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Introduction to molecular charge transport 

 

 

This chapter contains a brief introduction to the research field of molecular charge transport. 

First, I deal with its basic driving force and its interesting history. Next, the experimental 

state of the art is highlighted by introducing the main experimental methods used in 

present-day research. Then, I will introduce the research in this dissertation, which deals 

with the question if and how molecular properties can be transferred to or even enhanced in 

molecular devices. I will pay extra attention to a special type of functional molecules, 

exhibiting a temperature-dependent spin transition, since it forms a key inspiration for this 

work. The chapter ends with an outlook on the rest of this thesis. Basic theory on molecular 

charge transport will be given in Chapter 2. 
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1.1 The motivation behind molecular charge transport  

Research on molecular charge transport is motivated by a simple, but fascinating 

concept: the idea that a functional device, e.g. a transistor, switch or diode, may be as 

small as a single molecule connected to electrodes. This concept offers two 

interconnected advantages. First of all, such devices would be much smaller than 

present-day silicon components, i.e. around a few nanometers in size (disregarding the 

electrodes, however). Second, functionalities, such as switchability, rectification, etc., 

may be pre-programmable in the molecules used. The question if a device 

incorporating a functional molecule retains the same functionality is generally open. In 

fact, in many cases, coupling of a molecule to electrodes leads to a dramatic change of 

properties. This issue has been the subject of considerable scientific efforts and is also 

touched upon in this dissertation. From a basic research point of view, molecular 

charge transport has also attracted much attention. This is because small organic 

molecules are profoundly quantum mechanical in nature, even at elevated temperatures. 

Hence, the wave nature of the electron as well as its spin degree of freedom should be 

explicitly considered.  

All the ingredients above have motivated scientists from various backgrounds to 

investigate the properties of molecular devices over the past decades. Chemists, 

physicists and surface scientists have joined hands, leading to considerable cross-

fertilization. Especially with the rise of scanning probe microscopy as well as 

nanolithography techniques, the field of molecular charge transport (and nanoscience 

as a whole) seriously took off. During its history that spans around four decades now, it 

has both seen fast progress and backdrops [1]. For example, few people still believe 

that molecular electronics will be seriously competitive with silicon electronics. Still, 

the research has continued to prove fundamentally fascinating, while specific 

applications, e.g. as sensors, are being explored [2].  

1.1.1 A short history of molecular charge transport 

The conception of this research field lies between 1950 and 1960, i.e. the time of the 

invention of the transistor, an era that changed electronics completely. Since 1960, the 

quest to miniaturize electronic components has continued via a top-down approach (as 

analyzed by G. E. Moore) [3]. The miniaturization of silicon based electronics was 

ongoing and successful, but this also brought more complexity and high investment 

costs. Already then, some people feared that the miniaturization of silicon-based 
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electronics was bound to arrive at a technological dead end. Hence, the search started 

toward radically different alternatives to miniaturize electronics.  

One way was to miniaturize electronic components via a bottom-up approach. This 

idea was formulated by A. von Hippel and it was then called molecular engineering [4]. 

This concept led, at the end of the 1950’s, to the name “molecular electronics”. This 

name embodied a new strategy between collaborating research institutes and USA 

defense-affiliated research branches to fabricate miniaturized electrical components. 

However, this concept could not compete with the steady miniaturization of the 

electronic devices from the semiconductor industry. Silicon-based electronic devices 

evolved further becoming smaller, lighter, consuming less power and emitting less heat 

[5]. 

Whereas in the 50’s, molecular electronics strived to make microelectronics based on 

the use of crystalline bulk materials [5], in the 1970’s, the perspective shifted to the use 

of individual molecules as electronic circuits. This was partially inspired by the famous 

speech by Richard Feynman called: “There’s Plenty of Room at the Bottom”, delivered 

in December 1959 [6]. The Swiss chemist H. Kuhn was one of the first scientists to 

experimentally explore the conductance properties of molecular monolayers. The latter 

were made by the Langmuir Blodgett method, i.e. via self-assembly of organic material 

floating on a liquid. B. Mann and H. Kuhn studied the transport of charge through both 

a “molecular” monolayer and “sandwiched” layers, made of fatty acid salts between 

metal electrodes [7]. Around the same period, A. Aviram and M. Ratner suggested to 

synthesize a new type of asymmetric molecular species. Once contacted by electrodes, 

it would be capable of rectification, thus mimicking the properties of semiconductor 

diodes in an electrical circuit [8]. Many experiments were conducted to realize this first 

type of a functional molecular device, but they were largely unsuccessful. Nevertheless, 

the idea that a molecule could be designed and synthesized with a certain functionality, 

and that that functionality could subsequently be transferred to a molecular device has 

remained an essential concept in molecular electronics ever since the Aviram-Ratner 

paper.  

In 1981, IBM invented the first type of experimental platform that was truly capable of 

visualizing and investigating surfaces on the atomic scale: the scanning tunneling 

microscope (STM). It also became a key tool to study the charge transport properties of 

single molecules, as will be detailed below [9, 10]. In the 1990’s, another experimental 
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device, called the mechanically controlled break junction (MCBJ) became available. 

The MCBJ was first used to study charge transport through metallic atomic-made wires 

[11], but was subsequently applied to molecular conductance studies as well [12].  

At the end of the 90’s, more experimental devices and fabrication techniques were 

introduced, some of which aimed for single molecular junctions, others which focused 

on probing molecular monolayers. The consequence was that also various companies 

became active in this field again [1]. The end of the 1990’s hence saw a strong 

momentum, with various exciting results. Unfortunately, a few years later, some of the 

most spectacular results were heavily debated in literature. For example, HP labs aimed 

for a voltage-controlled molecular switch based on so-called rotaxanes molecules. 

These molecules are bistable switches in solution that can be controlled via a redox 

potential. An architecture of rotaxanes molecules circuits could indeed be made, for 

which memory/logic functions were demonstrated [13]. However, the interpretation of 

the achieved results was doubted by some researchers in the molecular charge transport 

community [14, 15]. The difficulty was that it was not at all clear if the switching 

effect observed was due to the molecules at all. Other explanations, such as metallic 

filament formation between the electrodes were (at least) equally probable [15]. This 

and other controversial situations disappointed scientists involved, and stalled the field 

for a few years. Fortunately, molecular charge transport as a basic research field picked 

up momentum again in the 2000’s, in a more robust and perhaps also more modest way. 

All in all, this brief history points out two of the key questions that will always arise in 

molecular charge transport: “Are the properties measured due to the contacted 

molecule?” And if so: “How is the molecule oriented within the device?”. Rather 

fundamentally, these questions are not easy to answer. However, in this last decade, 

scientists have realized how to come close. Clearly, one wants additional control 

experiments, e.g. optical spectroscopy, Raman spectroscopy, inelastic electron 

tunneling spectroscopy (IETS). Furthermore, proper statistics of molecular junction 

formation and junction properties turn out to be of great importance. Through joint 

collaboration of researchers from various disciplines, creative methods have been 

devised that allow the study of the molecular charge transport properties in more robust 

types of molecular devices. Those molecular devices have the best chance of awaiting 

an application destiny in the future.  
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1.1.2 The role of organic molecules and their functionality 

Conjugated organic molecules form the backbone of a large part of research on 

molecular junctions. A conjugated molecule typically contains an alternation of single 

and double (triple) carbon bonds. This yields an extended π-electron system, with 

orbitals composed of hybridized atomic pz states. Conjugated molecules are expected 

to have relatively low resistance (but still higher than the quantum of resistance h/2e
2 
= 

12.9 kΩ!). Intuitively, this is due to two connected reasons. First, the π-orbitals are 

delocalized over the entire molecule, facilitating transport over the full entity. Second, 

the energy gap that separates the highest occupied molecular orbital (HOMO) from the 

lower unoccupied molecular orbital (LUMO) is lower than for non-conjugated systems, 

such as alkanes. In general, conjugated molecules will therefore have a larger 

conductance than non-conjugated molecules. Hence, much fundamental research is 

being performed on (series) of conjugated molecules. Clearly, this also opens an 

exciting possibility, i.e. to devise a molecule for which conjugation, and hence 

conductance, can be turned ‘on’ or ‘off’. As mentioned above, a prime motivation to 

investigate molecular charge transport has indeed been to study (and utilize) the role of 

molecular functionality. A molecular species can in principle be “programmed” to 

perform a certain function in a device. Chemical synthesis offers many ways to design 

and tailor the properties of organic molecules. For example, certain types of 

asymmetric molecules may lead to rectification behaviour, once the molecule is 

contacted (c.f. Aviram and Ratner [8]). Furthermore, a whole library of switchable 

molecules can be found in chemistry, some sensitive to light, others to temperature or 

electrochemical potential. The main molecular property that changes upon stimulation 

may vary. For some, conjugation is broken, others exhibit a length change (due to a 

cis-trans transformation), while a relatively unexplored subgroup exhibits a change of 

spin state. The latter type is of special interest for this thesis and will be dealt with in 

detail below. 

As illustrated in the historical overview, a key question must be answered when 

investigating functional molecules in molecular junctions: “Is the functionality (and 

connected properties) preserved after a functional molecule is coupled to metal 

electrodes?” The answer is non-trivial and will depend on the details of the junction, i.e. 

(i) on the electrode material used, (ii) on the chemical group connecting the molecule 

to the electrodes and (iii) on the final geometry of the molecule with respect to the 

electrodes and other molecules [16]. Fundamentally, the molecular orbital structure 
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will change after connecting to electrodes, via hybridization between molecular orbitals 

and the metal bands, leading to broadened molecular levels (Lorentzians instead of 

delta functions, see Chapter 2). This is the case for any molecule, but for functional 

molecules it is of specific importance. A change in orbital structure may change the 

switching paths and dynamics completely. Clearly, the exact molecular endgroup that 

anchors the molecule to a metal surface also plays a key role in defining the exact 

electronic coupling. A general type of anchoring group used in organic molecules is a 

thiol (SH) group. The thiol group makes a chemical bond with gold and is the 

endgroup of choice in this work [1]. Finally, the detailed geometry and environment 

play a role if the switching process demands some free space available. Switching may 

be spatially hampered due to neighbouring atoms, molecules or electrodes. Chemists 

tend to refer to this as ‘steric hindrance’. 

To illustrate the above, let us consider a well-known family of switchable molecules, 

i.e., the diarylethenes. These molecules can be switched between a less conductive 

(broken conjugated) state and a more conductive (conjugated) state through exposure 

by different wavelengths of light. In solution, diarylethenes can be converted reversibly 

[17]. But when these diarylethenes are coupled to gold electrodes through thiol 

bonding, things change. For example, the molecule shown in Figure 1.1 can only 

switch in one direction after being contacted: from the ‘on’ state to the ‘off’ state. From 

that point the functional molecule loses functionality and it becomes passive. The loss 

of functionality is in this case most likely caused by strong electronic coupling of the 

diarylethene molecule with the metal. Indeed, by slight changes in the molecular 

endgroup (meta-coupled phenyls instead of thiophene rings), reversible switching 

could be recovered in a junction geometry [16]. This illustrates how subtle the issue of 

retaining molecular functionality can be.  

Interestingly, one may also wonder if the presence of electrodes can lead to new 

functionality. Indeed, this may be the case, as the electrodes define new boundary 

conditions (i.e. break rotational symmetry that molecules do have in solution). 
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Figure 1.1: Example of a photochromic molecular switch that preserves intrinsic functionality in a 

solvent environment, but loses reversibility when coupled to metal electrodes.  

Hence, the state in which the molecule is oriented parallel to the electrodes may have 

different properties than the state in which it is perpendicular. If one can switch 

between both situations, e.g. by a current or voltage, a switchable system is created. 

This is called extrinsic switching (as opposed to intrinsic switching which is due to the 

molecular properties themselves), and there are several experimental accounts for the 

phenomenon by now [16]. Another way in which the electrodes could play a role is in 

somehow enhancing the switching effect, e.g. by magnifying the conductance change. 

This thesis will also explore this possibility (see Chapter 4).  

1.2 Experimental methods to study molecular conduction 

A large set of experimental techniques is available nowadays to study charge transport 

through a single molecular junction or a multi-molecular junction. We will deal with 

the main techniques below, before presenting our method of choice that lies in between 

single molecular junctions and multi-molecular junctions. 
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1.2.1 Single molecular junctions 

STM 

Scanning tunneling microscopy (STM) is arguably the most widely used and versatile 

technique in the research on molecular charge transport. The STM serves a key role in 

measuring the charge transport properties of single molecular junctions [18, 19, 20] 

and recently also molecular chain junctions, by applying it unconventionally [21].  

A standard STM consists of an atomically sharp metal tip placed above a surface 

(usually a metal substrate or a metal substrate covered by a very thin insulating layer) 

at a certain distance, d. During a STM measurement, a bias is applied between the tip 

and the metal electrode surface. The tip scans the surface of the sample, while its 

tunneling current is stabilized by a feedback circuit. In this way, STM can reach 

subatomic resolution. Hence, molecules lying on a surface can be imaged and 

spectroscopically investigated [1, 22-24]. For a true conductance experiment, however, 

the STM is used in a different fashion. Basically, the tip is connected to one end of a 

molecule connected to a surface. Next, the tip is raised (with the feedback mode off) 

and the conductance is tracked, until the newly formed junction breaks. When done at 

low temperature, in ultrahigh vacuum (UHV), this yields very good control over 

particular junctions. In somewhat adapted form, the method is also used at room 

temperature, to measure junction formation statistics and conductance properties of 

molecules in solution [25, 26]. 

The strong points of the STM lie in its versatility to perform both surface scans (and 

spectroscopy) and transport measurements. A weaker point is that its stability is limited 

compared to another experimental technique called mechanically controllable break 

junctions (see below). Also for the STM, which ideally is a single-molecule technique, 

charge transport measurements of long molecules (like alkanethiol molecules with a 

length of ~14 carbon atoms) become difficult as these yield very low currents only [27].  

 

Mechanically controllable break junctions (MCBJ) 

The term ‘break junction’ refers to an experimental technique in which a junction can 

be made by breaking one metal wire. When done properly, this results in two nearly 

symmetrical electrodes. There are two types of break junctions commonly used in the 
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field of molecular electronics, namely the electromigration break junctions (EBJ) and 

the mechanically controllable break junctions (MCBJ) [19].  

The MCBJ was developed and used by J. Moreland [28] and J. M. van Ruitenbeek [29]. 

The platform consists of an insulating bendable substrate onto which a metal notched 

wire (or a lithographically defined metal bridge) is horizontally attached. The 

insulating substrate will be subjected to a tensile force in the z-direction under 

nanometer precision through a piezo controlled pushing rod. The counter supports on 

top of both sides of substrate assure that the sample remains fixed during bending. 

Upon bending, the substrate will elongate in the middle section of the notched 

electrodes. This finally causes the metal bridge to break. Once the junction has broken, 

molecules can be deposited on both fresh nanoscale electrodes. Due to a significant 

attenuation factor, the gap of the symmetric junction can be controlled below the 

Angstrom scale [30, 31], until ideally a single molecule can fit. This experimental 

technique was originally used by J. M. van Ruitenbeek to study atomic contacts and 

wires. Later, Müller brought the method to Reed’s group and together they performed 

the first MCBJ study of a single molecule, i.e. a 1,4-benzeneditiol [32]. Nowadays, the 

MCBJ technique, like the STM technique described above, is used by many groups, 

both in low-temperature UHV experiments and for room-temperature measurements in 

solution. 

The strong point of the MCBJ is that the distance between the metal electrodes can 

continuously be controlled via the piezo pushing rod. Furthermore, the MCBJ 

possesses a great stability, especially when working at low temperatures. In addition, 

with a MCBJ, one is able to repeatedly bend back and forth. This allows one to acquire 

a large number of measurements on which statistics can be performed [19]. A weaker 

point of the MCBJ is that one cannot take a topography scan of a single molecule, like 

in STM [1]. Connected, the exact shape of the metal contacts remains largely unknown.  

 

Electromigration break junctions (EBJ) 

A second experimental technique based on break junctions is due to Park et al. [33] 

who devised electromigration break junctions (EBJ). An EBJ is made by passing a 

large current density through a gold nanowire, defined by electron-beam lithography 

and shadow evaporation [19]. The electrons will have a net momentum transfer on the 

gold atoms that cause the latter to migrate to the positive electrode. This 
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electromigration process is continued until signs of eventual breakage of the gold 

nanowire becomes visible. Before the wire finally breaks, the current drops drastically 

and atomic sized contacts may be formed for a rather short time span. If done properly, 

two clean metal electrode contacts can be formed that are separated by a distance of 

around 1-2 nm [33-36]. A desired type of molecule can be inserted in this empty 

nanoscale gap.  

A strong point of the experimental technique EBJ is that you can easily make a 

molecular three-terminal device with it [34, 36], i.e. a device that contains two 

electrodes contacting the molecule (source and drain) as well as a third, gate electrode. 

This gate electrode can be used to shift the energy levels of the molecule that is 

bridging the gap. 

A weak point of the EBJ is that the atomic-sized metal contacts, made by 

electromigration, are hard to close again, unlike in MCBJs. This limits the sheer 

number of experiments possible, leading to very limited statistics compared to MCBJ 

and STM methods. Also EBJ is an experimental technique that asks a lot of care and 

fine-tuning to enable workable EBJ devices. An active feedback system is needed to 

carefully control the speed of the electromigration procedure [37]. If done incorrectly, 

metal debris can be formed in between the nearly symmetrically break junction during 

electromigration. The debris can hinder the insertion of molecules in between the break 

junction. Moreover, a small metal nanoparticle could have characteristics very similar 

to single molecules  [38, 39]. 

1.2.2 Multi-molecular junctions 

CP-AFM 

An experimental technique that bears similarity to STM is conducting probe atomic 

force microscopy (CP-AFM) [19]. In contrast to STM, however, it is generally used for 

measurements on molecular monolayers. CP-AFM contains a metal-coated probe that 

can gently be positioned into contact with the molecules on a conducting surface. By 

applying a DC bias between the probe and the substrate, the charge transport properties 

of an ensemble of molecules on the conducting substrate surface can be measured [40-

43]. An important difference between CP-AFM and STM is that in the first case, the 

force and deflection of the probe acting upon the molecules can be measured and 

controlled. In other words, there is an independent feedback mechanism, disconnected 
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from the conductance experiments themselves. Another advantage of (CP)-AFM is that 

the morphology of multi-molecular layers [44] till even polymer structures [45] can be 

determined while also their conductance can be probed. However, this experimental 

technique gives a higher uncertainty in the number of molecules measured, because a 

CP-AFM probe has a larger, often unknown, contact surface compared to an atomically 

sharpened STM tip. Furthermore, it requires a very sensitive control of the probe 

loading force [46]. 

 

Self-assembled monolayers (LAMJ configuration) 

For technological applications, molecular tunnel junctions need to be reliable, 

reproducible and stable. In 2006, Akkerman et al. [47] introduced so-called large area 

molecular junctions (LAMJ), is also known as the “conductive polymer electrodes” 

technique [1]. The principle behind LAMJ is to create a self-assembled monolayer 

(SAM) on gold, onto which a conductive polymer layer is applied, followed by a gold 

top electrode. The polymer mixture used is poly[3,4-ethylenedioxythiophene] 

(PEDOT) : poly[4-styrenesulfonic acid] (PSS). It contains large hydrophilic 

macromolecules that cannot penetrate the hydrophobic densely packed SAM. Thus, the 

formation of short circuits by metal filaments from the top electrode will be prevented. 

The advantage of the LAMJ device is that the molecular junction is very robust [1]. 

The LAMJ device has a stability of at least a year in air, with no degradation of the 

SAM when sweeping the bias. Also the molecular ensemble of this LAMJ device can 

be analyzed by optical techniques. Finally, LAMJ devices can be fabricated within 

diameters up to ~100 µm [47]. A weak point of such a LAMJ device, however, is that 

the shape of the current versus voltage, or I(V), curves is partially determined by the 

PEDOT:PSS polymer. This makes LAMJ devices less favourable for fundamental 

research purposes. 

1.3 Multi-molecular devices based on gold nanoparticles 

An attractive method to study and explore charge transport through (functional) 

molecules is to make use of hybrid structures in which (gold) nanoparticles are 

connected by molecular bridges. The method, pioneered by Andres et al. [48] and 

explored by e.g. Schönenberger and Jaeger [49-52] can be seen as a bridge between 

single-molecule and multi-molecular platforms. Its basic philosophy is to overcome the 
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long-standing problem of size mismatch between the molecules and the macroscopic 

electrodes by using an intermediate: (gold) nanoparticles (~10
-8

 m in diameter) connect 

between the nanoscopic (10
-9

 m) dimension of molecules and the macroscopic (10
-7

 to 

10
-3

 m) dimensions of the metal electrodes (see Figure 1.2). This is done by connecting 

bottom-up approaches with top-down technology (lithography of the larger electrodes). 

Specifically, gold nanoparticles are first synthesized to the desired diameter (5-20 nm, 

typically). Next, they are covered by an alkanethiol shell, to prevent particle 

aggregation. Then, they are forced to assemble in a densely packed two-dimensional 

(2D) structure, on a water surface. The arrays thus formed are stamped on devices with 

pre-defined electrodes and can be investigated. A crucial step is yet to follow: 

molecular rods containing two thiol groups can be inserted between neighbouring 

nanoparticles. This so-called exchange step can take place spontaneously in a solution 

containing the molecular wires of interest. If a majority of the nanoparticle-molecule-

nanoparticle junctions contain dithiolated molecular wires, these molecules will 

dominate the device’s conductance properties.  

Using molecule-metal nanoparticle arrays or networks (array will refer to a single layer; 

network to a few stacked molecule-nanoparticle ensembles) has various advantages. 

First of all, a large variety of molecular rods, including functional species, can be 

probed. Second, a conductance experiment will give a spatial average of single 

nanoparticle-molecule(s)-nanoparticle junctions probed both in series and in parallel. 

The sheet resistance of an array is ideally    
  

  
      , where Rj is the tunnel 

resistance of the molecule species in a nanoparticle junction [53]. Hence, results can be 

compared to time-dependent statistics as obtained in STM and MCBJ experiments. 

Third, the devices are relatively robust, lasting for between a week and a few months at 

room temperature. Due to the percolative nature of the devices, they are rather 

insensitive to defects. Finally, and perhaps most importantly, these networks allow for 

a range of control experiments. Whereas the signal from a single molecular junction is 

generally too small to be measurable by standard spectroscopic techniques, this is 

different for networks combining many junctions. As a result, optical spectroscopy, 

Raman spectroscopy, and even magnetization measurements come into play. This 

allows one to correlate (changes of) conductance properties to (changes of) molecular 

properties, thus relating directly to the key validation questions of the field, mentioned 

above.  
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Figure 1.2: Schematic representation of a molecule-gold nanoparticle array deposited on a 

nanotrench device. The gold nanoparticles are encapsulated by octane(mono)thiol molecules (see gray 

coloured structure) to allow for self-assembly while avoiding aggregation and to tune the distance 

between the gold nanoparticles. Via molecular exchange, conjugated molecules (see e.g. the blue 

coloured bridge structure) can be inserted in between the gold nanoparticle junctions.  
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Vice versa, the open, 2D structure of molecule-gold nanoparticle arrays also permits 

molecular junctions to be addressed by external stimuli (i.e., light, pressure, magnetic 

field, temperature, etc.) [50, 54]. All of this makes the method very attractive to 

measure and benchmark (functional) molecules, specifically the spin transition 

molecules discussed below. Therefore, it is a key ingredient in the research presented 

here.   

A weak point of a molecule-gold nanoparticle array connects directly to one of its 

advantages. At temperatures above ~360 K (roughly the experimental flashpoint of 

liquid octane(mono)thiol), the octanethiol molecules covering the nanoparticles start to 

decompose or detach. This leads to particle aggregation and eventually to device 

breakdown. When performing heating-cooling cycles, reversibility should therefore be 

checked. In Chapter 3, I will elaborate on this method and our work to extend it to 

three dimensions as well as to use different molecules to initially cover the 

nanoparticles, beyond alkanethiols. One of the main goals of this work, however, 

concerns interfacing and studying spin transition molecules in a device geometry. Next, 

I introduce this fascinating type of system. 

1.4 Spin crossover molecules  

A spin crossover (SCO) molecule is a molecule that can exhibit two different (total) 

spin states. Toggling between these configurations is possible via some external 

stimulus. This may be a temperature variation, irradiation by light or even a local 

electric field. Spin crossover systems have been synthesized and studied in bulk for 

over 80 years [55, 56]. Recently however, the research activity in this field has 

intensified. On the one hand, the prospect of applications has motivated chemists to 

increase the so-called transition temperature, the temperature at which the molecular 

system changes spin state, towards room temperature and above. For this, a set of 

ingeniously designed molecules have been synthesized [57, 58]. In parallel, there has 

been a trend towards nanoscopic length scales, down to the single molecules. Most of 

the chemical research is done on bulk powders of SCO molecules, where molecule-

molecule interactions play a crucial role. Decreasing from macroscopic dimensions 

(bulk) down to the nanometer or even single-molecule scale could provide us with new 

understanding of the fundamentals of the spin transition properties. Devices based on 

spin transition molecules may find applications in nanoelectronics and spintronics, 

provided stability is somehow ensured. More generally, SCO molecules may serve as 
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promising molecular switches [59-62], image display [63], information storage [64, 65] 

and gas [66, 67] or temperature sensors [68]. 

However, the switching properties of SCO compounds may strongly differ at the 

nanoscale, as compared to bulk. In this thesis, specifically in Chapter 6, spin transition 

molecules will be investigated using nanoparticle networks. This allows us to measure 

conductance properties versus temperature, while also performing Raman spectroscopy 

and magnetization measurements. In the rest of this section, however, I will elaborate 

on the physics and chemistry behind SCO molecules. In general, these consists of a 

transition metal ion (e.g. Fe
2+

) surrounded by organic ligands. 

1.4.1 The metal complex 

To understand what a spin crossover molecule is, we need to briefly review 

coordination chemistry. A coordination compound is a system in which a central metal 

ion is attached to a group of surrounding molecules or ions [69]. The organic molecules 

or ions that surround the central transition metal ion are called ligands. The ligands 

contain donor atoms that enable the formation of coordination bonds with the central 

transition metal ion. This means that both electrons involved in bond formation stem 

from the donor atom involved. Typically, coordination compounds need additional 

counterions (anions or cations) to acquire electrically neutrality. The term metal 

complex (or also complex) refers to both neutral coordination compounds and non-

neutral coordination compounds.  

The coordination number (CN) is the number of ligand donor atoms that surround the 

central transition metal ion in a complex. Depending on the nature of the central metal 

ion and its available number of p, d, or f orbitals, the coordination number can vary 

from 2 (linear), 4 (tetrahedral), 5 (pyramidal), 6 (octahedral) up to 12 (for lanthanides). 

Here I focus on the octahedral complexes, with CN equal to 6, which are typically 

found for d metal central ions, the so-called transition metals. For complexes based on 

transition metals, the distribution of the valence electrons in the available d orbitals is 

key to understanding their electronic, optical and magnetic behaviour. Different 

theoretical approaches can be used to understand the emergence of spin state switching.   
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1.4.2 Crystal and ligand field theory 

We first use crystal field theory to explain the properties of a complex further. It is a 

model to describe how the coordination bonding in complexes arises from electrostatic 

interactions [70]. Here the coordination bonds are considered to have an “ionic” nature, 

i.e. there is an electrostatic attraction between the positively charged transition metal 

ion and the electronegative atoms of the ligands. The properties of a complex are 

described similarly to the properties of transition metal ions in ionic crystals. 

  

 

Figure 1.3: Schematic energy level diagram of the five degenerate d orbitals for a free ion (left) and 

in an octahedral complex (right), where the t2g and eg orbitals are split by a crystal field splitting 

energy ΔO (see paragraph 1.4.2). 

To understand crystal field theory of an octahedral complex, let us look at a d orbital 

energy level diagram (see Figure 1.3). For a metal ion in a spherically symmetric 

environment (such as in a free ion), there are five degenerate orbitals namely the dxy, 

dxz, dyz, dx
2
-y

2 and dz
2. Now suppose the ligands are octahedrally closing in on a metal 

ion. Then the metal ion becomes subject to an electrical field from the charged atomic 

species on the ligand molecules. This crystal field disrupts the symmetry of a metal ion 

[71]. The d orbitals are repelled by the orbitals from the ligands and this gives changes  

in the energies of the five d orbitals. Three of the d orbitals, namely the dxy, dxz and dyz, 

will adopt spatial orientations in between the charges oriented along the x, y, z axes of 

the ligands. The energies of these nonbonding dxy, dxz and dyz orbitals (also called the 
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t2g orbitals) will be lower compared to the other two antibonding d orbitals. These 

antibonding dx
2
-y

2 and dz
2 orbitals (also called the eg orbitals) will have direct repulsion 

with the charges of the ligand. The difference in energy between these two sets of d 

orbitals is called the crystal field splitting energy ΔO. Depending on the metal ion and 

ligand species used to form a complex, different splitting energies arise [69, 70].  

To find the spin state of a molecular complex, another competing energy scale is 

important: the mean spin pairing energy P. This is the energy it costs to pair two 

(interacting) electrons on one of the d orbitals. Now, let us consider a complex with an 

octahedral iron (Fe
2+

) complex. Such a system can typically have one of two possible 

electron distributions of the six 3d valence electrons of the Fe
2+

 ion, corresponding to 

two different spin states [69, 70].  

If P  >> ΔO, none of the d orbitals will be empty. One of the t2g states will be doubly 

occupied, whereas the other four will contain one electron. Following the rules of Hund, 

these electrons will line up their spins. As a result, this complex will have spin 

quantum number S = 2 and it is said to be in a high-spin (HS) state (see Figure 1.4(a)) 

A high-spin Fe
2+

 complex behaves paramagnetically.  

If P  << ΔO, the six d-electrons of the Fe
2+

 will occupy the t2g orbitals in three pairs. As 

a result, this complex has a total spin of S = 0. It is said to be in a low-spin (LS) state 

(see Figure 1.4(b)) and will behave like a diamagnetic complex. 

We should note however, that ΔO does not need to be the same for the molecule in its 

LS and HS states, somewhat complicating the picture above.  

Crystal field theory is a simple and readily visualized ionic model to explain the 

electronic structure of complexes [70]. But crystal field theory is limited in that it only 

considers purely ionic bonds. Ligand field theory can be viewed as an extension of 

crystal field theory, combining concepts of the latter with features from molecular 

orbital theory. Ligand field theory incorporates the overlap between the ligand orbitals 

and the d orbitals of the metal ion. Also included is the delocalization of ligand and 

metal electrons in a complex. Nearly all the results of the crystal field theory are also 

valid in the ligand field theory [71]. 

Just like crystal field theory, ligand field theory takes into account the influence of 

electrostatic forces on the chemical bonding and origin of the orbital splitting of a 

complex. The presence of overlap will determine the ordering of the orbitals in 
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complexes and this scheme gives more understanding on ΔO. To identify overlap, 

ligand orbitals need to be formulated into symmetrical adapted orbitals. These are then 

combined with the metal atomic orbitals to form molecular orbitals. Here the valence 

orbitals of both the ligand and metal ion are used to form symmetry adapted linear 

combinations (SALC). Based on empirical overlap and energy considerations an 

estimate can be made about the relative energies of a complex. These estimated 

energies will need further verification and adaptation before comparison can be made 

with experimental results [70]. 

 

 

Figure 1.4: (a) Crystal field scheme of a Fe2+ complex in a high-spin (HS) configuration, possessing 

paramagnetic properties. (b) Crystal field scheme of a Fe2+ complex in a low-spin (LS) configuration, 

possessing diamagnetic properties. (c) Molecular orbital scheme of an octahedral complex according 

to ligand field theory (the * represents here the antibonding character). Ligand field theory allows to 

identify more accurately the origin and magnitude of the splitting energy ΔO in a complex (see light 

orange box) compared to the crystal field theory. The ligand field theory scheme is based on σ bond 

overlap between the metal ion orbitals and the ligand orbitals. 

From ligand field theory one learns that the molecular orbitals involved are partially 

confined to the metal atom. This is displayed in Figure 1.4(c), via a molecular orbital 
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energy level diagram. The ground-state electron configuration for a complex can be 

established through this diagram.  

Two matters can be concluded from ligand field theory: 

 The six bonding molecular orbitals are supplied by the ligands. 

 The remaining n electrons of a d
n 
complex populate the nonbonding t2g orbitals 

and the antibonding eg orbitals. From that point, the crystal field theory 

approach is then followed. 

If a ligand possesses π orbitals that may align with the σ bond along the metal-ligand 

axis of the complex, then both bonding and antibonding π molecular orbitals can be 

formed with the metal orbitals. The most crucial part of π bonding related to ligand 

field theory is that when ligand π orbitals are taken into account, overlap with the 

nonbonding t2g orbitals can occur. The t2g orbitals of the metal ion will become 

involved with the bonding of the complex and this will result into changes of the 

HOMO-LUMO gap [70]. Here, ΔO can become larger or smaller, depending if the 

ligand species supplies π accepting orbitals or π donating orbitals, respectively. To 

inspect the role and influence of the ligand species with respect to ΔO, a 

spectrochemical series can be constructed. This empirical ordering of ligands displays 

how strongly the π bonding will influence the ΔO of a complex.  

To summarize, according to ligand field theory both  bonds and (possibly)  bonds 

occur in a complex. The type of ligand species influences, mainly via  bonding, the 

splitting energy ΔO of a complex. 

1.4.3 Spin crossover complexes 

Spin crossover (SCO) molecules [55] (also called spin transition molecules [72]) are a 

special class of complexes that allow a transition between a low-spin (LS) and high-

spin (HS) state. Typically, spin transition molecules will have O  P, i.e. a spin 

transition can be described as a compromise between the correlative interactions 

(Hund’s principle, energy scale P) and the ligand field energy scale [71]. The crossover 

is reached via a temperature increase (entropy driven) or by e.g. illumination.  

For many decades, the iron (Fe
2+

) ion has been the most studied metal ion in SCO bulk 

compounds [55, 58, 72, 73]. Also this thesis will focus on a SCO compound that 

contains an Fe
2+

 ion. Despite this long history, the synthesis of a Fe
2+

 SCO complex 
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that features a spin transition around room temperature is still both a science and an art 

[58].   

In 2008, the research group of Mario Ruben developed a SCO molecule [72] by 

chemically tailoring a [Fe(AcS-BPP)2](ClO4)2 complex (where AcS-BPP denotes S-(4-

{[2,6-(bipyrazol-1-yl)pyrid-4-yl]ethynyl}phenyl)ethanethioate). This metal complex is 

based on an iron (II) ion and two organic ligands (i.e. S-(4-{[2,6-(bipyrazol-1-yl)pyrid-

4-yl]ethynyl}phenyl)ethanethioate). In Figure 1.5, the bulk powder form of this SCO 

complex is shown, denoted by the abbreviated formula [Fe(AcS-BPP)2](ClO4)2. 

Note that the bulk [Fe(AcS-BPP)2](ClO4)2 complex contains protecting thioacetate 

groups to prevent oligomerization and polymerization of the bis-thiol anchoring groups 

on the bulk [Fe(AcS-BPP)2](CLO4)2 complex in a solution and allow access to form 

Au-S bonding between the gold nanoparticle and the complex [74]. After exposure to 

Au the bulk SCO molecule is deprotected and the composition of the SCO molecule 

becomes a Fe
2+

(bis(pyrazol-1-yl)pyridine)2 (i.e. Fe(S-BPP)2) complex. This [Fe(AcS-

BPP)2](ClO4)2 complex can perform a spin transition via external stimuli such as 

temperature (T), light (λ), pressure (p) and magnetic field (H) [57, 72, 75]. In Figure 

1.5 bottom, a magnetic susceptibility measurement of the bulk [Fe(AcS-BPP)2](ClO4)2 

SCO compound is shown. This plot shows a rather abrupt spin transition, from a LS 

state at low temperatures to a HS state at high temperatures. Furthermore, it shows that 

the spin transition is reversible with limited thermal hysteresis. One can define T1/2, i.e. 

the temperature where there is a 1:1 ratio of LS and HS molecules, when heated (↑T1/2) 

and cooled (↓T1/2). Both are close to room temperature for the [Fe(AcS-BPP)2](ClO4)2 

complex in bulk, as ↓T1/2 = 286 K and ↑T1/2 = 290 K. During spin transition, a SCO 

molecule will undergo both an electronic change and a mechanical change. When 

going from the LS state to the HS state, the Fe-N bonds elongate a little and increase 

the molecular volume of the complex core. Hence, the total length of the [Fe(AcS-

BPP)2](ClO4)2 SCO molecule can change slightly during a spin transition, as illustrated 

in Figure 1.5. Interestingly, hysteresis is very common in bulk SCO compounds. 

Moreover, it is seen as an important feature towards applications. Hysteresis is related 

to cooperativity, i.e. the ability to propagate the spin transition to neighbouring SCO 

molecules in a bulk SCO compound (i.e. solid crystal lattice). Via short- and long-

range interactions a spin transition is elastically communicated to each SCO molecule 

(i.e. their metal core centres [76, 77]).  
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Figure 1.5: Room-temperature spin crossover [Fe(AcS-BPP)2](ClO4)2 complex. Top Figure shows 

the SCO molecular structure and its components. Except the electronic change also the molecular 

length (i.e. the spin transition core) of this complex changes very slightly during spin transition. 

Middle Figure shows a scheme of how the complex undergoes a spin transition. Bottom Figure shows 

a magnetic susceptibility plot of the bulk [Fe(AcS-BPP)2](ClO4)2 compound, indicating a reversible 

and stable spin transition with small thermal hysteresis, around the average transition temperature T1/2 

 288 K. 



Chapter 1 

 

22 
 

A bulk SCO compound with low cooperativity, exhibits a gradual spin transition 

process. For a bulk SCO compound with high cooperativity, the spin transition can be 

more abrupt, i.e. take place within a very narrow range of temperature (~5 K), and 

thermal hysteresis can occur [55]. More generally, the transition between the LS and 

HS states can be abrupt, gradual, with or without hysteresis, follow a two-step 

transition or be incomplete [55]. In the next paragraph, we briefly go into the 

thermodynamics of the spin transition in bulk compound. 

1.4.4 Spin transition in bulk 

A spin transition can be modelled by a          curve, where xHS represents the 

molar fraction of HS molecular species [78]. For bulk SCO compounds this 

characteristic curve can be determined from magnetic measurements as function of 

temperature (i.e.         plot, see Figure 1.5).  

The stability of the two spin states (LS ↔ HS), is determined by the difference in 

Gibbs free energy (at constant pressure): 

          .       (1.1)   

Here           .            and            denote the difference in 

enthalpy and entropy, respectively, for an assembly made of N molecules. At the 

temperature T1/2 there is as much LS as HS present (disregarding hysteresis for now) so 

     and hence [78, 79]:  

     
  

  
 .        (1.2) 

The entropic term ΔS may be written as the sum of electronic ΔSel and the vibrational 

ΔSvib contributions: 

            ,       (1.3) 

 

where ΔSel is related to the ratio of the electronic degeneracies gHS/gLS between the HS 

and LS states according to:  

            
   

   
  [78].       (1.4) 
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As for ΔSvib, this is also positive and the vibrational disorder is more pronounced in the 

HS state, due to the longer metal-ligand bond lengths. In fact, ΔH and ΔS are both 

positive to have a finite and positive T1/2. 

A thermodynamic description of a spin transition is illustrated in Figure 1.6. At low 

temperatures T, the enthalpy term dominates and hence the LS state is the stable spin 

state species at 0 K. At the transition point, we have         or      [78]. At 

high temperatures, above T1/2, the entropic term will dominate, as shown in Figure 

1.6(c). The HS state is the most stable spin state at elevated temperatures.  

 

 

Figure 1.6.  Schematic thermodynamic plots (Gibbs free energy (G) as a function of the metal-ligand 

distance) for a SCO bulk compound. The system changes from the LS (a) to the HS state or phase (c), 

as a function of temperature. At the spin transition temperature,         (see (b)).   

Even if there is no cooperativity, i.e. no direct intermolecular interaction in the SCO 

compound, one still needs to incorporate a mixing entropy term in the Gibbs free 

energy [78]. This mixing entropy Smix represents the many ways to distribute (xHS)N 

high-spin molecules and (1-xHS)N low-spin molecules within the assembly of N 

molecules. It can be written as: 

                                      ,   (1.5)  

where RB is the gas constant. Clearly, Smix is maximum for xHS = 0.5 and vanishes for 

xHS = 0 and 1. The Gibbs free energy is then expressed as:  

                         .     (1.6) 

The partial derivative of G with respect to xHS gives: 
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 ,       (1.7) 

At any temperature and pressure, the equilibrium condition for the spin transition is 

defined by  
  

  
 
   

  . Hence, we have 

    
     

   
   

  

  
 

  

  
 

  

 
.      (1.8) 

From which we obtain, incorporating equation 1.2: 

     
 

      
  

 
 
 

 
 

 

    
  

.       (1.9) 

Equation 1.9 represents the basic macroscopic spin transition behaviour, i.e.     

    , of a SCO bulk compound without cooperativity. This simple theory is due to 

Slichter and Drickamer [80]. Note that within this model, the spin transition is never 

complete, even for T∞.  

1.4.5 Size effects on spin crossover molecules 

It is largely an open question how the spin transition properties change when the size of 

a bulk SCO compound is reduced toward the nanoscale or even to single molecules. 

Recent studies have shown that the spin transition becomes smoother [81, 82]. Also the 

transition temperature can shift to lower values and hysteresis can become smaller or 

even vanish upon reducing the size of the SCO [81-84]. In general a decrease of the 

cooperativity should indeed be expected. Also the influence of a different physical-

chemical environment around the nanoscale SCO needs to be considered [84]. SCO 

molecules are known to be sensitive to environmental conditions, such as packing, 

chemical and electrostatic conditions, the presence of solvent molecules, etc. [57, 75, 

85-89]. Hence, for SCO complexes on the nanoscale, e.g. in molecular devices, the 

(research) question should be asked whether the spin transition remains and if so, if its 

properties change.  

1.5 Motivation and outlook of this thesis 

The research presented in this thesis has been performed within an European research 

project called INTERNET (i.e. INTERfacing single molecules via nanoparticle 

NETworks), funded by European Research Agency (ERA) via the NanoSci-E+ scheme. 
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Initially the project started with four research groups. Apart from our group at Leiden 

University, these were led by Bernard Doudin (Institut de Physique et Chimie des 

Matériaux de Strasbourg), Mario Ruben (Karlsruhe Institute of Technology) and 

Stefano Sanvito (Trinity College Dublin). Along the way, constructive partnerships 

with other research groups were formed as well, most notably with Tia Keyes (Dublin 

City University) and Christian Kübel (Karlsruhe Institute of Technology). The main 

objective of project INTERNET has been to realize and study the properties of a 

reliable molecular interface, specifically with the aim of investigating functional 

molecules. This dissertation reflects the research at Leiden and the measurements done 

in direct collaboration. For these, I travelled to Strasbourg, Karlsruhe and Dublin on 

many occasions. 

Let me end this paragraph with a brief overview of the rest of this thesis.  

In Chapter 2, a theoretical introduction is given in charge transport at the nanoscale and 

specifically in molecular junctions.  

In Chapter 3, a closer look is taken at the experimental methods behind the self-

assembly of molecule-gold nanoparticle arrays and networks. Furthermore several 

synthesis routes are explored to make new types of molecule-gold nanoparticle arrays. 

Besides introducing conductance experiments on these molecular devices, this chapter 

also describes several optical analysis methods, which can be used as control 

experiments. The possibility to combine several measurement techniques on one 

sample structure is a clear advantage of the approach taken.  

In Chapter 4, the charge transport properties of gold nanoparticle networks 

functionalized by benchmark molecules (octanethiol molecules and conjugated dithiols) 

are investigated. At low temperatures, the gold nanoparticles in a molecule-gold 

nanoparticle network start to play their own role, displaying properties such as 

Coulomb blockade [90]. Charge transport becomes dominated by multiple inelastic 

cotunneling. By changing the molecular species in a molecule-gold nanoparticle 

network we study in which way the molecules themselves influence charge transport in 

this regime. Our work on passive molecules turns out to have an interesting 

consequence for molecular switches: the ratio of the on-state and off-state conductance 

values may be ‘artificially’ enhanced in a nanoparticle network [54]. 

In Chapter 5 we demonstrate the synthesis of a new type of molecule-gold nanoparticle 

array, where the gold nanoparticles are functionalized by S-BPP molecular species (the 
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half-molecules in Figure 1.5). We study the properties of these arrays, comparing them 

to alkanethiol-gold nanoparticle arrays.  

Finally, in Chapter 6 we scrutinize the properties of Fe(S-BPP)2 SCO molecules in 

molecule-gold nanoparticle networks. We investigate if the spin functionality is 

preserved in such a structure and if so, how spin switching influences the conductance 

properties of such molecular devices. 
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