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1. INTRODUCTION 

Molecular electronics defined as “making an information processing device with a 

single molecule or small number of assembled molecules” becomes increasingly 

investigated and envisioned as a promising candidate for the nanoelectronic of the future 

[1-2]. Molecular nanostructures have been particularly attractive because of interest in both 

investigations of fundamental physical properties and potential applications in next-

generation electronic devices [3-5]. Some of these applications are memory devices [6-12], 

rectifier diodes [2], electrical insulators [13] and/or molecular wires. 

 In the case of memory devices, the physical property used is the bistability that 

occurs when the free energy of the system has two minima “equilibrium states” separated 

by a maximum [6-8]. Experimentally memory devices for its study are building through 

two main structures: organic|inorganic|organic tree layered system [9, 12] and composites 

of conducting polymers [10, 14]. There are several theories for explaining bistable 

behavior, one of them is proposed by Colle et al. [15], in which  proposes that switching is 

due to the oxide layer at the electrode and transport through filaments. 

For rectifier diodes, the system used for Voltage-Current study is Si|molecule|metal 

junctions. According to Lenfant et al. [2] the Fermi-level at the π group|metal interface is 

mainly responsible for the rectifier behavior. 

Finally, the study of molecular conductance junctions gives the electrical insulator 

or molecular wire behavior. The molecular conductance junction is a structure in which 

single molecule or small groups of molecules conduct electrical current between two 

electrodes [16], if this conductance is high a molecular wire is obtained, but if the 

conductance is suppressed an insulator would be obtained. Nakamura et al. [13] have 

shown by first time that ditelluride monolayers are formed on the surfaces due to the 

autooxidation of the ditelluride even when these monolayers have high resistance.  

In all discussed applications, electron transfer at the molecule-metal interface is 

important [17-19] and there are several theoretical and experimental studies made. From 

the theoretical point of view, the two most relevant challenges are the relative alignment of 

the molecular states respect to the metal Fermi-level (  ) and the work function (Φ) of the 
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covered metal electrode [19-25]. Experimentally, the electron transfer is governed by the 

tail and the anchorage group of the molecule [2, 18, 26-34], both related with the theoretical 

quantities (   and Φ) when molecule is anchored to the metal substrate [2, 18-19, 27].  

From the experimental point of view, substrates which can be used could be Au, Ag, 

Pt, Ni, SiO2, etc [20, 25, 35]. Although the most used is gold mainly because: the most of 

the conductance measurements uses gold substrates coated with molecules via Self-

Assembly (SA) technique [36]; gold is easy to obtain, both as a thin film and a colloid; is 

exceptionally easy to pattern by a combination of lithographic tools and chemical etchants; 

is a reasonably inert metal; thin films of gold are common substrates used for a number of 

spectroscopy and analytical techniques; and because in biological applications, gold is 

compatible with cells. 

Thus, state-of-the-art is focused on the design, synthesis of molecules and 

conductance measure of molecule-metal junctions. As mentioned above, the main parts of 

the molecule for electron transmission are the tail and the anchorage group (terminal 

group). It is demonstrated that if the head group is on the far side of the molecule only 

changes the Self-Assembled monolayers (SAMs) local electrostatic potential on that side of 

the layer [20]. Therefore, the efforts in researching are involved in the molecular design 

with tail and anchorage groups, which offer a good molecule-metal bonding and a good 

electron transmission. 

In molecular electronic, the electron transport along a single molecule, overall π-

conjugated molecules, on noble metal electrodes are being used [17, 20-21]. In order to 

obtain a delocalized π-electron system several molecules with different tails have been 

studied, the most studied are conjugated thiols [1-2, 17, 21, 23, 37], bypiridine systems [29, 

32-34], olygoyne systems [31], or phenyl systems [35, 38]. A special particularity was 

found, practically all molecular wires obey a length-dependent charge transport rule 

revealing that an energy mismatch between the molecular orbitals and electrode Fermi-

level is originated, which is a problem in long-range electron transport [38]. Taking in 

account this problem, it has been reported in the literature [31] that olygoynes are weakly 

dependent on the molecular length, in contrast to some phenyl systems, specifically oligo 
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(phenyleneethynylene) derivatives, (OPEs) [i.e.,             ] oligo 

(phenylenevinylene) derivatives, (OPVs) [i.e.,               ] 

Nevertheless, there are several advantages in using OPEs in molecular electronics 

due to have a rigid molecular structure and an extended delocalized π-electron system. The 

conjugated backbone and the rigid-rod structure facilitate wire-like properties and, in 

addition, this class of oligomers can behave as real full current controllers because the 

electronic transport properties vary significantly depending on molecular conformations 

[39]. For these reason OPEs are being studied, and to overcome the length-dependent 

charge transport, the incorporation of metal atoms to the π-conjugated backbone is being 

proposed [38] and the reported results are successful. 

In the same way, to improve the electron transport in molecule-metal junctions, the 

interaction metal-molecule along the anchoring group of the molecule has to be understood. 

There are two main characteristics that have to present an anchoring group in order to be 

considerate in molecular electronic. Firstly, produce a strong molecule-metal bond, which 

leads to the effective hybridization of the molecular and metal orbitals [18]. Secondly, 

generate a smaller energy difference between the Fermi-level of the metal electrode and the 

conduction orbital of the molecule [17-18]. Taking in account these mentioned 

characteristics, the most studied anchoring group reported in the literature is the thiol 

(   ) [1, 17, 21-24, 35], since the gold-sulfur bond is strong and this bond is very used in 

SAMs [18, 27]. 

In order to improve the conduction minimizing the difference in the Fermi-level of 

the metal and molecule, the use of new anchorage groups which can form more stable and 

higher metal-molecule junctions are required [18, 27]. Recent studies report the use of new 

anchoring groups such as: selenol (    ) [19-20, 27-28, 40-42], isocyanide (   ) [18, 

25-26], and pyridine [29-34], etc. 

In the case of selenol, according to Yokota et al. [19, 27] the Au-Se bond is metallic 

and it is predicted to be able to reduce the device operating voltages. Shaporenko et al. [28] 

showed that selenol is better than thiol presumably because selenolates have better ability 

to adjust the surface lattice of the substrate to the most favorable 2D arrangement of the 
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adsorbate molecules. In both studies, the conclusion is that selenol anchoring group 

improves the electron transfer in the molecule-metal junction and it is concluded that Au-Se 

interface is more appropriate for molecular devices than Au-S interface. 

In the case of isocyanide, according to Kiguchi et al. [18] the strength of the metal-

CN bond is comparable to that of the metal-S bond and this strong bond may contribute to 

increase the electron transport in the molecule-metal junction. The study shows that the 

conductance of the molecular junction with Au-CN bond is comparable to that of the 

molecular junction with the Au-S bond. This result is in agreement with the work of 

Seminario et al. [25], and it is conclude that isocyanide anchoring group is a promising 

alternative to the thiol. 

In the case of pyridine, it is showed its good behavior like anchoring group [20], but 

this group is actually important because influences in the molecule modifying the electron 

transport properties of π-conjugated systems [29]. Pyridine produces that the molecule 

presents several conductance values [29, 31-33]. According to Wang et al. [31] the high 

conductance value is due to the adsorption of the pyridyl group at more highly coordinated 

sites such as steps edges or alongside gold adatoms, and according to Kamenetska et al. the 

lower conductance value occurs when the Au-N donor-acceptor bond is along the 

molecular backbone [33]. Several studies have shown that different anchoring geometries 

produce different conductance values [31-32] dictated preliminary by the separation 

between electrodes [34]. This behavior is important because it could be the basis of a new 

class of mechanically activated single-molecule switches [32]. 

Thus, the present work is an input in the field of molecular electronic focus on the 

conductance along molecule-metal junctions. Compounds showed in Figure 1.1 were 

studied and present two fundamental characteristics: are OPE derivatives, being good 

candidates for electron transmission as has been said; and present a new anchoring group, 

trimethylsilane (TMS), which has been reported [43] to offer a good anchorage between 

molecule and substrate and  present a good conductance. In the present work, TMS-Ru-TMS 

(Figure 1.1A) is analyzed in more detail because incorporates a ruthenium atom in the π-

conjugated backbone, and it is reported [38] that this particularity improves the 

conductance behavior. 
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Figure 1.1. Structures of studied molecules in this work. A)               

                          , (TMS-Ru-TMS). B) 1, 4-bis((4-

((trimethylsilyl)ethynyl)phenyl)ethynyl)benzene, (TMS-OPE-TMS). C) 1,4-bis(4-

ethynylphenyl)ethynyl)benzene, (HC2-OPE-C2H). 

 

Therefore, the main objectives of this work are: 

 Fabricate well-ordered molecule monolayer-metal systems incorporating materials 

with potential applications in molecular electronic. 

 

 Characterize the electrical properties in isolated molecule systems; and compare the 

results produced by different molecules to determine the effect of each component 

in the conductance along the molecule and molecule-metal junction. 
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 In particular, the tasks to be developed are: 

 Find the best conditions in order to obtain well-ordered films. The molecules will be 

incorporated into the metal substrate by Self-Assembly and Langmuir-Blodgett 

techniques. 

 

 Characterization of the monomolecular films using a wide range of optical, 

electrochemical, spectroscopic and scanning probe techniques to determine the 

molecular arrangement of the material in the films. 

 

 Determine the electrical properties, in particular, in single molecule systems. 
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2. MOLECULAR ASSEMBLY TECHNIQUES: LANGMUIR-

BLODGETT AND SELF ASSEMBLY 

2.1. LANGMUIR-BLODGETT TECHNIQUE 

The Langmuir-Blodgett (LB) technique is a bottom-up and room-temperature 

deposition process that may be used to deposit mono and multilayered films of organic 

materials. Furthermore, this method permits the manipulation of organic molecules on the 

nanometer scale, thereby allowing intriguing super-lattice architectures to be assembled. 

The generation of these films has two main parts, first the formation of Langmuir films in 

the air-water interphase and after the transference of these films to the substrate [1-3, 39, 

44-47]. 

2.1.1. Langmuir Films 

The formation of Langmuir films is based on the deposition of the molecules under 

study on the liquid surface (usually water or an aqueous solution) resulting in a film of 

monomolecular thickness. Molecules which form monolayers at the air-water interface 

have an amphiphilic structure, i.e. with a hydrophobic portion, usually constituted by one or 

more aliphatic chains that prevent its solubilization in the subphase providing the 

interactions between neighboring molecules necessary to stabilize the monolayer formed, 

and a hydrophilic portion containing polar functional group/s that allow the anchorage of 

the amphiphilic material at the water surface and, therefore, stable film formation on the 

air-water interface. These types of molecules have the capacity to self-organize on a liquid 

surface when their available space is decreased by a moving barrier, forming an orderly 

monolayer or Langmuir film. 

The preparation of these Langmuir monolayers or films is carried out in a device 

called Langmuir trough, which essentially is a Teflon container filled with water (or an 

aqueous solution) on which the studied molecules will be spread. The main components of 

the Langmuir trough are: a device to measure the surface pressure (usually a Wilhelmy 

balance), a movable barrier which compresses the film and a vertical dipper that holds the 
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solid supports to carry out the transfer. Figure 2.1 shows a photograph of a Langmuir 

trough where the main components are shown. 

 

Figure 2.1. KSV Commercial Langmuir trough. A) Wilhelmy balance. B) Dipper. C) 

Mobile barriers [47].  

The first step to obtain a Langmuir film is the preparation of an organic and diluted 

solution of a very well-known concentration of the molecule under study. The solvent or 

solvent mixture, used to dissolve the material, should be insoluble in water, it should not 

form complexes or react with the molecule, and it must have a high volatility [48]. 

With the aid of a micropipette or syringe, a known volume of the organic solution is 

spread on the water surface. The way in which the spreading process of the molecules is 

carried out is one of the factors that determine the quality of the monolayers at the air-

water. The dispersion should be made by slowly spreading the solution drop by drop at a 

distance as close as possible to the water surface favoring that the repulsive forces between 

the solvent and water overcomes gravitational forces, and thereby the drop remains on the 

surface. The drops must be homogeneously distributed on the water surface to avoid the 

formation of aggregates which prevent the formation of good monolayers. After the 

spreading process of a drop it is convenient to wait some time before the next drop is 

spread to allow evaporation of the solvent and promote the molecules diffusion on the 

water surface. Figure 2.2A shows a scheme of the spreading process. 
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Figure 2.2. A) Spreading process. B) Compression process [47]. 

After waiting approximately fifteen minutes to allow the complete evaporation of 

the solvent, the compression process begins. This process consists in the reduction of the 

available physical space in the water surface for the molecules; the compression is carried 

out with a slow movement of the mobile barrier and the molecules begin to approach. As a 

result, the molecules begin to interact between them and gradually an ordered film is 

obtained at the air-water interface. Figure 2.2B shows a scheme of the compression process. 

Under these circumstances the system has a surface tension ( ) lower than the clean water 

surface (in the absence of a monolayer) (  ). Upon the compression process, in which the 

temperature remains constant, the surface tension decreases and the surface pressure ( ) is 

then defined as [47]: 

               (2.1) 

The measurement of the surface tension is usually performed by a Wilhelmy 

balance [49]. This method makes use of a thin sheet (usually aluminum, platinum or filter 

paper) that is suspended from a sensor and partially introduced into the aqueous subphase. 

Three main forces act on this sheet:  gravity, surface tension and the upward buoyant force 
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[50]. Among them, the only force which is influenced by the presence of the monolayer on 

the surface is the surface tension. Therefore, the potential difference which indicates the 

sensor before and after spreading the organic material on the water surface is due to the 

change in surface tension between the clean surface and the surface with monolayer, as 

defined in equation 2.1, the surface pressure.  

The graph that represents the surface pressure versus the area per molecule, 

recorded at constant temperature, is known as compression isotherm or surface pressure-

area isotherm ( -A) [51]. This isotherm is different for each molecule and the conditions 

under which it was obtained. -A isotherms provide information about the stability of the 

monolayer at the air-water interface, the organization of the molecules in the film and the 

phase and phase transitions of the monolayer upon the compression process. Figure 2.3 

shows a scheme of an isotherm showing all the phase and phase transitions that have been 

described in the literature. It is important to note that not all compounds show all these 

phase and phase transitions [52].  

 

Figure 2.3. Scheme of a surface pressure vs. area per molecule isotherm where    

represents the area per molecule at given surface pressure (  ) [47].   

Gas phase (G). At the beginning of compression the distance between molecules is 

considerable, the available area is much larger than molecular dimensions and molecular 
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interactions are small. Under these conditions the material deposited on the water surface 

has relatively little effect on the surface tension of water and thus the surface pressure is 

closed to zero.  

Gas - liquid expanded transition (G-LE). When the available area per molecule 

decreases, there is a slight but gradual increase in the surface pressure until it reaches a 

plateau or horizontal region in which the hydrophobic chains, initially located near the 

water surface, begin to rise. This point corresponds to the transition from gas to liquid, at 

this point there is a coexistence of two phases. 

Liquid expanded phase (LE). At the end of the plateau there is a very fluid phase 

that is quite compressible, in which the interactions between chains of the molecules 

become larger as they get closer. This is the so-called liquid expanded phase. Therefore, in 

this LE phase the molecules undergo significant attraction forces. 

Liquid expanded-liquid condensed transition (LE-LC). Again, this phase 

transition is characterized by the appearance of a plateau in the isotherm that determines 

the appearance of the liquid condensed phase. 

Condensed liquid phase (LC). A change in slope indicates the presence of a new 

phase named condensed liquid phase, where the molecules are more compactly packed and 

the hydrophobic chains are located vertically, further from the aqueous surface. In this 

phase the attractive interactions between the molecules begin to be significant, leading to a 

close packing between them, which gives rise to a long distance orientational order. In 

addition, the compressibility of the monolayer is relatively low. 

Solid phase (S). If the area per molecule continues to decrease, the molecules are 

close to their neighbors resulting in an arrangement known as solid phase in which the 

available area per molecule corresponds to the molecular section. Molecules reach a high 

degree of ordering with hydrophobic chains being well-packed thanks to the strong 

interactions between them. The compressibility of the film is very low. 

Collapse. The collapse of the monolayer occurs when an area per molecule smaller 

than the molecule cross section is reached. At this point a multilayered film is formed (most 
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of time a disordered multilayered film). The collapse surface pressure of the monolayer 

depends on several factors including temperature, the compression speed, the nature of the 

material and the nature of the subphase [52-53]. 

2.1.2. Langmuir-Blodgett Films 

After a stable monolayer at the air-water interface has been obtained, it can be 

transferred to a solid substrate, leading to the formation of a Langmuir-Blodgett film (LB 

film). 

The transfer process consists in a slow vertical motion of the dipper holding the 

solid support in the order of a few millimeters per minute, and then the molecules are 

deposited on the solid. The transference is carried out at a constant surface pressure, 

determined experimentally, as the most appropriate surface pressure of transference which 

depends on the nature of the monolayer. This deposition is performed at a surface pressure 

of transference below the collapse surface pressure, which ensures the deposition of 

monolayers in the substrate, preventing the generation and deposition of multilayers. Figure 

2.4 shows the transference process. 

 

Figure 2.4. Transference of a Langmuir film onto a solid surface [47]. 

For the transference process to take place it is necessary that the forces of 

interaction between the Langmuir film and the substrate are greater than the forces of 

interaction between the film and the aqueous surface. Thus, if the substrate has a 

hydrophilic nature, the transfer will occur during the emersion of the substrate, then the 

polar heads of the molecules composing the film remain attached to the support. However, 
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when the substrate has a hydrophobic nature, it is the hydrophobic part of the molecule the 

one that will interact with the solid, resulting in the deposition during the immersion of the 

substrate into the aqueous subphase. Depending on the nature of the molecule under study, 

three different types of transfers: Y, X and Z can be produced. These types of geometries 

are shown in Figure 2.5. 

 

Figure 2.5. Different geometries that can be obtained in the transference of Langmuir 

Films on a solid substrate, each one depends of the nature of the substrate [47]. 

LB technique has many advantages over other techniques. Taking in account other 

useful liquid deposition technique, Self-assembly (SA), LB allows deposition of molecules 

by means of chemisorption and physisorption, while the molecular assembly in SA is 

performed only by chemisorption. Also, as mentioned LB allows having good control in the 

order of the molecules and the deposition of several ordered layers over the substrate. 

2.2. SELF – ASSEMBLY TECHNIQUE 

Self-assembly (SA) monolayers (SAM) are molecular assemblies that are formed 

spontaneously by the immersion of an appropriated substrate into a solution of an active 

surfactant in an organic solvent [39]. There are several types of SA methods that yield 

organic monolayers. Meanwhile LB films are more difficult to prepare and are not 

sufficiently mechanically stable for most purposes, SA are stronger, are easier to fabricate, 

and make use of a great variety of available starting materials. The main limitation in SA 

films is the need of a chemical reaction between one functional group in the molecule with 

the substrate to produce chemisorbed films. Once the route and optimum conditions to 
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fabricate a self-assembly film are known, it is easy and cheap to produce a monomolecular 

layers. However, long and detailed studies are normally needed to find such procedure. 

SA monolayers have been prepared on various metallic and inorganic substrates 

such as Ag, Au, Cu, Ge, Pt, Si, GaAs, SiO₂, and many other materials; although gold is one 

of the most widely substrates employed. From the thermodynamically point of view, a self-

assembly surfactant molecule can be divided into three parts as are shown in Figure 2.6. 

The first part is the head group that provides the most exothermic process, i.e., 

chemisorption on the substrate surface. The very strong molecular-substrate interactions 

result in an apparent pinning of the head group to a specific site on the surface through a 

chemical bond (covalent; covalent but slightly polar; ionic). The energies associated with 

the chemisorption are at the order of tens of kcal·mol
-1

. As a result of the exothermic head 

group-substrate interactions, molecules try to occupy every available binding site on the 

surface, and in this process interactions push together molecules that have already being 

adsorbed. 

 

Figure 2.6. A) Surfactant molecule parts. B) Scheme of Self-assembly process [54].  

This implies that some surface mobility prior to final pinning has to be assumed; 

otherwise the formation of crystalline molecular assemblies cannot be explained. The 

chemisorption exothermicity may be compared, in principle, to the pressure that the barrier 

in a Langmuir trough applies to the amphiphilic molecules at the air-water interface. It is 

this spontaneous molecular adsorption that brings molecules close enough together and 
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allows for the short-range, dispersive, London-type, van der Waals forces to become 

important. During this process a real new chemical bond is formed. 

The second molecular part is the alkyl chain, and the energies associated with its 

inter-chain van der Waals interactions are at the order of 10 kcal/mol, i.e., it is an 

exothermic process. It is necessary to note here that self-assembly of amphiphilic 

hydrocarbon molecules cannot be possible taking in account only the interactions among 

the alkyl chains. Thus, it should bear in mind that the first and most important process in a 

SA process is chemisorption. Only when molecules are put in a correct place on the 

surface, the formation of an ordered and closely packed assembly starts; although, Van der 

Waals interactions are the main forces in the case of simple alkyl chains. On the other hand, 

when a polar bulky group is substituted into the alkyl chain, there are also long-range 

electrostatic interactions that, in some cases, are energetically more important than van der 

Waals attractions. 

The third molecular part is a terminal functionality group, which, in the case of a 

simple alkyl chain, is a methyl group. These surface groups are thermally disordered at 

room temperature. 

To prepare a self-assembly monolayer, firstly it is necessary to select the organic 

solvent to prepare the solution (1 - 10 mM) of the compound; the common used solvent is 

ethanol, although other ones also can be used such as chloroform, tetrahydrofuran, 

acetonitrile, toluene, etc. Once the solvent is selected, the film construction is performed by 

immersing a clean substrate into the dilute solution by an approximate time of 24 hours at 

room temperature. The amount of deposited molecule can be controlled making use of a 

Quartz Crystal Microbalance which allows calculating the mass deposited on the substrate 

by the frequency variation recorded before and after the immersion of the substrate. After 

this deposition time, a cleaning process of the substrate is needed to remove the 

physisorbed molecules in the surface washing the substrate with the same solvent used to 

prepare the solution and drying with a flow of N2.  In the case of gold substrates, they must 

be heated before being used. During this flame annealing process, the slide took on a slight 

orange hue and it is kept in this state for around 60 seconds. This procedure is known to 

result in atomically flat Au(111) terraces. 
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3. EXPERIMENTAL SECTION 

3.1. PREPARATION OF LANGMUIR FILMS 

3.1.1 Langmuir Trough 

 For the realization of this work 2 Langmuir troughs of the laboratory at the Physical 

Chemistry Laboratory of the University of Zaragoza were used. One of them is a NIMA 

trough, model 702, and the second one is a KSV, model 5000. 

 The NIMA trough, shown in Figure 3.1, has dimensions 100 x 720 mm². This 

trough has been used to record the surface pressure and surface potential vs. area per 

molecule isotherms, the UV-vis reflection spectroscopy and the Brewster angle microscopy 

experiments. The trough is made of Teflon and it has two movable barriers. Surface 

pressure measurements are carried out with a Wilhelmy balance, which is located in the 

center of the trough. 

 

Figure 3.1. NIMA trough, model 702 [47]. 

The KSV trough, shown in Figure 3.2, consists of two containers of dimensions 120 

x 775 mm² each, giving a total effective area of 240 x 775 nm². The two containers are also 

made of Teflon and they have two movable barriers. The main feature of this through is the 

presence of these two containers and a third one in the middle (just containing the pure 
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water subphase) which allows the formation of alternating Langmuir-Blodgett films. 

Surface pressure measurements are performed with the Wilhelmy balance, which is located 

in the center of through. The equipment consists of a vertical dipper that allows the 

deposition of Langmuir films on a solid substrate. This trough has been used to fabricate 

the LB films reported in this dissertation. 

 

Figure 3.2. KSV trough, model 5000 [47]. 

 These troughs are housed in a constant temperature (20 ± 1 ° C) cleaned room. To 

achieve a clean environment in the laboratory, the lab has two doors and a perfectly sealed 

window. Furthermore, in order to minimize possible contamination, the researchers must 

wear a clean lab coat, pants and gloves. All the material that enters the lab has to be 

carefully cleaned with ethanol in order to remove grease traces and dust. The cleaning of 

the lab is done daily by researchers working on it [39, 47]. Finally, the Langmuir troughs 

are in closed glass cases to avoid, as far as possible the presence of impurities that might 

affect the results. 
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3.2. LANGMUIR FILMS CHARACTERIZATION  

3.2.1. Surface potential 

Measurements of surface potential of the monolayer on the water surface were 

performed using the Kelvin Probe SP1 equipment by Nanofilm (Göttingen, Germany), 

which operates with the vibrating plate method. The equipment is shown in Figure 3.3.  

 

Figure 3.3. Kelvin Probe SP1 instrument provided by Nanofilm for surface potential vs. 

area per molecule measurements [47]. 

 The method of the vibrating plate is based in the measure of the capacitance in the 

capacitor formed between two electrodes, arranged one at the bottom of the Langmuir 

trough (a rectangular sheet of stainless steel) and other electrode outside, a few millimeters 

above the water surface (a circular sheet of platinum of 15 mm in diameter). The electrode 

located outside of the subphase oscillates with a frequency of 200 Hz, generating an 

alternating current in the capacitor, which then can be amplified and detected. The Kelvin 

probe equipment detects the alternating current with the oscillator signal, and an electric 

circuit generates a current feedback compensatory then the potential inside the condenser is 

set to zero when the subphase is cleaned, before the dispersion of the molecule under study. 

Thus, the computer can record the potential differences upon the compression process [56]. 

Figure 3.4 shows a diagram of operation of the surface potential Kelvin probe system used 

in this work. 



23 
 

 

Figure 3.4. Representative diagram of the operation in the surface potential measurements 

[47]. 

The air-water interface is polarized as a result of spontaneous orientation of the 

water molecules in their vicinity. This polarization produces a surface potential at the 

interface which can be modified by the presence of an insoluble monolayer. It is therefore 

possible to measure the surface potential change when there is an insoluble monolayer in 

the interface with respect to the clean water. Detected changes should not be only attributed 

to the presence of the monolayer, but also depend on the reorientation of the dipoles of 

water and the specific adsorption of ions with the corresponding formation of the ionic 

double layer. It is therefore possible to estimate the surface dipole moment and 

consequently, orientation of the molecules at the interface by measuring the surface 

potential and knowing the area occupied by one molecule. Another important application of 

the surface potential is that it allows observing the heterogeneities in the monolayer due to 

the appearance of erratic fluctuations [57-58]. 

3.2.2. Brewster Angle Microscopy (BAM) 

Images of Brewster angle microscopy were recorded with a mini-BAM of Nanofilm 

(Göttingen, Germany). A photograph of this instrument is shown in Figure 3.5. 



24 
 

 

Figure 3.5. Mini-BAM from Nanofilm [47]. 

The physical principle of the performance of this technique is as follows: when a 

beam of polarized light (p-polarized) falls on the air-water interface with an angle of 

incidence equal to the Brewster angle (  , reflection is not produced and all light is 

transmitted. The Brewster angle is defined in equation 3.1. However, if an organic material 

is spread at the air-water interface, the refractive index of the aqueous subphase is modified 

by the presence of the film. Therefore, if the original angle of incidence is kept constant the 

Brewster angle condition is not maintained, so a small part of the incident light beam is 

reflected. This reflected beam is captured by a detector that converts the signal to a bitmap 

image. The fundamentals of this microscopy are shown in Figure 3.6. The incident beam 

used is a red laser (30 mW, 688 nm) and the lateral resolution of the optical system in the 

surface water plane is less than 20 µm. Brewster angle microscopy provides information 

about the formation of the monolayer at the air-water interface and it can detect the 

presence of aggregates during the three-dimensional or multi-layer film formation [47, 58]. 

     
  

  
          (3.1) 

where   is the Brewster angle,    and    are the refraction index of air and water, 

respectively. 
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Figure 3.6. Scheme of Brewster angle microscopy [47]. 

3.3. LANGMUIR-BLODGETT FILMS CHARACTERIZATION 

3.3.1. Quartz crystal microbalance (QCM)  

The quartz crystal microbalance used in this work is a model QCM200 that operates 

with a QCM25 sensor of the commercial Stanford Research Systems. The microbalance 

and the sensor are shown in Figure 3.7. The sensor is a thin disk of  -quartz, with a 

thickness of about 331 µm, which is cut in the direction AT (35° 15’). The circular disc 

presents gold electrodes on both sides and its nominal frequency of oscillation is ca. 5 

MHz. The front electrode area is  1.37 cm², however, the oscillation active of the electrode 

is reduced to the overlap area of both circular electrodes   0.40 cm². 

The application of an oscillating electric field of appropriate frequency between the 

sensor electrodes induces an oscillation in the crystal, which propagates through the quartz 

with a movement of the disk surface parallel to the face of it. The maximum displacement 

takes place on both sides of the glass, and then the device is sensitive to disturbances that 

occur in the surface such as the deposition of a film. The variation in mass per unit area in 

the quartz glass is related to the variation in the oscillation frequency of the crystal 

according to the Sauerbrey equation [59] presented in equation 3.2. 
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Figure 3.7. A) Quartz crystal microbalance model QCM200. B) QCM25 sensor [47]. 

 

                 (3.2) 

where    is the frequency variation measured with the QCM,    is the mass variation and 

   is the quartz sensitivity factor. 

3.3.2. UV-vis Spectroscopy 

UV-vis absorption spectroscopy was obtained with a commercial spectrophotometer 

Varian Cary 50 Bio UV-vis. The equipment is shown in Figure 3.8. 

 

Figure 3.8.Varian Cary 50 Bio UV-vis spectrophotometer [47]. 



27 
 

The principle of UV-vis absorption spectroscopy involves the absorption of 

radiation in the ultraviolet-visible provided by the molecule. This absorption of radiation is 

due to the promotion of electrons in the orbitals of lowest energy to highest energy orbitals, 

resulting in an excited electronic state. When the incident beam intensity (  ) goes through 

the sample containing the analyte absorbent, it is attenuated to the transmitted beam 

intensity (I). Thus, the fraction which has been transferred is called the sample 

transmittance (T) [47].The relationship between transmittance and absorbance is illustrated 

in Equation 3.3. 

      (
 

  
)                 (3.3) 

This technique has been used to characterize both the molecules in solution and in 

LB films [47]. The study of the molecule in the solvent used for the spreading process is 

necessary to verify that at the working concentration the Lambert –Beer law is followed 

(Equation 3.4) In this work, the spectra of the solutions were recorded using a quartz cell of 

1 cm of path length.  

                (3.4) 

where:   is the molar absorption coefficient,   is the solute concentration and   is the path 

length. 

This technique has also been used for the study of LB films deposited on quartz 

substrates [47]. These substrates are placed perpendicular to the UV-vis beam. The 

technique provides information on molecular interactions in the films (formation or absence 

of aggregates, etc..).  

3.3.3. Cyclic voltammetry (CV) 

The CV experiments were performed with an Autolab PGSTAT302N which is 

controlled by the specific program Autolab 4.9 software. Figure 3.9 shows images of this 

instrument, including the computer and the electrochemical cell with the electrodes. 
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Figure 3.9. A) Autolab PGSTAT302N and computer. B) Electrochemical cell with the 

electrodes [47]. 

The cyclic voltammetry experiments were carried out using a three electrode 

(working, reference and auxiliary) system located within an electrochemical cell; the 

electrodes are in contact with a solution containing the electrolyte and the substance which 

acts as electrochemical redox probe. The working electrode is a LB film deposited on gold 

substrate from Arrandee®. The reference electrode was silver/silver chloride (Ag/AgCl 

(sat)), and the auxiliary electrode was a platinum foil. 

Cyclic voltammetry is an electrochemical method that allows determining 

electrochemical properties of the films, and importantly it also provides an indirect 

measurement of holes or pores in the structure of the film by measuring the blocking of an 

underlying electrode when the LB film is transferred on its surface [60-63]. Cyclic 

voltammetry consists in producing a cyclic and linear variation of potential with the 

stationary working electrode (electrode in whose surface the electrochemical process under 

study takes place); the variation is in a potential range in which oxidation and reduction 

processes of the studied species occurs. In this process the variation of intensity versus 

potential is monitored and the resulting graph is called a voltammogram (Figure 3.10). 
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Figure 3.10. Example of a voltammogram, where    ,    ,     and     are the maximum 

current density and the corresponding potential at the anodic and cathodic regions, 

respectively. The reverse cycle usually does not show the same behavior and amplitude as 

the forward sweep. It depends on the scan rate, reversibility of oxidation and reduction 

reactions, electrolyte concentration, surface roughness and the velocity of charge transfer 

into the electrolyte [47, 62]. 

The instrumentation required for this technique is constituted by a potentiostate 

whose function is to control the potential applied to the working electrode with respect to 

the reference electrode and simultaneously to measure the current flow between the 

working electrode and auxiliary electrode. The device consists of a power supply that is 

located in a separate module. An electrochemical cell containing the electrolytic solution 

and the electrodes is connected to the potentiostate. The top of the cell has three holes to 

introduce the electrodes and it is also provided with an inlet and an outlet for the purge gas.  

In the present work, the degree of blocking of the electrode surface modified by a 

LB film has been evaluated, which is an indirect way to detect the presence of holes or 

defects in the films [63]. The electrolytic solution used was an aqueous solution 0.1 M KCl 

and 1 mM of a salt which acts as a redox probe; this can be   [       ] or 

[        ]    depending on the composition of the LB film studied. KCl acts like a 

supporting electrolyte; it is responsible for ion transport and it serves to complete the circuit 

of the electrochemical cell. KCl functions are to provide a low electrical resistance, 
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maintaining a constant ionic strength of the medium and eliminating the effect of the 

current migration. This current migration is the result of the movement of ions and is 

caused by the electric field originated by the potential difference between the working 

electrode and the auxiliary electrode. In contrast, the role of redox probe is to provide 

information on the degree of blocking of the working electrode by the deposited monolayer. 

3.3.4. Atomic force microscopy (AFM) 

AFM experiments of LB and SA films were obtained with a Multimode 8 of the 

commercial Veeco belonging to the Laboratory of Advanced Microscopies (LMA). The 

characterization of the films was carried out in intermittent contact mode or "tapping" with 

a silicon tip from Bruker with a resonance frequency of 300 kHz and a constant force of 40 

mN. Images were recorded with high resolution (512 lines/sample) at a scan rate of 1 Hz in 

air. 

The AFM creates surface images of the films from the forces of attraction and 

repulsion between two bodies, the microscope tip and the sample under study. The system 

consists of a small probe tip which interacts with the sample surface; the tip is located at the 

end of a flexible sheet or cantilever. The tip scans the surface and it is moved vertically by 

atomic forces. These forces (attractive or repulsive) depend on the distance between the tip 

and the sample. A laser beam is focused in the tip and it is reflected to a photodetector, 

which transforms by means of the appropriate software this information into a surface 

image [64-65]. Operation of the AFM is shown in Figure 3.11. 
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Figure 3.11. AFM operation scheme [66]. 

3.4. SINGLE MOLECULE CONDUCTANCE 

Single molecule conductance measurements require certain guidelines and 

provisions in order to be sure about the observations realized. The following list deals with 

these issues in no particular order. To begin with, it is needed a recognizable signature to 

pick out the conductance of an individual molecule from an ensemble of molecules. A 

proper contact between both ends of the molecule with the electrodes (in a two terminal 

device) must be ensuring. Each measurement of a single molecule must be as similar to any 

other single molecule measurement to give reproducibility between experiments, hence 

making for reliable comparisons. Currently there are a few techniques which can fulfill all 

these criteria. They are scanning probe techniques based on STM, AFM, along with 

mechanically controlled break junctions [67] of the cantilever type. 

In an STM or CAFM experiment the molecules of interest are firstly adsorbed onto 

the substrate. This is normally gold, due to its high affinity towards the thiol group, 

although other functional groups and substrates can be and are used. The molecular adlayer 
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can be relatively well defined; however, the tip-molecule-substrate arrangement is 

generally less well defined during an actual measurement, due to the variability in 

adsorption geometries on the tip (which generally has a non-crystalline structure). 

Essentially three STM based approaches have been developed.  

3.4.1. STM-Break junction technique 

The STM break junction method was introduced by N.J. Tao et al. [68] in 2003 and 

it involves the repeated mechanical contact between an STM tip and a metal substrate. The 

tip is first moved into mechanical contact with a covered surface (experiments are generally 

performed in a solution of the compound). Once contact has been established the tip is 

withdrawn, ultimately forming an atomic chain of metal atoms. When this chain cleaves a 

gap is left into which a molecule can bind, creating a metal-molecule-metal junction. 

During the initial stages of breaking tip contact with the substrate, the measured 

conductance decreases in a stepwise fashion, each step corresponding to an integer number 

of the conductance quantum        ⁄  ≈ 77.400 S. After the atomic chain has broken, 

by pulling further on the tip an extra sequence of steps at a lower conductance is apparent 

in the presence of molecules; a scheme of the process is shown in Figure 3.12. The 

conductance steps are due to the formation of stable molecular junctions, and a histogram 

analysis reveals the value of the lowest conductance value, associated to a single molecule 

junction.  

3.4.2. I(s) technique [69] 

The I(s) technique employs a similar experimental set-up as the break junction 

method, however, rather than making mechanical contact between the STM gold tip and the 

substrate, the tip is positioned at a defined distance from the surface whilst maintaining a 

constant x-y position. From this initial position, which is close enough for molecules to 

bridge the gap spontaneously, the tip is withdrawn until that the metal-molecule-metal 

bridge is broken. A scheme of the process is shown in Figure 3.13. This method was 

developed in Liverpool and it has been mainly used in this work. 
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Two distinctive classes of I(s) scans can be observed when performing the 

experiment. Curves with a fast exponential decay which is typical of tunneling between a 

tip and a bare metal that is, no molecular wire formation (curve 1 in Figure 3.14). The other 

curves show a less abrupt decay followed by a characteristic current plateau (  ) associated 

to molecular wire formation (curve 2 in Figure 3.14). 

 The experiment is repeated many times, and the results are analyzed statistically. 

The data points in I(s) scans containing clear molecular plateaus are finally added together 

into one histogram, which gives peaks at the values characteristic of the average plateau 

positions in the measurements.  

 

Figure 3.12. An illustration of the steps in the break junction technique and the 

corresponding features in the current-distance trace. 
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Figure 3.13. An illustration of the different steps in an I(s) measurement. 

 

Figure 3.14. Current decay curves in the I(s) technique. (1) No molecular wire formation. 

(2) Molecular wire formation associated to the plateau observed during the scan. 
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4. STUDY AND CHARACTERIZATION OF LANGMUIR 

AND LANGMUIR-BLODGETT FILMS INCORPORATING AN 

ORGANOMETALLIC COMPOUND. 

4.1. LANGMUIR FILMS 

                                        in this work 

abbreviated as TMS-Ru-TMS, Figure 4.1 is an organometallic compound of high interest in 

molecular electronics, as it was mentioned in the introduction, due to the incorporation of 

ruthenium atom in the π-conjugated backbone and the use of trimethylsilane (TMS) like 

anchoring group between molecule and substrate. 

 

Figure 4.1. TMS-Ru-TMS structure used in this work.  

UV-vis spectra of TMS-Ru-TMS in CHCl3 at several concentrations were recorded 

and are shown in Figure 4.2. The spectra exhibit two absorption maximum at 276 nm and 

382 nm. The Lamber-Beer law (Equation 3.4) is followed in the whole concentration range 

studied. From these data the molar absorptivity ( ) was calculated, with values of 48080 

L·mol
-1

·cm
-1

 for the 276 nm band and 71390 L·mol
-1

·cm
-1

 for the 382 nm band. 

After a preliminary study in which both the concentration and the volume of the 

spreading solution was varied, the optimum conditions for the preparation of the Langmuir 

films were a 10
-5

 M concentration of TMS-Ru-TMS in CHCl3 and a volume of the spreading 

solution that yields an initial surface coverage of 4.78 nm
2
·molecule

-1
. In addition, the 

solution was sonicated for 10 minutes before the spreading process to minimize aggregation 

phenomena. Under these experimental conditions reproducible -A isotherms were 
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obtained as illustrated in Figure 4.3. These isotherms were recorded at a compression speed 

of 0.018
 
nm

2
·molecule

-1
·min

-1
, a constant temperature of 20 ºC and using Milli-Pore Milli-

Q water in the subphase (resistivity of 18.2 MΩ·cm). 

 

Figure 4.2. Results of UV-vis spectroscopy of TMS-Ru-TMS. A) UV-vis spectra for different 

concentrations. B) Linear relationship between absorbance and concentration of the 

solution for 276 nm and 382 nm. 

 

Figure 4.3. Surface Pressure vs. Area per molecule isotherms of TMS-Ru-TMS recorded at 

20 ºC. 

 Surface potential vs. area per molecule (ΔV-A)  isotherms were also recorded in 

order to obtain more details in the Langmuir film formation since ΔV-A isotherms provide 
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information of molecular reorganization processes occurring at the interface during the 

formation of films. In addition, ΔV-A isotherms allow the detection of changes in the 

organization of the molecules a few square Angstroms before changes can be detected by 

the π-A isotherm. The ΔV-A isotherm for TMS-Ru-TMS recorded at 20 ºC is shown in 

Figure 4.4. 

 Initially, a surface potential of 0 V is observed as expected for a non-ionized film. 

At an area of 3 nm
2
·molecule

-1
, the take-off in the surface potential isotherm takes place. 

This is indicative of a progressive orientation of the molecules even in the gas phase where 

→ 0.  The region between 3 and 1.2 nm
2
·molecule

-1 
is characterized by abrupt fluctuations 

in the surface potential values; these variations may be caused by the presence of small 

molecular aggregates or non-homogeneously distributed molecular domains in the gas 

phase. At areas lower than 1.2 nm
2
·molecule

-1 
a gradual increase in surface potential occurs 

until a value of 0.39 nm
2
·molecule

-1
 at which a decrease in the surface potential occurs. 

This sudden decrease in the surface potential value is consistent with a collapse of the 

monolayer, with dipole moments randomly distributed in a three dimensional arrangement 

of TMS-Ru-TMS molecules. It is noted at this point that transitions to a more condensed 

phase are characterised by an increase in V values. 

 

Figure 4.4. Surface pressure and surface potential vs. area per molecule isotherms of TMS-

Ru-TMS at 20 ºC.  
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To corroborate these interpretations with some additional experimental data 

Brewster angle microscopy (BAM) images were recorded upon the compression of the 

monolayer. BAM images are shown in Figure 4.5. Bright white spots in Figure 4.5 A might 

indicate the presence of three dimensional aggregates or micro crystals. A decrease in the 

area per molecule results in a gradual covering of the water surface by the film. In addition, 

the images become brighter, indicating that the film thickness is increasing with decreasing 

area per molecule.  

 

Figure 4.5. BAM images at different conditions during the film formation of TMS-Ru-TMS. 

A)                           , B)                             , 

C)                             , D)                              , 

E)                              , F)                               

4.2. LANGMUIR-BLODGETT FILMS 

Langmuir films were transferred onto solid substrates. The films were deposited on 

different substrates, as required by the different characterization techniques. The 

transferences were made in the KSV Langmuir trough at a deposition speed of 5 mm·min
-1

.  

Firstly, one layer LB films were fabricated by emersion of mica substrates at 

different surface pressures of transference to determine the optimum surface pressure of 
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transference.  The films were analyzed by atomic force microscopy (AFM). The AFM 

images are shown in Figure 4.6. These images show the presence of molecular aggregates 

as well as a non-well covered surface of the mica substrates. 

 

Figure 4.6. AFM images at different surface pressures of transference of TMS-Ru-TMS. 

A)         , B)          , C)          , D)          . 

Then, transferences were made during the immersion of the substrate, with the AFM 

images of these films being shown in Figure 4.7. From these images it can be concluded 

that immersion of mica substrates leads to a better covering than films fabricated by the 

emersion of the substrates. However, the presence of aggregates is evident in both types of 
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films. Finally, these images reveal that a surface pressure of           yield the most 

homogeneous films. 

 

Figure 4.7. AFM images at different surface pressures of transference of TMS-Ru-TMS 

films during the immersion of the mica substrate. A)          . B)          . 

C)          . 

Cyclic voltammetry was used to evaluate the presence of holes in the transferred 

films. A monolayer of TMS-Ru-TMS was transferred onto a gold substrate that acts as the 

working electrode. The rest of the system is composed of a reference Ag/AgCl saturated 

electrode, a platinum electrode as a counter electrode and an aqueous solution formed by 
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  [       ] 1 mM (redox probe) and 0.1 M KCl (electrolyte). The scan speed was 0.05 

V·s
-1

 and the potential was varied between 0.8 V and -0.2 V. The voltammograms of gold 

electrodes covered by one layer LB films transferred at           of surface pressure are 

shown in Figure 4.8. 

The best blocking of the underlying gold electrode is obtained for substrates which 

are immersed in the subphase during the transference process, which indicates a better 

covering of the substrate with the film and lower amount of holes in the sample. These 

results are in good agreement with AFM images which revealed that films transferred 

during the emersion of the substrate present more defects (holes). Consequently, the results 

shown from bellow correspond to films transferred during the immersion of the substrate 

given that these films have a better quality. 

 

Figure 4.8. Cyclic voltammetry of gold substrates covered by one layer LB films of TMS-

Ru-TMS transferred during the immersion and the emersion of the gold substrate, also the 

voltammetry for gold without covering is showed for comparing. 

 QCM was used to determine the surface coverage and transfer ratio of TMS-Ru-

TMS films transferred during the immersion of the substrates at a surface pressure of 

         .  The QCM analysis showed a frequency variation of -61 Hz (substrate before 

and after the film deposition). Application of the Sauerbrey equation (Equation 3.2), the 
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surface coverage (that corresponds to the mass variation) was determined to be 

                     . 

The transference (τ) is defined as the relationship between the surface coverage of 

the monolayer at the air-water interface and the surface coverage in the substrate [70] as 

stated in Equation 4.1.  

  
          

          
         (4.1) 

where            is the surface coverage at the air-water interface (Langmuir film) and 

           is the surface coverage of the substrate after the transference (LB film). 

Consequently, by applying Equation 4.1 a transfer ratio of 1.23 is obtained. 

A single layer films incorporating TMS-Ru-TMS was transferred onto a quartz 

substrate and its UV-vis spectrum was recorded (Figure 4.9). The spectrum presents the 

same maximum absorption bands and a similar profile to that of the initial solution. This 

result indicates that no chemical reaction or degradation of the material has taken place 

during the assembling process. 

 

Figure 4.9. UV-vis spectroscopy of quartz substrates covering incorporating TMS-Ru-

TMS.  

 The characterization of LB films incorporating TMS-Ru-TMS has revealed that these 

films do not perfectly cover the underlying substrate and present a significant number of 
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holes, defects, etc. compared with other films in the same family [71-73]. The main reason 

is the fact that TMS-Ru-TMS is a very hydrophobic material not easy to be assembled by the 

LB method. This is the reason why we have tried to improve the quality of the films by 

using alternative methods, as presented in the next section, i.e., the fabrication of a mixed 

film of TMS-Ru-TMS with an amphiphilic material capable of forming good LB films. The 

fabrication of mixed Langmuir films is well-known process which may result helpful in the 

assembly of non-amphiphilic materials into LB films [44, 74-75] 

4.3. MIXED LANGMUIR FILMS OF TMS-Ru-TMS AND TMS-

OPE-NH₃Cl 

 Chloride, 4 - (4 - (4 - (trimethylsilyl ethynyl) phenylethynyl) phenylethynyl)-

benzenamine (abbreviated as TMS-OPE-NH₃Cl, Figure 4.10) is the material with which 

TMS-Ru-TMS has been mixed. This molecule was selected because it has a similar structure 

to TMS-Ru-TMS and because it is known that forms high quality LB films [43]. 

 

Figure 4.10. TMS-OPE-NH₃Cl structure.  

 Both TMS-Ru-TMS and TMS-OPE-NH₃Cl are soluble in chloroform and taken into 

account that this is a good solvent to be employed in the LB technique; solutions of these 

compounds were prepared in chloroform and were sonicated for 10 minutes to minimize 

molecular aggregation. Films of TMS-OPE-NH₃Cl were studied by Dr. Gorka Pera [43, 

47]. This author demonstrated that 1.10¯⁵ M solutions of TMS-OPE-NH₃Cl in chloroform 

follow the Lambert-Beer law and yield good L and LB films. These are the reasons why 

this concentration, in both compounds, was chosen to prepare the films. In particular, 3 mL 

of mixed solution were spread. Extra details in the Langmuir film construction are: 

compression speed of 0,018
 
nm

2
·molecule

-1
·min

-1
, working temperature of 20 ± 1 ºC and 

the subphase was Millipore Milli-Q water (resistivity of 18.2 MΩ·cm). π-A isotherms are 

shown in Figure 4.11. 
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Figure 4.11. π-A isotherms of the pure and mixed films recorded for the indicated TMS-Ru-

TMS mole fraction.  

 The nature of molecular interactions and also the miscibility of the two components 

can be examined by quantitative analysis of the excess area (  ) of the mixed monolayer at 

the air–water interface. The excess area can be obtained by comparing the average area per 

molecule (   ) of a mixed monolayer consisting of components 1 and 2 with that of an 

ideal mixed monolayer (   ). The excess area is defined in equation 4.2 [44, 74-75]. 

                               (4.2) 

where     is the experimental area per molecule in the mixed film at a given surface 

pressure,    and    are the areas per molecule at that surface pressure for the pure films, 

and    and    are their mole fractions. Figure 4.12 shows the excess area per molecule vs. 

the TMS-Ru-TMS mole fraction. 

The excess Gibbs energy of mixing (   
 ), provides another indication of the interactions 

between components in mixed monolayers with reference to the interactions between 

molecules of the same kind before mixing, although entropic factors also contribute to the 

   
  values.    

  can be calculated by means of Equation 4.3 [44, 74-75]. 

    
  ∫    

 

 
     ∫   

 

 
     ∫   

 

 
      (4.3) 
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where    ,   ,   ,   and    have the same meaning as before; π is the upper limit pressure 

at which the integrals have been calculated. The results of    
  for the system here studied 

are shown in Figure 4.13. 

 

Figure 4.12. Excess area vs. mole fraction of TMS-Ru-TMS for the indicated surface 

pressures.  

 

Figure 4.13. Excess Gibbs energy of mixing vs. mole fraction of TMS-Ru-TMS for the 

indicated surface pressures. 

To ensure the reproducibility of the obtained results, the π-A isotherms and the 

thermodynamic analysis were repeated. The results are shown in Figure 4.14. 
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Figure 4.14. Repetition in the analysis procedure of TMS-Ru-TMS/TMS-OPE-NH₃Cl 

system. A) π-A isotherms obtained at same condition than those in Figure 4.11. B) Excess 

area vs. mole fraction of TMS-Ru-TMS for the indicated surface pressures, C) Excess 

Gibbs energy of mixing vs. mole fraction of TMS-Ru-TMS for the indicated surface 

pressure. 

Figure 4.14 shows that the π-A isotherms are not reproducible specially in the 

proportion 1:1, this suggest that is complicated to obtain a good Langmuir film of TMS-Ru-

TMS or any mixture at the air-water interface. For these reasons other deposition technique 

was explored, the self-assembly method. 
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4.4. SELF-ASSEMBLY FILMS 

In the present work three molecules have been assembled by the SA method, 

Bis(dppe)-bis(ethynyl) Ruthenium (II) complex (abbreviated as TMS-Ru-TMS), 1, 4-bis((4-

((trimethylsilyl)ethynyl)phenyl)ethynyl)benzene (abbreviated as TMS-OPE-TMS) and 1,4-

bis(4-ethynylphenyl)ethynyl)benzene (abbreviated as HC2-OPE-C2H) whose molecular 

structures are shown in Figure 4.15. Solutions (1.10
-5

M) of these materials were prepared in 

chloroform and sonicated for 10 minutes to minimize molecular aggregation. Gold 

substrates (Arrandee®, Schroeer, Germany) were used; they were heated with a Bunsen 

burner in order to obtain atomically flat Au(111) terraces [55]. 

 

Figure 4.15. Structures of molecules assembled by the SA method in this work. A) TMS-Ru-

TMS. B) TMS-OPE-TMS. C) HC2-OPE-C2H. 

Molecules were prepared in a chloroform solution with concentration of          M, 

and substrates were immersed 4 days for their incubation to ensure the complete covering, 

finally all processes and measures were made at 20 °C. The surface coverage of gold 
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substrates after incubation in the organic solutions as explained above was studied with the 

QCM. The results are gathered in Table 4.1.  

 

Table 4.1. Variation in the QCM frequency before and after deposition of the 

indicated material by the SA method and surface coverage calculated according to the 

Sauerbrey equation. 

Molecule Δf QCM  (Hz) Γ (        ) 

TMS-Ru-TMS - 57              

TMS-OPE-TMS - 39              

HC2-OPE-C2H - 30              

 

Comparing the results for TMS-Ru-TMS between LB and SA films, a higher 

deposition is obtained with LB technique. This result is due to that LB films are formed by 

multilayer and/or aggregates of molecules, while SA films are formed by monolayers; 

without aggregates. 

The morphology of the SA films was studied with AFM. Figure 4.16 shows the 

images of these monomolecular LB films where a high degree of order and homogeneity is 

observed. In addition, the roughness of the films is 1.50, 2.00, and 2.50 nm, respectively. 

Thus, we can say that films of this compound can be prepared using the self-assembly 

method.  
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Figure 4.16. AFM images of Self-assembly study. A) TMS-Ru-TMS, B) TMS-OPE-TMS, 

C)HC2-OPE-C2H 

4.5. SINGLE MOLECULE CONDUCTANCE FOR TMS-Ru-

TMS AND TMS-OPE-TMS 

To carry out the single molecule conductance gold substrates (Arrandee®, Schroeer, 

Germany) were used which were previously heated with a Bunsen burner in order to obtain 

atomically flat Au(111) terraces [55]. Both molecules were then adsorbed by immersion of 

the substrate in solutions          M in THF of these compounds for about 30 seconds. 
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The low concentration and relatively short immersion times are required in order to 

promote low surface coverage on the gold substrate, consequently single molecule are 

adsorbed. After adsorption, the sample was washed in ethanol and then blown dry in a 

stream of nitrogen gas to eliminate the molecules which are not chemisorbed. As a STM 

tip, a gold wire was used which was freshly prepared for each experiment by etching of a 

0.25 mm Au wire (99.99%) in a mixture of HCl (50%) and ethanol (50%) at 2.4 V [55]. 

The results of single molecule measures using I(s) technique are shown in Figure 

4.17. Figure 4.17A and 4.17B are presented with the tunneling conductance on the y-axis 

and distance displacement on the x-axis (distance displacement from the set-point distance 

from which the tip is retracted following disengagement of the feedback loop). These 

curves exhibit current steps which are attributed to the breaking of molecular bridges that 

were attached between tip and sample at the start of the tip retraction scan. Conductance 

histograms show single conductance values of                     (TMS-Ru-TMS) and 

                    (TMS-OPE-TMS). Measures were taken at different randomly 

selected locations of the sample. 

Comparing results of conductance values                     and      

               of TMS-Ru-TMS and TMS-OPE-TMS, respectively, the higher conductivity 

of the organometallic molecular junction from TMS-Ru-TMS is consistent with the slightly 

shorter length of the molecule, and the better alignment of the molecular HOMO with the 

Fermi levels of the gold contacts. In addition, the structure of backbone plays an important 

role in molecular conductance for TMS-Ru-TMS. The ruthenium-acetylene bond has high 

electron mobility delocalizing the backbone [76]; this experimental observation is 

according with the results reported by Liu et al. [38].  

The single molecule conductance values obtained in this study are in the same order 

to these obtained by Lu et al. [77] using the BJ method and similar compounds, in his study 

the            terminal groups were changing by     . This result indicates that both 

groups have similar electrical characteristics contacts and that trimethylsilylethynyl is an 

alternative anchoring group providing effective electronic coupling at metal-molecule 

contacts.  
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Figure 4.17. Conductance traces recorded using the I(s) technique for (A) TMS-Ru-TMS 

and (B) TMS-OPE-TMS, curves are shifted horizontally for clarity, and (C) conductance 

histograms built by adding together all the points of conductance traces that showed 

discernible plateaus. Conductance data are presented in units of the conductance quantum 

       ⁄                        

Finally, an important characteristic observed along the single molecule conductance 

measurements for these compounds is that only an unique value of conductance has been 

measured using the I(s) technique. Comparing this result with the reported in the literature 

[77] for similar molecules with other terminal groups, these compounds showed three 

conductance values. In the present study the only conductance value obtained is located in 

the “low conductance” regime meanwhile others conductance values located in the 

“medium and high conductance” regime were not observed. This result corroborates the 

idea that the additional steric bulk of the       group limit the range of accessible surface 

binding sites overall to the higher coordinate defect sites. 
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CONCLUSIONS 

The objective proposed at the beginning of this work was to fabricate metal/organic 

monolayer/metal devices, incorporating materials with potential applications in molecular 

electronic. The studied molecules were oligo(phenylene)ethynylene derivatives (OPEs). 

Firstly, the possibility to assemble an organometallic compound onto thin films by the 

Langmuir-Blodgett (LB) technique was studied. After, the use of Self-Assembly (SA) 

method was analyzed due to the LB technique yielded a non-homogenous film with the 

presence of aggregates. The prepared films were characterized by using a wide range of 

optical, spectroscopic and scanning probe techniques to determine the molecular 

arrangement of the material in the film. Finally, the study of single molecule conductance 

was carried out in order to know important characteristics of the TMS group like anchorage 

group in metal-molecule-metal junctions. 

The TMS-Ru-TMS compound has the requirements to be transferred by Langmuir-

Blodgett technique on a substrate. Thus, the molecule has a polar group to benefit the 

anchoring of the molecule onto the water subphase and a hydrophobic part to stabilize the 

films at the air-water interface. Nevertheless, this work shows that these characteristics are 

not enough to obtain good Langmuir films at the air-water interface due probably to the 

nonlinearity in the hydrophobic part caused for the atoms located around of the ruthenium 

atom. Therefore, the possibility of preparing LB films of TMS-Ru-TMS and its mixture with 

TMS-OPE-NH₃Cl, which forms stable and homogenous Langmuir films was analyzed. In 

this later case, the isotherms were not reproducible so, this suggests that is complicated to 

obtain a good Langmuir film of TMS-Ru-TMS or any mixture at the air-water interface. 

Self-assembly method was employed in order to obtain good monolayers of this 

compound, TMS-Ru-TMS; with this technique a good covering was obtained. These good 

results are thanks to the TMS group, specifically by the silicon atom that is chemisorbed in 

the gold surface for TMS-Ru-TMS and TMS-OPE-TMS, and also a good chemisorption is 

showed for HC2-OPE-C2H thanks to the     terminal group.  

 Single molecule conductance measurements were made in order to know the 

electrical characteristics of TMS-Ru-TMS and TMS-OPE-TMS and their possible use in 
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molecular electronic. This study shows important results. Firstly, the conductance value 

obtained for the TMS-OPE-TMS is similar to other compounds studied but with different 

anchorage groups. Secondly, thanks to the TMS group these molecules present only a 

unique conductance value. Finally, the incorporation of ruthenium complex into the 

backbone of molecule increases the conductance value. Therefore, we could conclude that: 

TMS group may be a potential anchorage group in molecular electronics and also that the 

incorporation of ruthenium may be a potential choice for constructing long molecular wires 

with high conductance. Then we propose the use of TMS-Ru-TMS as a molecular wire with 

high conductance in molecular electronic. 
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