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Summary 

Since the invention of the transistor in 1947 by Bardeen J.,  Brattain W. H., 

and Shockley W. B., the importance of electronic devices in our daily life started to grow. 

After seven decades, electronic devices have become much more sophisticated and their 

fundamental component remains to be the transistor. Transistor sizes have been 

drastically reduced over the years and the smallest commercial transistor size up to date 

has a value of 7 nm. A common transistor is the metal oxide semiconductor field effect 

transistor (MOSFET). Organic variants have also been fabricated, namely organic field 

effect transistors (OFETs). Commonly, a thin layer of organic semiconducting material is 

spin coated on top of a doped silicon wafer. Compared to inorganic FETs, OFETs can be 

easily processed from solution, they are inexpensive, light weight, and they can be 

fabricated into mechanically flexible devices because of its compatibility with plastic 

substrates. The semiconducting layer can be decreased to a minimum via formation of a 

monolayer. This device is called a self-assembled monolayer field effect transistor 

(SAMFET).  

The fabrication of naphthalenediimide (NDI) based OFETs with high field effect 

electron mobility have already been described in literature. The present study investigates 

the synthesis and characterization of novel anchor functionalized NDIs and their 

application as SAMFET material. The NDI derivatives are mononaphthalenediimide 

(MonoNDI) and bisnaphthalenediimide (BisNDI) functionalized with a trimethoxysilane 

(TMS) anchoring group. The NDIs are functionalized with the silane group because of its 

ability to covalently attach to silicon dioxide.  

In a preliminary study, a p-type silicon substrate with a top layer of thermally grown 

silicon dioxide is used as a model substrate. Silicon substrates from a p-type silicon wafer 

with a native oxide layer have also been used. For both different substrates, SAMs were 

always grown on top of a hydroxylated silicon dioxide surface. Silicon dioxide is commonly 

used as gate dielectric, so results from the model system are supposed to be transferable 

to transistor fabrication. An examination on the bare substrate’s surface was performed 

with atomic force microscopy (AFM) before surface functionalization to control if it was 
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possible to start with a clean surface. It was concluded that a stainless surface was 

achieved after oxygen-plasma treatment and after being stored for a day in filtered 

toluene. However, the air is a source of contamination because we were not working in a 

clean room and blow-drying was also contaminating the surface when performed 

carelessly. A solution processing method was used to investigate the formation of a SAM. 

Different conditions were examined with static water contact angle (CA) measurements, 

optical microscopy, AFM and ellipsometry, such as immersion solvents, cleaning and 

hydroxylation techniques, immersion times, cleaning of a functionalized substrate, and an 

elevated temperature. A maximum CA was achieved after optimizing the conditions for 

surface functionalization, however, no AFM image could prove the presence of a SAM. 

Ellipsometry confirmed the absence of a SAM. 

The project ended with the investigation on the reactivity of the TMS group with 

silanol. To investigate the reactivity, a solution study with 29Si-NMR has been applied on 

the reaction of octadecyltrimethoxysilane (ODTMS), a commercial compound that consists 

the TMS group, with incompletely condensed trisilanol polyhedral oligomeric 

silsesquioxane (POSS). The three silanol groups of POSS can react with silanes and POSS 

was used as model for a silicon dioxide surface with silanol groups. During this study, 

reaction products were measured with 29Si-NMR. The results of the reaction between 

ODTMS and POSS were compared with the reaction of a more reactive compound, namely 

dimethylchlorosilane, with POSS. It appeared that the reactive dimethylchlorosilane 

reacted very fast and completely with the POSS, while ODTMS reacted very slow and 

needed the addition of water and triethylamine (TEA) to see the rise of new peaks in the 

NMR-spectrum coming from the reaction product. 
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Chapter 1 

Introduction 
 

1.1 History of the transistor 

Since the discovery of electricity as a power source, electronic devices started to 

replace candles or oil lamps for lighting, steam powered machines, manual labor, etc. 

Nowadays, electronic devices are so important that they are found almost everywhere, for 

example in smartphones, desktop computers, household appliances, lighting, etc. which 

make our life easier and save time for us to do other activities.  

During the second world war an important electronic device has been fabricated 

that changed the world as it is now. One of the first computers was build, which is named 

ENIAC (Electronic Numerical Integrator And Computer). It was the first large-scale general-

purpose electronic digital computer. The computer was built at Moore School of Electrical 

Engineering at the University of Pennsylvania during the second world war after which the 

fabrication ended in 1946.1 The purpose of 

the machine was to calculate trajectories of 

artilleries during the second world war. To 

get an idea of the processing speed, it only 

took thirty seconds to solve an analytical 

problem that would take 12 hours when 

solving the problem with a hand calculator.2 

An important building block do this kind of 

calculations was the vacuum tube. It is a 

vacuum glass bulb with an anode plate, a cathode filament, and a grid in between the 

anode and cathode. The cathode filament can be heated to release electrons. Because of 

the potential between the cathode and the anode, the electrons flow through vacuum 

towards the anode plate. The equivalent of this electron flow is a 1 signal. In contrast, to 

generate a 0 signal, the grid applies. The grid obstructs the electron flow when a negative 
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voltage is put over the grid. The result is that no current is present and a 0 signal is 

achieved. To conclude, by controlling the voltage on the grid, the electron flow between 

the cathode and anode will be controlled and thus also the generation of a 1 or 0 signal, 

i.e. a bit (binary digit).3  

Despite the great success of the computer using vacuum tubes, more enhanced 

computers could not be made easily with the use of vacuum tube as switches. The ENIAC 

had a large number of 18,000 vacuum tubes. To make a more enhanced computer, even 

more vacuum tubes would be required. Beside the large number needed, the vacuum tube 

had also its problems, for example it is very energy demanding, relatively large in size, not 

fully reliable, slow in switching between a 0 and a 1 signal, and has a short lifetime.4 

Nowadays, another device is used for processing purposes, namely a transistor 

(Transconducting varistor - Bell Telephone Laboratories5). It is small in size, very energy 

efficient, faster in switching, and very reliable.6 The fabrication of this device is a major 

breakthrough for digital electronics and digital memory. Without a transistor, electronic 

devices would not be able to do any actions and be as advanced as they are now.   

1.2 Field effect transistor 

Field effect transistors (FETs) are an example of a group of transistors. A common 

FET is a metal oxide semiconductor field effect transistor (MOSFET). There are two types 

of MOSFETs, namely enhancement type and depletion-mode type MOSFET. As the 

enhancement type MOSFET is most commonly used, its design and working principle will 

be discussed further. The enhancement type MOSFET is a device made from doped silicon, 

silicon dioxide, and four metal electrodes, namely a source (S), a drain (D), a gate (G), and 

a base (B) (see Figure 1.1).7,8  

Pure silicon metal is an insulator, so it needs to be doped with other atoms to gain 

semiconducting properties. Doped silicon has silicon atoms being replaced by group IV (P-

type) or group VI (N-type) atoms. Generally, boron (group IV) and phosphorus (group VI) 

atoms are used to replace silicon atoms and form P- or N-type silicon respectively. The 

semiconductivity arises from the presence of extra electrons (N-type) or lack of electrons 

(P-type). The extra electrons, in the case of N-type doping, are not tightly bound in the 

crystal structure, so it can propagate freely. In the case of P-type doping, a lack of electrons 
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can be regarded as the presence of mobile positive holes. These holes can be filled by 

electrons from the crystal structure and move thus in the opposite direction compared to 

the electron’s displacement.9  

The doping of silicon can be done in two ways to create an enhancement type 

MOSFET, i.e. an N-channel enhancement type MOSFET and a P-channel enhancement type 

MOSFET. The N-channel enhancement type MOSFET has a weakly positively doped body 

and two heavily negatively doped regions, which are separated from each other by the 

body. The P-channel MOSFET has the same setup as the N-channel MOSFET, but with 

opposite charges. Thus, a weakly negatively doped body with two heavily positively doped 

regions. For the ease of explaining the working mechanism, the N-channel enhancement 

MOSFET will be used as model. The same principles will hold for the P-channel 

enhancement MOSFET, but with opposite polarity.  

The source and the drain electrode are connected to the heavily doped regions and 

the gate electrode is connected to the weakly doped body, which lies in between the 

source and the drain. Also, between the substrate’s body and the gate, an insulator (silicon 

dioxide) is present that acts as a dielectric. 
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Figure 1.1: Illustration of an enhancement type N-channel MOSFET. On top of the device 

lies a source (S), a gate (G), and a drain (D) metal electrode. The source and the drain 

electrodes are in contact with a highly negatively doped (n+) silicon region that is called 

the source region and the drain region respectively. The gate electrode lies on top of a 

silicon dioxide layer that separates the gate from the silicon body. In contrast with the 

source and drain region, the silicon body is positively doped (p). The body is also in 

contact with a metal electrode and is called the body (B) electrode. The length L of the 

device is the distance between the source and drain region. The width W is the size of the 

device parallel to the long side of the electrodes. When a voltage is set on G, an electrical 

field is induced between G and B that gives rise to the formation of a conducting channel 

between the source and the drain region.10 

When a positive voltage is set on the gate (VGS), the device acts as capacitor and 

positive charges will be induced in the gate electrode. An electrical field is formed over  the 

dielectric, hence the name field effect transistor. This electrical field will repulse the 

substrate’s holes and attract electrons. When VGS surpasses the threshold voltage, enough 

electrons are attracted to form a conducting channel between the source and the drain 

and a current is flowing from the source towards the drain. In contrast, when a negative 

voltage is applied on the gate, electrons will be repulsed and no conducting channel is 

present between the source and the drain. In other words, there will be no current flowing 

in the transistor. To translate these two situations into the binary language, having a 

current is equivalent to having a 1 signal and having no current is equivalent to having a 0 

signal. To conclude, bits can be controlled by controlling the gate’s voltage.11  
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One of the important reasons that vacuum tubes needed to be replaced by solid 

state transistors is the reduction in size. Vacuum tubes were too bulky for their purposes 

and scientist were looking to reduce its size so that more sophisticated devices could be 

made. Since the discovery of the transistor effect in 1947 by Nobel prize winners John 

Bardeen, Walter Houser Brattain, and William Bradford Shockley, a new era rose for 

electronic applications.12 The size of electronic devices with a switching ability reduced 

from tens of millimeters for vacuum tubes, to a few millimeters for triode transistors, to 

even tens of nanometers for transistors inside present integrated circuits (see Figure 1.2). 

This amazing reduction in size can be achieved by photolithography, a technique that uses 

light to pattern silicon wafers to fabricate semiconducting devices.  

 
Figure 1.2: Size of electronic components for processing purposes (Logarithmic ordinate) 

in function of time, from 1906 till 2017.13 

The reduction in size of the transistor permits integrating a higher number inside a 

single chip of same dimensions. An advantage of having an increased number of transistors 

inside a chip is that the chip’s performance is enhanced, for example the processing speed 

increases and power consumption lowers.14 Gordon Moore, one of the founders of the 

technology company Intel, made a prediction in 1975 called Moore’s law. The 

prediction/observation stated that approximately every two years, the number of 

transistors inside a chip doubles.15 The graph in Figure 1.3 shows the number of transistors 

in a microprocessor from 1971 to 2017 and it follows the trend of Moore’s law (black 

dotted line). 
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Figure 1.3: Number of transistors per microprocessor (Logarithmic ordinate) in function 

of time from 1971 to 2017.16 

Microelectromechanical systems (MEMS), such as a transistor, are commonly 

manufactured by photolithography.17 The process uses UV light to pattern a 

photosensitive layer, called a photoresist, and then the pattern is transferred to a silicon 

wafer via an etching process followed by doping of the silicon substrate.18,19 

As the fabrication of FETs by photolithographic means is an expensive process and 

requires many steps, organic field effect transistors (OFETs) could be great alternatives. 

Compared to inorganic FETs, OFETs can be easily processed from solution, they are 

inexpensive, light weight, and they can be fabricated into mechanically flexible devices 

because of its compatibility with plastic substrates.20-22  Also, the properties of organic 

materials can be adapted by designing the molecular structure and synthesizing this 

molecule to meet what is required for a certain application.23 

1.3 Organic field effect transistors 

Since the discovery of semiconducting organic polymers in 197724, great interest 

was present among researches to fabricate organic electronic devices. The first OFET has 
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been fabricated by Tsumura and colleagues in 1986.25 The device was build up from an 

n-type silicon wafer with a top layer of thermally grown silicon dioxide, two gold electrodes 

on top of the silicon dioxide as source and drain, and a Ga-In alloy gate electrode in contact 

with the n-type silicon wafer. As organic semiconducting layer, a thin polythiophene film 

was grown on top of the silicon dioxide layer and the gold electrodes. The thin film was 

grown by depositing a reaction mixture, consisting thiophene dimers, on top of the device 

and having a constant current through the cell that polymerizes the thiophene dimers. 

Nowadays, four different device architectures are used. The four architectures are shown 

in Figure 1.4. The architectures are called top-contact/bottom-gate (TCBG), bottom-

contact/bottom-gate (BCBG), top-contact/top-gate (TCTG), and bottom-contact/top-gate 

(BCTG).26 The differences lie in the relative positioning of the drain and the source with 

respect to the semiconductor and the relative positioning of the gate and the dielectric 

with respect to the semiconductor.  

 

Figure 1.4: Four different OFET architectures: a) top-contact/bottom-gate (TCBG), 

b) bottom-contact/bottom-gate (BCBG), c) top-contact/top-gate (TCTG), and 

d) bottom-contact/top-gate (BCTG).26 

Besides evaporation, spin coating is performed to apply a thin organic layer on top of the 

device, too. Spin coating is the process where a solution with a compound is placed on top 

of a spinning substrate. Due to centrifugal forces, the solution is spread over the substrate 
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and the solvent evaporates, leaving a thin layer of the compound. The thickness ranges in 

the order of micrometers to nanometers and is in function of the concentration of the 

solution, spinning speed and time, molar mass, and molar mass distribution.27,28 The 

fabricated OFETs can be used for multiple kinds of applications. Examples are organic 

phototransistors, organic memory FETs, organic light emitting FETs, and sensors based on 

OFETs.21 

A more sophisticated variant of an OFET is a SAMFET. Instead of spin coating a thin 

organic semiconducting layer of a few hundred nanometers, a self-assembled molecular 

layer of semiconducting molecules is adsorbed on top of a substrate. A general illustration 

of a SAMFET is showed in Figure 1.5. When a voltage VGS is applied on the gate, an electrical 

field is formed over the dielectric and induces charge carrier formation in the 

semiconducting monolayer. When VGS is higher than the threshold voltage, a current is 

flowing from the source to the drain. 

 

Figure 1.5: A general illustration of a SAMFET in top-contact/bottom-gate configuration. 

The gate is a doped silicon substrate with a top layer of thermally grown silicon dioxide 

and the source and the drain are gold electrodes. On top of the silicon dioxide, a 

monolayer of self-assembling semiconducting molecules is grown.29 

SAMFETs are suitable to implement molecular nanoelectronics into electronic 

devices and they can be used for large area, flexible electronics.30 They could pave a way 

to further downscale the transistor sizes for processing devises31,32 and find application in 

highly sensitive sensing devices29. 

1.4 SAM formation 

To fabricate a SAMFET, a self-assembled monolayer (SAM) has to be formed on top 

of a doped silicon wafer with a top layer of thermally grown silicon dioxide 
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(thermal SiO2/Si). Afterwards, gold electrodes can be deposited via vapor deposition.30 

Before discussing the SAM formation, molecular self-assembly is explained.  

Molecular self-assembly is the spontaneous organization of molecules into stable, 

structurally well-defined aggregates via weak reversible non-covalent interactions. Non-

covalent interactions are van der Waals, dipole, and quadrupole interactions 

(π-π stacking)33, hydrogen bonds, and ionic bonds.34 Examples from nature are 

superstructures formed by DNA and proteins. DNA self-assembles into a double-stranded 

helix via hydrogen bonds of its base pairs and proteins self-assembles into its secondary 

(α-helix and β-sheet), tertiary, and quaternary structures via the functional groups for non-

covalent interactions of the amino acids. Synthetic examples are the self-assembly of 

covalently bound block co-polymers into spheres, cylinders, gyroid, and lamellae 

structures. Here the immiscibility of the blocks induces microphase separation.35 Also, 

non-covalent polymers exist that self-assemble into secondary structures via reversible 

non-covalent interactions. An example is the self-assembly of benzene-1,3,5-

tricarboxamides (BTAs) into a helical structure. These molecules stack on top of each other 

via a combination of π-π stacking of the benzene core, hydrogen boding of the amide 

functionalities, and hydrophobic interactions.36 In the case of a self-assembled monolayer, 

molecules will spontaneously adsorb on a surface, bind covalently with the surface, and 

pack with neighboring molecules via van der Waals interactions or π-π stacking to reach a 

thermodynamically more stable state. As a result, a monolayer is formed when the surface 

is fully covered. 

SAM formation is convenient for applications as a SAM is robust, easily to generate, 

and can be formed with a variety of ligands. Well-described SAMs are formed by 

n-alkanethiols on a gold surface and silanes on a silicon dioxide surface.34,37,38 As the 

former is a model for SAM formation it will be discussed first. Afterwards, SAM formation 

on a thermal SiO2/Si substrate will be discussed as silicon is more of technological 

relevance and applies to the fabrication of a SAMFET.  

A SAM of n-alkanethiolates on Au(111) is formed by the adsorption of thiols in 

solution or vapor phase. 

 X-R-SH + Au → X-R-S- Au(I)∙Au(0) + 
1

2
 H2  
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The end (X) or the alkyl chain (R) of the thiol can be functionalized with many kinds of 

functional groups to adapt the gold’s surface properties. Examples are fluorocarbons,  

alcohols, carbon acids, nitriles, etc. The driving forces to spontaneously adsorb on the 

surface is the sulphur-gold bond formation (~44 kcal/mol = ~184 kJ/mol) and the van der 

Waals interactions between the alkyl chains (~1.5-2 kcal/mol = ~6.3-8.4 kJ/mol per CH2 

unit).34,39 The monolayer growth mechanism of n-alkanethiols is shown in Figure 1.6 and 

starts with rapid physisorption of the molecules, which are lying flat on top of  the 

substrate. Afterwards, dissociative chemisorption takes place, which is the bond formation 

of the thiol headgroup with gold by releasing the thiol’s hydrogen to form a thiolate. 

During this chemisorption, nucleation of islands takes place of flat lying n-alkanethiolates. 

When the substrate is fully covered by the growth of flat laying n-alkanethiolates, 

nucleation of standing-up molecules with only their headgroup attached on the gold 

surface starts. The alkyl chain of other molecules detaches also from the surface and packs 

with neighboring alkyl chains via van der Waals forces. After some time, hours or days, a 

fully covering monolayer has formed. What stands out is that the alkyl chains lie not 

perpendicular to the surface, but they are tilted with respect to the surface. The tilt 

ensures that the most effective close packing is achieved, maximizing the van der Waals 

interactions. SAMs of n-alkanethiolates have typically a tilt angel of 30-35°.39 

   

Figure 1.6: Scheme of the different steps that take place during monolayer formation of 

n-alkanethiols on top of an Au(111) surface: i) rapid physisorption, ii) chemisorption of 

headgroups and the formation of a layer with the molecules lying flat on top of the gold 

substrate, iii) nucleation of standing-up molecules, iv) growth of standing-up 

n-alkanethiolates into a monolayer that fully covers the substrate.39 
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The growth of a monolayer does not happen without the formation of defects. To 

reduce the number of defects, a lot of conditions have to be taken care of. The conditions 

are solvent, temperature, concentration of adsorbate, immersion time, purity of the 

adsorbate, concentration of oxygen in solution, cleanliness of the substrate, and chain 

length (or more generally, the adsorbate’s structure).40 

Another self-assembled monolayer formation example is the self-assembly of 

silanes on hydroxylated silicon dioxide. Doped silicon substrates with a top layer of 

thermally grown silicon dioxide (thermal SiO2/Si) are of technological relevance because 

this inorganic material is the most common material used for electronic devices. Inorganic 

electronic devices use doped silicon to implement semiconducting properties, but the 

organic counterpart uses extended π-conjugated systems. A semiconducting layer in an 

OFET is deposited on a substrate via spin coating a solution of the semiconducting 

compound and a thin semiconducting layer is achieved. However, when the 

semiconducting compound is functionalized with a silane group, a SAM could be formed 

on top of a thermal SiO2/Si substrate and a minimal thickness of the compound could be 

achieved.  

A SAM is formed by the reaction of a silane with surface silanol groups and packing 

between alkyl chains via van der Waals forces or π-π stacking between aromatic groups. 

The formation of the strong Si-O-Si bond and molecular packing drives the formation of a 

SAM.38,41 Commonly used silane groups are reactive chlorosilanes, e.g. trichlorosilane42 

and dimethylchlorosilane32, and less reactive alkoxysilanes43, e.g. trimethoxysilane and 

triethoxysilane.   

A proposed reaction mechanism for SAM formation of alkylsilanes is illustrated in 

Figure 1.7. The silicon dioxide surface in the illustration has first been hydroxylated and 

surface silanol groups can be formed via oxygen-plasma, UV-ozone, or acid piranha 

followed by oxygen-plasma treatment. Afterwards, the hydroxylated substrate is 

immersed in a solution of alkylsilanes. The alkylsilanes will first physisorb on top of the 

substrate, which consists of an adsorbed water layer. Next, hydrolysis takes place and 

silanol groups are formed. Hydrolysis can also take place prior to physisorption with traces 

of water in the organic solvent, however when the silane is too reactive, polymerization 

happens inside the solution which is not favorable for SAM formation. After hydrolysis, 
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the silanol groups will condensate with the substrate’s silanol groups and form the strong 

Si-O-Si bond. Neighboring silanol groups on the substrate can also condensate together, 

forming a polymerized polysiloxane network.44  

 

Figure 1.7: Illustration of SAM formation mechanism with silanes.44 

There is no clear result yet in literature about how the growth of silanes on silicon 

dioxide surfaces happens. Research has been done with alkylsilanes to investigate t he 

growth mechanism. Two mechanisms are proposed, namely growth in a “uniform mode” 

or growth in the “island mode”. The first growth mechanism states that a homogeneous 

layer of alkylsilanes is growing on top of the substrate with the tilt angle (angle dev iation 

from the perpendicular orientation with respect to the substrate) decreasing with 

increasing substrate coverage. The layer thickness is thus increasing over time. The latter 

growth mechanism states that a monolayer is assembled from growing islands.  The 

thickness remains constant over time and is equal to the length of straight, fully extended 

molecules that are anchored perpendicular to the substrate. Also, intermediate cases are 

possible.38 Different results are obtained because some characterization techniques 

measure averages, while other techniques make local observations. In addition, the 

reproducibility of alkylsilane monolayers is difficult to achieve because the quality of the 

monolayer is very sensitive to the reaction conditions.38,45,46  

Not only external conditions affect the monolayer’s structure, but also the kind of 

silane group that is used. A recent study compares three different silane groups with an 

octadecyl alkyl chain, namely trichlorosilane, trimethoxysilane, and triethoxysilane. It 

appears that octadecyltrichlorosilane (OTCS) SAMs are formed rapidly and they are 
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extremely dense and crystalline. In contrast, octadecyltrimethoxysilane (OTMS) SAMs 

form slowly and are extremely sparse, lack orientation, and are non-crystalline. In the case 

of octadecyltriethoxysilane (OTES) SAMs, monolayer formation is also slow, but the chains 

have a greater orientation and are packed denser than OTMS SAMs. The differences in 

SAM structures are the result of the difference in silane’s rate of hydrolysis.43 

SAMs are characterized with different techniques to prove that a monolayer has 

formed. Examples of techniques that are commonly used in literature are ellipsometry to 

measure the organic layer thickness, X-ray photoelectron spectroscopy (XPS) and infrared 

(IR) spectroscopy to prove the presence of the adsorbate, scanning probe microscopy 

(AFM/STM) to visualize the monolayer and measure its height, and static water contact 

angle measurement to follow the change in surface composition.34,38,40,44 

1.5 Aim of study 

The goal of my graduation project is the formation of a SAM with 

naphthalenediimide derivatives on thermal SiO2/Si substrates and its application in a 

SAMFET, fabricated in collaboration with Mengmeng Li. The project is inspired by the 

successful fabrication of n-type thin film OFETs with relatively high field effect electron 

mobility using naphthalenediimide47,48 and the reports on applications of SAMFETs by 

Smits et al.29,32  

The aimed compounds are asymmetric naphthalenediimide (NDI) and bis-

naphthalenediimide (BisNDI), functionalized with a trimethoxysilane (TMS) group to 

covalently bind on top of a thermal SiO2/Si substrate. The molecular structures depicted 

in Figure 1.8 are inspired by the design of Smits et al.32 The molecules contain an end-

capping group, a semiconducting core, an aliphatic spacer, and an anchoring group. The 

end-capping group determines the stability and the solubility of the molecule, the 

semiconducting core possesses the semiconducting properties and self-assembles via π-π 

stacking, the aliphatic spacer serves as a dielectric and gives the conformational freedom 

to self-assemble, and the anchoring group fixates the molecule on top of the substrate via 

covalent binding. In case of the NDIs, the end-capping group is a decyl chain, the 

semiconducting core a naphthalene unit, the aliphatic spacer an undecyl chain, and the 

anchoring group a trimethoxysilane. The BisNDI has the same composition, but instead of 
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having a single NDI core, two cores are present that are linked to each other with a propyl 

chain (see Figure 1.8). These asymmetric compounds were achieved via a multi-step 

synthesis. The synthesis consists of condensation reactions between primary amines and 

acid dianhydrides and a final hydrosilation reaction. The condensation reactions were 

performed using a microwave reactor. Microwave dielectric heating is efficient to 

synthesize asymmetrical NDI derivatives in a step-wise manner.49,50  

The approach of forming a SAM of (Bis)NDIs (illustration see Figure 1.9) starts with 

the treatment of the thermal SiO2/Si substrate. The treatment removes organic 

contaminations and hydroxylates the surface. Subsequently, the hydroxylated substrate 

will be immersed in an (Bis)NDI-TMS solution, in which a SAM will be grown on top of the 

substrate. An example of an aimed SAM is illustrated in Figure 1.9. In order to achieve a 

monolayer, different treatments and immersion solvents will be tested. The different 

treatment techniques are oxygen-plasma, UV-ozone, and acid piranha followed by oxygen-

plasma treatment. The investigated solvents are the good solvent chloroform and 

commonly used immersion solvents toluene and decalin.  

  

Figure 1.8: NDI derivative structures: C10-NDI-TMS (Left) and C10-BisNDI-TMS (Right) with 

the end-capping group in orange, the semiconducting core in blue, the aliphatic chain in 

green, and the anchoring group in red. 



Introduction 
 

15 

 

Figure 1.9: Example of an aimed self-assembled monolayer: C10-NDI SAM on top of a 

thermal SiO2/Si substrate (without cross-polymerization). 
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Chapter 2 

Synthesis of naphthalenediimide derivatives 
to form a self-assembled monolayer 

 

2.1 Introduction 

Recent studies presented by Ichikawa et al. and Dey et al. reported the fabrication 

of OFETs utilizing NDI based molecules. The semiconducting layer is an n-type thin film 

OFET with relatively high field effect electron mobility.1,2 Only a few n-type OFETs exist 

compared to the number of p-type OFETs, so it would be worthwhile to even fabricate an 

n-type OFET that has a semiconducting layer of only a molecular layer thick. To achieve 

this, MonoNDI molecules were functionalized with a silane group, namely 

trimethoxysilane (TMS). Also, BisNDI molecules were synthesized and functionalized with 

TMS to compare the effect of having two naphthalenediimide cores. The TMS group is able 

to covalently bind on top of a hydroxylated silicon dioxide layer of a silicon substrate and 

the NDI cores and alkyl chains pack, forming a self-assembled monolayer (SAM).3,4 

The NDI derivatives have the same molecular design as the self-assembling 

semiconducting molecules of Smits et al.5 Their molecules were built from an end-capping 

group, a semiconducting core, an aliphatic spacer, and an anchoring group. In our case, a 

decyl chain was used as an end-capping group, one or two NDI cores as semiconducting 

core, an undecyl chain as aliphatic chain, and a TMS group as anchoring group. When 

dissolved, the TMS group will be converted into silanol groups via hydrolysis with small 

traces of water in the organic solvent. When a hydroxylated silicon substrate is immersed 

in a solution of a TMS functionalized NDI derivative, strong Si-O-Si bonds will be formed 

on the surface.6 

In this chapter, the synthesis of the aimed NDI derivatives, namely C10-NDI-TMS and 

C10-BisNDI-TMS, will be described. The synthesis of naphthalenemonoimides (NMIs), 

naphthalenediimides (NDIs), and bisnaphthalenediimide (BisNDI) was performed via a 



Chapter 2 

20 

stepwise microwave-assisted protocol and was based on the reaction procedure of 

Berrocal et al.7 Microwave dielectric heating heats the reaction mixture more uniformly 

compared to conventional heating and shortens the reaction time.8 The end-capping group 

and aliphatic chain were bound to the naphthalene core by the condensation reaction 

between the anhydride group of the NDA core with a primary amine that has the 

corresponding alkyl group. To link two naphthalene cores with each other to form a BisNDI, 

a diamine was used that can condensate with two different NMIs in two steps. Tambara 

et al. investigated efficient microwave-assisted synthesis steps to perform the 

condensation reactions. They concluded that the reactions should be performed in two 

steps, namely first heating the reaction mixture at 75 °C followed by heating at 140 °C for 

a certain amount of time.9 The TMS group was implemented in the molecule during the 

last synthesis step via a hydrosilation reaction using Karstedt catalyst.10 The general and 

complete synthesis scheme are shown in synthesis scheme 2.1 and Appendix A1 

respectively. 

The progress in the synthesis of the NDI derivatives was followed via 1H-NMR. 

During the hydrosilation step, one or two droplets of Karstedt catalyst were added over 

time to the reaction mixture instead of a certain amount at once. This was done because 

isomerization is favored over hydrosilation when too much Karstedt catalyst is added at 

once to the reaction mixture. With 1H-NMR, the progress in the formation of 

C10-(Bis)NDI-TMS was followed to know when all substrates had reacted. In addition, 

13C-NMR and MALDI-TOF-MS were used to confirm the formation of the end products. 
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Synthesis scheme 2.1: General synthesis route towards the synthesis of C10-NDI-TMS and 

C10-BisNDI-TMS. 

2.2 Synthesis of NMIs (1 & 2) 

The first step in the synthesis of an NMI was the reaction between a primary amine, 

decylamine or 10-undecen-1-amine, and one of the two acid anhydride groups of NDA (see 

synthesis scheme 2.2). As a primary amine is a nucleophile and an acid anhydride is an 

electrophile, the amine will attack a carbonyl of the acid anhydride with its free electron 

pair and an amide and a carboxylic acid are formed. After the first nucleophilic attack, a 

second nucleophilic attack takes place. This is an intramolecular nucleophilic attack of the 

formed amide on the carbonyl of the formed carboxylic acid. This last step expels water 

and an imide is formed.9 The reaction was performed under a mild temperature of 75 °C 

and was heated for 10 minutes. Next, the reaction mixture was heated to 140 °C for 

another 10 minutes.  
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Synthesis scheme 2.2: Reaction of decylamine (Top) and 10-undecen-1-amine (Bottom) 

with naphthalenetetracarboxylic dianhydride in excess. 

Two heating steps were performed because direct heating at 140 °C would favor 

the formation of a symmetric NDI, which is unfavorable during the synthesis of NMIs. In 

the best case, all amines will have attacked the anhydride at 75 °C so that no NDI will be 

formed at 140 °C. Also, an excess (2.5 equivalents) of NDA was used to favor the formation 

of an NMI.  

The synthesis of 1 and 2 were confirmed with 1H-NMR (Figure 2.1 and 2.2 

respectively). For the NMR measurement, the compounds were dissolved in a mixture of 

deuterated chloroform with 4 vol% of trifluoroacetic acid (TFA). The peaks in the aromatic 

region of the 1H-NMR spectrum (Figure 2.3) can be assigned to three compounds. The two 

doublet peaks show that mainly ‘open’ NMI is present as reaction product. The ‘open’ NMI 

species has formed by the hydrolysis with hydroxide ions in an NaOH (1 M) solution during 

work up. The formed NMIs with dicarboxylates, however, are not reactive in the 

subsequent reaction step, which is the reaction between the NMI and a primary amine. 

For this reason, the dicarboxylates were protonated in a HCl (3 M) solution and results in 

the ‘open’ NMI species. These ‘open’ NMIs do react with amines and were used in the next 

reaction step to form an NDI. The singlet at 8.87 ppm is the signal of the ‘closed’ NMI, 

which is the anhydrous variant. An anhydride is thermodynamically more stable than a 
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diacid and consequently, the diacid condensates over time in solution to form an 

anhydride.11 Finally, the singlet at 8.83 ppm is the signal of symmetric NDI, which is a 

unfavorable byproduct that cannot react in the subsequent reaction step. In the case of 1 

(C10-NMI), 90 % of NDA has been converted into C10-NMI and in the case of 2 (C11,=-NMI), 

92 % of NDA has been converted into C11,=-NMI. 

 

 

 

  

Figure 2.1: 1H-NMR spectrum of C10-NMI in CDCl3 + 4 vol% TFA with the corresponding 

molecular structure. Protons were assigned by chemical shift (highlighted with colors).  
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Figure 2.2: 1H-NMR spectrum of C11,=-NMI in CDCl3 + 4 vol% TFA with the corresponding 

molecular structure. Protons were assigned by chemical shift (highlighted with colors).  

 

 

Figure 2.3: Signals in the aromatic region of 1H-NMR that shows the presence of ‘open’ 

and ‘closed’ NMI and NDI.  
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2.3 Synthesis of alkene functionalized C10-NDI and C10-BisNDI 

(3 & 7) 

After the synthesis of the NMIs, a second condensation reaction was performed. It 

was performed between a primary amine and an NMI. In this step, different amines were 

used in the synthesis route towards the alkene functionalized NDI 3 and BisNDI 7 (see 

synthesis scheme 2.3). In both cases, 1 equivalent of amine and 1 equivalent of NMI were 

dissolved in DMF/THF (1/1) and the microwave-assisted reaction was performed at 75 °C 

for 10 minutes followed by microwave dielectric heating at 140 °C for 30 minutes. First, 

the synthesis of alkene functionalized NDI 3 will be discussed. Afterwards, the synthesis of 

alkene functionalized BisNDI 7 will be discussed. 

 

Synthesis scheme 2.3: Reaction of C10-NMI towards NDI 3 (Top) and BisNDI 7 (Bottom). 
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Alkene functionalized NDI 3 (C10-NDI-C11,=) was formed by the condensation 

reaction of 10-undecen-1-amine with C10-NMI. The first step was heating the reaction 

mixture to a mild temperature of 75 °C followed by heating the reaction mixture to 140 °C 

for 30 minutes to form the imide. As a result, 3 was formed and only the last step, which 

is a hydrosilation reaction, had to be done. The yield however was quite low compared 

with literature.7 A reason could be that during the workup, not all NDI molecules have 

precipitated when poured in NaOH (1M) solution and that during Buchner filtration, some 

precipitate was lost in the filtrate. 

For the synthesis of the alkene functionalized BisNDI 7, the two NMIs discussed in 

section 2.2 had to be linked with each other. The linker is N-Boc-1,3-propanediamine. One 

amine is protected with a tert-butyloxycarbonyl (Boc) group to prevent the linkage of two 

similar NMIs. First, C10-NMI reacted with the diamine via a condensation reaction. The 

reaction was performed in the same way and with the same reasons as the synthesis of 

alkene functionalized NDI 3. The reaction product was 5 (C10-NDI-C3-NHBoc). Next, the 

amine was deprotected. This was done by dissolving 5 in a mixture of chloroform with 

10 vol% TFA and stirring the solution for 3h at room temperature. The deprotection 

progress was followed with 1H-NMR (see Figure 2.4) and when the tert-butyl signal of the 

Boc group was disappeared, the solvent was removed via vacuum distillation.  
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Figure 2.4: 1H-NMR spectrum of 5 (Top) and 6 (Bottom) in the range of 1.9 – 0.9 ppm. The 

deprotection progress of the protected amine of 5 was followed via 1H-NMR. The tert-

butyl signal at 1.45 ppm decreased until it was fully disappeared, which implied that 

deprotection had fully taken place. Also, the integration lowered approximately with 9, 

which is the number of the tert-butyl hydrogen atoms of the Boc group. 

After deprotection, the amine reacted with C11,=-NMI via a condensation reaction. 

The same conditions were used as in the previous NDI synthesis, but in this case also 10 

equivalents of triethylamine (TEA) was added to the reaction mixture. TEA was added 

because an NDI salt with TFA is not active to react with an NMI. Thus, by having 

deprotonated the protonated amine, the amine group of the NDI was active again and the 

condensation reaction took place. Eventually, the reaction product was the alkene 

functionalized C10-BisNDI (7). The yield was 12 % after purification with silica column 

chromatography. The reason for the low yield could be due to losses during the work up 

and after purification. 

The synthesis of 3 and 7 were confirmed with 1H-NMR and is shown in Figure 2.5. 

Both molecules are built up from NDI cores, but they show different multiplicity in the 

aromatic region of 1H-NMR spectrum. 3 has one NDI core and 7 has two NDI cores. The 

subtle asymmetry in 3 does not affect the aromatic signal multiplicity and a singlet is 
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present. However, when two NDI cores are linked with each other, an AB system is formed 

that affects the multiplicity of the aromatic signal.7 The aromatic protons close to the 

propyl spacer couple with the protons further away from the spacer and vice versa and 

give two doublets. However, because the resonance frequencies of the two chemically 

different types of protons have a small difference, an AB system is present. This results, 

with respect to the four peaks, in an increased signal intensity of the two inner peaks and 

a decreased signal intensity of the two outer peaks.  
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Figure 2.5: 1H-NMR spectrum of 3 (Top) and 7 (Bottom). Protons were assigned by 

chemical shift (highlighted with colors). 
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2.4 Synthesis of C10-NDI-TMS and C10-BisNDI-TMS (4 & 8) 

The last step in the synthesis of C10-NDI-TMS and C10-BisNDI-TMS was the 

hydrosilation of 3 and 7. The reaction took place between the alkene group of 3 and 7 and 

a hydrosilane, namely trimethoxysilane (HSi(OMe)3), in the presence of Karstedt catalyst. 

A mechanism has been proposed by Chalk and Harrod in 1965 (see Figure 2.6).10  

 

Figure 2.6: Platinum catalyzed hydrosilation cycle of an olefin according to Chalk 

and Harrod. The catalytic cycle starts with the oxidative addition of the Pt 0-species (I) into 

the hydrosilane, forming a platinum hydride species (II). Next, the platinum hydride 

species coordinates with the alkene and intermediate III is formed. After olefin 

coordination, 1,2-migratory insertion takes place. The terminal carbon binds with 

platinum and the hydride binds with the adjacent carbon, forming intermediate IV. 

Finally, via reductive elimination, the desired hydrosilated product (V) is expelled and the 

Pt0-species (I) recovers.10 

However, isomerization also occurs when the conditions are not optimal (see 

Figure 2.8). This was the case for the hydrosilation of both 3 and 7. The isomer conversion 

was derived from the signal in the olefin region of 1H-NMR at 5.40 ppm and it appeared 

that a high percentage of 42 % and 55 % isomer has formed from 3 and 7 respectively (see 

Figure 2.7).  
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Figure 2.7: A peak in the olefin region of 1H-NMR of 3 (Top) and 7 (Bottom) and a part of 

the structure of the isomer product with in red the new alkene bond. The peak at 

5.40 ppm corresponds to the olefin protons of the isomer and the (Bis)NDI’s olefin proton 

signals are absent. 

The isomerization rate is always the same, but the hydrosilation rate depends on 

the concentration of the olefin substance, hydrosilane concentration, temperature, and 

the amount of Karstedt catalyst added. When higher concentrations of the olefin 

compound and hydrosilane are used, Karstedt catalyst is added over time, and the reaction 

is performed at the right temperature, hydrosilation will be favored over isomerization 

during the entire reaction.  

  



Chapter 2 

32 

 

 

 

 

 

Figure 2.8: Cycle of platinum catalyzed hydrosilation (Left) and isomerization (Right). The 

platinum hydride species coordinated with two olefins is the species that can follow or 

the hydrosilation or the isomerization cycle. In contrast with hydrosilation, the hydride of 

the platinum hydride in the isomerization cycle will bind on the terminal  carbon and the 

platinum binds with the adjacent carbon. After migratory injection, the other adjacent 

hydride will bind with platinum, which forms a platinum hydride, and the isomer is 

expelled. 
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Synthesis scheme 2.4: Hydrosilation of alkene functionalized C8-NDI 9 in C8-NDI-TMS 11 

and alkene functionalized C8-BisNDI 10 in C8-BisNDI-TMS 12 with the improved reaction 

conditions in green. 

The improved conditions were applied to the hydrosilation of alkene functionalized 

C8-NDI (9) and C8-BisNDI (10) with an octyl end-capping group, which Andreas had in stock 

(see synthesis scheme 2.4). In this case, the olefin compound was dissolved with a small 

amount of dry DCM or dry chloroform, respectively for 9 and 10, 15 equivalents of 

HSi(OMe)3 instead of 10 equivalents was added, and the reaction mixture was heated to 

30°C instead of room temperature.  Each hour, one or two droplets of Karstedt catalyst 

were added to the mixture and the reaction progress was followed with 1H-HMR. The 

alkene signals of 9 and 10 around 5.80 ppm and 4.95 ppm (see Figure 2.9) decreased over 

time and the reaction finished when they were disappeared. It appeared that 
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isomerization reduced drastically to a percentage of only 4 % and 7 % for 11 and 12 

respectively (see Figure 2.10 and 2.11). 

 

Figure 2.9: Signals in the olefin region of 1H-NMR during hydrosilation. Signals around 

5.80 ppm (R-CH2-CH=CH2) and 4.95 ppm (R-CH2-CH=CH2) belong to the original terminal 

alkene group and decreases during the reaction. The signal at 5.40 ppm (R-CH=CH-CH3) 

belongs to the isomer and increases if isomerization happens instead of hydrosilation.  

 

 

Figure 2.10: 1H-NMR spectrum of end product C8-NDI-TMS (11) with the signal 

assignment of the isomer’s alkene. The trimethoxy signal at 3.57 ppm has a higher 

integration than 9 which could indicate that some condensation happened between 

trimethoxysilane molecules. Protons were assigned by chemical shift (highlighted with 

colors). 
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Figure 2.11: 1H-NMR spectrum of end product C8-BisNDI-TMS (12) with the signal 

assignment of the isomer’s alkene. Protons were assigned by chemical shift (highlighted 

with colors). 

2.5 Conclusion 

In this section, the synthesis of the NDI derivatives is explained. The reaction steps 

mainly consisted of condensation reactions between primary amines and acid 

dianhydrides that were performed using a microwave reactor. The last step of the 

synthesis was the hydrosilation of NDI and BisNDI.  

The condensation reactions were performed in a stepwise manner and with a 

microwave reactor, which heated the reaction mixtures via microwave dielectric heating. 

Each reaction step was first heated at 75 °C followed by microwave dielectric heating at 

140 °C.  
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The hydrosilation reaction was performed with HSi(OMe)3 and in the presence of 

Karstedt catalyst. The reaction had to be optimized because isomerization took place a lot, 

which is unfavorable. The optimized conditions were used with molecules that Andreas 

had in stock (9 and 10), which are almost the same as 3 and 7. The only difference is that 

these molecules have an octyl chain as end-capping group. The new conditions were a 

higher concentration of the (Bis)NDI, 15 equivalents of HSi(OMe)3, and heating at 30 °C. 

As a result, optimization increased the yield of 11 from 58 % to 97 % and the yield of 12 

from 45 % to 93 %. 

The NDI derivatives were characterized with 1H-NMR, 13C-NMR, MALDI-TOF-MS, 

and FT-IR (see Appendix B, C, and D). 
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2.7 Experimental section 

2.7.1 Materials 

All reagents were purchased from Sigma Aldrich or TCI and used as received. All 

solvents were purchased from Biosolve, dry DCM was obtained using MBraun solvent 

purification system (MB SPS-800), and dry chloroform was obtained by adding 4 Å dry 

molsieves to a new bottle of chloroform. Deuterated compounds were obtained from 

Cambridge Isotopes Laboratories. Reactions were followed by thin-layer chromatography 

(TLC) using 60-F254 silica gel plates from Merck. 

2.7.2 Methods 

Microwave-assisted reactions were performed using Biotage initiator+ microwave 

synthesizer. Automated column chromatography was performed on a Biotage Isolera One 

automated column using Biotage silica cartridges. NMR spectra were recorded using a 

Bruker UltraShield NMR spectrometer at 400 MHz for 1H and 100 MHz for 13C nuclei. 

Proton chemical shifts are reported in ppm (δ) downfield from tetramethylsilane using the 

resonance frequency of the deuterated solvent as the internal standard. Peak multiplicity 

abbreviated as s: singlet; d: doublet, q: quartet; p: pentet; m: multiplet; ddt: double double 

triplet; Carbon chemical shifts are reported in ppm (δ) downfield from tetramethylsilane 

using the resonance frequency of the deuterated solvent as the internal standard. Matrix 

assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) 

spectra were obtained on a Bruker Autoflex Speed. α-cyano-4-hydroxycinnamic acid 

(CHCA) and trans-2-[3-(4-tertbutylphenyl)-2-methyl-2-propenylidene]malononitrile 

(DCBT) were used as matrix. Calculated masses are based on the average isotopic mass 

calculated with ChemDraw Professional software. IR spectroscopy was performed using a 

PerkinElmer Spectrum Two FT-IR spectrometer in attenuated total-reflection (ATR) mode. 
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2.7.3 Synthetic procedures 

Synthesis of C10-NMI (1) 

Distributed over two 20 mL microwave reaction vessels equipped with magnetic 

stirring bars, decylamine (0.475 g, 2.805 mmol, 1 eq.) and naphthalenetetracarboxylic 

dianhydride (NDA) (2.025 g, 7.550 mmol, 2.7 eq.) were dispersed in 40 ml DMF. The 

mixture was sonicated until a homogeneous dispersion was achieved. Afterwards, the 

reaction was performed in a microwave reactor with the following temperature program: 

first heating for 10 min. at 75 ˚C followed by 10 min. at 140 ˚C. The resulting reaction 

mixture was poured in 210 mL NaOH (1 M) solution and cooled for some time in a fridge. 

Next, the precipitate was filtered via a Buchner filtration and added afterwards to 75 mL 

HCl (3M) solution. Again, the precipitate was filtered via a Buchner filtration and vacuum 

dried overnight, yielding 1 as an off-white solid (1.175 g, 2.762 mmol, 98%). 1H-NMR (400 

MHz, CDCl3/TFA (4 vol%)) 𝛿 8.79 (d, J = 7.6 Hz, 2H), 8.44 (d, J = 7.6 Hz, 2H), 4.21 (t, J = 7.7 

Hz, 2H), 1.73 (p, J = 8.1 Hz, 2H), 1.44 – 1.23 (m, 14H), 0.88 (t, J = 6.6 Hz, 3H). FT-IR (ATR) ν 

(cm-1) 3091, 2957, 2918, 2851, 1760, 1697, 1656, 1596, 1520, 1451, 1390, 1352, 1329, 

1277, 1240, 1223, 1173, 1090, 1075, 975, 942, 876, 831, 806, 766, 722, 687, 643, 593, 557, 

487, 431, 417. 

Synthesis of C11,= -NMI (2) 

In a 20 ml microwave vessel equipped with a magnetic stirring bar, 0.226 g of 1-

amino-10-undecene (1.332 mmol, 1 eq.) and 0.895 g of NDA (3.337 mmol, 2.5 eq.) were 

dispersed in 20 ml DMF. The mixture was then sonicated till a homogeneous dispersion 

was achieved. Afterwards, a microwave-assisted reaction was performed in a microwave 

reactor with a set temperature program of 10 min. at 75 ˚C followed by 10 min. at 140 ˚C. 

The reaction mixture was then poured into 150 mL NaOH (1 M) solution and this alkaline 

solution was acidified with HCl (3 M) solution until a cloud of precipitate appeared (74 mL, 

pH = 6). The formed precipitate was filtered via a Buchner filtration and vacuum dried 

overnight, yielding 2 as a light brown solid (0.351 g, 0.802 mmol, 60%). 1H-NMR (400 MHz, 

CDCl3/TFA (4 vol%)) 𝛿 8.80 (d, J = 7.6 Hz, 2H), 8.45 (d, J = 7.6 Hz, 2H), 5.82 (ddt, J = 17.0, 

10.2, 6.7 Hz, 1H), 5.03 – 4.90 (m, 2H), 4.21 (t, 2H), 2.04 (q, J = 7.1 Hz, 2H), 1.74 (p, J = 7.5 

Hz, 2H), 1.44 – 1.25 (m, 12H). FT-IR (ATR) ν (cm-1) 3076, 2923, 2852, 2324, 1699, 1652, 
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1592, 1578, 1517, 1465, 1443, 1378, 1340, 1298, 1259, 1234, 1222, 1167, 1088, 991, 953, 

905, 869, 827, 812, 802, 779, 752, 743, 723, 693, 653, 637, 597, 553, 485, 433, 408.  

Synthesis of alkene functionalized C10-NDI (3) 

Distributed over two 20 mL microwave reaction vessels equipped with magnetic 

stirring bars, 1.649 g of 1 (3.876 mmol, 1 eq.) and 0.716 g (4.229 mmol, 1.09 eq.) of 10-

undecen-1-amine were dispersed in 30 mL DMF/THF (1/1). The mixtures were sonicated 

till a homogeneous dispersion was achieved. The mixtures were then put in a microwave 

reactor with a set temperature program of 10 min. at 75 ˚C followed by 30 min. at 140 ˚C. 

After the reaction, the reaction mixture was poured into 150 mL of NaOH (1 M) solution. 

The formed precipitate was then filtered via a Buchner filtration, washed with water, and 

vacuum dried overnight. The crude was purified twice via automated silica column 

chromatography (1: heptane/chloroform (40/60) → chloroform; 2: heptane/DCM (40/60) 

→ DCM). According to 1H-NMR spectrometry, two separated fractions of pure products 

were achieved. One yielded a pink-white solid (0.611 g, 1.093 mmol, 28 %) and the other 

a pink-red solid (0.630 g, 1.127 mmol, 29 %). The color probably comes from a very small 

amount of a red impurity. 1H-NMR (400 MHz, CDCl3) 𝛿 8.76 (s, 4H), 5.80 (ddt, J = 16.9, 10.1, 

6.6 Hz, 1H), 5.03 – 4.89 (m, 2H), 4.19 (t, J = 7.7 Hz, 4H), 2.03 (q, J = 7.0 Hz, 2H), 1.74 (p, J = 

7.6 Hz, 4H), 1.47 – 1.21 (m, 26H), 0.87 (t, J = 6.6 Hz, 3H). FT-IR (ATR) ν (cm-1) 2952, 2921, 

2849, 1704, 1655, 1581, 1466, 1454, 1374, 1332, 1258, 1243, 1220, 1199, 1177, 1154, 

1083, 991, 978, 965, 908, 889, 807, 768, 722, 608, 566, 439, 405.  

Synthesis of C10-NDI-TMS (4) 

In a 50 mL oven-dried round-bottomed Schlenk flask, 0.404 g of 3 (0.723 mmol, 

1 eq.) was dissolved under inert atmosphere in 25 mL dry DCM. To this solution, 0.9 mL of 

HSi(OMe)3 (7.071 mmol, 9.8 eq.) and nine droplets of Karstedt catalyst were added and 

the reaction mixture was stirred at room temperature. An important note is that the nine 

Karstedt catalyst droplets were not added at once, but it is the total sum of drops that has 

been added. Each hour after adding one or two droplets, an 1H-NMR spectrum was taken 

to follow the conversion from reactant to product. When the conversion had not fully 

taken place, which can be concluded from the presence of reactant alkene signals, extra 

drops were added. After a complete conversion, the solvent and excess HSi(OMe)3 were 

removed via vacuum distillation at 30 ˚C. The conversion yielded a brown solid that 
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contained 58% of C10-NDI-TMS (4). These conditions were not favorable for hydrosilation 

since a lot of isomers were formed. However, in the case of 11, the optimized conditions 

were used and isomerization was reduced. The conditions used to synthesize 11 are thus 

also recommended for the use in the synthesis of 4. 1H-NMR (400 MHz, CDCl3) 𝛿 8.76 (s, 

4H), 4.19 (t, J = 7.7 Hz, 4H), 3.69 – 3.46 (m, 9H), 1.74 (p, J = 7.7 Hz, 4H), 1.47 – 1.23 (m, 

30H), 0.87 (t, J = 6.7 Hz, 3H), 0.67 – 0.62 (m, 2H). 13C-NMR (100 MHz, CDCl3) 𝛿 162.86, 

130.94, 126.72, 126.66, 50.50, 41.01, 31.88, 29.55, 29.53, 29.33, 29.30, 28.10, 27.10, 

22.68, 14.12. Mass found 649.39 m/z (calculated [M-OMe]+ 649.37 m/z). FT-IR (ATR) ν 

(cm-1) 2956, 2922, 2849, 1706, 1655, 1581, 1455, 1375, 1336, 1244, 1154, 1081, 964, 889, 

806, 768, 722, 608, 566, 439, 411. 

Synthesis of C10-NDI-C3-NHBoc (5) 

Distributed over two 20 mL microwave reaction vessels equipped with magnetic 

stirring bars, 0.430 g of N-Boc-1,3-propanediamine (2.468 mmol, 1 eq.) and 0.956 g of 1 

(2.467 mmol, 1 eq.) were dissolved in 40 mL DMF/THF (1/1). The mixtures were sonicated 

till a homogeneous solution was achieved. The mixtures were then put in a microwave 

reactor with a set temperature program of 10 min. at 75 ˚C followed by 30 min. at 140 ˚C. 

The reaction mixture was then poured into 100 mL of NaOH (1 M) solution and cooled for 

some time in a fridge. The formed precipitate was then filtered via a Buchner filtration, 

washed with water, and vacuum dried overnight. The crude was purified via automated 

silica column chromatography (CHCl3 → CHCl3/MeOH (97/3 vol%)) and yielded a white solid 

(1.168 g, 2.072 mmol, 92%). 1H-NMR (400 MHz, CDCl3) 𝛿 8.76 (s, 4H), 5.09 (s, 1H), 4.29 (t, 

J = 6.7 Hz, 2H), 4.19 (t, J = 7.5 Hz, 2H), 3.19 (q, J = 6.2 Hz, 2H), 1.96 (p, J = 6.6 Hz, 2H), 1.74 

(p, J = 7.6 Hz, 2H), 1.45 (s, 9H), 1.44 – 1.22 (m, 14H), 0.87 (t, J = 6.6 Hz, 3H). 

Synthesis of alkene functionalized C10-BisNDI (7) 

The first step was the deprotection of 5. This was done by dissolving 5 (0.154 mg, 

0.273 mmol, 1 eq.) in 10 mL CHCl3/TFA (10 vol%) in a round bottomed flask and stirring it 

for 3 hours at room temperature. Via vacuum distillation, TFA and solvent were removed. 

The remaining solid (6) was then dissolved in 10 mL DMF/THF (1/1) and transferred into a 

20 mL microwave vessel, which was equipped with a magnetic stirring bar. To the solution, 

10 eq. (0.38 mL, 2.726 mmol) of triethylamine and 1 eq. (0.119 g, 0.272 mmol) of 2 were 

added. The mixture was then sonicated till a homogeneous dispersion was achieved. Next, 
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the mixture was put in a microwave reactor and the following temperature program was 

set: first heating at 75 ˚C for 10 min. followed by heating at 140 ˚C for 30  min. The reaction 

mixture was then poured into 70 mL of NaOH (1 M) solution and cooled for some time in 

a fridge. The formed precipitate was then filtered via a Buchner filtration, washed with 

water, and vacuum dried overnight. The crude was purified twice via automated silica 

column chromatography (1: Ethyl acetate → CHCl3/MeOH (99/1) → CHCl3/MeOH (90/10); 

2: DCM → DCM/ethyl acetate (50/50) → ethyl acetate) and yielded a white solid (0.019 g, 

0.022 mmol, 2 %). 1H-NMR (400 MHz, CDCl3) 𝛿 8.72 (q, J = 7.6 Hz, 8H), 5.80 (ddt, J = 16.9, 

10.0, 6.7 Hz, 1H), 5.03 – 4.89 (m, 2H), 4.37 (t, J = 7.2 Hz, 4H), 4.19 (t, J = 7.7 Hz, 4H), 2.28 

(p, J = 7.2 Hz, 2H), 2.03 (q, J = 7.0 Hz, 2H), 1.74 (p, J = 7.3 Hz, 4H), 1.49 – 1.19 (m, 26H), 

0.87 (t, J = 6.7 Hz, 3H). 

Synthesis of C10-BisNDI-TMS (8) 

In a 25 mL oven-dried round-bottomed Schlenk flask, 0.017 g of 7 (0.020 mmol, 

1 eq.) was dissolved under inert atmosphere in 5 mL dry chloroform. To this solution, 

~ 0.033 mL of HSi(OMe)3 (~ 0.259 mmol, ~ 13 eq.) and two droplets of Karstedt catalyst were 

added and the reaction mixture was stirred at room temperature. After a complete 

conversion was shown with 1H-NMR, i.e. no reactant alkene signals present, the solvent 

and excess HSi(OMe)3 were removed via vacuum distillation. The conversion yielded a light 

green solid that contains 45 % of C10-BisNDI-TMS (8). These conditions were not favorable 

for hydrosilation since a lot of isomers were formed. However, in the case of 12, the 

optimized conditions were used and isomerization was reduced. The conditions used to 

synthesize 12 are thus also recommended for the use in the synthesis of 8. 1H-NMR 

(400 MHz, CDCl3) 𝛿 8.74 (d, J = 7.6 Hz, 4H), 8.71 (d, J = 7.6 Hz, 4H) 4.37 (t, J = 7.2 Hz, 4H), 

4.19 (t, J = 7.6 Hz, 4H), 3.62 – 3.54 (m, 9H), 2.28 (p, J = 7.1 Hz, 2H), 1.74 (p, J = 7.5 Hz, 4H), 

1.48 – 1.20 (m, 28H), 0.87 (t, J = 7.1 Hz, 3H), 0.68 – 0.61 (m, 2H).  

Synthesis of C8-NDI-TMS (11) 

In a 25 mL round-bottomed Schlenk flask, dried with a Bunsen burner with an 

orange flame, 0.135 g of 9 (0.255 mmol, 1 eq.) was dissolved under inert atmosphere in 

6.4 mL dry DCM. To this solution, 0.49 mL of HSi(OMe)3 (3.825 mmol, 15 eq.) and 5 droplets 

of Karstedt catalyst were added and the reaction mixture was stirred at 30 °C. An 

important note is that the 5 Karstedt catalyst droplets were not added at once, but it is 
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the total sum of drops that has been added. Each hour after adding one or two droplets , 

an 1H-NMR spectrum was taken to follow the conversion from reactant to product. When 

the conversion had not fully taken place, which can be concluded from the presence of 

reactant alkene signals, extra drops were added. After a complete conversion was shown 

with 1H-NMR, i.e. no reactant alkene signals present, the solvent and excess HSi(OMe) 3 

were removed via vacuum distillation at 30 °C.  The conversion yielded a brown solid that 

contains 96 % of C8-NDI-TMS (11). 1H-NMR (400 MHz, CDCl3) 𝛿 8.76 (s, 4H), 4.19 (t, J = 7.7 

Hz, 4H), 3.64 – 3.53 (m, 9H), 1.74 (p, J = 7.7 Hz, 4H), 1.47 – 1.23 (m, 26H), 0.88 (t, J = 6.7 

Hz, 3H), 0.66 – 0.62 (m, 2H). 13C-NMR (100 MHz, CDCl3) 𝛿  162.84, 130.93, 126.71, 126.65, 

50.50, 41.01, 33.15, 31.80, 29.59, 29.51, 29.48, 29.33, 29.29, 29.24, 29.19, 28.10, 27.10, 

22.64, 22.60, 14.09, 9.15. Mass found 652.33 m/z (calculated [M]- 652.35 m/z). FT-IR (ATR) 

ν (cm-1) 2923, 2849, 1706, 1655, 1582, 1455, 1376, 1336, 1284, 1242, 1191, 1154, 1080, 

973, 889, 806, 768, 723, 608, 566, 439, 415. 

Synthesis of C8-BisNDI-TMS (12) 

In a 25 mL round-bottomed Schlenk flask, dried with a Bunsen burner with an 

orange flame, 0.202 g of 10 (0.241 mmol, 1 eq.) was dissolved under inert atmosphere in 

5 mL dry chloroform. To this solution, 5 mL of HSi(OMe)3 (3.614 mmol, 15 eq.) and 9 

droplets of Karstedt catalyst were added and the reaction mixture was stirred at 30 °C. An 

important note is that the 9 Karstedt catalyst droplets were not added at once, but it is 

the total sum of drops that has been added. Each hour after adding one or two droplets, 

an 1H-NMR spectrum was taken to follow the conversion from reactant to product. When 

the conversion had not fully taken place, which can be concluded from the presence of 

reactant alkene signals, extra drops were added. After a complete conversion was shown 

with 1H-NMR, i.e. no reactant alkene signals present, the solvent and excess HSi(OMe) 3 

were removed via vacuum distillation at 30 °C. The conversion yielded a brown solid that 

contains 93 % of C8-BisNDI-TMS (12). 1H-NMR (400 MHz, CDCl3) 𝛿 8.73 (q, J = 7.6 Hz, 8H), 

4.38 (t, J = 7.1 Hz, 4H), 4.19 (t, J = 7.7 Hz, 4H), 3.56 (s, 9H), 2.28 (p, J = 7.2 Hz, 2H), 1.73 

(p, J = 7.3 Hz, 4H), 1.47 – 1.21 (m, 26H), 0.88 (t, 3H), 0.67 – 0.61 (m, 2H). 13C-NMR (100 

MHz, CDCl3) 𝛿 162.92, 162.77, 131.02, 130.91, 126.80, 126.43, 50.50, 41.04, 38.67, 31.81, 

29.60, 29.51, 29.49, 29.33, 29.29, 29.25, 29.20, 28.10, 27.10, 26.90, 22.64, 22.61, 14.10, 

9.15. Mass found 927.42 m/z (calculated [M-OMe]+ 927.40 m/z). FT-IR (ATR) ν (cm-1) 3079, 
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2924, 2852, 1704, 1658, 1581, 1455, 1378, 1342, 1248, 1220, 1193, 1153, 1082, 1058, 967, 

891, 808, 769, 723, 612, 563. 

 

 





 

 





 

 

Chapter 3 

Self-assembled monolayer formation and 

characterization 

3.1 Introduction 

Since the invention of the transistor, silicon is used to fabricate such a device. 1,2 

Different regions of silicon are doped to give the device its semiconducting properties in 

inorganic FETs, but its organic counterpart, i.e. an OFET, uses a thin layer of organic 

semiconducting molecules. 3-5 An OFET can be made more sophisticated by reducing the 

semiconducting layer thickness to a monolayer with the use of self-assembling molecules. 

These OFETs are called self-assembled monolayer field effect transistors (SAMFETs).6 

SAMFETs have lower fabrication costs than inorganic FETs7, they can be used for large area 

flexible electronics7, they find application in highly sensitive sensing devices6, and they 

could pave a way to further downscale the transistor sizes for processing devices 8,9. 

The self-assembled monolayer (SAM) of a SAMFET can be grown from the vapor 

phase or in solution.10  This project uses the solution processed technique and 

characterizes the SAM formation with static water contact angle (CA) measurements to 

prove surface functionality, optical microscopy to control surface homogeneity, atomic 

force microscopy (AFM) to check surface functionalization and layer thickness, and 

ellipsometry to confirm the found layer thickness. As it has been achieved to fabricate an 

n-type OFET with NDIs11,12, NDI derivatives were used in this project that were 

functionalized with a silane, i.e. trimethoxysilane (TMS). The design is discussed in chapter 

one and the synthesis in chapter two. In the end of chapter two, three NDI derivatives 

were synthesized in an amount that was enough to investigate the formation of a SAM, 

namely C10-NDI-TMS (4), C8-NDI-TMS (11), and C8-BisNDI-TMS (12).  

In this chapter, the growth of a SAM on a p-type silicon substrate with a native 

oxide layer (native SiO2/Si) or on a thermally grown silicon dioxide layer in the top layer of 
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a p-type silicon substrate (thermal SiO2/Si). The second can be used as model system that 

can directly be translated into the fabrication of a transistor when conditions are found 

that are suitable to form a smooth SAM. The investigated conditions are the starting 

cleanliness of the substrate after removal of organic residues, the substrate 

cleaning/hydroxylating technique, the use of immersion solvent, immersion time, cleaning 

technique, and temperature. At the end of the chapter, a solution study with 29Si-NMR is 

also discussed to investigate the reactivity of the trimethoxysilane (TMS) group with silanol 

groups. 

3.2 Bare native & thermal SiO2/Si substrates 

3.2.1 General procedures for substrate cleaning, modification, and 

characterization as well as data processing 

The first step of making a SAM was solvent cleaning a native SiO2/Si substrate or a 

thermal SiO2/Si substrate to remove organic residues. The solvent cleaning procedure for 

native SiO2/Si was sonication in ethanol for fifteen minutes and for thermal SiO2/Si 

sonication in acetone for ten minutes followed by sonication in isopropanol for another 

ten minutes. The second step was the removal of the remaining organic residues on top of 

the substrates by exposing the substrates to air-plasma, oxygen-plasma, UV/ozone, or acid 

piranha followed by an extra exposure to oxygen-plasma. In the case of a native SiO2/Si 

substrate, a silicon dioxide layer was also grown in the top layer of the substrate. 

Therefore, a SAM will always be grown on top of a silicon dioxide layer for both a native 

SiO2/Si substrate and a thermal SiO2/Si substrate. Furthermore, during these treatments, 

silanol groups were formed on top of the substrate’s surface, which is needed to 

functionalize the surface with NDI derivatives containing silanes. The four different 

treatment techniques were examined with AFM to get information about the cleanliness 

of the substrates after a day being exposed to air inside a petri dish and after a day being 

immersed in filtered toluene followed by blow-drying with a nitrogen stream. The surface 

cleanliness has also been examined directly after oxygen-plasma treatment. 
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Scanning probe measurements, i.e. AFM, gives the possibility to visualize the 

features’ height down to the nanometer scale. As the NDI derivatives will self -assemble 

into nanoscale structures, AFM is a useful technique to visualize these features. To prevent 

that big particles would dominate the height image’s signal intensities, i.e. a dark 

background with some large or small white spots, the tails of the image’s height 

distribution are cut off automatically via the corresponding function in the program 

(Gwyddion), so that the image’s signal intensities are dominated by a height range that 

ranges around the most appearing height. For this reason, the height scale at the right side 

of certain AFM images does not range between 0 and the image’s maximum height but 

ranges between the minimal and maximal value of the newly selected range. An example 

is displayed in Figure 3.1. 

 

  

Figure 3.1: An example of AFM image manipulation via the height distribution’s tail 

cutting function (icon above grey arrow) in order to visualize the essential background 

instead of one spot of contamination. The left image is dominated by one particle of 50.2 

nm high. When the height distribution’s tails are cut of, the right image is achieved and is 

dominated by the small features, namely heights between 0.3 and 4.5 nm (see area in the 

distribution under the grey arrow). This adapted visualization shows the features present 

on the substrate, especially the stripes, more clearly. 
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3.2.2 Characterization of bare silicon substrates 

Atomic force microscopy 

Before the formation of a SAM on top of a hydroxylated silicon dioxide surface can 

be performed, we have to be certain that the substrates are clean after treatment. This 

should be known because dirt prevents the (Bis)NDI’s silane groups from coming in contact 

with the surface silanol groups and without covalent linking, no SAM can be formed. The 

first case that was examined is the cleanliness of a surface when it is directly measured 

after oxygen-plasma treatment (see Figure 3.2). This gives us insight about the bare 

substrate’s features that are visualized. In addition, we could also get an impression on 

how a contaminated scanning probe tip would affect the image and be a potential source 

of error in the coming AFM images.  

   

Figure 3.2: AFM images (20 x 20 µm2 (Left) & 2 x 2 µm2(Right)) of a thermal SiO2/Si 

substrate made directly after solvent cleaning and treatment with oxygen-plasma for 10 

minutes. 

It appears that the surface is quite clean. An AFM image has only been made of 

oxygen-plasma treatment because it can be expected that the other treatment techniques 

would also give a clean substrate. There are a little number of white spots present that 

could have come from contamination from the air during transportation to the AFM 

machine and during the fixation of the substrate on a magnetic disk, which is needed to 

perform an AFM measurement. Furthermore, the 2 x 2 µm2 image shows circular features 

coming from the surface roughness of the silicon dioxide surface. These images provide an 
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idea of how the background would look like if the substrates are not or partially covered 

with molecules. 

Next, air contamination was investigated. Four thermal SiO2/Si substrates were first 

cleaned by sonication in acetone and isopropanol and each followed by exposure to 

another treatment, which are 10 minutes to air-plasma, 10 minutes to oxygen-plasma, 

30 minutes to UV/Ozone, and 25 minutes immersion in acid piranha followed by 2 minutes 

exposure to oxygen-plasma. After treatment, these substrates were put inside a petri dish 

for one day. After being exposed to air for a day, AFM images were recorded, which are 

shown in the Figure 3.3. 

 25’ Acid piranha + 2’ O2/Plasma 10’ O2/Plasma 

 
 30’ UV/O3 10’ Air/Plasma 

 

Figure 3.3: AFM images of thermal SiO2/Si substrates that were exposed to air inside a 

petri dish with their corresponding treatment technique. Each technique has an image 

with a scanned area of 20 x 20 µm2 and 2 x 2 µm2, except for UV/O3 that has a second 

scanned area of 1 x 1 µm2. In the case of air-plasma, multiple spots with the same 

structure are present that were the result of a contaminated scanning probe tip.  

The additional white spots clearly indicate that the air contaminates the substrates. 

This cannot be prevented as the substrates are not handled in clean rooms. For this reason, 

it is really important to minimize the exposure time to air, so that the whole area of the 

substrate is available to react with the self-assembling molecules. In addition, when a SAM 

is made, AFM imaging should be performed right after the substrates are taken out of the 
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(Bis)NDI-TMS solution and cleaned from physisorbed molecules to prevent contaminations 

from being mistaken as (Bis)NDI particles.  

To end this section about the investigation of the cleanliness of the substrates, the 

case of the contribution of filtered toluene solvent to the contamination on a hydroxylated 

surface is discussed. Two thermal SiO2/Si substrates were cleaned by sonication in acetone 

and isopropanol for ten minutes, followed by ten minutes exposure to oxygen-plasma or 

immersion in acid piranha for twenty-five minutes followed by two minutes exposure to 

oxygen-plasma. After treatment, the substrates were directly immersed in filtered 

toluene, each in another vial. After one day, the substrates were taken out of the vial, 

blow-dried with a nitrogen stream, and directly scanned with AFM (see Figure 3.4). 

 25’ Acid piranha + 2’ O2/Plasma 10’ O2/Plasma 

 

Figure 3.4: AFM images (Left = 20 x 20 µm2, Right = 2 x 2 µm2) of thermal SiO2/Si 

substrates with their corresponding treatment technique. After treatment, the substrates 

were immersed for a day in filtered toluene and blow-dried afterwards. 

The above images show that filtered toluene does not contribute to the 

contamination of the substrates. Although these images show absence of contaminations, 

it is important to note that blow-drying with a nitrogen stream should be done with care. 

As is shown in Figure 3.5, tweezers could contaminate the substrates. In this example, the 

tweezers were put on top of the substrates to fixate them while blow-drying on top of the 

substrate. The nitrogen stream did not only dry the substrate, but also blew partic les from 

the tweezers on top of the substrate. This resulted in randomly distributed spots over the 

substrate. 
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Figure 3.5: AFM images (20 x 20 µm2) of treated native SiO2/Si surfaces. The substrates 

were immersed overnight in filtered toluene followed by rinsing with filtered chloroform 

and blow-dried with a nitrogen stream on top of the substrate while fixating the 

substrate with tweezers on top of it. 

Static water contact angle of hydroxylated and bare substrates 

Static water contact angle (CA) measurements were performed to investigate the 

change in surface properties when a substrate was immersed in a solution of (Bis)NDI-TMS 

molecules. During CA measurements, a droplet of MilliQ water is put on top of the 

substrate. Directly afterwards, via a computer program, the contact angle between the 

surface and the droplet is measured. Each CA measurement were done in duplicate for 

each measured condition, i.e. two substrates underwent the same steps and an average 

with its standard deviation was calculated from the measured results. 

Before investigating the case of a functionalized surface, the values of a bare 

substrate should be known to compare the change in CA. CA measurements were made of 

native SiO2/Si substrates after air-plasma and UV-ozone treatment. This was done to prove 

that the surface is hydroxylated after treatment. A hydroxylated surface is highly 

hydrophilic, so a water droplet will be spread out over the surface to cover the substrate 

as much as possible and a CA close zero degrees should be reached.  
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Figure 3.6: Images from static water contact angle measurements. The water droplet has 

fully spread over the surface after 5’ UV-ozone treatment (Left) and 2’ air-plasma 

treatment (Right), indicating hydroxylated surfaces. 

Figure 3.6 shows two images that were taken after putting a water droplet on top 

of the treated surface. The left image is a silicon substrate that has been exposed to 

UV-ozone for five minutes and the right image is a silicon substrate that has been exposed 

to air-plasma for two minutes. No droplet is visible on the images because the droplet has 

fully spread out over the surface, maximizing the contact between water and the 

substrate’s surface, in other words minimizing the CA. The result concludes that the 

surfaces were highly hydrophilic, indicating a high number of surface silanol groups. The 

same can be concluded when the surfaces were treated with oxygen-plasma as 

oxygen-plasma has a strong oxidizing power.  

Next, the CA of bare native SiO2/Si and thermal SiO2/Si substrates were measured 

after being cleaned, treated, and immersed in a solvent. This is a proper reference for the 

case when the same steps are performed but including an NDI derivative in the solution. 

The deviation in CA can then be assigned to the presence of NDI derivatives. The CA of the 

bare substrate was obtained by preparing multiple substrates with different conditions. 

An average CA of a native SiO2/Si substrate was obtained from three different conditions. 

All three conditions started with sonication of the substrates in ethanol for fifteen 

minutes. Then two native SiO2/Si substrates were exposed to air-plasma for two minutes 

and two other native SiO2/Si substrates were immersed in acid piranha followed by 

exposure to oxygen-plasma for five minutes. After air-plasma treatment, one substrate 

was immersed in toluene and the other in chloroform for two hours, followed by rinsing 

with chloroform or toluene respectively. Furthermore, the substrates after the 

oxygen-plasma treatment were both immersed in toluene for nineteen hours, followed by 
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sonication in chloroform for fifteen minutes. The obtained average and corresponding 

standard deviation are equal to 40 ± 5 °. In the case of thermal SiO2/Si, one substrate was 

measured. The condition was exposing the substrate to oxygen-plasma for five minutes 

followed by immersion in filtered chloroform. The solvent was then heated for one and a 

half hour at 60 °C. After immersion, the substrate was sonicated in filtered chloroform for 

fifteen minutes. The obtained CA for this case is equal to 51 ± 0 °. In Figure 3.7, two 

examples are shown. For the best comparison, each functionalization experiment should 

have had a substrate that has been exposed to the same conditions but immersed in a 

blank solution. However, it is not expected that big CA deviations should be present 

between experiments of substrates that have been immersed in a blank solution and 

exposed to different conditions, because each experiment would result in a cleaned silicon 

dioxide surface. Thus, the average CA of a few experiments with a blank solution would be 

sufficient to make a comparison with the CA of functionalized substrates. 

   

Figure 3.7: Static water CA images of bare native SiO2/Si (Left) and bare thermal 

SiO2/Si (Right). The native SiO2/Si substrate has been treated with acid piranha for 15’ 

followed by exposure to oxygen-plasma for 5’, immersed in toluene for 19h, and 

sonicated in chloroform for 15’. The thermal SiO2/Si substrate has been exposed to 

oxygen-plasma for 5’, immersed in filtered chloroform at 60 °C for 1.5h, and sonicated in 

filtered chloroform for 15’. An average was obtained of 40 ± 5 ° in the case of bare native 

SiO2/Si and 51 ± 0 ° in the case of bare thermal SiO2/Si. 

Ellipsometry 

Ellipsometry measurements have been performed on native SiO2/Si and thermal 

SiO2/Si substrates, before and after hydroxylation. In the case of native SiO2/Si, the silicon 

dioxide layer thickness could have grown during cleaning and hydroxylation treatment, 

however, the growth is minimal or does not happen with the applied conditions and 

treatment time. This was confirmed by ellipsometry. The measured silicon dioxide layer 

thickness of a native SiO2/Si substrate, which has been cleaned with solvent and exposed 
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to oxygen-plasma for ten minutes, had a value of 2.9 nm, which lies in the range of native 

silicon dioxide thicknesses.13,14 However, in the case of thermal SiO2/Si, the silicon dioxide 

layer of 300 nm is too thick to oxidize the underlaying silicon substrate during treatment. 

The constant layer thickness was confirmed by the measurement of a thermal SiO2/Si 

substrate cleaned by solvent and treated by oxygen-plasma for ten minutes. This substrate 

had a silicon dioxide layer of 301 nm. In addition, the comparison with a thermal SiO 2/Si 

substrate that has only been cleaned with solvent showed the importance of cleaning the 

substrate’s surface with a more profound cleaning technique. The solvent cleaned thermal 

SiO2/Si had a measured thickness of 312 nm. The greater deviation in thickness is the result 

of the presence of organic residues that were not removed during solvent cleaning.  

In the next ellipsometry section, the results of the layer thickness of a SAM will be 

discussed. Native SiO2/Si and thermal SiO2/Si substrates were treated and functionalized 

with C10-NDI-TMS (4) and C8-NDI-TMS (11), respectively, and the functionalized substrates 

were measured with ellipsometry. To be able to deduce the SAM’s layer thickness, a model 

had to be made that consisted of three layers, namely a silicon, a silicon dioxide, and an 

organic layer which had been given a certain thickness. The model spectrum should then 

match the measured spectrum of the functionalized substrate. To assign a thickness to the 

silicon dioxide and organic layer, separate measurements had to be made. First, the silicon 

dioxide layer of the cleaned and hydroxylated substrates was measured. The resulting 

thickness could then be used to make a model of the functionalized substrate. After 

measuring a treated substrate, a functionalized substrate was measured.  After the 

measurement, a model was made with the known silicon dioxide layer thickness and the 

organic layer thickness could be changed so that the computed result matched the 

measured result. If the two spectra overlapped, then the modelled organic layer thickness 

corresponded to the real SAM thickness. 

3.3 Self-assembled monolayers of NDI derivatives 

3.3.1 General procedure to form and characterize a SAM 

After concluding that we were able to start with a clean substrate when the 

substrate had been directly immersed into a solution, the steps to form a SAM can be 
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continued. The third step in the formation of a SAM was the immersion of the activated 

substrates in a 1 mg/mL (Bis)NDI-TMS solution. During immersion, the methoxy groups of 

the silane were expected to be hydrolyzed by the little amount of water that is present in 

the organic solvent. The hydrolysis was expected to result in silanol groups that can 

condensate with the substrate’s silanol groups to covalently attach the (Bis)NDI molecules 

on top of the substrate’s surface. The result is the formation of a self-assembled 

monolayer. Via contact angle measurements, surface functionalization is proven. Again, 

these experiments were done in duplicate. By putting a water droplet on top of the 

surface, a certain contact angle will be formed between the surface and the water droplet. 

A higher contact angle indicates a more hydrophobic surface, i.e. a higher (Bis)NDI 

coverage. Surface homogeneity was investigated with optical microscopy. If aggregates 

were already visible, no smooth monolayer would have formed. If the surface looked 

clean, AFM images were made to check if a homogeneous surface was present at lower 

length scales and if a monolayer had formed. The last can be deduced by measuring the 

height difference between the substrate’s surface and the (Bis)NDI layer and comparing it 

with the length of the (Bis)NDI molecule. At last, spectroscopic ellipsometry was another 

technique that has been performed to check the SAM’s layer thickness.  

3.3.2 SAM characterization 

Screening experiments assessed by contact angle 

The first technique that was used to optimize the conditions for SAM formation is 

static water contact angle measurement. It is a fast experiment and can be performed 

easily. For this optimization process, C10-NDI-TMS (4) has been used. The technique 

provides a fast indication of the surface coverage by C10-NDI-TMS when comparing 

different conditions with each other. However, it cannot be concluded from the CA results 

that the molecules are assembled into a SAM. To prove that a SAM has formed, other 

characterization techniques should be applied, such as AFM and ellipsometry. Although 

isomer was present, Smits et al. suggest that the isomers do not inhibit the formation of a 

SAM.9 The conditions that were investigated are the cleaning/hydroxylation technique, 

immersion solvent, immersion time, and cleaning method. To compare different cases of 

a certain condition, all other conditions were kept the same when comparing. This is 
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necessary to ensure that a change in CA was only the result of the investigated condition. 

The first three conditions were changed in such a manner that the CA increased, which 

indicates a more hydrophobic surface and thus a higher NDI surface coverage. In contrast, 

the cleaning method should decrease the CA because the decrease indicates that 

physisorbed molecules were removed. Each optimized condition that was found was used 

in the experiment that followed. The CA results that are discussed below are in all cases 

higher than the CA of bare native SiO2/Si, indicating that a SAM could have formed and 

comparisons between conditions were made correctly. 

First, two different solvents were compared with each other in which C10-NDI-TMS 

was dissolved, namely chloroform and toluene. Chloroform is a good solvent for 

C10-NDI-TMS and toluene is used in many literature reports because of its ability to form 

an azeotrope with water.15,16 The CA results are 75 ± 4 ° for chloroform and 78 ± 2 ° for 

toluene as immersion solvent (examples see Figure 3.8). It can be concluded that toluene 

is a better immersion solvent, although it dissolves C10-NDI-TMS worse than chloroform. 

The difference in solubility was concluded with CA measurements since rinsing with 

toluene gave higher CAs with respect to rinsing with chloroform because less physisorbed 

aggregates were removed and with AFM it was seen that rinsing with filtered toluene 

would leave more and bigger aggregates on top of the substrate than in the case of rinsing 

with chloroform. 

 

   

Figure 3.8: Picture of a droplet, from the CA experiment, on top of a native SiO2/Si 

substrate that has been immersed in a chloroform solution (Left) and toluene solution 

(Right) of C10-NDI-TMS. The native SiO2/Si substrates have been exposed to air-plasma for 

2’ and after 2h of immersion, the substrates have been cleaned via sonication in 

chloroform for 15’. An average was obtained of 75 ± 4 ° in the case of chloroform and 

78 ± 2 ° in the case of toluene. 
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Second, the surface treatment, i.e. air-plasma and oxygen plasma, were compared 

with each other. This case investigates which plasma generates the highest number of 

surface silanol groups. The results were indirectly measured via CA measurements of a 

treated substrate with a SAM of commercial octadecyltrimethoxysilane (ODTMS) grown 

on top of it. Direct measurement after treatment is not an option because it would always 

give a fully spread droplet despite the difference in the number of surface silanol groups. 

C10-NDI-TMS was not used in this case because ODTMS is a less bulky molecule and has a 

lower aggregation tendency in solution due to the lack of π-π stacking, thus all surface 

silanol groups would probably be consumed more efficiently. The CA measurement 

resulted in 34 ± 0 ° for the use of air-plasma and 50 ± 1 ° for the use of oxygen-plasma 

(examples see Figure 3.9). From these results it can be concluded that oxygen-plasma is a 

much better treatment to clean and hydroxylize the substrate’s surface than air -plasma. 

   

Figure 3.9: Picture of a droplet, from the CA experiment, on top of a native SiO2/Si 

substrate that has been treated for 5’ with air-plasma (Left) or 5’ with oxygen-plasma 

(Right), followed by direct immersion in a toluene solution of ODTMS. After being 

immersed overnight, the native SiO2/Si substrates were removed from the solvent and 

sonicated in chloroform for 15’. An average was obtained of 34  ± 0 ° in the case of air-

plasma and 50 ± 1 ° in the case of oxygen-plasma. 

Third, the exposure time of the substrate to the oxygen-plasma was compared. The 

different exposure times were five, ten, and fifteen minutes. It was expected that with 

increasing exposure time, the contact angle would increase because a higher number of 

silanol groups would have formed. The results are 50 ± 1 ° for five minutes, 52 ± 1 ° for 

ten minutes, and 46 ± 2 ° for fifteen minutes exposure time (examples see Figure 3.10). 

Apparently, the trend does not follow what was expected. An explanation could be that 

the experiment where the substrate has been exposed for fifteen minutes to 

oxygen-plasma, has been performed on another day than the two other experiments, 

which were performed on the same day. Although the same conditions were applied, there 
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are still some conditions that can change from one day to another, such as humidity, 

temperature, and air contamination. These conditions do have an effect on the monolayer 

formation and thus also in the resulting contact angle. Another explanation could be that 

the surface is already fully saturated after few minutes of being exposed to oxygen-plasma, 

so extra exposure time did not have a large influence on the number of silanol groups. 

Thus, the resulting CA in this case would depend more on the conditions that were present 

when making the SAM. However, to be certain that enough silanol groups were made, the 

exposure time with the highest CA was used in the next cases, namely ten minutes.  

     

Figure 3.10: Picture of a droplet, from the CA experiment, on top of a native SiO2/Si 

substrate that has been treated for 5’ (First), 10’ (Second), or 15’ with oxygen-plasma 

(Third), followed by direct immersion in a toluene solution of ODTMS. After being 

immersed overnight, the native SiO2/Si substrates were removed from the solvent and 

sonicated in chloroform for 15’. An average was obtained of 50 ± 1 ° in the case of five 

minutes, 52 ± 1 ° in the case of ten minutes, and 46 ± 2 ° in the case of fifteen minutes 

exposure time. 

Fourth, the difference in immersion time was compared. Two cases were 

investigated, namely immersion of a treated surface for two hours in a toluene solution of 

C10-NDI-TMS and an immersion for nineteen hours. The difference in immersion time has 

a remarkable impact on the CA. An immersion for two hours gives a CA of 77 ± 1 ° and an 

immersion for nineteen hours gives a CA of 88 ± 2 ° (examples see Figure 3.11). The 

difference of 11 ° indicates that the immersion gives better functionalized surfaces when 

performed overnight. 
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Figure 3.11: Picture of a droplet, from the CA experiment, on top of a native SiO2/Si 

substrate that has been treated for 10’ with oxygen-plasma, followed by direct immersion 

in a toluene solution of C10-NDI-TMS. After being immersed after 2 h (Left) or 19 h (Right), 

the native SiO2/Si substrates were removed from the solvent and sonicated in chloroform 

for 15’. An average was obtained of 77 ± 1 ° in the case of 2 h immersion and 88 ± 2 ° in 

the case of 19 h immersion. 

Last, the cleaning method is discussed. Cleaning can be done in two ways, namely 

rinsing and sonication. Although rinsing is used in literature to remove physisorbed 

molecules, sonication was applied because it is a stronger cleaning method (later 

confirmed by AFM that sonication is a better cleaning method to remove physisorbed 

C10-NDI-TMS, see Figure 3.14). In addition, sonication does not detach the covalently 

bound molecules. Smits et al., for instance, have had their substrates cleaned via 

sonication in toluene, which is a good solvent for their molecules, and the solvent was 

heated at 80 °C.9   For these reasons, sonication in a good solvent, namely chloroform, was 

used as cleaning method. Different sonication times were investigated, i.e. five, ten, and 

fifteen minutes. The CA results are 88 ± 2 °, 84 ± 7 °, and 82 ± 4 ° respectively (examples 

see Figure 3.11). The trend goes as was expected. The longer a functionalized substrate 

was sonicated, the more physisorbed molecules were removed. From the results can be 

concluded that at least fifteen minutes of sonication in a good solvent is needed to remove 

physisorbed molecules. In addition, the contact angle of 82 ± 4 ° has a higher value than 

the contact angle of a bare silicon substrate that has a value of 40 ± 5 °. This means that 

the substrate was still covered with NDI and not all molecules have been washed away or 

that the anchored NDI molecules would have detached from the surface. In addition, the 

contact angle of a spincoated substrate was measured, which indicates the maximal CA for 

C10-NDI-TMS, and has a value of 96 ± 0 °C. The CA of 82 ± 4 ° lies thus close to the maximal 

CA. The results are summarized in Table 1.  
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Table 1: The CA results of each case with their corresponding investigated conditions. The 

best CA of each case is indicated in bold. The cases where the effect of the plasma was 

indirectly measured, an average CA was obtained from ODTMS and explains the lower CAs 

compared with the other cases. 

Case Plasma Immersion solvent Immersion time (h) 

Condition Air O2 Chloroform Toluene 2 19 

CA ± standard 

deviation (°) 

34 ± 0 50 ± 1 75 ± 4 78 ± 2 77 ± 1 88 ± 2 

 

Case Plasma exposure time (min.) Sonication cleaning time (min.) 

Condition 5 10 15 5 10 15 

CA ± standard 

deviation (°) 

50 ± 1 52 ± 1 46 ± 2 88 ± 2 84 ± 7 82 ± 4 

 

It can be concluded from Table 1 that the highest CAs were achieved with 

oxygen-plasma when exposed for ten minutes, toluene as immersion solvent, immersion 

for nineteen hours, and sonication in chloroform for fifteen minutes. 

Optical microscopy 

To ensure that a self-assembled monolayer has formed without the presence of 

aggregates, optical microscopy has been applied. Images have been made of a substrate 

that has been functionalized with the optimized conditions described above (see Figure 

3.12). It appeared that at higher and lower length scales, the substrate was almost 

completely stainless. The few small spots that are present could be aggregates or small 

traces of external contamination. An important note is that the big spots in Figure 3.12 

were caused from an impure lens. They are present at the same location for both length 

scales, and they are most clear in the lower length scale image. 
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Figure 3.12: Optical microscopy images at two length scales (Left scaling bar = 500 µm, 

right scaling bar = 20 µm) of a native SiO2/Si substrate functionalized with C10-NDI-TMS, 

formed with the found optimal conditions. Both images have spots at the same location 

with the same size coming from a dirty lens. From both images it can be concluded that 

cleaning was performed well and dust contamination was prevented since the substrates 

are almost free from spots. 

Atomic force microscopy 

After having optimized the conditions for SAM formation according to contact angle 

measurements and optical microscopy, atomic force microscopy (AFM) images were made 

to look into the nanoscale if a monolayer really had been formed (see Figure 3.13).  

   

Figure 3.13: AFM images (Left = 20 x 20 μm2, Right = 1 x 1 μm2) of a native SiO2/Si 

substrate that has been treated for 10’ with oxygen-plasma, followed by direct immersion 

in a filtered toluene solution of C10-NDI-TMS. After 19 h, the substrate was removed from 

the solution and sonicated with filtered chloroform for 15’.  
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Because of the relative evenness of the surface in the images, it was difficult to 

conclude whether a monolayer has formed or not. The majority of heights that were 

measured lie in between one and two nanometers, while the straight C10-NDI-TMS 

molecule has a length of 3.55 nm (calculated with the coordinates of the molecular 

structure computed by the program Chem3D). The molecule could be tilted with respect 

to the surface, which would give a lower measured height, but then the question arose 

whether a height difference was measured with respect to the substrate or on top of a 

multilayer. 

The combination of a flat surface noticed in the AFM images and the increased CAs 

with respect to bare native SiO2/Si and thermal SiO2/Si wafers suggest that surface 

modification has been performed in a very smooth fashion. However, because of the low 

lateral resolution of the AFM, these findings cannot be seen as proof for a successful SAM 

formation. 

In the further discussion, some examples where different conditions are compared 

with each other have images that were made from a thermal SiO2/Si substrate instead of 

a native SiO2/Si substrate. This is because at a certain moment, thermal SiO2/Si substrates 

were used so that the functionalized substrate could directly be applied for the fabrication 

of a SAMFET. Furthermore, the difference in used substrate should not have an effect on 

the formation of a SAM because the SAM will grow on top of the same material for both 

substrates, namely a hydroxylated silicon dioxide layer. 

To find out if a SAM had formed, the difference in cleaning between rinsing and 

sonication was compared to see if rinsing could be applied instead of sonication, which 

could prevent possible detachment of molecules bound to the surface during cleaning. 

Two solutions of 1 mg/mL of C10-NDI-TMS were made, one in filtered toluene and one in 

filtered chloroform. Native SiO2/Si substrates were exposed for ten minutes to oxygen-

plasma and directly after treatment immersed into a solution. After nineteen hours, the 

substrates were removed from the solution, the one immersed in the chloroform solution 

was rinsed with filtered chloroform and the one immersed in the toluene solution was 

sonicated in filtered chloroform for fifteen minutes. Eventually, both substrates were 

blow-dried with a nitrogen stream and an AFM image was made. The AFM results are 

shown in Figure 3.14.  
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Figure 3.14: AFM images (Left = 20 x 20 μm2, Right = 1 x 1 μm2) of native SiO2/Si 

substrates that were exposed to oxygen-plasma for 10’ followed by direct immersion in a 

filtered chloroform (Top) or a filtered toluene (Bottom) solution of C10-NDI-TMS. After 

19h, the substrates were removed from solution and the substrate that has been 

immersed in a chloroform solution was rinsed with filtered chloroform and the substrate 

that has been immersed in a toluene solution was sonicated in filtered chloroform for 15’. 

The bottom images are the same images as the one in Figure 3.13. These images are also 

used in this case because the corresponding substrate has been exposed to the same 

conditions as the corresponding substrate of the top images, with only a difference in 

used immersion solvent. 

The images in Figure 3.14 show that when the substrate was immersed in 

chloroform, which is a less good solvent for SAM formation, and was rinsed with 

chloroform, which is a good for dissolving C10-NDI-TMS, aggregates are still present. 
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However, when a good immersion solvent was used and the substrate was cleaned in 

chloroform via sonication, just a few spots are present, which probably came from external 

contamination. It is clear that rinsing is not an option and that sonication has to be 

performed to remove physisorbed molecules because a lot of aggregates are present when 

the substrate is rinsed after immersion. 

Next, it was investigated if island formation could be visualized. The growth of 

islands indicates that a smooth monolayer has formed and the visual difference between 

an island and a substrate is more visible. In addition, a height profile can be obtained from 

the cross-section of an island and the height difference between the substrate and the top 

of the island can be compared with the length of the C10-NDI-TMS molecule. Islands of self-

assembling molecules can be formed when the concentration of the solution is too low to 

fully cover the surface or that the immersion time is too short to completely cover the 

surface.9 The first will be discussed first and the second will be discussed afterwards in 

short. The conditions that were used to investigate the case of reduced concentrations 

were the preparation of C10-NDI-TMS (4) solution of 1 mg/mL and C8-NDI-TMS (11) 

solutions of reduced concentration, namely 0.1, 0.01, and 0.001 mg/mL, and rinsing the 

immersed substrates with filtered toluene as cleaning step. C8-NDI-TMS was used because 

it consists of only four percent of isomers and the formation of a monolayer will then be 

dominated by molecules that can bind on top of the surface. Rinsing with filtered toluene 

was performed as cleaning step instead of sonication in chloroform to be certain that any 

possible island formation could not be destroyed and that the transition f rom a substrate 

covered with aggregates to a substrate with islands or an empty substrate could be seen.  
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 1 mg/mL 0.1 mg/mL 0.01 mg/mL 0.001 mg/mL 

 

 

Figure 3.15: The AFM images decreases in concentration from left to right, i.e. 1, 0.1, 

0.01, and 0.001 mg/mL. The upper images have a scanned area of 20 x 20 µm2 and the 

lower images 1 x 1 µm2 for the first image and the three others 2 x 2 µm2. The second and 

third image of 20 x 20 µm2 have had its features duplicated, probably due to a tip defect. 

At both length scales, no islands are present. Only features are present which could be 

external contamination for the two last concentration images and the images of 1 and 

0.1 mg/mL could have a mixture of aggregates with external contamination present on 

top of the substrate. The used conditions were exposing native SiO2/Si (1 mg/mL image) 

and thermal SiO2/Si substrates for 10’ to oxygen-plasma, followed by direct immersion in 

an C10-NDI-TMS (1 mg/mL image) or a C8-NDI-TMS solution. Afterwards, the substrates 

were cleaned via rinsing with filtered toluene. 

None of the images in Figure 3.15 show the presence of islands. At a concentration 

of 1 and 0.1 mg/mL, aggregates are visible and at a concentration of 0.01 and 0.001 

mg/mL, an empty surface is visible with external contamination, which probably were 

deposited during blow-drying or they came from the air. In the case of 1 and 0.1 mg/mL, 

it is certain that enough C10-NDI-TMS molecules were present on top of the substrate to 

form a SAM. However, because no islands were visible at lower concentrations, no SAM 

has probably formed underneath the aggregates. In the case of reduced immersion time, 

i.e. thirty minutes, one, two, and four hours, substrates were empty and thus also lack of 

islands. So other attempts were made to form a SAM by investigating two other conditions. 
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The investigated conditions were the use of other immersion solvents and heating the 

solution to give energy to the system to react with the surface. 

First, other immersion solvents were compared with each other, i.e. chloroform, 

and decalin. Decalin is another solvent that was used as immersion solvent, which was 

used in literature to form SAMs with reproducible thicknesses.17 A substrate immersed in 

decalin has to be cleaned via sonication in toluene for fifteen minutes, followed by 

sonication in demineralized water for another fifteen minutes. Sonication in chloroform 

was not possible because it was found that it would leave a greasy surface on top of the 

substrate that was visible with the eye. The used SAM formation conditions were surface 

treatment with oxygen-plasma for ten minutes, a concentration of 1 mg/mL of 

C10-NDI-TMS for the case of chloroform and C8-NDI-TMS for the case of decalin, and the 

substrates were immersed in the solution for nineteen hours. A native SiO 2/Si substrate 

was used in the case of chloroform and a thermal SiO2/Si substrate was used in the case 

of decalin. The resulting AFM images are shown in Figure 3.16.  
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Figure 3.16: AFM images (Left = 20 x 20 μm2, Right = 1 x 1 μm2) of the cases where 

filtered chloroform (Top) or filtered decalin (Bottom) was used as immersion solvent. In 

the case of chloroform as immersion solvent, a native SiO2/Si substrate was used and in 

the case of decalin as immersion solvent a thermal SiO2/Si substrate was used. Both 

substrates were exposed to oxygen-plasma for 10’ followed by direct immersion in their 

corresponding solution of C10-NDI-TMS in chloroform and C8-NDI-TMS in decalin. After 

19h, the substrates were removed from their solution and the substrate that has been 

immersed in a chloroform solution was rinsed with filtered chloroform and the substrate 

that has been immersed in a decalin solution was sonicated in filtered toluene for 15’ 

followed by sonication in demineralized water for an additional 15’.  

In the case of the use of chloroform as immersion solvent, the AFM image 

resembles the AFM image in Figure 3.13 where toluene was used as immersion solvent. It 

looks quite smooth, but probably just as in the case of toluene as immersion solvent, no 

monolayer has been formed. When decalin is used, the surface looks quite rough, so no 

smooth monolayer has been achieved either. 
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At last, the influence of temperature was investigated. This was done with a 

1 mg/mL solution of C8-BisNDI-TMS (12) in filtered chloroform and in filtered toluene. The 

solutions were heated at 60 °C to give energy to the system which could help with the 

reaction between the TMS group and the surface silanol groups. The conditions for this 

case were the use of a thermal SiO2/Si substrate that has been exposed to oxygen-plasma 

for ten minutes, followed by direct immersion in the solutions. After nineteen hours, the 

substrates were removed from the solutions and cleaned via sonication in filtered 

chloroform for fifteen minutes. The resulting AFM images are shown in Figure 3.17. 

 

 

Figure 3.17: AFM images (Left = 20 x 20 μm2, Right = 1 x 1 μm2) of the cases where a 

filtered chloroform solution (Top) and a filtered toluene solution (Bottom) of 

C8-BisNDI-TMS (12) was heated at 60 °C for 18 h. In both cases, a thermal SiO2/Si 

substrate was used that has been treated for 10’ with oxygen-plasma, followed by direct 

immersion in the solution and heated at 60 ˚C. After 18  h, the substrates were removed 

from the solution and sonicated with filtered chloroform for 15’.  
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Both in the case of chloroform and toluene, an empty surface was obtained. The 

bigger features that are present are coming from external contamination and the smaller 

features are coming from the substrate’s surface roughness (empty surface reference see 

Figure 3.2 and Figure 3.4 in the case of 10’ oxygen-plasma treatment). We can conclude 

that neither heating helps to form a self-assembled monolayer. 

SAM formation of C8-BisNDI-TMS (12) has not been discussed in depth in this 

chapter because no SAM has been formed just as in the case of C10-NDI-TMS and 

C8-NDI-TMS. In addition, the use of oxygen-plasma as treatment technique was compared 

with other treatment techniques, such as UV-ozone and acid piranha followed by exposure 

to oxygen-plasma, but also in these cases no SAM was seen. 

Eventually after having investigated multiple conditions, unfortunately no AFM 

images could be obtained that gave clear indication that a monolayer had been formed. 

Two samples which looked most promising to contain SAMs were measured with 

ellipsometry for further characterization. The AFM image of one case shows a smooth 

surface and the other case has a surface height in the range of the length of an NDI 

molecule (Figures 13 and 16 bottom). 

Ellipsometry 

Ellipsometry has been performed on the two most promising looking substrates 

(see Appendix E1). It was confirmed that no SAM has formed, however, a more detailed 

study with ellipsometry should be performed to make further conclusions with 

ellipsometry. It is necessary to investigate a certain condition in duplicate, i.e. a substrate 

which is functionalized and a blank substrate. Both substrates should be cut from the same 

wafer and they should undergo the same steps at the same day, but the blank substrate 

will be immersed in a solvent without the presence of NDI derivatives. Each step towards 

a functionalized substrate and the external conditions, such as the air and blow-drying, 

could have an influence on the measured layer thickness. The measured layer thickness on 

top of the oxide layer of a functionalized substrate is expected to be corrected from a 

thickness originating from contaminants when the blank duplicate substrate’s oxide 

thickness is used in the model of a functionalized substrate.  
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An explanation for not being able to form a SAM with NDI derivatives could be that 

aggregates are formed in a toluene solution. This is concluded from the UV/VIS and 

fluorescence spectroscopy (see spectra Appendix F1). Solutions of 0.04 mg/mL and 

0.16 mg/mL are made of C8-NDI-TMS and C8-BisNDI-TMS respectively in toluene and a 

solution of C18-NDI-C18, an NDI with two octadecyl chains, in chloroform of 0.04 mg/mL 

was used as reference for a molecularly dissolved system. At first sight, the UV/VIS 

absorption spectrum indicates that C8-NDI-TMS and C8-BisNDI-TMS are molecularly 

dissolved, however, the peak ratio of the peaks at around 380 nm and 360 nm is different 

than the ratio of the peaks at the same wavelengths in the case of C18-NDI-C18. 

Furthermore, the absorption of C8-NDI-TMS starts at higher wavelengths than C18-NDI-C18 

and C8-BisNDI-TMS has even a higher absorption at higher wavelengths than C8-NDI-TMS. 

These findings were confirmed by the fluorescence spectra. Both for C8-NDI-TMS and 

C8-BisNDI-TMS, a broad peak around 475 nm is present that originates form the emission 

of excimers.18 These aggregates make it difficult for a TMS group to reach the surface and 

react with it. Even if TMS group is able to react with the surface, the aggregate would 

obstruct a relatively large area where other aggregates could have had reacted. In 

addition, the presence of aggregates prevents the formation of a smooth SAM, which is 

needed for a SAMFET application. 

3.4 Investigation of the silanol condensation in solution by 

29Si-NMR 

Reaction with trisilanol POSS 

In the previous section, the formation of islands was investigated and it appeared 

that no islands were formed when decreasing the concentration or reducing the 

immersion time. This gave the impression that the TMS group is not reactive enough to 

react with the hydroxylated surface. As CA, AFM, and ellipsometry measurements describe 

the formation of a SAM in a qualitative manner, i.e. a monolayer/multilayer is present or 

not, a more quantitative approach was applied to investigate the reactivity of a TMS group. 

The experiment was executed in solution with the use of a molecule received from Gijsbert 

Gerritsen that is called an incompletely condensed trisilanol polyhedral oligomeric 
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silsesquioxane (POSS) (see Figure 3.18). It is an organosilicon compound with chemical 

formula RSiO3/2 (silsesquioxane). The structure has a polyhedral shape with an oligomeric 

number of silicon atoms. The molecule used in the experiment has a cubic structure, but 

with one silicon corner missing (incompletely condensed). The absence of a silicon corner 

results in the presence of three silanol groups. These silanol groups could be used as model 

for the surface silanol groups of a hydroxylated silicon dioxide surface. 

 

Figure 3.18: Chemical structure of an incompletely condensed trisilanol POSS with an 

isobutyl group bound with each silicon corner. 

To mimic the SAM formation on a surface in toluene, which is the reaction of TMS 

with the substrate’s surface silanol groups, the commercial compound with a TMS group 

octadecyltrimethoxysilane (ODTMS) was mixed with POSS in deuterated toluene. The 

reaction product was then measured with 29Si-NMR. Commercially available ODTMS was 

used because hundred milligrams of a compound are needed to perform a 29Si-NMR 

measurement with good signal to noise ratio. In addition, the reaction of a more reactive 

silane, namely dimethylchlorosilane (HSi(Me)2Cl), with POSS was used as reference. A 

reaction mechanism of the reaction of ODTMS with POSS is proposed in Figure 3.19. 
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Figure 3.19: Proposed reaction mechanism between ODTMS and POSS. First, the TMS 

group of ODTMS will have its methoxy groups substituted by the little amount of water 

that is present in the organic solvent and forms silanol groups. The formed silanol groups 

are then able to condensate with the silanol groups of the POSS, which expels water, and 

a reaction product is formed in which the ODTMS is attached to the POSS.  

To perform the reaction between ODTMS and POSS, a small droplet of 

demineralized water was added to the reaction mixture because the deuterated toluene 

solvent could lack the presence of water and a small droplet of triethylamine (TEA) was 

added to generate more hydroxyl ions for the substitution reaction. The 29Si-NMR results 

of the reaction of ODTMS with POSS are shown below in Figure 3.20. It appeared that over 

the weekend, the reaction mixture showed new small signals in the range of -66 to -69 

ppm. However, the ODMTS signal around -42 ppm and the three POSS signals around -59, 

-67, and -68.5 ppm were still present, indicating that the reaction is very slow and not 

complete. When the reaction mixture was heated at 60 °C for twenty-one hours, the 

reaction product signals increased further, but without the disappearance of the ODTMS 

and POSS signals. 
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Figure 3.20: 29Si-NMR spectra with the signals of ODTMS, POSS, and their reaction 

product. Above the spectra the corresponding molecular structures are shown. The red 

spectrum was made from the mixture of ODTMS with POSS, demineralized water and 

TEA. The blue spectrum is the reaction mixture after three days. The green spectrum is 

the reaction mixture after heating at 60 °C for 21 h. Protons were assigned by chemical 

shift (highlighted with colors). It was expected that the 4 new signals that arose in the 

range of -66 to -69 ppm could be assigned to the reaction product. A control on 

self-condensation was performed for ODTMS and POSS. In the case of ODTMS no new 

peaks arose in the corresponding 29Si-NMR spectrum. In the case of POSS however, three 

new small peaks rose, namely at -54.78, -56.55, and -67.56 ppm, which are also present 

in the above spectra.  

These results were compared with the reaction between the more reactive 

chlorosilane HSi(Me)2Cl and POSS and a remarkable difference was visible. After mixing 

HSi(Me)2Cl and POSS together in deuterated toluene and measuring a 29Si-NMR spectrum 

of the mixture, no chlorosilane signal was present and multiple new peaks appeared that 

could come from the resulting reaction product (see Figure 3.21). This means that when 

HSi(Me)2Cl and POSS are mixed together, reaction directly takes place and all of the 

chlorosilane are reacted. This experiment confirms thus that a TMS groups has a very low 

reactivity and could explain why no monolayer could have formed with the NDI derivatives. 
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Figure 3.21: 29Si-NMR spectra of HSi(Me)2Cl (Red), POSS (Blue), and their reaction mixture 

that consists of the reaction product and POSS (Green). Above the spectra, the 

corresponding molecular structures are shown. No signal of the chlorosilane is left after 

mixing the two compounds together and new signals rose in the range of -55 to -70 ppm. 

A more complex spectrum has been achieved and this could be explained that three 

different products could have formed, namely a mono-, di-, and trisubstituted POSS of 

which the monosubstituted has an asymmetric structure. No self-condensed chlorosilane 

dimer signal is present at around -5 ppm and in the time range between mixing the two 

compounds and the measurement, no self-condensation of POSS could have happened. 

To ensure that the results were correctly interpreted, self-condensation reactions 

were performed to compare the self-condensated signals with the signals that were 

assigned to the reaction products. This control experiment confirmed that the new signals 

in the 29Si-NMR spectra from the reaction of ODTMS or HSi(Me)2Cl with POSS were not the 

result of self-condensation of any of the compounds. 
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3.5 Conclusion 

Before functionalization, the substrate’s surface cleanliness needs to be 

ascertained. The AFM image taken directly after cleaning and hydroxylation with 

oxygen-plasma has been compared with images of the four different cleaning and 

hydroxylation techniques taken after an additional exposure to air in a petri dish for a day, 

and after being immersed in filtered toluene for a day followed by blow-drying. It is 

concluded that exposure to ambient air severely contaminates the substrate over time, 

which, however, can be prevented if the hydroxylated substrate is immersed directly into 

a solution and stored under solvent. In addition, the filtered toluene solvent does not 

contribute to the contamination of the substrates, but the subsequent blow-drying can, if 

performed carelessly. 

After the conclusion that it was possible to generate a clean substrate, attempts 

have been made to form a SAM with C10-NDI-TMS (4), C8-NDI-TMS (11), and C8-BisNDI-TMS 

(12).  CA measurements were performed first to find the optimal conditions in a fast and 

easy manner. From these measurements it was concluded that cleaning and hydroxylating 

a native SiO2/Si substrate should be performed for ten minutes in an oxygen-plasma oven, 

followed by direct immersion in a solution of C10-NDI-TMS of 1 mg/mL in filtered toluene. 

After nineteen hours the substrate can be removed from solution and cleaned from 

physisorbed molecules via sonication in chloroform for at least fifteen minutes. The 

resulting CA has a value of 82 ± 4 °, which lies sufficiently higher than the CA value of a 

cleaned native SiO2/Si substrate. Afterwards, an AFM image was made with these 

conditions and, however, it appeared that the substrate’s surface was either smoothly 

covered or still empty because of the smoothness of the image. At this point, it was 

concluded that the increased contact angle stemmed either from a smooth SAM or from a 

surface coverage with an extend that was blow the lateral resolution of the AFM. To 

further probe the potential SAM formation, solutions were made with reduced 

concentrations or substrates were immersed for a reduced time to look for island 

formation, which would indicate the incomplete formation of a smooth SAM. It appeared 

that no islands were present, suggesting that the observed increased CA when 

functionalizing the substrate’s surface was probably not caused by presence of a SAM but 
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by a very local and incomplete surface coverage. As it became clear that CA only gives a 

very rough insight into surface quality, the impact on surface morphology of several 

additional conditions was investigated with AFM, namely the effect of the way of cleaning 

the substrate from physisorbed molecules, the use of different solvents, namely 

chloroform and decalin, and the effect of temperature. All AFM images obtained from 

substrates treated by these conditions did not show the presence of a SAM. Two substrates 

were investigated nevertheless with ellipsometry. The layer thickness above the silicon 

dioxide was measured to control if organic molecules were present, but the experimentally 

determined thickness was found to be zero and thus confirmed the absence of a SAM. 

Despite it is found in literature that CA measurements, AFM, XPS, IR and 

ellipsometry are commonly used as characterization techniques to characterize the 

presence of a SAM10,19-21, these techniques are quite qualitative and do not really describe 

quantitively which parameters improve the formation of a smooth SAM. These techniques 

only show the presence of the molecules, the presence of island, and a change in surface 

properties, which is useful to characterize a successfully formed SAM, but not to find out 

how a SAM can be made with a molecule that has not been described in literature. In the 

case of SAM formation with a new molecule, false interpretations can be made with these 

techniques. AFM images showed features that were the result of tip defects or external 

contamination. CA measurements only indicated that the molecule is present on top of 

the surface, but it cannot prove that a SAM has formed on top of the substrate. 

Ellipsometry uses a model that has to be made to fit with the experimental result. This 

modelling could be adapted in such a way that its result corresponds with the result that 

is aimed for. XPS measurements (not performed) show the presence of atoms of the 

molecule, but a monolayer has a very low number of molecules. Thus, when substrates are 

not treated in clean rooms, signals could come from external organic contamination and 

they could be mistaken as signals coming from a monolayer because organic 

contamination is often composed of almost the same atoms as the organic self-assembling 

molecules. 

The qualitative results make it difficult to evaluate the results or to apply a SAM 

formation with other molecules, which are also the problems described in literature. 7,22 If 

a technique is found to quantitatively investigate the efficiency of the reaction between 
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silanes and silanols under certain conditions, then researchers can improve their SAM 

formation with the found results. Our approach to investigate the effect of certain 

conditions was the solution study with 29Si-NMR of the reaction between a 

trimethoxysilane and silanol groups, i.e. the reaction between the commercial compound 

octadecyltrimethoxysilane and trisilanol POSS. The advantage of a solution study is that 

the measurement and misinterpretation of external contamination is prevented. From the 

performed solution study, it appeared that ODTMS reacted very slow (give timescale here) 

and not completely with trisilanol POSS. From this result it can be concluded that in the 

case of a reaction with a hydroxylated surface, the difficulty comes from the TMS groups 

that first need to reach the surface silanol groups and stay long enough in the presence of 

these silanol groups to be able to react with it. 

It was thus not possible to form a SAM with NDI derivatives functionalized with 

TMS. Other approaches could be made to achieve the formation of a SAM with NDI 

derivatives, such as surface functionalization via click-chemistry23. The technique is based 

on copper-catalyzed azide-alkyne cycloaddition and surface functionalization is performed 

with three reactions, of which two are surface reactions. First, a hydroxylated silicon 

dioxide surface is functionalized with an alkylsilane that consists a bromine group at the 

end of the alkyl chain. Second, the bromine will be substituted by an azide via a 

nucleophilic substitution. Third, a click reaction is performed between the azide and the 

alkyn group of a molecule with which it is aimed to form a SAM with. 

3.6 Experimental section 

3.6.1 Materials 

All reagents were purchased from Sigma Aldrich or TCI and used as received. All 

solvents were purchased from Biosolve or form Sigma-Aldrich and deuterated toluene was 

obtained from Cambridge Isotopes Laboratories. Native SiO2/Si and thermal SiO2/Si wafers 

were purchased from Silicon Materials Inc. The wafers were positively doped with boron, 

polished single sided, and have a <100> orientation. The silicon dioxide layer of thermal 

SiO2/Si was thermally grown to a thickness of 300 nm. 
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3.6.2 Methods 

CA: Static water contact angle measurements were carried out with Dataphysics 

OCA30 with water droplet volumes of 2 μL. Each measurement gives two contact angels, 

namely a left CA and a right CA and each condition was performed in duplicate. In the end 

four CAs were obtained for each condition and an average was taken with its 

corresponding standard deviation. 

AFM studies were done using Asylum Research MFP-3D mounted on an anti-

vibration stage. Silicon probes manufactured by NanosensorsTM (model PPP-NCSTR-50) 

with a tip height of 10-15 μm and radius of <10 nm was used in tapping-mode. A resolution 

of 256x256 pixels was used for the 20 x 20 µm2 images and 1024x1024 pixels for 1 x 1 µm2 

and 2 x 2 µm2 images and a scan rate of 1.03 Hz was used. The images were processed 

using Gwyddion (v. 2.53) software. 

Ellipsometry was performed using a J. A. Woollam Co. variable-angle spectroscopic 

ellipsometer (VASE) with a wavelength range of 300 - 1700 nm. 

29Si-NMR spectra were recorded using a Bruker UltraShield NMR spectrometer at 

79 MHz. Silicon chemical shifts are reported in ppm (δ) downfield and upfield from 

tetramethylsilane using the deuterated solvent resonance frequency as internal standard.  
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Chapter 4 

Conclusion and outlook 

4.1 Conclusion 

The goal of my graduation project was to form an NDI-based SAM on top of a doped 

silicon substrate for application in SAMFET technology. The SAM was intended to be 

composed of MonoNDIs or BisNDIs that are functionalized with trimethoxysilane (TMS). 

The molecular design was based on the molecular design of Smits et al.1 The molecules 

contain an end-capping group, a semiconducting core, an aliphatic spacer, and an 

anchoring group. The end-capping group determines the stability and the solubility of the 

molecule, the semiconducting core possesses the semiconducting properties and self -

assembles via π-π stacking, the aliphatic spacer serves as a dielectric and gives the 

conformational freedom to self-assemble, and the anchoring group fixates the molecule 

on top of the substrate via covalent binding. In case of the NDIs, the end-capping group is 

a decyl or an octyl chain, the semiconducting core a naphthalene unit, the aliphatic spacer 

an undecyl chain, and the anchoring group a trimethoxysilane. The BisNDI has the same 

composition, but instead of having a single NDI core, two cores are present that are linked 

to each other with a propyl chain (see chapter 1, Figure 1.8).  

The synthesis of the NDI and BisNDI intermediates were performed in a microwave 

reactor. The intermediates had a terminal alkene group that was used in a hydrosilation 

reaction with trimethoxysilane to add the TMS anchoring group as final step. As a result, 

C10-NDI-TMS (4) and C10-BisNDI-TMS (8) were synthesized. However, a lot of isomers were 

formed during the hydrosilation reactions and C10-BisNDI-TMS yielded only 17 mg, which 

was too little for a further study. For these reasons, new hydrosilation reactions were 

performed with Andreas’ C8-NDI (9) and C8-BisNDI (10) under better hydrosilation 

conditions. The new conditions were a higher concentration of the (Bis)NDI, 15 equivalents 

of HSi(OMe)3, and heating at 30 °C. The synthesis of C8-NDI-TMS (11) and C8-BisNDI-TMS 
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(12) yielded respectively only four and seven percent of isomers. As a result, three 

compounds were synthesized that were subsequently investigated upon SAM formation.  

After synthesis, conditions to form a SAM were investigated on p-type silicon 

substrates with a native oxide layer (native SiO2/Si) cut from p-type silicon wafers and 

p-type silicon substrates with a top layer of thermally grown silicon dioxide (thermal 

SiO2/Si) cut from p-type silicon wafers that have been treated thermally. Both substrates 

have a silicon dioxide surface and therefore, a SAM will always be grown on the same 

surface for both a native SiO2/Si and a thermal SiO2/Si substrates. The thermal SiO2/Si was 

used because this substrate could be applied to fabricate a SAMFET. Before functionalizing 

the substrates with the self-assembling molecules, their cleanliness after cleaning and 

hydroxylation was investigated with AFM. This was done to be certain that no 

contamination was obstructing the self-assembling molecules from coming into contact 

with the substrate. It was concluded that a treated thermal SiO2/Si substrate resulted in a 

clean surface when measured directly after oxygen-plasma treatment. Filtered toluene is 

likewise no source of contamination. Contact angles (CAs) have also been measured of 

clean substrates and had a value of 40 ± 5 ° in the case of a native SiO2/Si substrate and 

51 ± 0 ° in the case of a thermal SiO2/Si substrate.  In contrast, air and blow-drying the 

substrate with tweezers on top of it do contaminate the substrate. Direct immersion in a 

solvent after treatment is thus essential to prevent substrates from being contaminated 

form the air. After immersion, surface contamination could still take place from the air and 

also by improper blow-drying. Contaminants could be deposited from the air because we 

were not working in a cleanroom and in the case of blow-drying, contaminants could be 

deposited from the tweezers that are fixating the substrate. These contaminations could 

be mistaken for aggregates of NDI derivatives when processing AFM images. With these 

results, an idea was formed on how a contaminated substrate would look like. Thus, as a 

stainless substrate and low CAs were achieved with solvent cleaning, oxygen-plasma 

treatment, and immersion in filtered toluene, these conditions were a good starting point 

to functionalize a silicon dioxide surface. 

After ensuring that we were able to generate clean hydroxylated silicon dioxide 

surfaces, substrates were functionalized with C10-NDI-TMS. The functionalization 

conditions were optimized by monitoring the static water contact angle (CA) while 



Conclusion and outlook 

83 

screening parameters such as cleaning and hydroxylation technique, immersion solvent, 

immersion time, and cleaning of functionalized substrate. While the choice of solvent and 

increased exposure time to oxygen-plasma had only a small impact on the contact angle, 

oxygen-plasma and increased immersion time resulted in an increase of the detected CA 

and increased sonication time of the functionalized substrate resulted in a decrease of the 

detected CA. The best CA of 82 ± 4 ° was obtained when the native SiO2/Si substrates were 

exposed to oxygen-plasma for ten minutes, followed by direct immersion in a toluene 

solution of C10-NDI-TMS with a concentration of 1 mg/mL. After nineteen hours, the 

substrates were removed from solution and sonicated in chloroform for fifteen minutes. 

The obtained CA lies higher than the CA of a bare native SiO2/Si substrate, which has a 

value of 40 ± 5 °, and lies close to the CA of a spincoated C10-NDI-TMS sample, which has 

a value of 96 ± 0 °. 

After CA measurements, a native SiO2/Si substrate’s surface that was subjected to 

the optimized conditions was visualized via AFM. This image looked very smooth and 

because of the low lateral resolution of AFM, it could not be concluded if a SAM had 

formed or not. For this reason, other conditions were investigated with C 10-NDI-TMS, 

C8-NDI-TMS, and C8-BisNDI-TMS to achieve an image that shows the presence of a SAM. 

The investigated conditions were surface treatment, immersion solvent, cleaning of 

functionalized substrate, and temperature. In addition, a decreased concentration and a 

reduced immersion time were investigated upon island formation. Nevertheless, no AFM 

images could be obtained that proved the presence of a SAM. Two substrates were 

measured via ellipsometry, however this technique confirmed the absence of a SAM. 

Since the above-mentioned characterization techniques suggested that no SAM 

had been formed in a qualitative manner, a more quantitative approach was performed to 

investigate the reactivity of the employed functional groups. This quantitative approach 

was performed via a solution study with 29Si-NMR. The reaction between commercial 

octadecyltrimethoxysilane (ODTMS) and incompletely condensed trisilanol polyhedral 

oligomeric silsesquioxane (POSS) (structure see Chapter 3, Figure 3.18), received form 

Gijsbert Gerritsen, was used as model for the reaction between TMS and surface silanol 

groups of a hydroxylated substrate. As reference, the reaction between a reactive silane, 

namely dimethylchlorosilane, and POSS was used. The reaction was followed by 29Si-NMR. 



Chapter 4 

84 

It was noticed that there was still ODTMS present after three days followed by heating at 

60 °C for twenty-one hours. However, in the case of the chlorosilane, no chlorosilane signal 

was present directly after mixing it with POSS. From these results it can be concluded that 

the TMS group has a very low reactivity compared with the chlorosilane. Given by the slow 

reaction kinetics, SAM formation of the described NDI derivatives could not be observed 

in the experimental timescale.  

4.2 Outlook 

Although it was not possible to form a SAM with TMS functionalized NDI 

derivatives, similar approaches that employ functional groups with higher reactivity are 

still worthwhile to be investigated. An example is the SAM formation via click-chemistry. 

This approach consists of three reactions, of which all three are surface reactions. First, an 

alkylsilane with a bromine group at the end of the chain reacts with a hydroxylated surface 

and forms a bromine functionalized surface. Second, the bromine is substituted by an 

azide via a nucleophilic attack of the azide on the bromine and an azide functionalized 

surface is achieved. The last step is the 1,3-dipolar cycloaddition of a terminal alkyn and 

the azide. Thus, if an NDI derivative is synthesized with a terminal alkyn group, an azide 

functionalized surface can be covalently functionalized with NDIs and via the self-assembly 

between the NDI cores, a SAM will be formed. The advantages of click-chemistry for 

reaction performed on surfaces is that they provide high yields, byproducts that do not 

affect the monolayer quality, they can be performed under mild reaction conditions, and 

they rely on easily available starting materials.2 In addition to static water contact angle 

measurements, AFM, and ellipsometry, polarization modulated infrared reflection 

absorption spectroscopy (PMIRRAS)3 and X-ray photoelectron spectroscopy (XPS)2 could 

be used to prove the presence of a SAM. 

Once the formation of a SAM of NDI derivatives is succeeded, a SAMFET can be 

fabricated and characteristic SAMFET properties, such as the field effect electron mobility, 

can be measured. In addition, a sensitizer could be applied onto the SAM so that the 

SAMFET could serve as a sensor for a certain gas or in solution. Its sensing ability given by 

alternation of the I-V characteristics before and after physisorption of an analyte could be 

investigated.4 The application can be made enantioselective if a SAM is prepared from 
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chiral NDI derivatives, e.g. NDIs with a citronellol end-capping group. This enables 

fabrication of a SAMFET sensor that is susceptible for a single enantiomer. 
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Appendix A: Synthesis scheme 

 

Scheme A1: Complete synthesis route towards the four NDI derivatives. 
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Appendix B: 1H- and 13C-NMR spectra of synthesized molecules 

 

Figure B1: 1H-NMR spectrum of C10-NMI in CDCl3 + 4 vol% TFA with the corresponding 

molecular structure. Protons were assigned by chemical shift (highlighted with colors).  

  

Figure B2: 1H-NMR spectrum of C11,=-NMI in CDCl3 + 4 vol% TFA with the corresponding 

molecular structure. Protons were assigned by chemical shift (highlighted with colors). 
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Figure B3: 1H-NMR spectrum of 3 (Top) and 7 (Bottom). Protons were assigned by 

chemical shift (highlighted with colors). 
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Figure B4: 1H-NMR spectra of end products C10-NDI-TMS (4) (Top) and C10-BisNDI-TMS (8) 

(Bottom) with the signal assignment of the isomer’s alkene and neighboring CH3 group 

and the CH3 group of the byproduct in which the alkene was fully hydrogenated. The 

signal in purple is coming from one of the two byproducts. Protons were assigned by 

chemical shift (highlighted with colors). 
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Figure B5: 1H-NMR spectrum of end product C8-NDI-TMS (11) with the signal assignment 

of the isomer’s alkene. The trimethoxy signal at 3.57  ppm has a higher integration than 9 

which could indicate that some condensation happened between trimethoxysilane 

molecules. Protons were assigned by chemical shift (highlighted with colors). 
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Figure B6: 1H-NMR spectrum of end product C8-BisNDI-TMS (12) with the signal 

assignment of the isomer’s alkene. Protons were assigned by chemical shift (highlighted 

with colors). 
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Figure B7: 13C-NMR spectra of end products C8-NDI-TMS (11) (Top) and C8-BisNDI-TMS (12) 

(Bottom). Carbon atoms were assigned by chemical shift (highlighted with colors). 
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Appendix C: MALDI-TOF-MS spectra of end products 

 

 

Figure C1: MALDI-TOF-MS spectrum of C10-NDI-TMS (4) measured in positive mode with 

CHCA (Blue) and DCTB (Black) as matrix.   
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Figure C2: MALDI-TOF-MS spectrum of C8-NDI-TMS (11) measured in negative mode with 

CHCA (Blue) and DCTB (Black) as matrix. 



Appendix 

98 

 

 

 

 

Figure C3: MALDI-TOF-MS spectrum of C8-BisNDI-TMS (12) measured in positive mode 

with CHCA (Blue) and DCTB (Black) as matrix. 
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Appendix D: FT-IR spectra of end products 

 

Figure D1: FT-IR spectrum of C10-NDI-TMS (4). 

 

Figure D2: FT-IR spectrum of C8-NDI-TMS (11). 
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Figure D3: FT-IR spectrum of C8-BisNDI-TMS (12). 

Appendix E: Ellipsometry 

Two substrates of which an AFM image was made and had the most promising look 

to contain a SAM were measured with ellipsometry (AFM images are shown in Figure E1). 

The left AFM image in Figure E1 shows a smooth surface and the right has a surface height 

in the range of the length of a straight NDI molecule (3.55 nm). The SAM formation 

conditions of the left image’s substrate were a native SiO2/Si substrate that had been 

exposed to oxygen-plasma for ten minutes, followed by direct immersion in a filtered 

toluene solution of C10-NDI-TMS (4) with a concentration of 1 mg/mL. After nineteen 

hours, the substrate was removed from the solution and cleaned via sonication in filtered 

chloroform for fifteen minutes and blow-dried with a nitrogen stream. The conditions used 

for the right image’s substrate were a thermal SiO2/Si substrate that has been exposed to 

oxygen-plasma for ten minutes, followed by direct immersion in a filtered decalin solution 

of C8-NDI-TMS (11) with a concentration of 1 mg/mL. After nineteen hours, the substrate 

was removed from the solution and cleaned via sonication in filtered toluene for fifteen 

minutes followed by sonication in demineralized water for another fifteen minutes and 

blow-dried with a nitrogen stream. The ellipsometry results confirmed what was 

concluded during the investigation with AFM, namely that no SAM has formed.  
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Figure E1: AFM images of 1 x 1 μm2 of substrates that have been measured with 

ellipsometry. The left image was made from a native SiO2/Si substrate that has been 

treated for 10’ with oxygen-plasma, followed by direct immersion in a filtered toluene 

solution of C10-NDI-TMS. After 19 h, the substrate was removed from the solution and 

sonicated with filtered chloroform for 15’. The right image was made from a thermal 

SiO2/Si substrate that has been treated for 10’ with oxygen-plasma, followed by direct 

immersion in a filtered decalin solution of C8-NDI-TMS. After 19 h, the substrate was 

removed from solution and sonicated in filtered toluene for 15’ followed by sonication in 

demineralized water for an additional 15’. 
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Appendix F: UV/VIS-Fluorescence 
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Figure F1: UV/VIS and fluorescence spectra of C8-NDI-TMS (Red), C8-BisNDI-TMS (Blue), 

and C18-NDI-C18, an NDI with two octadecyl chains (Black). C8-NDI-TMS and 

C8-BisNDI-TMS have been dissolved in toluene with a concentration of 0.04 and 0.16 

mg/mL respectively. C18-NDI-C18 has been dissolved in chloroform with a concentration of 

0.04 mg/mL and was used as reference for a molecularly dissolved system.  
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