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Abstract 
Molecular electronics (MEs), which is based on the use of a single molecule 

or an assembly of them, as active components in electronic circuits, has 

emerged as an alternative to the limitations (e.g.: miniaturization) of 

complementary metal oxide semiconductor (CMOS) technology, currently 

used in chip processing. Following this motivation, in this doctoral thesis 

we focus on the design and evaluation of a specific family of molecules, 

named curcuminoids (CCMoids), as molecular wires to be tested in two- and 

three- terminal devices.  

Specifically, we have examined the electronic performance of a ferrocene-

based CCMoid in a vertically configured two-terminal device. The overall 

system consists of a gold bottom electrode functionalized with a monolayer 

of cyclodextrin or cucurbituril molecules hosting the CCMoid molecules 

(guests) to end with an eutectic gallium indium (EGaIn) electrode at the top 

that completes the device. 

Additionally, we have synthesized a variety of CCMoids with different 

terminal substituents that could promote, in further reactions, extended 

CCMoid structures. We have explored the conductance in a single molecule 

regime, of an enlarged CCMoid containing polycyclic aromatic hydrocarbon 

(PAH) lateral anchoring groups. Such molecules have been deposited in a 

three-terminal device, which comprises two nanogapped graphene source 

and drain electrodes separated from the Si gate electrode by a SiO2 layer. In 

this way, the terminal PAH moiety can interact by π-π stacking with the 

graphene electrodes, creating a graphene-CCMoid-graphene junction. 

Finally, in order to create a more robust device, from a molecule-electrodes 

contact point of view, we have started the synthetic modifications in the 

CCMoid backbone for the introduction of a reactive silane group to fix the 

CCMoid on the SiO2 layer of three-terminal devices. 
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Resumen 

La electrónica molecular (MEs) se basa en el uso de una única molécula o un 

conjunto de ellas, como componentes principales en circuitos electrónicos. 

Surgió como alternativa a las limitaciones (por ejemplo: miniaturización) de 

la tecnología de semiconductores complementarios de óxido metálico 

(CMOS), utilizada actualmente en el procesamiento de chips. Siguiendo esta 

motivación, en esta tesis doctoral nos centramos en el diseño y evaluación 

de una familia específica de moléculas, denominadas curcuminoides 

(CCMoids), como hilos moleculares en dispositivos de dos y tres terminales.  

En concreto, hemos examinado el comportamiento electrónico de un 

CCMoid que contiene ferroceno, en un dispositivo de dos terminales 

orientado verticalmente. El sistema global consiste en un electrodo inferior 

de oro funcionalizado con una monocapa de moléculas de ciclodextrina o 

cucurbituril (anfitriones) que alojan las moléculas de CCMoid (huéspedes) 

para terminar con un electrodo de galio-indio eutéctico (EGaIn) en la parte 

superior que completa el dispositivo. 

Además, hemos sintetizado una variedad de CCMoids con diferentes 

sustituyentes terminales que, en reacciones posteriores, han dado lugar a 

CCMoids extendidos. Hemos explorado la conductancia individual de dos 

CCMoids extendidos que contienen grupos de anclaje lateral de 

hidrocarburos aromáticos policíclicos (HAP). Dichas moléculas se han 

depositado en un dispositivo de tres terminales, que consta de dos electrodos 

de fuente y drenaje de grafeno, separados del electrodo de puerta de Si por 

una capa de SiO2. De este modo, los HAP terminales puede interactuar por 

interacciones π-π con los electrodos de grafeno, creando una unión grafeno-

CCMoid-grafeno. 

Por último, con el fin de crear un dispositivo más robusto, desde el punto de 

vista del contacto molécula-electrodos, hemos iniciado las modificaciones 

sintéticas en el esqueleto del CCMoid para la introducción de un grupo 



VIII 

silano reactivo para fijar el CCMoid sobre la capa de SiO2 de los dispositivos 

de tres terminales. 
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Introduction and objectives 

1 

 1.1. Curcuminoids (CCMoids) 

Curcuminoids (CCMoids) are a family of molecules whose chemical 

structure, shown in Figure 1.1, comprises a conjugated seven carbon chain 

(body) with terminal substituted diaryl groups (arms) and a keto-enol moiety 

in the centre of the chain (head). Additionally, diverse functionalities can be 

attached to the central carbon of the chain, introducing what we call a leg.  

 

 

 

Figure 1.1. General structure of CCMoids. 

 

It is important to highlight that CCMoids exhibit a tautomeric equilibrium 

between the keto-enol and the diketo forms. However, due to the 

intramolecular hydrogen bonding and the conjugation of the keto-enol, the 

former is the most stable tautomer in the solid-state as well as in solution 1. 

Curcumin (CCM), the most well-known CCMoid, is found in nature, 

together with demethoxycurcumin (DMC) and bisdemethoxycurcumin 

(BDMC), whose structures are shown in Figure 1.2, all in between 2-8% in 

the rhizomes of Curcuma Longa plants. From the 2-8%, CCM is present in a 

70-80%, being the most abundant followed by DMC (15-25%) and BDMC 

(3-10 %), in that order.  
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2 

 

 

Figure 1.2. Chemical structure of the natural CCMoids: curcumin (CCM), 

demethoxycurcumin (DMC) and bisdemethoxycurcumin (BDMC). 

 

CCM was first extracted from the turmeric plant in 1824 2 and despite of 

some ground-breaking contributions in the subject, such us the description 

of its chemical formula in 1910 3, and the publications of protocols to 

synthesize it in the laboratory in low yields (around 10 %) 4,5 , it was not 

until 1964 when Pabon reported the first robust methodology to isolate 

CCM in a 45 % yield 6.  

Pabon’s reaction 6 is based on the condensation between the terminal methyl 

groups of acetylacetone (ACAC) and the aldehyde vanillin, in a basic 

catalysed reaction using EtOAc as solvent. As Scheme 1.1. indicates, the first 

step of the Pabon’s reaction is the formation of a boron complex between 

ACAC and boron oxide in order to avoid the condensation in the central 

carbon of the ACAC, being the protons more acidic than the terminal methyl 

ones. Then, the aldehyde involved in the condensation is added, together 
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with tributylborate which acts as drying agent, and butylamine, which acts 

as catalyst and as a base, to remove the protons of the methyl groups of 

ACAC. Finally, the boron complex is hydrolysed in presence of water, or 

acidic solution, to obtain the desired CCMoid.  

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.1. Pabon’s methodology. 

 

Since its publication, varying the introduced aldehyde, Pabon’s reaction has 

been applied for the achievement of most of the existent synthetic CCMoids, 

including the production of the natural ones. However, the exploration of 

different solvents and bases in his investigation (for finding the optimal 

conditions for the synthesis of CCM) triggered the development of parallel 

methodologies for the synthesis of other CCMoids. They include variations 

such as: the use of DMF as solvent 7, the substitution of butylamine by 
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piperidine or morpholine 8 or the use of microwave heating 9, among others. 

Additional variants, such the decrease in the number of equivalents of the 

aldehyde used, with respect to the ACAC, could promote the achievement of 

hemiCCMoids, which contains only one side (arm) in the CCMoid, 

remaining a methyl group intact on the other side of the molecule, as Scheme 

1.2 shows 10. Using hemiCCMoids and by the addition of a different aldehyde 

from the starting one, asymmetric CCMoids, whose general structure is 

displayed also in Scheme 1.2, can be obtained 11, 12. 

 

 

Scheme 1.2. General scheme for the preparation of asymmetric CCMoids from 

hemiCCMoids. 

 

Natural CCMoids have been used for decades as dyes, food additives and in 

traditional medicine, used to reduce pain and swelling, especially in China 

and India 13. Currently, the majority of the research investigations involving 

natural CCMoids is focused on biomedical applications, due to their 

antioxidant, antiinflamatory and potential anticarcinogenic properties 
14,15,16. However, the versatile chemical modifications in the CCMoids 

(partially exposed in Figure 1.3), such as the elongation of the body 17  (in 

yellow, Figure 1.3), the coordination through the keto-enol moiety with 

metal centres or metalloids 18 (in green, Figure 1.3), the insertion of a leg 19 

(in blue, Figure 1.3), or the introduction of almost endless variety of arms 
20,21 (in orange, Figure 1.3) encourage researchers to inspect innovative 

promising applications, for instance, creation of metal organic frameworks 
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22 and coordination polymers 20,23, or the use of CCMoids as effective 

molecular platforms in molecular electronics (MEs) 24,25.  

 

Figure 1.3. Examples of some of the modifications that may be included in the 

CCMoid structure from references 17-21. 

 

1.2. Molecular Electronics (MEs) 

Worldwide, 6.37 h is the average time that a person is connected to Internet 

every day 26, meaning that during that time, we have an electronic device in 

our hands or in front of us. Over the years, technology and society have been 
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requesting for these devices to have a higher capability and capacity; they 

should be faster, cheaper and smaller, features that can be accomplished by 

miniaturization processes. The scaling down of transistors, key units in 

electronic devices, results on the incorporation of higher number of them in 

processors, which leaded into higher capacity, speed and lower size 27. Since 

one of the first processors fabricated in 1971, Intel 4004, which included 

2300 transistors 28, researchers have been abruptly increasing that number 

to 134.000 millions of transistors in the M2 Ultra chip presented by Apple 

at the beginning of 2023 29. This miniaturization trend was predicted by 

Gordon Moore, Intel’s co-founder, which suggested that the number of 

transistors in a circuit is duplicated every 18 months, which is actually 

known as Moore’s Law 30. However, this miniaturization tendency, due to 

the actual complementary metal oxide semiconductor (CMOS) technology 

applied for the chip fabrication is close to the limit, owing to the limitations 

of present lithographic techniques 27. 

MEs emerged as a suitable alternative to extend the miniaturization process. 

It is based on the inclusion of a single molecule, or reduced assembly of them, 

as active component/s in electrical circuits 31. The use of molecules exhibits 

several advantages in comparison to the actual CMOS technology 32, such 

us the smaller size of the molecules which lead into faster devices because of 

the integration of more transistors in the device or the ability to chemically 

modify the variety of available molecules to have specific properties, which 

could result in novel inaccessible devices.  

Although the first studies in the field are dated in the early 70s 33, 34, in his 

famous talk “There’s Plenty of Room at the Bottom” in 1960, Richard Feynman 

already sowed the idea of making machines smaller by writing: “I don’t know 

how to do this on a small scale in a practical way, but I do know that computing 

machines are very large; they fill rooms. Why can’t we make them very small, make 

them of little wires, little elements-and by little, I mean little” 35. 11 years later, in 

1971, Mann and Kuhn 33 made the first experimental contribution by 
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reporting the first tunnelling transport measurements through several self-

assembled monolayers (SAMs) of fatty acids. In 1974, Aviram and Ratner 

by running theoretical experiments, proposed the first rectifier system 

containing a linear molecular system with connected terminal donor and 

acceptor groups 34. However, it was not after the development of the 

scanning probe microscopies (SPM) in 1982, which included scanning 

tunnelling microscopy (STM) and atomic force microscopy (AFM) when 

MEs took off 36,37,38. Since then, research studies have been focused on the 

fabrication of robust molecular junctions 39, the exploration of the transport 

mechanisms through them 40 and the identification of their functional 

applications such as rectifier, switcher, transistors, or in spintronics, 

optoelectronics, and thermoelectronics 41 

Molecular junctions (MJs) are composed by a molecule, or an assembly of 

them, sandwiched between electrodes 42, as Figure 1.4 exemplifies.  

 

 

 

 

 

Figure 1.4. Molecular junctions with single or an assembly of molecules. 

 

Most of the molecular systems explored exhibit two common features: a 

conjugated chain able to assist in the charge transport process and terminal 

anchoring groups capable of strongly or weakly immobilize the molecule 

within the electrodes. Depending on the nature of the electrodes, also the 

nature of the coupling is varied, being mainly covalent if the electrodes are 

Single-molecule 

Molecular assembly 
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metallic 43, or apart from covalent, by π-π interactions, if the electrodes are 

made of graphene 44.  

The charge transport through the molecular junction involves the 

transmission of electrons between the electrodes that is tuned by the 

molecular system embedded, acting as a bridge between them 40. In general, 

two transport mechanisms can be involved regarding the different couplings 

between the molecules and the electrodes after deposition, which depend on 

the location of the molecular HOMO and LUMO levels with respect to the 

Fermi level of the electrodes. Jia et al. 45 labelled the thickness of the HOMO 

and LUMO level as coupling parameter (Γ) and the energy difference 

between them as additional energy (U). A weak coupling take place when 

Γ<<U, that means, HOMO and LUMO are separated from each other and 

from the Fermi level. In order to achieve the current flow, the electron must 

jump from the first electrode to the molecule, and then, jump from the 

molecule to the second electrode as Figure 1.5 shows. This two-step process 

is commonly known as “hopping” and as the electron is relaxed inside the 

junction it needs a thermal activation to trigger the propagation of the 

charge. 

 

 

 

 

 

 

 

Figure 1.5. Hopping mechanism. 
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Mathematically “hopping” conductance is described by Equation 1.1, which 

determines this process is dependent on the temperature. 

 

𝐽𝐽 (𝑉𝑉) = 𝐽𝐽0(𝑉𝑉)𝑒𝑒−𝐸𝐸𝐸𝐸/𝑘𝑘𝑘𝑘 

Where: Ea is the needed energy for the hopping jump, k is the Boltzmann 

constant and T is temperature 40.  

On the opposite extreme, a strong coupling is observed when the Fermi 

level and the molecular ones are overlapped, Γ>>U. In this case, electrons 

can be transported from the first electrode to the second one without 

stopping within the molecule, with a maintained energy of the electron 

implying a “tunnelling” process, as Figure 1.6 displays.  

 

 

 

 

 

 

 

Figure 1.6. Tunnelling mechanism. 

 

Tunnelling mechanism is described by the simplified Simmons model shown 

in Equation 1.2 40 

𝐽𝐽 (𝑉𝑉) = 𝐽𝐽0(𝑉𝑉)𝑒𝑒−𝛽𝛽𝛽𝛽 

 

Fermi 
Level 

Fermi 
Level 

LUMO 

HOMO 

Electrode Electrode 

Eq. 1.2 

Eq. 1.1 
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where: J is the current density, V is the applied bias, d is the separation of 

the electrodes, Jo is the theoretical value of J when d=0 and β is the 

tunnelling decay coefficient, usually given by the length of the molecule. As 

Eq 1.2 indicates, the tunnelling conductance is dependent on the molecular 

length. 

Regarding the number of molecules inside the junctions, two different 

approaches can be found: single molecule junctions, based on the 

conductance exploration of a single molecule electronic behaviour 41 or 

molecular ensemble junctions, also called large area junctions, which implies 

the study of the conductivity of organized molecules, generally in self-

assembled monolayers (SAMs) 46.  

To date, the most employed material for electrodes in large area junctions 

has been gold 47. Focusing on a vertical configuration of the electrodes, 

meaning that the current flows perpendicular to the substrate surface, there 

are different methodologies to anchor organic monolayers onto the bottom 

substrate 31 for instance, self-assembly 46 or Langmuir-Blodgett 48, briefly 

explained below and represented in Figure 1.7.  

The self-assembly technique 46 implies the spontaneous chemisorption of a 

molecule on a surface by means of an anchoring group within the molecular 

skeleton, followed by an organization of the molecular conformation owing 

to lateral intermolecular forces between neighbour molecules, which results 

in an ordered self-assembled monolayer (SAM).  

An alternative technique for the monolayer deposition over the surface is 

the Langmuir-Blodgett (LB) technique 48, 49, which is based on the creation 

of a film of amphiphilic molecules at the air-water interface followed by the 

transference on a substrate located perpendicular Langmuir-Blodgett to the 

interface. In contrast to the self-assembly methodology, LB allows control 

of the orientation and packing density of the molecules by the optimization 

of different parameters (as the compression speed of the film, at the air water 
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interface, the surface pressure of the transference, from the air water 

interface to the substrate, or the speed of the emersion of the substrate, 

among others) that can be adjusted in the process.  

 

 

 

 

 

 

Figure 1.7. Self-assembly and Langmuir Blodgett methodologies. 

 

Equally than the bottom electrode functionalization, for the creation of the 

top junction in large area devices, several strategies are applied 49, being the 

most common, the fabrication of metallic electrodes by thermal evaporation 
32 or the use of alternative liquid electrodes such us Hg, or eutectic Gallium 

Indium oxide (EGaIn) 42, the later exhibiting some advantages with respect 

to the formers: (i) it can make contacts without damaging the SAM due to 

the lack of hot metallic vapours and avoiding alloy with the bottom electrode 

and (ii) it is not toxic. Briefly, EGaIn is an eutectic alloy of Ga (75.5 %) and 

In (24.5 %) that can be easily shaped into tips acting as top electrodes for 

large area devices owing to the non-Newtonian properties provided by the 

formation of a Ga2O3 layer over the surface of the EGaIn in presence of 

atmospheric oxygen 50. 

George M. Whitesides, pioneer in the use of EGaIn as top electrodes, 

investigated the rectification of undecanethiols SAMs in presence and 

absence of ferrocene (Fc) terminal moieties. He demonstrated that 

rectification processes only occurred in the systems containing Fc and 

Self assembly Langmuir-Blodgett 
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explained that this was due to the asymmetrically position of the Fc inside 

the junction, which was closer to the EGaIn, separated from the bottom 

electrode by the alkyl chain, making the HOMO of the molecule close to the 

EGaIn fermi level 51. One year later, Wimbush and co-workers, created 

supramolecular host-guest junctions with Au and EGaIn, as bottom and top 

electrodes, respectively, using Fc functionalised dendrimers as guest units 

and undecanothioether functionalized β-cyclodextrin SAM as host entities 
52. The interesting results obtained, together with the ambitious unexplored 

study of the non-covalent interactions of the supramolecular complex inside 

the EGaIn junctions, have triggered investigations in this topic, and 

although recent experiments have been conducted to explore the 

conductivity of additional host guest complexes 53, to our knowledge, there 

is not research including large area (molecular or supramolecular junctions) 

based on CCMoids.  

On the other hand, for the study of charge transport in single molecule 

regime a variety of experimental platforms are available 32. Making use of 

SPM microscopes, the conductance of single molecules has been mainly 

investigated in a vertical configuration by scanning tunnelling break 

junctions (STM-BJ) and conductive tip atomic force microscopy (c-AFM) 42. 

STM-BJ is based on the repeated contact and controlled withdraw of the 

STM tip with the functionalized bottom electrode, as Figure 1.8 shows. 

Usually, the molecule has two extreme anchor points, one interacting with 

the bottom electrode, and the other free to interact with the STM tip, acting 

as top electrode, when it is close enough to the molecule, allowing it 

bridging both electrodes 32. 
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Figure 1.8. Working principle of STM-BJ. 

 

Closely related to STM-BJ is conductive AFM (c-AFM), where the AFM 

tip is covered with a metallic layer. However, one of the differences between 

both techniques is the control of the tip position, made by force in AFM in 

contrast to current in STM 32.  

Apart from the SPM techniques described above, additional conductance 

measurements are applied for the investigation of the electrical transport 

using devices with a lateral architecture, meaning that the current goes 

parallel to the substrate surface. In the following cases, taking into account 

the average dimension of molecules, it is needed the formation of nanogaps 

between the electrodes by different techniques. This way, mechanically 

controllable break junction (MCBJ) has been widely used for the creation of 

nanogaps, using metallic 24 as well as carbon-based electrodes 54 . It is based, 

as schemed in Figure 1.9, on the bending of a nanopatterned metallic wire, 

or graphene layer, on top of a flexible substrate by pushing down two lateral 

rods until the breaking of the material on top of the flexible support which 

result into two separated electrodes 55 . 

A A A A
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Figure 1.9. Basics of MCBJ technique. 

 

By this technique, and regarding the work performed with CCMoids, the 

electrical characterization measurements of two identical thiophene 

terminal CCMoids, displaying the S atoms in two different positions 

(resulting in 2- and 3-thphCCMoids, respectively) were conducted by 

Etcheverry-Berríos et al. 24. The chemical structure of the designed ligands, 

2-thphCCMoid and 3-thphCCMoid, shown in Figure 1.10, suggest the 

easier anchoring of the latter on gold substrates because of the outer location 

of the S atoms, which could result in a higher conductance, however 2-

thiophene moieties are well-known in polymers to behave as excellent 

electron transfer groups 56. The tests, at the single-molecule level, showed 

that 3-thphCCMoid presented a conductance value one order of magnitude 

higher than 2-thphCCMoid (3 x 10-4 and 3 x 10-5 Go), in agreement with 

DFT calculations. 

 

 

 

Figure 1.10 Chemical structure of 2-thphCCMoid and 3-thphCCMoid. 
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Two years later, Olavarria-Contreras et al. 18 explored the electron transport 

of three methyl thio (MeS-) based CCMoids, depicted in Figure 1.11; one of 

them was the pristine molecule (MeS-CCMoid), and the other two were 

coordinated compounds by binding the keto-enol moiety of MeS-CCMoid 

with BF2 and Cu(II) centres giving rise to MeS-CCMoid-BF2 and MeS-

CCMoid-Cu systems, respectively. The free ligand and the Cu(II) 

coordinated CCMoid presented a single and similar conductance value (3.9 

x 10-5 Go and 6.2 x 10-5 Go, in that order). However, they found two well-

differentiated conductance values for the -BF2 coordinated molecule, at 5.4 

x 10-5 and 1.4 x 10-4 Go, respectively. To understand this behaviour, three 

more -BF2 coordinated molecules with different anchoring groups, (s-

thiocarbamate, 3-thiophene, and methyl thio- groups), were studied. They 

concluded that only CCMoids with -BF2 and MeS- ends presented the same 

bistable behaviour, associating that special characteristic to the combination 

of the -BF2 coordination and the presence of MeS- anchoring groups. 

Theoretical calculations indicated that this special compound tends to 

exhibit small conformational changes (by the rotation of the MeS- groups) 

that affect the dipolar moment of the entire molecule, explaining the 

existence of two conductance values and to the observed shift between them.  

 

 

 

 

 

Figure 1.11. Chemical structure of MeS-CCMoid and its -BF2 and Cu(II) 

coordinated derivatives. 
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The most recent CCMoid investigation using MCBJ technique is dated to 

2020. Dulic et al. 19 studied the conductance of three CCMoids having 

fullerene groups in, as central legs, and methyl thio terminal arms, as Figure 

1.12 shows. The fullerenes bonded to the central position vary: C60, C70 and 

a functionalized C60. In all the cases, the insertion of the fullerene group 

modified the conformation of the CCMoids, from linear, when not attached 

to fullerene, to V-shaped, after the attachment. Surprisingly, that dramatic 

change did not influence in the conductance values obtained by comparing 

the linear and V-shaped CCMoids, ranging between 1 - 4x10-5 Go. 

Additionally, the non-functionalized C60-CCMoid displayed an additional 

lower conductance value, which corresponded to an additional asymmetric 

junction created by the methyl thio moiety of the CCMoid of one side and 

the fullerene group on the other side. 

 

 

 

 

 

 

Figure 1.12. Chemical structure of CCM-C60. 

 

In the literature, the nanogapped electrodes have been mainly metallic, 

particularly most of them made of gold. However, due to the high atom 

mobility, Au nanoelectrodes tend to be unstable at room temperature 57 , 

driving scientists to examine stable alternatives, finding carbon-base 

electrodes, especially graphene, as a suitable substitute 25. 
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In addition to the above mentioned MCBJ 54, electroburning 25 is another 

methodology that allows the nanometric separation between graphene 

electrodes, providing 1-2 nm gaps. Electroburning, represented in Figure 

1.13 is based on the application of consecutive voltage ramps, between the 

graphene electrodes, while recording the current intensity 25. When the 

current intensity drops a certain percentage, which indicates breaking-down 

of the graphene layer, the voltage applied is automatically backed to zero by 

the feedback-control. Several cycles of voltage ramps are applied until the 

absence of current signal within the device, suggesting a complete breaking 

of the graphene layer, and the opening of a nanogap.  

 

 

 

 

 

Figure 1.13 Operation principle of electroburning. 

 

In 2011, Prins et al. 25 measured the conductance of the first CCMoid in an 

electroburned graphene based three-terminal device (source, drain and gate 

electrodes) at room temperature. The so-called 9ACCMoid (Figure 1.14 a), 

deposited molecule over the device, contained two anthracene moieties 

functioning as arms, capable to bind by π-π stacking with the graphene 

electrodes. They reported an increase of the current obtained at room and 

low temperature (10 K) when the CCMoid was present, compared to the 
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bare nanogap, demonstrating the performance as a nanowire of the CCMoid 

in the device. The length of 9ACCMoid, 1.68 nm, promoted a π-π interaction 

with the electrodes close to their defected electroburned edges due to the 1-

2 nm gap. In order to enhance the anchoring, by locating the anthracene 

groups further from the edges, few years later, Burzuri et al. 17 presented a 

CCMoid with an enlarged body, called 9ALCCCMoid, shown in Figure 

1.14b, which was 2.07 nm long. In a first stage was thought that this increase 

in length would result in lower conductance values due to the tunnel 

dependence with the distance. However, it was similar to the one found for 

9ACCMoid, which implied a stronger anchoring of the molecule.  

 

Figure 1.14. Chemical structures and lengths of a) 9ACCM and b) 9ALCCCMoid. 

 

At this point, this doctoral thesis project aims to contribute into the further 

explorations of CCMoids in molecular electronics, creating large area 

supramolecular CCMoid junctions as well as single polycyclic aromatic 

hydrocarbon (PAH) CCMoids junctions.  
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1.3. General objectives 

With the main objective of further exploring the use of CCMoids in the field 

of MEs, the following secondary objectives are proposed: 

• Due to the lack of studies of CCMoids framed inside the large area 

devices category, we proposed to gain insight into the electrical 

performance of CCMoids. For that, the creation of supramolecular 

host-guest complexes SAMs on gold bottom electrode with a 

ferrocene-based CCMoid acting as guest is explored and 

conductivity studies as molecular ensemble junctions will be studied 

with EGaIn. 

• Focusing on the application of CCMoids as individual nanowires, 

the preparation and use of extended CCMoids in single molecule 

graphene junctions, by enlarging the arms with bigger polyclyclic 

aromatic hydrocarbons (PAHs) is investigated. This enlargement 

would enhance the π-π attachments between the molecule and the 

graphene electrodes due to the further anchoring from the edges as 

well as due to the increase in the number of aromatic rings in the 

arms.  

• Additionally, in order to obtain more robust devices with single-

molecule junctions, the introduction of a reactive functionality in the 

centre (leg or head) of the extended CCMoids, which can react 

covalently with the base of the device maintaining the π-π 

attachments between the molecule and the graphene electrodes, will 

be explored. Therefore, CCMoid with a T-shape will be obtained as 

well. 

 

 



Chapter 1 

20 

References 

(1) Pettinari, C.; Marchetti, F.; Drozdov, A. Beta-Diketones and Related 

Ligands. Comprehensive coordination chemistry II. 2003, 97-115. 

(2) Vogel, A Jr. J. Pharm. Chem.1842, 3, 20. 

(3) Milobedzka, J.; Kostanecki, S.; Lampe, V. Zur Kenntnis des Curcumins. Ber. 

Dtsch. Chem. Ges.1910, 43, 2163– 2170. 

(4) Lampe, V.; Milobedzka, J. Studien uber Curcumin. Ber. Dtsch. Chem. 

Ges.1913, 46, 2235– 2237. 

(5) Pavolini, T. Nuova sintesi della Curcumina. Riv. Ital. Essenze, Profumi, 

Piante Officinali, 1937, 19, 167-168. 

(6) Pabon, H. J. J. A Synthesis of Curcumin and Related Compounds. Recl. Trav. 

Chim. Pays-Bas 1964, 83, 379–386. 

(7) Ferrari, E.; Lazzari, S.; Marverti, G.; Pignedoli, F.; Spagnolo, F.; Saladini, 

M. Synthesis, Cytotoxic and Combined CDDP Activity of New Stable 

Curcumin Derivatives. Bioorg. Med. Chem. 2009, 17 (8), 3043–3052. 

(8) Babu, K. V.; Rajasekharan, K. N. Simplified Condition for Synthesis of 

Curcumin I and Other Curcuminoids. Org. Prep. Proced. Int. 1994, 26 (6), 

674–677.  

(9) Pore, D.; Alli, R.; S.C. Prabhakar, A.; R. Alavala, R.; Kulandaivelu, U.; 

Boyapati, S. Solid-Phase Microwave Assisted Synthesis of Curcumin 

Analogs. Lett. Org. Chem. 2012, 9 (6), 447–450. 

(10) Kim, E.; Felouat, A.; Zaborova, E.; Ribierre, J. C.; Wu, J. W.; Senatore, S.; 

Matthews, C.; Lenne, P. F.; Baffert, C.; Karapetyan, A.; Giorgi, M.; 

Jacquemin, D.; Ponce-Vargas, M.; Guennic, B. Le; Fages, F.; D’Aléo, A. 

Borondifluoride Complexes of Hemicurcuminoids as Bio-Inspired Push-

Pull Dyes for Bioimaging. Org. Biomol. Chem. 2016, 14 (4), 1311–1324. 



Introduction and objectives 

21 

(11) Wichitnithad, W.; Nimmannit, U.; Wacharasindhu, S.; Rojsitthisak, P. 

Synthesis, Characterization and Biological Evaluation of Succinate 

Prodrugs of Curcuminoids for Colon Cancer Treatment. Molecules 2011, 16 

(2), 1888–1900. 

(12) Pedersen, U.; Rasmussen, P. B.; Lawesson, S. O.; Pedersen, U.; Rasmussen, 

P. B.; Lawessont, S.-O. Synthesis of Naturally Occurring Curcuminoids and 

Related Compounds. Liebigs Ann. Chem. 1985. 1985 (8), 1557-1569. 

(13) Gopinath, H.; Karthikeyan, K. Turmeric: A condiment, cosmetic and 

cure. Indian J Dermatol. Venereol. Leprol. 2018, 84 (1), 16-22.  

(14) Madamsetty, V. S.; Vazifehdoost, M.; Alhashemi, S. H.; Davoudi, H.; 

Zarrabi, A.; Dehshahri, A.; Fekri, H. S.; Mohammadinejad, R.; Thakur, V. K. 

Next-Generation Hydrogels as Biomaterials for Biomedical Applications: 

Exploring the Role of Curcumin. ACS Omega. 2023, 8 (10) 8960–8976. 

(15) Hewlings, S. J.; Kalman, D. S. Curcumin: A Review of Its Effects on Human 

Health. Foods. 2017, 6 (10), 92. 

(16) Maheshwari, R. K.; Singh, A. K.; Gaddipati, J.; Srimal, R. C. Multiple 

Biological Activities of Curcumin: A Short Review. Life Sci.  2006, 78 (18), 

2081–2087. 

(17) Burzurí, E.; Island, J. O.; Díaz-Torres, R.; Fursina, A.; González-Campo, A.; 

Roubeau, O.; Teat, S. J.; Aliaga-Alcalde, N.; Ruiz, E.; Van Der Zant, H. S. J. 

Sequential Electron Transport and Vibrational Excitations in an Organic 

Molecule Coupled to Few-Layer Graphene Electrodes. ACS Nano 2016, 10 

(2), 2521–2527. 

(18) Olavarría-Contreras, I. J.; Etcheverry-Berríos, A.; Qian, W.; Gutiérrez-

Cerón, C.; Campos-Olguín, A.; Sañudo, E. C.; Dulić, D.; Ruiz, E.; Aliaga-

Alcalde, N.; Soler, M.; Van Der Zant, H. S. J. Electric-Field Induced 

Bistability in Single-Molecule Conductance Measurements for Boron 

Coordinated Curcuminoid Compounds. Chem. Sci. 2018, 9 (34), 6988–6996. 

(19) Dulić, D.; Rates, A.; Castro, E.; Labra-Muñoz, J.; Aravena, D.; Etcheverry-

Berrios, A.; Riba-López, D.; Ruiz, E.; Aliaga-Alcalde, N.; Soler, M.; 



Chapter 1 

22 

Echegoyen, L.; Van Der Zant, H. S. J. Single-Molecule Transport of 

Fullerene-Based Curcuminoids. J. Phys. Chem. C. 2020, 124 (4), 2698–2704. 

(20) Rodríguez-Cid, L.; Qian, W.; Iribarra-Araya, J.; Etcheverry-Berríos, Á.; 

Martínez-Olmos, E.; Choquesillo-Lazarte, D.; Sañudo, E. C.; Roubeau, O.; 

López-Periago, A. M.; González-Campo, A.; Planas, J. G.; Soler, M.; 

Domingo, C.; Aliaga-Alcalde, N. Broadening the Scope of High Structural 

Dimensionality Nanomaterials Using Pyridine-Based Curcuminoids. Dalton 

Trans. 2021, 50 (20), 7056–7064. 

(21) Riba-López, D.; Zaffino, R.; Herrera, D.; Matheu, R.; Silvestri, F.; Ferreira 

da Silva, J.; Sañudo, E. C.; Mas-Torrent, M.; Barrena, E.; Pfattner, R.; Ruiz, 

E.; González-Campo, A.; Aliaga-Alcalde, N. Dielectric Behavior of 

Curcuminoid Polymorphs on Different Substrates by Direct Soft Vacuum 

Deposition. iScience 2022, 25 (12), 105686. 

(22) Su, H.; Sun, F.; Jia, J.; He, H.; Wang, A.; Zhu, G. A Highly Porous Medical 

Metal-Organic Framework Constructed from Bioactive Curcumin. Chem. 

Commun. 2015, 51 (26), 5774–5777. 

(23) Rodríguez-Cid, L.; Sañudo, E. C.; López-Periago, A. M.; González-Campo, 

A.; Aliaga-Alcalde, N.; Domingo, C. Novel Zn(II) Coordination Polymers 

Based on the Natural Molecule Bisdemethoxycurcumin. Cryst. Growth. Des. 

2020, 20 (10), 6555–6564. 

(24) Etcheverry-Berríos, A.; Olavarría, I.; Perrin, M. L.; Díaz-Torres, R.; Jullian, 

D.; Ponce, I.; Zagal, J. H.; Pavez, J.; Vásquez, S. O.; van der Zant, H. S. J.; 

Dulić, D.; Aliaga-Alcalde, N.; Soler, M. Multiscale Approach to the Study of 

the Electronic Properties of Two Thiophene Curcuminoid Molecules. Chem. 

Eur. J. 2016, 22 (36), 12808–12818. 

(25) Prins, F.; Barreiro, A.; Ruitenberg, J. W.; Seldenthuis, J. S.; Aliaga-Alcalde, 

N.; Vandersypen, L. M. K.; Van Der Zant, H. S. J. Room-Temperature 

Gating of Molecular Junctions Using Few-Layer Graphene Nanogap 

Electrodes. Nano Lett. 2011, 11 (11), 4607–4611. 

(26) https://datareportal.com/reports/digital-2023-global-overview-report 

https://datareportal.com/reports/digital-2023-global-overview-report


Introduction and objectives 

23 

(27) Ieong, M.; Doris, B.; Kedzierski, J.; Rim, K.; Yang, M. Silicon Device Scaling 

to the Sub-10-Nm Regime. Science. 2004, 306 (5704), 2057–2060.  

(28) https://www.intel.es/content/www/es/es/history/museum-story-of-

intel-4004.html?wapkw=4004. 

(29) https://www.apple.com/es/newsroom/2023/06/apple-introduces-m2-

ultra/. 

(30) Moore, G. E. Cramming more components onto integrated circuits, 

Reprinted from Electronics, 1965, 38 (8), 114. J. IEEE solid-state 

circuits. 2006, 11(3), 33-35. 

(31) Li, T.; Bandari, V. K.; Schmidt, O. G. Molecular Electronics: Creating and 

Bridging Molecular Junctions and Promoting Its Commercialization. Adv. 

Mater. 2023, 35 (22), 2209088. 

(32) Xiang, D.; Wang, X.; Jia, C.; Lee, T.; Guo, X. Molecular-Scale Electronics: 

From Concept to Function. Chem. Rev. 2016, 116 (7), 4318–4440. 

(33) Mann, B.; Kuhn, H. Tunneling through Fatty Acid Salt Monolayers. J. Appl. 

Phys. 1971, 42 (11), 4398–4405. 

(34) Aviram, A. Ratner, M. A. Molecular Rectifiers. Chem. Phys. Lett. 1974, 29 

(2), 277-283. 

(35) Feynman, R.P. Plenty of room at the bottom. APS Annual meetings. 1960.   

(36) Joachim, C.; Gimzewski, J. K.; Schlittler, R. R.; Chavy, C. Electronic 

Transparence of a Single C60 Molecule. Phys. Rev.Lett. 1995, 74 (11) 2102-

2105. 

(37) Bumm, L. A.; Arnold, J. J.; Cygan, M. T.; Dunbar, T. D.; Burgin, T. P.; Jones, 

L.; Allara, D. L.; Tour, J. M.; Weiss, P. S. Are single molecular wires 

conducting? Science, 1996, 271(5256), 1705-1707. 

(38) Reed, M. A.; Zhou, C.; Muller, C. J.; Burgin, T. P.; Tour, J. M. Conductance 

of a Molecular Junction. Science. 1997, 278 (5336) 252-254. 



Chapter 1 

24 

(39) El Abbassi, M.; Sangtarash, S.; Liu, X.; Perrin, M. L.; Braun, O.; Lambert, 

C.; van der Zant, H. S. J.; Yitzchaik, S.; Decurtins, S.; Liu, S. X.; Sadeghi, H.; 

Calame, M. Robust Graphene-Based Molecular Devices. Nat. Nanotechnol. 

2019, 14 (10) 957–961.  

(40) Liu, Y.; Qiu, X.; Soni, S.; Chiechi, R. C. Charge Transport through 

Molecular Ensembles: Recent Progress in Molecular Electronics. 

Chem.Phys. Rev. 2021, 2 (2), 021303. 

(41) Sun, L.; Diaz-Fernandez, Y. A.; Gschneidtner, T. A.; Westerlund, F.; Lara-

Avila, S.; Moth-Poulsen, K. Single-Molecule Electronics: From Chemical 

Design to Functional Devices. Chem. Soc. Rev. 2014, 43 (21), 7378–7411. 

(42) Gorenskaia, E.; Turner, K. L.; Martín, S.; Cea, P.; Low, P. J. Fabrication of 

Metallic and Non-Metallic Top Electrodes for Large-Area Molecular 

Junctions. Nanoscale. 2021, 13 (20), 9055–9074. 

(43) Yuan, L.; Thompson, D.; Cao, L.; Nerngchangnong, N.; Nijhuis, C. A. One 

Carbon Matters: The Origin and Reversal of Odd-Even Effects in 

Molecular Diodes with Self-Assembled Monolayers of Ferrocenyl-

Alkanethiolates. J.Phys. Chem. C 2015, 119 (31), 17910–17919. 

(44) Zhao, S.; Chen, H.; Qian, Q.; Zhang, H.; Yang, Y.; Hong, W. Non-Covalent 

Interaction-Based Molecular Electronics with Graphene Electrodes. Nano 

Research. 2023, 16 (4), 5436–5446. 

(45) Jia, C.; Guo, X. Molecule–Electrode Interfaces in Molecular Electronic 

Devices. Chem. Soc. Rev. 2013, 42 (13), 5642–5660. 

(46) Vilan, A.; Aswal, D.; Cahen, D. Large-Area, Ensemble Molecular 

Electronics: Motivation and Challenges. Chem. Rev. 2017, 117 (5), 4248–

4286. 

(47) Ratner, M. A Brief History of Molecular Electronics. Nature Nanotechnol. 

2013, 8 (6), 378–381 

(48) Zasadzinski, J. A.; Viswanathan, R.; Madsen, L.; Garnaes, J.; Schwartz, D. 

K. Langmuir-Blodgett Films. Science 1994, 263 (5154), 1726-1733. 



Introduction and objectives 

25 

(49) Herrer, L.; Martín, S.; Cea, P. Nanofabrication Techniques in Large-Area 

Molecular Electronic Devices. Appl. Sci. 2020, 10 (17) 6064. 

(50) Chiechi, R. C.; Weiss, E. A.; Dickey, M. D.; Whitesides, G. M. Eutectic 

Gallium-Indium (EGaIn): A Moldable Liquid Metal for Electrical 

Characterization of Self-Assembled Monolayers. Angew. Chem. Int. Ed. 

2008, 47 (1), 142–144. 

(51) Nijhuis, C. A.; Reus, W. F.; Whitesides, G. M. Molecular Rectification in 

Metal-SAM-Metal Oxide-Metal Junctions. J. Am. Chem. Soc. 2009, 131 (49), 

17814–17827. 

(52) Wimbush, K. S.; Reus, W. F.; Van Der Wiel, W. G.; Reinhoudt, D. N.; 

Whitesides, G. M.; Nijhuis, C. A.; Velders, A. H. Control over Rectification 

in Supramolecular Tunneling Junctions. Angew. Chem. Int. Ed. 2010, 49 (52), 

10176–10180. 

(53) Li X.; Zhou, S.; Zhao, Q.; Chen, Y.; Qi, P.; Zhang, Y.; Wang, L.; Guo, C.; 

Chen, S. Supramolecular Enhancement of Charge Transport through Pillar 

5 Arene‐Based Self‐Assembled Monolayers. Angew. Chem. Int. Ed. 2023, 

e202216987. 

(54) Caneva, S.; Gehring, P.; García-Suárez, V. M.; García-Fuente, A.; Stefani, 

D.; Olavarria-Contreras, I. J.; Ferrer, J.; Dekker, C.; van der Zant, H. S. J. 

Mechanically Controlled Quantum Interference in Graphene Break 

Junctions. Nat. Nanotechnol. 2018, 13 (12), 1126–1131. 

(55) Martin, C. A.; Ding, D.; Van Der Zant, H. S. J.; Van Ruitenbeek, J. M. 

Lithographic Mechanical Break Junctions for Single-Molecule 

Measurements in Vacuum: Possibilities and Limitations. New J Phys 2008, 

10 (6),065008. 

(56) Li, Y.; Yuan, X.; Kim, S.; Zhang, Y.; Xie, D.; Tan, X.; Yang, C.; Huang, X.; 

Huang, F.; Cao, Y.; Duan, C. Revealing the Molecular Weight Effect on 

Highly Efficient Polythiophene Solar Cells. ACS Appl. Mater. Interfaces. 

2023, 15 (24), 29341–29351. 



Chapter 1 

26 

(57) O’Neill, K.; Osorio, E. A.; Van Der Zant, H. S. J. Self-Breaking in Planar 

Few-Atom Au Constrictions for Nanometer-Spaced Electrodes. Appl. Phys. 

Lett. 2007, 90 (13) 133109. 

  



 

Chapter 2 

CCMoid-based host-guest 
complexes as active components in 

two-terminal devices 
 

In this section, we examine the behaviour of a curcuminoid containing 

ferrocene units (Fc) as lateral terminal groups, (FcCCMoid) and its 

supramolecular host-guest encapsulation in aqueous solutions with CB[7] 

and βCD macrocycles, respectively, and onto gold substrates as well. 

Specifically, we investigate the preparation of short thiolated βCD and 

CB[7] SAMs on Au and their supramolecular complexation with 

FcCCMoid to measure their conductivity using EGaIn as top electrode. 
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2.1. Introduction 

The Nobel prize in Chemistry in 1987, Jean Marie Lehn, defined 

supramolecular chemistry as the chemistry that includes all the organized 

systems of higher complexity that arises from the association of different 

chemical species held by non-covalent interactions 1. These interactions are 

mainly intermolecular forces such as Van der Waals interactions, hydrogen 

bonds or hydrophobic interactions. The smallest class of organization in 

supramolecular chemistry is the host-guest systems, which are based on 

molecular recognition interactions between pairs of molecules or ions 2. 

Cyclodextrins (CDs) and cucurbiturils (CBs) are two families of water-

soluble macrocycles whose inner hydrophobic cavities allow to form 

inclusion systems, in aqueous solutions, with different guests such as 

viologens (V), adamantane (Ad) or ferrocene (Fc) groups, the latter being 

the subject of study in this chapter. CDs are natural products comprised by 

glycose repetitive units. Depending on the number of glycose units (6, 7 or 

8), α, β or γ CDs can be obtained, in that order. On the other hand, CBs are 

synthetically prepared by the condensation of glycoluryl repetitive units 

with formaldehyde. As in the previous case, depending on the number of 

repeated units, different CBs can be obtained. The most common are: CB[6], 

CB[7] and CB[8], with 6,7 or 8 glycoluryl moieties, respectively 3. 

Both families are being compared between them due to their similar cavity 

size, as Table 2.1 collects. However, they differ in chemical composition and 

also in the possible binding interactions. CBs exhibit two indistinguishable 

opening cavities, because of the presence of a symmetric axis, whereas, CDs 

show two different cavity openings both in size and composition. 

Additionally, while both families can interact with guests through 

hydrophobic interactions, CBs can also interact with positively charged 

guests via ion-dipole forces due to the presence of the two carbonyl groups 
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3. These variations lead to different complex stabilities depending on the 

oxidation state of the guest.  

 

 αCD βCD γCD CB[6] CB[7] CB[8] 

Cavity (Å) (a) 5.3 6.5 8.3 5.8 7.3 8.8 

Inner diameter (Å) 

(b) 
4.7 5.3 7.5 3.9 5.4 6.9 

Height (Å) (c) 7.9 7.9 7.9 9.1 9.1 9.1 

Outer diameter (Å) 

(d) 
14.6 15.4 17.5 14.4 16.0 17.5 

 
Table 2.1. Dimensions of the most common macrocycles in the CDs and CBs 

families. 

 

Ferrocene is one of the widely explored guest units for both families due to 

its proper size, reversible redox activity and high binding affinities 4. A 

comparative study of the CB and CD families upon ferrocene complexation 

by Jeon et al. 3, demonstrated that the complex stability between CB and 

reduced Fc depends on the substituents of the latter, being the positively 

charged systems the most stable because of the additional ion-dipole forces 

with the carbonyl groups, followed by the neutral ones, while the negatively 

charged Fc derivatives showed no binding with the host owing to the 

repulsion with the carbonyl groups. In contrast, CD forms similar stable 

complex with all Fc derivatives analysed.  
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Additionally, focusing on Fc systems, another significant difference between 

the two macrocycle families must be highlighted; Mastue et al. 5 stablished 

the electron transfer mechanism for Fc in presence of βCD based on their 

electrochemical results analysing the ferrocene carboxylate anion. The 

process involves a first dissociation step of the complex before oxidation, 

and the incapacity of the host to encapsulate the oxidized specie, as Figure 

2.1 a show. In spite of this common behaviour, Ong et al. 6, demonstrated a 

different path followed by Fc+ units to be reduced when CB act as host. 

These authors show that the electron transference did not occur by a 

dissociation step and that the {Fc}+ molecule remained in its encapsulated 

form as Figure 2.1 b summarised. 

 
 
 

 

 
 
Figure 2.1. Electron transfer mechanism of the inclusion complexes of Fc with a) 

βCD and b) CB[7]. 

 

To fully explore the potential of supramolecular chemistry, scientists have 

directed their efforts towards investigating the host-guest binding 

chemistry on surfaces. However, a comparison of the number of publications 

related to βCD/CB[7]@Fc in solution versus on surfaces indicates that 
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there is still a plenty of room for research on solid substrates 7. Furthermore, 

it is worth noting that CB[7] has not been studied as extensively as βCD in 

terms of its capabilities as a host molecule. 

Investigations related to these encapsulated systems on surfaces are of great 

interest for bio-applications such as protein immobilization 8, 9, enrichment 

of labelled proteins 10, cell adhesion 11 and biosensors 12,13,14. These hosts 

have also been analysed as self-healing hydrogels 15, underwater adhesive 16 

as well as basic recognition pairs 17.  

Regarding this matter, only the focus of a small portion of the reported 

research is in the field of Molecular Electronics. Several top electrodes have 

been contacted to the different supramolecular systems to measure the 

changes in current within the molecular junctions and to determine the 

electrical behaviour of the devices.  

Wang et al. 18 employed the STM-BJ technique to explore the conductance 

of CB[5], CB[6], and CB[7] molecules. The STM probe was brought into 

contact with the modified substrate with a host molecule and then 

withdrawn to collect the tunnelling current as a function of the probe 

retraction. The conductance histogram of CB[5], showed a peak at 10 -3.9 G0 

while two times lower conductance values were found for CB[6], and 

CB[7], 10 -4.05 and 10 -4.15 G0, respectively.  

One year earlier, the conductance of CB[7] and CB[7]@Fc modified gold 

substrate was measured by the STM-BJ technique. The conductance 

histogram of CB[7] displayed a peak at 6.8 × 10−5 G0, while for the 

CB[7]@Fc assembly, two peaks were observed, one around 4.4 × 10−3 G0 

and the other overlapped with the empty CB[7] 19.  

Several studies were also focused on investigating the behaviour of devices 

loaded with Fc systems acting as molecular rectifiers, which the overall 

systems are two-terminal devices that allow current flow in one direction 
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while blocking it in the reverse direction 20. Two crucial requirements must 

be fulfilled to achieve that performance when these self-assembled 

monolayers (SAMs) are involved. First, a molecule with a HOMO level close 

to the Fermi levels of the electrodes must be connected. Second, the active 

part of the molecule should be asymmetrically located inside the junction, 

with the HOMO energy level of the molecular system closer to one electrode 

but far from the other 21.  

These studies were performed using EGaIn as top electrode. Although it 

was briefly described in Chapter 1, here we provide more detailed 

information due to its use in this chapter. To summarize, EGaIn is a eutectic 

mixture of Ga (75.5 %) and In (24.5 %) that presents a Non-newtonian 

behaviour due to the creation of a Ga2O3 layer over the EGaIn mixture in 

presence of oxygen 22. This particularity provides this material malleability 

properties, used in this case to prepare conical tips acting as top electrodes. 

However, it also exhibits some weaknesses, specially related to the Ga2O3 

formed layer, which present a roughness surface and whose thickness can 

vary with time depending on the measurement conditions, making difficult 

to know the effective contact area 22.  

Before the contact with the SAM, the EGaIn probe must be created. In the 

process 22, a drop of the EGaIn suspended from a filled syringe contacts a 

bare gold surface, creating a filament of EGaIn between the probe and the 

gold platform. The filament is becoming thinner until breaking while 

retracting the syringe, providing a tip attached to it. A sharp drop remains 

immobilized on the bare gold and is finally discarded, as it is shown in Figure 

2.2. The EGaIn probe suspended from the needle remains conically shaped, 

without turn backwards towards drop shape, due to the Ga2O3 layer formed 

in presence of oxygen. 
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Figure 2.2. EGaIn probe formation process. Image obtained from reference 22.  

 

 
Once the tip has been formed, the electrode-SAM contact is performed, 

which is controlled through a camera included in the EGaIn setup. Finally, 

to explore the conductivity of the SAM, after the proper electrical 

connections, being the bottom substrate grounded, cycles of positive to 

negative bias (V) are applied to the EGaIn electrode while the current 

density (J) is recorded 22. In order to have reliable results, statistics are 

needed, due to the difference between every molecular junction formed, 

owing to possible defects in the SAM or in the bottom electrode. 

Wimbush et al. 23, conducted experimental studies of the electron transport 

through supramolecular platforms using Au and EGaIn as bottom and top 

electrodes, respectively. They compared the current density of a Fc, biFc or 

Ad functionalised dendrimer guest molecules that interacted with a well 

packed undecanothioether functionalized βCD SAM. They claimed the 

presence of Fc was necessary for the junction to act as a molecular rectifier, 

because the HOMO of the Fc unit was close to the Fermi levels of the 

electrodes. Moreover, they asymmetrically placed the Fc moieties close to 

the EGaIn but separated from the gold by an 11 carbon alkyl chain 

cyclodextrin. 

EGaIn tip 



Host-guest complexes as active components in two terminal devices 
 

 
35 

In a similar way, Yuan et al. 24 studied the rectification over a 13 C-

alkanethiol SAMs containing a Fc moiety in different positions of the 

molecular chain. The electron transfer results were grouped into four 

different categories based on the Fc location in the chain. Rectification was 

low when Fc was placed in the 1st or 2nd carbon close to the bottom electrode. 

It increased substantially when Fc was bonded to the 3rd C, but it decreased 

again if the Fc was further from the bottom electrode by 4 or 5 carbons of 

the chain. Rectification remained low when Fc occupied the middle position 

of the chain (from C5 to C9) and it increased abruptly when it was separated 

from the Ga2O3 EGaIn less than 5 carbons, from C9 to C13. However, even 

though rectification occurred only in specific positions of the Fc within the 

molecular unit, they concluded that the devices that did not act as rectifiers, 

allowed the current to flow at both negative and positive bias. 

Recently, EGaIn has been used to explore the conductivity of a host guest 

complex with a completely different host and guest described above. 

Specifically, pillar-5-arene (P5A), a macrocycle which possess an electron 

rich cavity capable of encapsulating cationic guests, acted as the host 

molecule. In that work 25, a SAM of a thiolated pillar5arene (P5SA) was 

grown on a gold substrate and the conductivity was measured before and 

after the incorporation of various adamantanyl-tailed cationic guests 

containing different cations. They detected an increase in the current up to 

2 orders of magnitude when the guests were present and, in addition, the 

host-guest system with the highest binding affinity exhibited the most 

significant enhancement in current density. Thus, it is possible to tune the 

conductance of the system by playing with the encapsulation of guests with 

different binding affinities.  

However, to date, there has been no EGaIn studies using CCMoids as 

molecular wires. Moreover, the use of a shorter βCD SAM or CB[7] SAMs, 

that can act as host of such CCMoids, is also a new approach for 

supramolecular electronics. Therefore, in this section we propose the 
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functionalization of Au substrates with short thiolated-βCD and CB[7] 

SAMs to investigate their conductivity through supramolecular complexes 

with a ferrocene based curcuminoid, FcCCMoid, using the EGaIn as top 

electrode, as it is represented in Figure 2.3.  

 

 

 

 

 

 

 

 

Figure 2.3. Representation of the top EGaIn electrode contacting short thiolated 

βCD (left) and a CB[7] (right) host-guest complexes with FcCCMoid.  

 

2.2. Objectives 

As it was previously introduced, the objective of this chapter is to prepare 

supramolecular host-guest SAMs between ferrocene-based CCMoids and 

thiolated βCD or CB[7] on gold surfaces and to electrically characterize 

them by preparing supramolecular junctions.   

In order to fulfil this objective, several specific objectives are set:  

• Synthesis, modification and characterization of the host and guest 

molecules.  
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• Study of the formation of the CCMoid-based complexes with βCD 

and CB[7] in solution and on Au surfaces.  

• Study of the charge transport through the CCMoid supramolecular 

junctions using the EGain technique.  

 

 

2.3. Results and discussion 

2.3.1. Synthesis and characterization of 

FcCCMoid, 1 

2.3.1.1 Synthesis of FcCCMoid, 1 

FcCCMoid, 1, whose structure is shown in Figure 2.4, was synthesized 

following the modified Pabon’s reaction previously explained in Chapter 1 

in 77% yield. The designed CCMoid contains two active terminal Fc 

moieties, that are capable of interacting with the inner hydrophobic cavities 

of the host molecules, creating a supramolecular complex. 

 

 

 

 

Figure 2.4. Chemical structure of compound 1. 

 

Compound 1 was extensively characterized by several techniques including 
1H nuclear magnetic resonance (1H NMR), attenuated total reflectance- 

FcCCMoid, 1 

O O

FeFe

H
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Fourier transform infrared spectroscopy (ATR-FTIR), ultraviolet- visible 

absorption spectroscopy (UV-Vis), cyclic and differential pulse voltammetry 

(CV and DPV) and MADI-TOF mass spectrometry (spectrum shown in 

Annex II, Figure A2.1). 

 

2.3.1.2. 1H NMR of compound 1 

All CCMoids exhibit common traits in their NMR spectra that allow their 

identification and comparison. The most recognizable signals of the 

CCMoid skeleton are: (i) the central proton, which appears as a sharp singlet 

around 6 ppm, and (ii) the proton related to the enol form, which is the 

predominant tautomer in solution, appearing as a broad mountain around 

16 ppm. In some cases, depending on the deuterated solvent employed, the 

enol signal may not appear, due to exchange processes with the solvents. In 

addition, (iii) the signals attributed to the double bonds of the conjugated 

chain, usually appear in the same region as the aromatic ones, between 6 - 9 

ppm, and are differentiated by their relatively large coupling constant. 

These double bonds, which are in E conformation, present a large coupling 

constant between 14-16 Hz, whereas the ones for the aromatic protons of 

the arms vary between 1 and 7 Hz. 

The 1H NMR spectrum of compound 1 in CDCl3 is shown in Figure 2.5. 

The central proton H1, together with the enol one, H2, are observed in the 

mentioned regions. In this specific case, the usual six carbon aromatic rings 

of general CCMoids are substituted by Fc moieties. Thus, the only 

appreciable signals in the region between 6 and 9 ppm are those of the trans 

H3 and H4 protons from the CCMoid skeleton, with the H4 protons 

appearing at lower fields due to the higher deshielding effect produced by 

the keto-enol moiety. The two Fc units of the compound are equivalent, 

providing only three different signals: one corresponding to the 
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cyclopentadiene that is not bonded to the CCMoid structure and two 

assigned to the cyclopentadiene that is directly bonded to the CCMoid 

backbond.   

 

 

 

 

 

Figure 2.5. 1H NMR spectrum of compound 1 in CDCl3.  

 

2.3.1.3. ATR-FTIR spectroscopy of compound 1 

ATR-FTIR was done to identify the functional groups contained in 

compound 1. In Figure 2.6 the ATR-FTIR spectrum of 1 is presented. The 

keto-enol component of the CCMoid backbone was evidenced by the 

characteristic stretching vibration of the carbonyl moiety C=O at 1614 cm-

1. Additionally, the presence of Fc groups in the product was also confirmed 

by the appearance of the band at 478 cm-1 attributed to the cyclopentadiene 

(Cp) - Fe stretching vibration, together with the signals at 820, 963 and 

1110 cm-1, corresponding to the out of plane vibrations of the Cp rings 26,27.  
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Figure 2.6. ATR-FTIR spectrum of compound 1. 

 

2.3.1.4. UV-Vis absorption spectroscopy of compound 1  

UV-Vis experiments of 1 were carried out to extract electronic information 

of the compound, including the optical band gap. For that purpose, the 

measurements were performed in both, solution and in the solid-state, 

owing to the solvochromic behaviour of CCMoids 28.  

The UV-Vis spectrum of compound 1 in THF is shown in Figure 2.7. 

Oppositely to the general trend of CCMoids which exhibit the π- π* 

transition related to the backbone around 350 - 450 nm, in this specific case, 

that band is centred at 521 nm, showing a more intense peak at 392 nm 

assigned to the ferrocene species. 
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Figure 2.7. UV-Vis absorption spectrum of 1 in THF. 

 

A pellet of our CCMoid was prepared by mixing 0.1 mg of compound 1 and 

200 mg of KBr for the solid-state analysis. Figure 2.8 exhibits a spectrum 

similar to the solution one in terms of number of bands. However, both 

bands were shifted towards the red region, with a 9 nm shift observed in the 

case of the Fc and 27 nm in the case of the CCMoid skeleton. 

 

 

 

 

 

 

Figure 2.8. Solid UV-Vis absorption spectrum of 1. 

 

200 400 600 800
0.0

0.2

0.4

0.6

0.8

Wavelength (nm)

A
bs

 (
a.

u.
) 548401

300 400 500 600 700
0.0

0.1

0.2

0.3

0.4

0.5

Wavelength (nm)

A
bs

 (
a.

u.
)

521

392



Chapter 2 

42 

As mentioned above, the solvochromic behaviour of CCMoids, makes 

unreliable to calculate the band gap (Eg) of the product from the solution 

spectra, therefore the solid-state analysis was employed to extract the 

bandgap of the molecules, due to the similarities between the electronic 

transitions involved between two energetic levels, and the HOMO and 

LUMO levels. Eq. 2.1 could be applied directly for the calculation of the 

optical bandgap,  

𝐸𝐸𝑔𝑔 =  
h c
𝜆𝜆

                            Eq 2.1 

Where h = Plank’s constant (eV/s) and c= speed of light (nm/s).   

 

However, finally the Tauc’s equation 29, Eq. 2.2, was employed due to the 

better definition of the slope of the curve needed for the estimations. 

(αhν)1/𝑛𝑛  =  A  (hν −  Eg)       Eq 2.2    

 

Where: 

α (absorption coefficient) = 2.303 ∗ 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑙𝑙

   

l = sample thickness (cm) 

h =Plank’s constant (J/s) 

ν =Photon Frequency = 
𝑐𝑐

𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ (𝑚𝑚) 
 

c = speed of light (m/s) 

n=1/2 (for direct allowed transitions) 

A= proportionality constant 
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Plotting the (αhν)1/n versus (hν), the optical bandgap Egop corresponds with 

the intersection between the x axis with the tangent of the curve. Applying 

this methodology, Egop of 1 extracted from the Tauc’s plot represented in 

Figure 2.9, is 1.72 eV. 

 

 

 

 

 

 

Figure 2.9. UV-Vis spectrum in solid state of 1 using the Tauc’s plot of direct 

transition. 

 

2.3.1.5. Electrochemistry of compound 1: CV and DPV 

Fc and CCMoids are electroactive species that have been extensively studied 

by electrochemical techniques 30.  

To analyse the redox behaviour of compound 1 and gain insight into its 

bandgap HOMO and LUMO levels, voltametric measurements were 

performed, specifically, cyclic voltammetry (CV) and differential pulse 

voltammetry (DPV). 

The experiments were measured in dry THF using 0.1 M TBAPF6 as 

electrolyte, Pt wires as counter and reference electrodes and glassy carbon 

as working electrode. Fc was added as internal reference 31.  
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Figure 2.10 a displays the CV of compound 1. Several irreversible reduction 

processes and two oxidation waves were found in the voltammogram. A 

reversible oxidative wave was observed at a half wave potential (E1/2) of 0.1 

V which corresponds to the Fe (II)/Fe (III) transition of the Fc moieties. 

The appreciation of only one wave for the Fc species implies the independent 

behaviour of each Fc in the CCMoid, suggesting no-electronic 

communication between them. The first oxidation wave is followed by other 

irreversible signal attributed to the CCMoid chain observed at a higher 

voltage of 0.92 V.  

 

 

Figure 2.10. Oxidation and reduction a) CVs and b) DPVs spectra of compound 1. 

 

The DPV graph, exhibited in Fig 2.10 b, was used to calculate the 

approximated values of the HOMO and LUMO levels, which are related to 

the needed energy to extract or introduce an electron, therefore they can be 

correlated to the first electrochemical oxidation and reduction processes as 

Eq. 2.3 and Eq. 2.4 indicate. 

 

𝐸𝐻𝑂𝑀𝑂 =  − (𝐸𝑜𝑛𝑠𝑒𝑡 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛) + 4.8        𝐸𝑞 2.3   

𝐸𝐿𝑈𝑀𝑂 =  − (𝐸𝑜𝑛𝑠𝑒𝑡 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛) + 4.8         𝐸𝑞 2.4  
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Where 4.8 eV is the value of the Fc/Fc+ pair in vacuum.  

Finally, the bandgap can be calculated following Eq. 2.5. 

 

𝐸𝐸𝑔𝑔 =  (𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻) − (𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿)                          𝐸𝐸𝐸𝐸 2.5 

 

Table 2.2. summarizes the HOMO, LUMO and the Eg values obtained by 

applying the equations described above. The bandgap estimated for 1 was 

1.79 eV, exhibiting a semiconductor behaviour. This value is in agreement 

with the optical bandgap value extracted from the UV-Vis experiment, 

which was 1.72 eV, both certainly lower than most values reported for 

CCMoids in the literature 32, pointing out the relevant role of the 

coordination of two Fc units in the final energy distribution of the molecule.  

 

Table 2.2. Potential values for oxidation and reduction, HOMO, LUMO and 

electrochemical bandgap of compound 1.  

 

 

 

 

 

E onset ox 
(V) 

Eonset red 
(V) 

E HOMO 
(eV) 

E LUMO 
(eV) 

Eg 
(eV) 

-0.16 -1.95 -4.64 -2.85 1.79 
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2.3.2. Synthesis and characterization of 

thiolated-βCD, (SH-βCD) 

2.3.2.1 Synthesis of SH-βCD 

To enable the attachment of cyclodextrin onto gold substrates, the seven 

primary hydroxyl groups of the βCD were chemically modified by 

converting them into thiol groups, as it is outlined in Scheme 2.1. In a first 

reaction, the hydroxyl groups were transformed in presence of mesyl 

chloride and DMF at 65 oC for 2 days, into mesylate groups, which acted as 

better leaving groups for the subsequent nucleophilic substitution reaction 

(SN2) with thiourea in DMF at 70 oC for 19 h, to obtain the desired thiolated 

molecule (SH-βCD) 33.  

 

 

Scheme 2.1. Schematic representation of the preparation of SH- βCD.  

 

2.3.2.2 1H NMR of SH-βCD 

To aid in the interpretation of the result, Figure 2.11 shows the 1H NMR 

spectra of βCD, the intermediate mesyl-βCD and the final SH-βCD in 

DMSO-d6, along with the chemical structure of one of the 7 glycose 

repetitive units of each molecule.  
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The proton signals of the OH2 and OH3 groups appear at lower fields 

followed by the H1 proton, as seen in all the three spectra. The rest of the 

signals of the protons H3, H5 and H6 appear in the region between 3.2-4.4 

ppm along with H2 and H4, overlapped in all the cases with the water signal. 

Importantly, the signal of OH6 present in the starting material beta 

cyclodextrin disappears in the spectra of the intermediate and the final 

compounds, confirming the success of the reactions. However, the peaks of 

the methyl (CH3) and (SH) groups of mesyl-βCD and SH-βCD, which 

should appear around 3 ppm and 2 ppm are not detectable by this technique, 

maybe because of an overlap with the DMSO and water solvents.  

 

Figure 2.11. 1H NMR spectra of βCD, the intermediate mesyl-βCD and the final 

SH-βCD, in DMSO-d6 along with the chemical structure of one of the 7 glycose 

repetitive units of each molecule. 

 

The disappearance of the signal from involved hydroxyl groups of the initial 

cyclodextrin (OH6) in the 1H NMR spectra after the reaction, indicated the 

modification was favourable. Additional MALDI-TOF experiments to 

corroborate the synthesis of mesyl-βCD and SH-βCD were inconclusive, 

due to the impossibility to ionize the compounds.  
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 2.3.3. Supramolecular systems 

As it was previously commented, the non-covalent interactions that 

participate in the formation of the supramolecular complexes, between the 

Fc and the host systems, are hydrophobic interactions. Therefore, aqueous 

solutions are the ideal media to prepare these systems. However, it is 

important to highlight the insolubility of compound 1 in this media in order 

to understand certain results obtained in this study that will be developed 

below. 

 

2.3.3.1 Studies of the encapsulation systems in solution 

In the following section we describe the formation and characterization of 

the encapsulation complexes in solution between the host molecules, βCD 

or CB[7], and the guest, 1.  

 

2.3.3.1.1 Formation of the inclusion complexes 

Depending on the ratio between the precursors, four different βCD@1 and 

CB[7]@1 complexes can be produced in aqueous solution, since two Fc 

groups are comprised in compound 1. In βCD@1 1:1 and CB[7]@1 1:1 

mixtures, one equivalent of each reagent was mixed in an aqueous solution 

while in βCD@1 2:1 and CB[7]@1 2:1 systems, respectively, the double 

amount of βCD or CB[7] were added. Theoretically, the 1:1 systems should 

lead into a one free Fc group whereas, the 2:1 assemblies should result in a 

full encapsulation of Fc, where both Fc moieties would be covered by host 

molecules as represented in Figure 2.12.  
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Figure 2.12. Representation of the different host-guest complexes depending on 

the ratio between the precursors. 

 

2.3.3.1.2 UV-Vis absorption of the supramolecular complexes. 

The UV-Vis absorption experiments were conducted by measuring an 

aliquot of the 2:1 and 1:1 ratio solutions in a 1 cm quartz cuvettes every 24 

hours for a period of 18 days.  

Preliminary UV-Vis absorption studies shown in Figure 2.13 suggested a 

slow host-guest formation in all cases. The spectra of βCD@1 inclusion 

systems (Figure 2.13 a and 2.13 b) indicate that the arrangements were 

obtained after 17 days independently on the ratio of the precursors, when 

the absorption bands of the complex reached a maximum intensity.  

Regarding CB[7]@1 1:1 (Figure 2.13 c) the encapsulation system was 

accomplished in 14 days and after that time the absorbance decayed. 

Similarly, CB[7]@1 2:1 (Figure 2.13 d) was achieved after 14 days but in 

this case the maximum intensity remained constant for 3 more days.  

Other than that, the comparison between 1:1 and 2:1 supramolecular 

complexation experiments did not provide drastic changes to assess the 

creation of the desired arrangements independently, being difficult in both 

cases, for CB[7] and βCD, to discriminate and evaluate the creation of the 

so-called 1:1 and 2:1 supramolecular species. However, in both, the signals 

βCD@1 1:1 βCD@1 2:1 CB[7]@1 1:1 CB[7]@1 2:1 
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of 1 could be assessed revealing the creation of supramolecular entities that 

allows the solubility of such CCMoid in water. 

 

 

Figure 2.13. Variation of the UV-Vis absorption bands of a)βCD@1 1:1, b) 

βCD@1 2:1, c) CB[7]@1 1:1 and d) CB[7]@1 2:1 over 18 days period. 

 

2.3.3.1.3 CV of the supramolecular complexes 

The reversible electrochemical wave characteristic of Fc offers a great 

chance to study molecules and complexes containing Fc using voltametric 

techniques. Prior to performing CV analysis of the complexes, we conducted 

UV-Vis measurements to determine the time required to form the complex 

in presence of the electrolyte, as depicted in Figure A2.2 (see Annex II). 

Using Na2SO4 as electrolyte, the complex formation time was then reduced 

to 9 days. Therefore, CV measurements of the inclusion complexes 

containing 0.1 mM of Na2SO4 aqueous solution were carried out at 50 mV/s 
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using a glassy carbon working electrode, Pt counter electrode and Ag/AgCl 

reference electrode, at the moment of mixing the host and the guest (time 

zero), as well as 9 days later. The results were plotted in Figure 2.14. 

 

 

 

 

Figure 2.14. Voltammograms of a) βCD@1 1:1 b) βCD@1 2:1, c) CB[7]@1 1:1 

and d) CB[7]@1 2:1 supramolecular complexes. 

 

As explained in the introduction section of this chapter, the more complex 

electron transfer mechanism of βCD (Figure 2.1) was expected to yield more 

complex results. 1:1, 2:1 (Figure 2.14 a) and (2.14 b) as well as 10:1 (not 

shown) embedding provided three irreversible oxidation waves. A possible 

explanation, schemed in Figure 2.15, suggests a mixture of three different 

systems in the solution: free compound 1 (a), compound 1 with only one Fc 

included in the βCD cavity (b) and the complete encapsulation conformation 

(c). Since Fc is liberated before its oxidation, the signals observed in the CV 

are attributed to the pseudo complexes resulted from the disengagement of 
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the Fc (d,e,f). The wave below 0.2 V would correspond to the free compound 

1, (Figure 2.15, d) with both Fc oxidised. The band located at higher voltage, 

should be assigned to system f), which arises from the complete coverage of 

1. It provides a distinct signal compared to the free compound 1 due to the 

influence of the surrounding βCD. Finally, the intermediate signal would be 

attributed to the option e), where there is mixed valence owing to the 

presence of one reduced Fc and the other oxidised Fc. Although it is 

exemplified in Figure 2.15 e) that the Fc close to the βCD is the one 

oxidised, it cannot be assessed which Fc is indeed oxidised.  

 

 

 

Figure 2.15. Possible explanation of the different redox processes involved in the 

CVs of βCD@1 systems. 

 

When CB[7] acted as host, a reversible oxidation wave was observed at 0.11 

V in both complexes after 9 days. As Figures 2.14 c) and d) illustrate, the 

a) b) c) 

d) e) f) 

V>0 V>0 V>0 

Fe2 (III)+2 Fe2 (II/III)+ Fe2 (III/III)+2 
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oxidation peak of free compound 1 after 9 days appears at the same voltage 

than the encapsulated Fc, making it impossible to distinguish between them. 

This fact does not exactly coincide with the literature, where in general has 

been reported a shift to more anodic values (ranging from 10 to 100 mV 

depending on the neutral or positively charged Fc derivatives) when the Fc 

is inside the CB[7] cavity, suggesting minor or major differences in the 

stabilities of the complexes formed by reduced or oxidised Fc 3. However, as 

the electron transfer mechanism depicted in Figure 2.1 demonstrates, the Fc 

remains inside the cavity of the CB[7] during oxidation, therefore it is 

possible to find the oxidation potential for the free and confined Fc so close 

that they may become indistinguishable. Although the literature highlights 

a decrease in intensity after the formation of the supramolecular system 3, 

our results show a higher intensity signal, although it may be taken into 

account that the ealier conclusions are based on systems containing only one 

Fc moiety. Our hypothesis here relates to the increase in solubility of the 

CCMoid in aqueous solution in presence of the host, which would provide a 

bigger band.  

Unfortunately, due to the limited solubility of 1 and its rather low (and slow) 

inclusion complexes in water, we were unable to obtain further results from 

additional characterization techniques, such as 1H NMR or isothermal 

titration calorimetry (ITC), that could have been extremely useful for 

determining the ratio of the host and guest of the system as well as the 

association constant in solution.  
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2.3.3.2 Studies of the host-guest complexes on gold 

surfaces 

2.3.3.2.1 Gold substrates 

The template stripped gold substrates (AuTS) are employed when working 

with SAMs and EGaIn top electrode in order to minimize defects in the 

surface that can affect the SAM and therefore to the conductivity 

measurements 34. To achieve this, AuTS were functionalized with the desired 

systems and characterized afterwards.  

Basically, TS methodology 35, represented in Figure 2.16, consist on 

evaporating a layer of gold onto a flat surface, a silicon wafer in our case. 

Then, the deposited gold is glued upside down onto a cleaned glass platform 

using an epoxy resin, and finally stripped from the silicon wafer obtaining a 

fresh surface ready to use. 

 

 

 

 

 

 

 

 

 

Figure 2.16. Protocol for building template stripped gold surfaces. 
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2.3.3.2.2 Formation of the supramolecular complex on Au 

The functionalization of the gold support with the supramolecular complex 

involved a two-step process, as Figure 2.17 summarizes. The first 

monolayer which contains the host, was created by the self-assembly 

methodology. It relies on the spontaneous chemisorption of molecules over 

the substrates due to the presence of a terminal group capable to be 

chemisorbed onto the substrate 36, the thiol –SH group in the SH-βCD and 

the carbonyl -C=O group in the CB[7], respectively 33,37,38.  

The experimental process consisted in a first formation of the host SAM by 

the substrate immersion in a 1 mM solution of the host for a specific time: 

18 h in the SH-βCD solution and 24 h in the CB[7] solution. After that 

time, the substrate was washed with Milli-Q water to remove any 

physisorbed material. Due to solubility items, the solution of CB[7] was 

prepared using Milli-Q water as solvent, whereas a mixture of DMSO:H2O 

(3:2) was needed to dissolve the SH-βCD.  

The second step, which implies the incorporation of the guest, was possible 

thanks to the hydrophobic interactions between the Fc and the hosts in 

aqueous media. Ideally, the substrate should have been submerged in a pure 

aqueous solution of 1. However, since 1 is totally insoluble in water, a 

minimum amount of DMSO (20 %) had to be added to facilitate the inclusion 

of the guest. Besides, the substrate in this case was vertically placed in the 

solution in order to prevent the deposition of aggregates of 1 on it, as well 

as to incorporate a magnetic stirrer to help with the stirring of the solution 

during the 24 h of incubation of the host functionalized substrate. 
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Figure 2.17. Protocol for the formation of the host-guest system on Au surfaces. 

Initially, five concentrations of 1 (4.06 mM, 0.40 mM, 0.20 mM, 0.10 mM 

and 0.04 mM) were used to determine the optimal conditions for the 

supramolecular complex formation. Figure 2.18 shows the final supports 

after the entire incubation process in the different concentrated solutions. 

An excess of 1, detected as a remaining purple stain, was observed on the 

substrates immersed in the two highest-concentration solutions of 1. As 

compound 1 is not completely soluble in the DMSO:H2O (1:4) mixture, some 

aggregates that cannot be removed by rinsing with Milli-Q water, were 

deposited on the top of the surfaces, giving rise to dirty substrates. It is not 

possible to wash these surfaces with organic solvents, where compound 1 is 

soluble, because the compound included in the cavity of the host would also 

be dissolved, destroying the supramolecular complex. Hence, the 4 mM and 

0.4 mM solutions were discarded, allowing the lowest concentrations to be 

further studied. 
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Figure 2.18. Photographic images of the complexes-modified gold substrates 

immersed in different concentrated solutions of the guest. 

 

2.3.3.2.3 Characterization of the supramolecular complex on Au 

The obtained SAMs were characterized by contact angle (CA), X-Ray 

photoelectron spectroscopy (XPS), cyclic voltammetry (CV), Fourier 

transform infrared reflection absorption spectroscopy (FT-IRRAS) and 

ellipsometry. 

 

Contact Angle measurements (CA)  

CA measurements allow to determine the wettability of a surface 39. 

Depending on the angle formed by the surface of the substrate and a drop of 

water deposited on top of it, the surface is considered hydrophobic (θ>90 o) 

or hydrophilic (θ<90 o) 40. 

The observed contact angle values corresponding to each step of the process 

are shown in Table 2.3, and the images with the angle variations in Figure 

2.19. Au surfaces exhibited a more hydrophobic behavior by showing a CA 

value of 74 o. Upon formation of the host layer, the value decreased to 40 o 

for SH-βCD and to 32 o for CB[7],which are in agreement with the reported 

values, 36 o for SH-βCD and 32 o for CB[7] 9,41, respectively . This 

diminution of the CA values is attributed to the increase in hydrophilicity of 

the surface after the immobilization of the host layer, which exposes polar – 

OH groups in case of βCD and –C=O groups in the case of CB[7], in that 

0.04 mM 0.1 mM 0.2 mM 0.4 mM 4 mM 
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order. After the second step, when compound 1 is present, independently on 

the concentration used, a significant increment in the CA value to 63 o (±2) 

was identified, which is due to the wettability surface modification from the 

hydrophilic –OH and C=O functional groups to the hydrophobic aromatic 

nature of the cyclopentadiene moieties of the Fc. The data was reproducible 

and agree with other systems reported in the literature 11. 

 

 

 

 

 

 

 

Table 2.3. CA values recorded for the different modified gold supports. 

 

 

 

 

Figure 2.19. Images of the static measurements of CA obtained for the different 

immobilizations on gold substrates. 
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X-Ray Photolelectron spectroscopy (XPS)  

The functionalized Au substrates were analysed by XPS, which allowed the 

identification of the chemical elements present on the surfaces 42,43. Figure 

2.20 displays the C1s, S2p and Fe2p spectra for both the SH-βCD SAM and 

the supramolecular complex.  

The thiols bonded to Au (Au-S bond) can be differentiated from the 

unbonded - SH thiols by a negative 1.5 eV shift for the signal of the anchored 

S unit 44. In the S2p spectrum of the SH-βCD SAM (Figure 2.20 a), two 

deconvoluted signals at 161.7 eV and 163.2 eV were identified, which are 

close to the published values of bonded (161.9 eV) and unbonded (163.4 eV) 

thiols, respectively 12. The free/bonded S ratio revealed 4 unbonded SH to 3 

A-S bonds, in agreement with the literature values 8. Upon the inclusion of 

1, (Figure 2.20 b, c and d) the trend is maintained except for the highest 

concentration, where only bonded thiols were detected.  

In the C1s region of the SH-βCD sample (Figure 2.20 a), the expected 

signals at 284.6 eV, 286.5 eV and 287.8 eV were exhibited and assigned to 

the C-alkyl, C-O and O-C-O bonds 44, in that order. Most peaks were mostly 

reproducible with the presence of the guest (Figure 2.20 b, c and d), with the 

last signal varying by a maximum of 0.4 eV. 

To confirm the inclusion of the Fc, the Fe2p region was examined. Due to 

the low concentration of Fc on the surfaces, diffused Fe peaks were 

appreciated, in agreement with literature 9. The typical pattern of Fe (II) is 

appreciated for the two lowest concentration 0.04 mM (b) and 0.1 mM (c) 

with two signals at 708.0 eV and 721.1 eV attributed to Fe 2p 3/2 and Fe 2p 
1/2. Additionally, in both cases, it is appreciable a signal centred at 713 eV 

that could be attributed to the presence of Fe (III) in the sample 45. However, 

in the case of the higher concentration (d), only the first signal related to Fe 

(II) is clearly observed being the one at 721 eV suggested.  
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Figure 2.20 Figure 2.19. C1s, S2p and Fe2p region for a) βCD SAM, b) βCD@1 

0.04 mM, c) βCD@1 0.1 mM y d) βCD@1 0.2 mM. 

 

Regarding CB[7] SAM, previous studies have compared the spectrum of 

the O1s area of CB[7] on Si surfaces (where there are not supposed 

interactions between the host and the surface) with the spectrum in Au 

substrates where these interactions exist 38. On the Si surface, a narrow peak 

appeared around 531.2 eV while in the Au system a broader shifted signal 

was shown at higher binding energy around 532.5 eV, respectively. This 

shift was explained by the interaction between the gold surface and the O 

atoms of the bottom half of the C=O groups of the CB[7], demonstrating 
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the disposal of the host on the surface. The broadening of the signals was 

also attributed to the overlapping of the non-interacting upper C=O groups 

of the CB[7] (531.2 eV) and the bottom interacting C=O group of CB[7] 

with the gold (532.5 eV).  

The results of our analysis of the O1s and C1s region of CB[7] SAM are 

depicted in Figure 2.21 Here, in the O1s spectrum obtained for the CB[7]-

SAMs (Figure 2.21 a), a single signal centred at 532.5 eV was extracted after 

the deconvolution of the broad band corroborating the proper disposal of 

the CB[7] molecules. Although the signal of the free C=O groups was not 

discernible, non-interacting C=O groups are assumed to be present in the 

sample. 

In the C1s region of the sample, the expected signals at 284.9 eV, 286. 8 eV 

and 289.0 eV, were observed and assigned to the C-C, C-N and C=O bonds, 

respectively, agreeing with others in the literature 38.  

These signals along with C=O signals in the O1s region remained visible 

after the incorporation of 1 into the system (Figure b, c and d), corroborating 

the survival of the host monolayers after the incubation with the guest. In 

order to confirm the presence of compound 1, the Fe2p region of the sample 

was analysed. Due to the low concentration of Fe in all the samples, diffuse 

peaks of this element are detected only for the samples containing 0.1 mM 

(c) and 0.2 mM (d). For both concentrations, the first signal attributed to Fe 

(II) at 707-708 are observed. However, the second signal corresponding to 

Fe (II) at 719 eV is only appreciated in the 0.1 mM sample, and the specific 

of Fe (III) at 712.3 was detected in the 0.2 mM concentration. 
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Figure 2.21. C1s, O1s and Fe2p region for a) CB[7] SAM, b) CB[7]@1 0.04 mM, 

c) CB[7]@1 0.1 mM and d) CB[7]@1 0.2 mM. 

 

In consonance with the results described above, this technique allowed us to 

clearly identify the elements contained in both macrocycles, C, O and S, 

indicating the presence of the host SAM in all the samples. However, the 

low amount of Fe in the sample hinders the proper detection of this element, 

although it is suggested the appearance of Fe peaks which confirms the 

formation of the complex and therefore the formation of the guest layer.  
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Further characterization techniques to reinforce the demonstration of Fc 

introduction in the sample were applied and discussed below. 

 

Cyclic voltammetry (CV) 

The presence of compound 1 and its interactions with the hosts on Au 

substrates were explored by CV. CV experiments were performed at 50 

mV/s in 0.1 M aqueous solution of Na2SO4 using the modified gold substrate 

now as working electrode (differing from previous studies, where a glassy 

carbon electrode was used), Pt wire as counter electrode and Ag/AgCl 

electrode as reference electrode. The voltammograms of the supramolecular 

complexes with varying amounts of 1 involved are represented in Figure 

2.22.  

When SH-βCD acted as host, the usual reversibility of the Fc redox pattern 

was lost in the conditions of the experiments. The oxidation wave centered 

at 0.30 V and the reduction signal centered at 0.03 V were clearly visible in 

the case of 0.2 mM and 0.1 mM solutions of 1. Regarding the lowest 

concentration, 0.04 mM, a small signal can be appreciated at an exact 

position, corroborating the presence of the guest in the three experiments.  

In contrast, when CB[7] was involved, the unique distinguishable peak was 

related to the oxidation (semi-wave around 0.38 V, with no appreciation of 

the corresponding reduction semi-wave).  
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Figure 2.22. CV voltramograms recorded for SH-βCD@1 and CB[7]@1 films 

formed with different concentration solutions of the guest. 

 

On the other hand, the surface coverage of the SAMs can be estimated 

according to Eq. 2.6. where the number of electrons involved, n = 2 and the 

area of the electrode, A, was 0.15 cm2. 

 

𝑄 = 𝑛𝐹𝐴𝜈𝛤             𝐸𝑞. 2.6 

The values of the surface coverage, Γ, obtained by integrating the anodic 

peak provided at a scan rate of 50 mV/s for each experiment, are 

summarized in Table 2.4. The extracted values were compared with 

calculated theoretical ones in order to evaluate the percentage of the surface 

covered with the supramolecular complex.  

To estimate the theoretical values, we considered that each host 

encapsulates one molecule of 1. Hence, the surface coverage is determined 

by the number of host molecules that fit into 0.15 cm2 (the area exposed to 

the CV experiments), that is calculated through the area occupied by 1 

molecule. 
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The comparison shows low yields ranging from 1 % to 52 % depending on 

the host and the amount of 1 used. This estimation indicates a low surface 

coverage of the final functionalized Au surfaces, which could be caused by 

the insolubility of compound 1 that hinders the achievement of 

homogeneous higher coverages.  

 

Table 2.4. Surface coverage calculated for the two host-guest systems and the 

three concentrations used on Au substrates. 

 

In addition, to gain insight into the disposition of compound 1 in the cavity 

of the hosts in order to corroborate the surface coverage estimation (in 

percentage), theoretical calculations were performed. They revealed that the 

optimal configuration of compound 1 inside the βCD cavity forces the rest 

of the molecule to adopt a vertical (or titled) position (0 kcal/mol), being less 

stable the situation where compound 1 is in a horizontal position in which 

both Fc of the same CCMoid are included in two neighbouring host units 

(29.6 kcal/mol), as Figure 2.23 a and b represents. In contrast, in the case of 

CB[7] acting as host, Figure 2.23 c and d, both conformations are close in 

energy, 0 kcal/mol for the vertical configuration vs.  5.3 kcal/mol for the 

 
Surface coverage 

(mol/cm2) 
Surface coverage 

(%) 

SH-βCD@1 0.04 8.57 x 10 -13 4.2 

SH-βCD@1 0.1 8.59 x 10 -12 41.7 

SH-βCD@1 0.2 1.07 x 10 -11 51.9 

CB[7]@1 0.04 2.32 x 10 -13 1.4 

CB[7]@1 0.1 3.34 x 10 -12 19.5 

CB[7]@1 0.2 8.45 x 10 -12 49.4 
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horizontal one, suggesting a preferred vertical orientation but being 

possible to find the horizontal one in the sample. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.23. Structural optimization calculations of the possible supramolecular 

complexes between SH-BCD (a, b) or CB[7] (c,d) and compound 1 on gold 

substrates. 

 

Considering these results, it seems that while in the case of SH-BCD@1 the 

estimated surface coverage is calculated with the correct conditions (1 

CCMoid for each host), in the case of CB[7]@1, if we consider the 

horizontal disposition, with the 1 CCMoid per 1 host conditions employed, 

it would lead into a maximum surface coverage of 50 %. Taking into account 

the information above, we cannot rule out intermediate situations in both 

a) b) 0 kcal/mol 29.6 kcal/mol 

c) d) 0 kcal/mol 5.3 kcal/mol 
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supramolecular systems, where, in different ratios, we could have 

combinations of tilted and horizontal arrangements of CCMoids. 

Therefore, considering the surface coverage values together with the 

theoretical outcome, further characterization experiments, including the 

final conductivity measurements, were performed uniquely with the highest 

concentration of compound 1, 0.2 mM. 

 

Fourier Transform Infrared Reflection Absorption spectroscopy 

(FT-IRRAS) 

FT-IRRAS enables the determination of vibrations of the molecule 

anchored to a surface by applying the proper incidence angle of the beam 

with respect to the surface 46,47.  

For comparative purposes, the spectra obtained at an incident angle of 80 o, 

for the SH-βCD, CB[7], SH-βCD@1 0.2 and CB[7]@1 0.2 monolayers 

along with the FTIR-ATR graph of the host and the guests are shown in 

Figure 2.24.  

Regarding the SH-βCD sample, several bands around 1004-1150 cm-1 

related to C-O-C/C-C and C-O stretching vibrations are identified, 

corroborating the deposition of the SH-βCD layer on the Au support 48. 

After the inclusion of 1, the previously defined signals were still detected. 

Additionally, a small wave around 1610 cm-1, that could be attributed to the 

C=O central group of the CCMoid, can be deduced. Further Fc evidence 

could not be identified in part due to the working window which limited the 

analysis. 

The deposition of CB[7] layer was clearly evidenced by the recognition of 

the signals of CB[7] at 1433 and 1733 cm-1 designated to C-N and C=O 

bonds 38. After the formation of the supramolecular complex, the CB[7] 
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signals were slightly shifted but still visible, and an intense peak around 

1611 cm-1, that could represent the carbonyl group of compound 1 

overlapped with other signals, appeared.  

 

Figure 2.24. Comparison of the ATR-FTIR of the host and guest with the IRRAS 

of the corresponding SAMs where a) βCD and b) CB[7] act as host, respectively. 

 

As in the XPS experiment, the SAMs of the host were evidently detected, 

however, evidence of Fc appearance in the complex was difficult to probe 

using this technique, being CV the best one to do it. 

 

Ellipsometry 

Ellipsometry was employed to determine the thickness of the SAMs 49. As 

it was previously explained, the complexes were obtained in a two-step 

process, where the first step was the formation of the host SAMs. Initially, 

the Au surfaces were immersed in each host solution for 24 h. However, the 

ellipsometry value for the thickness of SH-βCD was 1.47 nm, which was 0.5 

nm higher than a monolayer of thiolated βCD, whose thickness is 1.03 nm, 

(0.79 nm (βCD) + 0.24 nm (Au-S bond)), being a possible explanation the 
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presence of bilayers in the sample or even the tilted disposition of the 

cyclodextrin. However, a reasonable thickness of 0.98 nm was fitted for the 

SH-βCD SAM after finding out the optimized time to form the SH-βCD 

monolayer was 18 h of incubation.  

The experimental thickness obtained for the CB[7] SAMs was 1.28 nm, 

which is 0.14 nm taller than the height of a CB[7] molecule anchored to Au 

that is 1.14 nm, (0.91 CB[7] + 0.23 (Au-O bond)). This slight difference is 

within the adjustment error. 

An increase in the thickness of the SH-βCD@1 0.2 mM and CB[7]@1 0.2 

mM layers was detected, revealing values in a range from 1.8 to 2.4 nm, 

which indicates a predominant vertical configuration of the CCMoid, as 

suggested by theoretical calculations to be the most stable conformation, 

without discarding the possible presence of CCMoid molecules interacting 

with two hosts as well (horizontal disposition). Depending on the degree of 

insertion of the Fc moiety within the cavity, the height of the complex would 

vary. Describing the example with CB[7] as host in Figure 2.25, it could 

vary from approximately 1.83 nm (1.6 nm compound 1 + 0.23 nm Au-O), 

when Fc is in the deepest position, to approximately 2.74 nm (1.6 nm 

compound 1 + 0.91 nm CB[7] + 0.23 nm Au-O) when Fc is on the top of 

the CB[7]. 

 

 

 

 

Figure 2.25. Example of the configuration of CB[7]@1 system regarding the 

depth in the inclusion of 1 inside the cavity. 
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Considering the majority coverage with a vertical arrangement of the 

CCMoids and taking into account the small amount of 1 in the sample, 

suggested by the surface coverage estimated by CV, two different 

approaches for the formation of the monolayers were tested using SH-βCD 

as host in order to try to increase the amount of 1 on the surfaces. 

 

2.3.3.2.4 Alternative strategies for the formation of the 

supramolecular complex on Au supports 

The first option consisted on the formation of the host guest complex in 

solution followed by the immersion of a Au substrate in the mixture for a 

determined period of time. The second approach was based on the incubation 

of SH-βCD SAMs with a solution of the supramolecular complex βCD@1. 

Both alternatives are depicted in Figure 2.26. 
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Figure 2.26. Schematic illustration of the approaches used to modify the gold 

support with the encapsulated systems. 

 

Option 1: Precomplex 

Two aqueous mixtures of SH-βCD and compound 1, in ratio 2:1, were 

prepared and stirred for 1 or 17 days, correspondingly. After the respective 

times, a bare gold substrate was immersed in each solution for 24 h. The 

resulting surfaces were rinsed with Milli-Q water, dried and characterized 

by CV.  

The voltammograms in the same conditions as the previous CV 

experiments, are represented in Figure 2.27. Both graphs are characterized 

by the lack of Fc redox signal, indicating no anchoring of the system on the 

Au layer. The most probable explanation for this fact, is related to the 
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insolubility of both compounds, thiolated βCD and 1, in water, preventing 

the formation of the complex in optimal amounts, and hampering further 

deposition on the substrate. 

 

 

 

 

 

 

Figure 2.27. CV of the Au substrates after its immersion in a solution of SH- 

βCD@1 for 1 or 17 days. 

 

Option 2 

The second approach was based on previous works of Wimbush et al. 23. 

Basically, the process involves the formation of the SAM of the host which 

is incubated in a solution of the complex in order to increase the solubility 

of the guest in the aqueous media. 

Two Au support were incubated in a 1 mM solution of SH- βCD for 18 h to 

form the βCD SAM. In parallel, an aqueous solution of non-modified βCD, 

and compound 1, in a 2:1 ratio, was stirred for 24 h. Next day, the two 

surfaces were rinsed with Milli-Q and immersed in the pre-formed solution 

of the complex for 5 h and 24 h, respectively. Finally, both substrates were 

rinsed, dried and characterized by CV. 

The acquired voltammograms are shown in Figure 2.28. Similar results, in 

terms of recognition of the irreversible Fc redox signal, were obtained in 
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comparison to the initial methodology explained. In this case, the oxidation 

of Fc is occurred at 0.35 V and the reduction at 0.12 V, for 5 h immersion, 

and 0.07 V, for 24 h immersion. However, a small shift about 0.05 V to more 

positive voltages is detected for these samples. 

 

 

 

 

 

 

Figure 2.28. Voltamogram obtained after the application of strategy 2 to anchor 

the SH-βCD@1 supramolecular arrangement on Au. 

 

The possible explanation for this positive shift is exposed in Figure 2.29. In 

the supramolecular solution, both Fc are covered by βCD due to the 2:1 

host-guest ratio. When the functionalized Au substrate is immersed in the 

supramolecular solution, one Fc molecule would still be covered by non-

functionalized βCD while the other would be encapsulated by the SH- βCD 

anchored to the substrate, as it can replace some of the non- modified βCD. 

Based on the behaviour explanation in solution, when both Fc are covered, 

a higher voltage is needed to oxidise the Fc of the system compared to when 

only one Fc is encapsulated. 
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Figure 2.29. Illustrative scheme of the proposed final assembly applying option 2. 

 

Both alternatives were studied but discarded due to the difficulty of 

assessing the experiments, and therefore the initial and more extensively 

reported was the chosen one for the conductivity studies by EGaIn 

technique, after the indication of the presence of compound 1 in the 

supramolecular complexes.  

 

2.3.3.2.5 Electrical characterization of the supramolecular 

complex on Au: charge transport measurements by depositing 

EGaIn top electrode. 

The SAMs of the host-guest systems were prepared with the aim of 

investigating the current changes in EGaIn junctions when the guest was 

involved. These measurements allowed previously to study the rectification 

behaviour of Fc- containing junctions and elucidate the charge transport 

mechanism within the junctions by performing additional experiments 

changing the length between the electrodes or varying temperature 22  

When the junction is created, according to the situations reported in 

previous studies 50,51 the non-encapsulated Fc moiety would interact 

SH-βCD 
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through Van der Waals interactions with the Ga2O3 EGaIn top electrode 

and it would be separated from the Au electrode by the rest of the molecule 

and the host. This would cause the HOMO of the guest to be asymmetrically 

located close to, and couple with the Fermi level of the EGaIn. 

The energy level diagrams of the system, illustrated in Figure 2.30, helps to 

outline the charge transport mechanism involved. The estimated HOMO of 

compound 1 from DPV measurements of the isolated CCMoid, was -4.6 eV 

which is placed very close to the Fermi levels of the electrodes, - 5.1 eV, for 

Au, and - 4.3 eV, for EGaIn, which are aligned with an intermediate value 

of -4.7 eV in the initial state when the V =O. However, it is important to 

note that the HOMO of the compound 1 in the supramolecular systems, and 

also in the molecular junction, may differ from the isolated molecule, which 

is used for the estimation, therefore, the energy levels diagram must be taken 

as an approximation in the absence of further evidence from DFT 

calculations yet to be done. 

 

 

Figure 2.30. Proposed energy level diagram for the mechanism of charge 

transport across the supramolecular complexes immobilized on Au in EGaIn 

tunnelling junctions. 
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When a positive or negative bias of V=±0.5 V is applied to the system, the 

Fermi level of the EGaIn vary its initial value, 0.5 eV, with respect to the 

Au Fermi level. Likewise, the HOMO of compound 1 is slightly altered but 

not to the same degree as the fermi level of the electrode, probably due to a 

decreasing of the potential across the Van der Waals interface created 

between the Fc and the gallium oxide, which we estimate to be 0.15 eV. At 

a positive bias, the Fermi level of the EGaIn would decrease to -5.2 eV and 

the HOMO of compound 1 would decrease to -4.95 eV. At negative bias, the 

Fermi level of the EGaIn would increase to -4.2 eV and the HOMO of 1 to 

-4.25 eV. As the HOMO is between the Fermi levels of both electrodes in 

both scenarios, in theory it would be able to participate in the charge 

transport mechanism. To confirm the mechanism, the gathering of 

measurements at different temperatures and electrode distances will it be 

helpful, owing to the process of hopping is temperature dependent while 

tunnelling is a distance dependent mechanism. 

Experimental EGaIn measurements were carried out to identify current 

changes between the host layer and the supramolecular complex, as well as, 

to check possible rectification processes in presence of the guest. Therefore 

βCD, CB[7] host SAMs and βCD@1 0.2, CB[7]@1 0.2 systems were 

contacted with the EGaIn tip and the current density (J) was recorded while 

sweeping the voltage (V) between ± 0.5 V. Specifically, for each sample, a 

different number of EGaIn junctions were formed recording 10 scans 

measured in the ± 0.5 V range, (1 scan is considered to be the entire cycle: 

from 0 to + 0.5 V, from + 0.5 V to 0, from 0 to –0.5 V and from -0.5 V to 0 

V).  

As Table 2.5 collects, high yields of EGaIn junctions were satisfactorily 

formed, with low percentages of shortcuts, indicating the presence of a layer 

between the two electrodes. 
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Table 2.5. Statistic data of the EGaIn junctions formed with the different samples. 

 

It is worth to mention that current intensity vs. bias plots are represented in 

logarithm scale. The current measured (J) depends exponentially on the 

distance between the electrodes 52, which is determined by the SAM 

thickness, and it is not constant due to inevitable defects on the SAM and 

the bottom electrode, that results in a normal distribution of the distance 

values and therefore J is understood as a logarithm normally distributed 

function.  

Figure 2.31. shows the obtained J-V curves in logarithm scales for the 

measured samples. In Figure 2.31 a, a non-significant increase of the current 

density is observed when compound 1 is present, compared to the βCD SAM 

sample, due to its detection between the error bars of the βCD SAM. Similar 

tendency is observed in Figure 2.31 b, when CB[7] is involved. In this case, 

a negligible increase of current density was detected after the formation of 

the supramolecular system. Additionally, similar but non reproducible 

current signals were obtained for different CB[7] SAMs, Figure 2.31 c, 

indicate possible slight differences in the host SAMs.  

 
No Junctions No  Good 

Junctions 
Yield % 

SH-βCD 27 24 89 

SH-βCD@1 0.2 30 26 87 

CB[7]@1  33 32 97 

CB[7]@1 0.2 48 35 73 
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Figure 2.31. J-V plots for the a) βCD, βCD@1, b) CB[7] and CB[7]@1 and c) 

different CB[7] EGaIn junctions. 
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We could not detect differences in J, as initially expected upon the 

incorporation of the FcCCMoid. This is probably owing to a sum of factors 

including: solubility issues, the only partial surface coverage of compound 1 

(estimated 50 %), the possible presence of compound 1 in a horizontal 

position interacting each Fc with two host cavities, and therefore leading to 

small difference between the electrode distances before and after the 

incubation, and the impossibility of using higher voltages, at which the 

rectification behaviour could be detected, due to the instability of the SAMs. 

In addition, AFM studies (not shown), suggested the presence of some 

aggregates of 1, hindering a proper comparison between samples. In order 

to avoid the observed aggregation, lower concentrations of compound 1 

could be analysed. However, the low surface coverage calculated by CV, 

would not be expected to provide better results. 

 

Based on these results different alternative approaches can be proposed, such 

as improving the solubility of 1 by altering the pH to improve the host-guest 

SAM formation or, using longer chains in the βCD host to increase the 

electrodes separation and decoupling the Fc moiety from the bottom 

electrode.  
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2.4. Conclusions 

• It has been demonstrated by UV-Vis and CV that the synthesized 

compound 1 is capable of forming supramolecular complexes with 

βCD and CB[7] in solution acting as a guest. 

• From the three proposed methodologies to form the host-guest 

system on surfaces, the two-step approach involving the creation of 

the host SAM followed by the inclusion of the guest provided the 

best results. 

•  All the variations in the characterization experiments after the 

incubation of the host modified Au surfaces in a solution containing 

compound 1 indicate the presence of compound 1 in the 

supramolecular complex on surfaces. 

• The lack of differences in J in the supramolecular complexes after 

the inclusion of 1, observed when EGaIn junctions were formed, 

could be attributed to multiple factors such as the presence of 

aggregates together with the partial coverage of the SAM and the 

impossibility of using higher voltages due to the instability of the 

SAMs. 
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2.5. Experimental section 

Synthesis of FcCCMoid, 1 

0.5 mL of acetylacetone (4.9 mmol) and 0.25 g of B2O3 (3.59 mmol) were 

mixed in 5 mL EtOAc at 40 °C. 30 minutes later, a freshly prepared solution 

of 2 g ferrocenecarboxaldehyde (9.34 mmol) and 5.39 mL tributylborate 

(19.98 mmol) in 5 mL EtOAc was added, and the mixture was heated up at 

40 °C for 3 h. After cooling down to RT, a solution of 0.25 mL butylamine 

(2.52 mmol) in 5 mL EtOAc, was introduced dropwise into the flask. The 

final reaction was stirred at room temperature for 2 days. Then, a solution 

of 10 % HCl was added, and the mixture stirred at 60 °C for 2 h. Finally, the 

reaction was filtered, washed with Milli-Q water and MeOH and dried with 

Et2O to obtain the desired product as a purple solid in 77 %. 1H NMR (360 

MHz, CDCl3) δ: 16.15 (1H, s) 7.56 (2H, d, 3J=14.6 Hz), 6.23 (2H, d, 3J=14.9 

Hz) 5.63 (1H, s), 4.52 (s, 4H), 4.44 (s, 4H), 4.17, s (10 H). MS (MALDI - 

TOF): m/z calcd for FcCCMoid: 492.05 [M], found: 491.40 [M-1]. 

 

Synthesis of Per –6- mesyl-B-cyclodextrin (Mesyl- βCD) 

After a drying process at 80 °C for 5 h under vacuum, 1.5 g (1.32 mmol) of 

β-cyclodextrin were dissolved in 5 mL of dry DMF maintaining both inert 

and temperature conditions. 3.7 mL (21.8 mmol) of mesyl chloride were 

dropwise added into the warm mixture and it was stirred for 2 days. 

Afterwards, the solvent was removed under vacuum, obtaining a wax which 

was dissolved in 7.5 mL of MeOH. Separately, 3 M sodium methylate 

solution was prepared by cutting 530 mg of Na and carefully washing them 

in hexane, EtOH and finally dissolving them in 7.5 mL of MeOH. The 

sodium methylate solution was added into the reaction residue. After 

stirring for 30 minutes, the mixture was poured onto ice and the precipitate 
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was filtered and washed with Milli-Q water to isolate the compound as a 

white solid in 94 % yield. 1H NMR (360 MHz, CDCl3) δ: 6.01 (7H, d, 3J=6.4 

Hz) 5.86 (7H, s), 4.96 (7H, s) 4.09 (7H, d, 3J= 10.7 Hz), 3.85 (m, 14H, 3J= 

8.92 Hz), 3.65 (m, 7H, 3J= 9.0 Hz), 3.40, (m, 3J=8.2 Hz). 

 

Synthesis of Per-6-thio-B-cyclodextrin (SH- βCD) 

372.2 mg (4.75 mmol) of thiourea were added into a solution of Mesyl βCD 

(1022.7 mg; 0.319 mmol) in 12.4 mL dry DMF. After 19 h at 70 °C under 

Ar atmosphere, the solvent was removed providing an oil which was 

dissolved in 62 mL of Milli-Q water. 312 mg of NaOH were introduced into 

the flask and the mixture was refluxed for 1h. Subsequently, the dispersion 

was acidified with KHSO4 and the precipitate was filtered and finally washed 

with Milli-Q water to isolate the product as a white solid in 91 % yield. 1H 

NMR (360 MHz, CDCl3) δ: 6.01 (7H, d, 3J=6.7 Hz), 5.85 (7H, s), 4.96 (7H, 

s), 4.10 (7H, d, 3J=10.6 Hz), 3.87 (14H, m, 3J=8.3 Hz), 3.65 (7 H, t, 3J= 9.3 

Hz), 3.40 (t, 3J=8.2 Hz).  

 

Formation of the supramolecular complex in solution 

• Preparation of Host@1 2:1 complexes: An aqueous solution 1 

mM in the respective host (2 μmol in 2 mL Milli-Q water) and 0.5 

mM in compound 1 (0.49 mg; 1 μmol in 2 mL Milli-Q water) was 

stirred for 14 days  or 17 days for CB[7] or SH-βCD, respectively.  

• Preparation of Host@1 1:1 systems, same protocol as the complex 

2:1 was applied but modifying the concentration of the involved host 

to 0.5 mM. 
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Fabrication of the template stripped gold electrodes 53  

200 nm-thick layer of gold was deposited onto a Si wafer by evaporation at 

Institut de Nanociencia I Nanotecnologia (ICN2) Then, some drops of epoxy 

adhesive resin Epo-Tek 353ND (bought in Comercial Química Massó) were 

added on top of the gold layer. Some glass slides (size 2.5x0.5 cm) were apart 

rinsed with piranha, Milli-Q water, ethanol, acetone and dichloromethane. 

This prerinsed glass slides were carefully positioned on top of the resin 

drops which spread through the gold area contacted by the glass. To glue 

the glass to the gold, the glass/epoxy/gold/Si sandwich was air dried at 

room temperature for 5 h and 12 h at 80 °C. Finally, the glass/epoxy/gold 

assemblage was released from the Si wafer by applying pressure and moving 

a scalpel through the edges of the gold/epoxy interface. After the cleavage, 

the gold that had been in contact with the Si wafer was exposed and cleaned 

under N2 flow before use. 

 

Formation of the supramolecular complex on Au substrates 

• Formation of CB[7] SAM 

 CB[7] SAM was prepared by immersion of the AuTS substrate into 

a 1 mM aqueous solution of CB[7] for 24 h at room temperature. 

The surface was washed with Milli-Q water and dried in a stream 

N2. 

• Formation of SH-βCD SAM 

 AuTS substrate was incubated in a 1 mM solution of per-6-thio-β-

cyclodextrin in H2O:DMSO (2:3) for 18 h at room temperature 

under Ar atmosphere. Lastly, the surface was rinsed with Milli-Q 

water and dried in a stream of N2. 
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• Formation of CB[7]@1 host-guest complex 

 CB[7]-AuTS functionalised substrate was incubated in a 0.2 mM 

solution (DMSO:H2O 1:4) of 1 (4 mg, 40 mL) in a vertical position 

for 24 h stirring at room temperature. The substrate was rinsed 

with Milli-Q water and dried under N2. 

• Formation of SH-βCD@1 host-guest complex 

 SH-βCD-Au SAMs were immersed in a 0.2 mM solution 

(DMSO:H2O 1:4) of 1 (4 mg, 40 mL) in a vertical position for 24 h 

stirring at RT. The surface was washed with Milli-Q water and 

dried in a stream of N2. 

 

Alternative 1 for the formation of the supramolecular complex 

on Au surfaces: Precomplex  

Two aqueous solution, both 1 mM in SH-βCD and 0.5 mM in compound 1 

were stirred for 24 h. After that time, an Au support was incubated in the 

mixtures for 24 h or 17 days. Then the substrate was rinsed with Milli-Q 

water and dried in a stream of N2.  

 

Alternative 2 for the formation of the supramolecular complex 

on Au surfaces 

1mM aqueous solution of βCD and 0.5 mM of 1 was stirred for 24 h. In 

parallel, The SH-βCD SAM was formed in a Au substrate. Then, the SH-

βCD modified Au substrate was incubated in the pre-prepared βCD@1 

solution stirring for 24 h. Finally, the surface was cleaned with Milli-Q 

water and dried with a N2 flow. 
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Ultraviolet-Visible Absorption Spectroscopy (UV-Vis) 

For solution studies, the samples were measured in a 0.01 mM concentration 

solution in THF using 1 cm quartz cuvettes. For the solid measurements a 

mixture of 0.1 mg of CCMoid and 200 mg of KBr were milled and pressed 

to obtain thin pellets.  

 

Cyclic Voltammetry (CV) and Differential Pulse Voltammetry 

(DPV) 

CV and DPV measurements of the CCMoids were conducted at 50 mV/s 

scan rate using 0.1 mM solutions of CCMoids in dry THF, 0.1 M solution 

of tetrabutylammonium hexafluorophosphate (TBAPF6) as electrolyte, Pt 

wires as counter and reference electrodes and glassy carbon (which was 

polished using granulated alumina on a microcloth pad) as working 

electrode. Fc was added as internal reference.  

The supramolecular complexes were measured in 0.1 mM of Na2SO4 

aqueous solution at 50 mV/s using a glassy carbon working electrode, Pt 

counter electrode and Ag/AgCl reference electrode, at the moment of 

mixing the host and the guest, as well as 9 days later. 

The measurements of the SAM on gold surfaces were carried out in 0.1 M 

aqueous solution of Na2SO4 using the modified gold substrate now as 

working electrode, Pt wire as counter electrode and Ag/AgCl electrode as 

reference electrode at 50 mV/s.  

Contact angle  

2-4 µL of Milli-Q water were dropped onto the desired surface to identify 

the angle between the drop and the surface of the platform in a sessile drop 

method.  
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Ellipsometry  

Ellipsometry experiments were performed at UB with help of Dr. Alejandro 

Martin and Prof. Eliseo Ruiz. We measured psi (Ψ), which is the ratio of the 

amplitudes of the p- and s-polarized light, and delta (Δ), which is the phase 

difference between them, of the reflected light for incident angles of 65°, 70° 

and 75°. To obtain an experimental value of the thickness, the provided data 

was fitted to the Cauchy model by varying the refractive index and thickness 

set of parameters in CompleteEASE software. 

 

Theoretical calculations 

Structural optimization calculations were performed in collaboration with 

Prof. Eliseo Ruiz with the fhi-aims program using the PBE functional 

including dispersion effects. We employed the “light” basis set due to the 

large number of atoms in these systems. 

 

Eutectic Gallium Indium (EGaIn) 

The EGaIn measurements (current density vs voltage) were conducted in 

collaboration with Maria Elisabetta Giglio, Dr.  J. Alejandro de Sousa, Dr. 

Núria Crivillers and Dr. Marta Mas (ICMAB) in a home-made set-up using 

a Keithley 2004B controlled by an in-house software developed with 

LabVIEW. During the measurements the bottom electrode was grounded, 

while the top EGaIn electrode was biased.  
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Annex II  

Figure A2.1.  MALDI-TOF mass spectrum in negative mode of compound 1. 

 

 

 

 

 

 

Figure A2.2.  Variation of the UV-Vis absorption results of a) βCD@11:1, b) 

βCD@1 2:1, c) CB[7]@11:1 and d) CB[7]@1 2:1 in Na2SO4 aqueous solution 

over 14 days period. 
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Chapter 3 
Development of new amino 

functionalized CCMoids 
 

In this chapter, we investigate the optimal conditions for the achievement 

of a novel CCMoid that contains -NH2 functional groups as substituents 

in the terminal aromatic rings. This compound, named NH2CCMoid, will 

be used as starting material for subsequent lateral reactions aimed at 

producing extended polycyclic aromatic hydrocarbon-based CCMoids, 

PAH-CCMoids.  
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3.1. Introduction 

The keto-enol functionality of ACAC has been extensively studied in 

coordination chemistry, generally with metallic centres of the d-block in 

the periodic table, especially Cu(II), Ni(II), and Zn(II), among others, in 

the creation of coordination compounds (0D) 1. This ability to coordinate 

metals, through the keto-enol unit, has been exploited with the analogous 

moiety present in the CCMoid skeletons 2,3. This way, CCM has been 

coordinated to several metal centres mainly for medical applications, for 

instance to Zn(II) units in order to form Zn-curcumin nano-agents, for 

improving the stability and enhance the tumour accumulation and 

anticancer activity 4 (Figure 3.1 a). Although CCM has been the most 

studied molecule of the family, other CCMoids have also been examined, 

such as the diethyl amine terminated CCMoid bonded to Pd(II) and Cu(II) 

for photodynamic therapy 5 (depicted in Figure 3.1 b) or the so-called 

9ACCMoid, which contains anthracene groups in the endings of the 

molecule, and whose coordination to Dy(III) ions has allowed the creation 

of [Dy(9ACCM)2(NO3)] coordination compound that behaves as single 

molecule magnets (SMMs) in presence of an external magnetic field 6. In 

a similar manner, additional SMMs were accomplished with this CCMoid 

when it is coordinated with Co(II) and two pyridines (Figure 3.1 c) or one 

bipyridine (Figure 3.1 d) to complete the coordination sphere of Co(II), 

having differences in the magnetic behaviour due to the variations in 

organization of the ligand substituents 7.  
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Figure 3.1. a) Chemical organization of CCM nanoagents described in Ref 4. b) 

Chemical structure of the diethyl amine-terminated CCMoid reported in Ref 5. 

c) d) Co(II) coordinated 9ACCMoid structure reported in Ref 7.  

 

In addition to the keto-enol, each CCMoid could comprise extra 

components in its structure capable of interacting with other species, in 

order to explore new functionalities, properties and applications: the arms 

and the leg (see Chapter 1).  

Regarding this matter, coordination polymers (CPs) rise from the different 

organizations resulting from the coordination of metal centres and organic 

ligands (linkers) 8. CCMoid-based CPs, in particular, are formed by 

bonding metallic centres with a donor atom located in, and linked to the 

lateral aromatic rings of the CCMoid, the so-called arms. This bonding 

allows the formation of extended 1D, 2D or 3D structures with a range of 

different topologies and functionalities 9–12.  
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The first CCMoid-based CP was dated on 2015 and is exhibited in Figure 

3.2 a. Su et al. 9 described a porous polymer (MOF, metal organic 

framework) produced by the linking of Zn(II) ions with the three possible 

anchoring points of curcumin: the methoxy, hydroxyl and keto-

enol groups. Some years later, Portolés-Gil et al. 10 reported a new CP also 

based on Zn(II) centres and CCM, as Figure 3.2 b shows. In this particular 

case, it was obtained by supercritical CO2 and only one of the arms of 

curcumin were coordinated with the metal leaving the other arm 

unaffected. More recently, two novel coordination compounds employing 

Zn(II) as metal, and other CCMoids besides CCM, were published. One 

used 3pyCCMoid 11, which contains 3-pyridine terminal rings, and it is 

shown in Figure 3.2 c, while the other used bisdemethoxycurcumin 12 as 

ligand, as Figure 3.2 d depicts. 

 

 

Figure 3.2. a) CCM based coordination polymer described in Ref 9. b) 

Crystalline structure of new CCM coordination polymer published in Ref 10. Zn 

(II) coordination compounds of c) 3pyCCMoid detailed in Ref. 11 and d) BDMC 

reported in Ref 12. 

Zn (II)

a) b) 

c) d) 
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Focusing on CCMoids, it has been noted the interest of the organic 

coordination with metals, however, the lateral covalent modification of 

CCMoids has discretely started to be applied, predominantly for medical 

purposes. For instance, Wichitnithad et al. 13 synthesized several 

succinates derivative CCMoids by reacting the hydroxyl groups of CCM, 

DMC, and BDMC with different succinate acid chlorides in order to test 

their anticancer colon activity as Figure 3.3 a shows. The dual inhibition 

of some enzymes that participate in the production of specific species 

involved in Alzheimer disease was tested with newly designed CCMoids 
14. They were prepared following the Williamson ether synthesis between 

BDCM and benzyl bromide in presence of a base, as depicted in Figure 3.3 

b. It implied the formation of an ether by a SN2 reaction between the 

deprotonated hydroxyl of the BDMC and the bromide. Most recently, the 

anticarcinogenic capacity of a set of curcumin and dichloroacetate hybrid 

conjugates against breast cancer was evaluated 15. These CCMoids were 

isolated by an esterification reaction between the activated carboxylic acid 

of dichloroacetate functionalized amino acid and the hydroxyl group of 

CCM as it is represented in Figure 3.3 c.  

 

 

 

 

Figure 3.3 Examples of extended CCMoids published in references a) 13 b) 14 

and c) 15. 

a) 

b) 

c) 
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Following this later approach, we conducted our research into the design 

of CCMoids with molecular endings that allow covalent attachments with 

a variety of organic compounds with the aim introduced in Chapter 1, of 

the creation of longer CCMoids for a better contact with graphene 

electrodes and the measure of their conductance through single CCMoid- 

graphene junctions. 

One of many reactive functional groups available for this purpose is the 

amino group (-NH2). Amino derivatives can directly react with aldehydes 

or ketones giving rise to imines or with acids or acyl chloride to form 

amides, which are well described reactions 16. Furthermore, amines can be 

transformed into diazonium salts, which can be substituted by cyano, 

alcohol or halide groups 16. Additionally, they can be oxidised to nitro 

compounds, can be alkylated by alkyl halides, or transformed into 

sulphonamides 16. 

The introduction of reactive - NH2 groups, into the lateral aromatic rings 

of the CCMoid, offers the possibility of performing modifications as those 

mentioned above, for a subsequent extension of the molecule, for the 

further creation of more robust molecule-graphene interactions for 

conductance measurements.  

 

3.2. Objectives 

The main objective of this chapter is the synthesis and complete 

characterization of a novel CCMoid containing reactive terminal groups 

in the para- positions of the lateral aromatic rings. Therefore, the 

introduction of amino groups on those positions will be explored. These 

amino groups will allow future reactions with diverse functionalized 

molecules in order to enlarge the CCMoid for subsequent application in 

MEs.  
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3.3. Results and discussion 

The use of benzaldehyde molecules is essential in the Pabon’s reaction for 

the synthesis of common CCMoids. In order to achieve the amino 

terminated CCMoid, NH2CCMoid, whose structure is shown in Figure 

3.4, the para-amino benzaldehyde should be used as starting material in 

the above-mentioned reaction.  

 

 

 

Figure 3.4. Chemical structure of NH2CCMoid. 

 

However, amine functional groups can react with aldehydes creating a 

Schiff base, so it was reasonable to think about the probable reaction 

between the aldehyde and the amine of the 4-aminobenzaldehyde 

potentially hindering the formation of the desired CCMoid. Due to this 

circumstance, together with the fact that regular conditions described in 

Chapter 1 for the Pabon´s synthesis did not provide the desired amino 

terminated system, NH2CCMoid, three different strategies represented in 

Scheme 3.1. were proposed and studied to isolate the amino terminated 

CCMoid.  

The first strategy consisted on the reduction of the nitro-substituted 

CCMoid, NO2CCMoid. The second approach involved the Pabon’s 

reaction starting with the protected amine followed by a deprotection step. 

Finally, the third idea related to the analysis of the direct Pabon’s reaction 

with the crude 4-aminobenzaldehyde but varying the usual conditions, 

among others, the reaction solvent using DMF instead of EtOAc.  
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Scheme 3.1. Proposed synthetic routes to isolate NH2CCMoid. 

 

3.3.1. Strategy 1: Reduction of NO2CCMoid, 2 

3.3.1.1. Synthesis and characterization of 

NO2CCMoid, 2 

NO2CCMoid, 2, whose structure is shown in Figure 3.5, was synthesized 

by adapting the Pabon’s protocol previously explained in Chapter 1 in a 2 

% yield. The designed CCMoid comprises two terminal -NO2 functional 

groups, that can be reduced to -NH2 groups. 

 

 

 

Figure 3.5. Chemical structure of NO2CCMoid, 2. 
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The proper characterization of compound 2 was elucidated by 1H NMR, 

ATR-FTIR, UV-Vis absorption spectroscopy, elemental analysis and 

MALDI-TOF mass spectrometry (spectrum shown in Annex III, Figure 

A3.1).  

The successful isolation of compound 2 was confirmed by its 1H NMR 

spectrum in CDCl3 depicted in Figure 3.6. It shows the characteristic 

signals related to the CCMoid skeleton, with the central proton appearing 

as a singlet close to 6 ppm (H1). In addition, the doublets related to the 

trans protons of the double bonds of the chain are observed approximately 

at 6.8 and 7.7 ppm, respectively (H3 and H4), with the latter overlapped 

with one signal corresponding to the aromatics (H5). The other doublet 

attributed to the aromatic groups is displayed at 8.3 ppm (H6). Finally, the 

proton of the enol is recognised at 15.5 ppm (H2). 

 

 

 

 

 

Figure 3.6. 1H NMR spectrum of 2 in CDCl3. 

 

The presence of the nitro groups in the CCMoid was corroborated by 

ATR-FTIR. The obtained spectrum for 2, shown in Figure 3.7. reveals 
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the N-O stretching vibrations at 1342 cm-1 and 1529 cm-1 along with the 

C=O stretching attributed to the keto-enol of the backbone at 1634 cm-1. 

 

 

 

 

 

 

Figure 3.7. ATR-FTIR spectrum of 2. 

 

The UV-Vis spectrum of 2 in THF is plotted in Figure 3.8. The band 

related to the π- π* transitions of the CCMoid skeleton is centred at 395 

nm, corroborating the CCMoid backbone. In addition, another band with 

two maxima at 311 nm and 187 nm, related to the substituted benzyl 

groups, are observed. 

 

 

 

 

Figure 3.8. UV-Vis absorption spectrum of 2 in THF. 
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3.3.1.2 Reduction of compound 2  

Several methodologies have been reported to reduce -NO2 to -NH2 

functional groups including transition metal catalysed hydrogenations 17. 

However, the harsh conditions used could reduce other sensitive 

functional groups, apart from a possible metal coordination trough the 

keto-enol of the CCMoid. 

A free metal reduction procedure was published by Orlandi et al. 18 

applicable to aliphatic and aromatic nitro compounds. They claimed an 

efficient reduction of numerous substituted 4-nitrotoluene derivatives by 

the combination of HSiCl3 and a tertiary amine, which leads into a 

nucleophilic silicon specie able to attack to the nitro group. However, 

when we applied this process to our NO2CCMoid, using DCM as solvent 

and DIPEA as base, we collected pure NO2CCMoid as product in all our 

reactions (performed by changing the order of the addition of the 

reactants). One possible reason for the failure of the procedure could have 

been the reaction of the chlorosilane through the enol group of the 

CCMoid, forming a silyl enol ether, which could have been hydrolyse to a 

carbonyl group, recovering the starting CCMoid. 

A second widely used reducing agent for -NO2 groups in presence of other 

functionalities is SnCl2. Until 1984, all the nitro reduction reactions 

involving SnCl2 were performed in acid catalysed media. That year, 

Bellamy et al. 19 found that SnCl2 transformed -NO2 in -NH2 in organic 

solvents as alcohol or ethyl acetate without any catalyst in yields higher 

than 90 %.  

In spite of the poor solubility of compound 2 in EtOH, several reduction 

attempts were made in presence of an excess of SnCl2 under reflux 20,21 

giving rise always to an impure amino substituted product. The 1H NMR 

spectra of NO2CCMoid and the reduced NO2CCMoid in CDCl3 are 

displayed in Figure A.3.2 (see Annex) It is noticeable the shift of all the 
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CCMoid signals to higher fields in the reduced NO2CCMoid, as expected 

due to the electron donating nature of the -NH2 group, which increase the 

electron density giving rise to a higher shielding effect. Apart from the 

signals attributed to the reduced NO2CCMoid, numerous peaks were 

detected. The most recognisable one appears at 9.72 ppm, that along with 

the doublet at 7.68 ppm and the smallest overlapped at 6.69 ppm, 

corresponds to 4-aminobenzaldehyde. Due to the lack of 4-

nitrobenzaldehyde signals in the initial NO2CCMoid 1H NMR spectrum, 

the presence of 4-aminobenzaldehyde in the final mixture suggests the 

breaking of the NH2CCMoid under the conditions used, indicating the 

methodology employed was not the optimal one for the synthesis of 

NH2CCMoid. The rest of the peaks in the spectra could not be assigned. 

 

3.3.2. Strategy 2: Protection/Deprotection of -

NH2 groups 

3.3.2.1. Synthesis and characterization of 

BocNH2CCMoid, 3 

The second strategy above mentioned, consisted on the study of the 

Pabon’s reaction starting with the protected amine followed by a 

deprotection step to obtain NH2CCMoid. It was proposed in order to avoid 

the possible reaction between the free amino and aldehyde groups present 

in 4-aminobenzaldehyde.  

t-Butyl carbamate, commonly known as Boc, is extensively used in the 

protection of amines owing to the easy formation and cleavage in acidic 

conditions expelling only t-BuOH and CO2 as by-products 22. Therefore, 

it was selected as protecting group to perform the desired reactions. The 

synthesis of the Boc protected CCMoid, BocNH2CCMoid, 3, represented 
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in Scheme 3.2, was carried out in three steps 23. The route started with the 

protection of the amino groups of 4-aminobenzyl alcohol with Boc 

anhydride under basic conditions. Subsequently, the alcohol group of the 

protected starting material was oxidised into aldehyde in presence of 

freshly synthesized MnO2. Finally, compound 3 was isolated by applying 

a modified Pabon’s reaction in a 70 % yield. 

 

 

 

Scheme 3.2. Protocol applied for the synthesis of NH2CCMoid, by deprotection 

of BocNH2CCMoid, 3. 

 

The oxidation step using MnO2 was a critical stage in the process, as the 

efficiency of the reaction depends on several factors, such as the particle 

size, the solvent involved and the type of MnO2 used, mainly because the 

oxidation reaction takes places on the surface of the MnO2 24. To obtain a 

satisfactory reaction, the solvent should not deactivate the oxide, either by 

solubilising it or adsorbing its molecules onto the oxide surface, avoiding 

the adsorption of the alcohol, and therefore preventing the reaction. The 

importance regarding the kind of MnO2 used derives in the oxidising 

power which is affected by the formation methodology. The oxidation 

ability of a commercial MnO2 was tested twice: as received and after 

activation by drying it into the oven at 110 oC for 3 days, but no successful 

results were obtained. Finally, the MnO2 used in this thesis, which was 

reported as a suitable option 25, was freshly synthesized by a redox reaction 
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between MnSO4 and KMnO4 in a basic aqueous media followed by a 

drying process of 3 days at 110 oC. 

After the achieving of the Boc-protected aldehyde, the next step was to 

synthesize the CCMoid. In his work related to the synthesis of CCM 26 , 

Pabon evaluated several solvents, bases and drying agents to reveal that 

the optimal conditions for the isolation of CCM was using EtOAc, n-

butylamine and tributyl borate. The use of the same reactants has been 

demonstrated to be effective for the isolation of different CCMoids. 

Therefore, they were tested in the synthesis of compound 3, obtaining Boc 

protected aldehyde as a product of the reaction in all the experiments 

carried out. Finally, the reaction worked successfully by changing the 

solvent from EtOAc to DMF due to better solubility of the reactants and 

by slightly modifying some ratios between the reagents 1.8:1 

aldehyde:ACAC instead of 2:1, as Ferrari et al. reported 27.  

The chemical structure of compound 3 was confirmed by 1H NMR, ATR-

FTIR, UV-Vis, elemental analysis and MALDI-TOF mass spectrometry 

(spectrum shown in Figure A3.3, Annex III). 

The formation of compound 3 was corroborated through the 1H NMR 

spectrum in CDCl3, represented in Figure 3.9, which displayed the 

distinctive signals related to the CCMoid structure. The central proton 

(H1) appears as a singlet at approximately 5.8 ppm. Furthermore, the 

doublets related to the trans protons of the double bonds of the chain (H3 

and H4) are evidenced around 6.5 and 7.6 ppm, respectively. The doublets 

attributed to the aromatics (H5 and H6) are shown at 7.4-7.5 ppm. Finally, 

the proton of the amide group created in the protection step (H7) is 

observed as a singlet at 6.6 ppm and the methyl groups of the Boc were 

not identified due to its overlapping with the water signal at 1.56 ppm. 
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Figure 3.9. 1H NMR spectrum of compound 3 in CDCl3. 

The ATR-FTIR analysis evidenced the presence of the Boc group in 

compound 3 as demonstrated in Figure 3.10. The peaks at 1154 cm -1 1713 

cm -1 and 2976 cm -1 were attributed to the tert-butyl group, the amide 

bond and the terminal methyl groups of the Boc respectively 28. Besides, 

the C=O stretching assigned to the keto-enol of the backbone was 

distinguished at 1623 cm-1. 

Figure 3.10. ATR-FTIR spectrum of CCMoid 3. 
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Figure 3.11 displays the UV-Vis absorption spectrum of compound 

3 in THF. The typical CCMoid pattern was observed with the band 

assigned to the π- π* transitions of the skeleton at 419 nm and the 

band corresponding to the substituted benzyl rings at 283 nm. 

 

 

 

 

Figure 3.11. UV-Vis absorption spectrum of compound 3 in THF. 

 

3.3.2.2. Deprotection of compound 3 

To remove the Boc group, HCl/dioxane was employed after dissolving 

compound 3 in THF. The reproducibility of the products from several 

reactions was analysed via 1H NMR and the spectrum is presented in 

Figure A3.4 (see Annex). Although some signals associated with the 

CCMoids were recognizable in the spectrum, such as the central proton at 

5.62 ppm, a doublet of the trans protons, at 6.39 ppm, and finally a broad 

signal of the enol group at 15.47 ppm, the signals of the aromatics and the 

second doublet attributed to the trans protons were overlapped and 

undistinguishable in the region between 7.56 and 7.34 ppm. Additionally, 

what appear to be impurities containing aromatic and aliphatic groups 

were obtained as by-products of the reactions. TLC plates revealed several 
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300 400 500
0.0

0.2

0.4

0.6

0.8

1.0

Wavelength (nm)

A
bs

 (
a.

u.
) 419

283



Chapter 3 

112 

spectrum obtained suggested the conditions employed were not 

favourable for these experiments. 

 

3.3.3. Strategy 3: Direct synthesis of 

NH2CCMoid, 4 

3.3.3.1 Synthesis and characterization of NH2CCMoid, 

4 

The third alternative introduced at the beginning of this section included 

the investigation of the direct synthesis of NH2CCMoid, 4 using a 

variation of Pabon’s method first reported by Ferrari et al. 27. The 

achievement of the CCMoid was accomplished following the Pabon’s 

reaction using 4-aminobenzaldehyde after the oxidation of the alcohol 

group of 4-aminobenzyl alcohol into an aldehyde in presence of freshly 

synthesized MnO2 23, as Scheme 3.3 indicates.  

 

Scheme 3.3. Synthetic route of compound 4. 

 

Here, the synthetic pathway of compound 4 requires careful consideration 

of two crucial parameters: the MnO2 used for the oxidation (as it has been 

explained in detail above) and the solvent of the Pabon reaction. 
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to be critical.  
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When using EtOAc, the resulting mixture was very contaminated with 

several products, including ACAC, aldehyde and two other unidentified 

structures that presents a keto-enol moiety in their structure due to the 

observance of three different broad signals around 16 ppm in the 1H NMR 

spectrum (Figure A3.5, Annex III). Besides, the aromatic region displays 

six doublets attributed to aromatic protons and three doublets assigned to 

trans protons. Furthermore, several signals were also observed in the area 

where the central proton of the CCMoid appears, suggesting the possible 

existence of various CCMoids. Finally, the reaction between the aldehyde 

and the amino groups of the molecule was not discarded due to the 

presence of a weak singlet at 10.20 ppm that could be assigned to the amide 

bond created after their reaction. Recrystallization and washing processes 

with MeOH and ACN were conducted in order to isolate some compounds, 

with no successful results. 

While EtOAc results in a messy combination of compounds, the use of 

DMF as solvent, as Ferrari et al. employed in their synthesis 27 , together 

with an excess of aldehyde (5:1 aldehyde: ACAC) successfully gave rise to 

the desired compound 4, due to a better solubility of the aldehyde in DMF. 

Following these modifications in the methodology it was possible to 

achieve compound 4 in a 30 % yield. The system was characterized by 1H 

NMR and 13C NMR, ATR-FTIR, UV-Vis absorption spectroscopy, 

electrochemistry (CV, and DPV), elemental analysis and MALDI TOF 

mass spectrometry (spectrum shown in Figure A3.6, Annex III). 

The 1H NMR spectrum of 4 in CDCl3, depicted in Figure 3.12, exhibits 

the usual set of signals distinctive for CCMoids, corroborating its chemical 

structure. The central proton H1 appears as a sharp singlet at 5.73 ppm. 

The pair of doublets attributed to the double bonds of the conjugated 

chain, H3 and H4, are shown at 7.59 and 6.45 ppm, in that order. Close to 

these signals, the peaks of the aromatic protons H5 and H6 of the arms 

emerged at 7.40 ppm and 6.67 ppm, respectively. Additionally, the proton 
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related to the enol form, H2 is observed at 16.22 ppm. Finally, the amino 

protons of the structure, H7, are observed at 3.95 ppm. 

 

Figure 3.12. 1H NMR spectrum, in CDCl3, of 4 obtained by the modified version 

of Pabon’s reaction in DMF. 

 

The displacements observed in the 13C NMR spectra for CCMoids are also 

very informative and characteristic of this family of molecules. The 

presence of the keto-enol form is revealed by the detection of the signal 

attributed to the central carbon (C1) approximately at 100 ppm. The other 

most recognizable signal is the one attributed to the carbonyl region of 

the keto-enol (C2), which appears at lower fields, between 180 and 200 

ppm. Both carbons show a unique signal due to the efficient 

interconversion of the diketo and keto-enol form. The rest of signals which 

correspond to the double bonds in the chain (C3 and C4) and aromatic 

carbons of the arms (C5-C8) are shown between 110 and 170 ppm being 

the aromatic ones the most intense.  
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In the particular case of compound 4, whose 13C NMR in CDCl3 is assigned 

in Figure 3.13, all the signals appear in the expected areas but, the peak of 

the central carbon C1, was not distinguishable from the baseline noise, 

probably due to the partial solubility of the big amount needed for the 

analysis. The possibility of having the diketo tautomer of the CCMoid was 

also discarded due to the absence of the signal corresponding to C1, which 

is estimated to appear for the diketo form around 50-60 ppm. 

 

Figure 3.13. 13C NMR spectrum of 4 in CDCl3. 

 

The ATR-FTIR spectrum of 4 is shown in Figure 3.14. The characteristic 

stretching vibration of the carbonyl moiety C=O of the keto-enol 

component was observed at 1617 cm-1. In addition, the presence of primary 

amine moieties in the product was confirmed by the exhibition of the 

double band at 3457 and 3347 cm-1 attributed to the N-H stretching 

vibration, together with the signal at 1279 cm-1 corresponding to the C-N 

vibrations. 
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Figure 3.14. ATR-FTIR spectrum of compound 4.  

 

To extract the electronic information of the CCMoid including the band 

gap of compound 4, UV-Vis absorption and electrochemical experiments 

were carried out. 

The UV-Vis spectrum of compound 4 was measured in THF and is 

displayed in Figure 3.15. The maximum absorbance of the band related to 

the π-π* transition assigned to the backbone was reached at 452 nm. At 

higher energies, three weak bands appeared at 254, 283 and 315 nm, 

respectively, which correspond to the amino substituted phenyl groups. 
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Figure 3.15. UV- Vis absorption spectrum of 4 in THF. 

 

As CCMoids present solvochromic character, the optical bandgap of 4 was 

calculated from the Tauc’s equation (Eq 2.2 in Chapter 2) applied to the 

UV-Vis absorption spectrum obtained in solid state by measuring a pellet 

of 0.1 mg of the CCMoid mixed with 200 mg of KBr.  

As Figure 3.16 a shows, the solid-state spectrum of 4 displays negligible 

shifts on the maximum absorbance wavelength compared to the solution 

spectrum. By applying the Tauc’s equation and plotting the Tauc’s chart 

in Figure 3.16 b, Egop of compound 4 was determined to be 1.96 eV 

indicating a semiconductor behaviour. 

 

 

Figure 3.16. a) UV-Vis absorption spectrum of 4 in solid state. b) Tauc’s 

representation of the UV-Vis spectrum of 4 in solid state. 
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CV and DPV experiments were conducted in order to analyse the redox 

behaviour of compound 4 and to obtain information about its bandgap, 

HOMO and LUMO levels. The experiments were carried out with the 

conditions detailed in Chapter 2.  

Figure 3.17 a presents the CV of compound 4 which exhibit a series of four 

reduction processes and one irreversible oxidation wave in the 

voltammogram. In order to study the possible reversibility of the 

reduction processes, a set of experiments were performed at different scan 

rates, from 50 to 1000 mV/s.  

 

Figure 3.17. Oxidation and reduction CVs (a) and DPVs (b) voltammogram of 

compound 4. * Impurity. 

 

For the reduction processes, several parameters of the resulting 

voltammogram were analysed as: (i) the ratio between the anodic to 

cathodic intensities (Ipa/Ipc), (ii) the difference among the redox potential 

(ΔEp) and (iii) the relationship of the maximum current and the square 

root of the scan rate. A process is considered as a reversible if the ratio 

between Ipa/Ipc is close to 1, , ΔEp is smaller than 59 mV, for aqueous 

solutions, or finally, whether there is a linear regression between the 

maximum current reached and the square root of scan rate, according to 

the Randles-Sevcik equation 29.   
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The graph of the first reduction wave of 4 at different scan rates is 

displayed in Figure 3.18 a. The calculated parameters ΔEp deviate from 

the references values as Table 3.1 shows. However, since the studies were 

carried out in an organic media, the ideal 59 mV separation between the 

redox potential cannot be considered a reliable requirement to be fulfilled. 

Despite of these results, Ipa/Ipc ratio is close to 1 for the common scan 

rates used ( from 50 to 250) and the Randles-Sevcik equation displays a 

linear relationship between the plotted parameters in Figure 3.18 b. 

Therefore, the first reduction process of NH2CCMoid can be described as 

a quasi-reversible step under the explored conditions. Unfortunately, the 

next reduction process did not fulfil any criteria for a reversible process.  

 

 

Figure 3.18. a) First reduction wave of compound 4 recorded at several scan 

rates. b) Graphical representation of the maximum intensity vs. the square root 

of the scan rate for the anodic and cathodic peaks. 
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Table 3.1. Division of the anodic and cathodic maximum intensities and 

potential values differences for the oxidation and reduction processes at different 

scan rates. 

 

The DPV graph, depicted in Fig 3.17 b, was used to calculate the 

approximated values of the HOMO and LUMO levels according to the 

Equations indicated in Chapter 2. 

Table 3.2 collects the HOMO, LUMO and the Eg estimated values. The 

extracted bandgap for 4 was 2.12 eV, which roughly coincides with the 

optical bandgap value of 1.96 eV obtained from the UV-Vis absorption 

experiment. These two values indicate that the HOMO-LUMO energy 

may be estimated at around 2.0-2.1 eV corroborating its semiconducting 

behaviour. 

 

Table 3.2. Potential values for oxidation and reduction, HOMO, LUMO and 

electrochemical bandgap of compound 4. 

 

Scan rate (mV/s) Ipa/Ipc ΔEp (mV) 

50 1.03 90 

100 1.12 90 

250 1.21 110 

350 1.30 140 

500 1.39 150 

1000 1.66 180 

E onset ox 
(V) 

Eonset red 
(V) 

E HOMO 
(eV) 

E LUMO 
(eV) 

Eg 
(eV) 

0.20 -1.92 -5.00 -2.88 2.12 
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3.3.3.2 Synthesis and characterization of 

hemiNH2CCMoid, 5 

Our studies, and others, show that the ratio between the aldehyde and the 

ACAC in the CCMoid formation is a decisive parameter in the symmetry 

of the resulting CCMoid 13,26,27,30–32. In the synthesis of symmetric 

CCMoids, stoichiometrically 4 equivalents of aldehyde are needed for 2 

equivalents of ACAC according to the reaction mechanism, although it 

was demonstrated that 3.6:2 ratio is enough to obtain the desired 

symmetric CCMoid 27.  

Theoretically, decreasing the proportion aldehyde:ACAC in the reaction 

to 2:2 , it should be possible to achieve hemiCCMoids, that possess only 

one arms of the conjugated skeleton, remaining the other side as a -CH3 

group. These compounds are also interested because they can serve as 

starting materials in the preparation of assymetric CCMoids, which have 

different moieties in both arms, and therefore to combine two 

functionalities in one CCMoid. Kim et al. 30 isolated boron difluoride 

complexes of hemiCCMoids with 1:1 ratio of the reactants and Pedersen 

et al. 31 employed the same proportion for the synthesis of asymmetric 

CCMoids. Other studies 13  have reported lower rates of equivalents, 1:4 

(aldehyde:ACAC) or even 1:5, to obtain hemi or asymmetric CCMoids in 

good yields. 

However, in this work, hemiNH2CCMoid, 5, shown in Figure 3.19, was 

extracted during the workup of the symmetric NH2CCMoid reaction, 

where 5 equivalents of aldehyde were mixed with 1 equivalent of ACAC 

in DMF. When the reaction was finished, after the water addition to break 

the boron complex, a filtration step was required to isolate the symmetric 

NH2CCMoid. In that step, NH2CCMoid remained as a solid on the 

filtering paper whereas in the filtered solution, a fine solid was observed, 

which was isolated by centrifugation in a 8 % yield and identified as 
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hemiNH2CCMoid, 5, opening the possibilities for new extended 

asymmetric CCMoids.  

 

 

 

Figure 3.19. Chemical structure of compound 5. 

 

The identification of 5 was accomplished by 1H and 13C NMR, ATR-FTIR, 

UV-Vis, electrochemistry, elemental analysis and MALDI-TOF 

experiments (spectrum shown in Figure A3.7, Annex III).  

1H NMR verified the formation of compound 5, whose spectrum in CDCl3 

is displayed in Figure 3.20. The spectrum provided by the hemiCCMoid 

(in blue) is similar to the obtained for compound 4 (in garnet color). 

However, the main difference which is important to highlight is the 

noticeable presence of an intense singlet at 2.14 ppm attributed to the 

methyl terminal groups of the monosubstituted compound. Furthermore, 

there is a modest shift of the backbone pattern to higher fields in the 

spectrum of 5 owing to the lack of conjugation on one side compared to 

the symmetric CCMoid that implies a high shielding of the molecules 

protons.  
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Figure 3.20. Comparison between 1H NMR spectra of 4 and 5 in CDCl3. 

 

The 13C NMR spectra in CDCl3 of the hemi and symmetric NH2CCMoid 

are compared in Figure 3.21. Both present many similarities although 

there are some noticeable changes. The most significant one which 

confirms the presence of the hemiCCMoid, is the appearance of the signal 

around 30 ppm, corresponding to the carbon of the methyl terminal group, 

C9, in compound 5. Another important change, is the upshift of the 

carbonyl C2 signal over 190 for the hemiCCMoid. The non-substituted 

aromatic carbons, C6 and C7, do not suffer any significant difference, 

whereas the aromatic carbon bonded to the conjugated chain, C5, along 

with C3, are downshifted. In this case, the carbon linked to the amine 

group, C8 is not distinguishable. 
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Figure 3.21. Comparison of the 13C NMR spectra of 4 and 5 in CDCl3. 

 

The ATR-FTIR spectrum of compound 5, displayed in Figure 3.22, 
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functional groups presented in 4 are also comprised in the latter. However, 

the recognition of the methyl terminal group in 5, which is the only 

distinct group between 4 and 5 was not achieved by ATR-FTIR, probably 
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Figure 3.22. ATR-FTIR spectrum of compound 5. 

 

Figure 3.23 shows a comparison between the UV-Vis absorption spectra 

of compound 4 and 5 in THF. The spectrum of 5 is characterized by a 

hypsochromic shift of the band related to the backbone from 452 nm, for 

4, to 406 ppm, for 5. This trend attributed to the missing effect of the 

extended π conjugated part (symmetric CCMoids), coincides with 

previous works reported 30. At higher energies, 268 nm respectively, the 

bands which correspond to the amino substituted phenyl group appeared. 

 

 

 

 

 

Figure 3.23. Comparison of the UV-Vis spectra of 4 and 5 in THF. 
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Similar to some previous examples, the solid-state UV-Vis absorption 

spectrum data is used to calculate and represent the Tauc’s plot for 

estimating the optical bandgap of the compound. Figure 3.24 a, shows the 

solid-state UV-Vis plot for 5 which displays the two bands slightly 

displaced compared to the solution spectrum. Applying the Tauc’s 

equation (Eq 2.2 in Chapter 2) we obtained the Tauc’s graph (Figure 3.24 

b) and consequently the Eg value, which is 1.94 eV. This value is similar 

to the obtained for compound 4, 1.96 eV, which implies that both 

compounds can be categorized as semiconductor systems as well. 

 

 

 

 

 

Figure 3.24. a) UV-Vis absorption spectrum of 5 in solid state. b) Tauc´s 

representation of the UV-Vis spectrum in solid state of 5. 

 

CV and DPV measurements were conducted under the same conditions as 

for compound 4 to acquire data on the bandgap, HOMO and LUMO levels 

of compound 5.  

Two reduction and one oxidation processes are observed in the CV 

voltammogram of compound 5, exhibited in Figure 3.25 a. The reversible 

reduction behaviour of compound 5 was analysed estimating the 

previously mentioned parameters. 
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Figure 3.25. Oxidation and reduction CVs (a) and DPVs (b) voltammogram of 

compound 5. 

 

The first intense reduction wave of compound 5 at different scan rates is 

represented in Figure 3.26 a. The determined parameters for Ipa/Ipc and 

ΔEp do not approach the ideal values as Table 3.3 collects. Nevertheless, 

Ipa and Ipc present a linear dependence on the scan rate, as Figure 3.26 b 

shows. Hence, the first reduction process of hemiNH2CCMoid can be 

described as a quasi-reversible step under the explored conditions, as it 

happens with the symmetric homologous. However, the next reduction 

process fails to meet the requirements to be considered as a reversible 

process. 

 

 

 

 

 

Figure 3.26. a) First reduction wave of compound 5 recorded at several scan 

rates.  b) Graphical representation of the maximum intensity vs. the square root 

of the scan rate for the anodic and cathodic peaks. 
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Scan rate (mV/s) Ipa/Ipc ΔEp (mV) 

25 0.44 90 

50 0.40 90 

100 0.38 90 

200 0.47 120 

350 0.47 120 

500 0.47 140 

1000 0.66 180 

 

Table 3.3. Division of the anodic and cathodic maximum intensities and 

potential values differences for the oxidation and reduction processes at different 

scan rates. 

 

The DPV graph, shown in Fig 3.25 b, was utilized to estimate the HOMO 

and LUMO levels according to the equations outlined in Chapter 2. The 

values are collected in Table 3.4. The bandgap calculated for 5 was 2.32 

eV, which is not approximately consistent with the optical bandgap value 

estimated from the UV-Vis experiment that was 1.94 eV, however the 

electrochemical gap is more in the line with the changes observed in the 

NMR experiments, where the displacement of the signals indicates that 

the hemiCCMoid, 5 presents lower conjugation features than 

NH2CCMoid, 4. 

 

Table 3.4. Potential values for oxidation and reduction, HOMO, LUMO and 

electrochemical bandgap of compound 5. 

 

E onset ox 
(V) 

Eonset red 
(V) 

E HOMO 
(eV) 

E LUMO 
(eV) 

Eg 
(eV) 

0.30 -2.02 -5.10 -2.78 2.32 
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Nevertheless, according to the electrochemical estimation, compounds 4 

and 5 present a similar gap being slightly smaller for NH2CCMoid. 

Besides, the representation of the energy distribution for 4 and 5, shown 

in Figure 3.27, implies a similar donor-acceptor behaviour of both systems. 

One could expect higher variations regarding the value and wide of the 

energy gap between the two molecules. However, their similarity shows 

the relevance of the nature of the arms of the CCMoids, and how it can 

modulate their electronic behaviour. From our results we observed that 

the -NH2 group provides smaller HOMO-LUMO gaps than other systems 

reported in the literature 33,34,  pointing out this fact. 

 

 

 

 

 

 

Figure 3.27. Schematic diagram for HOMO and LUMO energy levels of 

compound 4 and 5. 
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3.4. Conclusions 

• Two new amino CCMoids were isolated and characterized, the 

symmetric NH2CCMoid, 4, and the hemiNH2CCMoid, 5. 

• Three different strategies were explored for the achievement of 

compound 4, however, only the varied Pabon’s reaction using 5 

equivalents of aldehyde and DMF as solvent allowed to obtain the 

desirable CCMoid.  

• The low yield of the nitro derivative NO2CCMoid, 2, 

together with the impure compound 4, obtained after 

reduction of 2, caused the development of different routes 

to prepare the final CCMoid.  

• The impossibility of the Boc cleavage with the tested 

conditions resulted on the abandon of the second protocol, 

which implied the Pabon’s reaction with Boc protected 4-

aminobenzaldehyde.  

• The synthetic process employed for the preparation of compound 

4 allowed the obtention of the hemiCCMoid, compound 5. 

• The lack of one conjugated side in the hemiNH2CCMoid, affects 

to the appearance of the signals in 1H NMR and UV-Vis spectra, 

shifted to higher fields in the former and blue shifted in the latter, 

respectively, compared to the symmetric NH2CCMoid.  

• The absence of one arm in the hemiNH2CCMoid seems not to 

influence significantly in the electrical behaviour of the CCMoid, 

presenting both CCMoids, 4 and 5, a reasonable semiconductor 

behaviour, with the electrochemical bandgap of compound 4 being 

slightly smaller.  
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3.5. Experimental section 

Synthesis of NO2CCMoid, 2 

0.34 mL of ACAC (3.31 mmol) and 0.16 g of B2O3 (2.31 mmol) were mixed 

in 1.4 mL EtOAc at 60 °C. In parallel, to dissolve the aldehyde, 1.00 g of 

4-nitrobenzaldehyde (6.62 mmol) was mixed with 3 mL of EtOAc and 

stirred at 60 °C. 1 hour later, the aldehyde solution and 3.57 mL 

tributylborate (13.23 mmol) were added into the initial mixture, and the 

temperature mantained for 2 h. After cooling down to RT, a solution of 

0.25 mL of butylamine (2.48 mmol) in 2 mL EtOAc was added into the 

flask. The final reaction was stirred at room temperature for 2 days. Then, 

the precipitate was filtered and washed with EtOAc. Next, the isolated 

solid was mixed with Milli-Q and stirred overnight. Finally, the 

NO2CCMoid product was obtained as a yellow solid in 2% after filtration, 

washing with Milli-Q water and drying with Et2O. 1H NMR (360 MHz, 

CDCl3) δ: 15.55 (1H, s) 8.28 (4H, d, 3J=8.7 Hz), 7.74 (6H, m) 6.78 (2H, d, 

3J= 15.9 Hz), 5.93 (1H, s). Elemental analysis calcd for C19H14N2O6 · 0.1 

C4H8O2 · 0.15 H2O: C: 61.67 %; H: 4.03 %; N 7.41%; O: 26.89 %, found: C 

61.67 %; H 3.97 %; N: 7.44 %; O: 26.92 %; MS MALDI-TOF (m/z) calcd 

for NO2CCMoid: 366.3 [M]; found: 365.2 [M-1]. 

 

Synthesis of MnO2 35.  

MnSO4 (11.5 g, 68.0 mmol in 20 mL Milli-Q water) and NaOH (14 g, 350 

mmol in 16.5 mL Milli-Q water) aqueous solutions were simultaneously 

added dropwise into a heated solution of KMnO4 (13.0 g, 85.2 mmol in 80 

mL Milli-Q water) at 40 °C. After 1 h at 60 °C, the reaction was cooled 

down to ambient temperature, filtered through a filter plate and 
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thoroughly washed with Milli-Q water. Finally, the product was dried in 

an oven at 100 °C over 3 nights. Yield 60%. 

 

Synthesis of 4- (Boc-amino) benzylaldehyde 

A solution of NaOH (0.65 g, 16.0 mmol) in 40 mL of water was added into 

a solution of 4-aminobenzyl alcohol (2.00 g, 16.2 mmol) in 10 mL of 

dioxane. Di-tert-butyl di-carbonate (4.95 g, 22.7 mmol) was introduced 

into the mixture and it was stirred over two nights at room temperature. 

Then, 50 mL of diethyl ether were added and the mixture was extracted 

with 1M HCl, saturated NaHCO3 and brine. Finally, the organic layer was 

dried with MgSO4, filtered and the solvent evaporated to obtain 4-(Boc-

amino)benzylalcohol. The obtained solid was dissolved in 48 mL of DCM 

and mixed with 9 g of freshly synthesized MnO2 (103.5 mmol). After 2 

days at room temperature, the mixture was filtered through celite and the 

solvent removed under vacuum to isolate the product in 72% yield. 1H 

NMR (360 MHz, CDCl3,) δ: 9.89 (1H, s) 7.84 (2H, d, 3J=8.6 Hz), 7.54 (2H, 

d, 3J=8.3 Hz) 6.74 (2H, s). Elemental analysis calcd for C12H15NO3·0.1 H2O: 

C: 64.62%; H: 6.87 %; N 6.28 %; O: 22.24 %, found: C 64.85 %; H 6.80 %; 

N: 6.11 %; O: 22.24%. 

 

Synthesis of BocNH2CCMoid, 3 

51 µL of ACAC (0.50 mmol) were mixed with 35.0 mg of B2O3 (0.50 mmol) 

in 0.2 mL of DMF. After 30 minutes heating at 80 °C, 0.54 mL of 

tributylborate (2.00 mmol) and a solution of 200 mg of 4-(Boc-amino) 

benzaldehyde (0.90 mmol) in 0.6 mL of DMF were added at an interval of 

30 min. 30 minutes later, 19.7 µL of butylamine (0.20 mmol) were 

dissolved in 0.2 mL DMF and added dropwise into the mixture. Then, the 

reaction was kept at 80 °C for a total of 4 h and subsequently 6 mL of 
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Milli-Q water were added allowing the mixture to cool down to RT and 

stirring for 1 extra hour. Finally, the reaction was filtered off, washed with 

Milli-Q water and dried with Et2O.Yield 70%. 1H NMR (400 MHz, CDCl3) 

δ: 15.98 (1H, s) 7.62 (2H, d, 3J= 15.8 Hz) 7.51 (4H, d, 3J=8.6 Hz), 7.41 (4H, 

d, 3J=8.6 Hz) 6.59 (2H, s), 6.55 (2H, d, 3J=15.8 Hz). Elemental analysis 

calcd: C: 68.76%; H: 6.77 %; N 5.53 %; O: 18.95 %, found: C 68.46 %; H 

7.00 %; N: 5.63 %; O: 18.91%; MS MALDI-TOF (m/z) calcd for 

BocNH2CCMoid: 506.6 [M]; found: 505.6 [M-1]. 

Synthesis of 4-aminobenzaldehyde. 

9 g of freshly synthesized MnO2 (103.5 mmol) were introduced into a 

round bottom flask containing a solution of 4-aminobenzyl alcohol (2.00 

g, 16.2 mmol) in 48 mL of dry DCM. After being stirred for 2 days, the 

mixture was filtered through celite and the solvent was evaporated under 

vacuum to provide pure 4-aminobenzaldehyde in 94% yield. 1H NMR (360 

MHz, CDCl3) δ: 9.73 (1H, s) 7.68 (2H, d, 3J=8.5 Hz), 6.69 (2H, d, 3J=8.5 

Hz) 4.35 (2H, s). 13C NMR (90 MHz, CDCl3) δ: 190.6, 152.7, 132.4, 127.5, 

114.2. MS MALDI-TOF (m/z) calcd for 4-aminobenzaldehyde:  121.0 

[M]; found: 122.0 [M+1]. 

Synthesis of NH2CCMoid, 4. 

78 µL of ACAC (0.77 mmol) and 53.7 mg of B2O3 (0.77 mmol) in 0.5 mL 

of DMF were heated at 80 °C for 30 min. Then sequentially, at an interval 

of 30 min, 0.83 mL of tributylborate (3.07 mmol) and a solution of 425 mg 

of 4-aminobenzaldehyde (3.50 mmol) in 1 mL of DMF were added. The 

mixture was allowed to evolve at 80 °C for another half hour and then 30 

µL of butylamine (0.30 mmol) dissolved in 0.4 mL DMF was added 
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dropwise. 4 h later, 6 mL of Milli-Q water were added allowing the 

mixture to cool to RT for 1 hour. Finally, the reaction was filtered off, 

rinsed with Milli-Q water and dried with Et2O to obtain a garnet solid in 

30% yield. 1H NMR (360 MHz, CDCl3) δ: 16.20 (1H, s) 7.59 (2H, d, 3J=15.9 

Hz), 7.40 (4H, d, 3J=8.1 Hz) 6.67 (4H, d, 3J= 8.2 Hz), 6.45 (2H, d, 3J= 

15.8 Hz), 5.73 (1H, s), 3.94 (4 H, s). 13C NMR (90 MHz, CDCl3) δ:183.6, 

148.7, 140.7, 130.1, 125.7, 120.3, 115.1. Elemental analysis calcd for 

C19H18N2O2 ·                . 0.55 H2O: C: 72.16 %; H: 6.09 %; N: 8.86 %; O: 12.90 %, 

found: C 72.20 %; H 5.66 %; N: 9.00 %; O: 13.14 %; MS MALDI - TOF 

(m/z) calcd for NH2CCMoid: 306.1 [M]; found: 304.9 [M-1]

Synthesis of hemiNH2CCMoid, 5: 

HemiNH2CCMoid, 5 was obtained as byproduct in the previous reaction 

in an 8 % yield. The mother liquid from the final filtration described for 4 

contained 5 as a thin precipitated that was isolated by centrifugation, 

washed with Milli-Q water and dried with Et2O. 1H NMR (360 MHz, 

CDCl3) δ: 15.58 (1H, s) 7.55 (1H, d, 3J=15.9 Hz), 7.37 (2H, d, 3J=8.6 Hz) 

6.67 (2H, d, 3J= 8.4 Hz), 6.30 (1H, d, 3J= 15.8 Hz), 5.59 (1H, s), 3.94 (2 H, 

s), 2.14 (3H, s). 13C NMR (90 MHz, CDCl3) δ: 196.3, 140.6, 130.0, 118.7, 

115.1, 110.13, 100.5, 26.8. Elemental analysis calcd for C12H13NO2 · 0.4 

H2O · 0.05 C3H7NO: C 68.16 %; H: 6.66 %; N: 6.87 %; O: 18.31 %, found: C 

67.98 %; H: 6.33%; N: 7.23 %; O: 18.46 %; MS MALDI- TOF (m/z) calcd 

for HemiNH2CCMoid: 203.1 [M]; found: 202.1 [M-1]. 
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Annex III 

 

 

 

 

 

 

 

 

 

Figure A3.1. MALDI-TOF mass spectrum in negative mode of 2. 

 

 

 

 

Figure A3.2. Comparison between 1H NMR spectra of compound 2 and its 

product after the reduction reaction of NO2CCMoid. 
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Figure A3.3. MALDI-TOF mass spectrum in negative mode of 3. 

 

 

 

 

Figure A3.4. 1H NMR spectrum in CDCl3 obtained after the Boc deprotection of 

BocNH2CCMoid with HCl/dioxane in THF. 
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Figure A3.5. 1H NMR spectrum in CDCl3 of the adapted Pabon reaction with 4-

aminobenzaldehyde in EtOAc. 

 

 

 

 

 

 

 

 

 

 

 

Figure A3.6. MALDI-TOF mass spectrum in negative mode of 4. 
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Figure A3.7. MALDI-TOF mass spectrum in negative mode of 5. 
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Chapter 4 

Preparation of extended carbon 
nanotubes and polycyclic aromatic 

hydrocarbon-based CCMoids as 
functional units in graphene-based 

three-terminal devices 

In this chapter, we study the extension of the previously synthesized 

NH2CCMoid through the incorporation of functionalised CNTs and 

perylene units, resulting in the creation of elongated CNTs and polycyclic 

aromatic hydrocarbon-based CCMoids, named here CCMoidfCNTs and 

peICCMoid, respectively. Additionally, we anchor peICCMoid to nanogap 

graphene-based three-terminal devices and analyse its electrical 

conductance within a single molecule regime. 



 
 

  



Extended CNT and PAH-based CCMoids as functional units in graphene-based 
three-terminal devices 

147 

4.1. Introduction 

Nowadays, the fabrication of robust and efficient three-terminal devices for 

electron transport studies of single molecules is still a challenge 1. The most 

basic conformation consists on the immobilization of individual molecules 

that will act as nanowires, within an electrical circuit composed by three 

electrodes: named as source (S), drain (D) and, separated from them by an 

insulator, the third one called gate (G), as Figure 4.1 shows. Taking into 

account the average dimension of molecules, the gaps between S-D may be 

at the nm scale (nanogaps, of the order of 1- 2 nm). 

 

 

 

 

Figure 4.1. Basic three-terminal device architecture. 

 

Traditionally, the creation of single molecule junctions has primarily 

involved nanogapped metallic electrodes, particularly gold, using different 

techniques such as mechanically controlled break junctions or 

electromigration, among others 2. However, due to the high atom mobility, 

Au nanoelectrodes tend to be unstable at room temperature 3, in the regime 

where the device should work 4. A suitable alternative is the use of two-

dimensional planar graphene electrodes resulting in hybrid graphene-based 

three-terminal devices, as represented in Figure 4.2, where S and D are made 

of graphene supported on Si (G) and separated by a thick layer of SiO2. 

Graphene-based S and D electrodes can be separated by nanometer 

distances applying the previously described (in Chapter 1) gap opening 

Source
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techniques, lithography 5, mechanically controllable break junction 6 or 

electroburning 4, being the latter applied for the obtaining of 1-2 nm 

separation between the graphene electrodes. 

Figure 4.2. Example of a graphene-based three-terminal device. 

The sp2 carbon lattice offers this material stability at both low and high 

temperatures (10 K to 300 K). Moreover, it opens the possibility to couple 

single molecules through π-π stacking or covalent bonding 7. As the gap 

opening experiments usually involves the presence of oxygen, because the 

use of oxygen plasma ion etching, or because the experiment is performed 

in air, the edges of the broken graphene are functionalised, with hydroxyl, 

aldehyde and/or acid groups, among others. These groups can react, 

optimizing them, with amino groups comprised in the single molecule 

leading to the creation of amide covalent junctions 5. 

On the other hand, looking at the π-π stacking interactions between the 

molecule and the electrodes, CNTs and polycyclic aromatic hydrocarbons 

(PAHs) are ideal candidates to locate in the extremes of single molecules to 

act as anchoring points with graphene.  

CNTs have widely been explored as electrodes in three terminal devices 7. 

However, in most of the cases, where a single molecule was attached, 

particularly by covalent modification 8,9, the cutting of the nanotubes was 

mostly performed by oxygen plasma ion etching 10 leading into a nanometer 

Si

Au
Au

SiO2
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separation higher than 1-2 nm obtained by electroburning. Additional gap 

formation techniques were studied, such as, electrical breakdown creating a 

gap down to 7 nm, where the molecule was attached by π-π interaction 

between terminal phenantrene moieties and CNTs 11 or by helium ion 

etching where the gap formed was around 3 nm size 12.  

Although the use of CNTs as electrodes in three terminal devices has been 

intensively studied, their role as single wires in carbon-based devices, has 

attract less attention, due to the challenging control of the density and 

separation of CNTs to connect only one tube to each device 13.  

Regarding PAHs, this specific family of molecules, represented some of them 

in Figure 4.3, are composed by the fusion of a number of benzene rings. They 

are considered cut-outs of graphene, therefore they are able to interact by π- 

π staking with similar materials 14,15. 

 

 

 

 

 

 

 

Figure 4.3. Examples of PAHs.  

 

Perylene is the five fused ring structure shown in Figure 4.3, whose 

derivative perylene tetracarboxylic diimide, named PDI (represented in 

Figure 4.4) and PDI-based compounds have been measured in single 

Naphthalene Anthracene Pyrene 

Perylene Coronene Ovalene 
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molecule break junctions attached by different anchoring groups to Au 

electrodes 16,17,18,19. This family of compounds present some attractive 

features to act as active unit in electronics, such as the easiest 

functionalization of the bay area to increase the solubility or to tune the 

redox properties of the compound and the modification of the N-substitution 

without variation in the HOMO-LUMO orbital due to the presence of nodes 

in that position 17. 

 

 

Figure 4.4. Structure of perylene tetracarboxylic diimide (PDI). 

 

To date, there is not any graphene-based three-terminal device 

incorporating a single molecule containing basic perylene as anchoring 

points, although a related investigation was reported by El Abbassi et al. 20 

fabricating the first and unique electroburned graphene-based field effect 

transistor including a nanoribbon formed by fused perylene units.  

Although perylene has not been extensively introduced as terminal points 

for electrical single molecule measurements, smaller PAHs have, such as 

pyrene 21 (four fused rings) or anthracene 4 (three fused rings). 

The conductance of a family of CCMoids incorporating anthracene moieties 

have been investigated. In 2011, Prins et al. 4 developed the first stable 

graphene CCMoid junction at room temperature. 9ACCMoid whose 

structure is shown in Figure 4.5, was the elected candidate to be deposited 

onto the device.  
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Figure 4.5. Representation of the structure of 9ACCMoid. 

 

9ACCMoid exhibits terminal anthracene units, providing two conjugated 

parts to the molecule: the conjugated chain that can manage the charge 

transport and the terminal aromatic rings capable of interacting through π-

π stacking with the graphene electrodes. After performing electroburning, 

to open the gap in the few layer graphene electrodes, reaching 1-2 nm 

separation, the CCMoid was deposited and finally the conductance at room 

temperature was measured, as Figure 4.6 a displays. The intensity vs current 

curve (I-V curve) (Figure 4.6 b) collected by applying a source drain voltage 

(Vsd) and zero gate voltage (Vg), reveals an increase of the current after the 

deposition of the molecule. To verify that the increase was indeed due to 

molecular effects, the same measurements were repeated, this time with the 

application of a gate voltage ranging from -10 to +10 V at room temperature 

(Figure 4.6 c) and at 10 K (not shown) 4. Consistently, a similar current 

increment was observed, corroborating the successful creation of the 

molecular junction at RT.  

Figure 4.6. a) Representation of 9ACCMoid anchored to a nanogap graphene-

based device. b) I-V curve conducted at room temperature and zero gate voltage. 

c) I-V curves performed at different voltage gates. Figures extracted from 

reference 4. 

a) b) c) 

O O
H
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Apart from the creation of 1-2 nm gap through electroburning, the process 

performed at room temperature, leaded to the oxidation and 

functionalization of the edges of the graphene electrodes with most probably 

-OH, -CHO and -COOH groups, which hindered a profitable molecular 

contact with the graphene. To minimize the influence of these functionalities 

and enhance the coupling with the electrodes, in 2016, Burzuri et al. 22 used 

a longer CCMoid, 9ALCCCMoid, whose structure is shown in Figure 4.7, 

that was added, in a similar manner than before, into a hybrid-graphene 

three-terminal device. 

 

Figure 4.7. Chemical structures of 9ACCMoid and 9ALCCCMoid, comparing 

lengths. 

 

The strategy they followed consisted on the extension of the conjugated 

backbone of the previously explored 9ACCMoid from 7 to 11 carbon atoms, 

increasing the length of the molecule from 1.68 nm to 2.07 nm, allowing the 

anchoring far from the functionalized edges of the graphene. They 

conducted I-V measurements at low temperatures, below 10 K reporting an 

increase of the conductance about 2 orders of magnitude with respect to the 

empty device, which was an analogous result to that observed with the 

shorter molecule. Despite the longer length of 9ALCCCMoid, which would 

result in lower conductance, they observed similar conductance values at 

low temperature compared to the initial CCMoid, 9ACCMoid, suggesting 

an improved anchoring as the reason for the comparable conductance.  
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2.07 nm, which is the size of the longer active CCMoid investigated, is still 

close to the gap limit. To overcome that barrier and anchor the molecule 

farther from the graphene edges, we proposed the design of extended 

CCMoids in a different way. While in the past our group enlarged the 

conjugated chain, now we put emphasis on the extension of the arms using 

as starting material the NH2CCMoid 4, described in Chapter 3, taking 

advantage of its capacity to further react. Furthermore, we aimed to 

strength more the interaction between the molecule and graphene by the 

introduction of CNTs or, in the case of PAH groups, two additional rings, 

using perylene, instead of anthracene moieties, as anchoring groups in our 

investigation. 

4.2. Objectives 

The objective of this chapter is to study the reactivity of NH2CCMoid for 

the formation of longer CCMoid systems, containing CNTs and PAH arms, 

respectively, in order to strengthen their anchoring to graphene electrodes 

for the exploration of the single-molecule electronic properties over three-

terminal nanogap graphene- based devices. In order to exploit the final goal, 

it is necessary to accomplish the following aims: 

• Covalent functionalization of CNTs with the NH2CCMoid, 4, for

the obtaining of extended CCMoids.

• Synthesis of a PAH-CCMoid based on modified perylene moieties

and NH2CCMoid, 4 for its use as nanowire in three terminal devices.



Chapter 4 

154 

4.3. Results and discussion 

4.3.1. Covalent functionalization of CNTs with 

NH2CCMoid. 

4.3.1.1. Preparation of the covalent modified 

CCMoidfCNTs 

The commercially available single walled carbon nanotubes (SWCNTs) 

from Sigma Aldrich used in this thesis were growth by chemical vapor 

deposition. This methodology generates also carbon impurities in the 

sample, such as amorphous carbon or graphitic nanoparticles. Therefore, 

before using them, a purification process is needed, followed by a 

functionalization step to introduce functional groups in the SWCNTs 

(giving rise to fCNTs) capable of reacting with the previously described 

NH2CCMoid, 4. 

As scheme 4.1. outlines, the purification process comprised two steps 23. In 

the initial one SWCNTs were exposed to water steam at 900 oC under argon 

atmosphere for 4 h, to remove the carbon-based impurities. This 

methodology implies the avoidance of defects, by oxidation with O2 and also 

the opening of the ends of the nanotubes. Subsequently, the sample was 

refluxed in presence of HCl (6 M) for 8 h, for the removal of the iron catalyst 

employed in the synthetic procedure, and finally was filtered, washed (until 

neutral pH) and dried.  

Then, acid functionalities, capable of reacting with the amino groups of 

compound 4, were introduced on the edges and walls of the opened 

SWCNTs by an acid treatment of the sample with HNO3 (3 M) under reflux 

for 45 h, obtaining acid functionalized CNTs, called here afCNTs 23.  
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Scheme 4.1. Purification and acid functionalization process of SWCNTs. 

 

After a thermogravimetric analysis to know the percentage of acid groups 

in the sample (shown in Figure A4.1 Annex IV), we performed the reaction 

between the acid functionalised CNTs and compound 4, as displayed in 

Scheme 4.2. First, the acid groups were preactivated by a well-known 

protocol with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and 

N-hydroxysuccinimide (NHS) in DMF for 45 minutes 24. Afterwards, in 

order to optimize the coupling with NH2CCMoid, 4, three different amounts 

of NH2CCMoid were studied, 1:1 ratio between acid:diamine groups, 2:1 and 

10:1 in DMF for 72 h. By UV-Vis absorption spectroscopy it was possible 

to found out that there was an excess of NH2CCMoid in the 1:1 and 2:1 ratio 

sample, being the optimal conditions the 10:1 mixture, ideally resulting in 

the named CCMoidfCNTs exposed in scheme 4.2.  

Steam 900 ºC 
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Scheme 4.2. Route followed for the preparation of CCMoidfCNTs. 

 

This scheme depicts the final goal with the methodology described above, 

although this may be one of the possible products, having also a range of 

NH2CCMoids attached to the same afCNT, in a lateral manner, for example, 

and others in the apical positions of the functionalized CNTs, as exemplified 

in Figure 4.8. 

 

 

 

 

 

 

Figure 4.8. Examples of a mixture of CCMoidfCNTs systems.  

 

Our total CCMoidfCNT sample was characterised by UV-Vis absorption 

spectroscopy, transmission electron microscopy (TEM), FTIR 

spectroscopy, and Raman spectroscopy.  

afCNTs CCMoidfCNTs 
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4.3.1.2. UV-Vis absorption spectroscopy of 

CCMoidfCNTs 

For the UV-Vis analysis, a solution of 4 in isopropanol and two dispersions, 

of the afCNTs and CCMoidfCNTs, using the same solvent were measured 

and compared. The spectra obtained are shown in Figure 4.9. The 

CCMoidfCNTs exhibit two absorption bands at 326 nm and 466 nm, 

respectively, equally than compound 4, indicating its presence in the 

mixture. However, we could not confirm the type of interaction, chemical or 

physical, between the CCMoid and the afCNTs due to the absence of the π 

plasmon absorbance wave assigned to the CNTs in the CCMoidfCNTs, 

which appears at 255 nm in the acid functionalised CNTs 25, 26.  

Figure 4.9. UV-Vis absorption spectra of 4, afCNTs and CCMoidfCNTs in 

isopropanol. 

4.3.1.3. TEM of CCMoidfCNTs 

TEM images, observed in Figure 4.10. do not show any significant changes 

in the morphology of the tubes for the acid or CCMoid functionalised 

systems, as it was expected.  
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Figure 4.10. TEM images of afCNTs and CCMoidfCNTs. 

 

4.3.1.4. FTIR spectroscopy of CCMoidfCNTs 

CNTs samples were deposited onto zinc selenide (ZnSe) pellets by drop 

casting of an isopropanol dispersion followed by solvent evaporation heating 

the pellet at 80 oC for FTIR experiments. Figure 4.11 displays the 

comparison of the spectra for afCNTs and CCMoidfCNTs. It is not observed 

any remarkable change between them, but the diminishing of the intensity 

of the C=O signal related to the acid groups at 1728 cm-1 for the 

CCMoidfCNTs, which is not missing owing to the presence of remaining 

non-modified acid groups in the sample. However, the C=O signal of the 

created amide bond or any peak attributed to the CCMoid are not detected, 

probably because of the low proportion of CCMoid in the sample compared 

to the CNTs presence, which agrees with reported literature 27.  

100 nm 20 nm

afCNT CCMoidfCNT
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Figure 4.11. ATR-FT-IR spectra of afCNTs and CCMoidfCNTs in ZnSe pellets. 

 

4.3.1.5. Raman spectroscopy of CCMoidfCNTs  

Raman spectroscopy has been demonstrated to be a powerful tool to analyse 

diverse aspects of CNTs 28. Therefore, we conducted Raman spectroscopy 

measurements in an equipment with a solid state laser emitting at 532 nm. 

In Figure 4.12 the comparison of the Raman spectra for afCNTs and 

CCMoidfCNTs are represented. The CCMoidfCNTs graph is characterised 

by the lack of signals regarding the CCMoid structure, with all the peaks 

identified corresponding to the CNT architecture. Probably due to the low 

ratio of CCMoid in comparison to the CNT, the CCMoid signals are not 

detectable.  
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Figure 4.12. Compared Raman spectra of afCNTs and CCMoidfCNTs. 

 

CNTs present an exclusive signal in the Raman spectrum in the region 

between 100 and 500 cm-1, the so-called radial breathing mode (RBM), 

which correspond with the vibration of the C atoms in the radial direction. 

This frequency of the band is inversely related to the diameter of the 

nanotubes, whose dependence is mathematically expressed by Equation 4.1. 

    𝜔𝜔𝑅𝑅𝑅𝑅𝑅𝑅 = 𝐴𝐴
𝑑𝑑𝑡𝑡

+ 𝐵𝐵                          Eq. 4.1. 

 

A and B are experimentally extracted and differ in the literature, being the 

most extended values A=248 cm-1 and B=O which correspond to isolated 

SWCNTs on a SiO2 substrate 29. 

Applying Eq 4.1, with the previously values exposed, for 𝜔𝜔𝑅𝑅𝑅𝑅𝑅𝑅= 262 cm-1, 

the employed CNTs are estimated to have a diameter dt value of 0.90 nm.  

In the region between 1300 and 1600 cm-1 two intense bands appear, the D 

and G band. The former is displayed at 1346 cm-1 and is related to the defects 

on the sp2 layer. The latter, G band is exhibited at 1590 cm-1 and is present 

in all the sp2 carbon systems attributed to the graphitic network. Owing to 
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the attribution of the D band, to the defects on the sp2 layer, the relation 

between the intensity of the D (ID) and G (IG) band is a key factor to analyse 

the covalent functionalization of the CNTs. The ID/IG values of the as 

received SWCNTs, the afCNTs and the CCMoidfCNTs are collected in 

Table 4.1. The afCNTs present an ID/IG value of 0.67, which is higher than 

the obtained for the as received one, 0.30, most probably due to the acid 

modification of the edges and walls of the CNTs altering the C sp2 structure. 

The intensities ratio for CCMoidfCNTs, 0.60 is similar to the afCNTs, 

because the defects on the sp2 layer do not increase, due to the covalent 

reaction through the already attached acid groups. 

 

 

 

 

Table 4.1. ID/IG values calculated for the functionalised CNTs.  

 

The G band allows the distinction of the semiconducting or metallic 

character of the CNTs within the sample. Both present two components of 

the G band, with a similar linewidth of 6-15 cm-1 30 for the components of 

the semiconducting tubes and for the higher frequency component of the 

metallic, being much broader for the lower frequency of the metallic. In our 

specific case, there is not clear distinction of two components of the G band, 

due to an overlapping of both, hindering the determination of the linewidth. 

However, the supplier’s specifications of the pristine SWCNT (Sigma 

Aldrich) revealed a mixture of semiconducting and metallic with a higher 

ratio of semiconducting. 

 ID/IG 

As reveived 0.30 

afCNTs 0.67 

CCMoidfCNTs 0.60 
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Finally above 2500 cm-1 several overtones of the D and G band appears such 

us G’, 2LO and 2G 28.  

The characterization results for the CCMoidfCNTs suggested low or 

negligible amount of CCMoid. Moreover, any of them offered any 

contribution about the disposition of the CCMoid in the sample, which could 

yield, as mentioned before, into a huge mixture of products, as exemplified 

in Figure 4.8. In order to obtain a system where the CCMoid bridges two 

CNTs, which would be the ideal for the single molecule measurements in 

the three-terminal devices, the combination of structures generated, must 

be purified. A suitable technique for the isolation of CNTs is 

ultracentrifugation and it should be taken into account in future analyses of 

the samples 31.  

Despite of the attractive systems and possibilities, it was decided to stop this 

field of investigation, owing to the difficult control of the isolation and 

characterization of the ideal CCMoidfCNTs system (shown in Scheme 4.2), 

the complicated anchoring of single or few molecules on the device due to 

the extensive aggregation and stacking of the CNTs and the variability of 

electrical measurements generated also by the mixture of semiconducting 

and metallic CNTs present in the sample. Therefore, we focused our 

research in the isolation of CCMoid-based systems containing smaller C sp2 

organizations, including perylene. 

 

4.3.2. Synthesis and characterization of perylene 

-based CCMoid, peICCMoid, 6. 

4.3.2.1. Synthesis of peICCMoid, 6 

Imines (-C=N-), also known as Schiff bases or azomethines, are commonly 

synthesized by a condensation reaction between an aldehyde with an 
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aromatic amine, under reflux, with the consequent liberation of a molecule 

of water 32 .  

PeICCMoid, 6, whose chemical structure is displayed in Figure 4.13, 

exhibits two terminal perylene moieties linked to the CCMoid skeleton 

through imine functional groups, which can interact with the graphene 

electrodes by π-π stacking. 

Figure 4.13. Structural scheme of compound 6. 

Different conditions were tested to obtain compound 6. For instance, THF, 

CHCl3, DMF, and mixtures of them, were used as solvents to finally found 

out, that the optimal conditions to isolate 6 in 47 % yield, was in an acid 

catalysed condensation between 3-perylenecarboxaldehyde (peCHO) and 

the amino containing CCMoid, 4 under reflux for 5 days using EtOH as 

solvent, as outlined in Scheme 4.3. This experiment yielded in a mixture of 

the product along with the starting 3-perylenecarboxaldehyde, which was 

removed after several washing processes with hot CHCl3. The most critical 

and disturbing parameter in all the cases was the insolubility of the 

perylenecarboxaldehyde (peCHO), hindering most of the tested reactions. 

The insolubility factor of the initial perylene derivative, affects also to the 

final compound 6, which is not soluble in the common solvents found in the 

laboratory.  
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Scheme 4.3. Synthetic pathway described for the preparation of 6. 

Although 6 is not soluble in most of the usual solvents, in tetrachloroethane 

(TCE) is reasonable soluble and this way it was characterize by using 1H 

NMR and UV-Vis absorption spectroscopy. Additional solid-state 

techniques were used to confirm the creation of compound 6, such as ATR-

FTIR, Raman spectroscopy and MALDI-TOF mass spectrometry.  

4.3.2.2. 1H NMR of compound 6 

The 1H NMR spectra of peICCMoid and compound 4 in TCE-d2 are shown 

in Figure 4.14. Its low solubility made difficult a complete characterization 

and assignment of all the signals. However, the creation of a new imine bond 

is clearly demonstrated by the appearance of the proton H7 as a singlet at 

9.06 ppm together with the disappearance of the aldehyde signal, 

corresponding to the 3-perylenecarboxaldehyde starting material. Next to 

the singlet, a doublet attributed to the closest proton of the perylene (H8) 

appears, while the rest of the protons of the PAH appear between 8.4 and 

7.5 ppm, approximately. Remarkably, the only detectable signal related to 

the CCMoid skeleton is the one observed at 7.39 ppm, with correspond with 

one aromatic proton (H5).   

Further characterization was made to confirm the CCMoid structure owing 

to the limited information 1H NMR could reveal which was restricted to the 

presence of the new imine and perylene moieties. 
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Figure 4.14. Comparison of the 1HNMR spectra of 4 and 6 in TCE-d2. 

 

4.3.2.3. ATR-FTIR spectroscopy of compound 6 

ATR-FTIR spectrum of 6 is compared with the one for 4 in Figure 4.15. At 

1619 cm-1 appears a signal in both spectra, being broader for compound 6 

due to the overlapping of two contributions: the new imine bond created 33 

and the keto-enol component of the CCMoid skeleton. Additionally, two 

characteristic signals of perylene corresponding to the bending C-C and C-

H out of plane vibrations are observed at 807 and 762 cm-1 34, with no intense 

signals in 2850-2950 cm-1 related to the stretching C-H vibrations.  
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Figure 4.15. ATR-FTIR spectra of 4 and 6. 

 

4.3.2.4. Raman spectroscopy of compound 6 

Due to the specific and well-described fingerprint that PAHs display in 

Raman spectra, this technique has been widely used for their identification 
35. Besides, it can be employed for the recognition and comparison of 

additional functional groups present in NH2CCMoid, 4, and peICCMoid, 6. 

Therefore, the Raman spectra obtained with the laser emitting at 785 nm 

for 4 and 6 are compared in Figure 4.16. The most characteristic signals 

appear in the windows of 1150-1200 cm-1 and 1550-1650 cm-1 for both 

compounds, slightly shifted to higher frequencies for 4. At 1155 cm-1 is 

observed the in-plane bending C-H vibrations of the phenyl rings of 

peICCMoid and the signals at 1553 and 1577 cm-1 are attributed to the C=C 

and C=O stretching vibrations, respectively. The C=N bond is not detected 

but it could be overlapped with the C=C signal 36.  

The description provided for compound 6 is applicable to compound 4 due 

to the presence of almost every functional group comprised in 6. The 

vibration related to the amino group was prevented to be detected by this 

technique because of the high fluorescence interference 37.  

1000200030004000

Wavenumber (cm-1)

4
T

ra
ns

m
it

ta
nc

e 
 (

%
)

6 762807

C=O
1619 C=C C=H



Extended CNT and PAH-based CCMoids as functional units in graphene-based 
three-terminal devices 

167 

 

 

 

 

 

 

Figure 4.16. Raman spectra of 4 and 6.  

 

4.3.2.5. UV-Vis absorption spectroscopy of 6 

UV-Vis absorption experiments were conducted in both, solution and in 

solid state, due to the solvochromic behaviour of the CCMoids, in order to 

extract electronic information of the system 38. 

The UV-Vis spectra of 4 and 6 in TCE are compared in Figure 4.17. 

Compound 6 displays an intense band at 486 nm, which is bathochromic 

shifted compared to the bands related to the starting materials. This band is 

the result of the overlapping of the π- π* transition attributed to the 

CCMoid backbone and the signal related to the perylene moieties 39. 

Furthermore, two additional bands appeared in between 240 and 260 nm, 

probably attributed to the substituted benzene rings.  
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Figure 4.17. UV-Vis spectra of 4 and 6 in TCE. 

 

For the solid state analysis, a pellet of the CCMoid was prepared by mixing 

compound 6 and KBr. In Figure 4.18 the spectrum of 6 and the Tauc’s plot 

applying the Tauc’s equation (Chapter 2, Eq. 2.2) are exhibited. The optical 

bandgap Egop reveals a value of 1.87 eV, indicating a better semiconducting 

behaviour of 6 compared to 4, whose optical Eg value was 1.96 eV.  

In this thesis, the Egop estimation is always coupled with the electrochemical 

bandgap for comparative reasons. However, due to the insolubility of 

compound 6 in the available dry solvents, we could not estimate the 

corresponding electrochemical values. As a result, with no further 

corroboration of the bandgap, we performed DFT calculations (comparing 

4 and 6) that show that 6 has a better semiconducting behaviour than 

compound 4, displaying values of 2.12 eV (6) and 2.27 eV (4), 

correspondingly, in agreement with our Egop estimations. 
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Figure 4.18. a) Solid state UV-Vis absorption spectrum of 6. b) Tauc’s plot of the 

solid state spectrum of 6.  

 

Finally, MALDI-TOF spectrometry experiments were carried out to 

corroborate the successful formation of peICCMoid, whose exact mass is 

830.3 m/z. A peak at 829.2 m/z was detected in negative mode (See Figure 

A4.2 Annex IV), which agrees well with the presence of compound 6.  

Once compound 6 was characterized, its electrical properties were measured 

by its deposition over graphene-based three-terminal devices. 

 

4.3.3. Electrical characterization of peICCMoid 

on graphene- based three- terminal devices  

In this section we detail the fabrication processes of the creation of hybrid 

nanogapped graphene-based devices, the deposition of the molecule on the 

device and finally its electrical characterization.  
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4.3.3.1. Device fabrication 

The device fabrication is not included as an objective of this thesis project, 

however, we want to briefly describe it, for a better understanding of the 

following results.  

The developed devices used in this doctoral thesis adopt a basic field effect 

transistor architecture, which include three electrodes: the source, drain, and 

gate, correspondingly. In our case, S and D, are single layer graphene 

electrodes, separated from G, which is silicon, by a 300 nm insulator film of 

SiO2. 

The production of the three-terminal devices is conducted in a 4-step 

process, as illustrated in Figure 4.19. Initially, a micropatterning of the 

commercially available (graphenea.com) monolayer graphene/SiO2/Si 

platform is carried out by photolithography, (Figure 4.19, step 1). 

Subsequently, a second photolithography is used to define the pattern for 

the electrical contacts finally obtained after evaporating a 5 nm adhesion Cr 

layer and 50 nm Au (step 2). Then, a further patterning is done to reduce 

the graphene area between the gold electrodes below to 1 µm features in 

order to simplify, and increase the success rate, of the final feedback-

controlled electroburning step, used to define graphene nanogaps below 5 

nm 40,41 (step 3). The feedback-controlled electroburning process (step 4) 

opens a nanogap of approximately 1-2 nm on the graphene by the 

applications of a series of consecutive voltage ramps, between the S and the 

D, while recording the current intensity and monitoring abrupt decrease. 

Current intensity dropping indicates breaking-down of the graphene layer 

and the voltage applied is automatically backed to zero by the feedback-

control. Then a new voltage ramp is applied up to an adjusted target voltage 

used to prevent excessive burning of the graphene resulting in larger 

nanogaps. The cycle finishes when there is no more current intensity signal 
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from the device, suggesting a complete nanogap opening in the graphene 

layer.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.19. Protocol for the fabrication of nanogap graphene-based three-

terminal devices. 

 

The electroburning process can be performed both at room conditions in the 

presence of air or under vacuum 42, being the former the employed in our 

case. After the electroburning, I-V curves between ±1V between source and 

drain are measured, as the one represented in Figure 4.20 to select nanogaps 

useful for single molecules analysis. Only nanogaps with a low bias 

resistance greater than 1 GΩ are considered for the following analysis.  

(1) Graphene micro patterning  (2) Au evaporation 

(3) Graphene nano patterning (4) Nanogap opening 

 (Electroburning) (5) CCMoid deposition 

CCMoid 

Si
SiO2

Graphene

Si
SiO2

Si

Au
Au

SiO2Si

Au
Au

SiO2

Si

Au
Au

SiO2 Si

Au
Au

SiO2

(1)

(2)

(3)

(4)

(5)



Chapter 4 

172 

 

 

 

 

 

 

Figure 4.20. Typical I-V curve recorded for bare graphene electrodes separated by 

a nanometer size gap. 

 

I-V curves obtained for nanogap opened devices display a characteristic “S” 

shape, as Figure 4.20. shows. This is observed for high negative and positive 

voltage, as a consequence of the electron tunnelling current detected 

between the graphene electrodes due to their close proximity (1-2 nm). An 

estimation of the gap size can be obtained by applying the Simmons model 
43, which suggests a nanogap value of only few nm width.  

Besides the thoroughly electrical characterization, SEM and AFM 

experiments, observable in Figure 4.21 before a) and after b), c) 

electroburning, are performed to visualise the gap.  

 

Figure 4.21. SEM images of the device a) before electroburning and b) after 

electroburning. c) AFM picture of the nanogap. 
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4.3.3.2. Deposition of 6 over three terminal devices 

Prior molecular deposition over the device, two different techniques were 

investigated in order to optimise the single-molecule anchoring conditions 

of compound 6 onto graphene substrates: dip coating and drop casting. 

Initially a 2 mM solution of PeICCMoid in TCE was prepared. However, 

due to the insolubility of the compound, we filtered the dispersion after 

sonication reaching an unknown concentration solution. Subsequently, two 

graphene substrates were functionalised with compound 6, one by drop 

casting and the other by dip coating. While the drop casting technique 

consist on the deposition of a drop on the substrate, dip coating involves the 

complete immersion of the substrate in a solution of the desired compound. 

In both cases, hence,1 h after the deposition of the drop or the immersion of 

the substrate, the graphene surface was rinsed with TCE and dried at room 

temperature for 30 minutes. Finally, it was dried under vacuum for other 30 

minutes to remove any remaining traces of the solvent. 

The morphology of the surfaces was explored by SEM and AFM which 

images are shown in Figure 4.22. It is observed the aggregation of the 

molecule in the AFM and SEM pictures of the drop casted surface (Figure 

4.22 a and c) while the modified by dip coating (b and d) exhibit less 

aggregation and cleaner surfaces, closer to what should be expected in the 

single molecule regime. Therefore, the further depositions of 6 on the three-

terminal device were performed by dip coating. 
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Figure 4.22. SEM and AFM images of drop casted (a,c) and dip coated (b,d) 

graphene surfaces with solutions of compound 6 in TCE. 

 

The functionalization process of the three-terminal device was conducted in 

a similar manner than the deposition of peICCMoid on the graphene 

surfaces. The device was immersed in a solution of 6 (resulting from the 

filtration of the 2 mM dispersion) for 1 h. Afterwards it was dried for 30 

minutes in air and for 30 minutes in vacuum. Finally, it was electrically 

characterised at room temperature. Usually, two types of electrical 

measurements are conducted after the anchoring of the molecule. The first 

series of measurements includes the application of a voltage between the 

source and drain, to analyse changes in the current, while the second set of 

experiments consist on the exploration of the source-drain current 

dependence with the gate, in order to confirm that the changes in the current 

can be attributed to molecular effects.  

The I-V curves of the device before and after the incubation of the molecule 

are shown in Figure 4.23. There is a clear increase in the current, about 2 

orders of magnitude, after the introduction of the CCMoid. However, the 
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second set of experiments involving of the gate voltage were not carried out 

and we could not confirm the current increase was related to compound 6.  

 

 

Figure 4.23. I-V curve performed at room temperature and zero gate voltage for 

the device a) before the molecular deposition and b) after the deposition. 

 

The gate dependence measurements were planned to be conducted, 

however, in the process, several deposition experiments by dip coating were 

performed onto graphene substrates and the surface investigated by AFM 

and SEM. Surprisingly, the pictures collected, displayed in Figure 4.24, 

differed from the initial obtained, by the appearance of long tangled wires 

and aggregates. To discard any change in the state of the molecule (solid 

state), we performed UV-Vis absorption measurements in TCE and now it 

was observed a splitting and shift of the absorption band compared to the 

initial peICCMoid. The new bands were hypsochromic shifted to 451 and 

475 nm, which coincide with the band of peCHO. Additionally, a shoulder 

at 444 nm appeared, in agreement with the NH2CCMoid band, as Figure 

4.25 reveals. These changes indicate the fragmentation of the imide bond of 

peICCMoid giving as a result the starting materials of the reaction, peCHO 

and NH2CCMoid, and showing that with our methodology compound 6 was 

unstable after a short period of time in solid state. As a possibility, the 

knotted wires observed in the microscopes, could be the result of Van der 

Waals interactions between the amine and the aldehyde resulting from the 

decomposition.  

a) b) 
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Figure 4.24. SEM and AFM of old 6 anchored onto graphene surfaces. 

Figure 4.25. UV-Vis spectra comparison of peCHO, 4, fresh and old 6. 

The instability of peICCMoid was also observed in solution, specifically in 

TCE-d2 with time, detected by 1H NMR. Owing to this unstable behaviour, 

we did not proceed with any further electrical characterization until the 

achievement of a more stable compound.  

In order to synthesize a stable CCMoid comprising perylene arms, we 

proposed two alternatives, displayed in Scheme 4.4. On the one hand we 

explored chemical reduction of the imine group present in 6 to an amine 

group. On the other hand, the second strategy included the creation of an 

amide bond instead of the imine functional group. 
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Scheme 4.4. Proposed strategies for the isolation of stable perylene containing 

CCMoids.  

4.3.3.3. Strategy 1 for the obtaining of stable perylene-

based CCMoids: Reduction of compound 6 

Due to the limited solubility of compound 6, the first approach we tested, 

for reducing the imine group, was in presence of NaBH3CN, a common 

reducing agent used in the transformation of imines to amines 44, in TCE, 

where the compound was partially soluble, ideally leading to the structure 

shown in Figure 4.26. However, the resulting product of the reaction one 

day after, whose 1H NMR is shown in Figure A4.3. Annex IV, was a mixture 

of peCHO, compound 4, and peICCMoid, indicating the hydrolysis of the 
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imide bond, corroborating one more time the low stability of the product in 

this organic solvent. 

 

 

Figure 4.26. Structural representation of reduced compound 6. 

 

Taking advantage of the solubility of NaBH3CN in MeOH and EtOH, 45 the 

second synthetic procedure followed did not involve the isolation of 

peICCMoid as before, but the addition of NaBH3CN in the reaction mixture 

once compound 6 has been formed. Hereby, 3-perylenecarboxyaldehyde was 

mixed with compound 4 in presence of AcOH using EtOH as solvent for 5 

days under reflux and afterwards NaBH3CN was introduced in the reaction 

mixture, leaving it for1 more day. The structures of the final compounds 

were elucidated by 1H NMR (Annex IV, Figure A4.4) revealing the presence 

of perylene-3-yl-methanol as a new compound, owing to the reduction of the 

aldehyde group of 3-perylenecarboxyaldehyde into alcohol. 

The insufficient stability of 6 prevented the modification of the imine bond 

by the proposed methodology, leading to the research of additional 

alternatives to design stable perylene-based CCMoids.  

 

4.3.3.4. Strategy 2 for the obtaining of stable perylene-

based CCMoids: Creation of amide bond 

Amide bonds are known to be more stable and harder to hydrolyse than 

imines, therefore the second strategy suggested for creating a robust 

perylene based CCMoid, was the introduction of an amide linkage in the 
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final product. The isolation of the compound implied three steps, outlined in 

Scheme 4.5, the oxidation of the aldehyde contained in 3- 

perylenecarboxaldehyde into an acid group, followed by the activation of the 

acid for the subsequent nucleophilic substitution with the amino groups of 

the NH2CCMoid, which act as nucleophiles in the reaction to obtain the 

desired formation of the amide bond. 

 

 

 

 

 

 

Scheme 4.5. Proposed synthetic pathway for the synthesis of amide perylene based 

CCMoid.  

 

Regarding the transformation of the aldehyde into the acid functionality in 

the position 3 of perylene, the optimal oxidation conditions were found after 

several failed attempts owing to the low solubility of 3- 

perylenecarboxaldehyde, using NaOCl in pyridine 46, bromine in basic media 
47 or potassium permanganate in presence of a base in a mixture of 

H2O:acetone which leaded into the unintended achievement of 4-(perylen-3-

yl)but-3-en-2-one, exposed in Figure A4.5 (See Annex IV). Finally, the most 

suitable conditions for the obtaining of 3-perylenecarboxylic acid in 39% 

was in presence of KMnO4 in a mixture of acetone: Milli-Q water (1:1) 

adding almost 22 equivalents more of solvent than the reported for similar 

compounds 48.  
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For the following step, distinct molecules have been typically analysed as 

coupling agents for the condensation reaction between the acid and the 

amine 49,50, being dicyclohexyl carbodiimide (DCC) and thionyl chloride the 

most used ones 51. Instead of DCC, the commonly known as EDC, has been 

employed with non-soluble bulkier conjugated systems, such us carbon 

nanotubes in presence of the stabilizer NHS 24,52. Due to similar behaviour 

in terms of composition and insolubility, we tried the activation of the acid 

under the former conditions, with EDC, NHS in DMF for the subsequent 

reaction with NH2CCMoid. The 1H NMR of the reaction reveals the 

presence of the intermediate product after the activation with EDC, NHS 

(see Figure A4.6. Annex IV). However, there was no sign of further reaction 

with the NH2CCMoid, suggesting that the low basicity of the amine (pka 

aniline = 4.7) makes NH2CCMoid a weak nucleophile, not strong enough to 

attack the carbonyl functionality. 

More drastic conditions, involving the use of SOCl2, were tested to trigger 

the nucleophilic reaction. The acid group was transformed, in presence of an 

excess of thionyl chloride (SOCl2), into an acid chloride 53. This step was 

necessary because the chloride ion acts as an excellent leaving group in the 

subsequent nucleophilic substitution with the amino groups of the 

NH2CCMoid, which was carried out in presence of triethylamine in dry 

DCM, THF and also in anhydrous DMF to increase the solubility, all dry 

to avoid the hydrolysis of the freshly formed acyl chloride.  

While DMF resulted incompatible with the possible traces of SOCl2 

remained in the mixture leading into undesired reactions between SOCl2 and 

DMF 54, DCM and THF produced similar mixtures of compounds. The 1H 

NMR spectrum exposed in Figure A4.7. Annex IV demonstrates the 

presence of peCOOH, NH2CCMoid, and other compound difficult to 

elucidate its structure due to the overlapping of the signals. However, the 

appearance of the signal at 10.89 suggested the presence of an amide bond, 

although no more peaks attributed to a new CCMoid skeleton were detected 
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specially because of the insolubility of the compound in the deuterated 

solvents, which prevent an easy recognition of the NMR signals. 

On the other hand, the use of microwave (MW) radiation in organic 

synthesis has been extensively studied owing to its advantages, such as 

faster reactions, successful solventless reactions or higher yields derived 

from the selective and homogeneous heating of the organic species due to 

their ability to absorb the MW radiation 55,56,57. 

In this specific case, our purpose was to find out whether the MW radiation 

would help to the accomplishment of the reaction overcoming the 

limitations of the low solubility of the reactants. First, the acid was modified 

with SOCl2, with conventional heating and afterwards, it was placed in a 

MW vial with NH2CCMoid and triethylamine in THF. The reaction was 

conducted at 60 oC for 90 minutes and characterized by 1H NMR, shown in 

Figure A4.8. in Annex IV. The obtained spectrum was comparable with the 

previously characterized under conventional conditions, being the MW one 

cleaner than the former. Both show the proton corresponding to the amide 

bond, non-well defined overlapped aromatic signals with no presence of 

CCMoid backbone signals. According to the results, in this specific case, due 

to the insolubility of the perylene derivatives, the perylene containing 

CCMoid was not possible to be isolated and characterized by conventional 

or MW heating.  

As it has been expressed along this chapter, experiments involving perylene 

CCMoid derivatives have been governed by the insolubility and instability 

of the compounds. These facts evolved into a reconsideration and 

improvement of the design of PAH-based CCMoid incorporating stable 

linkages with smaller soluble PAHs exposed in the next chapter. 
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 4.4. Conclusions 

• First attempts suggested no-significant modifications of acid 

functionalised SWCNTs with the specific amino terminal CCMoid, 

4. Additionally, due to the challenging control on the isolation of a 

single CNT-CCMoid-CNT junction as well as the complicate 

deposition of the single system on the device, no further studies 

were performed.  

• The freshly isolated PAH-CCMoid based on perylene, peICCMoid 

was tested as nanowire in the graphene-based devices with a 

consequent increase in conductivity about two orders of magnitude 

compared with the bare device. Gate dependence measurements 

were not carried out owing to the instability of the compound 

caused by the reversible imine linkage.  

• Dip coating deposition technique promoted the obtaining of cleaner 

graphene surfaces, closer to the single-molecule regime than drop 

casting graphene surfaces demonstrated by SEM and AFM images. 

• The instability of compound 6 produced long entangled wires on 

graphene substrates detected by SEM and AFM differing from the 

morphology of the freshly synthesized PeICCMoid deposited on the 

same surfaces.  

• The unstable character along with the insolubility of 6 in the 

analysed solvents hampered the synthesis and proper 

characterization of stable compounds containing perylene, by the 

proposed strategies, either for reduction of the imine into amide 

bond or through the creation of an amide bond. 

• MW heating seems to work more favourable for the creation of 

stable amide bonds than conventional heating, with no confirmation 

of the isolation of the desired final CCMoid owing to the difficult 

characterization due to its insolubility.  
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4.5. Experimental section 

Purification CNTs 

400 mg of commercially available CNTs, previously milled, were treated in 

in collaboration with Dr. Stefania Sandoval and Dr. Gerard Tobias in a 

purged with Ar tubular furnace with water steam at 900 oC for 4 h. 

Afterwards, when the sample was cooled down at room temperature, it was 

extracted from the furnace and refluxed at 110 oC in 100 mL of 6 M HCl for 

8 h. Finally, the mixture was filtered through polycarbonate filters, rinsed 

with Milli-Q water until neutral pH and dried in the oven at 60 oC. 

Acid functionalization of CNTs, afCNTs 

The purified CNTs obtained in the step explained above were added into a 

150 mL of 3 M HNO3 solution. Subsequently, the mixture was heated up at 

130 oC for 45 h. Finally, when cooled down to ambient temperature, it was 

filtered through PC filter, washed with Milli-Q water until reaching pH 7 

and dried in the oven at 60 oC to obtain 238 mg of afCNTs. 

CCMoid functionalization of CNTs 

20 mg of afCNTs were mixed with 19.17 mg EDC and 17.26 mg NHS (0.1 

mmol; 0.15 mmol) in 5 mL of anhydrous DMF for 45 minutes at room 

temperature. Afterwards, 1.21 mg of NH2CCMoid, 4 (3.95 µmol) were added 

into the mixture flask. After 72 h at room temperature, the solvent was 

evaporated and the mixture dispersed in 10 mL of MeOH and left stirring 

for 1 h. Finally, it was filtered over polycarbonate filter and washed 

vigorously with MeOH and CHCl3.  
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FT-IR CNTs 

CNTs were deposited onto ZnSe pellets by drop casting of an isopropanol 

dispersion followed by solvent evaporation heating the pellet at 80 oC. 

 

TEM sample preparation 

A dispersion of CNTs in isopropanol was prepared and some drops were 

deposited on a Cu grid with holes and a C membrane, used as support. The 

solvent was evaporated at open air. 

 

Synthesis of peICCMoid, 6. 

A solution of 191.3 mg of NH2CCMoid, 4 (0.62 mmol) in 60 mL of EtOH 

were added into a dispersion of 350 mg 3-perylenecarboxaldehyde (1.25 

mmol) in 60 mL of EtOH previously heated at 60 °C. Subsequently, 6 drops 

of AcOH were poured into the mixture, and refluxed for 5 days. Finally, the 

reaction was filtered off, washed several times with hot CHCl3 and dried 

with Et2O to obtain 6 as red solid in 47 % yield. 1H NMR (400 MHz, TCE-

d2) δ: 9.07 (s) 9.03 (d, 3J=9.9 Hz), 8.37 (m) 8.16 (m), 7.83 (m), 7.72 (m), 7.60 

(m), 7.39 (d, 3J=7.25 Hz), 6.73 (d, 3J=16.52 Hz). MS MALDI - TOF (m/z) 

calcd for peICCMoid: 830.3 [M]; found: 829.2 [M-1]. 

 

Synthesis of 3-perylenecarboxylic acid 

A solution of KMnO4 (540 mg, 3.4 mmol) in 60 mL of Milli-Q water was 

mixed with a dispersion of 1- perylenecarboxaldehyde (250 mg, 0.89 mmol) 

in 60 mL acetone. After being refluxed for 24 h, the mixture was filtered off 

and washed several times with DCM. Finally, the aqueous phase was 

https://pubchem.ncbi.nlm.nih.gov/compound/3-Perylenecarboxaldehyde
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acidified until reaching pH = 2 and centrifuged to isolate the product in 39% 

yield. 1H NMR (400 MHz, DMSO-d6) δ: 13.13 (b, 1H) 8.82 (1H, d, 3J=8.5 

Hz), 8.49 (4H, m, 3J=7.9 Hz) 8.16 (1H, d, 3J= 7.9 Hz), 7.92 (1H, d, 3J= 8.1 

Hz), 7.87 (1H, d, 3J= 8.2 Hz) 7.70 (1H, t, 3J=7.9 Hz), 7.63 (2H, m, 3J=5.0 Hz). 
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Annex IV  

 

 

 

 

Figure A4.1. TGA of afCNTs. 

 

Figure A4.2. MALDI-TOF spectrum of compound 6 in negative mode. 
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Figure A4.3. 1H NMR spectrum in TCE-d2 of the product obtained in the 24 h 

reduction reaction of 6 in TCE in presence of NaBH3CN. 

 

 

 

 

 

Figure A4.4. 1H NMR spectrum of perylene-3-yl-methanol in TCE-d2, synthesised 

in the reduction reaction of non-isolated 6 in EtOH with NaBH3CN.  
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Figure A4.5. Chemical structure of 4-(perylen-3-yl)but-3-en-2-one isolated by the 

oxidation of 3-perylenecarboxaldehyde  with potassium permanganate in presence 

of a base in a mixture of H2O: acetone. 

Figure A4.6. 1H NMR in DMSO-d6 of the compound isolated in the activation 

with EDC, NHS of 3-perylenecarboxylic acid. 
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Figure A4.7. 1H NMR spectrum in DMSO-d6 of the mixture in the creation of the 

amide derivative compound by the reaction of SOCl2 preactivated 3-

perylenecarboxuylic acid and NH2CCMoid by conventional heating in THF. 

 

 

 

 

Figure A4.8. 1H NMR spectrum in DMSO-d6 of the amide derivative compound 

formed in the reaction of SOCl2 preactivated 3-perylenecarboxuylic acid and 

NH2CCMoid by MW heating in THF. 
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Chapter 5 

Design of stable pyrene-based 
CCMoid to be used as nanowire in 

graphene-based three-terminal 
devices 

 

In this chapter, we describe the formation of an elongated stable PAH-based 

CCMoid comprising pyrene units as anchoring groups labelled as 

pyACCMoid. In addition, we explore the electron transport behavior of the 

molecule once incorporated into three-terminal devices of the type: 

graphene-pyACCMoid-graphene/SiO2/Si. 
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5.1. Introduction 

Pyrene, the PAH unit containing 4 fused aromatic rings through more than 

one side, as depicted in Figure 5.1, has gathered significant attention in 

organic electronics due to its easier chemical mono substitution (favoured in 

position 1, Figure 5.1), its manageable solubility and its optical properties 1. 

 

 

 

 

Figure 5.1. Chemical structure of pyrene. 

 

Specifically, in nanometer separated graphene-based devices, pyrene has 

been the preferred carbon-based group for π-π interactions with graphene. 

For instance, Sadeghi et al. 2 did theoretical studies on the effect of different 

terminal coupling groups on the conductance of zinc porphyrin derivatives, 

including direct C-C bond, amide coupling resulting from amine functional 

groups, π- π interactions through substituted 1-pyrene and 2-pyrene, as 

illustrated in Figure 5.2. They concluded that, as expected, the covalent C-

C bonding between molecule and electrodes, exhibited the highest electrical 

conductance, followed by π- π interactions through substituted 1-pyrene and 

2-pyrene being the less conductive the amide-based anchoring system 

(Figure 5.2). The explanation offered was attributed to the favourable 

HOMO-LUMO position for the direct C-C anchoring with respect to the 

Fermi level of the electrodes, and a conjugation breaking when the amide 

bond is present placing the π-π interaction in an intermediate position. The 

theoretical study, although thorough and necessary, is limited to 

Pyrene 

(1) 
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conductance-related conditions but does not take into account factors such 

as solubility, flexibility or stability of the ligands for real implementation 

focusing exclusively in the best fit between the electrodes and molecules. 

 

 

 

 

 

 

 

Figure 5.2. Deposition of Zn porphyrin derivatives functionalised with several 

anchoring groups from reference 2. 

Several experimental studies with pyrene terminal groups have 

demonstrated their coupling with graphene electrodes involving a variety 

of cores, including mono- or tri-porphyrins 3,4,5, fullerene units 6 and 

coordination compounds based on pyrazolyl pyridine derivative ligands 7. 

Li et al. 8 performed theoretical calculations regarding the binding energy 

between graphene and PAH units. They demonstrated a direct correlation 

between the number of carbons in PAHs and the binding energy, with PAHs 

containing higher number of benzene rings exhibiting stronger binding. 

However, the number of rings is inversely related to the solubility, 

hindering the molecular deposition of large PAH derivatives for real 

applications. 
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Due to the instability and insolubility discussed for compound 6 in Chapter 

4, and with the identical purpose of enlargement of the CCMoid arms for 

the strengthening of the interaction between the molecule and graphene 

electrodes, here, we address this investigation focusing on the use of pyrene, 

a smaller soluble PAH than perylene but larger than anthracene, as terminal 

anchoring groups for the extension of the CCMoid.  

 

5.2. Objectives 

The aim of this chapter is the validation that starting from NH2CCMoid we 

can create longer, stable, and soluble CCMoid systems reinforcing the 

anchoring to graphene electrodes. The final objective is the electronic study 

of nanogapped graphene-based device including a robust PAH-CCMoid as 

nanowire. In order to accomplish this general objective, the following goals 

were needed:  

• Chemical modification of the NH2CCMoid, 4, with functionalized 

pyrene derivatives for the preparation of a longer PAH-CCMoid.  

• Deposition and subsequent electronic characterization of the 

reliable PAH-CCMoid in the device. 
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5.3. Results and discussion 

5.3.1. Synthesis and characterization of 

pyACCMoid, 7 

5.3.1.1. Synthesis of pyACCMoid, 7 

To improve the π–π attachment of CCMoids with the graphene electrodes, 

NH2CCMoid, 4 was chemically modified, slightly adjusting the optimized 

conditions described in Chapter 4, by reacting the amino groups with the 

preactivated acid group of 1-pyrenecarboxylic acid (pyCOOH) in a 

microwave (MW) reactor as outlined in Scheme 5.1.  

In a first reaction, pyCOOH was obtained in 59 % yield by the oxidation of 

the aldehyde contained in 1-pyrenecarboxaldehyde under reflux, using 

KMnO4 as oxidising specie 9, and its MALDI-TOF mass spectrum is shown 

in Figure A5a.1 (See Annex Va). Consequently, the acid group was 

transformed, in presence of an excess of thionyl chloride (SOCl2), into an 

acid chloride 10. This intermediate compound was able to react with 

NH2CCMoid under MW radiation using dry THF as solvent (needed to 

avoid the hydrolysis of the acid chloride intermediate in presence of water) 

and triethylamine as base at 60 oC for 90 minutes, achieving the extended 

CCMoid, pyACCMoid, 7, as a product of the reaction after a washing 

process with hot ACN in a 25% yield.  
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Scheme 5.1. Synthetic route followed for the preparation of pyACCMoid, 7. 

 

It is worth pointing out some special conditions involved in the last reaction. 

Owing to the high reactivity of the activated carbonyl compound, in general, 

it is well-established that the condensation between the acid and the amine 

is carried out at room temperature, or slightly above, in dry DCM, THF or 

DMF, in order to increase the solubility of the reactants 9,10,11,12. However, 

due to the better results using MW heating observed in the 1H NMR 

spectrum in the previous Chapter, and the MW ability to accomplish 

reactions between non soluble reagents 13–15, we decided to conduct the 

NH2CCMoid coupling under MW conditions in dry THF.  

An analogous version of pyACCMoid could be also designed by using 1-

aminopyrene and a CCMoid with carboxylic endings in the para- position of 

the benzene arms (COOHCCMoid, 9), which was prepared by deprotection 

of the corresponding ester curcuminoid (COOMeCCMoid, 8). The reaction 

between 9 and 1-aminopyrene is shown in Scheme 5.2. The main difference 

with compound 7 would it be the disposition of the amide group (-NH(CO)-

, in 7, vs. the (-(CO)NH-) of the analogue. Unfortunately, the compound was 

not isolated, nevertheless, the path taken is described in Appendix Vb of this 

Chapter. 

CHO
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Scheme 5.2. Proposed pathway for the synthesis of the analogous pyACCMoid. 

 

5.3.1.2. 1H NMR of compound 7 

The 1H NMR spectrum of pyACCMoid in DMSO-d6 is shown in Figure 5.3. 

The achievement of the new product 7 is confirmed by the presence of the 

amide proton H7, together with the central proton, H1, and with the enol 

one, H2, observed the two first as a sharp singlet and the latter as a broad 

mountain at 10.98 ppm, 6.20 ppm and 16.28 ppm, respectively (the latter not 

shown). The signals attributed to the double bonds of the conjugated chain, 

H3 and H4, appeared at 6.95 and 7.70 ppm, respectively. All the aromatics 

peaks were distinguished in the region from 8.80 to 7.80 ppm, being the 

peaks corresponding to the rings bonded to the -NH group the ones 

displayed between 7.99 and 7.82 ppm (H5 and H6, respectively). Therefore, 

the signals attributed to the pyrene moieties (Hp) appeared at lower fields, 

between 8.0 and 8.8 ppm. Compared to the 1H NMR of CCMoid 4 it is 

remarkable (and expected) the loss of the signal related to the amino groups 

H7 and the shift to lower field of the whole spectrum due to the presence of 

the lower donating amide groups, with an overall lower shielding effect of 

the molecule protons than the amino groups.  

pyACCMoid, 7’ COOHCCMoid, 9 

NH2

O O
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N
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Figure 5.3. Comparison of the 1H NMR spectra of 4 and 7 in DMSO-d6. 

 

5.3.1.3. ATR- FTIR spectroscopy of compound 7 

In Figure 5.4, the ATR-FTIR spectrum of 7 is displayed. The keto-enol 

functionality of the CCMoid skeleton was evidenced by the specific 

stretching vibration of the carbonyl moiety C=O at 1618 cm-1. Additionally, 

the presence of the carbonyl from the amide was also confirmed by the 

appearance of a band at 1648 cm-1 corroborating the formation of the new 

bond. Some pyrene vibration frequencies were identified at 824 cm-1 and 707 

cm-1 related to the out of plane C=C and C-H bending, while the C=C 

stretching of the pyrene aromatic rings or C-H were not identified owing to 

overlapping around the 1550 cm-1 and 3100 cm-1 regions, respectively 16. 
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Figure 5.4. Comparison of the ATR-FTIR spectra of 4 and 7. 

 

5.3.1.4. Raman spectroscopy of compound 7 

Raman spectra of 4 and 7 obtained with the laser emitting at 785 nm are 

displayed in Figure 5.5. The in-plane bending C-H vibrations of the pyrene 

aromatic rings of 7 appeared at 1181cm-1 while the signals at 1606 and 1632 

cm-1 are assigned to the C=C and C=O stretching vibrations. Although 7 

presents two C=O types of bonds, the keno-enol and the amide, however, 

only one signal is observed due to the overlapping of both. 

  

 

 

 

 

Figure 5.5. Comparison of the Raman spectra of 4 and 7. 
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5.3.1.5. UV-Vis absorption spectroscopy of compound 7 

As explained in previous chapters, UV-Vis absorption experiments were 

performed in solution and in solid state for the analysis of electronic 

properties of the compound such us the bandgap. 

The UV-Vis spectrum of 7 in THF is shown in Figure 5.6. It exhibits the π- 

π* transition related to the CCMoid skeleton centred at 422 nm, which is 

hypsochromic shifted compared to the spectrum of 4 owing to the lower 

donor character of the amide group. In this case, two additional intense 

bands attributed to the pyrene species are observed at lower wavelengths 17.  

 

 

 

 

 

 

Figure 5.6. Comparison of the UV-Vis absorption spectra in THF of CCMoids 4 

and 7. 

 

For the solid-state UV-Vis absorption analysis, compound 7 and KBr were 

mixed and pressed to create the pellet which was measured. Figure 5.7 

exhibits the spectrum of 7 and the Tauc’s representation applying the Tauc’s 

equation (described in Chapter 2, Eq. 2.2). The optical bandgap Egop is now 

2.45 eV, which is higher and implies a less semiconducting behaviour of 7 

compared to 4, the latter with an optical Eg value of 1.96 eV. DFT 

calculations performed by Prof. Eliseo Ruiz (UB) confirmed this 
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semiconducting behaviour for 7, providing a bandgap value of 2.63 eV, 

higher as well when comparing to 2.27 eV for compound 4. 

 

 

 

 

 

 

Figure 5.7. a) UV-Vis absorption spectrum of 7 in solid state. b) Tauc´s 

representation of the UV-Vis spectrum in solid state of 7. 

 

5.3.1.6. Electrochemistry of compound 7: CV and DPV 

CV and DPV experiments, were carried out to explore the redox behaviour 

of compound 7 and obtain information about its bandgap, HOMO and 

LUMO levels; this study was performed with the same conditions used in 

previous chapters using THF as a solvent, for comparative reasons. 

The oxidation and reduction processes obtained in the CV experiment of 

compound 7 are displayed in Figure 5.8 a. It is observed one irreversible 

oxidation wave and 3 reduction ones, whose reversibility processes were 

studied. The criteria to identify reversible processes was exposed in Chapter 

3. To summarize, Ipa/Ipc must be close to 1, ΔEp should be small 

(approximately 59 mV for aqueous solutions) and a linear regression should 
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appear by plotting the maximum current reached vs the square root of scan 

rate explored.  

 

 

Figure 5.8. Oxidation and reduction CVs (a) and DPVs (b) voltammogram of 

compound 7. 

 

The voltammogram of the first reduction process at different scan rates is 

represented in Figure 5.9 and the consequent Ipa/Ipc and ΔEp parameters 

are collected in Table 5.1. Ipa/Ipc values differ from the unity, being 

grouped from 0.58, for the smallest speed, to 0.91, for the highest scan rate. 

In terms of difference between the voltage where the peaks are centred, ΔEp, 

the results differ less than 10 mV from the ideal 59 mV for the scan rates 

included from 25 mV/s to 350 mV/s, presenting a major different for the 

highest speeds. Taking into account the ideal 59 mV value is considered for 

the experiments performed in water, we could contemplate this requirement 

is fulfilled. In Figure 5.9, the maximum of the current for the anodic and 

cathodic peak are close to the linear fit. Therefore, one can conclude that the 

first reduction process is quasi-reversible due to the accomplishment of most 

of the reversibility criteria. The application of such criteria in the second 

reduction process showed that the latter was irreversible.  
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Figure 5.9. a) First reduction wave of compound 7 recorded at several scan rates. 

b) Graphical representation of the maximum intensity vs. the square root of the 

scan rate for the anodic and cathodic peaks. 

 

 

 

 

 

 

 

Table 5.1. Division of the anodic and cathodic maximum intensities and potential 

values differences for the oxidation and reduction processes at different scan rates. 

 

The DPV plot, depicted in Fig 5.8 b, was used to estimate the approximated 

values of the HOMO, LUMO and electrochemical bandgap by applying Eq. 

2.3 and Eq. 2.4 and Eq 2.5 (described in Chapter 2). Table 5.2 collects the 

mentioned values and reveals a semiconductor character of compound 7, 

Scan rate (mV/s) Ipa/Ipc ΔEp (mV) 

25 0.58 60 

50 0.61 55 

100 0.67 56 

250 0.70 63 
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which presents an electrochemical Eg of 2.49 eV matching very well with 

the value obtained for optical bandgap.  

 

Table 5.2. Potential values for oxidation and reduction, HOMO, LUMO and 

electrochemical bandgap of compound 7. 

 

The electrochemical calculation reveals a relatively large bandgap for 

compound 7, which is in agreement with the optical estimation. The 

bandgap difference is visually appreciated in Figure 5.10. which includes the 

energy values of the HOMO and LUMO levels for the two systems, 4 and 

7, correspondingly. For a similar energetically LUMO, compound 4 exhibits 

a shorter gap, indicating a more donating behaviour than compound 7, 

demonstrated also by the easier oxidation of NH2CCMoid comparing with 

pyACCMoid. The comparison between both systems clearly shows the 

impact of coordination on the energy gap.  

 

  

 

 

 

 

Figure 5.10. Schematic diagram for HOMO and LUMO energy levels of 

compound 4 and 7. 
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CCMoid 7, whose MALDI-TOF spectrum is shown in Figure A5a.2 in 

Annex Va, is a promising candidate to study as a single molecule in the 

previously introduced nanogapped graphene devices, due to its conjugated 

structure which manage the charge transport and its estimated length, 3.06 

nm, which allow the π- π interaction with the graphene electrodes farther 

from the functionalized electrodes edges 18.  

 

5.3.2. Deposition of compound 7 on the device 

The molecular deposition over the graphene substrates is described in detail 

in Chapter 4. Briefly, dip-coated and drop-casted graphene surfaces were 

analysed by SEM and AFM techniques recommending dip coating as a more 

suitable deposition technique owing to the cleanest surfaces obtained 

(Figure 4.22, Chapter 4). Prior to the molecular attachment to the device, 

we investigated by AFM the morphology of the molecular functionalization 

of a graphene substrate after its immersion in a 0.1 mM solution of 

compound 7 in THF. Interestingly, a sort of spontaneous ordering of 

molecules assembled on graphene is observed and represented by a parallel 

pattern, in Figure 5.11, suggesting the formation of long wires probably 

owing to π-π stacking between pyrene units and between pyrene and 

graphene.  

 

 

 

 

Figure 5.11. AFM image of a graphene surface functionalised by immersion in 0.1 

mM solution of 7 in THF. 
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Subsequently, a chip with several devices was immersed in a filtered 0.1 mM 

solution of compound 7 in THF for 1 h. Afterwards, it was rinsed with THF 

and dried at room temperature for 30 minutes. Finally, it was dried under 

vacuum for another half an hour to remove the remaining THF traces.  

As explained in Chapter 4, two types of electrical measurements were 

carried out after the deposition of pyACCMoid, with or without the 

operation of the gate voltage to corroborate that the changes in the current 

were related with the presence of 7. 

Figure 5.12 illustrates the I-V curves of a) the bare nanogap and b) the 

nanogap after the deposition of compound 7. There is a clear increase in the 

current, about several orders of magnitude, after the deposition of the 

CCMoid. Theoretical calculations performed by Prof. Eliseo Ruiz (UB) 

provides a value of conductance for 7 of 8x10-4 G0, similar to the 

experimental current values observed so far. These calculations suggest a 

planar disposition of the pyrene moieties included in compound 7 over the 

graphene electrodes, as Figure 5.13 represents, allowing a strong molecule-

electrodes π- π stacking. 

 

Figure 5.12. I-V curve conducted at room temperature and zero gate voltage for 

the device a) before the molecular deposition and b) after the deposition of 7. 
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Figure 5.13. Representation of the theoretically calculated disposition of 7 over 

graphene electrodes. 

To corroborate that the increase of the current is due to molecules acting as 

nanowires within the nanogap, we studied the dependence of the source-

drain current by the gate voltage, first at room temperature and then 

progessively lowering the temperature until reaching 10 K. These 

experiments, which are performed in the installations of our collaborator, 

Prof. Herre van der Zant, at TUDelft, in The Netherlands are currently in 

progress, which is why it has not been possible to add them in the 

present chapter.  

An update of the electrical results can be found in Annex VII (pg 287).
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5.4. Conclusions 

• A novel extended PAH-CCMoid, pyACCMoid, 7, was isolated by 

the reaction, under MW conditions, of the starting NH2CCMoid, 4, 

and an acyl chloride activated pyrene unit. 

• The presence of a less donating group (amide) in compound 7, 

compared to the amine of compound 4, promoted a shift of the 

proton signals to lower fields in 1H NMR or the hypsochromic shift 

in the UV-Vis absorption band.  

• The estimated optical and electrochemical bandgap for compound 7 

are bigger than the ones calculated for compound 4, including both 

in the semiconductor range. Additionally, electrochemical 

measurements suggested a lower position of the HOMO level of 

compound 7 indicating a less donor behaviour than compound 4. 

• π-π interactions between pyrene units of molecule 7 deposited by 

dip coating on graphene substrates seems to promote a spontaneous 

order of the molecules indicated by a parallel pattern observed by 

AFM.  

• A current increase measured at room temperature about eight 

orders of magnitude (higher than other CCMoids measured in the 

past) is experimented after the anchoring of molecule 7 on the 

graphene-based device, in agreement with the theoretical 

calculations performed in a similar model system. Repetition of such 

types of experiments and further low temperature electrical 

characterizations are needed to attribute the increment to the 

molecular effect. 
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5.5. Experimental section 

Synthesis of pyCOOH. 

An aqueous solution of KMnO4 (664 mg, 4.2 mmol) in 50 mL of Milli-Q 

water was refluxed with a solution of 1- pyrenecarboxaldehyde (250 mg, 

0.108 mmol) in 50 mL acetone for 24 h. Subsequently, the mixture was 

filtered and extracted with DCM. Afterwards, the aqueous phase was 

acidified until pH=2 and centrifuged to isolate the pale brownish product in 

59% Yield. 1H NMR (400 MHz, DMSO-d6) δ: 13.30 (b, 1H) 9.24 (1H, d, 
3J=9.4 Hz), 8.62 (1H, d, 3J=8.1 Hz) 8.43 (5H, m), 8.27 (1H, d, 3J= 8.7 Hz), 

8.18 (1H, t, 3J=7.8 Hz). MS MALDI - TOF (m/z): calcd for PyCOOH: 246.1 

[M]; found: 244.9 [M-1]. 

 

Synthesis of pyACCMoid, 7.  

30 mg pyCOOH (0.12 mmol) were dissolved in 0.8 mL of SOCl2 (11.2 mmol) 

and refluxed for 3 h. Subsequently, the excess of SOCl2 was removed under 

vacuum, and the remaining precipitate was dissolved in 5 mL of dry THF 

and transferred into a MW vial, together with 16 µL of Et3N (0.11 mmol), 

and a dispersion of NH2CCMoid, 4 (18.4 mg, 0.06 mmol) in 12 mL of dry 

THF. The mixture was placed into the microwave at 60 oC for 90 minutes. 

After that time, the mixture was filtrated off, the solvent evaporated, and 

the product washed with hot ACN to obtain the pure product as a red solid 

in 25% yield. 1H NMR (400 MHz, DMSO-d6) δ: 16.28 (1H, s), 10.98 (2H, s), 

8.51 (3H, d, 3J=9.1 Hz), 8.43 (7H, m) 8.33 (9H, m), 8.17 (2H, t, 3J= 7.4 Hz), 

7.99 (4H, d, 3J=8.2 Hz), 7.82 (4 H, d, 3J= 8.8 Hz), 7.70 (2H, d, 3J= 16.1 Hz), 

6.95 (2H, d, 3J= 16.6 Hz), 6.20 (1H, s); MS MALDI - TOF (m/z): calcd for 

PyACCMoid: 762.2 [M]; found: 761.3 [M-1]. 
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Synthesis of COOMeCCMoid, 8. 

0.3 mL of acetylacetone (2.90 mmol) and 155 mg of B2O3 (2.22 mmol) were 

mixed in 4 mL EtOAc at 60 °C for 1 h. Afterwards, a prepared solution of 1 

g methyl 4-formylbenzoate (6.09 mmol) and 3.3 mL tributylborate (12.24 

mmol) in 4.5 mL EtOAc was introduced, and the mixture was heated up at 

60 °C for 2 h. After cooling down to RT, a solution of 0.20 mL butylamine 

(2.02 mmol) in 1 mL EtOAc, was added dropwise to the mixture. The final 

reaction was stirred at room temperature for 2 days. Then, water was added, 

and the mixture was stirred overnight. Finally, the reaction was filtered off, 

washed with Milli-Q water and dried with Et2O to obtain the product as a 

yellow solid in 19% yield. 1H NMR (360 MHz, CDCl3,) δ: 15.75 (1H, s) 8.07 

(2H, d, 3J=6.9 Hz), 7.71 (2H, d, 3J=15.6 Hz), 7.63 (2H, d, 3J=6.9 Hz), 6.74 

(2H, d, 3J=15.9 Hz), 5.89 (1H, s), 3.94 (s, 6H). Elemental analysis calcd for 

C23H20O6·0.05 EtOAc: C: 70.22 %; H: 5.18 %; O: 24.60 %, found: C 69.78 %; 

H 5.04 %; O: 24.24 % MS (MALDI - TOF): m/z calcd for COOMeCCMoid: 

392.4 [M], found: 393.5 [M+1]. 

 

Synthesis of COOHCCMoid, 9. 

140 mg of LiOH (5.84 mmol) dissolved in 4 mL H2O were mixed with a 

solution of 8 (109 mg, 0.27 mmol) in 11 mL of THF stirring overnight. 

Subsequently, THF was removed under vacuum and the reaction was 

acidified to pH = 1 by adding 20 % HCl dropwise. After 24 h, the yellow 

precipitate was isolated in 49% yield by centrifugation and washed with 

MeOH. 1H NMR (360 MHz, DMSO-d6) δ: 15.97 (1H, s), 13.13 (1H, s), 8.00 

(2H, d, 3J=8.2 Hz), 7.87 (2H, d, 3J=8.2 Hz), 7.73 (2H, d, 3J=15.9 Hz), 7.13 

(2H, d, 3J=16.2 Hz), 6.28 (1H, s). 13C NMR (100 MHz, DMSO-d6) δ:183.5, 

167.2, 139.7, 139.2, 132.3, 130.3, 128.9, 126.9, 103.1; MS MALDI - TOF 

(m/z) calcd for COOHCCMoid: 364.1 [M]; found: 365.5 [M+1].  
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Annex Va  

Figure A5a.1. MALDI-TOF mass spectrum in negative mode of pyCOOH. 

Figure A5a.2. MALDI-TOF mass spectrum in negative mode of 7. 
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Annex Vb  

A5b.1. Synthesis of analogue pyACCMoid, 7' 

The synthesis of a similar system as pyACCMoid was also suggested by the 

reaction between the CCMoid containing acid groups (-COOH) in para- 

positions and 1-aminopyrene units (Scheme A5b.1). The unique difference 

with compound 7 would be the N-H and C=O groups disposition within the 

molecule. 

 

 

Scheme A5b.1. Reactants employed for the synthesis of the analogous 

pyACCMoid. 

 

In order to compare both pyACCMoid systems, several attempts to isolate 

7’ were carried out. The synthetic route followed is shown in Scheme A5b.2. 

The first step involved the hydrolysis with LiOH of the ester CCMoid, 

COOMeCCMoid, 8 obtained through the usual modified Pabon’s reaction in 

EtOAc, to obtain the acid CCMoid, COOHCCMoid, 9. Afterwards, the acid 

group was activated by SOCl2, and the amino coupling reactions were tested 

under two different conditions: at room temperature overnight and applying 

MW radiation for 1.30 h at 60 oC, respectively.  
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Scheme A5b.2. Alternative chemical pathway tested for the isolation of 7’. 

 

The chemical structure of 8 and 9 was confirmed by 1H NMR, ATR-FTIR, 

UV-Vis absorption spectroscopy, elemental analysis and MALDI-TOF 

(Figure A5b.1 and A5b.2). 

 

Figure A5b.1. MALDI-TOF mass spectrum in positive mode of 8. 
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Figure A5b.2. MALDI-TOF mass spectrum in positive mode of 9. 
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ppm specifically. The doublets attributed to the trans- protons of the double 
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Figure A5b.3. 1H NMR spectrum of 9 in DMSO-d6. 

 

The ATR-FTIR spectrum of 9, represented in Figure A5b.4, corroborated 

the presence of the acid, which is evidenced by the broad intense band at 

3370 cm-1 attributed to the stretching vibration of the O-H and the signal 

related to the C=O bond at 1680 cm-1, respectively. Additionally, at 1633 

cm-1 the stretching vibration of the carbonyl moiety C=O of the keto-enol 

unit was detected. 

 

 

 

 

 

 

Figure A5b.4. ATR-FTIR spectrum of 9. 
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The UV-vis absorption spectrum obtained for compound 9 in THF is 

plotted in Figure A5b.5. It displays two absorbance bands, the one attributed 

to the π-π* transition related to the skeleton centred, at 390 nm, and the 

assigned to the acid substituted aromatic rings, at 279 nm, corroborating 

the CCMoid structure of the product. 

 

Figure A5b.5. UV-vis absorption spectrum of 9 in THF. 

 

As mentioned earlier, compound 9 was isolated and then transformed into 

an acyl chloride by reacting with SOCl2 under reflux. Subsequently, the 

reaction with 1-aminopyrene was tested using two different conditions: (i) 
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at 60 oC.  
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the CCMoid (H5 and H6), the MW assisted reaction shows the presence of 

1-aminopyrene as impurity. Furthermore, both spectra lack the signals 

expected for the CCMoid backbone, including the central proton (H1), the 

trans (H3 and H4) and the one related to the keto-enol moiety (H2).  

 

 

 

 

 

 

 

 

Figure A5b.6. Comparison of the 1H NMR spectra of the products of the reaction 

between acyl chloride CCMoid and 1-aminopyrene (i) under ambient conditions 

overnight and (ii) under MW radiation for 1.30 h at 60 oC.  
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Chapter 6 

T-shaped CCMoids 
 

In this chapter, we present two methodologies for the synthesis of T-shaped 

CCMoids, one related to the inclusion of an additional group in the central 

carbon of the CCMoid skeletons and the other by the modification of the 

keto-enol moiety of new CCMoids, respectively. Such units (called “leg” and 

“hat”, in that order) end with triethoxysilane groups, to be used as anchoring 

sites to immobilize the CCMoid molecules, in a further step, over the SiO2 

layer of the graphene-based device.  
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6.1. Introduction 
At present, it is a great challenge to fabricate reliable three terminal 

graphene-based devices comprising single molecule junctions in terms of 

reproducibility and robustness 1. To date, two different approaches have 

been employed for the creation of graphene-molecule-graphene junctions 

taking into account the molecular design and interactions with the 

electrodes: supramolecular interactions (π-π stacking) 2 and covalent 

attachments 3. From those, π-π stacking at the molecular electrode interface 

could result into mechanical instability, due to weak molecule-electrodes 

coupling, leading into the sliding of the molecules over the electrodes 

surface 4,5. This situation could be overcome by the introduction of covalent 

linkages between the molecule and the functionalised edges of the graphene 

electrodes. However, the measured conductance would be dependent on the 

electrode geometry together with the nature of the covalent attachment by 

itself, generating non-electrically reproducible systems 6. The alternative 

solution to create stable devices that we propose in this Chapter (as it was 

similarly reported by El Abbassi et al. 7 during the course of this thesis 

project) focuses on the covalent anchoring of an active molecule onto the 

SiO2 layer (in order to immobilize it on the platform) avoiding possible 

molecular translations while maintaining the π- π interactions with the 

graphene electrodes. While El Abbassi et al. 7 explored the conductance 

through a number of fixed molecules interacting between them by π-π 

stacking (Figure 6.1 a), our approach is based on the study of a single 

molecule, in concordance with the previous chapters, and as Figure 6.1 b 

shows.  
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Figure 6.1. Comparison of the molecular immobilization proposed by a) El Abbassi 

et al (Ref. 7) and b) our research group, (representation of a T-shaped CCMoid (in 

orange) over an idealized three-terminal device (graphene in grey)). 

 

For that purpose, in this Chapter, our design includes now a terminal 

alkoxysilane group attached to the central moiety (C atom, leg, or keto-enol 

group, hat, Figure 6.2.) in extended pyrene terminal CCMoids, called in 

previous chapter pyACCMoid, 7, to anchor the final compound (T-shaped 

CCMoid) covalently through the ending alkoxysilane unit to the SiO2 

insulator layer of the device, and via π-π interaction with the graphene 

electrodes, as exemplified in Figure 6.1b. 
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Figure 6.2. General structures of CCMoids containing terminal alkoxysilane 

groups in the leg or hat positions. 

 

 

6.2. Objectives 

The main objective of this chapter, as it was previously mentioned, is the 

synthesis of T-shaped PAH-based CCMoids for the fabrication of robust 

molecular graphene-based three-terminal devices. In order to accomplish 

this general goal, an individual aim must be fulfilled:  

• Finding reliable methodologies for the synthesis of T-shaped 

pyrene-based CCMoids, via introduction of a terminal anchoring 

group (alkoxysilane) in the central part (leg and hat) of the molecule.  
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6.3. Results and discussion 

The general structure of CCMoids already described in Chapter 1 and 

depicted now in Figure 6.3, comprises four different parts which can be 

modified according to the desired applications: the keto-enol group (head, 

green), the conjugated chain (body, yellow), and what we refer as arms (cyclic 

aromatic groups that can be functionalized, R, orange) and leg (a great 

variety of functional groups, Y, blue).  

 

 

 

 

Figure 6.3. Different parts comprised in the CCMoid structure. 

 

In order to attach covalently the extended CCMoid on the surface of the 

SiO2 layer of the devices (while keeping non-covalent anchoring of the 

pyrene units over the graphene electrodes), we propose the introduction of 

an alkoxysilane terminal leg, on the central C atom of the CCMoid skeleton, 

or an alkoxysilane terminal hat, by capping the keto-enol moiety of the same 

CCMoid, respectively, as displayed in Figure 6.4.  
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Figure 6.4. Chemical structure of the proposed T-shaped CCMoids for their 

anchoring on the device.  

 

Taking advantage of this SiO2 layer within the platform, the new features 

inserted in the CCMoid were designed to contain an alkoxysilane reactive 

terminal group for unification, affinity and specially, reactivity reasons, 

being capable of creating a covalent Si-O-Si bond with the hydroxyl 

activated SiO2 layer anchoring the molecule on the surface 8.  

It is important to stress that, in a similar manner that happens on surface 

reactions, in solution, the alkoxysilanes of different molecules can form Si-

O-Si bonds among them, leading into a polymerization triggered by water 

molecules which catalysed the hydrolysis of the alkoxysilanes, leading to 

undesired condensation products 9. 

Due to the incompatibility of the Pabon reaction with the alkoxysilane 

functionality (because of the use of water in the CCMoid formation to break 

the boron complex), and the impossibility of the anchoring of the molecule 

on the device once the silane polymerizes, the synthesis of the extended 

Leg 

Hat 
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CCMoid was silane free, which implied the introduction of a silane group in 

the leg or in the hat in the last steps of the synthetic routes. 

As it was mentioned earlier, two strategies were proposed for the 

achievement of the T-shaped molecules involving the addition of a leg or hat, 

both depicted in Scheme 6.1.  

The first which involved the leg, implied the creation of a terminal alkene 

(or alkyne) leg-based NH2CCMoid derivative through (i) the direct insertion 

of the leg in the NH2CCMoid or through (ii) the Pabon’s reaction, starting 

with 3-allylpentane-2,4-dione instead of acetylacetone; followed by the 

addition of pyrene units for the arms extension, to finish with the 

hydrosilylation of the double bond (or triple bond) ending group. In the 

second approach (hat), the keto-enol moiety of the pyACCMoid is 

transformed into a pyrazole core followed by the alkylation of the N atom of 

the pyrazole. 

As the leg and the hat are located in the middle of the molecule separating 

two equal long arms, we named these types of molecules T-shaped 

molecules.  
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Scheme 6.1. Synthetic routes suggested for the achievement of terminal silane 

anchoring groups T-shaped pyrene-based CCMoids.  
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6.3.1. T-shaped CCMoid through the leg 

6.3.1.1. Leg introduction: synthesis and 

characterization of NH2L2bCCMoid, 10 

NH2L2bCCMoid, 10, which contains -NH2 terminal arms and a double bond 

terminal leg, as Figure 6.5 shows, was synthesized by two different 

methodologies. 

 

 

 

 

Figure 6.5. Chemdraw representation of compound 10. 

 

The first one, shown in Scheme 6.2, involved two steps: (i) the deprotonation 

of the central carbon of the NH2CCMoid skeleton, with NaH under inert 

atmosphere (in an ice bath using dry THF as solvent for 30 minutes), and 

(ii) its subsequent nucleophilic reaction with allyl bromide (for 30 h at room 

temperature) 10. The ratio between the three reagents was 1:1:1, however 

not all the starting CCMoid reacted, yielding into a mixture of several 

products identified by TLC. The purification of the new T-shaped CCMoid 

was performed using a preparative thin layer chromatography, with 

EtOAc:Hex (2:1) as mobile phase, giving a final yield of 3%.  

H2N NH2

O O
H

NH2L2bCCMoid, 10 



T-shaped CCMoids 

241 

 

 

 

Scheme 6.2. Initial strategy tested for the synthesis of compound 10. 

 

The special conditions of the initial deprotonation step were mandatory 

because of the possible vigorous reaction of the generated H2 with water and 

the fire risk if heated.  

To improve the yield of the reaction, some modifications such as the use of 

2 equivalents of NaH, or variations in the time given for the deprotonation 

process, were checked finding out the presence of 4-aminobenzaldehyde in 

the 1H NMR spectrum, and suggesting the degradation of the CCMoid 

under those conditions.  

Owing to the difficulties finding the optimal conditions for this reaction, we 

moved from the direct introduction of the leg in the CCMoid to the second 

methodology, based on the insertion of the leg first in ACAC units to use 

them latter in modified Pabon’s reactions. 

The introduction of a leg into ACAC molecules, as it is shown in Scheme 6.3, 

was carried out in a similar manner as the introduction on the NH2CCMoid. 

First, the central proton of the ACAC was removed using K2CO3 as base. 

This was followed by its nucleophilic attack to allyl bromide in anhydrous 

acetone under reflux overnight 11. To purify the reaction mixture, the 

desired monosubstituted product, ACACL2b, was separated from the 

byproducts, as for example the di-substituted ACAC (two double bond legs 

linked to central carbon of the ACAC units), by distillation under vacuum 

η = 3 % 
NH2L2bCCMoid, 10 NH2CCMoid, 4 

H2N NH2

O O
H

H2N NH2

O O
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giving as a result the desired system in a 24 % yield. The 1H NMR spectrum 

is shown in Figure A6.1, in Annex VI. Interestingly, the two tautomers, 

diketo and keto-enol forms of the monosubstituted ACACL2b were detected 

by this technique. 

  

 

 

Scheme 6.3. Optimized strategy for the synthesis of 10. 

 

Once the ACACL2b was isolated, the next step was its use as a starting 

material in the adapted Pabon’s reaction for the synthesis of 

NH2L2bCCMoid, 10. First, equal conditions as those used for the synthesis 

of NH2CCMoid were applied, hence, DMF was added as solvent, and the 

reaction was carried out for 5 h. In agreement with the previous 

NH2CCMoid, 4, synthesis, two different products were distinguished by 1H 

NMR, the symmetric NH2L2bCCMoid,10 and the hemi-NH2L2bCCMoid, 

whose molecular scheme and 1H NMR are displayed in Figure A6.2 (See 

Annex VI).  

In order to avoid the achievement of the hemi-CCMoid and improve the 

yield of the symmetric NH2L2bCCMoid,10, different parameters were 

slightly varied such us the amount of solvent, the equivalents of 4-

aminobenzaldehyde, the amount of n-butylamine and the reaction time. 

Finally, optimization of the reaction was accomplished by adding double 
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amount of solvent, incrementing three times the initial quantity of n-

butylamine and keeping the reaction for a total of 24 h, which allowed the 

achievement of NH2L2bCCMoid, 10, as the unique product (32% yield), 

without the need of further purification. 

The structure of NH2L2bCCMoid was identified by 1H NMR (in CDCl3, 

Figure 6.6) and MALDI-TOF (See Annex VI, Figure A6.3).  

 

 

 

 

 

 

Figure 6.6. 1H NMR spectrum of compound 10 in CDCl3. 

 

In general, the keto-enol form of the CCMoids predominates above the 

diketo tautomer, therefore, in the 1H NMR spectra, we only detect the 

earlier. However, in this case, both forms of the equilibrium were identified 

by the presence of 3 doublets attributed to 3 pairs of the trans protons of 

both tautomers (H’4, H4 and H3). Here, the trans signal (H’3) is overlapped 

with the signal of the aromatics (H’6 and H6), which appears together with 

the other aromatic doublets (H5 and H’5) between 7.5 and 6.5 ppm, 

respectively. At approximately 6 ppm, two multiplets, assigned to the non-

terminal double bond protons of the leg (H’9 and H9), were detected followed 

by a third multiplet around 5 ppm, corresponding to the terminal protons 
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(H´10 and H10) of the allyl group in the leg. The rest of the signals exclusively 

related to the diketo tautomer, H1 and H8, were represented by a triplet close 

to 4 ppm, assigned to the central proton of the CCMoid backbone (H1), and 

the triplet of the closer proton of the leg (H8) at higher fields. The specific 

signals of the keto-enol form, H’2 and H’8, are the ones shown at the lowest 

and highest fields, confirming the existence of the tautomeric equilibrium 

under these conditions. The ratio between the two tautomers (1.5:1; 

diketo:keto-enol), regarding the integrals found, suggest a predominant 

presence of the diketo form.  

The ATR-FTIR spectrum of compound 10 is displayed in Figure 6.7. It 

shares similarities with the vibrational bands found for NH2CCMoid, 4 (the 

same CCMoid without the leg), such as the stretching vibration of the amino 

terminal groups at 3357 and 3347 cm-1 or the carbonyl moiety C=O of the 

keto-enol component at 1618 cm-1, respectively. However, additional signals 

corresponding to the leg were observed at 2927 cm-1, and in the region 

between 1500-1400 cm-1 and 1300-1200 cm-1, correspondingly, that could 

be attributed to the stretching of the C-H from the vinyl and methylene 

groups and their bending modes 12, in that order, confirming their presence 

in 10.  

 

 

 

 

 

Figure 6.7. ATR-FTIR spectrum of compound 10. 
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The UV-Vis absorption spectra in THF of compounds 4 and 10 are 

compared in Figure 6.8. The maximum absorbance band related to the 

CCMoid skeleton in compound 4, NH2CCMoid, appeared at 452 nm and the 

ones related to the amino terminal phenyl rings at 283 and 315 nm, 

respectively. Compound 10, NH2L2bCCMoid, also exhibited a similar 

pattern at 315 nm than 4, displaying a slightly bathochromic shift to 458 

nm for the band assigned to the skeleton, showing the latter an additional 

shoulder at 483 nm. However, a new and intense band appears at 387 nm, 

absent in compound 4, which could be assigned to the backbone of diketo 

tautomer of the CCMoid, in agreement with the reported literature 13. 

According to the bands intensities seen in the spectrum, the diketo form 

seems to be predominant in the sample, which agrees with the higher ratio 

extracted by the integrals of 1H NMR analysis.  

 

 

 

 

 

 

Figure 6.8. UV-Vis absorption spectra of compound 4 and 10 in THF. 

 

The solid-state UV-Vis absorption spectrum of 10 and its Tauc’s 

representation (detailed in Chapter 2, Eq. 2.2) are shown in Figure 6.9. As 

in other Chapters, they were used to extract electronic information of the 

compounds, due to the solvochromic character of CCMoids in solution 14. 
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The solid-state spectrum depicted in Figure 6.8 a, differs from the obtained 

in solution due to the appearance of only one broad wave, appearing at an 

intermediate position between the diketo and keto-enol signals in solution. 

From the Tauc’s graph (Figure 6.9 b), we conclude that the bandgap Egop 

for 10 is 2.00 eV, which is very similar to the Egop for 4 of 1.96 eV, indicating 

the same semiconducting behaviour for both compounds, suggesting that 

the introduction of the leg does not affect significatively the energy gap of 

the CCMoid systems. 

 

 

Figure 6.9. a) UV-Vis absorption spectrum of 10 in solid state. b) Tauc´s 

representation of the UV-Vis spectrum in solid state of 10. 

 

The oxidation and reduction processes of compound 10 were studied by CV. 

The obtained voltammogram in THF with the parameters detailed in 

Chapter 2, is shown in Figure 6.10. Two irreversible oxidation waves and a 

total of seven reduction processes were identified, from which the three first 

appearing at -1.69, -2.04 and -2.29 V seemed, by shape, quasi-reversible, (see 

Annex VI, Figure A6.4 a) although proper characterization was not 

performed because it was found that THF was unstable after long periods 

time (Figure A6.4 b, Annex VI). 
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Figure 6.10. Oxidation and reduction CVs voltammogram of compound 10 in 

THF. 

 

In this specific case, the calculations of the approximated values of the 

HOMO-LUMO and energy dispositions (with the equations described in 

Chapter 2) were made directly from the CV plot, instead of using the DPV 

(shown in Figure A6.5, Annex VI), due to the appearance of additional 

reduction processes attributed to small impurities.  

Table 6.1 collects the HOMO, LUMO and the electrochemical Eg values of 

compound 10. The estimated bandgap for 10 was 2.11 eV, which agrees with 

the optical bandgap value extracted from the UV-Vis absorption analysis.  

 

Table 6.1. HOMO, LUMO and electrochemical bandgap of 10 extracted from 

electrochemical analysis. 

 

Compounds 4 (with a Eg of 2.12 eV) and 10 present almost identical gaps. 

Additionally, the representation of the energy level distribution for 4 and 
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10, depicted in Figure 6.11 implies a similar donor-acceptor behaviour of 

both systems, without being able to distinguish differences in their nature 

and confirming that the introduction of the leg does not affect the electronic 

properties of the CCMoid system. 

 

 

 

 

 

 

 

Figure 6.11. Comparison of the HOMO and LUMO energy levels diagram of 

compound 4 and 10. 

 

Same methodology starting from ACACL3b 15 (1H NMR spectrum in Figure 

A6.6) was applied for the achievement of NH2L3bCCMoid, 11, which 

contains a terminal alkyne in the leg, as represented in Scheme 6.4.  
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Scheme 6.4. Optimized methodology for the synthesis of compound 11. 

 

Compound 11 was characterized with the same techniques employed for 

compound 10 (Figure A6.7-A6.11 Annex VI) and as expected, 1H NMR and 

IR spectra confirmed the presence of the alkyne leg. Moreover, together with 

the UV-Vis spectra the predominance of the diketo tautomer of the 

equilibrium in solution was also observed, as it happens for 10. Furthermore, 

the optical bandgap was extracted from the solid-state absorption UV-Vis 

data giving a value of 1.90 eV, similar to the alkene leg. This value could not 

be compared with the electrochemical one due to the limited solubility of the 

system.  

 

6.3.1.2. Extension of the arms: synthesis and 

characterization of pyAL2bCCMoid, 12 

The next step, in the process to isolate the final silane-based T-shaped 

compound, was the incorporation of the pyrene arms. As scheme 6.5 
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use of microwave radiation, for 2 h at 60 oC, to obtain compound 12, which 

was simply purified after washing with hot ACN (20 % yield). 

 

 

 

 

 

 

Scheme 6.5. Synthetic pathway proposed for the isolation of compound 12. 

 

The 1H NMR spectrum of compound 12 in DMSO-d6 is shown in Figure 

6.12. The evidence of the successful reaction was confirmed by the presence 

of the amide proton H7, together with the enol proton, H2, appearing both 

as sharp singlets at 10.99 and 17.91 ppm, respectively. Only two pairs of 

signals corresponding to the trans protons of the conjugated chain, H4 and 

H3, appeared at 7.74 and 7.28 ppm, in that order, showing now the existence 

of only the keto-enol tautomer in the sample. All the aromatics peaks were 

distinguished in the region from 7.80 to 8.50 ppm, being the peaks 

corresponding to the rings bonded to the -NH group, H5 and H6, the ones 

exhibited between 7.97 and 7.86 ppm, appearing the signals attributed to 

the pyrene moieties (Hp) at lower fields, between 8.0 – 8.5 ppm. Only two of 

the protons of the leg were detected due to the overlapping of H8 with the 

pyAL2bCCMoid, 12 

η = 20 % 
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solvent signal, being both, H9 and H10, identified as broad mountains at 6.02 

and 5.11 ppm, respectively.  

 

 

 

 

 

 

Figure 6.12. 1H NMR spectrum of compound 12 in DMSO-d6. 

 

The ATR-FTIR spectrum of compound 12 is depicted in Figure 6.13. It 

displays two stretching vibrations related to carbonyl bonds, one of the C=O 

of the keto-enol functionality at 1619 cm-1, and the other from the carbonyl 

of the amide at 1645 cm-1, demonstrating the formation of the new bond. 

Additionally, some pyrene vibrations were detected at 710 cm-1 related to 

the C-H bending, while the rest of the signals (v C=C) of pyrene could be 

overlapped around 1500 cm-1. Finally, some peaks could be assigned to the 

leg part, such us the signals at 2970 cm-1, corresponding to the stretching of 

the C-H from the vinyl and methylene groups. Some in the regions of 1500-

1400 and 1300-1200 cm-1 were attributed to the bending modes of the 

methylene and vinyl groups, respectively.  
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Figure 6.13. ATR-FTIR spectrum of compound 12. 

 

Figure 6.14 depicts the UV-Vis absorption spectrum in THF of 12. It 

exhibits two typical bands attributed to the pyrene units at lower 

wavelengths, and the π-π* transition related to the CCMoid backbone at 

438 nm. It shows a bathochromic shift of 16 nm in comparison to system 7, 

which corresponds to the pyACCMoid without the leg. A possible 

explanation for this fact is related with the donor character of the allyl leg, 

which helps to the charge localization in the central part of the backbone, 

promoting a lower energetic transition.  

 

 

 

 

Figure 6.14. UV-Vis absorption spectra of compounds 7 and 12 in THF. 
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The UV-Vis absorption spectrum was collected as well in solid-state in 

order to provide an estimation of the optical bandgap of compound 12. The 

spectrum, in Figure 6.15 a, shows the band related to the CCMoid skeleton 

centred at 459 nm, presenting a dramatic shift from the obtained in solution, 

found at 438 nm. Additionally, the Tauc’s plot of the solid-state data, Figure 

6.15 b, provided an optical bandgap value of 2.38 eV for the same system. 

Compared to the optical bandgap of compound 7, pyACCMoid without the 

leg, which is 2.45 eV, both present a similar semiconducting behaviour, 

corroborating again the small variations in the electronic properties due to 

the presence of the leg.  

 

Figure 6.15. a) UV-Vis absorption spectrum of 12 in solid state. b) Tauc´s 

representation of the UV-Vis spectrum in solid state. 

 

The electrochemical bandgap and the energy of the HOMO and LUMO 

levels of pyAL2bCCMoid were not estimated owing to the low intensity of 

the reduction bands in CV and DPV experiments because of the poor 

solubility of the compound under such conditions.  
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6.3.1.3. Hydrosilylation of pyAL2bCCMoid, 12 

Hydrosilylation is a widely recognized, and used, chemical reaction based on 

the addition of a silicon derivative to a carbon atom which initially was 

forming part of a double (or triple) bond; the reaction takes place with the 

simultaneous introduction of a hydrogen atom onto the other carbon atom, 

from the same double/triple bond unit under attack, in presence of a catalyst 
16.  

The synthetic route employed for the hydrosilylation of compound 12 is 

depicted in Scheme 6.6. Initially, the reaction was tested using 

triethoxysilane, HSi(OEt)3, as reagent and solvent, in presence of the 

Karsted catalyst. However, it did not dissolved compound 12, hindering the 

reaction. Finally, the reaction was performed using dry THF to dissolve 

compound 12, in presence of an excess of HSi(OEt)3 and adding some drops 

of the Karstedt’s catalyst; afterwards, the reaction was heated to activate the 

catalyst. 17,18 Generally, this transformation is considered a fast reaction, 

although in our case, the reaction did not finish after 1 h (or even 3 h), being 

left for a total of 24 h at 50 oC. Further attempts, including reactions with 

long periods of time (48 h), promoted the appearance of unidentified signals 

in the aromatic part of the 1H NMR spectrum, as well as polymerization of 

the silane, considering the conditions not suitable for achieving the desired 

product.  

 

 

 

Scheme 6.6. Purposed hydrosilylation reaction of compound 12. 
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All the 1H NMR spectra in DMSO-d6, after 24 h of reaction (shown in Figure 

A6.12, Annex VI), provided similar and complex pattern, with a number of 

unidentified signals. Nevertheless, changes were detected, compared to the 

spectrum of compound 12. The most remarkable ones include the shift of 

the signal attributed to the amide protons (H7) to higher fields, also the shift 

of the peaks related to the aromatic ring bonded to the N, (H5 and H6) and 

the lack of signal related trans protons (H3 and H4) as well as the 

disappearance of the bands assigned to the alkene bond of the leg (H9 and 

H10), being only the latest expected. Focused on the aliphatic region of the 

spectrum, apart from an excess of HSi(OEt)3 that could not be removed 

under vacuum, additional signals could be guessed, at 4.20, 2.82 and 0.47 

ppm, which could be related to the new silane leg 19,20. In the end, the low 

intensity of these signals, the impurities present and the excess of HSi(OEt)3 

hampered the clear identification and therefore confirmation of the final 

transformation. 

With no further elucidation of the structure, owing to the low amounts 

manipulated, we focused our investigation in the second strategy, mentioned 

at the beginning of the chapter, which implied the introduction of the hat in 

the CCMoid. 

Compound 11 (NH2L3bCCMoid) which comprises the terminal amino 

groups and the alkyne terminal leg was prepared with the same purpose as 

compound 10, as starting material for the extension of the arms with pyrene 

and the final hydrosilylation. In the light of the above hydrosilylation results 

together with the lack of new synthetic routes to avoid the found problems, 

no reaction attempts were tried with this compound either. 
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6.3.2. T-shaped CCMoid by customizing the 

keto-enol moiety 

6.3.2.1. Keto-enol capping: synthesis and 

characterization of pyrazole-based CCMoid, 

pyApzCCMoid, 13 

The first step, in this second methodology, is based on the creation of a 

pyrazole moiety by an adapted Paal-Knorr condensation where a 

dinucleophile (diamine) attacks the carbonyl moiety of the central keto-enol 

group in the CCMoid skeleton 21. Specifically, as represented in Scheme 6.7, 

the functionalization of the keto-enol moiety of the extended CCMoid 7 was 

conducted with an excess of hydrazine in the microwave at 150 oC, for 35 

minutes using AcOH as solvent 22. After the isolation of compound 13, the 

traces of AcOH were removed by stirring the compound overnight in a 

dispersion of K2CO3 in methanol, in order to avoid polymerization processes 

of the silane derivative in the following step.  

 

 

 

 

 

Scheme 6.7. Synthetic route for the achievement of compound 13. 
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The 1H NMR spectra of compound 7 and 13 in DMSO-d6 are compared in 

Figure 6.16. All the expected signals for compound 13 appeared in the 13.0 

- 6.0 ppm range. From lower to higher field, one could identify the singlet 

for the pyrazole proton (H2), the amide protons (H7), followed by the protons 

of the pyrene units (Hp), the aromatics bonded to the N atom (H5 and H6), 

and the trans protons (H3 and H4), to end with the central proton of the 

pyrazole (H1) at higher fields, in that order. There are relevant variations in 

the spectrum for 13 compared to the spectrum for 7, being the most drastic 

the shift of the central proton, H1, to lower fields, and the overlapping of the 

two pairs of trans protons (H3 and H4) giving rise to a one false quadrupletd. 

The formation of the heterocycle implies the increase of aromaticity of the 

central part of the molecule which improves the deshielding effect of the 

closest protons mainly H1, appearing at lower fields. 

 

Figure 6.16. Comparison of 1H NMR spectra of compounds 7 and 13 in DMSO-d6. 
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UV-Vis absorption analysis in solid-state was performed to estimate the 

optical bandgap of pyApzCCMoid, 13. The spectrum, exhibited in Figure 

6.17 a, shows the band related to the CCMoid backbone at 461 nm, in a 

similar manner as it happens with compound 12, which present the alkene 

leg and shows a band at 459 nm, shifted both from the one of compound 7 

(pyACCMoid) that appear at 438 nm. Additionally, the Tauc’s plot in, 

Figure 6.17 b, provides an estimated value for the optical bandgap of 2.47 

eV (compound 13). Compared to the optical bandgap of compound 7, which 

is 2.45 eV, both present almost the same semiconducting behaviour, 

suggesting the aromaticity of the pyrazole unit does not affect significantly 

in the overall electronic properties.  

 

Figure 6.17. a) UV-Vis spectrum of 13 in solid state. b) Tauc´s representation of 

the UV-Vis spectrum of 13 in the solid-state. 

 

CV and DPV experiments of compound 13 were measured in THF with the 

approach described in previous Chapters in order to obtain electronic 

information and be able to compare with the rest of systems. The 

voltammograms are shown in Figure 6.18. CV exhibit one irreversible 

oxidation wave and two reduction processes whose reversibility was studied, 

and it is shown below. 
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Figure 6.18. Oxidation and reduction CVs (a) and DPVs (b) voltammogram of 

compound 13 in THF.  

 

Figure 6.19 a depicted the voltammogram of the first reduction wave at 

different scan rates and Figure 6.19 b the relationship between the anodic 

and cathodic current intensity vs the square root of the involved scan rate. 

In the latest, it is observed an acceptable linear fitting, suggesting a quasi-

reversible process. The other analysed conditions, Ipa/Ipc and ΔEp are 

grouped in Table 6.2. Ipa/Ipc values are close to the unity, differing a 

maximum of 0.35 units for the lowest and highest scan rates, being 0.14 the 

maximum difference for the intermediate speeds. Regarding the difference 

between the voltage where the peaks appeared, ΔEp, the results deviate 

considerably for the three highest speeds, being less than 10 mV the 

difference from the ideal 59 mV for the scan rates included from 25 mV/s to 

200 mV/s. Taking into account the previous results, we suggest that the 

first reduction process is quasi-reversible. However, the second reduction 

wave observed did not accomplish these criteria, concluding that it is an 

irreversible process. 

  

a) b) 

-2.5 -2.0

-0.004

-0.002

0.000

0.002

0.004

0.5 1.0

Data 2

E (V)

I 
(m

A
) DPV

-2.02 0.68

-3 -2
-0.005

0.000

0.005

0.010

0.015

0.020

0 1

Data 4

E (V)

I 
(m

A
) CV



Chapter 6 

260 

 

 

Figure 6.19. a) 1st reduction process of compound 13 at different scan rates. b) 

Graphical representation of the maximum intensity vs. the square root of the scan 

rate for the anodic and cathodic peaks. 

 

Scan rate (mV/s) Ipa/Ipc ΔEp (mV) 

25 0.74 48 

50 0.89 55 

100 0.86 56 

200 0.88 66 

350 0.86 80 

500 1.05 94 

1000 1.35 142 

 

Table 6.2. Division of the anodic and cathodic maximum intensities and potential 

values differences for the oxidation and reduction processes at different scan rates. 

 

The DPV plot shown in Figure 6.18 b was used to extract the electronic 

information such as the HOMO and LUMO energy and the electrochemical 

bandgap of compound 13, applying the equations described in Chapter 2. 

The values are compiled in Table 6.3. The calculated bandgap for 13 is 2.70 
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eV, which differ in 0.22 eV with the optical bandgap value extracted from 

the UV-Vis absorption analysis (2.48 eV). These electrochemical values 

denote that the energy gap of system 13 is bigger than that of compound 7, 

where the effect of the capping is slightly emphasized in comparison with 

the analysis of the UV-Vis absorption features of both CCMoids.  

 

Table 6.3. HOMO, LUMO and estimated electrochemical bandgap extracted from 

electrochemical analysis for compound 13. 

 

6.3.2.2. Hat introduction: alkylation of the pyrazole-

based CCMoid 

pyApzCCMoid, 13 was alkylated with a propyltriethoxysilane chain in a N 

atom of the pyrazole moiety, in a two-step process, as illustrated in Scheme 

6.8. Initially, the proton of the pyrazole unit was removed using dry K2CO3 

(1 equivalent) in anhydrous DMF under inert conditions for 1 h, with a 

subsequent nucleophilic reaction with 3-iodopropyl triethoxysilane (1.8 

equivalents). Several temperatures (RT, 70 oC, 100 oC) and reaction times (1 

h, 24 h, 48 h) were tested without finding out the optimized conditions for 

the obtaining of the pure CCMoid being 70 oC and 1 h the best ones achieved 

so far. 
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Scheme 6.8. Suggested alkylation conditions for compound 13. 

 

Due to solubility reasons, the 1H NMR spectrum of the reaction was 

conducted in DMSO-d6, which contains a high percentage of water, and 

despite of the efforts made to remove it, it was always observed in the 

spectrum, which can affect the stability of the final compound due to the 

presence of the –Si(OEt)3 groups. 

The 1H NMR spectrum depicted in Figure A6.13 (Annex VI)  evidenced the 

presence of the starting CCMoid and 3-iodopropyltriethoxysilane indicating 

a partial conversion of the reactants. However, a small singlet appeared at 

6.96 ppm which corresponds with the central proton of the new hat-

derivative CCMoid formed. Besides, another important difference compared 

to the spectrum of the CCMoid of the starting material is the change in 

shape and splitting of the multiplet assigned to the trans protons. Regarding 

the aliphatic region of the spectrum, several signals, apart from the ones of 

the 3-iodopropyl-triethoxysilane were observed in the expected region, not 

being possible to identify the ones corresponding to the new product, which 

should appear around 0.8, 2.1 and 4.2 ppm 23.  

Although it has not been possible to optimize the reaction and separate the 

desired T-shaped CCMoid during the course of this thesis, future 
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adjustments on the reaction parameters will allow it for the consecutive 

exploration of its electrical properties over the device. 

 

6.4. Conclusions 

• Compound 10, named NH2L2bCCMoid, which contains amino 

substituted aromatic rings as arms and an alkene terminal leg, was 

achieved by two different protocols either by starting with the 

deprotonation of NH2CCMoid, 4, with NaH in THF, followed by 

the reaction with allyl bromide, or by conducting the Pabon’s 

reaction starting with the ACAC containing the vinyl terminal leg, 

resulting the latest in higher yields. 

• The hemi-NH2L2bCCMoid which comprises only one 

substituted arm, was obtained using the initial conditions 

tested for the synthesis of compound 4, NH2CCMoid 

without the leg. 

• The use of double amount of solvent and three times more 

equivalents of n-butylamine allowed the isolation of a 

cleaner compound 10 in high yield without further 

purification. 

• With that fruitful route, a similar compound, containing 

alkyne leg, 11, was synthesized. 

• 1H NMR and UV-Vis analysis demonstrated the presence of the two 

tautomers of the equilibrium, diketo and keto-enol for compound 10. 

• The introduction of the leg does not affect significatively to the 

electronic properties of NH2L2bCCMoid, which presents similar 

estimated optical and electrochemical bandgaps than compound 4, a 

similar CCMoid without the leg, providing both of them a 

semiconducting behaviour. 
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• Two synthetic strategies for the achievement of triethoxysilane 

terminated T-shaped pyrene based CCMoids through the leg or 

through the β-diketone have been developed, although not 

optimized, being unable to isolate any novel silane terminal pyrene 

extended CCMoid in a pure way. 

• Regarding the modification through the leg: 

pyAL2bCCMoid, 12 was achieved by the reaction of 

compound 10 with preactivated 1-pyrenecarboxylic acid, 

but the suitable parameters for its hydrosilylation reaction 

were not found out. 

• The tautomer equilibrium was not observed for compound 

12 by 1H NMR or UV-Vis experiments. UV-vis analysis in 

solid state determined a semiconducting behaviour of 

pyAL2bCCMoid, with not considerable electronic 

alterations compared to the compound without the leg. 

• The closure of the keto-enol unit with hydrazine gave rise 

to the achievement of the pyrazole derivative CCMoid, 

pyApzCCMoid, 13. 

• The average bandgap value from the optical and 

electrochemical calculations was slightly bigger for the 

pyrazole derivative 13 compared to the compound 

exhibiting the keto-enol moiety, 7, suggesting a less 

semiconducting behaviour for the former.  

• New tests of the alkylation reaction of the pyrazole unit in 

presence of K2CO3, anhydrous DMF and 

iodopropyltriethoxysilane must be conducted to determine 

the proper temperature and time conditions for the isolation 

of the silane-terminal pyrene CCMoid. 
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6.5. Experimental section 

Synthesis of NH2L2bCCMoid,10. Strategy 1  

4.32 mg (0.18 mmol) of NaH (purity 60%) were dissolved in 0.5 mL of dry 

THF in an ice bath. Subsequently, a solution of 32.2 mg of compound 4 (0.10 

mmol) in 0.3 mL dry THF was added dropwise, and the mixture was stirred 

0.5 h in an ice bar and 2 h more at room temperature. Afterwards, 9 µL of 

allyl bromide (0.10 mmol) was introduced into the mixture. After 30 h, the 

mixture was quenched with Milli-Q water and washed several times with 

EtOAc. The organic layer was purified by preparative TLC using 

EtOAc:Hex (2:1) as mobile phase to isolate the product as a dark garnet solid 

in 3% Yield. 1H NMR (360 MHz, CDCl3) δ: 17.76 (1H, s, keto-enol form), 

7.68 (2H, d, 3J=15.5 Hz), 7.62 (2H, d, 3J=15.8 Hz), 7.39 (8H, m, 3J= 8.3Hz), 

6.83 (2H, d, 3J= 15.3 Hz), 6.68 (10H, m), 6.05 (1H, m), 5.83 (1H, m), 5.16 

(5H, m), 4.14 (2H, t, 3J= 7.2 Hz, diketo) 4.00 (8H, s, broad), 3.30 (2H, d, 3J= 

4.8 Hz, keto-enol), 2.77 (3H, t, 3J=7.2 Hz, diketo).  

 

Synthesis of ACACL2b 11 

5.16 mL of acetylacetone (5.00 g, 50 mmol) and 6.43 g of pre-dried K2CO3 

(46.5 mmol) were stirred in 40 mL of anhydrous acetone. Immediately, 5.31 

mL of allyl bromide (61.5 mmol) were added, and the mixture refluxed 

overnight. Afterwards, Et2O was added, the mixture was filtered and the 

solvent of evaporated under vacuum. The product was purified by 

distillation under vacuum reaching a 24% yield. 1H NMR (360 MHz, CDCl3) 

δ: 16.73 (1H, s, keto-enol form), 5.89 (1H, m), 5.76 (1H, m), 5.14 (5H, m), 

3.74 (1H, t, 3J= 7.4 Hz, diketo), 2.99 (2H, d, 3J=5.0 Hz, keto-enol), 2.61 (2H, 

t, 3J=7.4 Hz, diketo), 2.18 (6H, s), 2.10 (6H, s). 
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Synthesis of ACACL3b 15 

In a similar manner than ACACL2b, a mixture of 5.16 mL of acetylacetone 

(5.00 g, 50 mmol), 8.30 g of pre-dried K2CO3 (60.1 mmol) and 0.87 mL of 

propargyl bromide (10.1 mmol) in 112 mL of anhydrous acetone were heated 

up to 60 oC for 24 h. Afterwards, the mixture was filtered and the solvent 

removed to purify the compound by column chromatography using 

Hex:EtOAc (2:1) as mobile phase in a 47% yield. 1H NMR (360 MHz, CDCl3) 

δ: 16.52 (1H, s, keto-enol form), 3.87 (1H, t, 3J=7.5 Hz, diketo), 3.10 (2H, d, 
4J=2.4, keto-enol), 2.70 (2H, dd, 3J=7.5 Hz, 4J= 2.58 Hz, diketo), 2.24 (6H, 

s), 2.21 (6H, s), 2.03 (2H, t, 4J = 2.5 Hz). 

 

Synthesis of NH2L2bCCMoid, 10. Strategy 2  

115.7 mg of ACACL2b (0.83 mmol) and 115.71 mg of B2O3 (1.66 mmol) in 

0.5 mL of DMF were heated at 80 °C for 30 min. Then sequentially, at an 

interval of 30 min, 0.88 mL of tributylborate (3.27 mmol) and a solution of 

200 mg of 4-aminobenzaldehyde (1.65 mmol) in 2 mL of DMF were added. 

The mixture was allowed to evolve at 80 °C for another half hour and then 

108 µL of butylamine (1.09 mmol) dissolved in 1 mL DMF were added 

dropwise. Subsequently, the reaction was kept at 80 °C for a total of 24 h 

and subsequently 4 mL of Milli-Q water were added allowing the mixture 

to cool to RT and stirring for 1 extra hour. Finally, the reaction was filtered 

off, washed with Milli-Q water and dried with Et2O. Yield for 

NH2L2bCCMoid: 32%. 1H NMR (400 MHz, TCE-d2) δ: 17.72 (1H, s, keto-

enol form), 7.66 (2H, d, 3J=15.3 Hz), 7.59 (2H, d, 3J=15.9Hz), 7.41 (8H, d, 
3J= 7.8 Hz), 6.83 (2H, d, 3J= 15.8 Hz), 6,69 (10H, m), 5.16 (4H, m), 4.16 (1H, 

t, 3J= 7.3 Hz, diketo) 4.08 (4H, s, broad), 3.30 (2H, d, 3J= 4.8 Hz, keto-enol), 

2.72 (2H, t, 3J=7.0 Hz, diketo). MS MALDI-TOF (m/z) calcd for 

NH2L2bCCMoid: 346.2 [M]; found: 344.9 [M-1]. 
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Hemi-NH2L2bCCMoid 

115.7 mg of ACACL2b (0.83 mmol) and 115.71 mg of B2O3 (1.66 mmol) in 

0.3 mL of DMF were heated at 80 °C for 30 min. Then progressively, at 30 

min intervals, 0.88 mL of tributylborate (3.27 mmol) and a solution of 200 

mg of 4-aminobenzaldehyde (1.65 mmol) in 1 mL of DMF were added. The 

mixture was kept at 80 °C for 30 more minutes and then 36 µL of butylamine 

(0.36 mmol) dissolved in 0.5 mL DMF were added dropwise. After 24 h at 

80 oC, 4 mL of Milli-Q water were added allowing the mixture to cool  down 

to RT while stirring for another one hour. Subsequently, the reaction was 

filtered off and the liquid centrifuged, washed with Milli-Q water, and dried 

with Et2O. Finally, the product was purified by preparative TLC to obtain 

the hemi-CCMoid as dark garnet solid in <1%. 1H NMR (400 MHz, CDCl3) 

δ: 16.88 (1H, s, keto-enol form), 7.63 (1H, d, 3J=15.5 Hz), 7.61 (1H, d, 
3J=15.8 Hz), 7.40 (4H, d, 3J= 8.4 Hz), 6,66 (6H, m), 5.98 (1H, m), 5.80 (1H, 

m) 5.13 (4H, m), 4.08 (4H, s, broad), 3.98 (1H, t, 3J= 7.1 Hz, diketo), 3.16 

(2H, d, 3J=6.9, keto-enol), 2.69 (2H, t, 3J= 6.7, diketo), 2.20 (3H, s), 2.16 (3H, 

s). 

 

Synthesis of NH2L3bCCMoid, 11 

Same procedure followed for NH2L2bCCMoid but using ACACL3b. Yield 

28%. 1H NMR (360 MHz, CDCl3) δ: 17.64 (1H, s, keto-enol form), 7.71 (2H, 

d, 3J=15.6 Hz), 7.64 (4H, d, 3J=15.2 Hz), 7.42 (3H, d, 3J= 8.4 Hz), 7.36 (8H, 

d, 3J= 7.8 Hz), 6,95 (2H, d, 3J=15.6), 6.66 (16H, m), 4.31 (2H, t, 3J= 7.6 Hz, 

diketo), 4,09 (10H, s, broad), 3.40 (2H, d 4J= 2.3 Hz, keto-enol) 2.88 (4H, dd, 
3J= 6.9 Hz, 4J=2.6 Hz, diketo), 2.17 (2H, t, 4J= 2.7 Hz, keto-enol), 2.00 (3H, 

t, 4J=2.81 Hz, diketo). MS MALDI-TOF (m/z) calcd for NH2L3bCCMoid: 

344.2 [M]; found: 342.9 [M-1]. 
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Synthesis of PyAL2bCCMoid, 12 

30 mg pyCOOH (0.12 mmol) and 0.8 mL of SOCl2 (11.2 mmol) were 

refluxed for 3 h. Afterwards, the excess of SOCl2 was removed under 

vacuum. A solution of the product in 5 mL of dry THF was transferred into 

a MW vial, together with 16 µL of Et3N (0.11 mmol), and a dispersion of 

NH2L2bCCMoid (20.8 mg, 0.06 mmol) in 12 mL of dry THF. The vial was 

introduced in the microwave at 60 oC for 2 h. When the MW reaction 

finished, the mixture was filtered off, the solvent removed, and the product 

washed with hot ACN to obtain the pure compound as a dark garnet solid 

in 20% yield. 1H NMR (400 MHz, DMSO-d6) δ: 17.91 (1H, s), 10.99 (2H, s), 

8.50 (m), 8.42 (m), 8.32 (m), 8.17 (m), 7.97 (4H, d, 3J=8.0 Hz), 7.85 (4H, d, 
3J= 8.0 Hz), 7.74 (2H, d, 3J= 15.2 Hz), 7.29 (2H, d 3J= 15.24 Hz) 6.03 (broad), 

5.11 (broad).  

 

Synthesis of pyApzCCMoid, 13  

26 mg of pyACCMoid (0.03 mmol) and 20 µL of N2H4·H2O (0.41 mmol) were 

dispersed in 1 mL AcOH in a MW vial. The vial was placed into the reactor 

at 150 oC for 35 minutes. Afterwards, the precipitate was filtered off and 

dried with Et2O to isolate the pure system in 37% yield. 1H NMR (400 MHz, 

DMSO-d6) δ: 13.02 (1H, s), 10.84 (2H, s), 8.52 (3H, m), 8.44 (7H, m), 8.34 

(8H, m), 8.18 (3H, t, 3J= 7.3 Hz), 7.95 (4H, d, 3J= 8.3 Hz), 7.64 (4H, d, 3J= 

8.5 Hz), 7.20 (4H, m, 3J= 16.8 Hz), 6.79 (1H, s).  
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Annex (VI)  

 

 

 

Figure A6.1. 1H NMR spectrum of ACACL2b in CDCl3. 

 

 

 

 

 

 

Figure A6.2. 1H NMR spectrum of hemi-NH2L2bCCMoid in CDCl3. 
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Figure A6.3. MALDI-TOF mass spectrum of compound 10 in negative mode. 

 

 

 

Figure A6.4. a) Reduction CV reversibility studies of 10 at different scan rates. b) 

Shift in the reduction CV voltammogram of 10 in THF with time due to solvent 

degradation. 
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Figure A6.5. Oxidation and reduction DPVs voltammogram of compound 10 in 

THF. 

 

 

 

 

 

 

Figure A6.6. 1H NMR spectrum of ACACL3b in CDCl3. 
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Figure A6.7. 1H NMR spectrum of compound 11 in CDCl3. 

 

 

 

 

 

Figure A6.8.  ATR-FTIR spectrum of compound 11. 
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Figure A6.9. UV-Vis absorption spectrum of 11 in THF. 

 

 

 

Figure A6.10. a) UV-Vis spectrum of 11 in solid state. b) Tauc’s representation of 

the solid state UV-Vis data of compound 11. 
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Figure A6.11. MALDI-TOF mass spectrum in negative mode of compound 11. 

 

 
Figure A6.12. 1H NMR spectrum of the product from the hydrosilylation reaction 

of compound 12 in DMSO-d6 after 24 h reaction. 
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Figure A6.13. 1H NMR spectrum of the product from the alkylation reaction of 

compound 13 in DMSO-d6 after 1 h reaction. 
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General conclusions 
In the course of this doctoral thesis, we have developed 13 new CCMoids to 

be used in the field of Molecular Electronics. Some of them have been 

designed for single-molecule transport studies and others to analyse their 

electronic behaviour when assembled in monolayers. Specifically:  

The successful preparation of self-assembled monolayers (SAMs) of 

supramolecular host-guest units formed by a CCMoid which contains 

ferrocene groups (guest, FcCCMoid, 1), together with cucurbit[7]uril (host, 

CB[7]) or thiolated beta-cyclodextrin (host, SH-βCD) on gold surfaces 

allowed to explore the electrical performance of the systems through their 

junction with eutectic gallium indium (EGaIn). Our results suggest that in 

the tested conditions, the CCMoid does not have any significant effect in the 

conductivity of the system. Additionally, the complexes do not act as a 

rectifier in this type of sandwiched two-terminal devices. 

The synthesis of an amino substituted CCMoid, (named NH2CCMoid, 4) 

yielded as a byproduct an additional CCMoid: the hemiCCMoid system 

called hemiNH2CCMoid, 5. This opens the possibility to design asymmetric 

CCMoids with diverse attractive functionalities. 

Additionally, the reactive amino groups of compound 4, allowed the 

extension of the CCMoid arms by its reaction with different aldehyde and 

carboxylic acid functional groups comprised in polycyclic aromatic 

hydrocarbons (PAHs). In this way, two novel enlarged CCMoids resulted: 

compound 6, peICCMoid including perylene moieties, that proved to be 

unstable in contact with water, and with time, and compound 7, pyACCMoid 

which comprises pyrene units and presents great stability. The length and 

chemical structure of the latest converted compound 7 into a promising 

candidate to be analysed as active molecule in graphene-based three-

terminal devices. The electrical characterization performed in a single 
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molecule regime, has shown the increase in the current intensity once the 

system was deposited by dip coating methods onto electroburned 

nanogapped graphene electrodes. This first attempt seems to agree with 

previous investigations published in the literature, where the conductance 

behaviour relates to the presence of the CCMoid over the device, in this case 

by the π-π interaction between the pyrene moieties within the molecule and 

the graphene electrodes. 

T-shaped CCMoids, with an anchoring alkosysilane group in the middle of 

the backbone, were proposed for the fabrication of robust graphene-based 

three terminal devices. The synthetic efforts were focused on two different 

strategies. On the one hand, the introduction of a leg within the molecule, 

which derived into the achievement of intermediate products containing 

amino terminal arms and double (NH2L2bCCMoid, 10) or triple bond legs, 

(NH2L3bCCMoid, 11), respectively, together with the consecutive 

extension of the arms using 1-pyrenecarboxylic acid has led to the 

achievement of pyAL2bCCMoid, 12. On the other hand, in the formation of 

the hat, compound 13, pyApzCCMoid, with pyrene extended arms and a 

pyrazole central unit, was synthesized. Despite of the efforts applied in the 

preparation of the terminal alkosysilane derivatives, inconclusive results 

were obtained and not confirmation of the introduction of the reactive silane 

groups was achieved. Therefore, there is still work in progress to find out 

the optimal conditions for the synthesis of the final T-shaped CCMoids. 

Overall, most of the main objectives set in this project, regarding the 

synthesis of novel CCMoids, have been accomplished and with the present 

results, new possibilities to the field of CCMoids and Molecular Electronics 

have been opened.  
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Materials and Equipment 

Solvents 

Dimethylformamide (DMF), methanol (MeOH) sulphuric acid (H2SO4) and 

acetic acid (AcOH) were supplied by Carlo Erba. Ethyl acetate (EtOAc), 

hydrogen peroxide (H2O2), high purity dichloromnethane (DCM) and 

tetrahydrofurane (THF) were provided by Scharlab.  Diethyl ether (Et2O), 

absolute ethanol (EtOH), acetone, acetonitrile (ACN), chloroform (CHCl3) 

(JT Baker), hexane (Hex), isopropanol, dioxane and hydrochloric acid (HCl) 

were supplied by Serviquimia from the brand ChemLab. 

DMSO HPLC quality from ROMIL was used in the SAMs formation 

supplied by Teknocroma. Nitric acid (HNO3) was supplied by Panreac. 

1,1,2,2-tetrachloroethane (TCE) was supplied by Merk-Sigma Aldrich. 

Important note: dry THF and dry DCM were extracted from a solvent 

purification system PS-MD-3 provided by Inert Technologies. 

 

Reagents 

Acetylacetonate (ACAC, C5H7O2), boron trioxide (B2O3), tributyl borate 

((BuO)3B, C12H27BO3), n-butyl amine (n-BuNH2, C4H11N), 

ferrocenecarboxaldehyde (C11H10FeO), mesyl chloride (CH3ClO2S), thiourea 

(CH4N2S), potassium hydrogen sulphate (KHSO4), 4-nitrobenzaldehyde 

(C7H5NO3), di-tert-butyl di-carbonate (C10H18O5), sodium hydrogen 

carbonate (NaHCO3), sodium chloride (NaCl) magnesium sulphate (MgSO4) 

4-aminobenzyl alcohol (C7H9NO),  potassium permanganate (KMnO4), 

manganese (II) sulphate monohydrate (MnSO4 · H2O), sodium hydroxide 

(NaOH), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, C8H17N3), 

N-hydroxysuccinimide (NHS, C4H5NO3), 3-perylenecarboxaldehyde 
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(C21H12O), 1- pyrenecarboxaldehyde (C17H10O), thionyl chloride (SOCl2), 

triethylamine (Et3N, C6H15N), methyl-4-formylbenzoate (C9H8O3), lithium 

hydroxide (LiOH), sodium hydride (NaH), allyl bromide (C3H5Br), 

potassium carbonate (K2CO3), propargyl bromide (C3H3Br), hydrazine 

monohydrate (N2H4·H2O) were provided by Sigma Aldrich, ABCR, 

Fluorochem and TCI Chemicals.  

β-cyclodextrin (β-CD, C42H70O35) and cucurbit[7]uril (CB[7], 

C42H42N28O14) were supplied by Strem Chemicals 

Single walled carbon nanotubes (SWCNTs) were provided by Sigma 

Aldrich and its purification was carried out in collaboration with Dr. 

Stefania Sandoval and Dr. Gerard Tobias (ICMAB). 

 

Microwave (MW) reactor 

Microwave synthesis was carried out using borosilicate vials of 10 or 30 mL 

with a polyether ether ketone cup in a Monowave-400 MW from Anton 

Paar. 

 

Nuclear Magnetic Resonance (NMR) 

1H and 13C NMR mesuarments were performed in a Bruker Avance DPX of 

360 MHz (8.4T) and in a Bruker Avance-III of 400 MHz (9.4T) at Servei de 

Ressonancia Magnètica Nuclear (SeRMN) in Universitat Autònoma de 

Barcelona (UAB) to elucidate the chemical structure of the synthesized 

compounds. The data analysis was carried out using MestReNova software, 

referenced to the central peak of the deuterated solvent. 
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Fourier Transform Infrared Spectroscopy (FT-IR) 

The synthesized CCMoids were analysed by Attenuated Total Reflectance 

(ATR) -FTIR in a FT-IR JASCO 4700LE from 400 to 4000 cm-1 to detect 

vibrations assigned to specific chemical bonds. 

 

Ultraviolet-Visible Absorption Spectroscopy (UV-Vis) 

UV-Vis absorption were measured in solution as well as in solid state in a 

JASCO V-780 UV-Vis/NIR spectrometer with the liquid or the integrating 

sphere accessories in a 200-800 nm range.  

 

Cyclic Voltammetry (CV) and Differential Pulse Voltammetry 

(DPV) 

CV and DPV experiments were conducted to gain insight into the HOMO, 

LUMO and electrochemical bandgap of the compounds in a three electrodes 

cell connected to a SP-50 potentiostat from Biologics.  

 

Mass Spectrometry (MS) 

Mass spectra of the compounds were obtained with a Bruker 

ULTRAFLEXTREME mass spectrometer at Servei de Proteòmica I 

Biologia Estructural from UAB and Servei de Proteómica i imatge from 

Institut de Química Avançada de Catalunya (IQAC) to identify the mass to 

charge ratio of the ions of the sample in a matrix-assisted laser 

desorption/ionization time of fly (MALDI-TOF) measurement. The 

software used for the data analysis were mMass and FlexAnalysis.  
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Elemental Analysis (EA) 

Elemental Analysis was performed with a Thermo Scientific Flash 2000 and 

Flash Smart elemental analyser in IQAC to know the exact elemental 

composition in the sample evaluating C, H and N. 

 

Contact angle (CA) 

Contact angle measurements were recorded in a Attension Theta Lite 

instrument from Biolin Scientific analysed using One Attention software in 

order to study the wettability of the functionalised surfaces.   

 

Ellipsometry   

Ellipsometry was employed to determine the thickness of the SAMs. We 

measured psi (Ψ), which is the ratio of the amplitudes of the p- and s-

polarized light, and delta (Δ), which is the phase difference between them, of 

the reflected light for incident angles of 65°, 70° and 75° in an alpha-SE 

Ellipsometer from J.A. Woollam Ellipsometry Solutions at UAB with help 

of Dr. Alejandro Martin and Prof. Eliseo Ruiz. To obtain an experimental 

value of the thickness, the provided data was fitted to the Cauchy model by 

varying the refractive index and thickness set of parameters in 

CompleteEASE software. 

 

X-Ray Photoelectron Spectroscopy (XPS) 

XPS studies were conducted in a SPECS PHOIBOS 150 from SPECS 

GmbH at Institut Català de Nanociència I Nanotecnologia (ICN2) to 

identify C, N, O, S, Fe elements present in the samples.  
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Infrared Reflection Absorption Spectroscopy (IRRAS) 

IRRAS spectra, which provide information about the functional groups and 

their orientation in organic SAMs on a reflective surface were obtained in a 

Vertex 70 spectrometer from Bruker placed inside the Clean Room facilities 

of Institut de Ciència de Materials de Barcelona (ICMAB). 

 

Eutectic Gallium Indium (EGaIn) 

The EGaIn measurements (current density vs voltage) were conducted in 

collaboration with Maria Elisabetta Giglio, Dr.  J. Alejandro de Sousa, Dr. 

Núria Crivillers and Dr. Marta Mas (ICMAB) in a home-made set-up using 

a Keithley 2004B controlled by an in-house software developed with 

LabVIEW.  

 

Transmission Electron Microscopy (TEM) 

TEM images of CNTs were recorded in a 120 KV JEOL 1210 microscope 

to visualize the morphology of the materials.  

 

Scanning Electron Microscopy (SEM) 

SEM images were obtained by Dr. Rossella Zaffino provided by an Auriga-

40 microscope from Carl Zeiss located at Instituto de Microelectrónica de 

Barceona (IMB-CNM). 
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Atomic Force Microscopy (AFM) 

The topographic images of the samples were recorded by Dr. Rossella 

Zaffino (ICMAB) in an ICON/NAnoscope V from Bruker located at IMB-

CNM. 

Raman spectroscopy 

Raman spectroscopy was performed using a Xplora TM Plus spectrometer 

from Horiba Jobin- Yvon at Centres Científics I Tecnològics de la 

Universitat de Barcelona (CCiT-UB). 

Probe station 

Electrical measurements of the three terminal devices were conducted by 

Dr. Rossella Zaffino (ICMAB) in a Lakeshore Cryostation connected to 2 

Keithley 2540 source.  
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ABSTRACT: Exploiting the potential of curcuminoids (CCMoids) as molecular platforms, we have synthesized an extended 

system (3 nm) compromising a CCMoid with amino-terminal groups (NH2-CCMoid, 1) that in a second step can adequate 

polycyclic aromatic hydrocarbon (PAH) groups at both endings of the molecule (pyACCMoid, 2). In addition, we show the 

results from an experimental study of charge transport through molecule 2 trapped in graphene nano-junctions formed 
using feedback-controlled electroburning. The measured I-V characteristics show gate-dependent behavior at room tem-

perature and at 10 K, with increased conductance values compared to shorter CCMoids previously reported, and in agree-

ment with DFT calculations. Our results show that by optimizing molecular design the charge transport can be enhanced, as 

system 2 separates the conductive backbone from the anchoring groups, which tend to planarize upon contact with the gra-

phene electrodes. 

Molecular platforms are fundamental in the development 
of many topics in nanoscience and nanotechnology1,2. Re-

garding molecular electronics (MEs) the structural varia-

tions of these key units assist in the creation of hybrid ma-

terials (molecule-substrate)3,4, allowing the investigation 

of their interface, and providing an understanding of 
charge transport phenomena (monolayers and/or single 

molecules)5 to generate extrapolated patterns. Porphyra-

noids6, fullerenes6, and Schiff bases7, among others, are 

examples of such families of molecular systems applied in 

this field. 

Curcuminoids (CCMoids)8 have entered this group recent-

ly; apart from their extensive contribution to the biomedi-
cal field9,10, these building blocks and coordination deriva-

tives are explored on surfaces using the UHV-STM tech-

nique11 and studied, for example, as efficient near-IR emit-

ters12-13, owing to the impact of their conjugated configura-

tion. Indeed, CCMoids conjugated skeletons accompanied 

by aromatic side groups are suitable for single-molecule 
electronic14–16. This type of backbone provides a high den-

sity of -electrons able to mediate charge transport that 
can be coordinated to a variety of side groups enabling 

both covalent bonding17, and - stacking to graphene
electrodes, respectively14–16. Regarding the first, some of us 

have performed single-electron transport studies in a set 

of CCMoids with different anchoring groups coupled to 

gold electrodes using the mechanically controlled breaking 

junction technique18,19. We have established a correspond-
ence between the affinity of the terminal moieties and the 

Au electrodes with the conductance values, and the possi-

ble configurations of the molecules embedded between the 

electrodes. The effect of coordination in some of these sys-

Annex VII. Update of the electrical results of 
compound 7 described in Chapter 5.



tems has also been explored, finding the conditions under 

which certain CCMoids exhibit electronic switch behav-

iour20. Exploring molecular π-π stacking with graphene 
electrodes, we have synthesized a family of CCMoids con-

taining small polycyclic aromatic hydrocarbons (PAHs) 

arms (Figure 1) and studied their inclusion on graphene-

based electrodes in a three-terminal device configuration 

(graphene/SiO2/Si)14–16. 

Figure 1. Chemical structures of (a) 9ACCM and (b) 

9ALCCMoid with an increased backbone length, previously 

studied in graphene-hybrid molecular junctions14,15. (c) 

Synthetic pathway of (d) pyACCMoid (2): (i) inclusion of 

the spacer group through the Pabon reaction and (ii) addi-
tion of the anchoring group by the formation of the amide 

bond to obtain the extended system. The pyACCMoid sys-

tem is integrated in a three-terminal single-layer graphene 

(SLG) device where a doped silicon substrate is covered 

with 300 nm of thermal SiO2 and used as back-gate (e), to 
modulate charge transport of the molecule trapped in gra-

phene nano-gaps opened by feed-back controlled electro-

burning. The pyrene groups stabilize the molecule in the 

junctions through π- π stacking to the electrodes.

These studies were motivated by the low atomic mobility 
of graphene at room temperature, its convenient work 

function suitable for harmonizing with the discrete energy 
levels of molecules, and the reduced shielding of the gate 

electrode17,21-23. Feedback-controlled electroburning is a 

widely used approach to obtain graphene nano-gaps be-

tween 1-2 nm14. In the past, the CCMoids depicted in Figure 

1 were embedded between few layers’ graphene FLG elec-
trodes14,15. At that time, our goal was to find CCMoids that 

act as nanowires, by studying and varying the intrinsic 

chain of the CCMoid. The two CCMoids (Figure 1a, 1b) 

share the same anthracene anchor groups, but had differ-

ent backbone lengths: the first has a 7 C extension, called 

9ACCM (Figure 1a) and the second, called 9ALCCMoid 
(Figure 1b) has 11 C, instead. In addition, with the 

9ALCCMoid we found the co-existence of vibrational exci-

tations with Coulomb blockade physics at low tempera-

ture15. These works conclude that the extension of the 

CCMoid skeleton (Figure 1b) improves the coupling be-
tween the FLG electrodes and the anthracene groups, 

compensating the longer length and yielding room-

temperature conductance values of the same order (ap-

proximately 10-6G0). 

Here, we show CCMoids that react with PAHs leading to a 
molecule with extended arms, and improved π-π stacking

with graphene. One of the advantages of this methodology 
over chain extension (as in 9ALCCMoid, Figure 1b) is that 

standard CCMoids are synthesized in a one-step reaction22. 

Hence, by carefully choosing the ending moieties, we can 

engineer commonly used post-reactions that simplify the 

addition of groups of interest. 

This work describes the synthesis of CCMoid 1 (Figure 1c-

(i), NH2CCMoid 1) and its reactivity with 1-pyrene carbox-
ylic acid units, leading to CCMoid 2 (pyACCMoid 2, Figure 

1d) containing amide bonds and featuring extended di-

mensions while adding flexibility, and enhancing its π-π
interactions capability towards a better accommodation 

between graphene electrodes (Figure 1e). The resulting 

PAH-CCMoid system has been tested using graphene nano-
gap electrodes in a three-terminal device configuration as 

depicted in Figure 1e. We provide detailed studies of its 

single-electron transport features corroborating that elec-

tronic behavior profits from improved molecular design, in 

agreement with the theoretical calculations. 

Results and discussion 

Molecular synthesis and characterization 

The synthesis of CCMoids is a one-step process24 based on 
the use of acetylacetone, its coordination with boron de-

rivatives and its subsequent bilateral growth, through the 
process of condensation with an aldehyde. This approach 

can present variations mainly depending on the solubility 

and reactivity of the latest. In our case, the optimal synthe-

sis of NH2CCMoid (1, Figure 1c) was achieved by perform-

ing the reaction in DMF and using an excess of freshly 

made 4-aminobenzaldehyde24 (30% yield). Interestingly, 
in the same process, the asymmetric system, the Hemi-

NH2CCMoid (8% yield), was identified and isolated by fil-



tration (Figure 1c-(i)). Both CCMoids have been character-

ized by standard methods (Figure S1-S13, SI) and, their 

HOMO-LUMO energy gaps estimated by cyclic voltammetry 
in solution, and in the solid-state by UV-Vis absorption 

spectroscopy (Figure S4-S5, S10-S11, SI), with Egelec and 

Egop values slightly above 2.0 eV for both.  

As discussed above, NH2CCMoid (1) has been reacted with 
PAH-based units having a terminal acidic group, giving rise 

to a PAH-CCMoid using amide bonds: PyACCMoid (2) (Fig-

ure 1d). Optimal conditions for the synthesis of 2 include 
the use of a MW reactor25-27. Like 1, the new system has 

been characterized in a similar manner (Figures S13-S20), 

finding Egelec and Egop values of 2.4 and 2.5 eV, correspond-

ingly. The comparison of the estimated HOMO-LUMO gaps 

for systems 1 and 2 shows the effect of the donor character 

of the amino group (NH2CCMoid) in the energy gap com-
pared to the more acceptor amide-containing system 

(PyACCMoid), being smaller for the first (Figure S21). The 

data is in full agreement with Density Functional Theory 

(DFT) calculations performed for the two systems (SI), 

summarized in Table S1, and with additional theoretical 
studies on CCMoids28. Regarding the molecular size, the 

optimized theoretical structure (Figure S22) shows dimen-

sions between the most distant C atoms of 3.06 nm for 2, 

which is a substantially longer compared to previously 

published systems (9Accm and 9ALCCM, Figure 1a, 1b and 
S22) with distances of 1.68 and 2.07 nm, respectively. In 

addition, it is interesting to emphasize the flexible and ro-

tational character of the amide bond29, which provides 

degrees of freedom to the CCMoid when accommodating 

on the graphene, in the deposition process (see DFT sec-
tion and SI).  

Graphene nano-junctions in three-terminal devices: 
processing and measurements. 

For device fabrication, we used commercial substrates 
with single-layer chemical vapor deposited (CVD) gra-

phene on SiO2/Si (300 nm SiO2) to increase device repro-

ducibility and fabrication throughput. A scheme of the pro-

cess is provided in the SI (Figure S26). As a brief descrip-

tion, graphene is patterned in a bow-tie shape with a 
constriction of about 400 nm combining e-beam lithogra-

phy and O2 plasma etching. Then, the gold contacts are 

deposited by laser lithography, metal evaporation and lift-

off. Graphene nano-junctions (GNJs) are then obtained by 

using feed-back controlled electroburning. This process 

relies on Joule heating which in the presence of atmos-
pheric oxygen promotes the removal of carbon atoms 

progressively narrowing down the constriction30. It is per-

formed in air and at room temperature by ramping a volt-

age up to 10 V across the graphene constriction. In the 

electroburning process, the output current from the volt-
age ramp is monitored by feed-back software that sets the 

bias voltage rapidly to zero once the target resistance val-

ue across the junction is reached. The maximum voltage 

flowing through the junction is slowly increased until re-

sistance values above 500 MΩ are achieved, preventing the 
formation of large gaps with the subsequent creation of 

split widths larger than a molecule at their closest points.   

Figure 2. (a) Current vs. bias voltage (I-V) characteristic of 

devices through the different steps of the experiment: right 

after the electroburning procedure (empty device, yellow 
curve) and after molecular deposition: in high current 

(ON) and blockaded regions (OFF) measured at 10 K. Emp-

ty devices display order of magnitude lower current and 

non-linear increase at high voltage bias values, as depicted 

in the inset. (b) Current between source and drain for a 
fixed bias voltage of 10 mV as a function of gate voltage 

(gate-sweep) before (blue, room temperature) and after 

(orange, 10 K) deposition of molecules. The low-

temperature gate-sweep displays a clear current increase 

attributed to molecular resonances; the room-temperature 
gate-sweeps also exhibit features in the current shown in 

Figure S31. (c) Current as a function of source-drain bias 

and gate voltage (stability diagram) measured at 10 K. Al-

ternating regions of high (ON) and low (OFF) current are 

visible giving rise to diamond-shaped areas (correspond-

ing line cuts are shown in (a)). 



Opened constrictions are measured in vacuum and at room 

temperature by applying a bias voltage (V) and measuring 

the output current (I), and display the typical tunnel I-V 
characteristics (see inset of Figure 2a and Figure S28-S29), 

indicate that the GNJs are in the order of a few nanometers. 

Their sizes can be estimated by using the Simmons model31 

with the tunnelling barrier height (determined by the 

work function of the electrodes), the width, and the area in 
the bias-voltage response, as fit parameters (see SI). The 

overview of experiment statistics, based on the measure-

ment of the zero-bias resistance after each step of the pro-

cedure, i.e., electro-burning, molecule deposition, and cool-

ing down, is detailed and discussed in the SI (Figure S25). 

Before molecule deposition, the measurement of the cur-
rent at fixed bias, as a function of the gate voltage applied 

through the Si bottom substrate, represented in Figure 2b 
(referred to as a “gate-sweep” in the following) and re-

ported in Figure 2c, does not show any current modula-

tion. The same is observed for the I-V characteristics 

measured as a function of gate voltage and shown in Figure 

S29. These observations with the nanometric size of the 
junctions imply that they can be used in the subsequent 

measurements. Molecules are deposited by dip coating the 

electroburnt devices, in a 0.1 mM solution of pyACCMoid in 

THF for 1 hour followed by rinsing with pure THF (an AFM 

picture of the surface functionalization is shown in SI Fig-
ure S30). The solvent is chosen to dissolve the molecular 

compound without altering the graphene surface. Before 

starting the measurements, the samples are left in air for 

30 min, and dried under vacuum for another 30 min more, 

to ensure complete solvent evaporation. We started the 
electrical characterization of the molecular devices at 

room temperature in vacuum (10-5 mbar) observing a 

resistance decrease of an order of magnitude, or higher, in 

about 12% of the devices incubated, suggesting the pres-

ence of molecules inside the GNJ (see Figure S27 for the 

overview of the experiment statistics). We observed 
current variations in the order of a few picoamperes 

distinct from noise in the gate-sweep measurements 

shown in Figure S31. We note a resistance variation of 

about an order of magnitude in the I-V characteristics, 

measured as a function of bias and gate voltage compiled 
in the stability diagram, shown in Figure S32.  

At low temperatures (~10 K), the conductance 
modulations in the gate sweeps become more defined, as 

seen in Figure 2b (orange trace). Note, that the cooling 

may cause some open GNJs to close, and the opposite, 

some closed GNJs to open, highlighting the presence of 

tensile stress building up in the graphene monolayer as the 
temperature changes. From over 39 junctions measured at 

low temperatures, 12 did not show gate leakage and 

displayed resistances in the range expected for a molecule 

bridging electrodes (hundreds of MΩ up to GΩ), among

which two showed clear signs of molecular signatures in 

the gate voltage range accessible (Figure 2b and Figure 
S33). The yield is close to values reported in the literature 

for devices fabricated with a similar procedure32. We 

observed variations of the current intensity measured in 

the gate-sweep between different devices (as highlighted 

for the two molecular junctions measured at low-

temperature in Figure S34) as well as on repeated 

measurements on the same device. These variations can be 

attributed to the different molecular conformations.  

In GNJs, molecular species typically present 

weak/intermediate coupling14-16 to the source and drain 

graphene electrodes, resulting in charge transport domi-

nated by single-electron transistor (SET) behavior. In our 

case, the pyrene units are the main anchor to the graphene 
electrodes, leading to current suppression (Coulomb 

Blockade) when the molecular energy level falls outside 

the bias voltage range. This group is commonly used to 

provide reliable molecule-graphene π-π bonding without

compromising the solubility in organic solvents of the 
molecular systems33. By applying a gate voltage, the mo-

lecular orbital levels align with the chemical potential of 

the electrodes causing resonant charge transport, as evi-

denced by current resonance in gate-sweeps (Figure 2b 

orange trace) and Coulomb Diamonds (CD) in the stability 
diagram (see Figure 2c) characterized by current-

blockaded regions (whitish areas) alternating with reso-

nant transport regions (blue and red areas). Resonant 

peaks correspond to a change in the ground state of the 

molecule, indicating a transition of its electronic state at 
zero bias voltage. This point is referred to as the charge 

degeneracy point (CDP). A comparison of the stability dia-

grams of the 9ACCM and 9ALCCM systems14,15 (Figure 1a) 

with that of compound 2 shows that the signal intensity 

has now increased, confirming the contact enhancement of 

our new system vs. the earliest.  

The gate coupling, α, can be extracted from the slopes of 

the Coulomb diamonds, β and γ (as explained in the SI and
illustrated in Figure S35). We find α=0.005 (0.5%) for the

diamond around VG=-25 V and α=0.011 (1.1%) for that

around VG=-8 V. These values are in the lower range 

expected for graphene-based molecular junctions in three-

terminal devices with 300 nm of SiO2 as gate dielectric34. 
We have also calculated the gate couplings for both dia-

monds of the second device (shown in Figure S36), report-

ing a large difference between the two accompanied by 

opposite source-drain coupling asymmetry. Both observa-

tions point to a different origin of the corresponding CDPs, 
as discussed in the SI. For both molecular junctions we find 

similar, and large, addition energy spacing (more than 400 

meV). Large addition energies are typically observed in 

molecular junctions as opposed to a graphene island asso-

ciated with lower, and more variable, addition energy33. 

It should be stressed that in graphene-based molecular 

junctions, the gate field can affect the chemical potential of 
the electrodes giving rise to spectroscopic features associ-

ated with quantum interferences from the electrodes that 

are not intrinsic to the molecule 35–37, and limiting the 

possibility of measuring accurately the molecular 

resonances. This has been already observed35–37 and here it 

is supported by the presence of lines not running parallel 
to the diamond edges (as displayed in the conductance 

map shown in Figure S36(left)).   



 

 

 

Figure 3. (a) DFT optimized structure of pyACCMoid2 on a 
given graphene-based nano-gap. (b) Transmission spec-

trum for the system shown above. (c) Transmission eigen-

functions corresponding to the first two empty peaks in 

the transmission spectrum are highlighted with an aster-

isk. Transmission eigenfunctions are plotted for some fron-

tier orbitals. The transmission eigenfunctions are obtained 
by diagonalizing the transmission matrix, and the corre-

sponding transmission eigenvalues indicate the im-

portance of each eigenfunction in transport. As it is a com-

plex wave function, the color map represents the phase of 

the function from 0 to 2π by dark green to yellow colors. 
The threshold value employed for the isosurfaces is 0.1.  

 

In addition to the experimental part, the transport proper-

ties of molecule 2 deposited on a graphene nano-gap have 

been also analyzed by using Non-Equilibrium Green Func-
tion (NEGF)-DFT methods (SI Computational details sec-

tion). The calculated transmission curve shows that the 

levels closest to the Fermi level (see Figure 3), are unoccu-

pied transmission eigenfunctions (described as TE1 and 

TE2, respectively). The comparison of the shape of these 

transmission eigenfunctions with the frontier orbitals of 
the isolated molecule 2 (see Figure S23) indicates that TE1 

is essentially related to the LUMO orbital while TE2 corre-

sponds to LUMO+1 slightly mixed with the LUMO indicat-

ing that the charge transport is electron mediated. This fact 

is also evidenced by the projected local density of states 
(Figure S24). Furthermore, there is an enhancement of the 

semiconducting character in the regions of mole-

cule/graphene contact (Figure 3a), especially for the occu-

pied band near the Fermi level. The calculation of the con-

ductance for this configuration gives a value of 8.9·10-4G0 

that fits the range obtainable from the experimental data. 

In addition, transmission pathways represented in Figure 

S23 show that the transport is exclusively through the 

molecule. 

 

Conclusions  

 

We have synthesized, in an optimized number of steps, a 

new CCMoid, the pyACCMoid (2) containing pyrene side 

groups connected through amide bond to the π-conjugate 
CCMoid backbone and resulting in a total effective length 

for the molecule of 3.06 nm. Because of the amide bond, 

the extended arms confer flexibility to the system favoring 

its accommodation between the heterogeneous edges of 

GNJs obtained by electroburning. This allowed demonstra-

tion of gate-dependent charge transport of the pyACCMoid 
coupled through π-π stacking to SLG electrodes. In agree-

ment with DFT calculations, we report improved conduct-

ance values compared to previously explored graphene-

CCMoids molecular devices, despite length enhancement. 

The large ON/OFF current ratio linked to the molecule CDP 
can be distinguished from quantum interference in the 

electrodes by a different capacitive coupling and asym-

metry. This result validates the chemical strategy explored 

here based on the introduction of a spacer group between 

the conductive backbone and the anchoring groups. Our 
methodology can be extrapolated to other PAH derivatives, 

where anticipation of potential solubility difficulties (by 

adding groups such as alkyl chains) can lead to more ex-

tensive systems. Part of our aim is to study the creation of 

nanoribbon-based nanowires with the CCMoid backbone 

providing coordination sites. 
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1. Materials  

Acetylacetonate (C5H7O2, acac), boron trioxide (B2O3), tributyl borate ((BuO)3B, 

C12H27BO3), n-butyl amine (n-BuNH2, C4H11N), 4-aminobenzyl alcohol 

(H2NC6H4CH2OH), potassium permanganate (KMnO4), manganese (II) sulfate 

monohydrate (MnSO4 · H2O), sodium hydroxide (NaOH), 1- pyrenecarboxaldehyde, 

thionyl chloride (SOCl2) and triethylamine (Et3N) were provided by Sigma Aldrich, 

ABCR, Fluorochem and TCI Chemicals. Dimethylformamide (DMF), Diethyl ether 

(Et2O), dichloromethane (DCM), acetone, tetrahydrofurane (THF), acetonitrile (ACN), 

1,1,2,2-tetrachloroethane (TCE) and chloroform (CHCl3) were supplied by Carlo Erba 

and Scharlab.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Measurements

1H-NMR and 13C-NMR spectra were recorded on a Bruker Avance III spectometer at 298

K at Servei RMN from UAB. Fourier transform infrared (FTIR) spectra were measured

on a JASCO 4700LE FT-IR between 400 and 4000 cm−1. UV/Vis absorption spectra were

obtained with a JASCO V-780 UV/Vis/NIR spectrophotometer using quartz cells in a

200–800 nm range in transmittance mode. Elemental analysises were performed with a

Thermo Scientific Flash 2000 and Flash Smart elemental analyser. MALDI-TOF mass

spectra were obtained with a Bruker ULTRAFLEXTREME mass spectrometer at Servei

de Proteòmica I Biologia Estructural from UAB and Servei de Proteómica i imatge from

IQAC. Electrochemical measurements were conducted in a three electrodes cell using

reference and auxiliary platinum electrodes and glassy carbon working electrode with a

0.1 M solution of tetrabutylammonium hexafluorophosphate (TBAPF6) in THF as

electrolyte. The experiments were registered at 50 mV/s in a Biologic SP-50 potentiostat

and referenced versus ferrocene/ferrocenium couple, used as an internal reference.

Luminescent experiments were performed using a Fluorimetre NanologTM Horib Jobin Yvon

IHR320 (detects fluorescence in the near-IR from 800 to 1700 nm. An integrating sphere

was used to measure the quantum yields of 1 and 2.



3. Synthetic procedures

Synthesis of MnO2 
1 

An aqueous solution of MnSO4 (11.5 g, 68.0 mmol in 20 mL Milli-Q water) and NaOH 

(14 g, 350 mmol in 16.5 mL Milli-Q water) was added dropwise to a solution of KMnO4 

(13.0 g, 85.2 mmol in 80 mL Milli-Q water) heated at 40 °C. After 1 h, the reaction was 

cooled to room temperature, filtered through a filter plate and thoroughly washed with 

Milli-Q water. Finally, the product was dried in an oven at 100 °C for 3 nights. Yield 60 

% 

Synthesis of 4-aminobenzaldehyde 2 

9 g of freshly synthesized MnO2 (103.5 mmol) was added into a solution of 4-

aminobenzyl alcohol (2.00 g, 16.2 mmol) in 48 mL of dry DCM. After 2 days, the mixture 

was filtered through celite and the solvent was evaporated under vacuum to provide 4-

aminobenzaldehyde in 94 % yield. 1H-NMR (360 MHz, CDCl3) δ: 9.73 (1H, s) 7.69 (2H,

d, J=8.5 Hz), 6.69 (2H, d, J=8.5 Hz) 4.35 (2H, s). 13C NMR (90 MHz, CDCl3) δ: 190.6, 
152.7, 132.4, 127.5, 114.2. MS MALDI-TOF (m/z) calcd for 4-aminobenzaldehyde: 

121.0 [M]; found: 122.0 [M+1]. 

Synthesis of 1-pyrenecarboxylic acid (pyCOOH)3 

A solution of KMnO4 (664 mg, 4.2 mmol) in 50 mL of Milli-Q water was refluxed with 

a solution of 1- pyrenecarboxaldehyde (250 mg, 0.108 mmol) in 50 mL acetone for 24 h. 

Subsequently, the mixture was filtered and extracted with DCM. Afterwards, the aqueous 

phase was acidified until reaching pH=2 and centrifuged to isolate the product in 59% 

Yield. 1H-NMR (400 MHz, DMSO-d6) δ: 13.30 (b, 1H) 9.24 (1H, d, J=9.4 Hz), 8.62 (1H,

d, J=8.1 Hz) 8.43 (5H, m), 8.27 (1H, d, J= 8.7 Hz), 8.18 (1H, t, J=7.8 Hz). MS MALDI - 

TOF (m/z): calcd for PyCOOH: 246.07 [M]; found: 245.10 [M-1]. 

NH2CCMoid (1) 

78 µL of acetylacetone (0.77 mmol) and 53.7 mg of B2O3 (0.77 mmol) in 0.5 mL of DMF 

were heated at 80 °C for 30 min. Then sequentially, at an interval of 30 min, 0.83 mL of 

tributylborate (3.07 mmol) and a solution of 425 mg of 4-aminobenzaldehyde (3.50 

mmol) in 1 mL of DMF were added. The mixture was allowed to evolve at 80 °C for half 

an hour before the dropwise addition of a solution of 30 µL of butylamine (0.30 mmol) 

in 0.4 mL DMF. The reaction was kept at 80 °C for a total of 4 h and subsequently 6 mL 

of Milli-Q water was added allowing the mixture to cool to RT and stirring for 1 extra 

hour. Finally, the reaction was filtered, washed with Milli-Q water and dried with Et2O. 

Yield 30 %. 1H NMR (360 MHz, CDCl3) δ: 16.20 (1H, s) 7.59 (2H, d, J=15.9 Hz), 7.40 
(4H, d, J=8.2 Hz) 6.67 (4H, d, J= 8.2 Hz), 6.45 (2H, d, J= 15.9 Hz), 5.73 (1H, s), 3.94 (4 

H, s). 13C NMR (90 MHz, CDCl3) δ:183.6, 148.7, 140.7, 130.1, 125.7, 120.3, 115.1. 
Elemental analysis calculated for C19H18N2O2·0.5 H2O: C: 72.36 %; H: 6.07 %; N: 8.88 

%; O: 12.68 %, found: C 72.20 %; H 5.66 %; N: 9.00 %; O: 13.14 %; MS MALDI - TOF 

(m/z) calculated for NH2CCMoid: 306.1 [M]; found: 304.9 [M-1].  



Hemi-NH2CCMoid 

HemiNH2CCMoid was obtained as a byproduct in the previous reaction in an 8 % yield. 

The mother liquid from the final filtration described for 2 contained HemiNH2CCMoid 

as a thin precipitate that was isolated by centrifugation, washed with Milli-Q water and 

dried with Et2O. 1H NMR (360 MHz, CDCl3) δ: 15.58 (1H, s) 7.55 (1H, d, J=15.9 Hz), 
7.37 (2H, d, J=8.4 Hz) 6.67 (2H, d, J= 8.4 Hz), 6.30 (1H, d, J= 15.9 Hz), 5.59 (1H, s), 

3.94 (2H, s), 2.14 (3H, s). 13C NMR (100 MHz, CDCl3) δ: 196.3, 140.6, 130.0, 118.7, 
115.1, 110.13, 100.5, 26.8. Elemental analysis calculated for C12H13NO2·0.5 H2O: C 

67.94 %; H: 6.65 %; N: 6.60 %; O: 18.31 %, found: C 67.98 %; H: 6.33%; N: 7.23 %; O: 

18.46 %; MS MALDI- TOF (m/z) calculated for HemiNH2CCMoid: 203.1 [M]; found: 

202.1 [M-1]. 

pyACCMoid (2) 

30 mg pyCOOH (0.12 mmol) were dissolved in 0.8 mL of SOCl2 (11.2 mmol) and refluxed for 3 

h. Subsequently, the excess of SOCl2 was removed under vacuum. A solution of the product in 5

mL of dry THF was transferred into a MW vial, together with 16 µL of Et3N (0.11 mmol), and a

dispersion of NH2CCMoid (18.4 mg, 0.06 mmol) in 12 mL of dry THF. The mixture was placed

into the microwave reactor at 60 oC for 90 minutes. After that time, the mixture was filtered, the

solvent evaporated, and the product washed with hot ACN to obtain the pure product as a solid in

25 % yield. 1H NMR (400 MHz, DMSO-d6) δ: 16.28 (1H, s), 10.98 (2H, s), 8.51 (2H, d, J=9.1 
Hz), 8.43 (16H, m) 8.33 (9H, m), 8.17 (2H, t, J= 7.4 Hz), 7.99 (4H, d, J= 8.8 Hz), 7.82 (2H, d, J= 

8.8 Hz), 7.70 (2H, d, J= 16.1 Hz), 6.95 (2H, d, J= 16.1 Hz), 6.20 (1H, s); Elemental analysis 

calculated for C53H42N2O4·4 H2O: C 76.24 %; H: 5.07 %; N: 3.36 % found: C 76.86 %; H: 4.25 

%; N: 3.35 %; MS MALDI - TOF (m/z): calcd for PyACCMoid: 762.2 [M]; found: 761.3 [M-1]. 



4. Molecular characterization

NH2CCMoid (1) 

Figure S1. 1H-NMR spectrum of 1 in CDCl3. 

Figure S2. ATR-FTIR spectrum of 1. 
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Figure S3. UV-vis absorption spectrum of 1 in THF. 

The solvatochromic behavior of CCMoids 1 hinders the estimation of the energy band gap 

from the solution spectra. That's why we performed the estimation of the band gap using 

absorption spectroscopy in the solid-state, and the Tauc's equation2 as it is described in 

Eq S1.  

(𝛼ℎ𝜈)1/𝑛  =  𝐴  (ℎ𝜈 − 𝐸g)         (Eq. S1)
Where: 𝛼(absorption coefficient) = 2.303 ∗ absorbance𝑙  
l = sample thickness (cm)

h =Plank’s constant (J/s)𝜈 = photon frequency = 𝑐wavelength (m) 
c = speed of light (m/s) 

n=1/2 (for direct allowed transitions) 

A= proportionality constant 
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Plotting the (αh𝜈)1/n versus (h𝜈), the optical bandgap, Egop, corresponds to the intersection

between the x axis with the tangent of the curve. 

Figure S4. (a) Solid-state UV-vis absorption spectrum of 1 (b) Tauc’s representation of 
the solid-state spectrum of 1. 

The differential pulse voltammetry (DPV) plot was also employed to estimate the 

HOMO-LUMO values, which can be related to the energy required to extract or to 

introduce an electron. Therefore, they can be correlated to the first electrochemical 

oxidation and reduction processes, as Eqs. S2 and S3 indicate. 

𝐸HOMO = − (𝐸onset oxidation) + 4.8        (Eq. S2)  𝐸𝐿𝑈𝑀𝑂 = − (𝐸onset reduction) + 4.8        (Eq. S3) 
Where 4.8 eV is the energy level value of the Fc/Fc+ pair in vacuum. 

Finally, the bandgap can be calculated following Eq S4. 

𝐸g =  (𝐸HOMO) − (𝐸LUMO)         (Eq. S4)
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Figure S5. Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) of 1. 

 

 

Figure S6. MALDI-TOF spectrum of 1 in negative mode 
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Figure S7. Fluorescent spectrum of 1 in THF at RT. The excitation wavelength (λexc) is 

375 nm. QY= 1.48% 

Hemi-NH2CCMoid 

 

 

 

 

 

 

 

 

 

Figure S8. 1H-NMR spectrum of Hemi-NH2CCMoid in CDCl3. 
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Figure S9. ATR-FTIR spectrum of emi-NH2CCMoid. 

 

 

 

 

 

 

 

 

 

 

Figure S10. UV-Vis absorption spectrum of hemi-NH2CCMoid in THF. 
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Figure S11. (a) Solid- state UV-vis absorption spectrum of hemi-NH2CCMoid (b) 

Tauc’s representation of the solid-state spectrum of hemi-NH2CCMoid. 

 

 

 

 

Figure S12. CV and DPV of compound hemi-NH2CCMoid. 
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Figure S13. MALDI-TOF spectrum of hemi-NH2CCMoid in negative mode. 
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pyACCMoid (2) 

Figure S14. 1H-NMR spectrum of 2 in DMSO-d6. 

Figure S15. ATR-FTIR spectrum of 2. 
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Figure S16. UV-vis absorption spectrum of 2 in THF. 

 

 

Figure S17. (a) Solid-state UV-vis absorption spectrum of 2 (b) Tauc’s representation 
of the solid-state spectrum of 2. 
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Figure S18. CV and DPV of 2. 

Figure S19. MALDI-TOF spectrum of 2 in negative mode. 
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Figure S20. Fluorescent spectrum of compound 2 in THF at RT. The excitation 

wavelength (λexc) is 280 nm. QY= 0.84%

Energetic diagram of CCMoids estimated by electrochemistry 

Figure S21. HOMO and LUMO energetic diagram of compounds 1 and 2. 

800 300 350 400 450 500 550 600 650 700 750 800

0,0

5,0x105

1,0x106

1,5x106

2,0x106

2,5x106

F
lu

o
re

s
c
e

n
c
e

 i
n

te
n

s
it
y
 (

C
P

S
)

Wavelength (nm)

1 2 

-5.5

-5.0

-4.5

-4.0

-3.5

-3.0

-2.5

E
n

e
rg

y
 (

e
V

)

EHOMO

ELUMO



 

Tab S1. List of experimental and theoretical energetic data (in eV) and comparison 
between systems 1-2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CCMoids Egop(exp) Egelec(exp) HOMO 

exp 

LUMO 

exp 

B3LYPT

DDFT 

B3LYP HOMOB3LYP LUMOB3LYP 

1 2.0 2.1 -5.0 -2.9 2.7 3.2 -5.3 -2.1 

2 2.5 2.5 -5.4 -2.9 2.6 

(2.5) 

3.0 

(2.9)           

-5.8(-5.8) -2.8(-2.9) 



5. Computational details.  
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Figure S22. Frontier orbitals for the optimized structures of 1 and 2 using B3LYP 

calculations. 

 

 

 

 

 

 

Figure S23. DFT optimized structure for the dimer (above) and trimer (below) of 1. 



Figure S24. Projected local density of states for 2 on a graphene nano-gap. The x axis 

corresponds the distance of the to the left electrode in the device. Fermi level is 

highlighted in a dashed green line while the orange line indicated the energy of the 

conduction band edge. 

Figure S25. Transmission pathways for 2 on a graphene nano-gap. The color of the 

arrows (in CCM) indicates the angle of the direction of the transport, green (0°, forward) 

and yellow (180°, backward), respectively, and intermediate colors (0−180°). The width 
of the arrow is proportional to the magnitude of the transport. A threshold value of 1·10-

7 was employed. Transmission pathways are calculated by the projection of the total 

transmission in pair contributions between atoms employing localized orbitals. This 

decomposition can be represented in real space by arrows indicating forward and 

backward current flow. 



6. Device: fabrication and electrical measurements 

 

Figure S26. Devices fabrication steps. (a) 1 cm x 1 cm monolayer CVD graphene on 

300 nm SiO2 on doped silicon (used as back-gate) was purchased from Graphenea. (b) 

First, graphene is patterned into bow-tie shapes with a 400 nm wide constriction using e-

beam lithography and oxygen plasma etching. (c) Contact pads are patterned by using 

laser lithography followed by thermal evaporation of 5 nm chromium, as adhesion layer, 

and 40 nm gold.  

 

Electrical characterization of nano-gaps. 

We have performed electroburning of 279 devices with initial resistance values between 

(2÷20) KΩ. Of these, a total of 154 (>55%) devices could be burnt while the remaining 

could not be opened after reaching a threshold resistance value, as already observed5. 

Most successfully burnt devices showed finite resistance values between (0.5÷10) GΩ. In 
the other cases, the feedback control was not fast enough to prevent uncontrolled 

electroburning resulting in nano-gaps with infinite resistance values (>10 GΩ). The 
global statistics of device resistance evolution throughout the different stage of the 

experiment is depicted below. 

 

Figure S27. Overview of experiment statistics. Devices distribution according to the 

values of zero bias resistances measured after each step of the experiment: electroburning 

(open junctions), deposition of molecules (Junction in range after incubation), molecular 

devices showing molecule signature at room temperature (Molecular resonance @ room 

T); and after cooling down (Open Junction@lowT), junctions with resistances in range 

and no leakage after cooling (Junctions in range@lowT) and finally molecular devices 

with Coulomb diamond(s) at low temperature (Molecular resonances@lowT).  



Here, “Open junctions” are junctions with resistance values in the range of (0.5-10) GΩ; 
“Junctions in range after incubation” are the ones showing a resistance decrease after 

incubation with values in the range (0.2-10) GΩ. After the cooling down, we report a 
redistribution of the device resistances towards values falling either in the very low or 

very high range, meaning closing of the gap or opening to an infinite resistance (>10 GΩ). 
We attributed this occurrence to the building up of tensile stress in the graphene layer 

during the system’s cooling down. Beyond this, the total number of measurable devices 

left after each experiment step decreases due to gate leakage. 

Current-voltage characteristics of burnt devices with finite resistances were measured at 

room temperature and ambient pressure in the low bias voltage range (±200 mV). The 

set-up used to perform the electrical characterization is custom-built at Delft University, 

and it consists of a low-noise IVVI-DAC rack together with a matrix module.  

Devices showing tunneling-like I-Vs like that represented in Figure S28 allow the 

estimation of the gap size by fitting the data through the Simmons model6 assuming a 

rectangular potential barrier: 

𝐼 = 𝐴𝑒ℎ2 [   
 (𝜑 − 𝑒𝑉𝑏𝑖𝑎𝑠2 ) − 𝑒(−4𝜋𝑑ℎ √2𝑚√(𝜑−𝑒𝑉𝑏𝑖𝑎𝑠2 )) + (𝜑 + 𝑒𝑉𝑏𝑖𝑎𝑠2 ) −

𝑒(−4𝜋𝑑ℎ √2𝑚√(𝜑+𝑒𝑉𝑏𝑖𝑎𝑠2 ))
]   
 
                             (Eq. S5) 

where e and m are the elementary electron charge and mass, h is the Planck constant, φ 
the electrode’s work function, which in the case of graphene is 4.3 eV. Finally, A is the 

area and d the size of the nano-gap.  

It is well known that when applying the Simmons model different parameter sets could 

lead to very similar curve families. For this reason, a carefully selection of the initial 

parameters is important especially when the uncertainty is higher, as it is in the case of 

the junction area. We can assume that A is greater than a single carbon atom and smaller 

than the initial bow-tie cross-section (400 nm) while for the height we can assume it to 

be equal to a single carbon atom. Considering this, we performed the Simmons fit by 

using the two limiting area values corresponding to the above cases, i.e., 0.01 nm2 and 

100 nm2. However, the difference between the resulting fitting parameters only affects 

higher decimals, and independently from the junction area, we obtain average values for 

the size of 𝑑 = (2.4 ± 0.3) nm  and 𝜑 = (1.7 ± 0.4) eV for the barrier height. 



 

Figure S28. I-V bias characteristics of an open constriction. Current as a function of 

the voltage measured in an open constriction, showing an exponential dependence at bias 

voltages above hundreds of mV associated with single barrier tunneling. The 

corresponding fit of the experimental data to the Simmons model is shown as the drawn 

blue line. 

 

The I-V characteristics measured at different gate voltages is shown in Figure S29 (left) 

with the corresponding differential conductance 
𝑑𝐼𝑑𝑉 represented as a function of the bias 

and gate voltage (right), showing absence of gate-voltage dependence. These 

observations are a strong indication that the nano-junctions are empty and applicable for 

the analysis of electron transport through single molecules.  

 

Figure S29. Open junction characterization at room temperature. (Left) Current as 

a function of bias for different gate voltages of an open junction, and (Right) 

corresponding differential conductance as a function of bias and gate voltage, compiled 

in a stability diagram highlighting the absence of gate dependence of I-V characteristics 

associated with current tunneling. 



Molecule deposition characterization. 

We have deposited pyACCM (2) molecules on the graphene nano-junctions by dip 

coating of the devices during 1 h in a 0.1 mM solution of the compound in THF. The 

pyrene groups are extended π systems that provide more robust stacking on graphene 
electrodes compared to anthracene groups alternatively used to functionalize graphene by 

π - π stacking interactions. The deposition method was selected after comparing the

results of molecular functionalization of pristine graphene surfaces by drop casting and 

dip coating, as shown in the figure below.  

Figure S30. Molecular deposition. (Left) Atomic Force Microscope (AFM) picture of 

the single-layer graphene substrate after drop cast of the pyACCMoid molecular solution 

in THF. Large polymerization on the surface is observed as a result after drop cast of the 

compound. (Right) When the molecules are deposited by dip coating the resulting 

repartition on the surface looks more uniform indicating less compound polymerization. 

Room-temperature electrical characterization of nano-junctions after molecule 

deposition. 

After the deposition of pyACCMoid molecules, we checked the zero-bias resistances of 
the junctions to select the ones with values between (0.2÷10) GΩ. Molecular resonances 
tend to occur far from the zero-gate window, and measurement of zero-bias conductance 
is, in general, not sufficient to detect changes after molecular functionalization. However, 
taking advantage of using a probe-station based setup, it is possible to move easily from 
device to device and perform a detailed check of the junction resistances. We measured 
resistances at zero gate voltage with values in the range (0.2÷10) GΩ for a total of 49 
junctions. In the case of one junction, we detected changes in the gate dependence after 
molecular deposition at room temperature, Figure S31.



 

Figure S31. Gate sweep at room temperature. Current as a function of the gate voltage 

for fixed 10 mV bias (gate-sweep) measured at room temperature on a hybrid graphene-

pyACCMoid nano-junction showing conductance variation of about 10 pA. 

 

We characterized the device of Figure S31 in more detail by measuring the current as a 
function of the bias and gate voltage compiled into a stability diagram that is shown in 
Figure S32 (right) that displays a strong gate dependence of the output current revealing 
a non-empty gap. 

 

Figure S32. Stability diagram at room temperature. (Left) Current as a function of 

bias voltage for different gate voltages measured after molecule deposition. (Right) 

Stability diagram measured for the same device at room temperature showing gate 

modulation of the current (and thus conductance).  

 

Low-temperature electrical characterization of molecular junctions. 

Low-temperature measurements were carried out by using a cryogenic probe station 
(LakeShore) allowing to reach a temperature of about 10 K. After cooling down the 
system, we repeated the check of the zero-gate resistances across the junctions finding a 
total of 12 devices in the range of interest. Of these, we detected molecular resonances in 



2 devices. Here, we report the results obtained from the measurement of the current as a 
function of the gate voltage for the other junction (junction 2) not described in the 
manuscript.  

        

Figure S33. Gate-sweeps of junction 2 at low temperature. Gate-sweep measured after 

molecules deposition and cool down to 10 K of a hybrid graphene molecular junction. 

(Left) and (Right) are obtained in two subsequent measurements over a different voltage 

range. Similar features are found in both gate sweep with different intensity, however, 

they shift with respect to the gate in the time interval between the two measurements 

repetition.  

Figure S33 shows peak-like structures at VG = 12.55 V; 15.20 V and 18.85 V, and at VG = 
-15 V and -5 V. In both junctions, we observed a shift of the resonance peaks with respect 
to the applied voltage during measurement repetitions, as illustrated in Figure S34. 
 

 

Figure S34. Gate-sweep of a graphene hybrid molecular junctions (Left) corresponds 

to the junction discussed in the main text; and (Right) is the other pyACCMoid graphene 

nano-junction with gate dependent features at low temperature.  

 

Electrostatic characterization. 
Under the assumption of weak/intermediate molecular coupling to the electrodes, the 

transport process can be analyzed by using the constant interaction model7. Accordingly, 

the gate coupling, α, is defined as8: 𝛼 = 11𝛽+1𝛾         (Eq. S6)              



with 𝛽 and 𝛾 being the positive, and negative, slopes of the Coulomb diamond edges, as

represented in Fig. S35. In doing so, we find α = 0.011 (1.1%) for the CD around VG = -
8 V (Figure S35) and α = 0.005 (0.5%) for the diamond around VG = -25 V (see Figure

2(c) for the complete stability diagram). 

Figure S35. Stability diagram around a charge degeneracy point (CDP) for junction 1 at 

low temperature. The slopes separating the low- and high-current regions correspond to 

the relative source (CS) and drain (CD) capacitive couplings to the gate (CG), labelled as 𝛾 =  𝐶G/𝐶S and 𝛽 =  𝐶G𝐶S + 𝐶D.

Figure S36 (Left). Differential conductance, 𝑑𝐼𝑑𝑉, of high current regions in the negative 

gate voltage range around VG=-25 V and VG=-6 V (Right). Alternating high and low 

conduction resonances can be observed in the 
𝑑𝐼𝑑𝑉 spectrum of (Left) for the positive bias 

voltage range, as well as NDC for the negative bias voltages (white area). Here, it is also 

noted a missing edge of the diamond structure (bottom left area of the plot) and shifting 

of excitations with respect to the gate voltage (bottom right area of the plot) with 

conduction lines running not parallel to the edge of the CD, as highlighted by the dotted 

line. 



Figure S36 shows two CDP’s for junction 1 in greater detail. Note, that the CDP shifted

in gate voltage by about -5 V between measurements displayed in Figure 2(c) and the 

subsequent one depicted in Figure S36 (Left). The shift with respect to the gate voltage 

is smaller for the CDP around -6 V as seen by the stability diagram shown in Figure S36 

(Right). Both panels in Figure S36 present low-current regions with currents more than 

one order of magnitude smaller than on resonance (region between the dashed lines in the 

left panel). White areas indicate the presence of negative differential conduction (NDC). 

The large difference in gate coupling parameters (𝛼(𝑙eft) ≈ 2𝛼(right) with α(left) and

α(right) being the gate coupling calculated for the CDP’s in Figure 36 (Left) and (Right))

is accompanied by opposite source-drain coupling asymmetry: 𝐶D S⁄ = 𝐶D𝐶S = 𝛽𝛾 − 𝛾 giving𝐶D S⁄ (left) = 1.24 and 𝐶D S⁄ (right) = 0.69. This suggests a different origin of the two

CDPs, i.e., the presence of two molecules in parallel. As discussed by Gehring et al.9, the 

observation of conduction lines running not parallel to the edges of the diamond as 

highlighted by the dotted line in Figure S36 (Left) can be explained by quantum 

interference effects involving the graphene electrodes.  
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