conjugated chain is an effective way of stabilising a negative charge. 

Figure I.9. UV-Vis/NIR spectra changes at room temperature upon oxidation for a) BTD-inv, 
b) NDI-inv and c) NIP-inv and upon reduction for d) BTD-inv, e) NDI-inv and f) NIP-inv within
an OTTLE cell in dichloromethane in presence of 0.1M NBu4PF6 as the supporting electrolyte.

I.5 Field effect transistors and thin film characterization 

Field-effect transistors were fabricated to evaluate the charge transport properties 
of the studied semiconductors. In particular, thin-film transistors with a top-contact and 
bottom-gate structure were developed by sublimation of semiconductor onto SAM-treated 
substrates. Octadecyltrichlorosilane (OTS) and hexamethyldisilazane (HMDS) were used as 
the regents for self-assembled monolayer treatment of the SiO₂ dielectric layer. The 
deposited thin films were characterized by atomic force microscopy (AFM, Figures I.10a) and 
X-ray diffraction (XRD, Figure I.10b).
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Figure I.10. AFM images of optimized OFETs thin films, on preheated OTS-treated substrates 
at 80ºC and thermally annealed at 150ºC for 3 hours for NIP and NDI, NIP-ext and NDI-ext. 

Following semiconductor deposition, shadow masks were used to pattern gold 
electrodes with different predefined channel lengths and widths, finalizing the device 
fabrication process. Charge carrier mobilities (µ), threshold voltage (VT), and on/off current 
ratio (ION/IOFF) were extracted from the saturation region (see part 1.3.2 of introduction) in 
the device transfer curves, and the obtained parameters are summarized in Table I.5 (full 
device characterization is in appendix 5.2.1). BTD derivatives are inactive as semiconductors 
in OFETs. However, the naphthalimide derivatives show modest field-effect mobilities, 
achieving a maximum hole mobility value of 10⁻² cm² V⁻¹ s⁻¹ for pyrazine derivative, NIP (see 
output and transfer plots in Figure I.12), in films deposited on substrates preheated at 80°C 
and after a thermal annealing at 150°C for 3 hours. Furthermore, the introduction of an 
imidazole ring as a spacer in NDI causes a decrease in field-effect mobility by two orders of 
magnitude (10⁻⁴ cm² V⁻¹ s⁻¹) under the same deposition conditions. When analyzing the 
effect of the extension of the π-conjugated system in these derivatives, a drastic decrease in 
field-effect mobility is observed in NIP-ext and NDI-ext, with values of 10⁻⁶ cm² V⁻¹ s⁻¹ for 
both semiconductors (see output and transfer in Figure I.12). NDI and NIP systems together 
with the extended analogues systems exhibit p-type mobility, in concordance with the values 
obtained for HOMO orbitals and the reorganization energy values. On the other hand, the 
inverted derivatives, NDI-inv and NIP-inv, do not present electrical activity. 
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XRD measurements and AFM images (Figure I.10) show a higher crystallinity in the 
NIP derivatives compared to the NDI ones, which can be one of the reasons explaining their 
higher field-effect mobilities. Furthermore, XRD analyses reveal that the NIP-ext and NDI-
ext films (Figure I.11), as well as those of NIP-inv and NDI-inv are completely amorphous, 
which might be related to their poor electronic properties. 

Figure I.11. XRD plots for NIP, NDI, NIP-ext, NDI-ext, NIP-inv and NDI-inv semiconductors 
on preheated OTS-treated substrates at 80ºC and thermally annealed at 150ºC for 3 hours. 
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In conclusion, the NIP compound exhibits a field-effect mobility two orders of 
magnitude higher than that of the NDI system, while the extension of the π-conjugated chain 
significantly deteriorates the mobility values in both cases (NIP-ext and NDI-ext). 

Table I.5. OFETs electrical data recorded, under positive bias, for thin films of the indicated 
semiconductors measured in vacuum. aSubstrates treated with octadecyltrichlorosilane 
(OTS) and preheated at 80ºC during sublimation. Thin films were then thermal annealed at 
150ºC. 

Figure I.12. OFET transfer and output characteristic of a), e) NDI, b), f) NIP, c), g) NDI-ext and 
d), h) NIP-ext. The transfer characteristics were measured at a constant source–drain voltage 
of -80 V. The gate voltage in the output plots varies from 0 to -80 V in steps of 10 V. 
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I.6 Conclusions 

In this work we have characterized a family of compounds based on the combination 
of electron-withdrawing naphthalimide units with strong benzothiadiazole based donor 
groups, via two different conjugated and rigid nitrogen linkers (pyrazine and imidazoline). 
Various synthetic modifications were performed, in which the BTD unit was extended, or 
different isomers were employed. The effect of these synthetic approaches was analyzed by 
a complete physicochemical analysis, in which the stabilization of charged species was 
examined. In general, we observed notable differences in the LUMO energy levels upon the 
introduction of imidazole or pyrazine linkers, covalently attached to the naphthalimide unit. 
In contrast, the HOMO energy levels showed only moderate changes throughout the family 
of compounds. 

Spectroelectrochemical studies demonstrated the formation of both reduced and 
oxidized charged species in all the studied systems. However, modifications in the chemical 
structures impact the stabilization of these charged species. In particular, the results 
highlight the role of the pyrazine linker in enhancing the communication between the 
naphthalimide and benzothiadiazole units, due to the more planar conjugated skeleton. 
Thus, the system that stabilizes the highest number of charged species is NIP-ext, showing 
two reduced species (radical anion and dianion) and up to three oxidized species (up to 
trication). Therefore, it is demonstrated that the use of the pyrazine linker is very efficient 
for charge stabilization. 

Field-effect transistors were fabricated, finding that the use of this fused ring 
strategy in the donor group can drastically modify the charge transport properties of organic 
semiconductors, obtaining electrical behaviour as p-type semiconductors, in contrast to 
previously studied fused ring electron acceptor (FREA), where the compounds exhibit n-type 
or ambipolar mobilities. The electrical performance of the studied systems is modest, with 
a maximum hole mobility of 10⁻² cm² V⁻¹ s⁻¹ for NIP. Furthermore, the introduction of 
imidazole as a spacer ring (NDI) causes a decrease in the field effect mobility by two orders 
of magnitude (10⁻⁴ cm² V⁻¹ s⁻¹) under the same deposition conditions. Other derivatives, 
either by extending the conjugation or generating different isomers, showed decreased 
(10⁻6 cm² V⁻¹ s⁻¹ in extended compounds) or completely quenched electrical performances 
(in inverted compounds). XRD and AFM images showed rather amorphous films for all 
studied systems except for NIP, which might be one of the reasons behind its enhanced 
electrical performance. 
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Chapter II: 

Tuning charge stabilization and transport in naphthalimide-
based semiconductors: the effect of the insertion of halogen 
atoms into. 
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II.1 Introduction

One of the reasons why organic semiconductor materials now attract much interest 
is for their great potential to be used in electronic devices, such as flexible displays1–3 or 
sensors.4,5 In recent years, considerable progress has been made to understand the energetic 
and structural mechanisms governing charge transport in molecular solids. In these organic 
electronic devices such as, OLEDs,6 OPVs7 or OFETs8,one of the critical parameters employed 
to evaluate the suitability of organic semiconductors for optoelectronic applications is the 
carrier mobility, which is, in general, measured in OFETs. This is the major parameter affected 
by the molecular structure, the orbital energy levels9–11 and the molecular packing.12–14  

One technique that has proven to be effective in altering the electronic 
characteristics of organic semiconductors is halogenation.15–17 The replacement of 
hydrogens by halogen atoms can significantly modify the energy levels and solid packing due 
to differences in electronegativity.18–22 For instance, the incorporation of fluorine and 
chlorine into oligomers and polymers used in organic photovoltaic devices has been shown 
to result in higher performance due to reduced charge recombination.23–26 In the case of 
linear polyacenes, the halogenation is often accompanied by little twisting of the conjugated 
core, and by a lowering of the lowest occupied molecular orbital (LUMO) level, while the 
highest occupied molecular orbital (HOMO) level remains almost unchanged. This variation 
of LUMO and HOMO permits the control of the semiconductor properties of the 
material.27–29 A notable example is perfluorinated pentacene, which exhibits n-type mobility 
in contrast to its non-fluorinated counterpart, which exhibits p-type mobility.30 This is due to 
the different electron density in both compounds induced by halogen atoms. Therefore, the 
degree of halogenation plays a significant role in the conjugated structure, meaning that 
both molecular and supramolecular materials properties will be altered.31–36 

Polycyclic aromatic hydrocarbons (PAHs) represent a promising class of organic 
semiconductors due to their high solubility and stability.37–40 In particular, these systems 
often self-assemble into supramolecular structures that favor charge transport in multiple 
directions.41 It is postulated that halogenation of PAHs could significantly modify both their 
self-assembly and their electronic properties. Unlike halogenated linear polyacenes, 
halogenated PAHs have been less explored due to the synthetic challenges. 

In this chapter, the characterization of a series of PAHs based on phenylene-
naphthalimide assemblies has been carried out, in which both the phenylene unit and the 
electron-accepting naphthalimide group are directly conjugated through rigid inverted 
amidine (NAI)42 linker. Different halogen atoms (F and Cl) have been introduced into the 
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phenylene unit with the aim of modulating the electron-accepting and charge-transport 
properties in these systems (Figure II.1).43–45 The effect of the insertion of halogens into the 
phenylene unit on the optical, electrochemical and charge-transport properties of these 
materials has been evaluated. 

This study provides key insights into the impact of halogenation on planar PAHs, 
laying the foundation for future research aimed at the rational design of organic 
semiconductors with enhanced properties for advanced optoelectronic applications. 

Figure II.1. Molecular structures of naphthalimide–oligothiophene derivatives studied in this 
chapter. 

II.2 Structural and optical properties

The DFT optimization of the lowest-energy molecular structures of the analyzed compounds 
reveals a completely planar conformation in all three NAI-Ph systems (Figure II.2). In all 
derivatives, the torsion angle between the naphthalimide and phenylene units remains close 
to 0°, suggesting that the incorporation of halogen atoms into the conjugated skeleton does 
not alter the molecular structure of the compounds. Therefore, the selection of the halogen 
substitution positions is appropriate, since the preservation of the planarity and rigidity of 
these systems could favor optimal packing patterns in the solid state. 
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Figure II.2. DFT optimized structures for NAI-Ph, NAI-Ph-F and NAI-Ph-Cl at the 
B3LYP/6-31G** level of theory. 

The UV–vis absorption spectra of the new semiconductors were recorded in 
dichloromethane solution (Figure II.3) and the most relevant data is summarized in 
Table II.1. Theoretical TD-DFT calculations appropriately support the experimental results 
(Table II.2).  

The optical bandgaps were estimated from the onset of the lowest energy 
absorptions (λₒₙₛₑₜ) in the UV–Vis spectra in solution (Table II.1). The incorporation of 
halogen atoms at the terminal positions of the phenylene unit resulted in a reduction of the 
bandgap values (2.24 eV for NAI-Ph, 2.16 eV for NAI-Ph-F and 2.11 eV for NAI-Ph-Cl).46 
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Table II.1. Photophysical properties of NAI-Ph, NAI-Ph-F and NAI-Ph-Cl. a UV-Vis absorption 
in dichloromethane solution. b Absorption maxima in solution. c Molar extinction coefficient 
to the referred wavelength. d Wavelength for the most red-shifted band. e Onset wavelength 
for the absorption band. f Energy band gap derived from the low energy absorption edge 

using the equation 𝐸𝐸g
opt= 1240/λonset.  g UV-Vis absorption in solid state thin film. h Absorption

maxima in solid state thin film. i Onset wavelength for the absorption band. j Fluorescence 
emission in dichloromethane solution. k Emission maxima in solution.  

For all the compounds studied, UV–Vis spectroscopy shows a broad spectral profile 
in the range from 330 to 560 nm, with two main contributions centered at 470 nm and 510 
nm, associated to the n–π* and π–π* transitions, respectively.47–49 The absorption at longer 
wavelength for each of the compounds shows the vibronic structure that is characteristic of 
naphthalimides derivatives. NAI-Ph-F and NAI-Ph-Cl display absorption maximum peaks at 
474 and 482 nm, respectively, while the compound without halogen atoms (NAI-Ph) shows 
a blue-shifted absorption maximum at 462 nm. Thus, the principal absorptions wavelengths 
of NAI-Ph-F and NAI-Ph-Cl, are red-shifted by 12 and 20 nm, respectively, compared with 
NAI-Ph. This effect is attributed to the increase in effective conjugation due to the inductive 
effect and the delocalization of π electrons on the empty d-orbitals of the halogens, in the 
case of chlorine.50,51 While fluorine exhibit a greater inductive effect due to its high 
electronegativity (3.98 for F versus 3.16 for Cl), chlorine has energetically accessible empty 
d orbitals, which allow a greater delocalization of π electrons, translating into a more 
pronounced red-shift in the absorption spectrum. It is significant that both NAI-Ph-F and 
NAI-Ph-Cl have lower absorption molar coefficients than NAI-Ph. Moreover, solubility tests 
indicate a reduction in the solubility of compounds upon incorporation of halogens.52–54 
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Figure II.3. a) Normalized UV−Vis absorption spectra of NAI-Ph (black), NAI-Ph-F (blue) and 
NAI-Ph-Cl (red) in dichloromethane solution (solid line) and thin film (dashed line). b) 
Normalized UV−Vis absorption spectra of NAI-Ph (black), NAI-Ph-F (blue) and NAI-Ph-Cl 
(red) in thin film. c) Normalized fluorescence spectra in dichloromethane solution of NAI-Ph 
(black), NAI-Ph-F (blue) and NAI-Ph-Cl (red). 

In order to understand aggregation in the studied compounds, UV-Vis absorption in 
thin films has been recorded (Figure II.3a and II.3b). An increase in the intensity of the 
absorption peaks is observed in the thin film UV-Vis spectra of the three studied 
semiconductors. However, only NAI-Ph-F shows a slight displacement to larger frequencies, 
approximately 13 nm compared to its analogue spectrum in solution. This suggests the 
formation of supramolecular aggregates due to the strong π-π interactions and the 
possibility of intermolecular non-covalent bond interactions,55–57 particularly in the 
fluorinated compound due to its high electronegativity and small size.58,59 Moreover, thin 
film spectra of the three compounds display a higher 0-0/0-1 peaks intensity ratio than in 
solution spectra (Figure II.3b), which increases with the order and excitation-vibrational 
coupling due to the aggregation. This is a characteristic behaviour of J-aggregates and 
indicative of intramolecular charge transfer.60 In this sense, the difference in the intensity 
ratio of the 0-0/0-1 peaks in thin film and in solution is similar to NAI-Ph and NAI-Ph-Cl, with 
a value of 0.24. In contrast, this value is higher for NAI-Ph-F, with a value of 0.36, suggesting 
a more pronounced aggregation for NAI-Ph-F. In addition, the increase in the ratio of the 
first two vibronic peaks intensities in the absorption spectra of the fluorinated compound 
(NAI-Ph-F) indicates an increased in the excitonic coupling for this compound, which is an 
important element to understand charge transport in organic materials.61 
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Table II.2. Electronic transitions obtained by TD-DFT (B3LYP/6-31G** level of theory) for   
NAI-Ph, NAI-Ph-F, NAI-PhCl. 

Time-dependent density functional theory (TD-DFT) calculations have been carried 
out to analyse the nature of the electronic absorption bands. Table II shows the nature of 
the lowest energy transition, indicating a one electron excitation from the HOMO to the 
LUMO. Based on the molecular orbital topologies, the HOMO-LUMO transition involves an 
intramolecular charge transfer. It is observed that the HOMO orbital is located over the 
naphthalimide unit in the three systems, while the LUMO orbital is predominantly located 
on the phenylene fragment, although having also some contribution on the naphthalimide 
unit (Figure II.4). 

Figure II.4. Molecular orbital topologies of HOMO and LUMO orbitals of NAI-Ph, NAI-Ph-F, 
and NAI-Ph-Cl (isovalue of 0.035 a.u). 
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Furthermore, theoretical bandgaps were calculated at B3LYP/6-31G** level of 
theory, obtaining values in good agreement with the experimental results (Figure II.5). The 
theoretical data indicate that the HOMO and LUMO orbitals are progressively stabilized 
when going from NAI-Ph to NAI-Ph-F and NAI-Ph-Cl, as a consequence of the incorporation 
of halogen atoms. The electrodeficient nature of chlorine and fluorine induces the 
stabilization of both orbitals, being more significant in the LUMO. This effect is more 
pronounced in the compound with chlorine, which causes a moderate reduction of the 
HOMO-LUMO gap compared to NAI-Ph and NAI-Ph-F. Although, due to the higher 
electronegativity of fluorine atoms versus chlorine atoms, it is expected a higher decrease of 
the LUMO energy level in NAI-Ph-F, in literature it can be found that when comparing 
chlorination versus fluorination in organic semiconductors, the introduction of chlorine in 
the molecular structure usually lowers the LUMO orbital more efficiently than fluorine.62–65 
This behaviour is attributed to chlorine ability to accommodate a greater electron density 
through its empty 3d orbitals, whereas fluorine does not exhibit this possibility due to the 
absence of energetically accessible empty d orbitals. 

Figure II.5. DFT-calculated molecular orbital energies (B3LYP/6-31G**) for the studied 
molecules. 

On the other hand, fluorescence spectra were obtained in dichloromethane solution 
(Table II.2 and Figure II.3c), revealing a moderate emission in the range of 510 nm to 830 nm. 
A bathochromic shift in the maximum peak was observed going from  NAI-Ph (452 nm) to 
NAI-Ph-F (464 nm) and NAI-Ph-Cl (472 nm), attributed to a higher effective conjugation upon 
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halogenation. The Stokes shift was determined to be 27 nm (935 cm⁻¹) for NAI-Ph, 44 nm 
(1395 cm⁻¹) for NAI-Ph-F, and 43 nm (1314 cm⁻¹) for NAI-Ph-Cl (Figure II.6). The larger Stokes 
shifts observed in NAI-Ph-F and NAI-Ph-Cl indicate a higher electron-phonon coupling,66 
which normally decrease charge transport. However, note that for NAI-Ph-F and NAI-Ph-Cl, 
a decrease in the intensity of the shoulder around 700 nm is also observed. This indicates an 
increase in the ratio between 0-0 and 0-1 emission intensities, associated to an enhanced 
ordering in J-aggregates, which may favor charge transport.67 

Figure II.6. Normalised UV-Vis and fluorescence spectra of NAI-Ph, NAI-Ph-F and NAI-Ph-Cl 
in dichloromethane. 

II.3 Electrochemical and spectroelectrochemical studies

Electrochemical characterization of the studied materials has been performed by 
cyclic voltammetry (CV) in dichloromethane solution, using 0.1 M NBu4PF6 as supporting 
electrolyte and platinum as working and counter electrodes (Table II.3 and Figure II.7). The 
reference electrode used was Ag/AgCl, and the potentials were adjusted with respect to the 
ferrocene/ferrocenium redox couple (0.52 V vs. SCE). The ionization potentials (EHOMO) and 
electron affinity (ELUMO) values for the new semiconductors were estimated from the 
oxidation and reduction potential data, using standard approximations (Table II.3).68–70 

In the cathodic scan, two reversible redox processes were observed for the three 
systems, corresponding to the formation of the radical anion and dianion species. The first 
reduction process appeared at similar potentials for NAI-Ph-F and NAI-Ph-Cl, –0.74 V and 
–0.66 V, respectively, being slightly lower in the second case due to its higher electron
delocalization capacity. In contrast, the first reduction potential of NAI-Ph was shifted to a
substantially more negative value, –0.99 V, compared to those of the halogenated
analogues. In turn, the second reduction process follows the same trend with similar
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potentials for NAI-Ph-F and NAI-Ph-Cl, –1.10 V and –1.00 V, respectively, and a shifted 
reduction potential towards more negative values for NAI-Ph (-1.34 V). 

Figure II.7. Cyclic voltammograms of NAI-Ph, NAI-Ph-F and NAI-Ph-Cl 0.1M NBu4PF6 in 
dichloromethane. Potentials are referenced vs. SCE. 

Table II.3. a Cyclic voltammetry recorded in DCM/NBu4PF6 (0.1 M) at a scan rate of 
0.10 V s–1 using Pt as working and the counter electrode, and Fc/Fc+ as internal reference.  
b Estimated from 𝐸𝐸HOMO = 𝐸𝐸LUMO  – 𝐸𝐸gelec.  c Estimated from ELUMO = –4.44 eV – 𝐸𝐸Red I

1/2 .
d Estimated from 𝐸𝐸gelec = –𝐸𝐸Red I

1/2  + 𝐸𝐸Ox I
1/2 .
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It should be noted that in the NAI derivatives, the nitrogen atoms, electron donors 
in the amidine bond, are directly connected to the electron acceptor of naphthalimide. The 
presence of halogens in the phenylene moiety reduces the electron-donating capacity of the 
nitrogen atoms of the amidine bond, causing the reduction potentials to shift to less negative 
values and the LUMO orbitals to stabilize. From these data, the LUMO energy levels were 
estimated at -3.45, -3.70 and -3.78 eV for NAI-Ph, NAI-Ph-F and NAI-Ph-Cl, respectively. 
Under these experimental conditions, the reduction processes are reversible for NAI-Ph and 
NAI-Ph-F, while quasi-reversible waves are recorded for NAI-Ph-Cl. This could be explained 
by the presence of aggregates, considering the stronger intermolecular interactions in the 
chlorinated material, as evidenced by the solubility tests. Therefore, different conditions 
were tested for NAI-Ph-Cl, obtaining reversible reductions processes using a 0.1 M solution 
of NBu4PF6 in dichloromethane at 40 °C (see Figure II.8). 

Figure II.8. Cyclic voltammetry reduction wave of NAI-Ph-Cl with 0.1 NBu4PF6 in 
dichloromethane solution at 40ºC. 

On the other hand, both NAI-Ph and NAI-Ph-F show a quasi-reversible oxidation 
wave in the anodic scan, as we can see in Figure II.7. These oxidations processes appear at 
high potential values (1.66 V for NAI-Ph and 1.72 V for NAI-Ph-F) while no oxidation process 
is observed for NAI-Ph-Cl within the solvent window. The absence of this process in 
NAI-Ph-Cl is probably due to the lower solubility; thus, the oxidation wave is not clearly 
distinguished. In this way, the HOMO of NAI-Ph-F is calculated at -6.16 eV, which is stabilized 
by 0.06 eV compared to that of NAI-Ph, which is obtained at -6.10 eV. The presence of the 
fluorine atoms causes a reduction of the electrochemical bandgap of NAI-Ph-F (2.46 eV) with 
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respect to NAI-Ph (2.65 eV), in agreement with the results obtained from the optical 
bandgap and the theoretical calculations. 

To assess the ability of the studied compounds to stabilize charged species, 
Figure II.9 shows the evolution of the UV-Vis-NIR spectra, obtained by progressive reduction 
in the presence of NBu4PF6 as supporting electrolyte. In the case of NAI-Ph, the neutral 
spectral profile, with a maximum peak at 462 nm (black curve), evolves towards a new main 
band with a maximum peak at 465 nm (-1250 mV) (Figure II.9a), which is attributed to the 
formation of the radical anion. Upon introducing halogen atoms (F and Cl) into the chemical 
structure, no significant differences are observed in the spectral profiles of the radical anion 
species with respect to NAI-Ph. Only a bathochromic shift is observed due to the 
electrowithdrawing effect of the F and Cl atoms. The neutral spectra show the maximum 
peak at 473 nm for NAI-Ph-F and at 484 nm for NAI-Ph-Cl, with the reduction process causing 
the disappearance of the neutral spectral profile and the appearance of a new spectral 
profile with a main absorption band at 469 nm (-1250 mV) for NAI-Ph-F and at 470 nm (-
1200 mV) for NAI-Ph-Cl. In both cases, this new band is associated with the formation of 
anion species (Figure II.9b and II.9c). It should be noted that both the spectral profiles and 
the applied potentials are comparable in the three cases, indicating similar capacities for 
charge formation and stabilization. Oxidation was attempted for NAI-Ph, NAI-Ph-F, and NAI-
Ph-Cl, but none underwent oxidation processes under the tested experimental conditions. 

Figure II.9. UV-Vis/NIR spectra changes upon reduction of a) NAI-Ph, b) NAI-Ph-F and 
c) NAI-Ph-Cl within an OTTLE cell in dichloromethane in the presence of 0.1 M NBu4PF6 as
the supporting electrolyte.
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II.4 Field effect transistor and thin film characterization

Organic field-effect transistors (OFETs) with a top-contact/bottom-gate architecture were 
fabricated to evaluate the charge transport properties of the three studied compounds. The 
charge carrier mobility (µ), threshold voltage (VT), and ION/IOFF current ratio were extracted 
from the transfer plots obtained under saturation and vacuum conditions. The best 
parameters obtained for the devices are summarized in Tables II.4 and II.5.  

The deposition of the active semiconductor film for all three compounds (NAI-Ph, 
NAI-Ph-F, and NAI-Ph-Cl) have been performed by sublimation of 10 mg of compound until 
reaching a thickness of 50 nm onto preheated substrates (doped Si wafers with a thermally 
grown 300 nm SiO2 dielectric layer), either unfunctionalized or prefunctionalized with 
self-assembled monolayers of hexamethyldisilazane (HMDS) and octadecyltrichlorosilane 
(OTS) reactants.  

Table II.4. OFETs electrical data recorded, under positive bias, for thin films of the indicated 
semiconductors measured in vacuum. aSubstrates treated with octadecyltrichlorosilane 
(OTS) and hexamethyldisilazane (HMDS) reagents and preheated at 80ºC or 110ºC during 
sublimation. Thin films were then thermal annealed at 120ºC. 
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Table II.5. OFETs electrical data recorded, under positive bias, for thin films of the indicated 
semiconductors measured in vacuum. aSubstrates treated with octadecyltrichlorosilane 
(OTS) and hexamethyldisilazane (HMDS) reagents and preheated at 80ºC or 110ºC during 
sublimation. Thin films were then thermal annealed at 120ºC. 

NAI-Ph compound exhibits a maximum n-type field-effect mobility of 2 x 10-2 cm²V-

1s-1 (see output and transfer plots in Figures II.10a and II.10b) for thin films deposited on 
OTS-treated substrates preheated to 80ºC and subsequently annealed at 120ºC for 3 hours. 
In addition, p-type mobility was also observed under the same deposition conditions, with 
a maximum field-effect mobility of 3 x 10-3 cm²V-1s-1 (see output and transfer plots in Figures 
II.10c and II.10d)

However, by introducing halogen atoms into the semiconductor’s chemical 
structures, the compounds only exhibit n-type mobility. For NAI-Ph-F a maximum n-type 
mobility of 0.1 cm²V-1s-1 has been obtained, on OTS-treated substrates preheated to 80 °C 
and subjected to 3 hours annealing treatment at 120 °C, as for NAI-Ph. However, under these 
conditions the maximum n-type mobility for NAI-Ph-Cl is 8 x 10-2 cm²V-1s-1, lower than the 
one obtained for NAI-Ph-F. In the case of NAI-Ph-Cl a maximum n-type mobility of 
0.2 cm²V-1s-1 has been obtained on HMDS-treated substrates preheated to 110 °C and upon 
annealing treatment at 120 °C for 3 hours, (see output and transfer plots in Figures II.10e to 
II.10h).



137 

Chapter II 

Figure II.10. Transfer a) and output b) plots of NAI-Ph under positive bias, transfer c) and 
output d) plots under negative bias of NAI-Ph, transfer e) and output f) plots of NAI-Ph-F 
under positive bias and transfer g) and output h) plots of NAI-Ph-Cl under positive bias. The 
transfer characteristics were measured at a constant source–drain voltage of ±80 V. The gate 
voltage in the output plots varies from 0 to ±80 V in steps of 10 V. 
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The semiconductor thin films were characterized by AFM (Figure II.11) and XRD 
(Figure II.12) techniques. The XRD spectra show that the films are quite amorphous for all 
three compounds, although enhanced crystallinity is observed for NAI-Ph. However, AFM 
images reveal some differences in the morphologies of the thin films when the compounds 
are deposited onto OTS-treated substrates preheated at 80 °C and after an annealing 
treatment at 120 °C for 3 hours, which could be one of the reasons for the different field 
effect mobilities between the three compounds. While NAI-Ph-F shows smooth films, 
NAI-Ph-Cl shows quite rough films. However, after optimization of NAI-Ph-Cl devices 
fabrication (HMDS-treated substrates preheated to 110 °C and annealing treatment at 
120 °C for 3 hours), similar smooth films to NAI-Ph-F are obtained, resulting in an 
improvement in the field-effect mobility. 

Figure II.11. AFM images of semiconducting thin films deposited on preheated OTS-treated 
substrates at 80ºC and thermally annealed at 120ºC for 3 hours for a) NAI-Ph, b) NAI-Ph-F 
and c) NAI-Ph-Cl. d) AFM image of semiconducting thin film deposited on preheated HMDS-
treated substrate at 110ºC and thermally annealed at 120ºC for 3 hours for NAI-Ph-Cl. 
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Figure II.12. ϴ-2ϴ X-ray diffraction scans of NAI-Ph, NAI-Ph-F and NAI-Ph-Cl thin films 
thermally deposited on preheated OTS-treated substrates at 80ºC and thermally annealed at 
120ºC for 3 hours. 

Therefore, the improved n-type electrical behaviour observed in halogenated 
compounds can be attributed to several reasons: (i) an enhanced charge injection at the 
electrodes due to a lower LUMO energy level compared to the NAI-Ph semiconductor; 
(ii) reversible and low-voltage reduction processes in the halogenated compounds favoring
charge stabilization compared to NAI-Ph; (iii) an improvement in the film morphology for the
compounds which contain F and Cl. Although the films are less crystalline, larger and more
homogeneous domains are found, probably as a result of the enhanced supramolecular
interactions thanks to the introduction of the halogen atoms.

II.5 Conclusions

In this chapter we characterize three polycyclic aromatic hydrocarbon molecules 
based on phenylene-naphthalimide assemblies connected by rigid inverted amidine (NAI) 
bonds and substituted with different halogen atoms (F and Cl), with the aim of modulating 
both the electron withdrawing characteristics and the charge transport properties. DFT 
calculations show rigid and planar structures, which favor charge transport, highlighting that 
substitution with halogen atoms at the phenylene ring is a good strategy to modulate the 
molecular electronic properties without sacrificing molecular planarity. 
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The physico-chemical analysis has pointed out that the introduction of halogen 
atoms has several implications on the molecular and electronic characteristics of the studied 
materials: (i) Higher electron-phonon coupling, especially in NAI-Ph-F. This effect normally 
inhibits the charge transport, although improvement of the supramolecular characteristics 
in the film due to the stronger interactions upon fluorination, may counteract that effect. 
(ii) Stabilization of the HOMO and LUMO energy levels, after introduction of F and Cl atoms,
leading to a reduction of the energy gap. (iii) Lower reduction potentials compared to
NAI-Ph. These two last effects are more evident in NAI-Ph-Cl, due to the higher capacity to
delocalize charge through the empty 3d orbitals of chlorine atoms, which not are accessible
in the fluorine atoms. The combination of these effects have an important impact on their
electrical characteristics.

Electrical characterization in OFETs shows that, although ambipolar behaviour is 
observed when no halogen atoms are included in NAI-Ph, performance improves upon 
halogenation, although only electron transport is recorded. Thus, maximum n-type field 
effect mobilities of 0.1 cm²V⁻¹s⁻¹ and 0.2 cm²V⁻¹s⁻¹ were measured for NAI-Ph-F and NAI-Ph-
Cl, respectively. In conclusion, the introduction of halogen atoms in NAI-Ph is an effective 
strategy to facilitate charge injection while maximising charge stabilisation and transport. 
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Chapter III: 

Tuning charge stabilization and transport in naphthalimide-
based semiconductors: the effect of electroactive units.
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III.1 Introduction

As we have indicated in the previous chapters, organic semiconductors have 
emerged as a promising alternative to inorganic semiconductors.1 However, finding organic 
materials that can replace inorganic ones in devices remains a real challenge, so the 
development of these new materials is essential.2–6 In this sense, the design and 
development of ambient stable and high-performance n-type organic semiconductor 
materials remains a challenge. 

As we described in the previous chapters, introducing naphthalimide units with 
strong donor structures, such as oligothiophenes, is a promising strategy for developing new 
materials. Halogenation is also an effective way of altering electronic characteristics: 
replacing hydrogens with halogen atoms can significantly modify energy levels and solid 
packing due to differences in electronegativity. In this sense, developing electron charge 
carriers is an effective strategy to design electron deficient π-conjugated systems with planar 
structures functionalized with solubilizing alkyl chains.7–9 Among the most promising 
materials for n-type organic semiconductors in OFETs, rylenimide derivatives have proven to 
be a prominent choice due to their stability, ease of functionalization, and tuneable 
optoelectronic properties.10–12 In particular, naphthalimide-based assemblies have been 
employed as electron acceptors thanks to their electron-deficient structure, optimal LUMO 
energy levels, tuneable absorption spectrum, favourable supramolecular organization,13–15 
and excellent transport capacity in single-crystal structures.16–18 In recent years, the A-D-A 
(acceptor-donor-acceptor) approach has been key to obtaining fullerene-free architectures 
with remarkable performance in OFETs19–22 and OSCs devices.23–26 Recently, our group have 
studied several series of donor-acceptor assemblies based on oligothiophene-naphthalimide 
(Figure III.1), connected by conjugated and planar bonds.27 This strategy has allowed a 
precise control over the levels of the frontier orbitals, which is reflected in different optical, 
electrochemical and electronic properties.28–30 
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Figure III.1. Examples of oligothiophene-naphthalimide assemblies connected through 
different linkers.   

In recent studies, it has been demonstrated that the incorporation of encapsulated terminal 
structures in pyrazine-based oligothiophene-naphthalimide architectures, named as NIP3T 
and NIP3T-X, (Figure III.2a) allows to tune the frontier orbital levels and improve the 
optoelectronic properties without altering the central molecular skeleton.31 Motivated by 
these findings, we present in this chapter the characterization of several families of 
processable terthiophene-naphthalimide assemblies, denoted as NDI3T and NDI3T-X 
(Figure III.2b). In this sense, the introduction of an imidazole and pyrazine moieties together 
with three terminal protecting units with a strong electrowithdrawing effect, has allowed 
obtaining organic semiconductors with tuneable optical and electrochemical properties. This 
study provides a better understanding of the impact of the different linkers (comparison 
between pyrazine and imidazole linkers) conecting naphthalimide cores and terthiophene 
units and their functionalization with electroactive groups on the optical and electronic 
properties of these materials. 
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Figure III.2. a) Previous published end-capped thienopyrazine derivatives with 
A-D-A-D-A architectures. b) New end-capped oligothiophene-naphthalimide assemblies
connected via imidazole linkers studied in this chapter.

III.2 Structural properties

Optimization of the lowest-energy molecular structures of the studied 
semiconductors reveals, for NIP3T an essentially planar structure (Figure III.3), whereas a 
non-coplanar configuration is found for NDI3T-X. Note that, in NDI3T-X the thiophene chain 
shows a distortion of approximately 140° due to the steric hindrance between the oxygen 
and sulphur atoms. This result underlines the importance of the choice of the central group 
(pyrazine vs. imidazole) in determining the molecular structure. Furthermore, modification 
of the linker group plays a key role in tuning the optoelectronic properties of these organic 
semiconductors, as will be discussed below. 
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Figure III.3. DFT optimized molecular structures at the B3LYP/6-31G** level of theory for the 
systems under study: a) NIP3T and NIP3T-X and b) NDI3T and NDI3T-X. 

FT-Raman spectra were recorded to evaluate the impact of lateral substituents on 
π-conjugation and molecular properties, being the data presented in Figure III.4. For this 
analysis, the ECC theory was employed,32,33 which is widely studied for its effectiveness in 
the qualitative description of the degree of conjugation in molecular materials34 and 
previously applied to naphthalene-modified oligothiophenes.35 
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Figure III.4. FT-Raman spectra (λ=1064 nm) of a) NIP3T and NIP3T-X systems and 
b) NDI3T and NDI3T-X systems as bulk materials.

To analyze the Raman spectra in Figure III.4 and the selected eigenvectors in   Figure 
III.5, we focused on the Raman vibrational modes associated with the fully symmetric ν(C=C)
vibrational mode of the oligothiophene fragment. The position of this vibration allows to
assess the extent of π-conjugation in this fragment. In NDI3T (Figure III.4b), this vibration
appears at 1488 cm⁻¹, but it is significantly shifted to lower frequencies upon the
incorporation of electrowithdrawing groups, being recorded at 1435 cm⁻¹ in   NDI3T-DCV,
1428 cm⁻¹ in NDI3T-RD, and 1422 cm⁻¹ in NDI3T-RDDCV. This red-shift of 53 cm⁻¹ in
NDI3T-DCV, 60 cm⁻¹ in NDI3T-RD and 66 cm⁻¹ in NDI3T-RDDCV, evidences the electronic
delocalization improvement induced by the insertion of electrowithdrawing groups.

Furthermore, comparison with NIP3T-X systems (Figure III.4a) reveals a higher 
extent of π-conjugation in the oligothiophene fragment respect to NDI derivatives. This is 
reflected in the downward shift of the collectively fully symmetric ν(C=C) vibration mode, 
which appears at 1449 cm⁻¹ in NIP3T (1488 cm⁻¹ in NDI3T), 1425 cm⁻¹ in NIP3T-DCV 
(1435 cm⁻¹ in NDI3T-DCV) and 1416 cm⁻¹ in NIP3T-RD (1428 cm⁻¹ in NDI3T-RD). The higher 
π-conjugation in the NIP derivatives can be attributed to the planarization of the thiophene 
skeleton in these systems, due to the absence of repulsive S-O interactions, present in the 
NDI derivatives, and the appearance of attractive S-N interactions. On the other hand, the 
incorporation of electrowithdrawing lateral substituents in the NIP skeleton does not 
generate such a marked effect as in the NDI derivatives. While the downward shift in the 
ν(C=C) mode is 24 cm⁻¹ and 33 cm⁻¹ when passing from NIP3T to NIP3T-DCV and NIP3T-RD 
respectively, the same lateral modification causes a shift of 53 cm⁻¹ and 60 cm⁻¹ in the NDI 
derivatives. This indicates that the impact of lateral substituents on the degree of 
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conjugation is more pronounced in NDI-based systems, due to the planarization of the 
terthiophene fragment, which is around 9° upon incorporation of electrowithdrawing groups 
(Figure III.3). In contrast, in the NIP derivatives, the terthiophene fragment remains 
completely planar both in the unsubstituted and laterally functionalized structures. 

Figure III.5. B3LYP/6-31G** predicted eigenvectors for a) NIP3T and NIP3T-X systems and 
b) NDI3T and NDI3T-X systems

III.3 Optical and electrochemical properties

The good solubility of the studied compounds allows an adequate optical and 
electrochemical characterization in solution by UV-Vis and cyclic voltammetry techniques. 
The most important optical and electrochemical parameters of the NDI and NIP derivatives 
are summarized in Tables III.1 and III.4. 

Figure III.6a shows the absorption profiles of the NIP3T-X derivatives. In the case of 
NIP3T, the spectrum shows a low-energy absorption band centered around 570 nm, which 
is attributed to intramolecular charge transfer (ICT) excitation. This behaviour has been 
theoretically confirmed by TD-DFT calculations (Table III.2) and can be described as a HOMO-
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LUMO excitation, where the electron density shifts from the HOMO, located mainly in the 
oligothiophene fragment, towards the LUMO, located in the naphthalimide unit 
(Figure III.7a). It is observed that the end-capping functionalization of strong electron 
acceptors at the alpha position of the thiophene units has a significant impact on their 
optical properties, extending the absorption up to 800 nm compared to unfunctionalized 
NIP3T. In NIP3T-DCV, the spectrum shows a low-energy band located around 607 nm, 
consistent with a more extended conjugated system. However, unlike NIP3T, the HOMO and 
LUMO frontier orbitals are located mainly on the thiophene fragment, indicating that the 
electronic transition in NIP3T-X systems have a predominantly π-π* rather than ICT 
character. Similarly, in NIP3T-RD, a lower energy band is observed located around 646 nm, 
showing a red-shift with respect to the NIP3T-DCV compound. Again, the topology of the 
HOMO and LUMO frontier orbitals, which are located on the thiophene fragment, indicates 
that this transition has a π-π* rather than ICT character. 

Figure III.6. Normalized UV-Vis absorption spectra for a) NIP3T (black), NIP3T-RD (red) and 
NIP3T-DCV (blue) and b) NDI3T (black), NDI3T-RD (red), NDI3T-DCV (blue) and NDI3T-RDDCV 
(green) in CHCl3 solutions. 
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Table III.1. a UV-Vis absorption in CHCl3 solution. b
 Absorption maxima in solution. c Molar 

extinction coefficient to the referred wavelength. d Wavelength for the most red-shifted 
absorption band. e Energy band gap derived from the low-energy absorption edge using the 
equation Eg

opt =1240/ λonset. 

On the other hand, as shown in Figure III.6b, NDI3T spectral profile displays the 
lowest energy absorption band centered around 599 nm, which is attributed to 
intramolecular charge transfer (ICT) excitation, such as in NIP3T. This behaviour has been 
theoretically confirmed by TD-DFT calculations (Table III.2) and can be described as a 
HOMO-LUMO excitation, where the electron density going from the HOMO, located mainly 
over oligothiophene fragment, towards the LUMO, located in the naphthalimide unit 
(Figure III.7b).   

In the NDI3T-X derivatives, the lowest-energy absorption band is shifted with respect 
the nonfunctionalized derivative NDI3T, and a moderately shifting is found within the series 
as a function of the end-capping functionalization (i.e.,  516 nm, 505 nm and  529 nm for 
NDI3T-RD, NDI3T-DCV and NDI3T-RDDCV, respectively). This phenomenon can be explained 
by considering the appearance of two different and competing ICT (intramolecular charge 
transfer) channels within NDI3T-X molecules, from terthiophene to the NDI unit and from 
terthiophene to the side substituents. These two ICT channels were confirmed by TD-DFT 
calculations, and are related to the one-electron transfer between HOMO→LUMO 
(experimental band shoulder around 650 nm) and HOMO→LUMO+1 (experimental band 
around 550 nm), phenomena  described in bibliography for small molecules such as 
nitrophenols.36,37 Regarding these two ICT pathways, it is interesting to note that the more 
highly conjugated chemical structure, the more red-shifted the HOMO→LUMO transition. 
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For this reason, NDI3T-RDDCV has the most extended and red-shifted absorption profile 
whereas the NDI3T-DCV presents the most blue-shifted ICT band. In the case of NDI3T-DCV, 
the limited extent of π-conjugation imparted by the lateral electrodeficient groups is not 
sufficient to counteract the effect of the two competing ICT channels, resulting in a 
blue-shifted absorption.  

Table III.2. Lowest-energy transitions obtained by TD-DFT (B3LYP/6-31G**) for the studied 
compounds. 
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Figure III.7. Molecular orbital topologies of (a) NIP3T and NIP3T-X systems and (b) NDI3T 
and NDI3T-X systems at B3LYP/6-31G** level (isovalue of 0.035 a.u). 
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To gain insight into the nature of the lowest energy absorption band in the NIP3T-X 
and NDI3T-X systems, solvatochromic measurements were performed by varying the solvent 
polarity (Figure III.8).  

The nonfunctionalized NIP3T and NDI3T systems exhibit clear solvatochromic 
behaviour, with a red-shift in the ICT absorption band in more polar solvents, indicating 
positive solvatochromism. This phenomenon suggests a larger dipole moment in the excited 
state (µ𝑆𝑆1) than in the ground state (µ𝑆𝑆0), in agreement with theoretical predictions 
(Table III.3). On the other hand, the terminally blocked NDI3T-RD and NDI3T-DCV derivatives 
exhibit a modest positive solvatochromic behaviour. In particular, the maximum absorption 
bands (around 515 nm) are red-shifted in more polar solvents, suggesting some 
intramolecular charge transfer character, in consonance with a larger dipole moment in the 
excited state than in the ground state, as predicted theoretically (Table III.3). In contrast, the 
NDI3T-RDDCV derivative shows a negative solvatochromism, indicating a lower dipole 
moment in the excited state compared to the ground state, in line with theoretical 
predictions (i.e., with a µ𝑆𝑆1  value of 6.20 D and µ𝑆𝑆0  value of 10.90 D). Thus, in terminally 
blocked NDI3T-X derivatives, the ICT nature of the lower energy absorption band, although 
moderately, can be demonstrated. This is reflected by the topologies of the HOMO and 
LUMO orbitals. It is possible to assume that the competition between the two ICT channels 
present, due to the coexistence of different acceptor units in the molecular structure, is 
behind the relatively discrete solvatochromic behaviour of the NDI3T-X systems compared 
to NDI3T. 

However, in the capped NIP3T-X derivatives, the maximum absorption band 
demonstrated no shift when varying the solvent polarity, confirming the absence of an ICT 
absorption band. This is evidenced by the molecular orbital topologies (Figures III.7), where 
the HOMO and LUMO orbitals of NIP3T-X derivatives remain confined to the oligothiophene 
fragment. 



165 

Chapter III 

Figure III.8. Normalized UV-Vis spectra of a) NIP3T, b), c) NIP3T-X and d) NDI3T and e), f), g) 
NDI3T-X systems in various solvents. 
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Table III.3. B3LYP/6-31G** calculated dipole moments for NDI3T-X and NIP3T-X systems of 
the ground electronic state (µ𝑆𝑆0) and the excited state (µ𝑆𝑆1). 

Cyclic voltammetry experiments were performed in an argon atmosphere using an 
electrochemical set-up at a scan rate of 100 mV/s at 20 °C. Tetrabutylammonium 
hexafluorophosphate (NBu4PF6, 0.1 mol/L) in dichloromethane was used as supporting 
electrolyte. All relevant data for NDI- and NIP-based organic semiconductors are compiled in 
Table III.4. 

Table III.4. a Cyclic voltammetry recorded in DCM/TBAPF6 (0.1 M) at a scan rate of 0.15 V/s 
using Pt as working and the counter electrode, and Fc/Fc+ as reference. b Estimated from 
EHOMO = -5.1 eV - E1/2ox I. c Estimated from ELUMO = -5.1 eV - E1/2red I. d Estimated from 
Egap

elec = EHOMO - ELUMO. e Anodic peak potential of the irreversible wave. 
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In Figure III.9 and Table III.4, it can be observed that, on the one hand, in 
unsubstituted systems, the substitution of a pyrazine linker (NIP3T) by an imidazole linkage 
(NDI3T) causes a shift of the reduction potential associated with the naphthalimide units, of 
approximately 0.2 V towards more positive values. This is due to the higher electron-
accepting capacity of NDI3T compared to its analogue NIP3T. A similar phenomenon is 
observed in oxidation processes, with a shift of the oxidation potential of around 0.1 V, 
attributed in this case to the lower effective conjugation of the oligothiophene fragment in 
NDI3T, which reduces its capacity as an electron-donating unit due to the S···O steric 
interaction. This chemical modification stabilises both the HOMO and LUMO energy levels 
in the molecular assembly of NDI3T compared to its analogue NIP3T (Figures III.9c and 
III.9d).

On the other hand, the introduction of different electron-accepting units in the alpha 
position of the terthiophene fragment influences the electron-accepting capacity of these 
new materials. Thus, the electrochemical behaviour observed in the NDI3T-X series 
(Figure III.9b) follows the same trend as that observed in the NIP3T-X derivatives 
(Figure III.9a), showing an improvement in electron-accepting capacity compared to the 
unsubstituted NDI3T and NIP3T assemblies. Thus, the electrochemical data suggest that 
NDI3T-X systems are materials with an improved electron-accepting capacity compared to 
pyrazine-based NIP3T-X materials. Furthermore, the incorporation of these terminal units 
also affects the oxidation potential in NDI3T-X and NIP3T-X derivatives, showing a shift 
towards higher values when the electron-accepting units are covalently attached to the 
terthiophene unit, indicating a greater difficulty in the oxidation process. This effect is 
especially notable in NDI3T-DCV, NDI3T-RD and NIP3T-DCV compounds. 
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Figure III.9. Cyclic voltammetry comparison between a) NIP3T, NIP3T-RD and NIP3T-DCV b) 
NDI3T, NDI3T-RD, NDI3T-DCV and NDI3T-RDDCV reduction processes in dichloromethane 
solutions and c) and d) the corresponding energy levels diagram estimated from the 
experimental electrochemical values for both NDI and NIP based semiconductors. 

As shown in Figures III.9c and III.9d, the introduction of electron-withdrawing units 
at the alpha position of the terminal thiophenes allows a precise control over the energy 
levels of the frontier molecular orbitals. It is observed that the introduction of electron-
accepting units induces the stabilization of HOMO and LUMO orbitals in NIP3T-X 
compounds. Note that HOMO orbitals decrease from -5.17 eV in NIP3T to -5.48 eV and -6.03 
eV in NIP3T-RD and NIP3T-DCV respectively, while LUMO orbital is stabilized from -3.00 eV 
to -3.58 eV and  -4.03 eV. This shift indicates a lower capacity for the oxidation and a greater 
capacity to accept electrons. For its part, NDI3T-X derivatives show a similar trend. The 
HOMO orbitals decrease from -5.30 eV in NDI3T to -5.56 eV, -5.82 eV and -6.09 eV in 
NDI3T-RD, NDI3T-RDDCV and NDI3T-DCV respectively, while LUMO orbital is stabilized from 
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-3.34 eV to -3.72 eV, -3.89 eV and -4.02 eV. This increased stabilization in the HOMO and
LUMO orbitals translate into shifted oxidation and reduction potentials and confirms the
enhanced electron-withdrawing capacity of NDI3T-X. Furthermore, both NDI3T-X and
NIP3T-X also display reduced bandgaps respect to unsubstituted NDI3T and NIP3T, with the
exception of NDI3T-DCV, suggesting that the incorporation of strong electron-accepting
units allows the fine tuning of the electronic properties of these semiconductors.

III.4 Spectroelectrochemical study

In this section, the structure and stability of the charge carriers present in the 
electron transport process are analysed by spectroelectrochemistry. The evolution of the 
UV-Vis-NIR spectra of the studied semiconductors was obtained by progressive 
spectroelectrochemical reduction and oxidation of low concentration solutions in the 
presence of a large excess of the supporting electrolyte Bu₄NPF₆. The results are supported 
by theoretical TD-DFT calculations at the B3LYP/6-31G** level.  As shown in Figures III.10 
and III.13, both spectroelectrochemical reduction and oxidation processes were recorded for 
the NDI3T-X and NIP3T-X systems, which was expected given their amphoteric redox 
behaviour demonstrated in the cyclic voltammetry.  

The UV-Vis/NIR absorption spectra of NIP3T (Figure III.10a) as neutral species (black 
curve) after reduction potential, progressively evolve towards new absorption bands 
recorded at 365, 517 and 600 nm (red curve), which are attributed to the formation of 
anionic species. When the reduction potential is elevated two new absorption bands appear 
at 372 and 936 nm (blue curve) associated with the formation of dianion species. Focusing 
on NIP3T derivatives (NIP3T-RD and NIP3T-DCV), these show the typical spectral reduction 
profile of oligothiophenes, with a first spectral profile with two peaks (red curves), ascribed 
to the formation of radical anion species. A progressive reduction potential induces towards 
a new spectral profile, associated to dianion species, with a main absorption band located in 
the middle of the absorption bands of radical anion species. 
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Figure III.10. UV-Vis/NIR absorption spectra recorded by electrochemical reduction and   
TD-DFT/B3LYP calculated vertical transitions energies of (a) NIP3T, (b) NIP3T-RD and 
(c) NIP3T-RDCV in dichloromethane in presence of Bu4NBF4 as supporting electrolyte within
an OTTLE cell.

Looking at the oxidation processes (Figure III.11a), we can observe the capacity to 
accommodate two positive charges for NIP3T. Upon increasing the oxidation potential two 
new absorption bands appear at 814 and 1374 nm (red curve), related to the formation of 
radical cation species. Applying more positive potential the spectral profile change and we 
can found a new band at 968 nm (blue curve), associated with the formation of dication 
species. In NIP3T-RD, during the oxidation process the neutral spectral profile (black curve) 
evolve towards a new spectral profile with an absorption band at 876 nm (red curve) and 
other redshifted absorption band at 1380 nm, these new bans can be ascribed to the 
formation of radical cation species. Finally, for NIP3T-DCV, the gradual increase in the 
oxidation potential causes the spectral profile of neutral species (black curve) evolve towards 
a new profile with a new abroad absorption band (red curve) with two contributions at 1023 
and 1164 nm, and another intense absorption band at 639 nm. 
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Figure III.11. UV-Vis/NIR absorption spectra recorded by electrochemical oxidation and  
TD-DFT/B3LYP calculated vertical transitions energies of (a) NIP3T, (b) NIP3T-RD and 
(c) NIP3T-DCV in dichloromethane in presence of Bu4NBF4 as supporting electrolyte within
an OTTLE cell.

On the other hand, as we can observe in Figures III.12 and III.13, the UV-Vis-NIR 
absorption spectra of NDI3T (Figure III.12a) as a neutral species (black curve) progressively 
evolve towards new absorption bands recorded at 565 and 715 nm (red curve), which are 
attributed to the formation of radical anionic species. A further electrochemical reduction 
causes the disappearance of this spectral profile and the appearance of two new absorption 
peaks, one centered around 440 nm and another redshifted at 748 nm ascribed to the 
formation of dianion specie (blue curve).  

The UV-Vis-NIR absorption spectra of NDI3T-RD, NDI3T-DCV (Figures III.12b-III.12d) 
show a similar behaviour. However, the spectral profile for NDI3T-RDDCV shows some 
differences.  For NDI3T-RD and NDI3T-DCV, the neutral spectra (black curve) evolve towards 
a new spectral profile with two news absorption bands around 480 nm and 760 nm (red 
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curves), attributed to the formation of radical anion species. A further increase in the applied 
potential causes these bands to decrease, while two news absorption bands emerge at 
higher energies, around 520 nm and 775 nm (blue curves), assigned to the dianion species. 
Finally, in NDI3T-RDDCV compound, the neutral spectral profile (black curve) changes 
towards a new spectral pattern with two new bands, just like in NDI3T-RD and NDI3T-DCV, 
at 495 nm and 776 nm (red curve), attributed to radical anion species. When the applied 
reduction potential is increased, unlike NDI3T-RD and NDI3T-DCV, the spectral profile 
evolves towards a new spectral profile with only one new absorption band at 441 nm (blue 
curve). 

Figure III.12. UV-Vis/NIR absorption spectra recorded by electrochemical reduction and   
TD-DFT/B3LYP calculated vertical transitions energies of (a) NDI3T, (b) NDI3T-RD, 
(c) NDI3T-DCV and (d) NDI3T-RDDCV in dichloromethane in presence of Bu4NBF4 as
supporting electrolyte within an OTTLE cell.

Progressive electrochemical oxidation of NDI3T (Figure III.13a) reduces the 
absorption of the neutral species (black curve), while leading to the formation of a broad, 
red-shifted absorption band at 1257 nm (red curve), and another band at 408 nm. According 
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to the electrochemical results and TD-DFT calculations, these new absorptions can be 
attributed to the formation of the radical cation species. Further electrochemical oxidation 
leads to the appearance of a new broad absorption band (blue curve), which presents two 
contributions, one centered at 412 nm and another at 1038 nm, ascribed to the formation 
of dicationic species. 

On the other hand, the progressive electrochemical oxidation of NDI3T-RD,    
NDI3T-DCV and NDI3T-RDDCV (Figure III.13b-III.13d) gives rise to the formation of a new 
cation species (red curve), which shows a similar absorption pattern, with the main 
absorption band appearing around 400 nm and other absorption band around     
1150-1325 nm. A further increase of the applied potential does not lead to the formation of 
new species in the compounds with electrodeficient groups in the thiophene subunits. 

Figure III.13. UV-Vis/NIR absorption spectra recorded by electrochemical oxidation and  
TD-DFT/B3LYP calculated vertical transitions energies of (a) NDI3T, (b) NDI3T-RDDCV, 
(c) NDI3T-RD and (d) NDI3T-DCV in dichloromethane in presence of Bu4NBF4 as supporting
electrolyte within an OTTLE cell.
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However, the potentials at which both reduction and oxidation occur in the 
NDI3T-X systems are considerably lower than the NIP3T-X molecules. It is noteworthy that, 
in the latter, both the HOMO and the LUMO are located in the oligothiophene fragment, so 
the effect of the lateral substituents on the electron-donating properties of the thiophene 
chain is much more pronounced, indicating a reduced electron-donating nature of that 
molecular fragment. Therefore, the ability to stabilize positive charges is diminished in 
NIP3T-X. Furthermore, the injection of negative charges, which also goes directly to the 
oligothiophene fragment, is also hindered, so it appears at much higher voltages. 

Furthermore, in the NDI3T-X systems, the injected negative charge is mainly 
stabilised on the naphthalimide fragment, as expected considering the LUMO topologies. 
DFT calculations of the charged species indicate that while in NDI3T the negative charge is 
localised over the NDI unit, the introduction of the terthiophene subunit laterally substituted 
with electrowithdrawing groups decreases this percentage, locating a 70% of the injected 
charge in the NDI units, while a 30% of the injected charge is localised over the end-capped 
electrowithdrawing groups  (Figure III.14). A similar trend is observed in NIP3T-X systems. In 
NIP3T, the injected negative charge is localised over the NIP unit, whereas in NIP3T-X 
derivatives, after the introduction of electrowithdrawing groups in the terthiophene chain, 
the injected charge is localised around 50% between NIP units and lateral 
electrowithdrawing groups. This trend in NDI3T-X and NIP3T-X systems indicates the 
important role of  both the central connecting unit and the lateral substituents in promoting 
the stabilisation of the negatively charged species. 
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Figure III.14. DFT-calculated Mülliken atomic charges of the reduced species of a) NIP3t and 
NIP3T-X and b) NDI3T and NDI3T-X.        

III.5 Conclusions

We study a novel family of amphoteric redox-behaving organic semiconductors 
featuring a combination of processable terthiophene-naphthalimide assemblies with 
imidazole and pyrazine linkers, and different terminal strong electron-withdrawing groups in 
order to tune their optoelectrochemical properties. All of these materials exhibit low LUMO 
energy levels and broad absorptions at around 800 nm, characteristics that are ideal for 
organic electronics. 

The results indicate a complex electronic scenario that goes beyond the cumulative 
effects expected from the independent molecular units constituting the final molecular 
assembly. Thus, the modification of the connecting group in unsubstituted derivatives, such 
as NIP3T and NDI3T, has some impact on the optoelectronic properties, but does not 
modulate the topologies of the molecular orbitals, since the lowest energy absorption band 
has an ICT character. However, when electrowithdrawing lateral substituents are inserted 
into these molecular platforms, different effects are observed both on the energies and, 
especially, on the topologies of the frontier molecular orbitals. Here it has been shown that 
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such effects have profound implications on the electronic properties of the materials, both 
on the optical absorption properties and on the stabilization of charged species. Thus, when 
electrowithdrawing groups are inserted into the NIP3T derivatives, the lowest energy 
absorption band acquires a π-π* character, which causes the charge distribution in the 
LUMO to be localized over the oligothiophene fragment, instead of being located on the 
naphthalimide units, thus modulating the electron-donating nature of the oligothiophene 
chain. Nevertheless, both positive and negative charges are still stabilized, but at high 
potentials. In contrast, the introduction of electroactive groups into the NDI3T derivatives 
causes the appearance of two different and competing ICT channels within the molecule, 
which has interesting effects on the electronic absorption spectra. In addition, the electron 
densities at HOMO and LUMO are comparable to those of unsubstituted NDI3T system, so 
both positive and negative charges can be stabilized for NDI3T-X semiconductors, at much 
more accessible potentials than in NIP3T-X molecules. 
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IV.1 Introduction

The versatility of organic synthesis allows the design of small molecules or polymers 
with desired optoelectronic properties.1–5 The design of the molecules is important for 
device efficiency, although the way in which the materials are assembled is equally 
important.6–8 Noncovalent interactions play an important role in the direct self-assembly of 
small molecules in solution and the thin-film deposition process. For organic semiconductors 
composed of conjugated segments and aromatic moieties, π-stacking is usually the most 
important noncovalent interaction that defines their molecular packing. This noncovalent π-
stacking interaction, when combined with hydrogen bonding, has been observed to be an 
extremely efficient way to improve the morphology of the active layer in organic electronic 
devices by forming enhanced interconnected regions in which charge can be easily 
transported.9–16 

Despite promising results highlighting the beneficial role of hydrogen bonds, the 
incorporation of these moieties into organic semiconductors for the fabrication of various 
electronic devices is still poorly explored. In addition, the search for better-performing 
organic semiconductors that could be commercially viable has mostly focused on optimising 
the structure-property relationships of organic semiconducting materials over the years. The 
aim is to find the right balance between molecular and intermolecular characteristics to 
enable efficient charge transport. However, there is growing attention on the use of 
molecular dopants because they allow tailoring the energy gap as well as the optical and 
electrical functionalities of the semiconductor materials.17,18 This approach has been 
demonstrated to enhance the electrical properties of the materials by increasing the ease of 
charge injection and transport within the devices.19–25 Nevertheless, the selection and design 
of effective organic dopants is a challenge. In this context, self-doping in molecular materials 
can be more straightforward because it does not need the synthesis of extra dopants. In 
luminescent organic semiconductors, self-doping has been achieved by incorporating 
impurities with higher conjugation (usually reaction by-products) that act as molecular 
dopants.26,27 Other strategies include doping the semiconductor main chain by introducing 
functional groups in the side chains28 or the use of quinoidal semiconductors, where the 
coexistence of closed and open shell structures can give rise to self-doping characteristics.29–

31 In any case, these strategies lead to the generation of free charge carriers, which improves 
the electrical performance of the material. Furthermore, some examples of hydrogen-
bonded assisted self-doped conductors have been reported in the literature, where it has 
been shown that this supramolecular interaction is responsible for the self-doping 
mechanism.32–34 However, in organic transistors, self-doping, understood as the 
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unintentional formation of doped species in the pure material, often produces non-ideal 
results, since improving the charge mobility by field effect without decreasing the ON/OFF 
ratio remains a challenge.35 Therefore, it is essential to explore new strategies that allow 
modulating the electronic characteristics of the materials and facilitate charge formation 
without the need to add external dopants. 

DPP is a widely known π-conjugated system used in numerous organic electronic 
devices due to its excellent electronic properties and stability.36–39 Generally, this system 
appears as a component of high molecular weight semiconductor polymers or as part of 
more sophisticated discrete molecules employed in organic electronic devices.40–42 In some 
cases, devices fabricated from DPP cores have been reported in the literature.43–45 Although 
the structures obtained using this technique are well organized, the low solubility of non-
alkylated systems requires their processing by sublimation or the application of the latent 
pigment technique (protection and acid post-treatment) to make their processing in solution 
possible. Furthermore, this strategy is not versatile, since the assembly process always 
follows the same trend, which limits the possibility of adjusting the optoelectronic properties 
of the materials based on their intra or intermolecular interactions. 

In this chapter, we investigate whether is possible to achieve good charge carrier 
mobility values using small, discrete π-conjugated basic cores containing hydrogen-bonding 
units. To this end, we have selected a simple electroactive segment based on 
diketopyrrolopyrrole (DPP) with thiophene ends and amide groups as hydrogen-bonding 
units. A control molecule, without amide groups, thus without the possibility to form 
hydrogen bonds, was also analyzed (Figure IV.1). In order to measure their electrical 
characteristics we have fabricated solution-processed organic field-effect transistors (OFETs). 

Figure IV.1. Chemical structure of Control, DPP2C, DPP4C and DPP6C. 
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IV.2 Structural and optical properties

To analyze the structural and electronic properties of the derivatives with amide 
groups, as well as the control molecule, density functional theory (DFT) calculations were 
performed. The results show that Control, DPP4C, and DPP6C compounds have similar 
molecular skeleton arrangements, with a thiophene-DPP-thiophene planar structure, due to 
the interaction between the hydrogen of the thiophene ring and the carbonyl of the lactam 
of the DPP unit. This interaction occurs at a distance of 2.1 Å, as observed in Figure IV.2. 
However, DFT calculations indicate a twisted structure for DPP2C, with torsion angles of 
approximately 15° between the DPP core and the thiophene groups, which is due to the 
intramolecular interaction between the hydrogen of the amide group and the carbonyl of 
DPP, that prevents the aforementioned interaction with the thiophene ring that planarizes 
the π-conjugated core. Note that, the distance between the hydrogen atom of the N−H 
amide group and the C=O carbonyl group of DPP in DPP2C is 2.02 Å. This distance is less than 
the sum of the van der Waals radii of the two atoms (2.72 Å), indicating the presence of an 
intramolecular hydrogen bond interaction. 

Figure IV.2. DFT-computed global minimum energy geometries for DPP2C and DPP6C at 
B3LYP/6-31G** level of theory. 
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As expected, the frontier molecular orbitals in the studied molecules are delocalized 
along the entire conjugated skeleton, with a greater contribution at the DPP core, see Figure 
IV.3. The Control, DPP4C and DPP6C systems exhibit similar HOMO-LUMO energy gaps
around 2.42 eV. However, DPP2C exhibits a slightly higher HOMO-LUMO gap compared to
the other compounds, at 2.47 eV. In particular, a slight destabilization of the HOMO and
LUMO orbitals is predicted for DPP4C and DPP6C respect to Control molecule. In contrast,
the opposite trend is observed in the DPP2C, where HOMO and LUMO orbitals are stabilized
respect Control compound. This difference in the energies of HOMO and LUMO energies of
DPP2C can be attributed to the lower electronic communication between the thiophenes
and the DPP, which accentuates the electron-deficient character of the DPP and provokes
the stabilization of both HOMO and LUMO orbitals. Stabilization is more pronounced in the
HOMO orbital, increasing the HOMO-LUMO gap.

Figure IV.3. DFT-calculated molecular orbital energies (B3LYP/6-31G**) for the studied 
molecules along with topologies of the HOMO and LUMO orbitals. 

The optical properties in solution and in thin film of Control, DP2C, DPP4C and 
DPP6C were studied by UV-Vis absorption spectroscopy (Figure IV.4) and analyzed with the 
help of time-dependent density functional theory (TD-DFT) calculations. Control, DPP4C and 
DPP6C present a similar spectrum in solution, due to the minimization of intermolecular 
interactions between the molecules in dilute solution, showing a main band around 560 nm, 
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with vibronic features at 520 nm and 482 nm. However, DPP2C absorption spectra is slightly 
blue-shifted respect to those of the other studied compounds, with a main absorption band 
at 554 nm and vibronic features at 516 and 479 nm, indicating a decrease in the 
π-conjugation. This effect in DPP2C can be attributed to the intramolecular hydrogen 
interaction between the amide hydrogen and the DPP carbonyl, which decreases planarity 
and thus, π-conjugation. TD-DFT calculations correctly predict these experimental results 
and assign the lowest energy band to a single-electron excitation from the HOMO to the 
LUMO (Table IV.1). Furthermore, the thin film spectra of all studied materials show a broader 
and red-shifted spectral profile, with three main bands around 490 nm and 610 nm.  

Figure IV.4. UV-Vis absorption spectra in chloroform solutions (black) and thin film (red) of  
a) Control, b) DPP2C, c) DPP4C and d) DPP6C.

Table IV.1. Electronic transitions calculated by TD-DFT B3LYP/6-31G** level of theory for 
Control, DPP2C, DPP4C and DPP6C. 
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The effect of modifying the alkyl side chains was analyzed by recording the emission 
spectra and measuring the corresponding Stokes shifts both in solution and in the solid state 
(see Figure IV.5). While small Stokes shifts of approximately 11-15 nm were observed in 
solution, significantly larger shifts were found in the solid state. Particularly, for molecules 
where intermolecular hydrogen bonds are favourable, DPP4C and DPP6C, we observed 
Stokes shifts of 137 nm and 140 nm, respectively. Large Stokes shifts induced by hydrogen 
bond interactions have previously been reported in the literature.46,47 However, the Control 
and DPP2C compounds show lower shifts in the solid state (108 nm and 117 nm, 
respectively) than DPP4C and DPP6C, probably compounds due to the presence of π-π 
interactions in these compounds. 

Figure IV.5. a) UV-Vis absorption spectra in chloroform solution (black) and emission spectra 
(orange) of Control, DPP2C, DPP4C and DPP6C. b) UV-Vis absorption spectra in film (black) 
and emission spectra (red) of Control, DPP2C, DPP4C and DPP6C.  
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IV.3 Vibrational Spectroscopical analysis

Attenuated total reflectance (ATR) IR and FT-Raman spectra of the studied 
semiconductors in powder form were recorded to analyse hydrogen bond formation and its 
impact on the electronic structures of the conjugated backbones. 

In the ATR spectrum of the Control compound (Figure IV.6a), a single ν(C=O) 
vibration is observed at 1656 cm⁻¹, corresponding to the cross-conjugated carbonyl group of 
the DPP lactam. In contrast, in the DPP4C and DPP6C compounds, as expected, two distinct 
bands appear around 1658 cm⁻¹ and 1642 cm⁻¹. The IR band around 1658 cm⁻¹ is associated 
with the ν(C=O) vibration of the lactam ring, while the band at 1642 cm⁻¹ is attributed to the 
ν(C=O) vibration of amide groups in the alkyl chains, being involved in hydrogen bonds. 
Theoretical calculations do not predict this shift, with the frequency of this latter band being 
significantly lower than the one predicted for isolated DPP4C and DPP6C molecules  (1710 
cm⁻¹ for DPP4C and 1709 cm⁻¹ for DPP6C). This indicates a lengthening of the C=O double 
bond due to intermolecular interactions, see Figure IV.6b and eigenvectors in Figure IV.7. On 
the other hand, for DPP2C the band attributed to ν(C=O) vibration of the amide groups in 
the alkyl chains appears at a higher wavenumber, (1670 cm⁻¹) whereas the ν(C=O) vibration 
of the DPP appear at 1653 cm⁻¹. This shift to higher wavenumber of the ν(C=O) vibration of 
the amide groups is consistent with the amide carbonyl group of the alkyl chains no 
participating in hydrogen bond interactions. Theoretical calculations are in consonance with 
experimental data, showing two bands at 1714 cm⁻¹ and 1654 cm⁻¹, ascribed to the ν(C=O) 
vibration of the amide groups in the alkyl chains and the ν(C=O) vibration of the lactam ring, 
respectively. This latter band is shifted to lower frequencies compared to the other 
compounds, indicating that the carbonyl of DPP in DPP2C takes part in intramolecular 
hydrogen bonds, as previously indicated. 
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Figure IV.6. a) IR spectra of Control, DPP2C, DPP4C and DPP6C and b) B3LYP/6-31G** IR 
theoretical spectra for Control, DPP2C, DPP4C and DPP6C. 

Figure IV.7. B3LYP/6-31G** predicted eigenvectors for the IR bands discussed in the text for 
Control, DPP2C, DPP4C and DPP6C. Experimental and theoretical data (in parenthesis). 
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In order to further corroborate the intramolecular hydrogen bonds in DPP2C, we 
focus our attention in the ν(N−H) vibration (Figure IV.8). The experimental data exhibit a 
comparable position of the ν(N−H) vibration for the compounds DPP2C, DPP4C and DPP6C, 
with a maximum difference of approximately 17 cm−1. However, theoretical calculations 
show a shift of this molecular mode towards lower frequencies in DPP2C (around 120 cm⁻¹) 
respect to DPP4C and DPP6C, indicating that the N−H of the amide is probably forming 
hydrogen bonds. Since the theoretical calculation is performed on an isolated molecule in a 
vacuum and predicts the lengthening of the N-H bond in DPP2C, this bond can only be 
intramolecular, linking the hydrogen atom of the amide group with the C=O of the DPP 
lactam. This indicates that all amides are capable of forming hydrogen bonds, however with 
different characteristics. In the case of DPP2C, the bond is intramolecular, whereas in DPP4C 
and DPP6C, it is intermolecular. This explains the fact that theoretical calculations of a single 
molecule in a vacuum do not reproduce the displacement towards lower frequencies of the 
N-H vibration for DPP4C and DPP6C.

Figure IV.8. a) IR spectra of DPP2C, DPP4C and DP6C in the amides region and 
b) IR theoretical spectra (B3LYP/6-31G**) for DPP2C, DPP4C and DP6C in the amides zone.

In the same way, the Raman spectra reveal modifications in the electronic properties 
of the conjugated skeletons as a result of hydrogen bond formation. To examine this effect, 
we focused on the collective vibration along the thiophene-DPP-thiophene chain. In the case 
of Control, this vibration is recorded at 1528 cm⁻¹ (Figure IV.9a). However, in DPP4C and 
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DPP6C, where intermolecular hydrogen bonding is present, this band broadens and shows 
two distinct contributions at 1526-1527 cm⁻¹ and 1530 cm⁻¹. The presence of these two 
signals suggests that the carbonyl group of the lactam ring may participate, in some extent, 
in the supramolecular hydrogen bonding interaction, which favors greater π-conjugation in 
molecules that exhibit this interaction. This phenomenon can be explained by considering 
that, when the carbonyl group of the lactam participates in hydrogen bond formation, the 
cross-conjugated pathway associated with that carbonyl is blocked, which in turn favors 
greater π -conjugation along the linear pathway (Figure IV.9b). However, it is reasonable to 
assume that only a fraction of the molecules interacts through the carbonyl groups of the 
DPP unit, with hydrogen bonds more likely to form primarily through the amide groups of 
the alkyl side chains.  

Figure IV.9. a) Raman spectra of Control, DPP2C, DPP4C and DP6C and b) Schematic 
representation of molecular π-conjugation: (yellow) showing the presence of different 
competing paths (linear and cross-conjugated) in molecules with no hydrogen-bonds 
formation, and (dark blue) showing the enhanced π-conjugation linear path after hydrogen 
bond formation through the carbonyl of the lactam ring. 
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Figure IV.10. B3LYP/6-31G** Raman predicted eigenvectors of Control, DPP2C, DPP4C and 
DPP6C for the collective Ramanν (C=C/C-C) vibration. Experimental and theoretical data (in 
parenthesis) 

On the contrary, the Raman spectra of DPP2C show the collective ν(C=C/C-C) 
vibration at 1534 cm⁻¹ with a single contribution, in consonance with the presence of only 
intramolecular hydrogen bond interactions between the carbonyl group of the DPP and N-H 
of the amide group in all molecules. However, this vibration appears at 1534 cm-1, exhibiting 
a slightly shift towards higher frequencies. This shift can be attributed to the loss of the 
planarity in DPP2C, as predicted by theoretical calculations. The theoretical calculations 
indicate that the ν(C=C/C-C) vibration mode frequency for DPP2C is 1501 cm-1, 1497 cm-1, 
for DPP4C and 1496 cm-1 for DPP6C (see eigenvectors in Figure IV.10). 

IV.4 Analysis by spectroelectrochemistry: charge carriers stabilization

In order to evaluate the ability of the studied compounds to stabilize charge carriers 
and determine whether noncovalent interactions influence the formation of these charged 
species, in situ spectroelectrochemical studies were carried out. 

Initially, these studies were performed in dilute dichloromethane solution (10⁻⁴ M) 
at room temperature, using 0.1 M NBu₄PF₆ as the supporting electrolyte and an optically 
transparent thin-film electrochemical (OTTLE) cell. As shown in Figure IV.11, the studied 
compounds exhibit similar behaviour in solution, considering that intermolecular 
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interactions are avoided at low concentrations. Under these conditions, all compounds 
stabilize a positive charge at similar applied potentials. Note that, however, that the applied 
potential is slightly higher for DPP2C in consonance with the stabilization of the HOMO level 
due to the molecular planarity loss. 

Figure IV.11. UV-Vis-NIR absorption spectra of a) Control b) DPP2C, c) DPP4C and d) DPP6C 
electrochemically oxidized by progressive increase of the oxidation potentials. 

In order to evaluate the role of intermolecular interactions in charge injection and 
stabilization, thin films were oxidized by exposing them to iodine vapor, a weak oxidant, for 
24 hours (Figure IV.12). Differences were observed between the hydrogen-bonding 
semiconductor, DPP6C, and the reference material, Control. While UV-Vis displays that 
intermolecular hydrogen-bonded compound showed the formation of a positively charged 
species, Control showed no signs of oxidation, suggesting that the absence of hydrogen-
bonding interactions prevents this process. Furthermore, in the IR spectra of Control 
molecule, not remarkable differences are found before and after the oxidation with iodine. 
However, in the case of DPP6C remarkable spectral changes are recorded, according to the 
radical cation formation. Therefore, the enhanced π-conjugated path, formed through 
intermolecular hydrogen bonding via the carbonyl group of the imide of the alkyl chains, and 
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the different supramolecular aggregation, have a significant impact on charge injection and 
stabilisation, thereby improving charge carrier mobility. Unfortunately, for DPP2C and DPP4C 
it was not possible to obtain reproducible results. 

 

Figure IV.12. Solid state oxidation for Control and DPP6C, upon iodine vapor exposition:         
a) and b) UV-Vis spectra and c) and d) IR spectra. 

 

IV.5 Field effect transistor and thin film characterization 
 

 To evaluate the electrical properties of the tested compounds, solution-processed 
OFET transistors with a top-contact/bottom-gate structure were fabricated. From the 
saturation region in the device transfer curves, the charge carrier mobility (µ), threshold 
voltage (VT), and on/off current ratio (ION/IOFF) were determined. The electrical parameters 
of the best-performing devices are presented in Table IV.2, while the full device 
characterization is provided in the appendix 6.2.4.  

Thin films of Control, DPP2C, DPP4C and DPP6C were deposited by drop casting onto 
Si/SiO₂ substrates from solutions of the semiconductor materials in chloroform (3 mg/ml). 
After deposition, a thermal annealing was carried out at 120 °C for 3 hours. Importantly, 
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while Control showed no activity in OFETs, p-type field-effect mobilities of 4 × 10⁻6 cm² V⁻¹ 
s⁻¹, 5 × 10⁻3 cm² V⁻¹ s⁻¹ and 2 × 10⁻² cm² V⁻¹ s⁻¹ were recorded for DPP2C, DPP4C and DPP6C, 
respectively (see output and transfer plots in Figure IV.13). Thus, the field effect mobilities 
increase as the amide unit moves further away from the DPP core, due to the presence of 
intermolecular bonds in DPP4C and DPP6C, which favor charge transport. In contrast, DPP2C 
with the amide close to the π-conjugated skeleton, forms intramolecular hydrogen bonds, 
which has two effects; i) inhibit the formation of hydrogen bonded supramolecular 
aggregates; ii) has a clear impact on the molecular structure, increasing the oxidation 
potential and thus, decreasing the ability to inject and stabilize charge carriers. 

Table IV.2. OFET electrical data for best-performing deposited films of the indicated 
semiconductors measured in vacuum. aSubstrates treated with OTS and thermal annealed 
at 120ºC. 

Figure IV.13. Transfer (a-c) and output (d-f) of Control, DPP2C, DPP4C and DPP6C. The 
transfer characteristics were measured at a constant source–drain voltage of -80 V. The gate 
voltage in the output plots varies from 0 to -80 V in steps of 10 V. 
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The morphologies of the thin films were analyzed by atomic force microscopy (AFM). 
Clear differences were found when comparing the studied compounds. While the Control 
and DPP2C molecules forms crystalline structures (Figure IV.14a and IV.14b), due to the 
predominance of self-assembles through π-π interactions,48 DPP4C and DPP6C exhibit a 
morphology composed of smaller fibers, (Figures IV.14c and IV.14c). This is attributed to the 
formation of J-type aggregates in DPP4C and DPP6C, due to the formation of intermolecular 
hydrogen bonds. 

Figure IV.14. AFM images of semiconducting thin films deposited on OTS-treated Si/SiO2 
substrates with a posterior thermal treatment of 120º during 3 hours. a) Control, b) DPP2C, 
c) DPP4C and d) DPP6C.

XRD measurements were also performed on the thin films (Figure IV.15), which 
indicated an enhanced crystallinity structure for Control and DPP2C, through π-π 
interactions. Although crystallinity is desirable to achieve efficient charge transport, DPP4C 
and DPP6C exhibit interconnected amorphous fibrillar networks. We believe that these two 
morphological scenarios are crucial to compare their charge transport properties, since 
interconnection between amorphous aggregates is sometimes beneficial in polymeric 
semiconductors and other hydrogen-bonded oligomers.49,50  
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Figure IV.15. ϴ-2ϴ X-ray diffraction scans of solution deposited Control, DPP2C, DPP4C and 
DPP6C thin films grown on OTS-treated Si/SiO2 substrates with a posterior thermal 
treatment of 120º during 3 hours. 

IV.6 Conclusions

In conclusion, we present a molecular engineering strategy that allows simultaneous 
control of the intrinsic morphological and electronic properties of semiconductors by 
promoting hydrogen bonding in small-sized DPP derivatives. Our results demonstrate that 
the electrical enhancement observed in semiconductors with amide groups is not solely due 
to the supramolecular organization in thin films, but it can be also attributed to the 
modulation of their electronic properties through (intra/inter) hydrogen bonding 
interactions. By analysing the intermolecular versus intramolecular hydrogen bond 
interactions, we can observe the following effects: i) Control, DPP4C and DPP6C exhibit a 
planar structure due to the interaction between the hydrogen of the thiophene ring and the 
carbonyl of the lactam. In contrast, DPP2C exhibits a twisted structure due to intramolecular 
hydrogen bond interactions between the hydrogen of the amide group of the alkyl chains 
and the carbonyl of the DPP, which prevents the aforementioned interaction with the 
thiophene ring that planarizes the structure. The twisted structure of DPP2C implies lower 
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π-conjugation and charged stabilisation compared to DPP4C and DPP6C, as shown by UV-
Vis, Raman and IR spectra. ii) The different hydrogen bond interactions in DPP2C compared 
to DPP4C and DPP6C have been demonstrated by IR spectroscopy aided by DFT calculations. 
iii) AFM and XRD also show enhanced crystallinity for Control and DPP2C due to self-
assembly through π-π interactions. On the other hand, DPP4C and DPP6C exhibit 
interconnected amorphous fibrillar networks due to intermolecular hydrogen bonding. iv) 
DPP4C and DPP6C compounds show improved charge transport in OFETs compared to 
Control and DPP2C compounds. While the Control and DPP2C compounds are practically 
inactive in OFETs, the DPP4C and DPP6C molecules exhibit field effect mobilities of 5 × 10⁻³ 
cm² V⁻¹ s⁻¹ and 2 × 10⁻² cm² V⁻¹ s⁻¹, respectively. These results corroborate our initial 
hypothesis that modifying the position of functional groups on side chains is a highly 
effective strategy for promoting π-conjugation, stabilising charged species and generating 
supramolecular aggregates. 
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In this thesis, a series of π-conjugated organic semiconductors have been studied for 
their application in organic field effect transistors (OFETs). The main objective of this study 
is to understand how molecular and supramolecular properties influence charge transport 
mechanisms. In order to address the aforementioned objectives, spectroscopic, 
electrochemical, spectroelectrochemical and quantum-chemical methods have been 
employed, providing detailed information on the structure and electronic properties of the 
studied compounds. These analyses are crucial to understand the electronic and optical 
properties of these conjugated materials and to guide the development of compounds with 
improved properties for application in OFETs. 

In Chapter I, we have studied a family of compounds combining 
electron-withdrawing naphthalimides units and thiophene-derived donor moieties 
connected by rigid and conjugated nitrogen-containing rings (imidazole or pyrazine). The 
effect of conjugated chain length and heteroatom substitution is studied.  

The results indicate that the modification of the chemical structure impacts charge 
stabilization in the studied compounds. We demonstrate the importance of the pyrazine 
linkers and the extension of the π-conjugated chain in the stabilization of charges in solution. 
In particular, the combination of the pyrazine linker with an extended π-conjugated chain 
allows the stabilization up to two reduced species and three oxidated species. 

To evaluate the charge transport in these compounds, OFETs were fabricated, 
obtaining p-type electrical behaviour. We found that smaller systems with less extended 
π-conjugation render more organized films, resulting in better field effect mobilities, up to 
10⁻² cm² V⁻¹ s⁻¹. 

In Chapter II our study focused on a series of compounds based on phenylene-
naphthalimide assemblies, in which the phenylene and naphthalimide units are directly 
conjugated via rigid amidine (NAI) bonds. The effect of halogen insertion was approached, 
which modify the electron-accepting and charge-transport properties of these systems.  

Physico-chemical analysis shows that the introduction of halogen atoms into the 
structure induces enhanced π-conjugation and stabilization of the HOMO and LUMO energy 
levels, leading to a reduction of the energy gap. The introduction of halogen atoms also 
render lower reduction potentials compared to non-halogenated compound facilitating 
charge stabilization.  

Finally, electrical characterization in OFETs shows ambipolar behaviour in 
non-halogenated compound, but performance improves upon halogenation, despite only 
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electron transport being recorded, with maximum n-type field effect mobility of 
0.2 cm²V⁻¹s⁻¹. 

In Chapter III, we have studied a family of compounds based on terthiophene-
naphthalimide assemblies with imidazole and pyrazine linkers, in which different 
electrodeficient groups have been introduced in order to tune their optoelectrochemical 
properties.  

The results suggested that the introduction of electrowithdrawing substituents into 
the molecular structures affects both the energies and the topologies of the frontier 
molecular orbitals. It has been demonstrated here that these effects have a significant 
impact on the electronic properties of the studied materials, including optical absorption 
properties and stabilisation of charged species. Therefore, a good balance between donor 
and acceptor groups allows fine modulation of electronic and molecular properties. 

Finally, in Chapter IV, we have studied the role of hydrogen bonds in supramolecular 
interactions and molecular packing in small-sized molecular semiconductors based on DPP, 
as the electroactive component, and amide groups as hydrogen-bonding units.  

We have found that the control of intra- and intermolecular hydrogen bond 
interactions has a remarkable effect on the molecular and electronic properties of the 
studied compounds. The presence of intermolecular hydrogen bonds interaction is an 
effective approach to promoting π-conjugation, stabilising charged species, and forming 
supramolecular aggregates. This is corroborated by OFETs fabrication, where the compounds 
having intermolecular hydrogen bonds show enhanced field effect mobilities, up to 
2 × 10⁻² cm² V⁻¹ s⁻¹. 

In conclusion, the results obtained from the different chapters of this thesis demonstrate 
how the distinct structural modifications influence the electrical properties of the studied 
semiconductors. It has been demonstrated that the modification of the π-conjugated chain, 
through extension or heteroatom substitution (Chapter I), in conjunction with the 
supramolecular interaction due to hydrogen bonds (Chapter IV), results in p-type field effect 
mobilities of up to 10⁻² cm² V⁻¹ s⁻¹. However, the incorporation of halogen atoms within the 
molecular structure (Chapter II) has been demonstrated to enhance the electrical properties, 
with n-type mobilities reaching up to 10⁻¹ cm² V⁻¹ s⁻¹. This approach has been identified as a 
promising strategy for the design of novel organic semiconductors. The most relevant 
electrical performances are summarized in Table 4.1. 
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Table 4.1. OFETs electrical data recorded, for thin films of the indicated semiconductors 
measured in vacuum. aSubstrates treated with octadecyltrichlorosilane (OTS) and 
hexamethyldisilazane (HMDS) reagents and preheated either at 80ºC or 110ºC during 
sublimation and room temperature. Thin films were then thermal annealed either at 120ºC 
or 150ºC. 
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5.1 Introducción 

Vivimos en un mundo cargado de tecnología, en una sociedad en la que la mayor 
parte de nuestras actividades diarias implican el uso de dispositivos electrónicos. Diferentes 
aspectos como la economía, la salud o las relaciones sociales están principalmente 
relacionados con el avance tecnológico, ver Figura 5.1.1 Esta dependencia está creciendo a 
un ritmo vertiginoso y los sistemas electrónicos ocupan una parte cada vez mayor de 
nuestras vidas. Hasta ahora, esta necesidad se ha satisfecho utilizando silicio y otros 
materiales inorgánicos. Sin embargo, la escasez de recursos y la fabricación en masa de 
dispositivos plantean problemas urgentes que deben resolverse, con especial atención a los 
aspectos ambientales asociados a la fabricación, el uso y la posterior eliminación de estos 
dispositivos electrónicos. En este sentido, la electrónica orgánica, con procesos de 
fabricación y eliminación más sostenibles, abre un nuevo campo. Además de ofrecernos 
materiales que ofrecen estructuras electrónicas con propiedades únicas, posicionándose 
como una alternativa en la electrónica del futuro.2,3  

Figure 5.1 Esquema representativo del uso de la tecnología en la sociedad. 
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Actualmente, ya estamos rodeados de dispositivos electrónicos fabricados con 
materiales orgánicos: pantallas de teléfonos móviles, células solares portátiles, televisores, 
etc.4 Esto es posible gracias al enorme desarrollo que ha experimentado la electrónica 
orgánica y a la mejora en la miniaturización de los semiconductores orgánicos.5  Hoy en día, 
existen microprocesadores con una tecnología que permite una distancia entre transistores 
de 5 nm. A esta escala, el comportamiento de los electrones está regido por incertidumbres 
cuánticas, lo que hace que los transistores sean poco fiables. La tecnología que reduce el 
tamaño del transistor está llegando a su límite, esto significa que reducir el tamaño de un 
transistor ya no aumenta la velocidad ni disminuye el consumo de energía.6 Con lo cual, se 
deben desarrollar nuevas tecnologías para solventar este problema. En este sentido, existen 
varias vías a seguir en el futuro, como son:  la integración tridimensional de sistemas en 
paquete,7 el uso de chiplets,8 memorias no volátiles,9 computación basada en fotones,10 
biocomputación, 11 computadora cuántica,12 polímeros y moléculas orgánicas.13 

Los semiconductores orgánicos destacan por su flexibilidad, respeto al medio 
ambiente, facilidad de producción a gran escala y capacidad de procesamiento a bajas 
temperaturas mediante métodos sencillos como la impresión por inyección de tinta.14 Por lo 
que, este tipo de materiales pueden integrarse en sustratos tales como: vidrio, polímeros, 
tejidos y papel, ampliando así sus posibles aplicaciones. Gracias a su capacidad de 
producción a gran escala, con métodos químicos modulables, son más respetuosos con el 
medio ambiente y compatibles con innovaciones de diseño. Los semiconductores orgánicos 
se caracterizan por estar basados en estructuras formadas principalmente por átomos de 
carbono. La propiedad más relevante de estos materiales reside en la deslocalización 
electrónica a lo largo de una estructura π-conjugada.15 Los orbitales π enlazantes constituyen 
el orbital molecular ocupado de mayor energía (HOMO), mientras que los orbitales π* 
antienlazantes forman el orbital molecular desocupado de menor energía (LUMO). La 
diferencia de energía entre estos dos orbitales se denomina HOMO-LUMO gap. En sistemas 
lineales π-conjugados, el valor del gap depende de varios factores estructurales, como la 
longitud de la cadena y el grado de planaridad.  

Los semiconductores orgánicos desempeñan un papel fundamental en diversas 
aplicaciones de la electrónica orgánica, como células solares (OPVs),16 diodos emisores de 
luz (OLEDs)17 y transistores de efecto de campo orgánicos (OFETs).18 Un transistor de efecto 
de campo (FET) es un dispositivo en el que un campo eléctrico induce una carga espacial 
neta en el semiconductor. Esta carga se polariza mediante la aplicación de una diferencia de 
potencial entre los electrodos. Los FETs son elementos esenciales en los circuitos 
electrónicos, donde desempeñan funciones como interruptores o amplificadores de señal, 
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entre otros. En el caso específico de los OFET, la capa activa está compuesta de materiales 
orgánicos, ya sean polímeros o moléculas conjugadas.  

Un OFET es un dispositivo de tres electrodos en el que un voltaje aplicado al 
electrodo puerta (gate) controla el flujo de corriente entre los electrodos de fuente (source) 
y sumidero (drain) mediante un voltaje impuesto (Figura 5.2). 

Figure 5.2 Representación de un transistor orgánico de efecto de campo “top contact-
bottom gate”. L es la longitud del canal; W es el ancho del canal y t es el espesor de la capa 
semiconductora. 

Los elementos que componen un transistor orgánico de efecto campo son:19 
• Electrodos: puerta, fuente y sumidero. Normalmente, los electrodos fuente y

sumidero están hechos de oro, mientras que el electrodo puerta está hecho de silicio 
dopado.

• Material dieléctrico: suele ser un óxido metálico, siendo el dióxido de silicio (SiO₂)
el material más utilizado. Los polímeros también son una buena alternativa debido
a sus propiedades aislantes y se utilizan ampliamente como dieléctricos.

• Semiconductor orgánico: material que conecta los electrodos de fuente y sumidero,
formando el canal por el que fluye la corriente. Si el dispositivo transporta huecos,
se clasifica como de tipo p, si transporta electrones, es de tipo n. Los
semiconductores capaces de transportar tanto huecos como electrones se
denominan ambipolares.

Para alcanzar un completo desarrollo de estos semiconductores orgánicos en
dispositivos electrónicos, hay que entender cómo funciona el transporte de carga y los 
factores de los cuales éste depende. A diferencia de los semiconductores inorgánicos, en los 
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semiconductores orgánicos el ordenamiento depende de interacciones intermoleculares no 
covalentes,20 pudiendo distinguir entre semiconductores orgánicos desordenados, amorfos, 
y semiconductores orgánicos con estructuras cristalinas.21 En estos semiconductores el 
transporte de carga se describe principalmente mediante un transporte de carga mediante 
bandas, un mecanismo de salto (hopping mechnism) o mediante un mecanismo de salto de 
rango variable (Variable range hopping). 

Por otro lado, diferentes características moleculares pueden afectar a las 
propiedades del material y, por tanto, al transporte de carga: la extensión de la cadena π-
conjugada22, sustitución con heteroátomos,23 sustitución con grupos dadores o aceptores,24 
empaquetamiento molecular o la introducción de grupos solubilizantes25. La extensión de la 
cadena π-conjugada aumenta la π-conjugación y por consiguiente puede favorecer el 
transporte de carga. En cuanto a la sustitución con heteroátomos, se trata de una estrategia 
eficiente para optimizar las propiedades electrónicas y el empaquetamiento molecular. A su 
vez, la sustitución con grupos dadores o aceptores de electrones es otra estrategia 
consolidada en la modificación de las propiedades electrónicas de este tipo de 
semiconductores, ya que la introducción de este tipo de grupos modifica las propiedades 
oxidativas y de estabilidad. Otro factor que juega un papel importante en el transporte de 
carga en semiconductores orgánicos es el empaquetamiento molecular, ya que el grado de 
orden molecular influye drásticamente en las propiedades macroscópicas del material. Por 
último, la introducción de grupos solubilizantes tiene una gran importancia en la mejora de 
la procesabilidad de los materiales. 

5.1.1 Materiales a estudio 

En esta tesis doctoral, se investigan diversos semiconductores orgánicos 
π-conjugados para su aplicación en transistores orgánicos de efecto de campo (OFETs), con 
el objetivo principal de profundizar en la comprensión del transporte de carga de estos 
materiales. Concretamente, se estudian varios factores que afectan al transporte de carga: 
(i) El efecto de la longitud de la cadena conjugada y la sustitución de heteroátomos (Capítulo
I); (ii) La introducción de átomos electronegativos (Capítulo II); (iii) La introducción de grupos
electroactivos (Capítulo III); (iv) Las interacciones intermoleculares y el empaquetamiento
molecular (Capítulo IV).

Para el estudio de los semiconductores descritos en esta tesis se han empleado 
métodos espectroscópicos, electroquímicos, espectroelectroquímicos y químico-cuánticos, 
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los cuales proporcionan información detallada sobre la estructura y las propiedades 
electrónicas.  

5.2 Metodología 

En esta tesis, se ha llevado a cabo un estudio sistemático que combina técnicas 
espectroscópicas y electroquímicas junto con cálculos químico-cuánticos. 

En primer lugar, los compuestos estudiados se han caracterizado tanto en disolución 
como en estado sólido mediante el uso de técnicas como la absorción UV-Vis, emisión, 
Raman e Infrarrojo (IR), así como mediante técnicas electroquímicas, como la 
voltamperometría cíclica y espectroelectroquímica. Este estudio nos permite evaluar el 
efecto que producen las diferentes modificaciones químicas sobre la estructura molecular y 
el grado de conjugación de los diferentes materiales estudiados. Posteriormente, los 
resultados obtenidos experimentalmente han sido interpretados con la ayuda de cálculos 
químico-cuánticos a nivel DFT, los cuales nos han permitido interpretar los espectros en 
profundidad, obteniendo la mayor información posible sobre el efecto de las modificaciones 
químicas establecidas, sobre las propiedades optoelectrónicas de nuestros sistemas. 

Una vez los compuestos estudiados se han caracterizado, estos se han 
implementado en dispositivos electrónicos, en nuestro caso OFETs. Con esto, evaluamos la 
capacidad de transporte de carga en los semiconductores estudiados, pudiendo relacionarla 
con las propiedades observadas anteriormente.  

Finalmente, la morfología de las láminas delgadas semiconductoras se analizan 
mediante técnicas cómo la microscopía de fuerza atómica (AFM) o difracción de rayos X 
(XRD), con el objetivo de obtener la mayor información posible sobre el efecto que tiene la 
morfología y el grado de cristalinidad en la eficiencia de los dispositivos electrónicos 
fabricados. 
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5.3 Resultados y discusión 

A continuación, detallaremos los resultados más relevantes obtenidos de los materiales 
estudiados en esta tesis. 

5.3.1 Capítulo I: Modulación de la estabilización y el transporte de carga en 
semiconductores basados en naftalimidas: el papel de las modificaciones del esqueleto 
fusionado y del núcleo conector. 

En este primer capítulo, se aborda la caracterización de una nueva familia de 
compuestos basados en BTD, el cual se considera el principal bloque común en todos los 
sistemas estudiados, combinado con unidades electroatractoras de naftalimidas con 
potentes unidades dadoras de electrones derivadas de tiofeno, conectadas a través de 
unidades nitrogenadas rígidas y conjugadas (Figura 5.4).26 Para ajustar con precisión los 
niveles de energía del orbital HOMO, extendimos la longitud de las unidades de tiofeno y 
evaluamos diferentes isómeros. 

Figure 5.4 Estructura de los semiconductores basados en naftalimida descritos en el 
capítulo I, a) derivados BTD, b) derivados BTD-ext y c) derivados BTD-inv. 
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La estructura de mínima energía de los compuestos estudiados fue optimizada 
mediante cálculos DFT, observándose cómo los derivados de NDI presentan una estructura 
distorsionada, en contraste con los derivados de NIP, los cuales muestran una estructura 
totalmente plana. 

Según muestran los niveles energéticos calculados de los orbitales moleculares, la 
introducción del grupo naftalimida en los diferentes derivados estabiliza la energía del 
orbital LUMO. Al contrario, la incorporación del fragmento de arilenimida no tiene un 
impacto notable en los niveles de energía del HOMO.  

 La figura 5.5 muestra un resumen de la experimentación realizada en este capítulo. 

Figure 5.5 Resumen del estudio experimental y teórico llevado a cabo en el capítulo I. 

 La sustitución del núcleo de benzotiadiazol por unidades de naftalimida mediante 
enlaces planos y conjugados induce un desplazamiento al rojo en la banda de absorción más 
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baja en energía de los espectros UV-Vis en los compuestos NDI y NIP. Sin embargo, al 
comparar los derivados invertidos, vemos que, al introducir una unidad de imidazol (ND-inv), 
se produce un ligero desplazamiento al azul en comparación con el derivado no 
funcionalizado (BTD-inv). También se estudió el efecto de la extensión de la cadena de 
tiofenos en los sistemas π-conjugados, encontrando que en la banda de absorción más baja 
en energía, la extensión del fragmento dador aumenta esta absorción hacia la región NIR, 
siendo más pronunciada en el derivado NDI-ext. A su vez, los espectros de absorción UV-Vis 
de los diferentes derivados de BTD, NDI y NIP en sólido muestran diferencias prácticamente 
nulas con los espectros en disolución. Todos los derivados presentan un perfil espectral 
similar con dos familias de bandas sobre 400 nm y 650 nm. 

Se realizaron cálculos teóricos de TD-DFT para comprender la naturaleza de las 
transiciones electrónicas, mostrando que las bandas de absorción de menor energía en 
todos los sistemas estudiados se atribuyen teóricamente a la transición HOMO-LUMO. Esta 
transición electrónica exhibe una clara transferencia de carga intramolecular, como 
evidencia la topología de los orbitales moleculares, donde vemos cómo la densidad 
electrónica va desde la región más rica en electrones del semiconductor, la parte 
tienopirrólica, hasta la unidad más deficiente en electrones, el tiadiazol en los sistemas BTD, 
y el grupo naftalimida en los derivados NDI y NIP.  

Para estudiar las propiedades electroquímicas de estos semiconductores orgánicos, 
se realizaron experimentos de voltamperometría cíclica en atmósfera de argón. Además, es 
posible modificar los valores del potencial de oxidación extendiendo la unidad tienopirrol 
(BTD-ext, NDI-ext y NIP-ext), o por otro lado, modificando la posición del átomo de azufre 
en la unidad tiofeno (BTD-inv, NDI-inv y NIP-inv). De esa forma vemos cómo la capacidad 
oxidativa de estos semiconductores puede mejorarse significativamente extendiendo la 
conjugación efectiva en el núcleo de tienopirrol. 

 En cuanto a la capacidad aceptora de electrones de estos semiconductores 
orgánicos, se observan potenciales de reducción un poco menores cuando la cadena de 
tienopirrol se alarga (NIP-ext y NDI-ext) y cuando invertimos la posición de los tiofenos 
terminales (NIP-inv y NDI-inv).  

Para analizar las especies cargadas, se ha hecho uso de espectroelectroquímica 
UV-Vis/NIR. En este estudio, cómo se ha mencionado anteriormente, el BTD se considera el 
principal bloque estructural común a todos los sistemas investigados. Este compuesto es 
capaz de estabilizar dos especies con carga positiva y una especie con carga negativa. La 
incorporación de una unidad de naftalimida al núcleo de benzotiadiazol (NDI y NIP) reduce 
significativamente el potencial necesario para estabilizar también dos especies con carga 
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positiva durante el proceso de oxidación. Además, tanto en semiconductores NDI como NIP, 
dos especies con carga negativa se estabilizan durante el proceso de reducción. 

Al extender el núcleo π-conjugado en BTD-ext, se estabilizan dos cargas positivas, 
como en BTD, pero a potenciales notablemente más bajos. Además, como en BTD, este 
compuesto también estabiliza una carga negativa. Con respecto a NDI-ext no se detectan 
nuevas especies oxidadas en comparación con NDI. En cambio, para NIP-ext se estabilizan 
tres especies oxidadas distintas, al contrario que en la molécula de NIP donde solo se 
identificaron las dos primeras especies. Por otro lado, la extensión de la cadena no genera 
diferencias significativas en la estabilización de las especies reducidas. Tanto NIP-ext como 
NDI-ext presentan dos procesos de reducción, al igual que NIP y NDI.  

A su vez, la π-conjugación en la cadena de tienopirrol se ve parcialmente 
obstaculizada en los derivados invertidos, lo que también influye en la estabilización de la 
carga. En BTD-inv observamos un escenario similar que en el caso de BTD y BTD-ext. Sin 
embargo, los procesos de reducción se ven favorecidos en NDI-inv, donde se registran tres 
nuevos perfiles espectrales en contraste con la estabilización de solo dos especies reducidas 
en NDI. En cambio, solo se forma una especie oxidada, lo que indica que la inversión en NDI 
favorece significativamente los procesos de reducción sobre los oxidativos. Por el contrario, 
este efecto no se observa en NIP-inv, cuyos cambios espectrales son similares a los de NIP.  

Finalmente se fabricaron transistores de efecto de campo para evaluar las 
propiedades de transporte de carga de los semiconductores estudiados. Los derivados de 
BTD mostraron ser inactivos como semiconductores en OFET. Sin embargo, los derivados de 
naftalimida muestran movilidades de efecto de campo modestas, alcanzando un valor 
máximo de movilidad de huecos de 10⁻² cm² V⁻¹ s⁻¹ para NIP. Además, la introducción de un 
anillo de imidazol como espaciador en NDI causa una disminución en la movilidad de efecto 
de campo en dos órdenes de magnitud (10⁻⁴ cm² V⁻¹ s⁻¹). Al analizar el efecto de la extensión 
del sistema π-conjugado en estos derivados, se observa una disminución drástica en la 
movilidad de efecto de campo en NIP-ext y NDI-ext, con valores de 10⁻⁶ cm² V⁻¹ s⁻¹ para 
ambos semiconductores. Por otro lado, los derivados invertidos, NDI-inv y NIP-inv, no 
presentan actividad eléctrica.  
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5.3.2 Capítulo II: Modulación de la estabilización y el transporte de carga en 
semiconductores basados en naftalimidas: efecto de la inserción de átomos de halógenos. 

En este capítulo hemos estudiado una serie de compuestos basados en derivados 
fenileno-naftalimida (NAI-Ph, NAI-Ph-F y NAI-Ph-Cl) (Figure 5.6),27 donde las unidades de 
fenileno y las unidades de la naftalimida están directamente conjugadas mediante uniones 
amidina rígidas (NAI). Para modificar las propiedades aceptoras de electrones y de 
transporte de carga de estos nuevos sistemas, se incorporaron diferentes átomos de 
halógeno (F y Cl) a la unidad de fenileno. Se estudió el efecto de la incorporación de átomos 
electronegativos a la unidad de fenileno sobre las propiedades ópticas, electroquímicas y de 
transporte de carga. 

Figure 5.6 Estructuras moleculares de los derivados de naftalimida-oligotiofeno estudiados 
en el capítulo II. 

La optimización DFT de las estructuras moleculares de los compuestos analizados, 
revela una conformación completamente plana en los tres sistemas estudiados, lo que 
sugiere que la incorporación de átomos de halógeno al esqueleto conjugado no altera la 
estructura molecular de los compuestos. 
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Figure 5.7 Resumen del estudio experimental y teórico llevado a cabo en el capítulo II. 

La figura 5.7 muestra un resumen de la experimentación realizada en este capítulo. 
En primer lugar, los espectros de absorción UV-vis de los compuestos muestran que la 
incorporación de átomos de halógeno en las posiciones terminales de la unidad de fenileno 
resulta en una reducción del gap óptico. Para todos los compuestos estudiados, la 
espectroscopía UV-Vis muestra un amplio perfil espectral en el rango de 335 a 551 nm. En 
cuanto a los máximos de las principales bandas de absorción en NAI-Ph-F y NAI-Ph-Cl, estos 
se desplazan al rojo 12 y 20 nm, respectivamente, en comparación con NAI-Ph.  

Para comprender la agregación en los compuestos estudiados, se ha registrado la 
absorción UV-Vis en películas delgadas, donde se observan cambios en los espectros UV-Vis 
de película delgada respecto a los espectros en disolución de los tres semiconductores 
estudiados. Esto sugiere la formación de agregados supramoleculares debido a las fuertes 
interacciones π-π y la posibilidad de interacciones intermoleculares de enlaces no 
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covalentes, particularmente en el compuesto fluorado debido a la alta electronegatividad y 
pequeño tamaño de los átomos de F.  

Se calcularon los gaps electrónicos teóricos a nivel teórico B3LYP/6-31G**, 
obteniendo valores que concuerdan con los resultados experimentales. Los datos teóricos 
indican que los orbitales HOMO y LUMO se estabilizan progresivamente al pasar de NAI-Ph 
a NAI-Ph-F y NAI-Ph-Cl, como consecuencia de la incorporación de átomos de halógeno. La 
naturaleza electrodeficiente del cloro y el flúor induce la estabilización de ambos orbitales, 
siendo más significativa esta estabilización en el LUMO.  Aunque, la introducción de cloro en 
la estructura molecular reduce de forma más eficiente la energía del orbital LUMO, debido 
a la capacidad del cloro de acomodar mayor densidad electrónica a través de sus orbitales 
3d vacíos, mientras que el flúor no tiene orbitales d energéticamente accesibles. 

Por otra parte, los espectros de fluorescencia revelan una emisión moderada en el 
rango de 510 nm a 830 nm. Se observó un desplazamiento batocrómico en el pico de mayor 
intensidad cuando vamos de NAI-Ph (452 nm) a NAI-Ph-F (464 nm) y NAI-Ph-Cl (472 nm), 
atribuido a una conjugación efectiva más alta tras la halogenación.  

La caracterización electroquímica de los materiales estudiados se realizó mediante 
voltamperometría cíclica (CV) en soluciones de diclorometano. En el barrido catódico, se 
observaron dos procesos redox reversibles para los tres sistemas, correspondientes a la 
formación de dos especies aniónicas. El primer proceso de reducción se observó a 
potenciales similares para NAI-Ph-F y NAI-Ph-Cl, alcanzándose este proceso a un potencial 
de reducción más negativo en NAI-Ph. A su vez, el segundo proceso de reducción siguió la 
misma tendencia con potenciales similares para NAI-Ph-F y NAI-Ph-Cl y un potencial de 
reducción más negativo para NAI-Ph.  

Cabe destacar que, la presencia de halógenos en la unidad de fenileno reduce la 
capacidad dadora de electrones de los átomos de nitrógeno del enlace amidina, provocando 
que los potenciales de reducción se desplacen a valores menos negativos y que los orbitales 
LUMO se estabilicen. 

Por otro lado, tanto NAI-Ph como NAI-Ph-F muestran una onda de oxidación cuasi-
reversible en el barrido anódico. Estos procesos de oxidación aparecen a altos potenciales, 
mientras que no se observa ningún proceso de oxidación para NAI-Ph-Cl. 

Para evaluar la capacidad de los compuestos estudiados en estabilizar especies 
cargadas se realizó un estudio espectroelectroquímico. En el caso de NAI-Ph, es capaz de 
estabilizar una especie aniónica. Al introducir átomos de halógeno (F y Cl) en la estructura 
química, no se observan diferencias significativas en los perfiles espectrales con respecto a 
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NAI-Ph. Solo se observa un desplazamiento batocrómico debido al efecto electroaceptor de 
los átomos de F y Cl.  Se intentó la oxidación para NAI-Ph, NAI-Ph-F y NAI-Ph-Cl, pero 
ninguno experimentó procesos de oxidación en las condiciones experimentales probadas. 

Para finalizar, se fabricaron transistores orgánicos de efecto de campo (OFET) para 
evaluar las propiedades de transporte de carga de los tres compuestos estudiados. El 
compuesto NAI-Ph exhibe una movilidad máxima de efecto de campo tipo n de   
2 x 10-2 cm² V-1 s-1, y una movilidad de tipo p de 3 x 10-3 cm² V-1 s-1. Sin embargo, al introducir 
átomos de halógeno en la estructura química del semiconductor, los compuestos solo 
exhiben movilidad de tipo n. Para NAI-Ph-F se ha obtenido una movilidad tipo n máxima de 
0,1 cm² V-1 s-1, y para NAI-Ph-Cl se ha obtenido una movilidad tipo n máxima de 
0,2 cm² V-1 s-1. 

5.3.3 Capítulo III: Modulación de la estabilización y el transporte de carga en 
semiconductores basados en naftalimidas: inclusión de grupos electroactivos. 

En este capítulo, estudiamos varias familias de compuestos basadas en tertiofeno-
naftalimida (Figure 5.8).28 En estas familias de compuestos, se han introducido tres unidades 
terminales distintas con fuerte capacidad de atracción de electrones produciendo nuevos 
semiconductores orgánicos con propiedades optoelectroquímicas ajustables. Además, se ha 
modificado el grupo conector, pirazina (NIP3T-X) e imidazol (NDI3T-X). 

Figure 5.8 Compuestos derivados de oligotiofeno-naftalimida con sustitución terminal 
estudiados en el capítulo III. 
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La optimización a nivel DFT de las estructuras moleculares a estudio revela una 
conformación no plana para NDI3T-X, mientras que los sistemas NIP3T-X estudiados, 
presentan una estructura principalmente plana.  

La figura 5.9 muestra un resumen de la experimentación realizada en este capítulo. 
Primero, para evaluar el impacto de los sustituyentes laterales en la π-conjugación y las 
propiedades moleculares se usó FT-Raman. Al analizar los espectros Raman, nos centramos 
en los modos vibracionales Raman asociados con el modo vibracional ν(C=C) completamente 
simétrico del fragmento de oligotiofeno. Esta vibración se desplaza significativamente a 
frecuencias más bajas tras la incorporación de grupos electroaceptores en NDI3T-X. Además, 
la comparación con los sistemas NIP3T-X revela un mayor grado de π-conjugación de los 
derivados basados en NIP, debido a la planaridad del esqueleto conjugado.  

Figure 5.9 Resumen del estudio experimental y teórico llevado a cabo en el capítulo III. 
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La buena solubilidad de los compuestos estudiados permite una adecuada 
caracterización óptica y electroquímica en disolución mediante técnicas de UV-Vis y 
voltamperometría cíclica. El perfil del espectro de absorción de NIP3T muestra una banda 
de absorción a menor energía, que se atribuye a la excitación por transferencia de carga 
intramolecular (ICT). Esto se ha confirmado teóricamente mediante cálculos de TD-DFT y 
puede describirse como una excitación HOMO-LUMO, donde la densidad electrónica se 
desplaza desde el HOMO, ubicado principalmente en el fragmento de oligotiofeno, hacia el 
LUMO, ubicado en la unidad de naftalimida. Se observa que la funcionalización con 
aceptores electrónicos fuertes en la posición alfa de las unidades de tiofeno tiene un impacto 
significativo en sus propiedades ópticas, extendiendo la absorción hasta 800 nm en los 
compuestos funcionalizados. Sin embargo, a diferencia de NIP3T, los orbitales HOMO y 
LUMO de NIP3T-X se ubican principalmente en el fragmento de tiofeno, lo que indica que la 
transición electrónica tiene un carácter predominantemente π-π* en lugar de ICT.  

Por otro lado, el perfil espectral de NDI3T muestra también una banda de absorción 
de menor energía, que se atribuye a la excitación por transferencia de carga intramolecular 
(ICT), como en NIP3T. En los derivados de NDI3T-X, la funcionalización con fuertes aceptores 
de electrones causa un ligero desplazamiento de la absorción, dependientemente de la 
unidad aceptora de electrones introducida. Concretamente, la absorción a menor energía se 
desplaza para todos los derivados de NDI3T-X. Este fenómeno se puede explicar 
considerando la aparición de dos canales ICT diferentes y en competencia. Estos dos canales 
ICT se confirmaron mediante cálculos de TD-DFT y están relacionados con la transferencia 
electrónica entre HOMO→LUMO y HOMO→LUMO+1.  

Para comprender mejor la naturaleza de la banda de absorción situada a menor 
energía en los sistemas NIP3T-X y NDI3T-X, se realizaron medidas solvatocrómicas variando 
la polaridad del disolvente. Los sistemas NDI3T y NIP3T exhiben un claro comportamiento 
solvatocrómico, con un desplazamiento al rojo en la banda de absorción ICT en disolventes 
más polares. Sin embargo, en los derivados NIP3T-X, la banda de absorción no mostró 
desplazamiento al variar la polaridad del disolvente, lo que confirma la ausencia de una 
banda de absorción ICT. A su vez, los derivados NDI3T-RD y NDI3T-DCV exhiben un 
solvatocromismo positivo con cierto carácter de transferencia de carga intramolecular. Por 
el contrario, el derivado NDI3T-RDDCV muestra un solvatocromismo negativo. 

Mediante experimentos de voltamperometría cíclica se puede observar que, por un 
lado, en sistemas no sustituidos, la sustitución de un conector de pirazina (NIP3T) por un 
conector imidazol (NDI3T) provoca un desplazamiento del potencial de reducción asociado 
a las unidades de naftalimida hacia valores más positivos. Esto se debe a la mayor capacidad 
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aceptora de electrones de NDI3T en comparación con su análogo NIP3T. Un fenómeno 
similar se observa en procesos de oxidación. Por otro lado, la introducción de diferentes 
unidades aceptoras de electrones en la posición alfa del fragmento de tertiofeno muestra 
en la serie NDI3T-X la misma tendencia que la observada en los derivados NIP3T-X, con una 
mejora en la capacidad aceptora de electrones en comparación con los compuestos NDI3T 
y NIP3T no sustituidos. Por lo tanto, los datos electroquímicos sugieren que los sistemas 
NDI3T-X son materiales con una capacidad aceptora de electrones mejorada en 
comparación con los materiales NIP3T-X.  

Finalmente, se han analizado mediante espectroelectroquímica la estructura y 
estabilidad de los portadores de carga presentes en el proceso de transporte de electrones. 
En el caso de NIP3T, NIP3T-RD y NIP3T-DCV, la aplicación de potencial negativo da lugar a la 
formación de dos especies reducidas. En cuanto, a los procesos de oxidación, podemos 
observar la capacidad de NIP3T para acomodar dos cargas positivas. En cambio, NIP3T-RD y 
NIP3T-DCV, sólo estabilizan una especie positiva.  

Centrándonos en los derivados de imidazol, NDI3T muestra la capacidad de 
estabilizar dos especies aniónicas. Del mismo modo, NDI3T-RD y NDI3T-DCV, muestran la 
capacidad de estabilizar dos especies negativas. Finalmente, en el compuesto NDI3T-RDDCV 
tenemos dos procesos de reducción, pero a diferencia de NDI3T-RD y NDI3T-DCV, el perfil 
espectral muestra ciertas diferencias. En cuanto a la oxidación electroquímica progresiva de 
NDI3T, se observa la presencia de dos procesos oxidativos. Por otro lado, la oxidación 
electroquímica progresiva de NDI3T-RD, NDI3T-DCV y NDI3T-RDDCV da lugar a la formación 
de una sola especie catiónica. 

Finalmente, podemos ver cómo en los sistemas NDI3T-X, la carga negativa inyectada 
se estabiliza principalmente en el fragmento de naftalimida, como se esperaba considerando 
las topologías del LUMO. Los cálculos DFT de las especies cargadas de NDI3T-X indican que 
mientras que en NDI3T la carga negativa se localiza principalmente sobre la unidad NDI, la 
introducción de la subunidad de tertiofeno sustituida lateralmente con grupos 
electroaceptores disminuye este porcentaje, localizando un 70% de la carga inyectada en las 
unidades NDI, mientras que un 30% de la carga inyectada se localiza sobre los grupos 
electroaceptores. Una tendencia similar se observa en los sistemas NIP3T-X, donde podemos 
ver en NIP3T como la carga negativa inyectada se localiza sobre la unidad NIP. Mientras que 
en los derivados de NIP3T-X, después de la introducción de grupos electroaceptores en la 
cadena de tertiofeno, la carga inyectada se deslocaliza alrededor del 50% entre las unidades 
NIP y los grupos electroaceptores. Esta tendencia en los sistemas NDI3T-X y NIP3T-X indica 
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el importante papel tanto de la unidad de conexión central como de los sustituyentes 
laterales en la estabilización de las especies cargadas negativamente. 

5.3.4 Capítulo IV: Impacto de las interacciones supramoleculares mediante enlaces de 
hidrógeno en las propiedades electrónicas y de transporte de carga de semiconductores 
orgánicos basados en DPP 

En este capítulo, se ha estudiado el papel de los enlaces de hidrógeno en el orden 
supramolecular de los derivados de diketopirrolopirrol (DPP), así como su efecto en la 
estructura molecular y electrónica. Nuestro objetivo es optimizar la generación de 
portadores de carga en dispositivos con el fin de mejorar el rendimiento eléctrico de 
semiconductores moleculares de tamaño excepcionalmente pequeño. Concretamente, se 
han estudiado sistemas de DPP unidos a tiofenos como componentes electroactivos y 
cadenas laterales que incorporan grupos amida como potenciales formadores de enlaces de 
hidrógeno. Se investigaron tres posiciones diferentes de los grupos amidas, DPP2C, DPP4C y 
DPP6C, y los resultados se compararon con una molécula Control, sin grupos amida en las 
cadenas laterales. (Figura 5.10)29 Experimentos espectroelectroquímicos, complementados 
con espectroscopia vibracional y cálculos DFT, revelaron que la formación de enlaces de 
hidrógeno induce no solo modificaciones a nivel supramolecular, sino también en la longitud 
de conjugación efectiva de los semiconductores.  

Figure 5.10 Compuestos derivados de DPP estudiados en el capítulo IV. 
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Los cálculos a nivel DFT muestran que los compuestos Control, DPP4C y DPP6C 
tienen esqueletos moleculares planos, debido a la interacción entre el hidrógeno del tiofeno 
y el oxígeno del grupo carbonilo del DPP. Sin embargo, la molécula DPP2C muestra una 
estructura distorsionada con ángulos de torsión de aproximadamente 15° entre el núcleo de 
DPP y los grupos tiofeno, debido a la formación de una interacción intramolecular mediante 
puente de hidrógeno entre el hidrógeno del grupo amida y el carbonilo de DPP. Como se 
esperaba, los orbitales moleculares frontera en las moléculas estudiadas están 
deslocalizados a lo largo de todo el esqueleto conjugado, con una mayor contribución en el 
núcleo DPP. Los compuestos Control, DPP4C y DPP6C presentan un HOMO-LUMO gap 
similar, alrededor de 2.42 eV. Sin embargo, DPP2C muestra un gap HOMO-LUMO 
ligeramente más alto en comparación con los otros compuestos, a 2.47 eV. Esta diferencia 
en las energías de los orbitales HOMO y LUMO de DPP2C puede atribuirse a la menor 
comunicación electrónica entre los tiofenos y el DPP, por la distorsión del esqueleto 
conjugado, lo que aumenta el carácter deficiente en electrones del DPP y estabiliza los 
orbitales HOMO y los LUMO.  

La figura 5.11 muestra un resumen de la experimentación realizada en este capítulo. 
Las propiedades ópticas en disolución y en película delgada del Control, DP2C, DPP4C y 
DPP6C se estudiaron mediante espectroscopia de absorción UV-Vis y se analizaron con la 
ayuda de cálculos TD-DFT. Las moléculas Control, DPP4C y DPP6C presentan un espectro 
similar en disolución, mostrando una banda principal alrededor de 560 nm. Sin embargo, los 
espectros de absorción de DPP2C están desplazados hacia el azul con respecto a los de los 
otros compuestos estudiados, lo que indica una disminución en la π-conjugación. Este efecto 
en DPP2C puede atribuirse a la interacción intramolecular entre el hidrógeno de la amida y 
el carbonilo de DPP, que disminuye la planaridad y la π-conjugación. Además, los espectros 
de película delgada de todos los materiales estudiados muestran un perfil espectral más 
amplio y desplazado al rojo. 
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Figure 5.11 Resumen del estudio experimental y teórico llevado a cabo en el capítulo IV. 

Por otro lado, se analizó el efecto producido por modificación de las cadenas 
laterales alquílicas mediante el registro de espectros de emisión y midiendo los 
desplazamientos de Stokes correspondientes tanto en disolución como en estado sólido. Se 
observaron pequeños desplazamientos de Stokes para todos los compuestos estudiados en 
disolución. En cambio, se observaron desplazamientos significativamente mayores en estado 
sólido. Concretamente, mayores desplazamientos se obtienen para los compuestos DPP4C 
y DPP6C comparados con la molécula Control y DPP2C, lo que indica diferentes tipos de 
agregación. 

A su vez, se registraron los espectros IR de reflectancia total atenuada (ATR) y 
FT-Raman de los semiconductores Control, DPP2C, DPP4C y DPP6C en polvo para analizar la 
formación de enlaces de hidrógeno y su impacto en la estructura electrónica de las cadenas 
principales conjugadas. En el espectro ATR del compuesto Control, se observa una única 
vibración ν(C=O) correspondiente al grupo carbonilo del DPP. Por el contrario, en los 
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compuestos DPP4C y DPP6C, aparecen dos bandas distintas asociadas con la vibración 
ν(C=O) del anillo de lactama y la vibración ν(C=O) de los grupos amida en las cadenas 
alquílicas, que forman enlaces de hidrógeno. La vibración ν(C=O) experimental de los grupos 
amida se posiciona a menores frecuencias que la predicha por los cálculos teóricos para 
moléculas aisladas de DPP4C y DPP6C, lo que indica un alargamiento del doble enlace C=O 
debido a interacciones intermoleculares. Por otro lado, para DPP2C, la banda atribuida a la 
vibración ν(C=O) de los grupos amida aparece a mayores frecuencias, en concordancia con 
la ausencia de participación del grupo carbonilo de la amida en los enlaces de hidrógeno 
intermoleculares. Como se observó mediante cálculos teóricos, dado que en DPP2C, el 
grupo carbonilo de la amida participa en enlaces de hidrógeno intramoleculares. Para 
corroborar aún más la presencia de estos enlaces de hidrógeno intramoleculares en DPP2C, 
centramos nuestra atención en la vibración ν(N−H). Dado que los cálculos teóricos de la 
molécula individual en el vacío predicen el alargamiento del enlace N-H en el caso del DPP2C 
y los datos experimentales muestran una posición similar para la vibración ν(N−H) de los 
compuestos DPP2C, DPP4C y DPP6C, todas las amidas deben estar formando enlaces de 
hidrógeno, aunque de diferente naturaleza: en el caso de DPP2C, este enlace es 
intramolecular, mientras que en DPP4C y DPP6C es intermolecular, ya que los cálculos 
teóricos de la molécula aislada en vacío no reproducen esta interacción. 

De igual manera, los espectros Raman revelan modificaciones en las propiedades 
electrónicas de los esqueletos conjugados como resultado de la formación de enlaces de 
hidrógeno. Para examinar este efecto, nos centramos en la vibración colectiva a lo largo de 
la cadena tiofeno-DPP-tiofeno. En el caso del Control, esta vibración tiene una sola 
contribución. Sin embargo, en DPP4C y DPP6C, donde hay enlaces de hidrógeno 
intermoleculares, esta banda muestra dos contribuciones distintas. La presencia de estas dos 
señales sugiere que el grupo carbonilo del DPP puede participar, en cierta medida, en la 
interacción supramolecular de enlaces de hidrógeno, lo que favorece una mayor π-
conjugación en moléculas que presentan esta interacción. Por el contrario, los espectros 
Raman de DPP2C muestran la vibración colectiva ν(C=C/C-C) con solo una contribución, en 
consonancia con la presencia de enlaces de hidrógeno intramoleculares en todas las 
moléculas. 

Para evaluar la capacidad de los compuestos estudiados en estabilizar especies 
cargadas y determinar si las interacciones no covalentes influyen en la formación de estas 
especies, se realizaron estudios espectroelectroquímicos in situ. Los compuestos estudiados 
exhiben un comportamiento similar en disolución, considerando que se suprimen las 
interacciones intermoleculares a bajas concentraciones. En estas condiciones, todos los 
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compuestos estabilizan una carga positiva a potenciales aplicados similares. Sin embargo, 
cabe destacar que el potencial aplicado es ligeramente mayor para DPP2C, debido a la 
menor π-conjugación. A su vez, para evaluar el papel de las interacciones intermoleculares 
en la inyección y estabilización de carga, se oxidaron películas delgadas exponiéndolas a 
vapor de yodo, durante 24 horas. Se observaron diferencias entre el semiconductor con 
enlaces de hidrógeno intermoleculares, DPP6C, y el material de referencia, Control. 
Mientras que el UV-Vis muestra que el compuesto con enlaces de hidrógeno 
intermoleculares estabiliza una especie con carga positiva, el Control no mostró signos de 
oxidación, lo que sugiere que la ausencia de interacciones mediante enlaces de hidrógeno 
previene este proceso. Además, en los espectros IR de la molécula Control, no se 
encontraron diferencias notables antes y después de la oxidación con yodo. Sin embargo, en 
el caso de DPP6C se registraron cambios atribuidos la formación del catión radical. Para 
DPP2C y DPP4C no se obtuvieron resultados reproducibles 

Por último, para evaluar las propiedades eléctricas, se fabricaron transistores 
orgánicos de efecto campo (OFETs). Es importante destacar que, si bien el Control no mostró 
actividad, se registraron movilidades de efecto campo de tipo p de 4 × 10⁻6 cm² V⁻¹ s⁻¹, 
5 × 10⁻3 cm² V⁻¹ s⁻¹ y 2 × 10⁻² cm² V⁻¹ s⁻¹ para DPP2C, DPP4C y DPP6C, respectivamente.  

5.4 Conclusiones 

En esta tesis, hemos estudiado una serie de semiconductores orgánicos 
π-conjugados para su aplicación en transistores orgánicos de efecto de campo (OFETs). El 
objetivo principal es comprender el impacto de diferentes modificaciones estructurales en 
la deslocalización intramolecular π-electrónica, así como las implicaciones de estas 
modificaciones en la organización supramolecular, que desempeña un papel importante en 
el transporte de carga de los materiales.  

En el Capítulo I, estudiamos una familia de compuestos basados en unidades de 
naftalimidas con potentes grupos dadores derivados del tiofeno, conectados mediante 
enlaces de nitrógeno rígidos y conjugados (imidazol o pirazina), donde se estudia el efecto 
de la longitud de la cadena conjugada y la sustitución de heteroátomos. En este sentido, la 
modificación de la estructura química influye en la estabilización de la carga de los 
compuestos estudiados. En particular, los resultados destacan el papel de los enlaces de 
pirazina en la mejora de la comunicación electrónica entre la naftalimida y la cadena 
π-conjugada, debido al esqueleto conjugado más plano. Los OFETs fabricados demuestran 
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un comportamiento eléctrico como semiconductores de tipo p con una movilidad máxima 
de huecos de 10⁻² cm² V⁻¹ s⁻¹ para el derivado de pirazina (NIP). Además, la introducción de 
imidazol como anillo espaciador causa una disminución en la movilidad de efecto de campo 
en dos órdenes de magnitud (10⁻⁴ cm² V⁻¹ s⁻¹). Otros derivados, mostraron propiedades 
eléctricas muy bajas (10⁻6 cm² V⁻¹ s⁻¹ en compuestos extendidos) o completamente nulas (en 
compuestos invertidos). 

El Capítulo II de nuestro estudio se centró en una serie de compuestos basados en 
unidades fenileno-naftalimida (NAI-Ph, NAI-Ph-F y NAI-Ph-Cl), en los que las unidades de 
fenileno y naftalimida se conjugan directamente mediante enlaces rígidos de amidina (NAI). 
Estudiamos el efecto de la inserción de halógenos, el cual modifica las propiedades 
aceptoras de electrones y de transporte de carga de estos sistemas. Los cálculos DFT 
muestran estructuras rígidas y planas para los compuestos estudiados, lo que favorece el 
transporte de carga, destacando que la sustitución con átomos de halógeno en el anillo de 
fenileno es una buena estrategia para modular las propiedades electrónicas moleculares sin 
sacrificar la planaridad molecular. 

El análisis fisicoquímico muestra que la introducción de átomos de halógeno en la 
estructura induce una mayor conjugación efectiva. Además, la introducción de flúor y cloro 
provoca una estabilización de los niveles de energía HOMO y LUMO, lo que conlleva una 
reducción del gap electrónico. Finalmente, la introducción de átomos de halógeno muestra 
potenciales de reducción más bajos en comparación con NAI-Ph. 

La caracterización eléctrica en OFETs muestra un comportamiento ambipolar en    
NAI-Ph, pero el rendimiento mejora con la halogenación, a pesar de que solo se registra el 
transporte de electrones. Se midieron movilidades máximas de efecto de campo tipo n de 
0,1 cm²V⁻¹s⁻¹ y 0,2 cm²V⁻¹s⁻¹ para NAI-Ph-F y NAI-Ph-Cl, respectivamente. En conclusión, la 
introducción de átomos de halógeno en NAI-Ph es una estrategia eficaz para facilitar la 
inyección de carga y maximizar la estabilización y el transporte de carga. 

En el Capítulo III, estudiamos una familia de compuestos basados en tertiofeno-
naftalimida con enlaces imidazol (NDI3T-X) y pirazina (NIP3T-X), en los que analizaos el 
efecto de la inserción de grupos electrodeficientes en el ajuste sus propiedades 
optoelectroquímicas.  

Los espectros UV-Vis muestran un carácter de ICT en la banda de absorción de menor 
energía. Sin embargo, al insertar sustituyentes laterales electroaceptores en estas 
estructuras moleculares, se observan diferentes efectos en las energías de los orbitales 
frontera y especialmente en las topologías moleculares. Se ha demostrado que estos efectos 
tienen un impacto significativo en las propiedades electrónicas de los materiales, incluyendo 
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las propiedades de absorción óptica y la estabilización de especies cargadas. Así, cuando se 
insertan grupos electroaceptores en derivados de pirazina (NIP3T-X), la banda de absorción 
de menor energía adquiere un carácter π-π*. Esto es debido a que la distribución de carga 
en el LUMO se localiza en el fragmento de oligotiofeno en lugar de en las unidades de 
naftalimida, modulando la naturaleza dadora de electrones de la cadena de oligotiofeno. Por 
el contrario, la introducción de grupos electroactivos en derivados de imidazol crea dos 
canales ICT diferentes y competitivos dentro de la molécula, lo que tiene un efecto 
interesante en los espectros de absorción electrónica y en la estabilización de especies 
cargadas. 

Finalmente, en el Capítulo IV, estudiamos el papel de los enlaces de hidrógeno en 
las interacciones intra e intermoleculares y el empaquetamiento molecular en 
semiconductores moleculares de pequeño tamaño basados en DPP-tiofeno con cadenas 
laterales que incorporan grupos amida, como unidades formadoras de enlace de hidrógeno. 
Se investigaron tres posiciones diferentes de la amida: DPP2C, DPP4C y DPP6C, y los 
resultados se compararon con una molécula Control, que no contiene grupos formadores 
de enlaces de hidrógeno. 

Al analizar la estructura molecular de los compuestos estudiados observamos que 
los compuestos DPP4C y DPP6C, presentan una estructura plana debido a la interacción 
entre el hidrógeno del anillo de tiofeno y el carbonilo del DPP. Por el contrario, DPP2C 
presenta una estructura distorsionada debido a la interacción de hidrógeno entre el 
hidrógeno del grupo amida y el oxígeno de carbonilo del DPP, lo que impide la interacción 
con el anillo de tiofeno. La estructura distorsionada en DPP2C implica una menor 
π-conjugación y estabilización de carga, como lo muestran los espectros UV-Vis, Raman e IR. 
Hemos comprobado la diferente interacción molecular en DPP2C con respecto a DPP4C y 
DPP6C mediante la comparación de los datos de IR y Raman teóricos y experimentales. En 
el IR teórico de DPP2C, la banda asociada al grupo amida se desplaza a frecuencias más bajas 
en comparación con DPP4C y DPP6C. Sin embargo, esta banda aparece en el mismo rango 
para los tres compuestos en los espectros experimentales, lo que indica que los tres 
compuestos forman enlaces de hidrógeno, pero en el caso de DPP2C este enlace de 
hidrógeno debe ser intramolecular, ya que los cálculos teóricos de la molécula aislada en el 
vacío predicen el alargamiento del enlace N-H. Finalmente, mientras que los compuestos 
Control y DPP2C son prácticamente inactivos en OFETs, las moléculas DPP4C y DPP6C 
exhiben movilidades de efecto de campo de 5 × 10⁻³ cm² V⁻¹ s⁻¹ y 2 × 10⁻² cm² V⁻¹ s⁻¹, 
respectivamente. Estos resultados respaldan la idea de que modificar la posición de los 
grupos funcionales amida en las cadenas laterales es un enfoque eficaz para promover la 
π-conjugación, estabilizar las especies cargadas y formar agregados supramoleculares. 
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6.1 Acronyms and symbols 

Acronyms 

D-A Donor-Acceptor 
DFT Density Functional Theory 
H-Lgap Homo-LUMO gap
HOMO Highest Occupied Molecular Orbital 
ISC Intersystem Crossing 
LUMO Lowest Unoccupied Molecular Orbital 
NIR Near Infrared 
OFET Organic Field-Effect Transistor 
OLED Organic Light-Emitting Diode 
OTS Octadecyltrichlorosilane 
RT Room Temperature 
TD Time Dependent 
UV-Vis Ultraviolet-Visible 
DPP Diketopyrrolopyrrole 
TIPS Triisopropylsilylethynyl 
NDI Naphthalenediimide 
OLED Organic Light-Emitting Diode 
OPV Organic Photovoltaic Cells 
BC-BG Bottom Contact – Bottom Gate 
TC-BG Top Contact – Bottom Gate 
BC-TG Bottom Contact – Top Gate 
TC-TG Top Contact – Top Gate 
XRD X-Ray Diffraction
ICT Intramolecular Charge Transfer
FT Fourier Transform
HMDS Hexamethyldisiloxane 
C8 Octyl 
Ph Phenylene 
BTD Benzothidiadiazole 
TPA Triphenylamine 
AFM Atomic Force Microscopy 
CV Cyclic Voltammetry 
VB Valence Band 
CB Conduction Band 
K Kelvin 
DCM Dichloromethane 
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Symbols 

S0  Ground electronic state  
Sn  Electronic excited state “n”  
Ion/off  Intensities on/off ratio  
a.u.  Arbitrary units  
μe  Electron field-effect mobility  
μh  Hole field-effect mobility  
Io/I  Fluorescence intensity ratio  
λmax  Absorption maxima wavelength  
IDS  Drain-source current  
σ  Electrical conductivity  
WF  Work function of an electrode  
ɸB  Injection barrier  
λh  Hole reorganization energy  
λe  Electron reorganization energy  
λexc  Excitation wavelength  
ε  Dielectric constant  
VGS  Gate-source electric potential  
VDS  Drain-source electric potential  
VT  Threshold voltage  
Eonset  Potential Onset  
Eg

opt  Optical HOMO-LUMO gap  
Epc Potential catodic peak 
Epa Potential anodic peak 
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6.2 DFT calculations, experimental data and OFETs performance optimization 

6.2.1 Chapter I 

Figure 6.1. DFT-computed global minimum structure for BTD, NDI and NIP at B3LYP/6-31G** 
level of theory. 
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Figure 6.2. DFT-computed global minimum structure for BTD-inv, NDI-inv and NIP-inv at 
B3LYP/6-31G** level of theory. 

Figure 6.3. DFT-computed global minimum structure for BTD-ext, NDI-ext and NIP-ext at 
B3LYP/6-31G** level of theory. 
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Table 6.1. Electronic transitions obtained by TD-DFT B3LYP/6-31G** level of theory for BTD. 

Table 6.2. Electronic transitions obtained by TD-DFT B3LYP/6-31G** level of theory for NDI. 
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Table 6.3. Electronic transitions obtained by TD-DFT B3LYP/6-31G** level of theory for NIP. 

Table 6.4. Electronic transitions obtained by TD-DFT B3LYP/6-31G** level of theory for 
BTD-inv. 
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Table 6.5. Electronic transitions obtained by TD-DFT B3LYP/6-31G** level of theory for      
NDI-inv. 

 

 

Table 6.6. Electronic transitions obtained by TD-DFT B3LYP/6-31G** level of theory for       
NIP-inv. 
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Table 6.7. Electronic transitions obtained by TD-DFT B3LYP/6-31G** level of theory for 
BTD-ext. 

Table 6.8. Electronic transitions obtained by TD-DFT B3LYP/6-31G** level of theory for 
NDI-ext. 
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Table 6.9. Electronic transitions obtained by TD-DFT B3LYP/6-31G** level of theory for       
NIP-ext. 

 

 

Table 6.10. OFET electrical data for deposited films of NDI-ext. Both best and average (in 
parenthesis) mobility values are shown. 
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Table 6.11. OFET electrical data for deposited films of NDI. Both best and average (in 
parenthesis) mobility values are shown. 

Table 6.12. OFET electrical data for deposited films of NIP-ext. Both best and average (in 
parenthesis) mobility values are shown. 
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Table 6.13. OFET electrical data for deposited films of NIP. Both best and average (in 
parenthesis) mobility values are shown. 
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6.2.2 Chapter II 

Table 6.14. n-channel OFET derived electrical data for NAI-Ph. Both best and average (in 
parenthesis) mobility values are shown.  
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Table 6.15. p-channel OFET derived electrical data for NAI-Ph. Both best and average (in 
parenthesis) mobility values are shown. 
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Table 6.16. n-channel OFET derived electrical data for NAI-Ph-F. Both best and average (in 
parenthesis) mobility values are shown. 
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Table 6.17. n-channel OFET derived electrical data for NAI-Ph-Cl. Both best and average (in 
parenthesis) mobility values are shown. 
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6.2.3 Chapter III 
 

 

Table 6.18. Electronic transitions obtained by TD-DFT B3LYP/6-31G** level of theory for 
NDI3T. 

 

 

Table 6.19. Electronic transitions obtained by TD-DFT B3LYP/6-31G** level of theory for 
NDI3T-RD. 

 

 

Table 6.20. Electronic transitions obtained by TD-DFT B3LYP/6-31G** level of theory for 
NDI3T-DCV. 
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Table 6.21. Electronic transitions obtained by TD-DFT B3LYP/6-31G** level of theory for 
NDI3T-RDDCV. 

Table 6.22. Electronic transitions obtained by TD-DFT B3LYP/6-31G** level of theory for 
NIP3T. 
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Table 6.23. Electronic transitions obtained by TD-DFT B3LYP/6-31G** level of theory for 
NIP3T-RD. 

Table 6.24. Electronic transitions obtained by TD-DFT B3LYP/6-31G** level of theory for 
NIP3T-DCV. 
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Figure 6.4. B3LYP/6-31G** charge distributions for NDI3T, NIP3T-DCV, NIP3T-Rd and 
NIP3T-RDDCV as a) neutral b) anion and c) dianion. 
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Figure 6.5. B3LYP/6-31G** charge distributions for NIP3T, NIP3T-DCV and NIP3T-Rd as a) 
neutral b) anion and c) dianion. 
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6.2.4 Chapter IV 
 

 

Table 6.25. n-channel OFET derived electrical data for DPP2C. Both best and average (in 
parenthesis) mobility values are shown. 

 

 

Table 6.26. n-channel OFET derived electrical data for DPP4C. Both best and average (in 
parenthesis) mobility values are shown. 
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Table 6.27. n-channel OFET derived electrical data for DPP6C. Both best and average (in 
parenthesis) mobility values are shown. 
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