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Abstract 

 

It is known that organic monolayers on solid surfaces can enable electronic 

properties that are absent in the bulk of the solid materials. Often, once the organic film 

come into the contact with a solid surface, the established electronic interaction at their 

interface remains undisturbed. However, using a redox-active organic monolayer creates 

the possibility for modulating the extent and the direction of the interfacial charge transfer, 

establishing a switch at the interface.   

The theme of this thesis is investigation of the interfacial interaction of different 

redox states of a molecular switch, phenyl-capped aniline tetramer (PCAT) with iron oxide 

and graphite surfaces and their potential application in electronic devices. The nucleation 

and growth of submonolayer films of different oxidation states of PCAT on iron oxide 

surface was studied. Using atomic force microscopy and scaling island size distribution 

method the surface diffusion parameters of these islands were evaluated. Using X-ray 

photoelectron spectroscopy (XPS) and Raman spectroscopy the changes in these organic 

monolayers before and after interaction with iron oxide were demonstrated. However, these 

techniques were unable to provide similar data from the solid surface side of the interface. 

Instead, we were able to demonstrate the changes in the iron oxide film as a result of 

interfacial charge transfer using electrical conductivity measurement techniques. Based on 

this information a microfluidic chemical sensor based on the interface of pencil film and 

PCAT for quantification of free chlorine in drinking water was constructed. Using XPS 

and UV-vis spectroscopy it was shown that the interaction the organic monolayer with 
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sodium hypochlorite solution leads to the development of positive charges on the backbone 

of PCAT. This electrostatic charge can affect the charge transport in the pencil film causing 

the modulation of electrical conductivity of the film. The presented work demonstrates 

alternative pathways for the design of novel hybrid electronic devices based on thin 

molecular film and solid surfaces.  
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Chapter 1 Organic Layer-Solid Surfaces Interface 

 

1.1 Organic Semiconductor-Metal Junction  

It is known that certain organic monolayers on solid surfaces can enable electronic 

properties that are absent in the bulk of the solid materials. Often, once an organic film 

meets a solid surface, the established electronic interaction at their interface remains 

undisturbed. However, using a redox-active organic monolayer creates the possibility for 

modulating the extent and the direction of the interfacial charge transfer, establishing a 

switch at the interface. In this work, the interaction of phenyl-capped aniline tetramer 

(PCAT), a redox active tetraaniline, with various iron oxide and graphitic surfaces is 

studied. In case of charge transfer at such interfaces, the contact between the organic film 

and the substrate can be categorized as either ohmic contact or schottky junction (rectifying 

contact). The type of the contact at this interface can be determined by measuring the 

energy offset between the Fermi level of the metal and the conduction band minimum of 

n-type semiconductor or the energy offset of the metal and the valence band maximum of 

a p-type semiconductor. This energy offset is called Schottky barrier height (SBH). The 

magnitude of this potential energy barrier dictates whether the interface is rectifying or not. 

Therefore, the first step in understanding the charge transfer between PCAT and surfaces 

is understanding the general physics behind the electronic properties of organic 

semiconductors and metals interfaces. In this chapter, the basic physics of organic 

semiconductor and metal surfaces and different possibilities of these interactions are briefly 
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discussed. In addition, the basics of molecular self-assembly on surfaces are reviewed. 

Finally, the concept of molecular switches is introduced.  

 

1.2 Interface Energy Balance 

A common characteristic of all electronic devices is their interfaces. Material 

characteristics such as electrical resistivity are bulk attributes of the materials. In contrast, 

phenomena such as current rectification stem from the interfaces where the symmetry is 

broken. To this end, separation of electrons and holes at chemical interfaces become 

possible.1 The chemical differences between the two sides of an interface will lead to an 

electrical potential gradient which is the basis of asymmetric charge transport.1 The 

continuous miniaturization of electronic devices leads to the creation of high interface areas 

while the amount of bulk significantly diminished. Traditionally, it was assumed that there 

is an abrupt change in the properties of the two phases at an interface. However, the changes 

in the properties of the two phases across an interface is achieved through spatial gradients 

at their borders.1 Traditionally, the majority of the work on heterojunctions have been 

carried at the interface of two semiconductors. In the last two decades, the interfaces 

between molecular layers and semiconductors gained significant attention due to their 

application in organic electronic devices.2,3 Molecular layers can be used as a pathway for 

charge transport. In addition, they can act as a polarizable layer or a dielectric layer which 

enables the modulation of their electrostatic charge.4 In this chapter some of the basics 
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about energy alignment between molecular layers and semiconductor surfaces are 

discussed.  

 

1.2.1 Work-Function Balance 

Energy levels of each component at an interface (metal, semiconductor, organic 

layer) is different before and after it comes in contact with other phases at the interface. 

Historically, several energy alignment theories have been used to describe the energy 

alignment between a metal and a semiconductor when their contact is not ohmic, which is 

termed as Schottky junction.1 However, such theories can also be used to describe the 

energy alignment between an organic layer and a semiconductor. The main characteristic 

of a conventional Schottky junction is the Schottky barrier height (SBH) which is the 

energy required for an electron to transfer from the Fermi level (Ef) of the metal to an 

energy level at the semiconductor side. In the case of a n-type semiconductor, this latter 

energy level is the conduction band.1 Ef is an energy level in which the chance to find an 

electron is 50%. The theory behind the energy level alignment at interfaces has been always 

under debate. One way to approach the issue is through electrochemical potential (µe) of 

each side of the junction. The µe consists of both chemical (µ) and electrical (Φ) potentials. 

This relationship can be written as equation 1.1, in which q is the electron charge.1               

qφμμe                                                                                                               1.1                                                                                                                                                                                                                

In solid state physics, it is assumed that the electrochemical potential is equal to the 

Fermi level of the solids.5 Therefore, at equilibrium conditions the Fermi levels of both 
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sides of the Schottky junction become aligned. In addition, at equilibrium conditions, the 

energy required for removal of an electron from each side of the junction to the vacuum 

energy level (Evac) is equal. The energy difference between the Ef and vacuum level is 

called work function (WF). Work function is often used for metal surfaces as the density 

of states at their fermi level is not zero. Evac is an energy level in which the electron is not 

under the influence from the surface.1 Therefore, Evac can be used as a measure of averaged 

electrostatic potential of the surface.  Figure 1.1 depicts the schematic illustration of two 

interface energy alignment at Schottky barrier of a metal and a semiconductor. The 

schematic in Figure 1.1A shows the Schottky barrier according to charging interface states 

while Figure 1.1B shows the same interface according to interface polarization. Evac of each 

case is shown with a green continuous line. In Figure.1.1A this line shows as a smooth 

continuous line while in Figure 1.1B there is a fluctuation at the junction. The reason 

behind the fluctuation in the latter case is consideration of potential fluctuations due to 

atomic-scale charging at the junction. Upon contact of the two sides in Figures 1.1A or 

1.1B, the Fermi level alignment is established. This can be performed either by flow of 

electrons from the material with lower WF to the one with a higher WF or by an electrical 

potential buildup at the interface.1 The latter case has been shown by a step (Δ0) in Figure 

1.1. In the absence of an external applied potential, the charge buildup at the junction 

creates a gradual potential change, commonly refer to as band bending (BB0). The BB0 and 

the SBH can be related through the following equation, in which ξ is the difference between 

CB and the Ef of the semiconductor.  

ξBBSBH 0                                                                                                           1.2 
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Equation 1.2 shows the importance of SBH in charge transport at a Schottky 

junction. Considering the metallic side of the junction in Figure 1.1A, the WF of the metal 

is equal to the Δ0 plus the Evac – CB, and SBH of the semiconductor. Therefore, for an n-

type semiconductor the SBH is equal the following relationship, where χ = Evac – CB in 

this equation is called electron affinity.1’
6 It should be noted that the equation 1.3 is written 

with respect to the semiconductor side of the metal-semiconductor junction in Figure 1.1. 

Since the density of states at the Fermi level of a semiconductor is equal to zero, often 

electron affinity is often used instead, similar to equation 1.3. Electron affinity of a 

semiconductor is defined as the difference in energy of the bottom of its conduction band 

and the vacuum level.1   

ΔχWFSBH                                                                                                    1.3 

The equation 1.3 is called Schottky-Mott rule which evaluates the SBH, based on 

the WF of the metal and the electron affinity of the semiconductor. Based on Schottky-

Mott rule, when a metal and a semiconductor become in contact the band in the 

semiconductor rearrange in a way that its WF matches the WF of the metal.1,7  
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Figure 1.1. “Schematic illustration of interface energy alignment and creation of the 

Schottky barrier height (SBH), according to (A) charging of interface states or (B) interface 

polarization. Both panels show energy per electron (Y-axis) across an interface between a 

metal (left, red) and an n-type semiconductor (right, blue), with curved energy levels, 

depicting the surface charge region (SCR). The two panels illustrate two different views 

on the nature of the interface, the thickness of which is grossly exaggerated for clarity. The 

interface charging model (A) assumes a foreign layer (gray shade) with a density of 

interface states, marked by blue stripes, centered at a distance CNL (charge neutrality level) 

from the top of the valence band at the surface. The Fermi level is pinned nearly at the 

CNL, where the difference between them accounts for the net interface charge, QIS. In this 

case EF is below the CNL and therefore QIS is positive, with a counter negative charge on 

the metal edge, dictating Δ0 > 0. The red arrows in (A) mark possible electronic processes 

(see text). Panel (B) depicts the interface specific region (ISR) view, where even in the case 

of perfect, abrupt interface between two solids (no foreign substance) a transition region is 

developed (dotted in B). A net change in potential, Δ0, emerges, emerges from the bond-

polarization, δISR, between the intrinsic atoms that make up the interface. In both panels, 

the electronic equilibrium state (0 V) is shown with a constant Fermi level (dashed line) 

across the interface, while the local vacuum level (green top line) varies across the 

interface. See list of symbols for other symbols.”1 Copyright 2017 by the American 

Chemical Society.  

 

Although, the Schottky-Mott rule was true on predicating the band bending at the 

junction between a metal and a semiconductor, it was found to predict SBH values different 

from the experimentally measured values. This discrepancy was associated with the 

phenomenon called Fermi level pinning. In this case, the Fermi level of the semiconductor 
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is locked to a certain point of its band gap in which density of states exist (such as charge 

neutrality level, CNL in Figure 1.1A). This cause that the SBH has a constant value and be 

independent of metal WF and as a result, the Δ≠0. This phenomenon was noted by Jon 

Bardeen and hence is referred to as Bardeen limit.1 

 

1.2.2 Interface of Organic Films and Solid Substrates  

It was argued that Fermi-level pining (Δ≠0) requires some level of interface 

interactions. The two pathways suggested for this interfacial interaction are interface traps 

(Figure 1.1A) and interface bonds (Figure 1.1B). In the interface trap concept, the interface 

envisioned as a capacitor, in which the metal surface serves as one of the plates and the 

charges on the interface as another plate, while a thin foreign film serves as a dielectric.1 

On the other hand, the interface bond model is constructed based on the direct contact 

between the organic layer and the metal surface. At this junction, charge rearrangement 

will occur which leads to the polarization of the interface. This polarization region is 

depicted in Figure 1.1B.8’
9

 The presence of traps at interfaces not only change the Δ and 

SBH, but also can interrupt the interfacial charge transfer. On the other hand, in the bond-

polarization concept no interfacial trap state exists and therefore it does not interrupt the 

interfacial charge transfer. While the latter concept can explain the interface polarization, 

the former concept has been recognized as a closer theory to the behavior of molecular 

layers on metal and semiconductor surfaces as they block the interfacial bond polarization.1 

The interface specific region is regarded as a layer with its unique properties. However, it 
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can be formed by both physisorption and chemisorption of organic molecules on the metal 

or semiconductor surface.6 Adsorbed organic molecules on surfaces add their own intrinsic 

dipole to the surface which originates from their closed electronic shell. Both electron 

donating or -withdrawing molecules can participate in this surface polarization.1  

 

1.2.3 Charge Transfer into the Substrate  

It has been reported that the adsorption of hydroquinone on the surface of hydrogen 

terminated Si will lead to an increase in the surface charge and as a result band bending.10 

Increasing of the surface charge lead to an increase in repelling of the electrons (majority 

charge carriers) in the silicon substrate which increases the lifetime of the minority charge 

carriers.1,11 The coupling between majority of the organic molecules and substrates is not 

ideal which result the possibility for charge recombination at the interface.11 Molecular 

layers are polarizable and as result can create static charges or dipoles on the surface which 

result in the band bending in the substrate. Both chemisorbed and physisorbed molecules 

can cause band bending and charge transfer to the substrate. Surface adsorbate can simply 

act as dopant of the substrate.12 As an example, it has been shown that the adsorption of 

polyaniline (PANI) on the surface of single walled carbon nanotubes can cause doping of 

the substrate.13  

It is known that the optimization of the organic electronic devices depends on the 

energy-level alignment between the organic layer and the metal or semiconducting 

substrates. It is known that for hole extraction or injection metallic electrodes the Fermi 
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level of the electrode should be aligned with the occupied states of the organic molecule.14 

It is also known that for electron injection or extraction metallic electrodes in contact with 

the organic layer, the unoccupied states of the organic molecule should be aligned with the 

Fermi level of the metal. In these situations the charge transfer at the interface can take 

place with an external applied potential.2 In such scenarios, it is important to know whether 

a single molecule of the organic layer transfers a fraction of a charge to the substrate or an 

integer number of charges.15 The former and latter assumptions are called fractional charge 

transfer and integer charge transfer, respectively.14 In the case of fractional charge transfer 

(Figure 1.2a), the main debates is whether the excess charge of an organic molecule is 

transferred into its neighboring molecules thus there will be a homogenous fractional 

charge transfer across the interface.14,16 On the other hand, the integer charge transfer is 

often discussed in the case of weakly interacting organic layer with the substrate which 

interrupts hybridization between the organic molecules orbitals and the substrate (Figure 

1.2b).16,17 This can be the case when the substrate is chemically inert or when an interlayer 

present at the interface (e.g. water molecules, dirt, oxides).16,18 Using DFT calculations, it 

has been shown that the charge transfer between small organic acceptor tetracyanoethene 

(TCNE) adsorbed on the surface of cupper is fractional.14 It is known that TCNE is weakly 

adsorbed on cupper surfaces but can undergo strong charge transfer with these 

substrates.19’20 Previously, it has been shown that the formation of this complex leads to an 

increase in the work function which was used as a sign of charge transfer from Cu to 

TCNE.21 The amount of this charge transfer depends on the alignment of the occupied 

orbitals of TCNE and the Fermi level of the cupper substrate and the physical distance 
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between the metal and organic layer.14 However, introducing a dielectric layer between the 

organic film and the metal substrate cause their electronic decoupling and shifting the 

charge transfer mechanism from fractional to integer.14 

 

 

Figure 1.2. Fractional charge transfer at the interface of a weakly chemisorbed molecules 

on a metal surface. In this case the charge carriers spread homogenously between all 

organic molecules. (b) Integer charge transfer between physisorbed molecules on a metal 

surface. In this case, some molecules become charge while the rest remain neutral.  

 

1.3 Molecular Monolayers on Surface 

The monolayers can be zero-dimensional (0D), one-dimensional (1D), and two-

dimensional (2D) molecular structures. The 0D molecular structure refers to individual 

molecules or small molecular clusters on surfaces.22 Understanding of the interaction of 

these individual feature on surfaces are of great importance as it has been shown that their 

properties can be different from their molecular ensemble.23 The final aim of such studies 

is the production of devices based on single molecules in which they act as molecular 

resistors, switches, or other components.24 However, the production of these devices is 

challenging as the interface of a single molecule with the electrodes, substrate, and the 
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surrounding environment should be well engineered.22’25 The 1D molecular structures on 

surfaces can be formed through various means. The first pathway is based on the anisotropy 

of molecules. Typically, most of the organic molecules used in molecular electronic 

application form either rodlike (1D, e.g. acenes, phenylenes) or platelike (0D, e.g. 

phthalocyanines, porphyrins) structures on surfaces.26 Another pathway for the formation 

of 1D molecular structures on surface is through hydrogen bonding between individual 

organic molecules.27  In addition, external forces such as electrical field and magnetic field 

can be used for alignment of these linear architectures.28 In addition, the surface 

reconstruction of the substrate, a process to minimize the surface energy of the solids, can 

impose specific geometries to the molecular layer.22 The surface features such as defects, 

step edges, and vacancies have different local electronic density of states from the rest of 

the surface and thus can influence the monolayer formation.29 As an example, it has been 

shown that benzene molecules adsorb preferentially on step edges of Cu(111) surface.30 

An alternative route for the fabrication of 1D molecular structures on surfaces is through 

polymerization of self-assembled adsorbate molecules.22,31 

Understanding the interaction of isolated single molecules or 1D assemblies with surfaces 

make it possible to understand how molecules relate to their environment. However, 

majority of the devices based on the interface between solid surfaces and molecular 

monolayers are based on ordered assembly of the molecules in 2D.32 One of the possible 

outcomes from such arrangements is cooperativity between the molecules.23 This means 

that the coupled molecular systems are capable of performing complex actions which is 

not available from isolated or small ensemble of molecules. For example, it has been shown 
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that bundled phenylene ethynylene oligomers inserted in alkanethiolate host monolayer 

have higher persistence time against stochastic conductance switching in comparison to the 

its isolated oligomer in the same host matrices.33 To this end, understanding the molecular 

structure, arrangement, and properties of molecules in ordered assemblies on surfaces is 

important for utilizing such interfaces in future devices.  

 

1.3.1 Self-Assembled Monolayers  

Self-assembled monolayers (SAMs) are nanostructured films with a molecular 

lattice that has optimized interactions with the substrate and within the molecular 

monolayer itself.22 The typical thickness of SAMs are about 1-3 nm. The properties of the 

SAMs are majorly dictated by their interfaces due to the high proportion of atoms present 

at these locations.22 The interaction of the molecules with the surface can have either 

covalent or non-covalent nature.32 An example of covalent interaction is the Au-S bonds 

in SAMs of alkanethiols on gold surfaces. In this case, both interaction of Au-S and the 

packing within the thiol film determine the molecular lattice.34 On the other hand, the π-

stacking of conjugated organic molecules  such as cyclodextrins on graphite is an example 

of non-covalent interaction.35 SAMs on surfaces can be fabricated from either in vacuum 

or from solutions.32 The later situation is more common when the substrate is not changed 

(e.g. get oxidized) under ambient conditions.36 These films are dense and ordered and 

therefore suitable for characterization of the intermolecular interactions and intermolecular 

interactions with the surface. In addition, defects are important part of the monolayers.22 
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They can either originate from detect in the underlying substrates or from within the 

molecular film itself. An example of the former case is the presence of step edges in the 

substrate and an example of the latter case is the titling of the molecules in directions 

different the rest of the monolayer.37 

 

1.3.2 Substrate Lattice  

The monolayer formation on surfaces is dependent on the substrate atomic lattice 

and its electronic structure.22 Much of the research on SAM formation has been performed 

on gold surfaces.38 This is mainly because this surface does not form an oxide in ambient 

conditions and therefore it can be used for SAM formation from solutions.34 Surfaces that 

have been used for SAM formation include Ag,39 Cu,40 Pd,40 Pt,41 Ni,40 Fe,40 Ti,42 Te,43 

Hg,44 GaIn,45 GaN,46 ZnSe,47 HOPG,48 Si.49 Some of these surfaces such as Ag, Cu, Pt, Si, 

and Pd are prone to fast oxidation in ambient conditions. Therefore, the SAMs fabrication 

on these surfaces is better to be performed in vacuum conditions or in inert atmosphere.22 

In addition to the substrate composition, the substrate lattice also plays an important role 

in monolayer formation.50 Surface reconstruction causes the minimization of surface 

energy.  Change in the surface lattice provides different chemically non-equivalent binding 

sites. Different head groups of the molecules in the monolayers have different affinity to 

these sites.22 In the following, some of the most common head groups used in SAMs are 

briefly reviewed.  
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1.3.3 Substrate Head Group Interface 

The most common head groups among molecules used for SAMs are head groups 

with sulfur end. Due to the strong bond between Au and S, most of the studies on this group 

of molecules have been performed on Au surfaces such as Au(111).51 Using scanning 

tunneling microscope (STM), it has been shown that the molecules with S head groups can 

lift this surface reconstruction. This is due the stronger bond between Au-S in comparison 

to Au-Au bonds.22 It is believed that this process is carried out by these molecules through 

lifting of Au atoms and substitution at their sites.52 Other common head groups are Si,53 

P,46 Se,54 carboxylic acids,55 isocyanides.56 In addition, molecules with head groups such 

as peptides,57 pentacene,58 and cyclodextrins35 can lead to the noncovalent π-stacking of 

monolayers on graphitic surfaces. Amines, selonoles, and thioacetyls are also used for 

SAM on Au surface while Silanes and Silanoles are used for SAM on SiO2.
32 Molecules 

with phosphorous head groups are also used for SAM on Au, Ti, TiO2, ZrO2, and SiO2.
56  

 

1.3.4 Molecular Lattices  

The molecular lattice of SAMs are under influence from the substrate and the 

packing within the monolayer. This translates to the bond between the SAM and substrate 

and intermolecular interactions within the SAM. The common molecular interaction in the 

lattice are van der Waals, dipole-dipole, and hydrogen bonding interactions.22 These 

interactions can be modulated by the functional groups such as alkenes, alkynes, 
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diacetylene, oligo(phenylene ethynylene), sulfones, azobenzenes on the backbones of the 

molecules.59
’
60

’
61

’
62  

 

1.3.5 Molecule-Environment Interface 

Another important interface which can affect the characteristic and properties of 

the monolayer is its interface with the environment. Some of these properties are 

hydrophobicity, hydrophilicity of the monolayer or the possibility of the isomerization the 

molecules by visible or UV exposure. The properties of the SAMs can be achieved through 

engineering of their end group.22
’
32 As an example, addition of methyl group to the end of 

alkanethiolates leads to a hydrophobic monolayer while addition of hydroxyl group to them 

lead to a hydrophilic layer.63  

 

1.4 Molecular Switches 

Molecular switches respond to an external stimuli by changing their properties13 

or their molecular structures.59 The external stimuli can be in various forms such electrical 

field,64 chemical stimuli,13 mechanical stimuli,23 and optical stimuli.62 To understand the 

switching behavior of these molecules they have been studied both as an isolated molecule 

on the surface and also when they are self-assembled on the surface.32 As mentioned earlier, 

a SAM of molecular switch does not necessarily show the same behavior as when they are 

isolated. The common technique for fabrication of the SAMs of these molecules is through 
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solution processing. It should be noted that the solution is used for this process can itself 

affect the properties of the SAM.32 For example some solvents can more strongly bind to 

the junction between the metal electrode and SAM layer, increasing the work function of 

the electrode surface and hence manipulating the energy alignment at the junction.65  

Electronic switches are single or assembly of conductive molecules which can be 

switched from non-conductive or low conductive states to high conductive states. As an 

example, PANI or its oligomers can be protonically doped by acids like HCl. They are non-

conductive or extremely poor conductive in their base state (undoped) but can reach high 

electrical conductance upon chemical doping.66 They can be switched back to their initial 

state by exposure to basic solutions/vapors.67 The contact between the SAMs and metal 

electrodes can significantly affect the electrical conductance of the monolayer. The main 

criteria for a successful charge transfer at this interface is the energy alignment between 

the SAM and the metal electrodes. In addition, the contact between at this junction can also 

significantly affect the SAM electrical conductance. The suitable functional groups that 

provides good contact between the molecules and the metal electrode are amines (-NH2), 

thiols (-SH), nitriles (-CH), and selenols (-SeH).32 Switching a molecule from OFF to ON 

state and vice versa can be carried out through reduction/oxidation of molecules,13 change 

in the hybridization of metal-molecule bonds,33 intermolecular interactions,68 change in the 

conformation of the conjugated backbone or functional groups.59  

Electronic switches can be used in various electronic devices such as field effect 

transistors13 and chemical sensors.69 In addition, their application in corrosion inhibition 

of metals have been widely investigated.32,70 Another type of molecular switches is 
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functioning based on photochromic switching. Exposure of these molecules to a certain 

wavelength of light lead to conformational changes in their structure. These processes can 

be reversed and the molecule can go back to its initial stage either by thermal relaxation or 

by its exposure to a light with another wavelength.71 Common groups of photochromic 

switches are azobenzenes,62 quinones, spiropyrans, spirooxazines.72 An important aspect 

of these photoswitches is the fact they do not behave the same in solutions and on 

conductive surfaces. It has been noted that the contact of these molecules with conductive 

solid surfaces interrupts their isomerization. Several approaches have been found to 

overcome this problem. One approach is introducing a thin nonconductive barrier at the 

junction between the molecules and the conductive substrate. The other method is based 

on functionalization of the molecular switches with bulky legs.  Finally, it has been shown 

that addition of an insulating SAM at the interface of the molecular switch and the substrate 

can solve the quenching of isomerization by the substrate.32
’
73 Another route for 

isomerization of molecules such as azobenzenes on surfaces is by using electrons. This can 

be performed precisely using STM tip. A STM tip can be controlled with subnanometer 

precision. In the tunneling regime, tunneling electrons can be used to perform the switching 

of the molecule with high lateral precision. An example of electronic switching by 

tunneling electrons is irreversible switching of trans- to cis- configuration of 4-

dimethylamineoazobenzene-4-sulfonic acid on Au(111).74 

Isomerization of molecular switches can also be triggered using electric field. One 

way to induce electric field on a molecular island is through STM tip. For this purpose, the 

tip is positioned close to the islands, but not necessarily in the tunneling regime (e.g. 0.4-
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3.6 nm) and electric pulses are applied between the tip and substrate.32 It has been 

previously shown that SAM of TTB-functionalized azobenzene can be reversibly switched 

between its cis and trans configurations.75 Another class of molecular switches is 

mechanically interlocked molecules (MIMs) which are based on noncovalent interaction 

of two or more functional groups with each other.32 Using external stimuli these functional 

groups can be moved relative to each other. Some examples of such molecular switches 

are rotaxanes, catenanes, and their derivatives.23 A Rotaxane is composed of a linear 

backbone with a cyclobis(paraquat-p-phenylene) ring (CBPQT+) around it. The linear shaft 

is composed of two different stations of tetrathiafulvalene (TTF) and dioxynaphtalene 

(DNP) while the ring is a cyclobis(paraquat-p-phenylene). The electrostatic charge of TTF 

define the location of the CBPQT+ ring. In neutral states of TTF, the ring docks at this 

station while in its charged state (oxidized) the ring docks at DNP station.32 Catenanes, 

another well-known MIMs is composed of two interlocked rings interacting with each 

other via noncovalent interaction. The ultimate goal of the research on MIMs is the design 

of microscopic muscles in which the movement can be controlled by external stimulus.23’76  

 

1.5 Structure of this Thesis 

As described in previous sections, this work investigates the interfacial charge 

transfer of thin films of small organic molecules with solid surfaces. In addition, this work 

investigates the nucleation and growth of stable islands of these molecules on solid 

surfaces, which is the initial step toward thin organic films formation. Based on these two 
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points, the application of organic-solid interfaces in electronic devices such as chemical 

sensors have been explored. From a more general point of view, this thesis concerns how 

the fabrication of thin organic films on surfaces can unlock properties that the bulk of 

materials are not able to offer.   

In the next chapter (chapter 2), the general concept of chemical sensors is briefly 

introduced. The focus of this chapter is the introduction of chemiresistive chemical sensors. 

Different architecture of chemiresistive sensors are introduced. In addition, the pioneering 

and the current states of this class of chemical sensors with respect to the materials used in 

these sensors are reviewed. In some cases, the fabrication of the active materials used in 

such sensors and their properties are discussed. Furthermore, the sensing mechanism, 

advantages, and limitation of each groups of chemiresistive sensors are briefly mentioned.  

In chapter 3, the working principles of the primary techniques used in this thesis, 

including X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, UV-vis 

spectroscopy, and atomic microscopy are briefly discussed. In addition, the theory of the 

scaled island size distribution model for nucleation and growth of thin films are presented 

and the most relevant mathematical formulas to this model are reviewed. 

In chapter 4, the nucleation and growth of the fully reduced and the fully oxidized 

islands of PCAT on the surface of hematite single crystals are studied. The morphology of 

these islands as a function of substrate temperature is presented. In addition, using dynamic 

scaling, the critical island size for both reduced and oxidized PCAT islands are calculated. 

Furthermore, the activation barrier energy and diffusion prefactor for the reduced and 
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oxidized PCAT on hematite surface are estimated. To the best of my knowledge, this is the 

first time that the scaling island size distribution is applied to two different oxidation states 

of a molecule. The work shows the significance of small changes in the molecular structure 

of a molecule can cause in the film formation, and on the surface diffusion of the molecules. 

Thus, this work not only provides valuable information about the nucleation and growth of 

molecular switches, but can also provide valuable insights for applications in which the 

organic coating acts more than a mere encapsulation of the surface. 

The charge transfer between different oxidation states of PCAT and iron oxide 

surfaces (hematite and low carbon steel) is demonstrated in chapter 5. The procedure for 

the fabrication of thin films of each state of PCAT on the surface of iron oxide is presented. 

The morphology and thickness of the fabricated films are investigated by atomic force 

microscopy. The XPS of the PCAT films before and after their fabrication on iron oxide is 

used to investigate the charge transfer at this interface. Raman spectroscopy is used to 

further validate these results. In addition, the in situ XPS data obtained from the step by 

step deposition of the fully reduced base PCAT on low carbon steel are reanalyzed to 

investigate the interfacial charge transfer in the absence of ambient conditions. Finally, 

using a microfluidic device, the effect of the fully reduced and the fully oxidized PCAT on 

iron oxide surface is demonstrated. Thus, the results of this study contribute to better 

understanding of the inhibitive corrosion protection of metal and metal oxide surfaces by 

redox-active organic molecules and polymers. In addition, this work demonstrates the 

potential of the interface of redox-active organic molecules and conductive surfaces for 

application in thin film electronic devices, in particular chemical sensors.  
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Chapter 7 is about using the concepts introduced in previous chapters and put them 

in action, developing an electronic device based on the interface of a thin PCAT film and 

a pencil film for quantification of free chlorine in drinking water. The fabrication procedure 

for the chemical sensor is discussed in details and the device is thoroughly characterized. 

Using various spectroscopy techniques, the reaction of sodium hypochlorite and PCAT is 

elucidated and the sensing mechanism of the sensor is explained. In addition, the effect of 

chlorination of PCAT on device sensitivity and stability of the device are discussed.  

Finally, the results and findings of this thesis are summarized in the chapter 7 and 

a discussion about possible future works is presented.  
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Chapter 2 Chemical Sensors Based on Surface Charge Transfer 

 

2.1 Chemical Sensors  

A chemical sensor is a device which can measure analytical parameters in real-time 

or semi real-time and convert the chemical data to measurable signal.1 Each chemical 

sensor consists of two general parts, a detection agent, and a transducer. The detection 

agent (receptor part) transform the chemical information into a form of energy while the 

transducer transforms this energy to a measurable signal.2 Transduction mechanism of 

chemical sensors is a criterion which can be used for their categorization. Based on this 

criterion, the most common groups of chemical sensors are optical sensors, electrochemical 

sensors, and electrical sensors. In optical sensors, the change in the optical properties of a 

reagent upon interaction with an analyte is measured. Some of these optical properties are 

absorption, fluorescence, light scattering, and decay time. The advances in optoelectronic 

industry in recent years assisted to the development of high quality light sources, 

photodetectors, and fiber optics which they can be used for developments of inexpensive 

and reliable optical sensors. These achievements have been made optical sensors a popular 

choice for various applications from water quality monitoring to biomedical applications. 

The most common optical sensor is pH papers in which a reagent has been covalently 

immobilized on a paper.  

Another widely used group of chemical sensors are electrochemical sensors. The 

simple design of such sensors consists of two conductive electrodes and an electrolyte. The 
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most common use of electrochemical sensors is in pH measurement in which the activity 

of the hydronium ions is measured.1,2 However, usually a reference electrode is also used 

in chemical sensors (Ag/AgCl electrode) to increase the precision of the measurements. 

Electrochemical sensors are designed based on various electrochemical techniques such as 

voltammetry, amperometry, potentiometry, and impedometry.  The two former methods 

are more often used in chemical sensors. In voltammetry measurement, an applied potential 

to an electrode is linearly ramped to more negative potential and followed by ramping back 

to more positive potential while during this cycle the current is measured. In forward scan, 

the reduction of an analyte at any of the applied potential is monitored. Once the applied 

potential is equal to the reduction potential of the analyte the measured current increases. 

This follows by the reduction of the measured current as a result of the depletion of the 

analyte. In the reverse scan, at certain potential the analyte will be reoxidze to its initial 

form. This will appear as a peak with a reverse sign as the reduction peak. Theoretically, 

for a reversible process the difference between the reduction and oxidation peaks are about 

59 mV. In amperometry measurement, a constant potential is applied and the change in 

measured current as a function of time is monitored. The value for this potential can be 

determined from the voltammogram of the analyte of interest.2 

Chemical sensors operating based on electrical transduction are another group of 

chemical sensors. These sensors should not be mistaken for electrochemical signal because 

they do not have electrodes and do not necessarily require electrolyte solution. Therefore, 

these sensors can be used in liquids as well as in gas phase. Chemiresistive sensor are the 

main group of sensors based on electrical transduction. In these sensors, the changes in the 
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conductivity of an active layer is used to detect the presence of an analyte. Various types 

of interactions between the active material and the analyte can lead to change in the 

conductivity of the active layer. For example, the analyte can cause oxidation or reduction 

of the active layer or the analyte can undergo charge transfer with the active layer through 

processes such as surface doping.3 More sophisticated sensors based on electrical 

transduction are sensor based on the architecture of field effect transistors. Therefore, this 

group of sensors are often called chemical field effect transistor (CHEMFET). Often in 

CHEMFETs, the interaction of analyte with the gate electrode is used to influence the 

charge transport in the conductive channel.4 However, there are have reports that the direct 

interaction of the analyte with the conductive channel is used to influence the charge 

transport. The former architecture is simpler than the traditional CHEMFETs as the 

dielectric layer and the gate electrode have been removed.5 

  

2.2 Chemiresistive Sensors 

2.2.1 Metal Oxide Thin Film Chemical Sensors  

Some of the earliest works on chemical sensors based on electrical transduction 

have been reported for chemiresistive sensors.6’7
 A simple description of the operating 

principle of these devices is that the adsorption of chemical species on the surface of a 

conductive/semiconducting materials leads to the changes in electrical properties of the 

substrate, mainly its electrical conductivity. The conductive substrate can be simply 

attached to conductive electrical leads connected to a source measurement unit.7 More 
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sophisticated contact geometries include four-point electrical contacts or using 

interdigitated electrodes.8 The chemical species can interact with the sensing film through 

various pathways such as physisorption, chemisorption, catalytic reactions, reaction at 

grain boundaries, and bulk reactions.8 The change in the electrical properties of the sensing 

material by the adsorbed chemical species on its surface can be performed through different 

means such as oxidation/reaction of the surface or change in the surface work function.8 

Some of the earliest work on chemiresistive sensors have been performed using thin or 

thick oxide films such as tin oxide.8 It was shown that the adsorption of oxygen molecules 

on this surface leads to the formation of O2
- and O-.8 Since the tin oxide is an intrinsic n-

doped semiconductor, the flow of electrons from this metal oxide electrode to these species 

leads to the decrease in its electrical conductivity. Up on exposure of this surface to a 

reducing gas (e.g. H2, NH3, CO) the electron transfer from the adsorbed gases to the metal 

oxide leads to the increase in the electrical conductivity of the substrate while the 

adsorption of an oxidizing gas such as NO2 leads to an opposite response. In the latter 

situation, the direction of the charge transfer is opposite causing the formation of NO2
- and 

thus reduction in the conductivity of the metal oxide.6,7’9 Since the sensing depends on the 

surface adsorption/reactions, the surface structure of the sensing film (grain boundaries, 

defects, …) plays a key role in sensing.8 Figure 2.1 demonstrates the schematic of reaction 

of different gases with different surface sites available in a thin film sensor and the direction 

of the charge transfer for each surface-analyte interface. Although the sensing step in these 

sensors often is performed at low temperatures (room temperature-100 ℃), the resetting 

step requires elevated temperatures in the range of 100-400 ℃.8 These high temperatures 
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are essential for resetting the sensor as the thermal energy enhance the rate of the analyte 

desorption from the metal oxide surface.10 However, the requirement for such step at high 

temperatures counts as the main drawback of these sensors and is the reason behind the 

limited application of such sensors. In addition, both sensing and/or resetting at elevated 

temperatures can cause sintering of the sensing film which can alter its reaction sites 

essential for chemical sensing. Some of these reaction sites are point and bulk defects, and 

grain boundaries.8  

 

 

Figure 2.1. Schematic representation of detection of gas molecules by an active layer in 

chemiresistive sensor. Interaction of gas molecules lead to the change in the conductivity 

of the bulk and the surface of the active layer. Some of these reactions are from undoped 

(1) or doped surfaces (1´), from the bulk of the film (2), from the contacts (3), and from 

the grain boundaries (4). 
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2.2.2 Chemiresistor Sensors Based on Intrinsic Conductive Polymers 

Another group of materials which have been widely used for chemical sensing 

applications are intrinsic conductive polymers (ICP) and their oligomers. The common 

structure of ICPs consist of repeating units of small organic monomers. Figure 2.2 shows 

some of these monomers such as acetylene, pyrrole, thiophene, and aniline.7 The 

conductivity of the ICPs originates from the alternating single and double bonds which 

leads to the formation of delocalized electronic states.11 These polymers in their neutral 

forms are not electrically conductive but can become conductive upon n-doping or p-

doping reactions.12 These processes lead to the generation of charge carriers on their 

backbone which transform them to one-dimensional conductors.7 Such changes in their 

conductivity upon interaction with various chemical species (redox, basic/acidic) can be 

utilized for sensing applications. The adsorbed gas molecules on such polymers can act as 

secondary dopants, exchange charge carriers with polymers which can lead to the 

modulation of their electronic, optical, or magnetic properties.11   

 

 

Figure 2.2. Molecular structure of four intrinsic conductive polymer in their insulating 

state. 
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Most of the chemical sensors that have been developed based on ICPs are gas 

sensors. In these sensors, the polymer can be used as either the selective sensing material 

or as an interconnect component. The latter application is not desired as the change in the 

electrical conductivity of the interconnect component can interfere with the main sensing 

process.11 Therefore, the ICPs or other organic small molecules should only be used as the 

selective sensing material. The simplest and most common measurement configuration for 

chemical sensors based on ICPs is the chemiresistor with two electrical leads (Figure 2.3a). 

In this configuration, the polymer film is deposited between two electrodes (commonly 

Au) and a constant current or voltage is applied between them (dc or ac).12 The gaseous 

can interact with the ICP layer and act either as electron donor or electron acceptor. In the 

former case, the electrical conductivity of the film increases while in the latter case, it 

decreases.11 Therefore, the common way to report the response from the ICP based sensors 

is in the form of (R1-R0)/R0, where R0 is the resistance of the system before the exposure 

to the analyte and R1 is its resistance after exposure to the analyte.7 This simple principle 

leads to the detection of the chemical species of interest present in the gas phase. The 

drawback of this configuration is the drop of the potential at the metal-polymer contacts. 

Such a change in the electrical conductivity at this junction is attributed to the modulation 

of the schottky barrier height which can be determined from the differences between the 

work function of the polymer and metal electrodes.11 In addition the choices of the metal 

electrode can also influence the type of the contacts with the polymer film and as a result 

different magnitude of the response. It has been reported that the contact between gold and 

polyaniline (PANI) is ohmic while the contact between platinum (Pt) and PANI in the 
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presence of hydrogen is in the form of schottky contact. The latter system showed a greater 

response (65% increase in the resistance) to the presence of hydrogen gas in comparison 

to the former system (3% decrease in the resistance). The absence of hydrogen in the 

chemical sensor based on Pt-PANI sets back the contact between the metal and polymer 

film to the ohmic contact.13 One way to avoid the contribution of the metal-polymer contact 

in the sensing response of a chemical sensor is through using four-point measurement 

configuration (Figure 2.3d). However, this technique does not provide any information 

regarding the contact resistance. This is not favorable in cases in which the contact 

resistance is higher than the sensing response. To be able to do both two- and four- point 

measurements the configuration in Figure 2.3e can be used. This configuration is also 

called as s24-configuration. This configuration enables the comparison of the delay time 

between the two- and four- measurement signal which can provide information regarding 

diffusion of the gas through the polymer layer. As it was mentioned earlier, most of the 

sensing measurements using these configurations are performed by application of constant 

potential or constant current. However, this can itself cause irreversible or reversible 

changes in the polymer layer.12 Some of the measures to avoid such events are by 

application of ac technique (instead of dc) or by continuous switching of the dc pulses. In 

addition, the probe power should be limited as it can lead to self-heating of the polymer 

layer.12 Some other common sensing configurations involving two- and/or four- point 

configurations are shown in Figures 2.3b, 2.3c, and 2.3f. Figure 2.3b shows the typical 

configuration which uses a conductive polymer layer in electrochemical systems. These 

configurations are based on organic field effect transistors in which the current between 
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the source and the drain electrodes is regulated by the gate voltage.12 The details of the 

chemical sensors will be more discussed along with the discussion about CHEMFETs. In 

many chemical sensors based on conductive polymers, specifically in biosensor, the 

conductivity of the conductive polymer is low which results difficulties in measurement of 

its conductivity between two electrodes. In such cases the conductivity between the 

conductive polymer layer and an electrode in solution is used for sensing measurement.12 

Figure 2.3c shows a somewhat similar configuration to the set up in Figure 2.3b with the 

difference that in the latter case the purpose of the external electrode is fixation of the 

polymer potential. This is useful if the controlling the redox states of the polymer is 

required. This set up resembles the filed effect transistor (FET) architecture as the external 

electrode can control the potential of the polymer layer and thus it was termed as 

electrochemical transistor set up.12 

Although chemiresistor sensors based on conductive polymers are simple, easy to 

fabricate, and can be prepared in various configurations, they have several drawbacks. 

First, the thickness of the organic film can greatly affect the response. Polymer films are 

porous and thus gas molecules of the analyte can diffuse through them.14 However, the 

morphology of the polymer film (filament or dendritic, smooth, or compact) itself can 

change the sensitivity of device.15,16 The interface between the polymer film and the 

insulating substrate of the sensor itself can affect the electrical response. Last but not the 

least, the copresence of different gases and moisture present in ambient environment can 

also interfere with the response from the analyte of interest.11’17 
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Figure 2.3. Common measurement configurations in chemiresistive sensors based on ICP 

selective layers. (a) Two-point measurement without fixation of the ICP layer, (b) typical 

set up used in electrochemical experiments, (c) Two-point measurement with fixation of 

the ICP layer, (d) Four-point technique, (e) Two- and Four- point measurement together 

without fixation of ICP potential, and (f) Two- and Four- point measurement together with 

fixation of ICP potential. 

 

2.2.3 Chemiresistor Sensors Based on Nanocarbons 

Another group of materials that have been extensively incorporated into the 

chemiresistor sensors are nanocarbons such as carbon nanotubes (CNTs),18 graphene,19 and 

even graphite or pencil lead.20 Carbon based materials are often resistant to harsh chemical 

conditions and high temperatures.18’20 In most cases, they are inexpensive or there is 

research underway for their mass production which will eventually reduce their production 

cost.21 They are easy to fabricate on various substrates and can be prepared through various 
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fabrication methods such as CVD,22 inkjet printing,23 or drop-casting.24 All of these 

parameters make them suitable materials for sensing applications. They have been both 

used for gas sensing18 and sensing in liquid phases.24  

CNTs are one of the main group of nanocarbons which are used in chemiresistor 

sensors. The common form of CNTs used in electronic devices are single-walled carbon 

nanotubes (SWCNTs). They are used as the sensing materials and often suspended over 

Au or Pt electrodes. One of the unique characteristics of CNTs is their high surface area (~ 

1600 m2 g-1).18 In addition, they have superb electrical properties such as carrier mobility 

as high as ~10000 cm2 V-1 s-1 which is better than silicon and electrical current density of 

~ 4 × 109 A cm-1, which is about thousand times higher than copper.25 CNTs can be 

chemically doped (p- or n- doped) by wide range of chemical species.26,27 Combination of 

these characteristics make SWCNTs a better choice than ceramics (e.g. SnO2) or ICPs for 

sensing applications. In addition, in contrast to the sensors based on ceramics, they can 

operate at room temperature. The common sensing mechanism of chemical species by 

chemiresistive sensors based on CNTs are similar to what was described earlier for 

chemiresistive sensors based on ICPs/small molecules and metal oxides. The high surface 

area of CNTs allow good interaction with the analyte molecules. The analyte molecules 

adsorbed on this surface and can transfer charge with CNTs and as a result change the 

charge polarity (dope) of CNTs.28 This will lead to change in the electrical conductivity of 

the CNTs and can be used for detection of analyte molecules.29 Although, the presence of 

metallic CNTs is not crucial for chemiresistive sensors, it is more critical in the case FETs 

based on CNTs.18 In addition, even in each batch of synthesized CNTs, the diameter of the 
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tubes is different. Since the bandgap of semiconducting CNTs have inverse relationship 

with their diameter, the bandgap of the tubes in each batch can vary over a broad range. As 

an example, it was reported that the SWCNTs produced via laser-ablation method have 

diameter over 11 to 16 Å which will lead to the variation of their bandgap from 0.65 to 

0.95 eV.30 These variations in diameter, bandgap, and their electronic type 

(metallic/semiconducting) can cause reproducibility issues for mass production of such 

sensors.18 Fortunately, in recent years the as synthesized CNTs (specially SWCNTs) can 

be sorted through various separation means in order to produce more homogenous batches 

of tubes.30 Another issue with application of CNTs in electronic devices including 

chemiresistor sensors is based on the high contact resistance between the metallic 

electrodes and the CNTs. Suspending CNTs over electrodes often cause unreliable contacts 

between the electrodes and CNTs. This issue can be circumvented by new techniques such 

as creating end-bonded contacts between CNTs and molybdenum to form carbide.31 

Although, chemiresistive sensors based on CNTs are often more sensitive than the ones 

based one ICPs, both suffer from similar problems associated with the effects of interfering 

molecules present in uncontrolled environments such as ambient conditions. It is known 

that humidity, hydrogen bonding with oxygen defects, and direct water adsorption can 

greatly affect the baseline resistance of the sensor. Such cross sensitivity between 

interfering molecules and the analyte of interest makes the process of stablishing a 

calibration curve for these sensors challenging.18 Another popular nanocarbon for use in 

chemical sensors is graphene. Graphene is a flat monolayer of carbon atoms arranged in 

the form of two-dimensional (2D) honeycomb lattice. Graphene is the basic building blocks 
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of many carbon allotropes such as graphite (3D), CNT (1D), and fullerenes (0D).32 The 

pioneering reports on the concept of graphene set back to sixty years ago and related to the 

theoretical studies on the band structure of graphite.33,34,35  For a long time, it was believed 

that the 2D crystals are thermodynamically unstable and as the lateral size increases the 2D 

crystal transform to a stable 3D structure.36 The reason for such argument was that the 

thermal fluctuations in low-dimensional crystals lead to displacement of atoms over 

distances as large as their interatomic distances at any finite temperature. However, 

advances in fabrication and characterization of graphene showed the possibility of the 

existence of 2D crystals.37 Graphene can be produced by several approaches such as 

mechanical exfoliation of graphite, chemical exfoliation of graphite, and epitaxial 

growth.32,38,39  

The s, px, py of each carbon atom in a graphene sheet hybridized to form strong 

covalent sp2 bonds leading to the chicken-wire-like arrangements. The pz atomic orbital of 

each carbon atom overlaps with the other pz orbitals forming filled π orbitals (valance band) 

and empty π* orbitals (conduction band). This means three out four valance electrons of 

each carbon atom form σ bonds while the fourth electron participate in π bonding.40,41 The 

superior electronic properties of graphene are mainly due to its high quality 2D crystal. 

Although graphite is made of AB stack of graphene sheets, their electronic structure is not 

similar. It is known that graphite is a semimetal while a single layer graphene is known as 

a zero-band gap semiconductor. The conduction band (CB) and valance band (VB) of 

graphene are cone-shaped which meet each other at Dirac point.42,43 By increasing the 

number of sheets in graphene, crystal shows more semimetallic behavior and for the stack 
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of 11 or higher number of sheets, the band overlap is less than 10% different from 

graphite.43 Another unique electrical property of graphene is its high charge carrier 

mobility (as high as 20,000 cm2/Vs for Si/SiO2 supported graphene sheets under the 

ambient conditions).32  

Similar to CNTs, graphene can become both p-doped or n-doped through various 

means such as electric filled effect or by chemical dopants. The former method is based on 

the possibility to tune charge carriers between electrons and holes by changing the polarity 

of gate voltage (Vg). This means when Vg is negative the Fermi level is below the Dirac 

point and the VB is full of holes and when the Vg is positive the Fermi level is above the 

Dirac point and the CB is filled with electrons.32 The latter method (chemical doping) is 

similar to the doping of CNTs as described earlier. Therefore, it is not surprising that one 

of the first electronic devices developed based on graphene was chemical sensor.44 In fact, 

some of the most sensitive gas sensors ever developed are based on graphene which can 

detect adsorption/desorption of an individual gas molecule.19 Up on adsorption of an 

individual gas molecule on graphene, the local carrier concentration in this substrate will 

change, which will appear as a step in the resistance. The reason behind the possibility to 

detect such a small change is the unique and extremely low-noise characteristic of 

graphene. Thus, the possibility of chemical doping of graphene is one of the basis of using 

this material in sensing devices.19 In addition, graphene has high surface area (>2000 m2/g) 

which is an important aspect in sensing applications. It has an advantage over CNTs in 

which it can be prepared in high quality with very low defect sites.45 Graphene has been 

incorporated in both chemiresistor configuration46 as well as chemical field-effect 
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transistor (CHEMFET) configuration.47 These sensors have been used for both gas sensing 

and sensing in liquids.46’47 Graphene, similar to CNTs, suffers from high sensitivity to 

many interfering adsorbates (humidity, oxygen,…) present in liquids or in ambient 

conditions and decrease the sensitivity of the device.46  

 

2.3 CHEMFET 

Another configuration for chemical sensing is based on the field-effect transistors 

(FETs) architecture. The general idea behind these sensors is that the interaction of the 

analyte with the gate electrode affect the charge transport properties in the conductive 

channel of the FET. This is different than the general scheme of FETs in which the gate 

electrode is insulated from the surrounding environment (Insulated Gate FET (IGFET)). 

Therefore, the gate electrode acts as the selective layer. The same technology which is used 

in semiconductor technology for fabrication of FETs can be used for fabrication of these 

sensors. Therefore, they can be miniaturized since in CHEMFETs the signal does not 

depend on the size of the sensing area. However, the signal from these type of sensors is 

small and required high input impedance amplifier.4  
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Figure 2.4. Schematic representation of two common architecture of CHEMFET. (a) ion 

sensitive (ISFET) sensor. (b) Work function sensor (WF-FET), in which no external 

reference electrode is required.  

 

Traditionally, CHEMFETs have been categorized under two main configurations; 

ion-sensitive FET (ISFET, Figure 2.4a) and work function FET (WF-FET, Figure 2.4b). 

ISEF function based on the selective separation of ionic charge present in the analyte 

sample at its interface with the selective layer (e.g. ion selective membrane). Therefore, the 

interfacial potential follows the Nernst equation. Since the potential of a single electrode is 

not measurable, a second reference electrode is used to measure the potential difference 

between this electrode and the selective layer.4 This design has been mostly used for pH 

measurements. Based on the analyte of interest, the selective layer of ISFET can be 

fabricated from either semiconducting inorganic or organic materials (e.g. ICP).48 WF-FET 

resembles the working principle of Kelvin probes (vibrating capacitor).49 The schematic of 

this configuration is depicted in Figure 2.4b. Since this configuration does not require the 

presence of an external electrode (unlike ISFET), they are suitable for miniaturization. It 

has been argued that the gate electrode in FETs is part of a capacitor consisting of the gate 
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electrode (here selective layer), the dielectric layer, and the conductive channel (often Si 

in FETs). The two plates of this capacitor (selective layer and the channel) have different 

chemical potential. Their connection leads to equalization of their fermi levels which 

results in formation of an electric field. Since in FETs the channel is sealed from the 

surrounding environment its work function remains unchanged during the sensing events. 

Therefore, it can be used as a reference electrode.4 The gate electrode in WF-FET can be 

fabricated from ICPs.48 The interaction of analyte molecules with this electrode leads to 

the charge transfer between them and the formation of a donor/acceptor complexs.50 The 

extent of this charge transfer depends on the electron affinity of the host material (selective 

layer) and charge donacity of the analyte species.4  

 

2.3.1 Chemical Sensing Based on Electrostatically Charged Selective Layer 

CHEMFETs show many advantages such as the possibility to scale down their size 

or use current semiconducting fabrication technology for their mass production while 

maintaining uniform quality across devices.4 The main difference between the 

chemiresistive sensors and CHEMFETs is the absence of the dielectric layer and gate 

electrode. This makes chemiresistive sensors simple, inexpensive, and allow easy 

incorporation of carbon nanotubes, graphene, and other 2D materials in these sensors. It 

has been recently reported that the electrostatic gating of semiconducting materials such as 

CNTs through chemical surface adsorbates can be used to create CHEMFETs without the 

need of dielectric layer and gate electrode.5 The architecture of the reported sensor is 
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similar to chemiresistive sensors but the function and the response of the sensor is similar 

to CHEMFETs. It has been shown that the increase in the functional density of the 

negatively charged adsorbed receptors on CNTs can modulates the charge transport in the 

tube (charge transport layer). Based on this observation, it was concluded that the sensing 

mechanism of the device is based on chemically driven electrostatic gating. Therefore, the 

field effect created through electrostatic gating is similar to the effect of gate voltage in 

FETs (CHEMFETs).5 

In this chapter, the typical transduction mechanism in chemical sensors were 

introduced. The working principle of different variations of chemiresistor sensor were 

described and the most common materials used in each one was mentioned. The advantages 

and disadvantages of each architecture was briefly mentioned. The CHEMFET and its most 

common configurations were briefly introduced. In addition, it was concluded that some 

variations of chemiresistor can be counted as CHEMFET, which have several advantages 

over traditional CHEMFET such as no need of gate electrode and dielectric layer.  
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Chapter 3 Characterization Techniques  

 

3.1 Raman Spectroscopy 

Raman spectroscopy is a type of vibrational spectroscopy of materials, in which the 

change in the polarizability of a molecule is detected by incident light and used for 

characterization purposes. When a material is exposed to monochromatic light, most of the 

scattered light has exactly the same energy as the incident light (elastic scattering, Rayleigh 

scattering). However, a fraction of the scattered light has different energy from the incident 

light due the absorption by the material. In Rayleigh scattering, the incident photons excite 

the electrons of the molecule to higher energy levels, called virtual energy levels. However, 

the electrons do not stay at these energy levels and decay back to their initial energy level 

called ground state. In the case that the scattered light does not have the same energy as the 

incident light, the decayed electrons end up to energy levels different than their initial 

energy state. Based on the position of the final state of these electrons the inelastic 

scattering is called Stokes or anti-Stokes scattering. In both cases the interaction of photons 

with the electric dipole of a molecule can be regarded as a modulation of the molecule’s 

electric field.  Figure 3.1 shows these two types of inelastic scattering processes in addition 

to the Rayleigh scattering.1 
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Figure 3.1. Schematic diagram of Stokes, Rayleigh, and anti-Stokes scattering. The 

upward and downward arrows mean excitation and scattering processes, respectively.  

 

Both inelastic spectra have similar information and can be used in Raman 

spectroscopy. However, the Stokes spectrum is stronger than the anti-Stokes spectrum and 

therefore is commonly used in Raman spectroscopy. The difference between the initial and 

final vibrational levels (Δν) can be calculated using equation 3.1, where λincident and λscattered 

are the wavelengths of the initial incident light and the scattered light, respectively. Based 

on this equation, the Raman spectrum of a molecule is reported as chemical shift (cm-1) 

versus intensity. Raman spectrum has a good signal to noise ratio and can be used as a 

fingerprint of a compound. In addition, since the Raman spectrum of water is weak, it can 

also be used in aqueous media.  
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                                                                                          3.1 

Vibrational Raman spectroscopy has been traditionally used for characterizations of 

molecules. However, it can also be used for characterization of crystal lattice vibrations in 

semiconductors. In the past decade Raman spectroscopy has been used alongside electrical 

measurements for characterization of graphitic materials such as graphite,2 graphene,3 and 

carbon nanotubes (CNTs).4’
5 This technique can provide unique information with regards 

to defects, stacking of graphene layers, finite size of crystallites, and numbers of sheets (in 

graphene or graphite samples).2,6 In addition, it has been proven to be a powerful tool for 

study of the charge transfer and chemical doping in graphitic materials.3,6
’
7 Few bands are 

common in the Raman spectra of most graphitic materials. A G-band at around 1573-1579 

cm-1 is present in all samples containing sp2 carbon network. D (1330 cm-1) and D´ (1850-

2100 cm-1) bands are characteristic of sp3 and sp carbon networks, respectively. All 

graphitic materials also show a second order band called 2D around 2500-2800 cm-1 as a 

result of overtones of the D band.6 One way to dope graphene or graphite is through surface 

transfer doping in which electron exchange takes place between adsorbed dopants and the 

substrate.3 This type of doping does not disrupt the structure of the graphene or graphite 

and can be reversed. The position, full width at half maximum (FWHM), and ratios of 

intensities of these bands (e.g. 2D to G) are a common way to study the doping events.8 It 

has been reported that for n-type chemical doping of graphene or adsorption of molecules 

with electron-donating groups on it, the G band shifts to lower frequency with a decrease 

in its FWHM. For p-type doping or adsorption of molecules with electron-withdrawing 
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groups on graphene, the G band shifts to higher frequency and its FWHM increases.7 

Another reported effect of adsorbed molecules on Raman spectrum of graphene is based 

on G band splitting or asymmetry of its peak shape.9 In addition change in the ratio of 

intensities of 2D to G band (I2D/IG) is another indication of doping.10 However not all of 

these changes have reported at the same time and different methods of doping (electrical 

doping, chemical doping) could create different response to the same type of doping (p-

doping or n-doping).6,7 

 

3.2  UV-vis-NIR Spectroscopy 

Ultraviolet and visible radiation has been widely used for identification and 

determination of organic and inorganic compounds in liquids, gases, and solids. Absorption 

of radiation in this energy range by molecules can cause an excitation of an electron from 

a ground energy state to one of the excited electronic energy states. Two types of electrons 

are commonly responsible for absorption in this range, the shared electrons directly 

participating in the bond formation in a molecule and unshared outer electrons. Therefore, 

the absorption of electromagnetic radiations by compounds depend strongly on how 

electrons are arranged in their structure.  The shared electrons in single bonds are tightly 

bound and therefore for excitation of such states deep ultraviolet radiation is required. Due 

to the difficulties to suffice such experimental requirement, UV-vis spectroscopy is not 

commonly used for studying single bonds in organic or inorganic compounds. In contrast, 

UV-vis is a powerful tool for studying the double bonds and triple bonds since the electrons 
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participating in these bonds can be readily excited using common ultraviolet or visible light 

sources available in UV-vis instruments.11  

Based on Figure 3.2, the absorbance of a compound can be calculated based on the 

intensity of the incoming beam (I0) and outcoming beam (I). In addition, the absorbance of 

a compound (A) is proportional to path length (l) and its concentration (c) through the Beer-

Lambert law. Equation 3.2 shows this relationship where ε is the molar absorptivity. 

)
I

I
log(εclA

0

                                                                                                          3.2                                                                                                

 

Figure 3.2. Schematic of Beer-Lambert absorption of a beam traveling through a cuvette 

with the thickness of l.  

 

3.3  X-ray Photoelectron Spectroscopy  

X-ray photoelectron spectroscopy (XPS) is based on the principles of photoelectric 

effect. When an atom is subjected to a photon source with sufficient energy, electrons can 

be ejected from the atom (photoelectrons). Based on the Einstein relationship (equation. 

3.3), the binding energy (B.E.) of the photoelectrons can be calculated if the kinetic energy 

of the photoelectrons is measured and the energy of the photon source and the surface work 
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function are known. Here, EK is the kinetic energy of the photo-ejected electron, hν is the 

energy of the photon source, EB is the B.E. of the photo-ejected electron, and Φ is the 

surface work function.12 In addition, other correction factors such as the work function of 

the spectrophotometer can be added to the following equation to increase the precision. 

Therefore, often XPS instruments get calibrated against clean gold or graphite surfaces.13 

φEhνE BK                                                                                                             3.3                                            

The photoelectrons are filtered using a hemispherical energy analyzer before the 

intensity for each electron energy is measured by a detector. Commonly in XPS, a 

monochromatic photon source with photon energies above 1200 eV (e.g. Al Kα, 1486 eV) 

is used. Such energies are sufficient for ejection of electrons from both valence and core 

atomic energy levels. Electrons in valence levels are involved in chemical bonding and 

have very small B.E.s (~0–10 eV). Although these electrons are the most sensitive to the 

bonding environment of the atom, they are not commonly used in XPS analysis. This is 

because the spectra obtain from these electrons are highly convoluted and therefore 

difficult to interpret. Electrons from the core levels have higher B.E.s (~20-115000 eV) 

and do not participate in chemical bonding but still under influence from the chemical 

surrounding of the atom. Their energies are quantized, and thus their spectra can be 

deconvoluted. Hence, XPS is commonly used to probe the core level electrons of atoms.14   
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Figure 3.3. (a) Schematic diagram of photoelectric effect. The exposure of a solid substrate 

to an electromagnetic beam with energy of hν results in a photoejection of an electron from 

the surface to vacuum level. (b) Energy level diagram of a solid surface showing the 

photoejection process.  

 

Figure 3.3 shows a typical energy level diagram of a metal surface. Core levels 

located at higher B.E.s while the valence and conduction bands lie at lower B.E.s. The 

fermi level is used as a reference energy level of the system. The vacuum level is the 

boundary level between the unbound and bound electrons of the system. The B.E.s of the 

electrons depend on their core level states in addition to their chemical states of the element. 

The dependence of B.E. to the latter property is called chemical shift.12 Since XPS is 

capable of probing the electronic structure of atoms, it has been widely used in the studying 

of doping and charge transfer at interfaces.15 One way to detect these processes by 

photoelectron spectroscopy is by monitoring the fermi level shift of the compounds 

involved in the charge transfer process. This method has been used to assess the doping 
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efficiency of N,N,N´,N´-tetrakis(4-methoxyphenyl)-benzidine by C60F36 and 2,2´-

(perfluoronaphthalene-2,6-diylidine)dimalononitrile.16 One way to detect the Fermi level 

shift is by monitoring the shift in the high resolution XPS spectra of species participating 

in the doping process, before and after contact with each other. For example, the shift of 

the Mo 3d and S 2p peaks of MoS2 to higher binding energy after contact with TiO2 layer 

is a sign of fermi level shift to conduction band and n-type doping.17 Another feature that 

might indicate doping/charge transfer at an interface between two compounds is the 

appearance of shoulder features in their high resolution XPS spectra. As an example, it has 

been shown that the charge transfer between Mn3+ - Ni3+ → Mn4+ - Ni2+ at the interface 

between La0.7Ca0.3MnO3/LaNiO3 leads to the evolution of a shoulder feature in the Mn 2p 

core level spectrum.18 It has been also shown that the appearance of charge on the backbone 

of polymers or small molecule after their interaction with dopant is a sign of doping/charge 

transfer.19 Xu et al. have been reported that the appearance of charge on amine groups in 

the N 1s XPS spectrum of polyaniline in contact with graphene oxides is a result of 

interfacial doping.20 In this work, CASA XPS software is used for data analysis.21 The 

details of XPS data analysis is discussed thoroughly in chapters 4, 5, and 6.  

 

3.4 Atomic Force Microscopy  

Atomic force microscopy is a technique for probing the surface morphology using 

a sharp tip. The radius of the apex of this tip is usually about 10 nm. The tip is located at 

the end of a cantilever. The tip is brought close to the surface and the force between the tip 
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and the surface can bend the cantilever. In majority of AFMs a laser beam is used to 

measure the deflection of the tip. For this purpose, a laser beam is focused at the back of 

the cantilever. The reflection of the laser beam is measured by a position sensitive 

photodetector (PSPD). Once the tip rasters all the surface, a map of surface topography can 

be constructed. However, in AFM the tip is not moving laterally and instead the sample is 

moved under the tip by a piezo scanner (PZT scanner). The schematic details of AFM are 

depicted in Figure 3.4a. Van der Waals force is the major force which contributes to the 

deflection of a cantilever. As it is shown in Figure 3.4b, the extent of this force strongly 

depends to the distance between the sample and the tip. This force-distance curve can be 

divided into two parts; contact regime and non-contact regime. In the contact regime, the 

tip is held just few angstroms above the sample. The force between the sample and the tip 

in this regime is repulsive. In the non-contact regime, the tip is held tens to hundreds of 

nanometers above the sample. The force between the tip and the sample in this mode is 

attractive. Both modes (contact and non-contact modes) are used in probe microscopy. A 

variation of non-contact mode is the tapping mode (intermittent-contact mode). In this 

mode, the tip is brought closer to the sample in comparison to the non-contact mode. It is 

almost like if the bottom of the tip taps on the surface. The intermittent contact mode is 

shown on Figure 3.4b. This mode is preferred when the damage to the sample from the tip 

is a concern as the friction between the surface and the tip is eliminated in this mode. For 

analysis of AFM images, Gwyddion software is used and its details can be found in chapter 

4, 5, and 6.22 
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Figure 3.4. (a) Detection of the deflection of AFM cantilever by a focused laser beam. (b) 

Interatomic force between the tip and the sample in AFM.   

 

3.5 Scaled Island Size Distribution of Phenyl-Capped Aniline Tetramer  

3.5.1 Introduction 

Thin organic films are important for applications in organic electronic devices, such 

as organic thin film transistors (OFETs), organic photovoltaics (OPVs), and organic light 

emitting diodes (OLEDs).23-26 Models for inorganic film growth, particularly those of 

metallic compositions, have been studied since the 1980’s.27-29 While in theory these 

models were assumed to be also applicable to the organic thin films, it was only a decade 

ago that their applicability to organic thin films have been studied experimentally.30-32 Film 

growth through diffusion on surfaces takes place in four distinct stages; initially, singular 

particles come into contact with the substrate on which the film is to form. Once a few of 

them meet (defined as the critical island size plus one) a stable nucleus, or island, is formed. 

Upon addition of more particles they may form their own individual islands, or may start 

adding to the existing nuclei. After a significant number of islands have been formed, 
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additional particles only add to the existing islands, in an aggregation regime. Over time 

surface diffusion results in the coalescence of the islands.29 The rate of the diffusion 

mediated growth (R) can be obtained from the ratio between the diffusion constant (D) and 

the incoming flux (F). Equation 3.4 shows this relationship; 

F

D
R                                                                                                                         3.4 

Ruiz et al.30 have argued that several system specific properties such as nucleation density 

(N) and the average island size (A(θ)) can be obtained from this relationship through the 

following proportionality;           

 θA

θ
RCN χ                                                                                                       3.5                                                                                                                                                                         

Where θ is the coverage, C is a proportionality constant, and χ= i/i+2 (i is the critical island 

size, expressed as the number of monomers, 1/3≤ χ <1). Critical island size, i, is the largest 

unstable island that can be transformed to a stable island by addition of a single (i+1).32 

The critical island size depends on the interatomic and intermolecular forces between 

particles of the over layer film and the substrate atoms.32 It was shown that the distribution 

of islands of size “a” per unit area (Na(θ)) scales with the average island size A(θ), 

according to the following relationship; 

     ufθAθθNa
2

                                                                                             3.6 

While u defined u = a/A(θ), f(u) is a dimensionless scaling function independent of 

coverage, and A(θ) can be calculated from the following equation; 

 
  
 θN

θNa
θA

a

a




                                                                                                    3.7 
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In addition, A(θ) can be also calculated directly by averaging the area of islands obtained 

through images analysis of AFM images. Based on the numerical simulations it has been 

shown that the distribution of the scaling function can be correlated to the critical island 

size (i) by the following empirical expression; 

 uibexpuc(u)f bi1/
i

i
ii                                                                                       3.8 

Here, Ci and bi are fixed by absolute geometrical equations 3.9 and 3.10 which assure 

normalization behavior of f(u).30  
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                                                                                                 3.10                                                                                                                                                                                                                            

The above equations are normally applied to the surface coverage of 0.1 to 0.5 

(aggregation regime) because it shows the scaling behavior of the organic island size 

distribution in 2-dimentional and thus a fingerprint of diffusion-mediated growth can be 

extracted from them. In other word, aggregation regime is where the island density remains 

unchanged during deposition. The constants Ci and bi for i = 1-6 can be found elsewhere.32 

It is known that the film formation and the critical island size depend on several factors 

such as the substrate temperature and the deposition rate. However, it was further shown 

that the former one has greater effect than the later one.32 The deposition rate of the organic 

layer was shown to have a much more classical trend with the peak area of islands, 

increasing in a nearly linear fashion to the amount that was deposited per given unit of 

time.32 The effect of temperature of the substrate is of importance to the size and shape of 
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island formation. It was noted that the dependence of the island’s morphology on 

temperature follows two different trends for organic and metallic islands. Organic islands 

are compact at low substrate temperature and dendritic at higher temperatures. For metallic 

islands this trend is opposite, at low substrate temperatures the islands are dendritic while 

at higher temperatures they are compact. For metal islands, this behavior was explained 

based on diffusion-limited aggregation (DLA) model. At low temperatures, the adatoms 

hit and stick to the existing islands. As the temperature increases, the adatoms can diffuse 

along the rim of the islands, changing the shape of the island to a compact structure. Islands 

formation of large organic molecules on substrates have showed a reverse dependency to 

the temperature.32
’
33 Therefore, the growth mechanism of the large organic molecules such 

as hexaphenyl are associated to models other than DLA.33 

 

3.5.2 Calculation of Diffusion Barrier Energy 

The diffusion barrier of an organic island on a substrate can be derived from its 

diffusion coefficient (equation 3.11), where D0, Ea (kJmol-1), T, and R are diffusion 

constant, diffusion barrier energy, the substrate’s temperature, and the gas constant. 

)
RT

E
exp(DD a

0


                                                                                                   3.11                                                                   

By fixing F in equation 3.4, at a unchanged θ, and using equations 3.4 and 3.5, the equation 

3.11 can be rewritten as follow:33 
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                      3.12                                                                      

The equation 3.12 can be then written in linear form as follow: 
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RT

Eχ
lnClnN a                                                                                                 3.13                                                                                                                                                                                         

Therefore, the Ea can be calculated using i, and the island density at various substrate’s 

temperature.  

 

3.6. Image Analysis 

Image analysis is the first step toward extracting statistical and qualitative 

information from microscopy images (optical, probe, and electron microscopy). In this 

work, GIMP freeware (GNU Image Manipulation Program) was used for basic image 

manipulations and ImageJ freeware (NIH, USA) was used for more sophisticated image 

analysis.34 Since the basic analysis principle of the ImageJ freeware is based on the contrast 

between the particles and their background, the image needs to have an appropriate 

contrast. In addition, common microscopy images contain large number of particles. 

Therefore, in order to that the program can distinguish particles from each other, it is 

important that they have sufficient distance from each other. However, since this is not 

always possible, a preliminary manipulation of the microscopy image is required. The basic 

manipulation step is separating particles with no or little space from each other with 

black/dark lines using GIMP software.34 This will create sufficient contrast for the software 

to distinguish neighboring particles from each other.  
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3.6.1 Island Size Distribution Analysis  

To perform the island size distribution on AFM images used in this work the 

following steps were followed. 

• Open ImageJ freeware (version 1.51j8). 

• Select the image through File and then Open menu. 

• Set the scale bar by following the following step. 

• Select the straight line from the tool bar, then draw on the scale bar of the image or 

along a known distance of it. 

• Next, from the Analysis menu select Set Scale icon. Enter the known distance and 

select the appropriate unit, then press Ok. 

• If there is a printed scale bar on the image, crop it using the Crop option from the Image 

menu. 

• Select the Threshold Color icon from the Image, then Adjust menu. Set the thresholding 

method as Huang, threshold color as B&W, and color space as RGB. 

• Select the Set Measurement icon through the Analysis menu. Select the information 

you would like from the image (Area, Standard deviation, Feret’s diameter, …). Then 

set the number of decimal and press Ok. 

• Select Analysis Particles from the Analysis menu. Enter the range of the size you expect 

to have in your figure. Select whether the particles at the edges of the frame be included 

or excluded. Select Outline in the Show menu. By pressing Ok, two spreadsheets 

contain the summary of the analysis and the requested parameters for each individual 
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particle will be generated. In addition, the outline figure of the analysis will be 

provided. Using the outline image, you can eliminate the erroneous outcomes. Figure 

3.4 shows some of these steps to achieve the outcome. 

 

Figure 3.5. (a) AFM image of fully reduced PCAT on hematite (1000) single crystal 

surface. (b) cropped area of the (a), suitable for particle size analysis. (c) setting the color 

threshold to black and white version of (b). (d) the output of ImageJ software after particle 

analysis of (c) 
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Chapter 4 Surface Mobility and Nucleation of a Molecular Switch: 

Tetraaniline on Hematite 

 

 

4.1 Abstract 

We have studied the nucleation and growth of the reduced and the oxidized states 

of phenyl-capped aniline tetramer (PCAT) deposited on hematite(1000) surface by 

physical vapor deposition. The fully reduced PCAT molecules form two-dimensional 

islands on the surface while the fully oxidized molecules form three-dimensional islands.  

Through scaled island size distribution, it was found that critical island size for the reduced 

and the oxidized molecules are i = 4-5 and i = 5-6 respectively. Furthermore, through 

studying the island density as a function of substrate temperature, the range of diffiusion 

energy barrier, Ea, for the reduced and the oxized molecules were evaluated to be 1.22-1.30 

eV and 0.52-0.55 eV, respectively. At low temperatures, the reduced and the oxidized 

PCAT molecules form compact islands on the surface. At higher temperatures, the reduced 

islands become dendritic while the oxidized islands become slightly dendritic. In addition, 

the range of attempt frequencies for surface diffusion of the reduced and the oxidized 

islands were calculated to be 8 × 1022 - 5 × 1025 s-1 and 4 × 1011  - 8 × 1013 s-1, respectively. 

The former value is in line with the high degree of surface wetting by the reduced PCAT 

while the latter value shows the higher degree of intermolecular interction in the fully 

oxidized PCAT and the low degree of its interaction with the iron oxide surface. Finally, 
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the effect of the substrate oxidation state on the nucleation and growth of each of these two 

molecules is discussed.  

 

4.2 Introduction 

Organic thin films are key components of variety of electronic devices. They 

function as the donor/acceptor layer in organic photovoltaic device,1 as conductive channel 

in thin film transistors,2 and as sensing material in chemical sensors.3,4 The molecular 

orientation and packing plays an important role in the function of these devices as the 

quality of the organic thin films influence properties such as electrical conductivity or 

charge mobility.2’
5 Therefore, understanding the organic thin film formation is important 

for the design of better organic electronic devices and smart coatings. One of the primary 

steps in an organic or inorganic film formation is nucleation and growth of the 

submonolayer films.6 Various studies have shown that the nucleation and growth of the 

organic thin films follow different behaviors than the metallic thin films. Generally, the 

metallic submonolayer islands on surfaces held at room temperature forms dendritic 

morphologies and at higher temperatures transform to compact islands. On the other 

hand, the submonolayer islands of many large organic molecules form compact 

morphologies when the substrate is at low temperature and form dendritic islands at 

higher temperatures.7’
8 Thus, the  models commonly used to describe the latter case9 are 

unable to fully describe the early stages of nucleation and growth of the organic films.8 

One of the proposed reasons for these opposite trends is different intermolecular 
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interactions in the organic films in comparison to the metallic films can account for such 

differences in growth modes.10 Another reason is the intrinsic anisotropy associated with 

the organic molecules in comparison to the isotropy of the metal atoms.10 In addition, even 

different oxidation states of an organic molecule can adsorb on a surface with different 

conformations.11,12 This becomes important considering the application of such layers in 

novel set ups such organic electronic devices which requires a thin and homogenous 

molecular layer.8 As an example, it has been shown that for a vertical crystal of a 

tetraaniline can reach an electrical conductivity of 12.3 S/cm while its horizontally oriented 

crystal shows electrical conductivity values as low as 10-4 S/cm.5 

One of these organic molecules is Phenyl-capped aniline tetramer (PCAT), a redox-

active oligomer of polyaniline (PANI) which mimics many characteristics of this 

polymer.13 Similar to PANI it has three oxidation states and becomes electrically 

conductive through chemical doping.5 The reversible conversion of different oxidation 

states of PCAT (or PANI) to each other makes it attractive for different applications such 

as carbon nanotube FETs with switchable polarity14 or resettable chemical sensors.4 In all 

these applications and their many others,15 the interaction of the thin organic film with a 

substrate is crucial for the device performance and thus requires a high quality of the 

organic coating. The structure of the tetraaniline films on surfaces prepared through drop-

casting or vapor-infiltration has been studied previously.5’
16 It has been shown that the 

solvent, substrate, and the doping/undoping of the oligoaniline can significantly change the 

morphology, packing, and electrical conductivity of the final organic films.5
’
16 Another 

application of PCAT molecular layers is its use as an active coating against corrosion of 
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metals, particularly iron based alloys.17
’
18 This is based on the idea that redox-active 

molecules in their oxidized form while in contact with the metallic substrate can provide 

sufficient polarization potential to form a passive oxide layer at the interface with metallic 

substrate.19 As a result of this process, the organic molecule is reduced, and the oxide layer 

protects the metal from corrosion. The reoxidation of these molecules under ambient 

condition maintains the passive metal oxide film for prolonged protection of the substrate.17 

This reemphasizes that the key to the success of such applications is the quality of the thin 

film formation on the substrate.  

To understand the film formation of small organic molecules (including PCAT) on 

solid surface, the early stages of this process which is the nucleation and growth of 

submonolayer organic islands should be understood. These islands are in direct contact 

with the underlying substrate and dictate the growth and morphology of the next 

monolayers.11 A common method to obtain nucleation and growth parameters on the 

surface is through thermal desorption spectroscopy.8,11 An alternative method for finding 

such parameters is through determination of island size distribution by scanning probe 

microscopy.20 This is followed by the determination of scaling island size distribution 

through a scaling law. Based on the scaling law the critical number of monomers for the 

formation of a stable island can be evaluated. More diffusion properties such as diffusion 

prefactor and diffiusion energy barrier (Ea) can be found through study of islands form on 

the surface at different substrate temperature.8 

The motivation behind this study is the ever-growing applications of redox-active 

small molecules in smart coatings and organic electronic devices.4’
14 In this work, the 
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nucleation and growth of submonolayer films of PCAT in two oxidation states (fully 

reduced (LB) and fully oxidized (PB)) on the surface of hematite is studied. This system is 

used as a model system of the commercial system based on redox-active organic thin films 

on metal oxide surface. Using island size distribution and scaling island size distribution, 

the critical island sizes for reduced and oxidized oxidation states of PCAT were 

determined. The shape, morphology, surface coverage, and nucleation density of each 

states at various substrate temperature were demonstrated. Using these series of data, the 

diffusion energy barrier, and the frequency factor of the diffusion of each oxidation states 

was determined. These values can be used as a quantitative measure of mobility and 

wetting of the surface of iron oxide by different oxidation states of PCAT. Using a flat 

hematite single crystal provides an opportunity to evaluate the diffusion parameters with 

minimum influence from the surface roughness or the grain boundaries. Finally, the 

chemistry of the surface of the substrate was modified through vacuum annealing without 

effecting the surface roughness. This was used to investigate the effect of oxidation states 

of the substrate on the critical island size of each oxidation states of PCAT.  

 

4.3 Experimental Details 

PCAT was synthesized based on a literature procedure.21 The preparation of the 

fully reduced and the fully oxidized forms of base PCAT was performed using the reducing 

and the oxidizing agents as described previously.17 Natural sourced hematite(1000) single 

crystals were obtained from SurfaceNet GmbH. The single crystals are chemical-

mechanical polished to have a final RMS better than 6 Å over 20 × 20 µm2. Submonolayer 
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organic thin films were deposited on substrates in a homemade vacuum chamber with a 

base pressure better than 4 × 10-6 Torr using a low temperature Knudsen cell with a glass 

crucible. The sample holder can be cooled or heated in the range of 0-70 ℃. Single crystal 

substrates were clamped between two sapphire washers in a commercial sample holder 

(RHK Inc.) equipped with a heater made of tungsten wire. The substrate temperature was 

controlled using temperature controller (Lake shore Cryotronics Inc.) using a Ni-NiCr 

thermocouple clamped between the sample and a copper sheet placed underneath the 

sample. Using X-ray photoelectron spectroscopy (XPS), it was previously shown that the 

vacuum deposition under these conditions does not impact the oxidation states of PCAT 

(LB and PB) nor does it cause degradation of the organic films.17 The deposition rate was 

monitored using a quartz crystal microbalance (Inficon, XTC) which is positioned next to 

the sample holder. In all experiments, the deposition rates were kept close to ~ 0.01 nm/s. 

All samples were transferred to an ex situ atomic force microscope (AFM, Veeco 

Enviroscope with a MultiMode IIIa controller) within five minutes of the deposition of the 

organic thin films. All AFM measurements were performed under dry nitrogen 

environment and in tapping mode using antimony doped Si cantilevers (Bruker, model 

NCHV-A) with 320 kHz resonance frequency and maximum tip radius of 10 nm. All AFM 

images were analyzed using Gwyddion software.22 In all AFM images the false color ruler 

is shown beside the topography image. Using this software, for all images the data was 

leveled by mean plane subtraction. The polynomial background of all images was removed 

with horizontal and vertical polynom degree of 2. If necessary, scares in images were 

removed using the “correct horizontal scares” function of the software. Raman spectra of 
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PCAT powders were acquired using a Renishaw inVia Raman spectrometer with a spectra 

resolution of 2 cm-1 and an Ar+ ion laser at 514 nm (2.41 eV). The powders were dispersed 

in methanol and drop cast and dried on clean silicon wafers.  

XPS was performed using a Kratos Axis Ultra DLD spectrometer with a 

monochromatic Al Kα X-ray source (15 mA, 1486.6 eV). The approximate analysis areas 

for both survey and high resolution spectra were 300 × 700 µm2. For the former and the 

later measurements, pass energies of 160 eV and 20 eV were used, respectively. The in situ 

annealing of the hematite single crystal was performed in the XPS analysis chamber with 

a base pressure better than 1 × 10-8 Torr. The sample was heated radiatively and the 

annealing process was dynamically monitored by XPS. For each cycle of annealing the 

temperature was ramped to 350 ℃ and kept at this temperature for five minutes. Then, the 

sample was cooled down in vacuum and was stored in dry argon environment for 24 hours 

before it was load locked back into the XPS analysis chamber for further measurements. 

For each step, in addition to the survey spectra, the high resolution (0.1 eV resolution) C 

1s, O 1s, and Fe 2p spectra were acquired. CasaXPS software (version 2.3.17) was used 

for analysis of XPS spectra.23 Shirley-type background and line-shape of GL(30) were used 

for all peak integrations. All spectra were charge corrected to the binding energy (B.E.) of 

284.8 eV for C-C and C-H.  

4.4 Results and Discussion 

PCAT in its base form (undoped) can be prepared in three different oxidation states; 

fully reduced, half-oxidized, and fully oxidized.17 The molecular structure of each state is 
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depicted in Figures 4.1a, 4.1b, and 4.1c, respectively. The fully reduced and the fully 

oxidized forms of PCAT can be quantitatively achieved using excess amount of a reducing 

agent (e.g. L-ascorbic acid) and an oxidizing agent (e.g. ammonium persulfate), 

respectively. Commonly, the preparation of the half-oxidation state of PCAT is performed 

through addition of 1:1 molar ratio of ammonium persulfate to fully reduced PCAT with 

the hope to create an exact half-oxidation state of the oligoaniline.17 However, it is known 

that there is a poor control over the final oxidation states of the molecules achieved through 

this procedure.24 In addition, using scanning tunneling microscopy it has been shown that 

the monolayers of vacuum deposited half-oxidized PCAT on the surface of Cu(110) shows 

disordered structures.25 This behavior has been attributed to the multiple isomers of this 

oxidation state of PCAT.25 The same conclusion also reported using nuclear magnetic 

resonance spectroscopy of this oxidation state.26 Therefore, the focus of this work is only 

on the nucleation and growth of the fully reduced and the fully oxidized PCAT which can 

be prepared with high precision. The oxidation states of the former and the latter 

oligoanilines prepared through chemical redox processes were examined by Raman 

spectroscopy. Raman spectrum of the fully reduced form (Figure 4.1e) shows the main 

bands at 1179, 1221, and 1622 cm-1, an indication of a successful reduction process. The 

Raman spectrum of the oxidized form (Figure 4.1d) shows the bands at 1165, 1216, 1500, 

and 1589 cm-1 in agreement with the Raman bands of the fully oxidized PCAT.27 
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Figure 4.1. Molecular structure of different oxidation states of base PCAT; fully reduced 

(a), half-oxidized (b), and fully oxidized (c) states. Raman spectra of the oxidized (d) and 

the fully reduced (e) base PCAT. 

 

Figure 4.2 shows the evolution of the morphologies of the fully reduced and the 

fully oxidized PCAT on the surface of a hematite(1000) single crystal as a function of 

surface temperature. At low substrate temperature (278 K), high densities of the reduced 

and the oxidized islands with nearly compact morphologies can be found on the surface. 

By increasing the substrate temperature, the density of the reduced islands decreases while 

the islands become more dendritic but with smooth corners. Regardless of the temperature, 

for all fully reduced islands their cross-section profiles show the island height of about 3 

nm (Figure 4.2). At surface temperatures above 323 K, the main dendritic islands are 
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surrounded by small islands/nuclei with identical sizes. The same behavior has been 

previously reported for hexaphenyl (6P) islands on amorphous mica and was attributed to 

the existence of not well amorphized areas of the substrate or possible surface impurities.8 

At higher substrate temperature (338 K), the number of these small islands decrease. This 

may be due to the sufficient thermal energy present for their diffusion to the larger dendritic 

islands. Another reason might be the transition from a complete condensation into an 

incomplete condensation of the incoming flux to the surface at around 338 K.10 The growth 

of the fully oxidized islands on hematite surfaces as a function of temperature shows a 

similar trend to the fully reduced islands. However, at any temperature the density of the 

fully oxidized islands is lower than that of the fully reduced islands. In addition, the effect 

of temperature on the change in the island density of the fully oxidized islands is far less 

than on the fully reduced islands. At temperatures between 278 K - 308 K, islands are 

nearly globular. Above these temperatures, their shape starts to become slightly dendritic. 

The cross-section height profiles of the fully oxidized islands at different surface 

temperatures show somewhat similar heights, which fluctuate between 110-130 nm. This 

behavior is an indication of far less wetting of the hematite surface by this oxidation state 

of PCAT in contrast to the well wetting of the same surface with LB islands. This growth 

mechanism in which the islands shape is compact at lower temperatures and become more 

dendritic at higher temperatures is opposite of what has been reported for the growth of 

metallic islands.28 This behavior has been previously reported for other large organic 

molecules such as 6P10 and hexathiophene.7 In the latter case, at low temperatures the 

islands are dendritic and an increase in the temperature makes them more compact. It is 
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known that the metallic island growth follows the classical diffusion-limited aggregation 

model.29 Based on this model, at low temperature, atoms stick to the nearest stable 

islands.10 These atoms do not have enough energy to diffuse along the rim of the island 

which hinders the formation of compact morphologies. However, an increase in the 

temperature provides enough energy for diffusion of atoms which causes the formation of 

compact islands which are more thermodynamically stable.8  
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Figure 4.2. AFM images (4 µm × 4 µm) of the reduced (left column) and the oxidized 

(right column) PCAT molecules on hematite surface at different substrate temperatures 

(278, 293, 308, 323, and 338 K). The height cross-section of each figure extracted along 

the green line is represented next to each AFM micrograph.  
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4.4.1 Substrate Temperature Dependence of the Fully Reduced and the Fully 

Oxidized PCAT  

The kinetic of diffusion of atoms and molecules on surfaces is defined by the ratio 

of the diffusion constant (D) to the incoming flux to the surface (F, R = D/F). Through 

these parameters, other parameters of a surface diffusion such as nucleaction density (N) 

can be calculated.20 These paramters are related to each other through equation 4.1, where 

θ is the surface coverage, A(θ) is the average island size, C is a proportionality constant, 

and χ = i/i/i+2 (1/3 ≤ χ < 1, i ≥ 1) where i is the critical island size.10’20 The critical island 

size is the smallest number of particles (atoms/molecules) required that by addition of one 

extra particle, a stable island can be formed.8 Once an island becomes stable, it will not 

undergo dissociation.20  

 θA

θ
CRN χ                                                                                                       4.1 

It was shown that in the aggregation regime (typically 0.1 ≤ θ ≤ 0.5), the island size 

distribution shows a scaling behaviour.30 The aggregation regime by definition is a range 

of surface coverages in which the island density remains unchanged.8 This means that the 

interisland length scale is the only determental length and thus is a sign of diffision-

mediated growth.20 In diffusion-mediated growth, the distribution of islands of size a per 

unit area (Na(θ)) scales with A(θ) through the equation 4.2.30  

   ufθAθN
2

a


                                                                                                     4.2 
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In this equation, f(u) is a dimensionless scaling function dependent on i while u = 

a/A(θ). This function defines based on equation 4.3, in which Ci and bi are only funtions of 

i and can be obtained numerically.8 

   u iibexpuCuf b1/
i

i
i                                                                                        4.3 

Other diffiusion parameters such as the diffusion energy barrier (Ea) can be 

obtained through combination of above equations (4.1 and 4.2) with the equation 4.4, 

where T and R are the temperature and the gas constant (8.314 kJ/mol), respectively. 

   






 


RT

E
expDD a

0                                                                                                 4.4 

Assuming the situation in which F and θ are constant, Na and Ea can be related as 

Na α exp(-Ea/RT)-χ α exp(χEa/RT). Thus, Na = a0 exp(χEa/RT), where a0 is the 

proportionality constant which can be related to Na and Ea through the following linear 

equation: 

RT

Eχ
lnlnN a

0a  a                                                                                                   4.5 
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Figure 4.3. Island density of the fully reduced and the fully oxidized on hematite(1000) 

single crystal as a function of surface temperature.  

 

In order to obtain diffiusion parameters of the reduced and the oxidized PCAT on 

hematite surface, the nucleation density of these two states at various temperatures should 

be measured. Figure 4.3 shows the island density as a function of temperature (278 K to 

338 K) for these two types of PCAT islands on hematite surface in the form of lnNa versus 

1/T. Data points of each oxidation states of PCAT can be fitted with a linear line. The 

adjusted R-square values for the fitted line to the reduced PCAT data points and the 

oxidized PCAT data posints are 0.993 and 0.998, respectively. The absence of any bent in 

these two lines at this temperature range indicates that only one growth mechanism is 

dominate.8,10 Based on equation 4.5, the activation energies of both the reduced and the 

oxidized PCAT islands can be calculated using the slope of the linear fitted lines (χEa/R). 

Thus, to obtain Ea values for each oxidation state of PCAT islands, the evaluation of χ 

values is necessary. Since χ = i/i+1, the i value for each oxidation state of PCAT should be 
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measured. Therefore, the island size distribution of both reduced and oxidzed islands at 

293 K and at different surface coverages were measured. For each coverage, the Na has a 

maxium which is located at A(θ).20 In order to find i for each type of the islands, each island 

size distrubution is converted to f(u) by multiplying the Na by A2/θ and dividing the a by 

A(θ). This way, for each specific molecule, the island density curves at different surface 

coverages scaled down to a single curve of f(u).20 The maximum of such curve is located 

around a/A = 1. Comparison of the experimentally obtaind f(u) curves with f(u) curves 

obtained numerically for different i values through equation 4.3 is used to assess i values 

of the islands. Figure 4.4a and 4.4c show the island size distribution of the reduced and the 

oxidized islands, respectively, each at two different surface coverages. The best fit of the 

two curves based on a least square method lead to i values between 4 and 5 (Figure 4.4b). 

Based on the same analysis the i value for the oxidized islands is evaluated to be between 

5 and 6. Using the range of critical island sizes of the reduced and the oxidized islands, the 

χ values for both states of islands can be evaluated (4/6 and 5/7 for the reduced and 5/7 and 

6/8 for the oxidized islands). Based on these information and the slope of the linear fits in 

Figure 4.3, the range  of activation energies for the reduced and the oxidized islands are 

estimated to be about 1.22-1.30 eV (115-125 kJ/mol) and 0.52-0.55 eV (50-53 kJ/mol), 

respectively.  
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Figure 4.4. Island size distribution Na(θ) of reduced (a) and oxidized  (c) PCAT islands at 

different surface coverages. (b) Scaled island size distribution of the island size distribution 

in (a). (d) Scaled island size distribution of the island size distribution in (c). In both (b) 

and (d) the scaling function f(u) for critical cluster sizes of i=1–6 are shown along the 

experimentally measured data.  

 

In addition to the information obtained earlier, the range of attempt frequencies (ν0) 

for surface diffusion of the reduced and the oxidized islands can be calculated. This 

paprameter can be evaluted using equation 4.6,8 where y0T is the intercept of fittings in 

Figure 4.3 with the y axis, η is a weak function of θ and i, N0 is the number of surface sites 
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per unit area, and F is the deposition rate. Equation 4.6 is a number value equation and the 

units of cm2 and s should be used for evaluation of attempt frequency using Figure 4.3.31  
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The main information required for evaluation of these parameters can be obtained 

from Figure 4.3 in addition to critical island size i of each oxidation state of PCAT. The N0 

was estimated to be about 4.8 × 1014 PCAT molecules.cm-2. Considering that the the 

reduced islands are two dimentional and the oxidized islands are three diemntional in 

shape, the value of η for both of these islands was estimated to be around about 2.5.9 

Therefore, based on these information the ranges of attempt frquencies for the reduced and 

the oxidized islands on the surface of hematite(1000) was estimated to be between 8 × 1022  

- 5 × 1025 s-1 and between 4 × 1011 - 8 × 1013 s-1, respectively.  The attempt frequencies for 

the reduced islands are siginificantly higher than the typical attempt frequency values for 

surface diffusion of atoms (~ 1011 – 1013).9 However, such large attempt frequency value 

is not unrealistic as similar values has been reported for other small organic moleucles with 

similar molecular weight (6P on Au(111) and mica).8’
32 The high attempt frequency of 6P 

was explained through transition state theory based on the fact that large organic moeclues 

have many more translational, vibrational, and rotational modes to be excited in 

comparsion to a single atom on the surface.8 On the other hand, the obtained attempt 

frequencies for the oxidized PCAT islands are lower than the typical attempt frequency 

values reported for atoms one surface.9 These low frequencies explain the low tendency of 

the oxidized PCAT to grow on hematite surface by increasing the temperature.  
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4.4.2 Nucleation and Growth of PCAT on Thermally Reduced Hematite  

In order to partially reduce the surface of a hematite single crystal, the hematite 

substrate was annealed in a vacuum environment. It has been shown that vacuum annealing 

of hematite at tempertures above 350 ℃ leads to the transformation of hematite to 

magnetite.33
’
34 Therefore, the hematite substrate was annealed in two cycles under vacuum 

conditions (base pressure < 1 × 10-8 Torr). The progress of the reduction process was 

monitored in situ by XPS. The Fe 2p1/2 and Fe 2p3/2 peaks of the pristine hematite substrate 

in Figure 4.5a are located at 724.7 eV and 710.8 eV while its Fe 2p1/2 and Fe 2p3/2 shake-

up satellite peaks are located at 733.1 eV and 724.7 eV. The location of these peaks in 

addition to the absense of the metalic Fe 2p is an indication of the presense of pure phase 

of hematite on the surface of this sample.34 Generally, the position of sattellite peaks are 

monitored during the reduction or oxidation process of hematite. This is due to the more 

distinct shift of these peaks in comparision to Fe 2p1/2 and Fe 2p3/2 peaks.34 The Fe 2p 

spectrum of this sample after the fisrt vacuum annealing cycle shows the shift of the two 

pairs of peaks mentioned above to lower B.E.s which is an indication of transformation of 

Fe3+ to Fe2+. These peaks shift further to lower B.E.s after the second annealing cycle which 

is A sign of partial reduction of hematite by loosing oxygen atoms from the surface. This 

is evident based on the continous decrease in the instensity of the O 1s spectra of the 

annelead surfaces (Figure 4.5b, spectra 2 and 3) in comparsion to the pristine hematite 

(Figure 4.5b, spectra 1). The organic deposition chamber used in this work is not attached 

to the preperation (annealing) chamber which requires the transfer of the partially reduced 
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sample in an inert atmosphere (dry argon)  between the two vacuum chambers. Therefore, 

it is necessary to examin the stability of the partially reduced hematite surface against 

oxidation in absense of high vacuum conditions. Thus, the sample was kept in dry argon 

environment for twenty four hours before acquiring O 1s, Fe 2p, C 1s, and survey spectra 

of the sample. As it is evident in Figure 4.5a, the Fe 2p spectrum of this sample slightly 

shifted to the higher B.E.s which is an indication of partial oxidation of the surface but not 

its fully oxidation. The same conclusion can be deduced from the O 1s spectrum of this 

sample (Figure 4.5b), which shows a slight increase in its intensity in comparison to the 

partially reduced hematitie surface obtained after the second vacuum annealing cycle.  
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Figure 4.5. Partial reduction of hematite surface through vacuum annealing. High 

resolution Fe 2p and O 1s XPS spectra of prisitine hematite (1), 1st cycle of vacuum 

annealing (2), 2nd cycle of vacuum annealing (3), and after storage of the sample out of 

vacuum condition in dry Ar environemnt for 24 hours (4). 

 

To examine the effect of the substatre’s oxidation state on PCAT islands growth, 

hematite single crystal was annealed based on the above recepie. For each experiment the 

hematite single crysal was lossly clamped between two saphire washers to avoid any 

thermal stress of the substrate which could possibly change its surface roughness. The base 
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pressure of the system was about 2 × 10-7 Torr. After two cycles of annealing at 350 ℃ (5 

minutes each), the sample was removed from the preperation chamber and quickly 

trasnfered into the deposition chamber under dry nitrogen environment.  

 

 

Figure 4.6. AFM images of LB (a, 4 µm × 4 µm) and PB (d, 10 µm × 10 µm) islands on 

partially reduced hematite surface at 293 K. The cross-section of the heights of the LB and 

PB islands along the green lines in (a) and (d) are shown in (b) and (e), respectively. (c) 

and (d) show the scaling island size distribution of LB and PB islands on partially reduced 

hematite, respectively.  
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Figure 4.6a shows the AFM images of the reduced islands on paritally reduced hematite 

surface. The morphology of the islands does not show any noticeable difference from the 

reduced islands on prisitine hematite surface at 293 K (Figure 4.2). The cross-section of 

the heights of the reduced islands on the partially reduced surface (Figure 4.6b) shows 

islands with heights about 3 nm which is comparable with the heights of the reduced islands 

on pristine hematite surface (Figure 4.2). The effect of the oxidation state of the hematite 

substrate on the nucleation and growth of the reduced islands can be studied through their 

scaling islands size distirbution analysis. The scaling islands size distribution of the 

reduced islands on partially reduced hematite located in proximity of f(u) for i = 4, which 

indicates the critical island size for this system is close to four. This is the same number of 

molecules (five molecules) required for the formation of a stable reduced island on pristine 

hematite surface. The same analysis was repeated for the oxidized islands on partially 

reduced hematite surface at 293 K. The AFM image of this sample (Figure 4.6d) does not 

show any differences in the morphology of these islands from the oxidized islands formed 

on  prisitine hematite surface at 293 K. The cross-section heights of these islands have 

maximum heights about 120 nm (Figure 4.6e) comparible with the heights of islands on 

prisitine hematite surface. The scaling size distribution of the oxidized islands on the 

partially reduced surface of hematite (Figure 4.6f) fits best with f(u) for i = 6 which is the 

same critical island size (seven molecules) for the oxidized islands on pristine hematite 

surface. Therefore, it is concluded that the partial reduction of the hematite substrate by 

removing the oxygen atoms from its surface sites does not effects the nucleation and 

growth of different oxidation states of PCAT.  
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4.5 Conclusion  

Submonolayers of two different oxidation states of PCAT on hematite(1000) single 

crystal surfaces were grown. The nucleation and growth of the fully reduced and the fully 

oxidized PCAT as a function of substrate temperature (278 – 338 K) have been studied. 

The nucleation density as a function of the substrate temperature has been evaluated for 

each of the two oxidation states of PCAT which resulted in two linear fits. The absence of 

any bend in these two fits was deduced as the dominance of a single growth mode. At low 

substrate temperatures (<293 K) both types of oligoanilines formed compact islands on the 

surface. Increasing the substrate temperatures to 338 K significantly affect the growth of 

the reduced islands leading to dendritic islands on the surface. However, high temperatures 

had minimal effect on the growth of the oxidized islands. In addition, at these substrate 

temperatures the height of the reduced islands was about 3 nm while for the oxidized 

molecules this value was on average about 120 nm. This significant difference between the 

height of the islands of two oxidation states of an oligoaniline indicates better wetting of 

the iron oxide surface by the reduced state of PCAT and dewetting of the same surface by 

the oxidized form of this molecule. Using the scaled island size distribution of the reduced 

and oxidized molecules at room temperature, the critical island size values for the reduced 

molecules and the oxidized molecules was evaluated. Five or six fully reduced molecules 

and six or seven fully oxidized molecules are required for the formation of their stable 

islands, respectively. Furthermore, the range of diffusion barrier energies for the reduced 

and the oxidized islands on hematite surface were evaluated to be about 1.22-1.30 eV and 

0.52-0.55 eV, respectively. This significant difference between the diffusion barrier 
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energies of the two oxidation states of PCAT on hematite surface indicates higher mobility 

of the reduced forms of this oligoaniline on this surface. This is in line with the growth of 

the reduced islands on this surface as a function of substrate temperature which was 

demonstrated by AFM in Figure 4.2. In addition, the range of the attempt frequencies of 

the fully reduced and the fully oxidized islands on hematite surface were evaluated to be 

between 8 × 1022  - 5 × 1025 s-1 and between 4 × 1011 - 8 × 1013 s-1, respectively. The latter 

range is close to the attempt frequencies for the surface diffusion of atoms (~ 1011 – 1013). 

However, the former range is several orders of magnitude larger than the common attempt 

frequencies for surface diffusion. These rather large values have been previously explained 

using transition-state theory and was attributed to numerous rotational and vibration modes 

available for diffusion of such islands.8 Finally, it was shown that the change in the 

oxidation states of the substrate through partial reduction of the hematite surface does not 

affect the nucleation and growth of the reduced and the oxidized PCAT.  

The findings of this work are important considering the application of PCAT in corrosion 

inhibition coating.18 The dewetting of the iron oxide surface by the oxidized PCAT hinders 

appropriate coupling between the organic phase and the metal oxide surface while it is an 

essential prerequisite for efficient charge transfer and polarization of iron oxide surface. In 

addition, the dewetting of the surface by the oxidized PCAT create a breach in the coating 

film, increasing the exposure of the surface to corrosion media. The different wetting of 

surfaces by PCAT can be problematic for other applications such chemiresistive sensors 

based on PCAT-graphite layer.4 This can result in alteration of the interface between PCAT 
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and graphite which was described as an essential part in the sensing mechanism of such 

sensor.  
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Chapter 5 Interfacial Charge Transfer between Phenyl-Capped 

Aniline Tetramer Films and Iron Oxide Surfaces  

This chapter investigates the interaction of iron oxide surfaces with different oxidation 

states of phenyl-capped aniline tetramer (PCAT) through changes in organic layer or the metal 

oxide film. While photoelectron spectroscopy and vibrational spectroscopy techniques could 

elucidate the changes in the organic films, they were unable to provide similar information from 

the oxide film. Therefore, a method for elucidating the latter case based on conductivity 

measurements was presented. Based on these results the mutual doping and the direction of 

charge transfer at these interfaces are demonstrated.  

Reprinted with permission from the Journal of Physical Chemistry C, 2016, 120, 29248-

29263, Amirmasoud Mohtasebi, Tanzina Chowdhury, Leo H. H. Hsu, Mark C. Biesinger, and 

Peter Kruse. DOI: 10.1021/acs.jpcc.6b09950 

© 2016 America Chemical Society  
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Phenyl-capped aniline tetramer (PCAT) was synthesized and purified according to 

literature.1 The as synthesized powder was characterized by high-resolution electrospray 

ionization mass spectrometry (Figure S1).  

 

Figure S1. High-resolution electrospray ionization mass spectrometry of synthesized 

PCAT. 
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Each base form of PCAT was prepared using previously reported procedures1 and 

characterized using Raman spectroscopy (Figure 6a, 9a, 9c) and UV-vis spectroscopy 

(Figure S2). The corresponding salt form of each base state was prepared by protonic 

doping using HCl. Figure S3 shows the UV-vis spectra of all the three salt forms of PCAT 

 

 

Figure S2. Normalized UV-Vis spectra of fully reduced PCAT base (LB), half-oxidized 

PCAT base (EB), fully oxidized PCAT base (PS). 
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Figure S3. Normalized UV-Vis spectra of fully reduced PCAT salt (LS), half-oxidized 

PCAT salt (ES), and fully oxidized PCAT salt (PS). 

 

 

Figure S4. Color of methanolic solution of PCAT. (a) Fully reduced PCAT base, (b) 

half-oxidized PCAT base, (c) fully oxidized PCAT base, (d) fully reduced PCAT salt, (e) 

half-oxidized PCAT salt, and (f) fully oxidized PCAT salt. 
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The Raman spectrum of as-received particles (Figure S10a) shows the presence of 

intense peaks at 288 cm-1 (siderite), 371 cm-1 and 379 cm-1 (lepidocrocite), and 504 cm-1 

(ferrihydrite) thus indicating that this sample consist of multiple phases of iron oxide and 

iron (oxy)hydroxide. This might be due to the storage of this sample for a long period of 

time in ambient conditions. After annealing this sample at 440 ºC for 14 hours, the Raman 

spectrum shows only the main hematite bands at 225, 245, 292, 409, 497, and 610 cm-1 

(Figure S10b). 2’3 Scanning electron microscopy is used to confirm the monodispersity of 

these particles after the heat treatment (Figure S11). 

 

Figure S5. Raman spectra of iron oxide nanoparticle (a) as received, (b) annealed at 440ºC, 

showing hematite phase. 
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Figure S6. Scanning electron micrograph of hematite nanoparticles after annealing at 

440ºC for 14 hours. 
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Figure S7. XPS survey spectra of (a) fully reduced PCAT base powder, (b) fully 

oxidized base PCAT powder. 
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Vacuum deposition of fully oxidized PCAT base on a hematite substrate at 25ºC 

leads to formation of two morphologies of islands: small globular islands and long sharp 

needle-shape islands.  

 

Figure S8. AFM of vacuum deposited fully oxidized PCAT base islands on hematite 

(1000) single crystal at 25ºC. 
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Figure S9. High-resolution C 1s XPS spectra of PCAT powders: (a) fully reduced PCAT 

base, (b) half-oxidized PCAT base, (c) fully oxidized PCAT base. 
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Figure S10. High-resolution C 1s XPS spectra of (a) a bare hematite single crystal prior 

to deposition of organic layers, (b) fully reduced PCAT base film deposited on hematite, 

(c) half-oxidized PCAT base film deposited on hematite, and (d) fully oxidized PCAT 

base film deposited on hematite. 
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Figure S11. High-resolution O 1s XPS spectra of (a) a bare hematite (1000) surface, (b) 

fully reduced PCAT base on hematite (1000), (c) half-oxidized PCAT base on hematite 

(1000), (d) fully oxidized PCAT base on hematite (1000).  
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Figure S12. High-resolution N 1s XPS spectra of (a) fully reduced PCAT salt (LS) on 

glass, (b) half-oxidized PCAT salt (ES) on glass, and (c) fully oxidized PCAT salt (PS) 

on glass. 
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Figure S13. High-resolution C 1s XPS spectra of (a) fully reduced PCAT salt (LS) on 

glass, (b) half-oxidized PCAT salt (ES) on glass, and (c) fully oxidized PCAT salt (PS) 

on glass. 

 



Ph.D. Thesis – A. Mohtasebi; McMaster University – Chemistry & Chemical Biology. 

 

135 
 

 

 

Figure S14. High-resolution (a) C 1s, and (b) N 1s XPS spectra of the bare hematite 

single crystal after exposure to HCl gas. 
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Figure S15. High-resolution C 1s XPS spectra of PCAT salt on hematite for (a) fully 

reduced, (b) half-oxidized, (c) fully oxidized forms.  
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Figure S16. High-resolution Cl 2p XPS spectra of bare hematite single crystal exposed to 

HCl gas.  
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Figure S17. High-resolution Cl 2p XPS spectra of PCAT salt on hematite for (a) fully 

reduced, (b) half-oxidized, (c) fully oxidized forms. 
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A second microfluidic device consisting of interdigitated arrays of gold electrodes 

covered with a thin layer of iron oxide was prepared to verify the reproducibility of the 

experiment demonstrated in Figure 11. The same procedure described in the paper was 

repeated for the fabrication of the iron oxide thin film and the PDMS microfluidic device. 

The fabricated iron oxide film for this device had 14.2 nm thickness (measured by QCM). 

However, the film was not exposed to the vapor of hydrogen peroxide after the vacuum 

deposition. The higher defect density (Fe2+) leads to higher conductivity of the film in 

comparison to the film used in the primary experiment. Nevertheless, it is still possible to 

see the increase in the measured current by exposing the iron oxide film to the fully reduced 

PCAT (LB) and decrease the measured conductivity by exposing the film to the fully 

oxidized PCAT (PB). 
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Figure S18. The plot of current as a function of time under allocation of constant bias 

voltage of 2.4 V to the iron oxide coated gold electrodes while PCAT LB in methanol, and 

PCAT PB in methanol in the microchannel for four consecutive measurements. 
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Chapter 6 Reagent-Free Quantification of Aqueous Free Chlorine via 

Electrical Readout of Colorimetrically Functionalized Pencil Lines  

This chapter shows the application of the interface of phenyl-capped aniline 

tetramer (PCAT) and graphite film for the design of a simple chemiresistive sensor for 

quantification of free chlorine in drinking water. Using various spectroscopy and 

microscopy techniques, the sensing mechanism of the sensor is described. In addition, the 

effect of chlorine on PCAT film and its impact on the stability and sensing response of the 

sensor are demonstrates.  

Reprinted with permission from the Journal of ACS Applied Materials & 

Interfaces, 2017, 9, 20748-20761, Amirmasoud Mohtasebi, Andrew D. Broomfield, 

Tanzina Chowdhury, P. Ravi Selvaganapathy, and Peter Kruse. DOI: 

10.1021/acsami.7b03968 

© 2017 America Chemical Society  

 



Ph.D. Thesis – A. Mohtasebi; McMaster University – Chemistry & Chemical Biology. 

 

143 
 

 



Ph.D. Thesis – A. Mohtasebi; McMaster University – Chemistry & Chemical Biology. 

 

144 
 

 



Ph.D. Thesis – A. Mohtasebi; McMaster University – Chemistry & Chemical Biology. 

 

145 
 

 



Ph.D. Thesis – A. Mohtasebi; McMaster University – Chemistry & Chemical Biology. 

 

146 
 

 



Ph.D. Thesis – A. Mohtasebi; McMaster University – Chemistry & Chemical Biology. 

 

147 
 

 



Ph.D. Thesis – A. Mohtasebi; McMaster University – Chemistry & Chemical Biology. 

 

148 
 

 



Ph.D. Thesis – A. Mohtasebi; McMaster University – Chemistry & Chemical Biology. 

 

149 
 

 



Ph.D. Thesis – A. Mohtasebi; McMaster University – Chemistry & Chemical Biology. 

 

150 
 

 



Ph.D. Thesis – A. Mohtasebi; McMaster University – Chemistry & Chemical Biology. 

 

151 
 

 



Ph.D. Thesis – A. Mohtasebi; McMaster University – Chemistry & Chemical Biology. 

 

152 
 

 



Ph.D. Thesis – A. Mohtasebi; McMaster University – Chemistry & Chemical Biology. 

 

153 
 

 



Ph.D. Thesis – A. Mohtasebi; McMaster University – Chemistry & Chemical Biology. 

 

154 
 

 



Ph.D. Thesis – A. Mohtasebi; McMaster University – Chemistry & Chemical Biology. 

 

155 
 

 



Ph.D. Thesis – A. Mohtasebi; McMaster University – Chemistry & Chemical Biology. 

 

156 
 

 



Ph.D. Thesis – A. Mohtasebi; McMaster University – Chemistry & Chemical Biology. 

 

157 
 

Supporting Information 

Reagent-Free Quantification of Aqueous Free 

Chlorine via Electrical Read-Out of 

Colorimetrically Functionalized Pencil Lines 

 

Amirmasoud Mohtasebi,1 Andrew D. Broomfield,1 Tanzina Chowdhury,1 P. Ravi 

Selvaganapathy,2 Peter Kruse1* 

1Department of Chemistry and Chemical Biology, McMaster University, 1280 Main 

Street West, Hamilton, Ontario, L8S 4M1, Canada 

2Department of Mechanical Engineering, McMaster University, 1280 Main Street West, 

Hamilton, Ontario, L8S 4L7, Canada 

 

 

 

Corresponding Author* 

E-mail: pkruse@mcmaster.ca. Phone: (905) 525-9140 ext23480. Fax: (905) 522-2509. 

mailto:pkruse@mcmaster.ca


Ph.D. Thesis – A. Mohtasebi; McMaster University – Chemistry & Chemical Biology. 

 

158 
 

Thermogravimetric Analysis of 9B Pencil Lead 

9B pencil lead generally consists of about 95% graphite and 5% clay and wax.1  

 

 

Figure S1. Thermogravimetric analysis of 9B pencil lead from room temperature to 1400 

℃ acquired under pure oxygen atmosphere. The analysis indicates the presence of 

approximately 7.4% additive to the graphite particles.  
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Device Fabrication  

The effect of the number of the pencil strokes on the thickness and electrical 

conductivity of the fabricated pencil films was evaluated by fabrication of two samples 

with equal surface areas on two frosted glass slides. The areas were marked by indention 

on the frosted glass slides before fabrication of the pencil films. The first sample was 

fabricated by 100 pencil strokes while the other sample was fabricated by 4 pencil strokes. 

The optical microscopy and height measurement of the pencil films fabricated on frosted 

glass slides were performed using Nikon Eclipse LV100ND microscope with NIS-

Elements imaging software. This microscope can reconstruct 3D images of the sample by 

scanning the height of the focal plane and reconstructing the sample topography via 

software algorithms. Figures S2a and S2b show the optical microscopy (reflection 

geometry) of the former and the latter samples at the interface between the pencil films 

(reflective portion) and the frosted glass substrates (dull portion). Figures S2c and S2d 

show the three-dimensional view of these two samples, respectively. Figure S2e shows the 

height profile along the blue line in the sample in Figure S2a. The boundary region 

indicated in this sample is a result of the indentation marks created prior to the fabrication 

of the pencil film to define the exact area of the pencil film. Figure S2f shows the height 

profile along the blue line in Figure S2b for the film fabricated by four pencil strokes. The 

average thickness of the pencil films fabricated by 100 pencil strokes and four pencil 

strokes were evaluated to be about 1.81 µm and 0.85 µm, respectively. This indicates that 

most of the thickness of the pencil films fabricated on frosted glass slides is formed by the 

first few pencil strokes. The electrical conductivity of each sample was evaluated by four-
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probe conductivity measurement at three different spots of each sample. The electrical 

conductivity of pencil films fabricated by 100 and 4 pencil strokes were measured to be 

about 0.0107 and 0.0047 mS, respectively (Figure S2g). The 2.25 times higher electrical 

conductivity of the former pencil film is proportional to its 2.12 times higher thickness in 

comparison to the latter pencil film. Therefore, it is concluded that fabrication of pencil 

films with identical surface area and identical number of pencil strokes can lead to 

fabrication of the reproducible sensor devices based on pencil films on frosted glass.  
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Figure S2. Optical microscopy of the pencil films fabricated on frosted glass slides by 100 

pencil strokes (a) and four pencil strokes (b). (c) and (d) the three-dimensional view of the 

interface in (a) and (b), respectively. (e) and (f) the height profile along the blue lines in (a) 

and (b), respectively. (g) Four probe conductivity measurement of the film in (a) and (b).  
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Figure S3. Molecular structure of different oxidation states of PCAT in base and salt 

(doped by HCl) in addition to their color in methanolic solution.   
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Chemical Sensing Setup  

 

 

 

Figure S4. Photograph of the set up used for sensing measurement. The setup includes a 

syringe and a syringe pump (for circulating the analyte), the sensor device, a waste 

container, and two alligator clips connected to the two gold electrodes on one side and to a 

source measure unit on the other side. The above photograph shows the process of 

introducing fully-reduced PCAT (LB) to the pencil film to immobilize oligoanilines on top 

of the graphite surface. A methanolic solution of fully reduced PCAT (0.5 mg/ml) was 

introduced to the channel (0.2 ml/min) for five minutes. Then a stream of Millipore water 

(0.2 ml/min) was introduced to the channel for two minutes to remove any oligoanilines 

not adsorbed on the surface of the pencil film.  
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Sensing with Bare Pencil Drawn Film 

 

 

 

Figure S5. Normalized current as a function of time under application of a constant bias 

voltage of 0.15 mV for the bare sensor (without immobilized PCAT) in dry condition (a), 

while exposed to Millipore water (b), exposed to aqueous NaOCl solution (1.5 ppm) from 

dry state (c), and exposed to aqueous NaOBr solution with the concentration of 1.5 ppm 

(d).  
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Sensing of High Concentration of Aqueous Hypobromite Solutions 

 

 

Figure S6. Change in the measured current of PCAT-pencil electrode as a function of time 

(constant bias measurement, 0.15 mV), prior and after exposure (white area and yellow 

area, respectively) to 60 ppm (a), 240 ppm (b) of aqueous solution of NaOBr. 
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Calibration Curve Obtained After Sensing of Different Concentrations of 

Hypochlorite with the PCAT-Pencil Drawn Sensor 

 

 

Figure S7. ΔI/I0 values for 0.1, 0.5, 1.5, 12, 60, 600 ppm aqueous solutions of NaOCl. 

 

The ΔI/I0 values were fitted by an exponential decay function with the following formula.  

 

𝑦

=  𝐴1 × exp (−
𝑥

𝑏
)

+  𝑦0                                                                                                                                                  (𝑆1) 

 

The adjusted R-squared value for the fit was 0.998. 

The A1, b, and y0 values for this fit are shown in the Table S1. 
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Table S1. Fitting parameters of the exponential decay function used for fitting in Figure 

S7. 

 Value Standard Deviation 

y0  2.176 0.013 

A1 -2.031 0.036 

B 10.596 2.048 
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UV-vis Spectra of PCAT Before and After (over 20 minutes) Interaction with 

Different Concentration of Hypobromite 

 

Figure S8. UV-vis spectra of fully reduced PCAT as a function of time (over 20 min) 

before and after interaction with different concentrations of aqueous solution of NaOBr; 

(a) 1.5 ppm, (b) 6 ppm, (c) 12 ppm, (d) 60 ppm, (e) 240 ppm, (f) 1598 ppm. Inset of (f) is 

a zoom-in.  
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In Situ Raman Spectroscopy of The Interaction of PCAT with Bleach Vapor. 

The in situ cell for Raman spectroscopy was fabricated using a PDMS substrate 

with a channel (Length: width: thickness = 15 mm: 3 mm: 4 mm). A 3 × 10 mm silicon 

wafer with a 200 nm top gold electrode (coated in PCAT) was placed inside the channel to 

intensify the Raman signal. The compartment was sealed using a glass slide as a top 

transparent cover. This top cover was bonded to the PDMS substrate using polyamide 

double-sided tape. Two PTFE tubes (Cole Parmer Canada) were used as the inlet and the 

outlet of the cell. To isolate the cell from the Raman spectrometer device, the inlet was 

connected to a PTFE compartment filled with a high concentration of sodium hypochlorite 

(12.5%). The outlet was connected to a compartment filled with water.   

 

 

 

Figure S9. Schematic diagram of set-up used for performing in situ Raman spectroscopy 

on a PCAT film. 

  

First the redox chemistry of PCAT under the bleach vapor was studied using in situ 

Raman spectroscopy. A film of reduced PCAT was coated on a gold substrate placed in an 
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in situ cell (Figure S9) using the same procedure as for the liquid phase sensor. The cell 

was placed under the objective lens of the Raman spectrometer and the film was exposed 

to a flow of bleach vapor while Raman spectra of the film were acquired continually for 

approximately 15 minutes. Figure S10 shows a selection of these spectra. Before the 

exposure to bleach vapor (t=0), the Raman spectrum shows all three main bands of reduced 

PCAT. The band at 1480 cm-1 is a sign of oxidation of PCAT. The presence of this peak is 

associated with the partial oxidation of PCAT due to the aging of the pristine powder. After 

less than a minute exposure to the vapor (t=38 s), the intensity of the oxidation peak at 

1480 cm-1 is increased in addition to the appearance of a shoulder at 1587 cm-1. These 

bands represent the half-oxidized PCAT. The intensity of these two bands increase during 

the second and third minute of exposure, while the intensity of the main reduction band at 

1620 cm-1 decreased. Two further reduction bands at 1178 cm-1 and 1220 cm-1 shift to lower 

frequencies (1164, 1216 cm-1) which indicates the complete conversion of reduced to half-

oxidized PCAT. Finally, at t=212 s, no band of reduced PCAT can be found in the spectra. 

This result indicates that not only is the aqueous solution of bleach a strong oxidizer of the 

oligoanilines, but also its vapor can cause the oxidation of PCAT to higher oxidations states 

(EB or PB). It was reported that an intermediate level of protonic doping leads to evolution 

of a small band at around 1377 cm-1.2 However, this band will disappear at higher levels 

of doping. In our case, after approximately two minutes of exposure to this vapor (t=115 

s), a low intensity band at around 1377 cm-1 is observed. This band remained present after 

approximately ten minutes of exposure. 
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Figure S10. In situ Raman spectroscopy of LB film exposed to the bleach vapor as a 

function of time. 
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XPS Spectroscopy of PCAT Films 

 

First, the possibility of vacuum deposition of reduced and half-oxidized PCAT was 

examined by deposition on clean polycrystalline gold substrates. Using the survey spectra 

of oligoaniline coated gold substrates, the C/N elemental ratio is equal to 7.4, and 11.0 for 

the reduced and half-oxidized films, respectively (Figures S11a and S11b, respectively). 

These values are close to the ratio of C/N=7.5 in PCAT (C30H22N4, C30H20N4). The 

deviation of experimental C/N values from the theoretical value increases for the half-

oxidized state because the half-oxidized form of PCAT wets the surface less than its 

reduced form. This leads to a higher contribution from the adventitious carbons on the gold 

substrates in the C 1s spectrum and therefore a higher C/N ratio. 

 

Figure S11. XPS survey spectra of vacuum deposited reduced (a) and half-oxidized (b) 

PCAT on gold substrates. 
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Based on the ratio of Cl/C and Cl/N extracted from the survey spectra, a maximum 

16% of reduced and 25% of half-oxidized molecules are chlorinated. 

 

Figure S12. XPS survey spectra of vacuum deposited reduced (a) and half-oxidized (b) 

PCAT on HOPG after exposure to bleach vapor. 
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Figure S13. XPS survey, C 1s, and N 1s spectra of bare HOPG. 
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Figure S14. XPS C 1s (a) and survey spectra (b) of the PCAT-pencil film exposed to an 

aqueous flow of NaOCl (6 ppm), depicted in Figure 4. The presence of silicon in the survey 

spectra may be due to detached glass particles created during writing on glass, residue of 

the PDMS channel, or the glass substrate itself under the thin graphite film. 
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UV-vis Spectra of PCAT Before and After (Over 20 Minutes) Interaction with 

Different Concentrations of Sodium Hypochlorite 

  

Figure S15. UV-vis characterization of the interaction between reduced PCAT and NaOCl 

solution. UV-vis spectra of pristine reduced PCAT after interaction with 60 µl of (a) 1.5 

ppm, (b) 6 ppm, (c) 12, and (d) 60 ppm.  
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Figure S16. UV-vis spectra of salt form of the fully reduced (black spectrum) and half-

oxidized (red spectrum) PCAT. In both cases HCl solution was used for protonic doping.  

 

 

 

 

 

 

 

 

 

 

 

 



Ph.D. Thesis – A. Mohtasebi; McMaster University – Chemistry & Chemical Biology. 

 

178 
 

 

Figure S17. (a) Atomic force microscopy (AFM) of pencil-drawn film on frosted glass 

slide. (b) AFM of a PCAT-pencil film used in the sensor used for XPS spectroscopy 

(Figures 4b and 4c) after exposure to aqueous solution of NaOCl (6 ppm). (c) height profile 

along the lines shown in (a) and (b).  
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A JEOL JSM-7000F scanning electron microscope (SEM) was used to investigate 

the morphology of the 9B pencil lead electrode (Figure S18a) and the adsorbed 

oligoanilines on it, prior and after exposure to an aqueous flow of NaOCl (6 ppm, 0.2 

ml/min).  

The investigation of the oligoaniline-9B pencil thin film of the sensor using SEM only 

shows the presence of organic patches on the surface of graphite (Figures S18b and S18c). 

However, comparison of AFM data of a HOPG surface coated with PCAT using the same 

procedure as used in the sensor device (Figure S18d) with a bare HOPG surface (Figure 

S18e) shows thin and continuous coverage of PCAT on the graphitic substrate.  

 

Figure S18. SEM micrograph of; (a) bare pencil film fabricated on frosted glass, (b) PCAT 

immobilized on pencil film before reaction with NaOCl solution (6 ppm), and (c) after 

reaction with NaOCl (6 ppm). (d) AFM on a bare HOPG surface. (e) AFM on a HOPG 

surface which was placed in the channel of the sensor device and introduced to the flow of 

LB based on the same procedure used for pencil films.  
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Figure S19. I-t graph of the sensor device exposed to different concentrations of aqueous 

solutions of NaOCl and NaOBr with the concentrations of 1.5 ppm (a), 6 ppm (b).   
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Interaction of PCAT with High Concentration of Sodium Hypochlorite in Basic pHs 

Reduced PCAT was reacted with a high concentration of NaOCl (1750 ppm) for two days. 

The 1H NMR on this sample does not show any peaks. However, Raman spectroscopy on 

this powder showed that the oligoanilines are fully-oxidized. The 1H NMR of fully 

oxidized PCAT is elusive because of the high concentration of delocalized charge. 

Although it is not possible to determine whether some of the PCAT is degraded by 

exposure to hypochlorite, it shows that the PCAT can resist degradation in presence of high 

concentration of hypochlorite in basic regime. 

 

 

Figure S20. (a) 1H NMR spectrum of fully reduced PCAT after reaction with 1750 ppm 

NaOCl solution. (b) Raman spectrum of the same sample in (a), after drop casting on a 

gold substrate. The inset shows an image of this sample under the Raman spectrometer 

objective lens. 
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Figure S21. Interaction of PCAT with NaOCl (1000 ppm) for 20 hours in acidic conditions 

(pH ~ 2). (a) Precipitate obtained from the reaction mixture. (b) Supernatant of the reaction 

mixture. (c) Increase in the pH of the supernatant by addition of NH4OH. Addition of 

NaBH4 (d) and ascorbic acid (e) to the sample in (c) to chemically reduce this solution.  
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Cyclic Voltammetry of PCAT  

Cyclic voltammetry of PCAT was performed using a Emstat potentiostat (PalmSens). The 

measurements were performed in a Faraday cage equipped with argon purging to avoid 

interference due to air oxidation of PCAT during the experiment. The CV measurement 

were carried out in non-aqueous medium of acetonitrile in which 0.1 M tertbutyl 

ammonium perchlorate (TBAP) supporting electrolyte and 0.02 M diphenyl phosphate 

proton source were dissolved. The working electrode was a platinum disk (0.785 mm2 in 

diameter) and the counter electrode was a platinum wire. The reference electrode was a 

non-aqueous electrode of Ag/AgNO3 which was prepared by dipping a Ag wire into AgNO3 

(10 mM) and TBAP (0.1 M) base electrolyte in acetonitrile solution. The Ag wire was 

placed and sealed into a glass tube equipped with a porous Teflon tip and filled with AgNO3 

electrolyte solution. The scan rate in CV measurement was 100 mV/s and the experimental 

window was -1.5 V to 1.5 V. To calculate the CV of PCAT versus redox potentials of 

ferrocene (FC/FC+), the same experiment procedure described above was carried out when 

ferrocene molecules were dissolved in the electrolyte. The concentration of ferrocene was 

0.1 mM ad the scan rate was 100 mV/s. 
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Figure S22. (a) CV measurement of PCAT versus ferrocene redox potentials. Each of the 

four arrow/peaks marked in the oxidation scan of PCAT shows a single electron transfer 

process. (b) Schematic diagram of oxidation of fully reduced PCAT to its fully oxidized 

form in four consecutive oxidation steps.    

 

Figure S22a shows four sets of CVs of PCAT, demonstrating the complete reversible 

oxidation/reduction of PCAT. The oxidation wave of each scan contains four distinct 

oxidations peaks. This is in agreement with previous reports on CV of PCAT which 

attributes these peaks to electron-electron and electron-proton reactions.3 The schematic 

diagram of these four oxidation/reduction reactions is depicted in Figure S22b. Starting 

from the fully reduced states of PCAT, the first two oxidation reactions are mediated by 

electron-electron reactions, while the two conversions from the half-oxidized state to fully 

oxidized state is mediated by two electron-proton reactions.3 

 

 

 

 



Ph.D. Thesis – A. Mohtasebi; McMaster University – Chemistry & Chemical Biology. 

 

185 
 

References 

 (1)  Sousa, M. C.; Buchanan, J. W. Observational Models of Graphite Pencil Materials. 

Comput. Graphic Forum 2000, 19, 27–49. 

(2)  Cochet, M.; Louarn, G.; Quillard, S.; Buisson, J. P.; Lefrant, S. Theoritical and 

Experimental Vibrational Study of Emeraldine in Salt Form. J. Raman Spectrosc. 2000, 

31, 1041-1049. 

(3)  Shao, Z.; Rannou, P.; Sadki, S.; Fey, N.; Lindsay, D. M.; Faul, C. F. J. Delineating 

Poly(Aniline) Redox Chemistry by Using Tailored Oligo(Aryleneamine)s: Towards 

Oligo(Aniline)-Based Organic Semiconductors with Tunable Optoelectronic Properties. 

Chem. Eur. J. 2011, 17, 12512–12521. 

 

 

 

 

 

 

 

 

 



Ph.D. Thesis – A. Mohtasebi; McMaster University – Chemistry & Chemical Biology. 

 

186 
 

Chapter 7 Conclusions and Outlook 

 

The interfacial interactions of a redox-active organic molecular layer with a metal oxide 

surface and a graphitic surface are investigated. The concept of this study is based on the 

idea introduced by Herbert Kroemer who considered each interface as a device on its own.1 

In this thesis, initially, the thin film formation of a redox-active small molecule, phenyl-

capped aniline tetramer (PCAT) on its fully reduced and fully oxidized base forms on iron 

oxide surfaces were studied. This aim has been achieved by examining the applicability of 

a dynamic scaling model (scaling island size distribution)2 on nucleation and growth of 

submonolayer PCAT islands on hematite surface. The complete description of this study 

can be found in chapter 4. The main findings of this part of the thesis can be summarized 

as 

• The demonstration of the different morphology of the reduced PCAT islands from 

the oxidized PCAT islands on hematite single crystal surfaces fabricated through 

vacuum deposition. The reduced PCAT islands are few nanometers in thickness 

while the oxidized PCAT islands fabricated under similar conditions are more than 

hundred nanometers in thickness. At moderate substrate temperatures (293 K-338 

K) the rescued islands are dendritic while the oxidized islands are more globular in 

shape. In addition, at any temperature in this range, the density of the reduced 

islands is significantly higher than the density of the oxidized islands.  
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• Optimization of vacuum deposition of different oxidation states of PCAT on iron 

oxide substrate as a function of substrate temperature.  

• The successful application of the scaling island size distribution on the reduced and 

the oxidized islands which can be used for estimation of the critical island size of 

the reduced and the oxidized PCAT nuclei.  

• Estimation of the surface barrier energy and the diffusion prefactor for the reduced 

and the oxidized islands which shows that even small changes in the structure of a 

small molecule may significantly affect its intramolecular interactions as well as its 

interaction with surfaces. This can directly affect the nucleation and growth of the 

islands and the ability to fabricate thin homogeneous organic films.  

• The demonstration that moderate changes in the oxidation states of the substrate do 

not cause discernable changes in the nucleation and growth of the reduced and the 

oxidized PCAT. 

In the 5th chapter of this thesis the charge transfer at the interface of the PCAT-iron 

oxide which is introduced in previous chapter was studied. The motivation behind this part 

of the study is the application of redox-active organic compounds such as polyaniline 

(PANI) for corrosion inhibition of iron oxide.3 It has been argued that PANI at its oxidized 

form can cause formation of a passive oxide layer on the surface of iron oxide while the 

polymer itself will become reduced.4 In addition, the reoxidation of PANI by ambient is 

necessary for the continuity of this cycle and thus prolonged protection of the substrate. 

The main findings of this part are 
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• Demonstrating the partial reduction of half-oxidized and fully oxidized PCAT on 

the surface of hematite single crystal. For the first-time demonstration of partial 

oxidation of the fully reduced PCAT through interaction with hematite surface. 

Therefore, it was argued that among all oxidation states of PCAT at the interface 

with iron oxide, the half-oxidation state of PCAT is closest to an equilibrium.  

• Showing the charge transfer and mutual doping between PCAT and hematite 

through appearance or increase in the charged nitrogen species appeared in the N 

1s x-ray photoelectron spectroscopy (XPS) of PCAT. 

• Demonstrating the possibility to detect the effect of reduced and oxidized PCAT on 

the oxidation state of iron oxide film through conductivity measurements of a thin 

iron oxide film imbedded in a microfluidic channel.  

Finally, in the 6th chapter the further application of PCAT and solid surfaces in 

electronic devices is shown. The fabrication of a microfluidic sensor based on the interface 

of the reduced PCAT-graphite was illustrated. The procedure and the quality of the PCAT 

film on graphite surface was demonstrated. Pencil lead was used as the surface of graphite. 

The sensor was used for detection and quantification of free chlorine in water. It was shown 

that the sensor is sensitive and selective to free chlorine in comparison to other common 

disinfectant present in drinking water. Using several spectroscopy methods such as XPS, 

Raman spectroscopy, and UV-vis spectroscopy the reaction mechanism behind the reaction 

of PCAT and free chlorine was described. To this end, the sensing mechanism of the sensor 

was thoroughly discussed. The summary of the findings of this study, the novelties, and its 

contributions to the field of interface science and sensing are 
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• Demonstrating the fabrication and the performance of a reagent-free, resettable 

microfluidic sensor based on electrical transduction mechanism (chemiresistive) 

for detection and quantification of free chlorine in drinking water based on the 

interface of a pencil film and a fully reduced PCAT thin film. 

• Showing that the interaction of PCAT with the vapor of sodium hypochlorite 

solution leads to the chlorination, oxidation, and protonic doping of PCAT. 

• Demonstrating that the interaction of PCAT and sodium hypochlorite leads to a 

drop in pH, the chemical doping and chlorination of PCAT.  

• Proposing that the electrostatically charged PCAT film forms up on the interaction 

with sodium hypochlorite solution can affect the charge transport in the thin pencil 

film and responsible for the signal in the sensing measurement. The intensity of this 

signal is scaled with the concentration of sodium hypochlorite (below 60 ppm). 

• Increase in the intensity of the sensing measurements for the highly chlorinated 

PCAT films. 

As it was demonstrated in this thesis, the interface of redox-active organic molecules 

and solid surfaces can offer new possibilities for various applications from smart coatings 

to electronic devices. In the following, some of the future research projects than can unlock 

more of the possibilities of such interfaces are introduced.  

1. Switchable surface morphology. We have demonstrated that different oxidation 

states of a redox-active oligoaniline lead to the formation of different islands 

morphologies on surfaces. First, the possibility of the reversible switching of the 
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morphologies of the reduced islands to the oxidized islands through redox reactions 

(preferably, chemical redox reactions) should be investigated. Up on success of this 

step, thin films of PCAT on solid surfaces can be used in applications in which the 

switching of the surface morphologies are desirable. One potential application can 

be the development of surfaces with switchable optical properties (absorptivity, 

refractive index),5 for example for detection of chemical species in gases or liquids 

through the change in the optical properties of PCAT coated solid surfaces.  

2. Elecromigration and surface mobility. Based on the surface diffusion parameters 

calculated in this work, the effect of electric field and joule heating on the reduced 

and the oxidized islands can be studied.6 While iron oxide was used in our study 

due to the application of PCAT film for inhibition of corrosion of such surface, two 

dimensional surfaces with high charge mobility such as graphene are preferred for 

electromigration studies. This is because in contrast to majority of materials in 

which charge carrier flow inside their bulk, in graphene the charge carriers flow on 

its surface producing a sufficient electric field for electromigration of islands. In 

addition, the effect of joule heating on the mobility of the reduced and the oxidized 

islands is worth studying. This energy can be applied either as a local heat (e.g. 

through laser beam) or through temperature gradient.  

3. Switchable charge transfer between oligoanilines and other surfaces. While 

investigating the charge transfer between hematite and PCAT is of importance for 

understanding the passivation mechanism of iron oxide surfaces against corrosion, 

iron oxide is not a desirable material for electronic devices. This is mainly due to 
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fast oxidation and rusting in ambient and its various interchangeable phases with 

various bandgaps from semimetallic to high bandgaps.7 Therefore, investigating 

the possibility of switchable doping of other surfaces such as MoS2, WS2, and 

graphene can be useful for future electronic devices considering the difficulty of p-

doping of majority of semiconductors. The same mechanism has been previously 

demonstrated for the carbon nanotube-PANI system and was used for fabrication 

of polarity switchable carbon nanotube transistors.8 

4. Chlorination of oligoaniline. More research should be carried out to evaluate the 

impact of chlorination of PCAT on its structure and stability. It is important to 

evaluate the effect of pH on the extent of chlorination and possible degradation of 

PCAT.9 Based on our result on the impact of chlorination of the sensing response 

of PCAT in our chemical sensing experiments, other substituted PCAT derivatives 

(e.g. fluorine substitute PCAT) should be synthesized and be tested in our chemical 

sensor.  

5. Biosensors. While the detection of free chlorine in drinking water is important for 

water quality monitoring, the presented sensing mechanism in this thesis can be 

used for the detection of other analytes such as biomolecules.10 For this purpose, 

PCAT should be replaced with biomolecules for selective detection of analytes such 

as specific sequences of DNA. 
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