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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 interactieir at th
interface remains undisturbed. However, using a redbtixe 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, phecgpped aniline tetramer (PCAT) with iron oxide
and graphite surfaces and their potential application in electronic devicesudikration
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 evallated Xray
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 solidceuside 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 s the interface of pencil film and
PCAT for quantification of free chlorine in drinking water was constructed. Using XPS

and U\tvis spectroscopy it was shown that the interaction the organic monolayer with



sodium hypochlorite solution leads to the depehent 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 dgs 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 SemiconductorMetal 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 arc ditlgani
meets a solid surface, the established electronic interaction at their interface remains
undisturbed. However, using a redastive organic monolayer creates the possibility for
modulating the extent and the direction of the interfacial chargeféramstablishing a
switch at the interface. In this work, the interaction of pheaylped aniline tetramer
(PCAT), a redox active tetraaniline, with various iron oxide and graphitic surfaces is
studied. In case of charge transfer at such interfacesotitact 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 ln¢ imetal and the conduction band minimum of
n-type semiconductor or the energy offset of the metal and the valence band maximum of
a ptype semiconductor. This energy offset is called Schottky barrier height (SBH). The
magnitude of this potential energyrbar 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 metalaterfaces. In this chapter, the basic physics of organic

semiconductor and metal surfaces and different possibilities of these interactions are briefly

1
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discussed. In addition, the basics of molecular-astembly on surfaces are reviewed.

Finally, the conept of molecular switches is introduced.

1.2Interface 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,
phenomenauch as current rectification stem from the interfaces where the symmetry is
broken. To this end, separation of electrons and holes at chemical interfaces become
possiblet The chemical differences between the two sides of an interface will lead to an
electrical potential gradient which is the basis of asymmetric charge trahspbe.
continuous miniaturization of electronic devices leads to the creation of high interface areas
while the amount of bulk significantly diminished. Traditionally, it was agsiithat 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.Traditionally, the majority of thavork 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 deviceMolecular 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 chérgethis 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 conteith 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 junctidnHowever, such thories 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 trandfem the Fermi level (B of the metal to an
energy level at the semiconductor side. In the case dlypensemiconductor, this latter
energy level is the conduction bahH;is an energy level in which the chance to find an
electron is 50%. The theobghind the energy level alignment at interfaces has been always
under debate. One way to approach the issue is through electrochemical potgrtfal (
each side of the junction. The¢tonsi st s of both chemical ( 6)

This rehtionship can be written as equation 1.1, in which q is the electron ¢harge.
ge=€+ql 1.1

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

Fermi level of the solid3 Therefore, at equilibrium conditions the Fermi levels of both

3



Ph.D. Thesi$ A. Mohtasebi; McMaster Universitiy Chemistry & Chemical Biology.

sides of the Schottky junction become aligned. In addition, at equilibrium conditions, the
energy required for removal of a&hectron from each side of the junction to the vacuum

energy level (ko is equal. The energy difference between thariel vacuum level is

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

of states at their fermeVel is not zero. f&cis an energy level in which the electron is not

under the influence from the surfaceherefore, kaccan 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 polarizatiwi.dach

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 patdhtctuations due to
atomicscale 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 witbwer WF to the one witla higherWF or by an electrical

potential buildup atthe interfaéd he | atter case hasinFgeren sho:
1.1. In the absence of an external applied potential, the charge buildup at the junction
creates a gradual potential change, comisneefer to as band bending (BBThe BB and

the SBH can be related through the foll owir

CB and the Eof the semiconductor.

SBH=BBg +2 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
i S e g u aoplustthe Edi I€B, angpSBH of the semiconductor. Therefore, for an n
type semiconductor the SBH is egqgidBint he f o
this equation is called electron affinit§.It should be noted that the equation 1.3 is written
with respect to the semiconductor side of the regaticonductor 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 ofen 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 levél.
SBH=WF- Gc- 1.3

The equation 1.3 is called Schottkpott 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 semiconducbecome in contact the band in the

semiconductor rearrange in a way that its WF matches the WF of the!thetal.
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A) Interface States B) Interface Polarization

=T=(a% —_—

Figure 1.1.ASchematic il lustration of i nterface

Schottky barrier height (SBH), according to (A) ajiag of interface states or (B) interface
polarization. Both panels show energy per electroaxig) across an interface between a
metal (left, red) and an-type semiconductor (right, blue), with curved energy levels,
depicting the surface charge regi@CR). 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, markég 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
caseEF is below the CNL and therefore QIS is positive, with a counter negative charge on
t he met al e ot @.€I'he redl arowsant(A) mayk pgssible electronic processes
(see text). Panel (B) depicts the interface specific region (ISR) view, wharénethe case

of perfect, abrupt interface between two solids (no foreign substance) a transition region is
devel oped (dotted i n B,)emergas, emerges tomahe goad i n
pol ar i grabetiveemthe infrinsic atoms that makethip 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 symbd&Copyright 2017 by the American
Chemical Society.

Although, the Schottkott 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 measd values. This discrepancy was associated with the

phenomenon called Fermi level pinning. In this case, the Fermi level of the semiconductor

6
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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, GIL in Figure 1.1A). This cause that the SBH has a constant value and be
independent of met al WF and as a result,

Bardeen and hence is referred to as Bardeen¥imit.

1.22 Interface of Organic Films and Solid Substrates

It was argued that Ferrhie v e | pining (ol0) requires
interactions. The two pathways suggested for this interfacial interaction are interface traps
(Figure 1.1A) and interface bondsdure 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.

On the othehand, 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
depided in Figure 1.1B°The presence of traps at interf
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 doggennipt 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 blockerfacial bond polarizatioh.

The interface specific region is regarded as a layer with its unique properties. However, it

v
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can be formed by both physisorption and chemisorption of organic molecules on the metal
or semiconductor surfaCédsorbed orgami molecules on surfaces add their own intrinsic
dipole to the surface which originates from their closed electronic shell. Both electron

donating orwithdrawing molecules can participate in this surface polarization.

1.23 Charge Transfer into the Subsrate

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*®8ending.
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
carrierst*The coupling between majority of the organic molecales substrates is not
ideal which result the possibility for charge recombination at the inteffadelecular
layers are polarizable and as result can create static charges or dipoles on the surface which
result in the band bending in the substrate hBitemisorbed and physisorbed molecules
can cause band bending and charge transfer to the substrate. Surface adsorbate can simply
act as dopant of the substrateéds an example, it has been shown that the adsorption of
polyaniline (PANI) on the surface sfngle walled carbon nanotubes can cause doping of

the substrat&

It is known that the optimization of the organic electronic devices depends on the
energylevel alignment between the organic layer and the metal or semiconducting

substrates. It is knawthat for hole extraction or injection metallic electrodes the Fermi

8
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level of the electrode should be aligned with the occupied states of the organic midlecule.

It is also known that for electron injection or extraction metallic electrodes in conthct wit
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 potenfiéh such scenarios, it is portant to know whether

a single molecule of the organic layer transfers a fraction of a charge to the substrate or an
integer number of chargésThe former and latter assumptions are called fractional charge
transfer and integer charge transfer, respelgt'* 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 ifis@e!*% 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)181"This can be the case when the substrate is chemically inert or when an interlayer
present at the interface (e.g. water molecules, dirt, oxi@&)Ising DFT calculations, it

has been shown that the charge transfer between small organic acceptor tetiaeyanoet
(TCNE) adsorbed on the surface of cupper is fractithials known that TCNE is weakly
adsorbed on cupper surfaces but can undergo strong charge transfer with these
substrates.® °Breviously, it has been shown that the formation of this comeéasito an
increase in the work function which was used as a sign of charge transfer from Cu to
TCNE?2! 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 pldisteace

9
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between the metal and organic laydowever, 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 intégjer.

@ (b
5656566 0-10-10

Fractional Charge Transfer Integer Charge Transfer

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 zedonensional (0OD), onédimensional (1D), and two
dimensional (2D) molecular structures. The 0D moleculacttre refers to individual
molecules or small molecular clusters on surf&éédnderstanding 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 molecwdasemblé&? 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 componeftslowever, the production of these devices is

challenging as the interface of a dagnolecule with the electrodes, substrate, and the

10



Ph.D. Thesi$ A. Mohtasebi; McMaster Universitiy Chemistry & Chemical Biology.

surrounding environment should be well engineéréf¥Re 1D molecular structures on
surfaces can be formed through various means. The first pathway is based on the anisotropy
of molecules. Typically, st 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 surfdtasother pathway for the formation

of 1D molecular structes on surface is through hydrogen bonding between individual
organic molecule$’ In addition, external forces such as electrical field and magnetic field
can be used for alignment of these linear architectrds. addition, the surface
reconstruction tthe substrate, a process to minimize the surface energy of the solids, can
impose specific geometries to the molecular 1&y@ihe surface features such as defects,
step edges, and vacancies have different local electronic density of states frorhdhe res
the surface and thus can influence the monolayer form#tias.an example, it has been
shown that benzene molecules adsorb preferentially on step edges of Cu(111)*$urface.
An alternative route for the fabrication of 1D molecular structures oacasfis through

polymerization of selassembled adsorbate moleciffe€.

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’#rORB.of the possible
outcomes from such arrangements is cooperativity between the molecules.23 This means
that thecoupled 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

11
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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 matri€éko this end, understanding the molecular
structure, arrangement, and properties of molecules in ordered assemidiegaces is

important for utilizing such interfaces in future devices.

1.3.1 Sef{Assembled Monolayers

Selfassembled monolayers (SAMs) are nanostructured films with a molecular
lattice that has optimized interactions with the substrate and wit@nntblecular
monolayer itself? The typical thickness of SAMs are abou® hm. The properties of the
SAMs are majorly dictated by their interfaces due to the high proportion of atoms present
at these location®. The interaction of the molecules with tlarface can have either
covalent or norcovalent naturé® An example of covalent interaction is the-Subonds
in SAMs of alkanethiols on gold surfaces. In this case, both interaction-& @nd the
packing within the thiol film determine the moleculattice>*On t he ot her han.
stacking of conjugated organic molecules such as cyclodextrins on graphite is an example
of noncovalent interactiod> SAMs on surfaces can be fabricated from either in vacuum
or from solutions? The later situation imore common when the substrate is not changed
(e.g. get oxidized) under ambient conditiShThese films are dense and ordered and
therefore suitable for characterization of the intermolecular interactions and intermolecular

interactions with the surfacén addition, defects are important part of the monolasfers.
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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 aexample of the latter case is the titling of the molecules in directions

different the rest of the monolay&r.

1.3.2 Substrate Lattice

The monolayer formation on surfaces is dependent on the substrate atomic lattice
and its electronic structuféMuch of the research on SAM formation has been performed
on gold surface® This is mainly because this surface does not form an oxide in ambient
conditions and therefore it can be used for SAM formation from solutf@sifaces that
have been used for SAM formation include B u*® Pd Pt Ni,*° Fe0 Ti,42 Te*

Hg,* Galn®® GaN?* zZnSe*” HOPG#8 Si.*® Some of these surfaces such as Ag, Cu, Pt, Si,
and Pd are prone to fast oxidation in ambient conditions efdrer, the SAMs fabrication

on these surfaces is better to be performed in vacuum conditions or in inert atmésphere.
In addition to the substrate composition, the substrate lattice also plays an important role
in monolayer formatioR® Surface reconstrtion causes the minimization of surface
energy. Change in the surface lattice provides different chemicaHgauuxalent binding

sites. Different head groups of the molecules in the monolayers have different affinity to
these site4? 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 ofithesson this group
of molecules have been performed on Au surfaces such as Agtllding 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 botvddes AuS in comparison
to Au-Au bonds?? It is believed that this process is carried out by these molecules through
lifting of Au atoms and substitution at their sité€ther common head groups are’%i,
P 36 Se? carboxylic acids? isocyanides® In addition, molecules with head groups such
as peptides’ pentacené® and cyclodextrir®c an | ead t o 4sthckingomfonc ov a
monolayers on graphitic surfaces. Amines, selonoles, and thioacetyls are also used for
SAM on Au surface while Silanes aSilanoles are used for SAM on Sié3 Molecules

with phosphorous head groups are also used for SAM on Au, T4, ZiOz, and SiQ.%®

1.3.4 Molecular Lattices

The molecular lattice of SAMs are under influence from the substrate and the
packing withinthe 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, dipadéole, and hydrogen bonding interactiGAsThese

interactims 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®0$1852

1.3.5 MoleculeEnvironment Interface

Another important interface whiaotan 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 exposaurThe properties of the SAMs can be achieved through
engineering of their end grodfs? 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 hydrophilitayer®3

1.4 Molecular Switches

Molecular switches respond to an external stimuli by changing their properties13
or their molecular structuré8The external stimuli can be in various forms such electrical
field,®* chemical stimulit®* mechanical stimif® and optical stimulf? To understand the
switching behavior of these molecules they have been studied both as an isolated molecule
on the surface and also when they areastembled on the surfatis 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 solusiarsed for this process can itself
affect the properties of the SAMFor 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 manipujatie energy alignment at the junctfn.

Electronic switches are single or assembly of conductive molecules which can be
switched from nofconductive or low conductive states to high conductive states. As an
example, PANI or its oligomers can be protatiz doped by acids like HCI. They are non
conductive or extremely poor conductive in their base state (undoped) but can reach high
electrical conductance upon chemical dogitigihey can be switched back to their initial
state by exposure to basic solastvapor$’ The contact between the SAMs and metal
electrodes can significantly affect the electrical conductance of the monolayer. The main
criteria for a successful charge transfer at this interface is the energy alignment between
the SAM and the metalectrodes. In addition, the contact between at this junction can also
significantly affect the SAM electrical conductance. The suitable functional groups that
provides good contact between the molecules and the metal electrode are dkipgs (
thiols (-SH), nitriles (CH), and selenols-$eH)3? Switching a molecule from OFF to ON
state and vice versa can be carried out through reduction/oxidation of moléchiasge
in the hybridization of metaholecule bond$3intermolecular interactiorf§,changen the

conformation of the conjugated backbone or functional graups.

Electronic switches can be used in various electronic devices such as field effect
transistors13 and chemical sensrin addition, their application in corrosion inhibition

of metds have been widely investigat&d® 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
bereversed and the molecule can go back to its initial stage either by thermal relaxation or
by its exposure to a light with another wavelengt.ommon groups of photochromic
switches are azobenzerfégjuinones, spiropyrans, spirooxaziriéén importantaspect

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 havefdueel 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. Rinalhas 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 substiteAnother route for
isomerization of molecules such as azobenzenes on suddgessing 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. Aaxample of electronic switching by
tunneling electrons is irreversible switching thns to cis- configuration of 4

dimethylamineoazobenzedesulfonic acid on Au(111}

Isomerization of molecular switches can also be triggered using electric fiedd. On
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 sefsttahas been
previously shown that SAM of TTHRunctionalized azobenzene can be reversibly switched
between itscis and trans configurations’® Another class of molecular switches is
mechanically interlocked molecules (MIMs) which are based on norexgvialteraction

of two or more functional groups with each otPrddsing external stimuli these functional
groups can be moved relative to each other. Some examples of such molecular switches
are rotaxanes, catenanes, and their derivativAsRotaxane is composed of a linear
backbone with a cyclobis(paragtmphenylene) ring (CBPQY around it. The linear shaft

is composed of two different stations of tetrathiafulvalene (TTF) and dioxynaphtalene
(DNP) while the ring is a cyclobis(paraguaphenylene). The electrostatic charge of TTF
define the location of the CBPQTing. In neutral states of TTF, the ring docks at this
station while in its charged state (oxidized) the ring docks at DNP statidatenanes,
another welknown MIMs is compeed 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 strAGIGS.

1.5 Structure of thisThesis

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 melesuleolid

surfaces, which is the initial step toward thin organic films formation. Based on these two
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points, the application of orgargolid interfaces in electronic devices such as chemical
sensors have been explored. From a more general point oftkiswhesis 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 focusf 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 matenials used
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 fiyereigioned.

In chapter 3, the working principles of the primary techniques used in this thesis,
including X-ray photoelectron spectroscopy (XPS), Raman spectroscopyyvidJV
spectroscopy, and atomic microscopy are briefly discussed. In addition, ¢ing diehe
scaled island size distribution model for nucleation and growthimfilms 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 edidiz
islands ofPCAT 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 R€lAfds 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 distributioagplied 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 prades 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 differexidation 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 tife 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 theseesults. 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 merofluidic 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 subface
redoxactive organic molecules and polymers. In addition, this work demonstrates the
potential of the interface of redeactive 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 fabricagirocedure
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 explaiagidition, 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 parameterdimeeal
or semi reatime and convert the chemical data to measurable sigeath 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 energyttile
transducer transforms this energy to a measurable sigimahsduction 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 serestirechkemical
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 decag.tThe 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 achievenieavs 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 ued 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 hydroniurnions is measuret? However, usually a reference electrode is also used

in chemical sensors (Ag/AgCI 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 nesbsurrent 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 reveligl s1s 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 oféins monitored. The value for this potential can be

determined from the voltammogram of the analyte of intérest.

Chemical sensors operating based on electrical transduction are another group of
chemical sensors. These sensors should not be mistakeectooethemical 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 electri@ldduction. 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 activealyer. 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 dopingore sophisticated sensors based on electrical
transduction argensor based on the architecture of field effect transistors. Therefore, this
group of sensors are often called chemical field effect transistor (CHEMFET). Often in
CHEMFETSs, the interaction of analyte with the gate electrode is used to influence the
charge transport in the conductive chanfielowever, 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 CHEMFETseas th

dielectric layer and the gate electrode have been remfoved.

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 chemiresistasensorg.®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 itlectrical conductivity. The conductive substrate can be simply

attached to conductive electrical leads connected to a source measuremeMauait.
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sophisticated contact geometries include 4peoint electrical contacts or using
interdigitated electrodé€sThe chemical species can interact with the sensing film through
various pathways such as physisorption, chemisorption, catalytic reactions, reaction at
grain boundaries, and bulk reactidfiEhe change in the electrical properties of the sensing
materid 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.
Some of the earliest work on chemiresistive sensors have been performed usorg thin
thick oxide films such as tin oxiddt was shown that the adsorption of oxygen molecules

on this surface leads to the formation of &hd 0.2 Since the tin oxide is an intrinsiec n
doped semiconductor, the flow of electrons from this metal oxidéretk to these species
leads to the decrease in its electrical conductivity. Up on exposure of this surface to a
reducing gas (e.g.4INHs, CO) the electron transfer from the adsorbed gases to the metal
oxide leads to the increase in the electrical cotidity of the substrate while the
adsorption of an oxidizing gas such as:N€ads to an opposite response. In the latter
situation, the direction of the charge transfer is opposite causing the formation  @ndO

thus reduction in the conductivity df¢ metal oxidé. “Sifce the sensing depends on the
surface adsorption/reactions, the surface structure of the sensing film (grain boundaries,
defects, é) pl ayiFiguse 2K deynonstmtesehe schematie of activng .
of different gasewith different surface sites available in a thin film sensor and the direction
of the charge transfer for each surfacalyte interface. Although the sensing step in these
sensors often is performed at low temperatures (room tempetature ), imghe r es

step requires elevated temperatures in the range of 10 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 surfd€élowever, the requirement feuch 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 wdaohalter its reaction sites
essential for chemical sensing. Some of these reaction sites are point and bulk defects, and

grain boundarieg.

Catalytic
Chemisorption Reaction

€Oy, €O,
oy & RS

Figure 2.1. Schematic representation of detection of gas molecules by an active layer in
chemiresistive sensointeraction 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 gain 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
strudure of ICPs consist of repeating units of small organic monomers. Figure 2.2 shows
some of these monomers such as acetylene, pyrrole, thiophene, and’afihi@e.
conductivity of the ICPs originates from the alternating single and double bonds which
leadsto the formation of delocalized electronic stafe¥hese polymers in their neutral
forms are not electrically conductive but can become conductive uglmping or p
doping reaction? These processes lead to the generation of charge carriers on their
backbone which transform them to edienensional conductorsSuch changes in their
conductivity upon interaction with various chemical species (redox, basic/acidic) can be
utilized for sesing 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 propeffies.

Polyacetylene (t-PA)  Polythiophene (PT) Polypyrrole (ppy) Polyaniline (PANI)

Figure 2.2.Molecular structee 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 interconnecomponent. The latter application is not desired as the change in the
electrical conductivity of the interconnect component can interfere with the main sensing
process! Therefore, the ICPs or other organic small molecules should only be used as the
sekctive 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{caly
Au) and a constant current or voltage is applied between them (dc 8The).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 increasesewinilthe latter case, it
decreased Therefore, the common way to report the response from the ICP based sensors
is in the form of (R-Ro)/Ro, where R is the resistance of the system before the exposure
to the analyte andRs its resistance after expos to the analytéThis 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 fpetger contacts.

Such a change in the electricahductivity 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 electrodel addition the choices of the metal
electrode can atsinfluence 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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presace 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 hydribgen in
chemical sensor based onrHANI sets back the contact between the metal and polymer
film to the ohmic contact® One way to avoid the contribution of the mgtalymer contact

in the sensing response of a chemical sensor is through usingdiotirmeasurement
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 bathdviour point
measurements the configuration in Figure 2.3e can be used. This configuration is also
called as s24€onfiguration. This configuration enables the comparison of the delay time
between the twoand four measurement signal which can providiarmation 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 itsalise irreversible or reversible
changes in the polymer layEr.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 asait lead to selfieating of the polymer
layer!?> Some other common sensing configurations involving- tarwd/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 polyneyer 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 Vélfye details of the
chemical sensors will be more dissed along with the discussion about CHEMFETSs. 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 twolextrodes. In such cases the conductivity between the
conductive polymer layer and an electrode in solution is used for sensing meastfement.
Figure 2.3c shows a somewhat similar configuration to the set up in Figure 2.3b with the
difference that in thealter 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
electode can control the potential of the polymer layer and thus it was termed as

electrochemical transistor set tfp.

Although chemiresistor sensors based on conductive polymers are simple, easy to
fabricate, and can be prepared in various configurationg, ltaee 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“‘thiawever, the
morphology of the polymer film (filament or dendeitismooth, or compact) itself can
change the sensitivity of deviée!® 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 gamed moisture present in ambient environment can

also interfere with the response from the analyte of intére$t. 7
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Figure 2.3.Common measurement configurations in chemiresistive sensors based on ICP
selective layers. (a) Twpoint measurement without fixation of the ICP layer, (b) typical
set up used in electrochemical experiments, (c)-paiat measurement with fixation of

the ICP layer, (d) Foupoint technique, (e) Twaand Four point measurement together
without fixation of ICP potential, and (f) Twand Fouf 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{grpsenée? and
even graphite or pencil led8iCarbon based materials are often resistant to harsh chemica
conditions and high temperature? f’ most cases, they are inexpensive or there is
research underway for their mass production which will eventually reduce their production

cost?! They are easy to fabricate on various substrates and can be pthpaugt various
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fabrication methods such as CVDjnkjet printing?® or dropcasting?* All of these
parameters make them suitable materials for sensing applications. They have been both

used for gas sensing18 and sensing in liquid pit4ses.

CNTs are on®f the main group of nanocarbons which are used in chemiresistor
sensors. The common form of CNTs used in electronic devices arewaltgd carbon
nanotubes (SWCNTSs). They are used as the sensing materials and often suspended over
Au or Pt electrodene of the unique characteristics of CNTs is their high surface area (~
1600 nt g1).18 In addition, they have superb electrical properties such as carrier mobility
as high as ~10000 & ! st which is better than silicon and electrical current dendity o
~ 4 x 10 A cml, which is about thousand times higher than copp@NTs can be
chemically doped @or n- doped) by wide range of chemical speéf€ Combination of
these characteristics make SWCNTs a better choice than ceramics (e)goiS@Psfor
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 f
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 regdtthban
charge polarity (dope) of CNF&This will lead to change in the electrical conductivity of
the CNTs and can be used for detection of analyte mole€uMthough, the presence of
metallic CNTSs is not crucial for chemiresistive sensors, it is roatieal in the case FETs

based on CNT& In addition, even in each batch of synthesized CNTSs, 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 imdmdtch can vary over a broad range. As

an example, it was reported that the SWCNTs produced viadbhtsion method have
diameter over 11 to 16 A which will lead to the variation of their bandgap from 0.65 to
0.95 eV.30 These variations in diameter, dgap, and their electronic type
(metallic/semiconducting) can cause reproducibility issues for mass production of such
sensors® Fortunately, in recent years the as synthesized CNTs (specially SWCNTS) can
be sorted through various separation means irr todaoduce more homogenous batches

of tubes®® 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 etlsstraften cause unreliable contacts
between the electrodes and CNTSs. This issue can be circumvented by new techniques such
as creating entbonded contacts between CNTs and molybdenum to form cé&tbide.
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 conditisnsndwn

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 lghstgba
calibration curve for these sensors challengfynother popular nanocarbon for use in
chemical sensors is graphene. Graphene is a flat monolayer of carbon atoms arranged in

the form of twedimensional (2D) honeycomb lattice. Graphene is tselilding blocks
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of many carbon allotropes such as graphite (3D), CNT (1D), and fullerene$?(DBy.
pioneering reports on the concept of graphene set back to sixty years ago and related to the
theoretical studies on the band structure of graghife®® 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 structéft@he reason for such argument was that the
thermal fluctuations in lovdimensonal 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 crystaf. Graph@e can be produced by several approaches such as
mechanical exfoliation of graphite, chemical exfoliation of graphite, and epitaxial

grOWth 32,38,39

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

covalent spbonds leadingo the chickerwire-like arrangements. The ptomic orbital of

each carbon atom overlaps withtheotherp bi t al s forming fill ed
and empty ~* orbitals (conduction band).
eachcatbn atom form G bonds while th&4“Theurt h

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 stisiciotre
similar. It is known that graphite is a semimetal while a single layer graphene is known as
a zereband gap semiconductor. The conduction band (CB) and valance band (VB) of
graphene are corshaped which meet each other at Dirac ptifitBy 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® Another unique electrical property of graphene is its higargd carrier
mobility (as high as 20,000 éiws for Si/SiQ supported graphene sheets under the

ambient conditions}?

Similar to CNTSs, graphene can become botloped or rdoped through various
means such as electric filled effect or by chemical dop@htsformer method is based on
the possibility to tune charge carriers between electrons and holes by changing the polarity
of gate voltage (). This means when Ms negative the Fermi level is below the Dirac
point and the VB is full of holes and whére \j is positive the Fermi level is above the
Dirac point and the CB is filled with electroffsThe 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 evices developed based on graphene was chemical $&mstact,
some of the most sensitive gas sensors ever developed are based on graphene which can
detect adsorption/desorption of an individual gas mole€uldp on adsorption of an
individual gas macule 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 extremehndmg characteristic of
graphee. Thus, the possibility of chemical doping of graphene is one of the basis of using
this material in sensing devicEdn addition, graphene has high surface area (>260§) m
which is an important aspect in sensing applications. It has an advantageNoh&iin
which it can be prepared in high quality with very low defect $t&@raphene has been

incorporated in both chemiresistor configuratformas well as chemical fieldffect
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transistor (CHEMFET) configuratiot.These sensors have been used fdn gas sensing
and sensing in liquids® ® Gfaphene, similar to CNTSs, suffers from high sensitivity to
many interfering adsorbates (humidity, 0 X

conditions and decrease the sensitivity of the de¥ice.

2.3 CHEMFET

Another configuration for chemical sensing is based on the diéatt 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 thettend
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 sameotpciuinitch 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 signalnesmtiype of sensors is

small and required high input impedance amplifier.
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Figure 2.4. Schematic representation of two common architecture of CHEMFET. (a) ion
sensitive (ISFET) sensor. (b) Work function sensor {M&1), in which no external
referenceelectrode is required.

Traditionally, CHEMFETs have been categorized under two main configurations;
ion-sensitive FET (ISFET, Figure 2.4a) and work function FET (W&, Figure 2.4D).
ISEF function based on the selective separation of ionic charge prestie 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 electrodsed to measure the potential difference
between this electrode and the selective l4ygis 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 iganic or organic materials (e.g. ICBWF-FET
resembles the working principle of Kelvin probes (vibrating capaditdi)e schematic of
this configuration is depicted in Figure 2.4b. Since this configuration does not require the
presence of an externallectrode (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 FETSs). 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 skaledthe
surrounding environment its work function remains unchanged during the sensing events.
Therefore, it can be used as a reference elecfrbde.gate electrode in WIFET can be
fabricated from ICP$ The interaction of analyte molecules with teiectrode leads to

the charge transfer between them and the formation of a donor/acceptor cofhplexs.
extent of this charge transfer depends on the electron affinity of the host material (selective

layer) and charge donacity of the analyte speties.

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 unifom quality across devicés.The main difference between the
chemiresistive sensors and CHEMFETSs is the absence of the dielectric layer and gate
electrode. This makes chemiresistive sensors simple, inexpensive, and allow easy
incorporation of carbon nanoted, 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 CHEMFETSs without the

need of dielectric lger and gate electrodeThe 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 CHEMFETSs. It has been shown that the increase in the functional density of the
negatively clarged 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, th
field effect created through electrostatic gating is similar to the effect of gate voltage in

FETs (CHEMFETS}.

In this chapter, the typical transduction mechanism in chemical sensors were
introduced. The working principle of different variations of clresistor 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 additibrnvas 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, tinest of
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 séatfethe 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 casettthe 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 céd Stokes or antbtokes scattering. In both cases the interaction of photons
with the electric dipole of a molecule ¢
electric field. Figure 3.1 shows these two types of inelastic scattering procestgisam a

to the Rayleigh scattering.
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Figure 3.1. Schematic diagram of Stokes, Rayleigh, and-8tdkes scattering. The
upward and downward arrows mean excitation and scattering processes, respectively.

Both inelastic spectra have similar informationdacan be used in Raman
spectroscopy. However, the Stokes spectrum is stronger than Hs¢ak&ts spectrum and
therefore is commonly used in Raman spectroscopy. The difference between the initial and
final vibrational | eveduwat(igmn indeadnn doxgBescrad cau |
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
versus intensity. Raman speon 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 agueous media.
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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 Riaspectroscopy has been used alongside electrical
measurements for characterization of graphitic materials such as gfaghipbené,and
carbon nanotubes (CNT%).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 samplé$)n addition, it has been proven to be a powerful tool for
study ofthe charge transfer and chemical doping in graphitic matéfidlEew bands are
common in the Raman spectra of most graphitic materialsbar@ at around 1578579
cmitis present in all samples containing sprbon network. D (1330 cthand D” (180-

2100 cm) bands are characteristic of3spnd sp carbon networks, respectively. All
graphitic materials also show a second order band called 2D aroun@280@m' as a

result of overtones of the D baf@ne way to dope graphene or graphite is thhosurface

transfer doping in which electron exchange takes place between adsorbed dopants and the
substraté. 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 (MVHnd ratios of
intensities of these bands (e.g. 2D to G) are a common way to study the dopind kvents.
has been reported that fotype chemical doping of graphene or adsorption of molecules
with electrondonating groups on it, the G band shiftddwer frequency with a decrease

in its FWHM. For ptype doping or adsorption of molecules with electwathdrawing
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groups on graphene, the G band shifts to higher frequency and its FWHM inéreases.
Another reported effect of adsorbed molecules on Rameatrsin of graphene is based

on G band splitting or asymmetry of its peak shapeaddition change in the ratio of
intensities of 2D to G band.{/1c) is another indication of doping.However not all of
these changes have reported at the same timditi@bnt methods of doping (electrical
doping, chemical doping) could create different response to the same type of deping (p

doping or rdoping)®’

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 stateypesot 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 compoundsndegigongly 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 experimentauirement, UWis 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 canrkadily excited using common ultraviolet or visible light

sources available in UVis instrumentg?!

Based on Figure 3.2, the absorbance of a compound can be calculated based on the
intensity of the incoming beamp)land outcoming beam (1). In additiche absorbance of

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

Lambert | aw. Equation 3.2 shows this relat
A=0c} Iog(L) 3.2
lo
1 €L
oy |
A
1

Figure 3.2.Schematic of Beetambert absorptionfa beam traveling through a cuvette
with the thickness of I.

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 sufficientygeectrons 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 phtiten source and the surface work

61



Ph.D. Thesi$ A. Mohtasebi; McMaster Universitiy Chemistry & Chemical Biology.

function are known. Here, ks the kinetic energy of the phetoj ect ed el ectr on,
energy of the photon sourceg 5 the B.E. of the phote j ect ed el ectr on,
surface work functio? In addition, otler 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 Sdrfaces.
Ek =h3- Eg- U 3.3

The photoelectrons are filtered using a hemispherical energy analyzer before the
intensity for eachelectron energy is measured by a detector. Commonly in XPS, a
monochromatic photon source with photon en
is used. Such energies are sufficient for ejection of electrons from both valence and core
atomic energy leus. Electrons in valence levels are involved in chemical bonding and
have very small B.E.s (¥Q0 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 thepectra obtain from these electrons are highly convoluted and therefore
difficult to interpret. Electrons from the core levels have higher B.E.s-{38000 eV)
and do not participate in chemical bonding but still under influence from the chemical
surroundng 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 dffatoms.
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Figure 3.3.(a) Schematic diagram of photoelectric effect. The exposure of a solidssebst
to an electromagnetic beam with energy of
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 diagrana anetal 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 eleswf 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 chemicaf%sBifice XPS is
capable of probing the electronicigtture of atoms, it has been widely used in the studying
of doping and charge transfer at interfate€@ne way to detect these processes by
photoelectron spectroscopy is by monitoring the fermi level shift of the compounds

involved in the charge transfprocess. This method has been used to assess the doping
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efficiency of N,N,N’,N-tetrakis(4methoxyphenyhbenzidine by GFss and 2,2-
(perfluoronaphthaleng,6-diylidine)dimalononitrile'® One way to detect the Fermi level

shift is by monitoring the shiin 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 MaB higher binding energy after contact with Fi@yer

is a sign of femi level shift to conduction band anetype doping'’ 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
beenshown that the charge transfer betweerMmi®* Y M- Ni?* at the interface
between LaCa.sMnOs/LaNiOz leads to the evolution of a shoulder feature in the Mn 2p
core level spectrurtf It has been also shown that the appearance of charge orckbeiha

of polymers or small molecule after their interaction with dopant is a sign of doping/charge
transfer'® 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 grapheneesxisl a result of
interfacial doping® In this work, CASA XPS software is used for data anaR/siEhe

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 foveerbéte 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 fysidon 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 scanneg)s¢hematic 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 saanpdethe tip. This forceistance curve can be
divided into two parts; contact regime and foamtact 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 repulsivdn the noncontact 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 rcmmtact modes) are used in probe microscopy. A
variation of norcortact mode is the tapping mode (intermitteohtact mode). In this

mode, the tip is brought closer to the sample in comparison to theomtect mode. It is

almost like if the bottom of the tip taps on the surface. The intermittent contact mode is
shown o 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 falvaghiar

4,5, and 6?2
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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 PhenyCapped 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}?® Models for inorganic film growth, partidarly those of
metallic compositions, h a%%eWhikenetmeorysthesed i e d
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 beedistliexperimentally®3? 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 islasize 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 dg add to the existing islands, in an aggregation regime. Over time
surface diffusion results in the coalescence of the isindlke rate of the diffusion
mediated growth (R) can be obtained from the ratio between the diffusion constant (D) and

the inconing flux (F). Equation 3.4 shows this relationship;

R= 3.4

Mo

Ruiz et af® have argued that several system specific properties such as nucleation density
(N) and the average island size (A(d)) <can

following proportionality;

d
N=CR ¢ @ 3.5
ARG
Where d is the coverage, C is a proportion:
size, expressed as the number of monomer s,

unstable island that can be transformed stable island by addition of a single (i+%).

The critical island size depends on the interatomic and intermolecular forces between
particles of the over layer film and the substrate at$ritsvas shown that the distribution

of i slands oitareai( &) iadcpkeesuwith the aver

according to the following relationship;
Na(d)=dA(d)™ *f(u) 3.6
Whil e u defi ned dimessionkessAscalihy functior( independent ofa

coverage, and A(d) can be calculated from

Ald)= —[éa aNNaa(S)] 3.7
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In addition  Adardbke also calculated directly by averaging the area of islands obtained
through images analysis of AFM imag@&sased 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;

fi(W=gu exr(— bi i ul’bi) 3.8
Here, G and b are fixed by absolute geometrical equations 3.9 and 3.10 which assure

normalizatiorbehavior of f(u):°
{alli +2)e] _ (. Yo

Gl =) o8

( pi)! +1)big

{or L+ by 540

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 2dimentianal and thus a fingerprint of diffusiemediated growth can be
extracted from them. In other word, aggregation regime is where the island density remains
unchanged during deposition. The constan&n@ hfor i = 1-6 can be found elsewhete.

It is knownthat 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 latet’dire 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 subtris of importance to the size and shape of

68



Ph.D. Thesi$ A. Mohtasebi; McMaster Universitiy Chemistry & Chemical Biology.

island formati on. It was noted that t he
temperature follows two different trends for organic and metallic islands. Organic islands
are compact at low substrate tempemand 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 diffusiofi mited 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 temperaturé&s*3 Therefore, the growth mechanism of the large organic molecules such

as hexaphenyl are associated to models other than®*DLA.

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), wherey,[Es (kJmolt), T, and Rare diffusion

constant, di ffusion barri edthegasscongtant. t he s u
D = D exp(-E2) 3.11
RT
By fixing Finequation3.4,atanchanged d, and using equatioc

3.11 can be rewritten as follot#:

G G

o_ AD§°. a-E,3°.  Aac Ed
N=CR°=C%0 ~ %28 ~ exge—20
cF+ CRT= CRT = 3.12

The equation 3.12 can be then writtetimear form as follow:
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InN = InC + SE2 3.13
RT
Therefore,the Ec an be <cal cul ated using i, and the
temperature.

3.6. Image Analysis

Image analysis is thdirst 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 freewaMH, USA) was used for more sophisticated image
analysis® 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, commomicroscopy 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 prelimary 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 softwat&This will create sufficient contrast for the software

to distiguish neighbang 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).

1 Select the image thugh File and then Open menu.

1 Set the scale bar by following the following step.

1 Select the straight line from the tool bar, then draw on the scale bar of the image or
along a known distance of it.

1 Next, from the Analysis menu select Set Scale icon. Bh&eknown distance and
select the appropriate unit, then press OKk.

1 Ifthere is a printed scale bar on the image, crop it using the Crop option from the Image
menu.

1 Select the Threshold Color icon from the Image, then Adjust menu. Set the thresholding
methal as Huang, threshold color as B&W, and color space as RGB.

1 Select the Set Measurement icon through the Analysis menu. Select the information
you would |i ke from the I mage (Area, St ar
set the number of decimal apcess Ok.

1 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 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 owstcbigere

3.4 shows some of these steps to achieve the outcome.

@ O

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 ¢ black and white version of (b). (d) the output of ImageJ software after particle
analysis of (c)
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Chapte&srmnurdace Mobility and Nucl eati on

Tetraaniline on Hematite

4.1 Abstract

We have studied the nucleation and growth of the reduced and the oxidized states
of phenylcapped aniline tetramer (PCAT) deposited on hematite(1000) surface by
physical vapor deposition. The fully reduced PCAT molecules formdimensional
islands on theurface while the fully oxidized molecules form thdimensional islands.
Through scaled island size distribution, it was found that critical island size for the reduced
and the oxidized molecules are= 4-5 andi = 5-6 respectively. Furthermore, thigiu
studying the island density as a function of substrate temperaturantes ofdiffiusion
energy barrier, & for the reduced and the oxized molecules were evaluated t&@#.30
eV and 0.2-0.55 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 rangeof attempt frequenciefor surface diffusion of the reduced and the oxidized
islands were calculated to Bex 1¢2-5 x 1F°stand4 x 10 - 8 x 133s?, respectively.

The former value is in line with the high degree of surface wetting by the te8@AT
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 anthgrbaach 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 dégiseponductive channel
in thin film transistor$, and as sensing material in chemical sen$bfBhe molecular
orientation and packing plays an important role in the function of these devices as the
quality of the organic thin films influence propertiagcls as electrical conductivity or
charge mobility’s 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 foation is nucleation and growth of the
submonolayer film$.Variousstudies 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 surfadeeld 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 temperatndeform dendritic islands at
higher temperaturé’d Thus, the models commonly used to describe the lattet asese
unable to fully describe the early stages of nucleation and growth of the organig films.

One of the proposed reasons for these oppdsieds is different intermolecular
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interactions in the organic films in comparison to the metallic flms can account for such
differences in growth modé8 Another reason is the intrinsic anisotropy associated with
the organic molecules in comparisonttie tsotropy of the metal atorsln addition, even
different oxidation states of an organic molecule can adsorb on a surface with different
conformations'2 This becomes important considering the application of such layers in
novel set ups such organaectronic devices which requires a thin and homogenous
molecular layef. 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 eledtral conductivity values as low as48/cm?

One of these organic molecules is Phargpped aniline tetramer (PCAT), a redox
active oligomer of polyaniline (PANI) which mimics many characteristics of this
polymer® Similar to PANI it has three oxidatio states and becomes electrically
conductive through chemical dopihd.he 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 pitylefror resettable chemical sensbis. all
these applications and their many othérhe 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 structuoé the tetraaniline films on surfaces prepared through-drop
casting or vapemfiltration has been studied previouslf 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 fiftst8 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® This is based on the idea that redmtive
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
substraté? As a result bthis 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.
This reenphasizes 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 whidheasnucleation 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! A common method to obtain nucleation and gtowarameters on the
surface is through thermal desorption spectros€dppin alternative method for finding
such parameters is through determination of island size distribution by scanning probe
microscopy?’ This is followed by the determination of sog 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 andliffiusion energy barrier (£ canbe found through study of islands form on

the surface at different substrate temperdture.

The motivation behind this study is the egeowing applications of redeactive

small molecules in smart coatings and organic electronic defgités. 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 orati@xorgart 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 nucléetisity 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 quamtitagasure 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 @& ¢nain 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 islandesbf each oxidation states of PCAT.

4.3 Experimental Details

PCAT was synthesized based on a literature procéd(ilee preparation of the
fully reduced and the fully oxidized forms of base PCAT was performed using the reducing
and the oxidizing agentss described previoustyNatural 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 A over 20 x 208uibmonolayer
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organic thin films were eposited on substrates in a homemade vacuum chamber with a
base pressure better than 4 L I®rr using a low temperature Knudsen cell with a glass
crucible. The sample holder can be cooled or heated intherange®@f0 . Si ngl e c1
substrates werelamped 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.) usingNaCNi
thermocouple clmped between the sample and a copper sheet placed underneath the
sample. Using Xay 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 des it cause degradation of the organic filfi§he 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 llla controller) within five minutes of the deposition of the
organic thin films. All AFM measurements were performed under dry nitrogen
environment ad 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 softwfata.all AFM images the false color ruler

is shown besidehe 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

removedusing he Acorrect horizont al scareso func
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PCAT powders were acquired using a Renishaw inVia Raman spectrometer with a spectra
resolution of 2 crtand an At 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
mo n o c hr o ma tray sourdel (15 KA, 1486.6 eV). The approxienanalysis areas
for both survey and high resolution spectra were 300 x 700 fon 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 X analysis chamber with
a base pressure better than 1 2 Trr. The sample was heated radiatively and the
annealing process was dynamically monitored by XPS. For each cycle of annealing the
temperature was ramped t o f@fiv®dminuteaThdn, thee pt a-
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 spectrahitje 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 spectfaShirley-type background and lirghape of GL(30) were used
for all peak integrations. All spectra veecharge corrected to the binding energy (B.E.) of

284.8 eV for GC and GH.
4.4 Results and Discussion

PCAT in its base form (undoped) can be prepared in three differentioridtdtes;

fully reduced, haHoxidized, and fully oxidized’ The moleculastructure 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. tascorbic acid) and an oxidizing agerg.gi ammonium persulfate),
respectively. Commady, the preparation of the hatixidation 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 hatidation state of th oligoanilinet” However, it is known

that there is a poor control over the final oxidation states of the molecules achieved through
this proceduré? In addition, using scanning tunneling microscopy it has been shown that
the mondayers of vacuum deposit halfoxidized PCAT on the surface of Cu(110) shows
disordered structureé8.This behavior has been attributed to the multiple isomers of this
oxidation state of PCA¥> The same conclusion also reported using nuclear magnetic
resonance spectroscopy bfgt oxidation staté® 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 prepad 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 %ran indication of a successful reduction process. The
Raman spectrum of the iokzed form (Figure 4.1d) shows the bands at 1165, 1216, 1500,

and 1589 cm in agreement with the Raman bands of the fully oxidized PEAT.
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Figure 4.1.Molecular structure of different oxidation states ofdbBEAT; fully reduced
(a), halfoxidized(b), and fully oxidized (c) states. Raman spectra of the oxidized (d) and
the fully reduced (e) base PCAT.

Figure 4.2shows the evolution of the morphologies of the fully reduced and the
fully oxidized PCAT on the surface of a hematite(1000) single drgsta 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 oédueed islands decreases while
the islands become more dendritic but with smooth corners. Regardless of the temperature,
for all fully reduced islands their crosection profiles show the island height of about 3

nm (Figure 4.2). At surface temperaturdswe 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 arefthe substrate or possible surface impurfties.

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. Anothere@ason might be the transition from a complete condensation into an
incomplete condensation of the incoming flux to the surface at around ¥38hk.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 istafaddess

than on the fully reduced islands. At temperatures between 27808 K, islands are
nearly globular. Above these temperatures, their shape starts to become slightly dendritic.
The crosssection height profiles of the fully oxidized islands different surface
temperatures show somewhat similar heights, which fluctuate betweet8QXtn. 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 swgfaith 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 island$® This behavior has been previously reported for other large organic
molecules such as &Pand hexathiophentln 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 tle metallic island growth follows the classical diffusiomited aggregation
model?® Based on this model, at low temperature, atoms stick to the nearest stable
islands!® 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.
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Figure 4.2. AFM images (4 um x 4um) 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 cisesgion of each figure extracted along

the green line is representeekhto 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 fluxttee 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 ggoatgbn 4.1, where
d is the surf ac everage island sizg, € is a prbpdrjionalitg cortstang, a
and 6 = i/i/li+2 (1/3 O 6 < U?2FRecritiGalidland wher e
size is the smallest number of particles (atoms/molecules) required that by addition of one
extra partite, a stable island can be fornfe@nce an island becomes stable, it will not

undergo dissociatiof?.

; d
N=CR ® @~ 4.1
Ald)
It was shown thatintheggr egati on regime (typically

distribution shows a scaling behavidf@iThe aggregation regime by definition is a range
of surface coverages in which the island density remains unchéfigéimeans that the
interisland legth scale is the only determental length and thus is a sign of diffision
mediated growtR° In diffusion-mediated growth, the distribution of islands of size a per

unitarea(™ d)) scales with A(Y™Y) through the equ

Na=dA(d) *f (u) 4.2
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In this equation, f(u) is a dimensionless scaling function dependent on i while u =
al/ A(d). This function def ijanédkzarebnlysuetidnsaofn e q u

i and can be obtained numericdily.
f(u) =G uI EX[{- bj i ullbi) 4.3

Other diffiusion parameters such as the diffusion energy barrigrcdh be
obtainedthrough 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.
D=Dg exwéR—Q 4.4

Assuming the situati on JamdEkwdnberdlatetbasand d
Na U eBE/RD®U e xdRT)eFus, N = & e x p {RI)E where a is the
proportionality constant which can be related tpaNd E through the following linear

eqguation:

GEa
INN,; =In Q9 t+—— 4.5
a RT
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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 densityhese 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 formofdrsuis
1/T. Data points of each wation states of PCAT can be fitted with a linear line. The
adjusted Rsquare 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 th temperature range indicates that only one growth mechanism is
dominate®'° Based on equation 4.5, the activation energies of both the reduced and the
oxidized PCAT islands can be cal cubRted us
Thus, to btain kv al ues for each oxidation state of

values is necessary. Since 6 = i/i+1, the |
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measured. Therefore, the island size distribution of both reduced and oxidzed atlands

293 K and at different surface coverages were measured. For each coveragdaha N

maxi um whi ch % ordento find i fodeach type Afthd islands, each island

size distrubution is converted to f(u) by multiplying thgbdy A% dnd dividing the a by

A(d) . This way, for each specific molecul e
coverages scaled down to a single curve ofhe maximum of such curve is located

around a/A = 1. Comparison of the experimentally olatd{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, eadhao different surface coveragekhe best fit of the

two curvesbased on a least square method lead to i values between 4 and 5 (Figure 4.4b).
Based on the same analysis ithvalue for the oxidized islands evaluated to be between

5 and 6Using therange ofcritical island sizeof the reduced and the oxidized islanthe

G values for both states of islands can be
6/8 for the oxidized islandsBased on these information and the slope of the limsanf

Figure 4.3, theange ofactivation energies for the reduced and the oxidized islands are
estimated to be abolt22-1.30 eV (115125 kJ/mol) and 0250.55eV (5053 kJ/mol),

respectively.
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Figure 4.4.1sland size distribution d) of reduced (a) and oxi d
different surface coverages. (b) Scaled island size distribution of the island size distribution

in (). (d) Scaled island size distribution of the island size distribution in (c). In both (b)

and (d) tle scaling function f(u) for critical cluster sizes of ilare shown along the
experimentally measured data.

In addition to the information obtained earlier, thege ofattempt frequenes( &
for surface diffusion of the reduced and the oxidizednid$s can be calculated. This
paprameter can be evaluted using equatiorf wiere yr is the intercept of fittings in

Figure 4.3 with the vy axadisthenunbear o sudacensitea k f u |
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per unit area, anB is the deposition rat Equation4.6is a number value equation and the

units of cnf and s should be used for evaluation of attempt frequency Ejoge 4.3

i aaa i i
=In +——1In - ——Ingy+ ——InF 4.6
Yor = IN(dNo) e éﬁg —5nset

The main information required for evaluationtbése parameters can be obtained
from Figure 4.3 in addition to critical island size i of each oxidation state of PCAT.q'he N
was estimated to be about 4.8 x*IBCAT molecules.cth Considering that the the
reduced islands are two dimentional and ex&lized islands are three diemntional in
shape, the value of d for both of t°hese i
Therefore, based on these informationrdreges oattempt frquenesfor the reduced and
the oxidized islands on the surfaafehematite(1000) was estimated todegween 8 x 14
-5 x 1¢°standbetween 4 x 18 - 8 x 133s?, respectively. The attempt frequéssfor
the reduced islands are siginificantly higher than the typical attempt frequencyfealues
surface diffsion of atoms (~ 81 10%).° 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 mig&) The high attempt frequency oP6
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 surfac@n the other hand, the obtained apt
frequences for the oxidized PCAT islandarelower than the typical attempt frequency
values reported for atoms one surfad@deselow frequengesexplain 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 hematitea t tempertures above 350 |l eads to
magnetite’*s* Therefore, the hematite substrate was annealed in two cycles under vacuum
conditions (base pressure < 1 x®10orr). The progress of the reduction process was
monitoredin situ by XPS. The Fe 2pand Fe 2g.peaks of the pristine hematite substrate
in Figure 4.5a are located at 724.7 eV and 710.8 eV while its #zeaBg Fe 2g-shake
up satellite peaks are located at 733.1 eV and 724.7 eV. The location of thesénpeak
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 samflil&enerally, the position of sattellite peaks are
monitored during the reduction or oxidation process of hematiis. ¥ due to the more
distinct shift of these peaks in comparision to Fe.2md Fe 2p, peaks* 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 whiemimdication of transformation of
Fe**to F&*. 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 continousmase 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 (ann@ay) 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 inabsense 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 ipar@uon to the

partially reduced hematitie surface obtained after the second vacuum annealing cycle.

95



Ph.D. Thesi$ A. Mohtasebi; McMaster Universitiy Chemistry & Chemical Biology.

| L] LI I I LI
740 735 730 725 720 715 710 705
Binding Energy (eV)
(b) 7000 ——1

{—2
60004 3

1—24
5000 4

4000

CPS

3000
2000

1000 <

o +————v———
536 534 532 530 528 526

Binding Encrgy (eV)

Figure 4.5. Partial reduction of hematite surface through vacuum annealing. High
resolution Fe 2p and O 1s XPS spectra of prisitine hematite $1dycde of vacuum
annealing (2), ? 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 substatrebo
hematite sigle 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 about2 <T0or r . After two cycles of
minutes each), the sample was removed from the preperation chamber and quickly

trasnfered into the deposition chamber under dry nitrogen environment.
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Figure 4.6.AFM images of LB (a, 4 um x 4 um) and PB (d, 10 um x 10 um) islands on
partially reduced hematite surface at 293 K. The esestion 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 slmoywnoticeable difference from the
reduced islands on prisitine hematite surface at 293 K (Figure 4.2). Theseobiss of
the heights of the reduced islands on the partially reduced surface (Figure 4.6b) shows
islands with heights about 3 nm which @awparable 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 sizeigtirbution analysis. The scaling islands size distribution of the
reduced islands on patrtially 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 (Figureldegdjot
show any differences in the morphology of these islands from the oxidized islands formed
on prisitine hematite surface at 293 K. The cisssion heights of these islands have
maximum heights about 120 nm (Figure 4.6e) comparible with theteeafilislands 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 theiped 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 (2383 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 domirmdirrcsingle 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 dendritiansls 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 aage 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 fom of this molecule. Using the scaled island size distribution of the reduced
and oxidized molecules at room temperatthie critical island size valuésr the reduced
molecules and the oxidized moleculeas evaluated-ive or six fully reduced molecules
andsix or seven fully oxidized molecules are required for the formation of their stable
islands respectively Furthermore, theange of diffusion barrier energiés the reduced
and the oxidized islands on hematite surface weatuated to be aboit22-1.30 eV and

0.52-0.55 eV, respectively. This significant difference between the diffusion barrier
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energesof the two oxidation states of PCAT on hematite surface indicates higher mobility
of the reduced forms of this oligoan#iron 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, thage of the attempt frequenciefs

the fully reduced and the fyloxidized islands on hematite surface wevaluatedo be
betweerB x 1F? - 5 x 1°s'and between 4 x 1b- 8 x 13°3s?, respectively. The latter
rangeis close to the attempt frequéesfor the surface diffusion of atoms (~*10 10%).
However, the formerangeis several orders of magnitude larger than the conmattempt
frequenciedor surface diffusion. These rather large valo@gebeen previously explained

using transitiorstate theory and was attributed to numerous rotatiowkVidration modes
available for diffusion of such islan8sFinally, 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 andxitized PCAT.

The findings of this work are important considering the application of PCAT in corrosion
inhibition coating'® The dewetting of the iron oxide surface by the oxidized PCAT hinders
appropriate coupling between the organic phase and the ewetalsurface 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 fawe to corrosion media. The different wetting of
surfaces by PCAT can be problematic for other applications such chemiresistive sensors

based on PCATraphite layef.This can result in alteration of the interface between PCAT
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and graphite which was degm#d as an essential part in the sensing mechanism of such

Sensor.
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Chapter 5 Interfacial Charge Transfer between PhenylCapped

Anilin e Tetramer Films and Iron Oxide Surfaces

This chapter investigates the interaction of iron oxide surfaces with different oxidation
states of phenytapped aniline tetramer (PCAT) through changes in organic layer or the metal
oxide film. While photoelectmo spectroscopy and vibrational spectroscopy technigues 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
measurerants 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 Chemist300g 120, 29248
29263, Amirmasoud Mohtasefianzina Chowdhury, Leo H. H. Hsu, Mark C. Biesinger, and

Peter Kruse. DOI: 10.1021/acs.jpcc.6b09950

© 2016 America Chemical Society

105



Ph.D. Thesi$ A. Mohtasebi; McMaster Universitiy Chemistry & Chemical Biology.

THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCC

Interfacial Charge Transfer between Phenyl-Capped Aniline Tetramer
Films and Iron Oxide Surfaces

Amirmasoud Moh_tasebi,'% Tanzina Chowdhury,';' Leo H. H. Hsu,zi: Mark C. Biesinger,§

and Peter Kruse™"'

J"Department of Chemistry and Chemical Biology, McMaster University, 1280 Main Street West, Hamilton, Ontario L8S 4M1,
Canada

“Department of Mechanical Engineering, McMaster University, Hamilton L8S$ 4L8, Canada
SSurface Science Western, Room LL31, 999 Collip Circle, London, Ontario N6G 0J3, Canada

© Supporting Information

ABSTRACT: Redox-active organic compounds have been studied as corrosion inhibitors OX. Red.
for steel. Even though it is clear that chemical interactions at the organic—metal oxide " " B B
interface are behind this inhibitive process, the detailed mechanism is not yet fully G - ¥ i
understood. Using phenyl-capped aniline tetramer (PCAT), we have elucidated the " ¥

interactions at the interface with iron oxide. We demonstrate the partial reduction of fully
oxidized PCAT and the partial oxidation of fully reduced PCAT upon interaction with
iron oxide. X-ray photoelectron spectroscopy reveals the appearance of charged nitrogen
structures in PCAT deposited on hematite. Iron oxide films in contact with reduced
PCAT show a higher conductance due to the introduction of defects, resulting in n-
doping. In contrast, the iron oxide film in contact with oxidized PCAT shows a lower
conductance, indicating that defects in the film are removed via oxidation, thus reducing
the doping level. This is consistent with accepted models for corrosion inhibition, in
which PCAT assists in the formation of a passive oxide film. These results are indicative of
interfacial charge transfer between PCAT and iron oxide. The extent of the charge transfer
and the direction of redox processes depend on the oxidation state of the molecules, enabling the construction of redox-active
devices, including sensors and switches.

\jh.
(SN0 SN

Fe?* -> Fe®*  Fe’' -> Fe?*

. 'onzb

B INTRODUCTION

Redox-active organic compounds are known to protect
transition metals against corrosion.' Their weak performance
under practical corrosion conditions has prevented their
widespread use in commercial settings. Therefore, a better
understanding of the chemical and electronic interactions at the
interface between metal oxides and redox-active organic
molecules is crucial to the design of better organic corrosion
inhibitor coatings. Furthermore, transition metal oxide—organic
interfaces have important applications in organic electronic
devices, such as photc»voltaics,2 light-emitting diodes,” and thin-
film transistors.” All of these devices function on the basis of
the charge transfer at the interface between a metal oxide and
an organic layer. Metal oxides can be used in conjunction with a
broad range of organic materials because their chemical and
electronic properties can be tuned in order to create a desirable

the corrosion inhibition of steel by redox-active organic
molecules is based on the assumption that by applying these
organic molecules in their oxidized states to metal surfaces they
can act as an oxidizers, improving the oxide layer structure by
creating a passive oxide.”® The metal oxide layer remains
passivated as long as the organic layer can provide a large
enough shift of the corrosion potential. This mainly relies on
two conditions: the presence of a sufficient number of active
redox-active compounds and the regeneration of reduced
organic molecules back into their active form through
reoxidation by ambient oxygen.'

It was recently suggested that limiting the extent of the
percolation network present in the organic layer is the key to
successful corrosion inhibition, even in the presence of large
defects in the organic layer. Rohwerder' concluded that an
effective redox-active layer should form a microscopic

alignment with the energy levels of the organic layer.”

It was discovered in 1985 that polyaniline (PANI)
electrodeposited on steel can inhibit corrosion.” PANI acts as
more than a simple barrier coating in this case as it was shown
that breaching the organic layer does not necessarily initiate
corrosion in steel presumably as a result of an electrochemical
interaction between the polymer layer and the surface of iron
oxide."”” The mechanism that has been proposed to explain

percolation network at the interface rather than a macroscopic
one. This means that although good electric contact between
the organic film and the passive metal surface is essential,” it is
the redox activity of the organic film that is vital for corrosion
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Scheme 1. Chemical Structure and Protonic Doping Process for PCAT*
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“Doping the base states of oligomers (left) with HCI gas results in the salt state (right). The color of the methanolic solution of each state is visible

in the photograph beside each chemical structure.

inhibition and not its electrical conductivity. Instead a
macroscopic network of the redox-active polymers leads to
fast cation incorporation into the polymer, which results in its
fast reduction and thus breakdown of the coating."'’ In
addition, the organic layer needs to provide enough passivation
current to polarize the surface in order to create a passive oxide
layer. Otherwise, the corrosion process would be accelerated
more than in the absence of an organic coating." This condition
can be achieved through the careful choice of organic
molecules. Oligoanilines have emerged as promising substitutes
for PANI in corrosion inhibition applications.'' They show the
same redox properties, higher solubility, and better process-
ability than PANL In addition, there is plenty of room for
tailoring their structure to achieve the desired properties.'” It
has also been reported that oligoanilines can show superior
corrosion inhibition to PANL' The phenyl-capped aniline
tetramer (PCAT, Scheme 1) is the smallest oligomer with at
least three oxidation states: leucoemeraldine base (LB, fully
reduced state), emeraldine base (EB, half-oxidized state), and
pernigraniline base (PB, fully oxidized state)."*

Temperature-programmed desorption mass spectrometry,
UV—vis absorption spectroscopy, and X-ray photoelectron
spectroscopy (XPS) have already shown the possibility of the
vacuum deposition of PCAT on a quartz substrate under high
vacuum conditions."® In addition to the superior processability,
PCAT is reported to lack order in its monolayers because of the
number of isomers available for each of its oxidation states.'®
This disordered structure could fulfill the prerequisite for an
organic coating with a microscopic percolation network, in the
absence of a macroscopic one.'

Iron naturally forms several different oxide and (oxy)-
hydroxide phases when exposed to ambient air and humidity.
The oxide layer is not passive and consists of an inner layer of
Fe;0, (magnetite) and an outer layer of Fe,O; (hematite or
maghemite).'”'® The structure of this top layer is of great
importance when trying to fully understand the corrosion
inhibition of steel by redox-active organic molecules. On
occasion, it has been wrongly assumed that the organic coating
is in direct contact with the metal phase rather than the native
oxide film.'"””" However, a thin oxide film consisting of a

mixture of magnetite and maghemite was shown to form on an
iron surface at room temperature upon exposure to oxygen at
pressures of as low as 10~* Torr for only 120 5.”'

Here we report the impact of the interaction of iron oxide on
the redox chemistry and electronic properties of different
oxidation states of PCAT. The hematite single-crystal (1000)
surface was considered to be a model system. The charge
transfer and extent of doping were quantified using X-ray
photoelectron spectroscopy (XPS). Changes in the oxidation
states of oligoaniline were characterized using Raman spec-
troscopy. We also investigated the impact of protonic doping
on the doping level of base oligoanilines films at an interface
with iron oxide. Finally, we examined these interaction/charge-
transfer processes between iron oxide and different oxidation
states of PCAT through I-V measurements made by
employing an array of interdigitated gold electrodes covered
with a thin layer of iron oxide placed inside a microfluidic
channel carrying a flow of PCAT solution. The details of these
interfacial interactions are crucial pieces in the puzzle of
corrosion inhibition and allow for the design of redox-active
electronic devices such as chemical sensors.

B EXPERIMENTAL DETAILS

PCAT in the leucoemeraldine oxidation state (PCAT LB) was
synthesized according to a literature procedure.”* PCAT in its
half-oxidized (PCAT EB) and fully oxidized (PCAT PB) states
were prepared using ammonium persulfate (NH,),$,05
(Sigma-Aldrich) as an oxidizing agent. For the preparation of
PCAT PB, an excess amount of ammonium persulfate was
used. Although the preparation of an exactly half-oxidized state
of the oligomers is not possible through chemical doping,” a 1:1
molar ratio of (NH,),S,0; to PCAT LB was used to
approximately prepare this oxidation state. To remove the
excess amount of oxidizing agent, both solutions were filtered
and washed several times with Millipore water (18.2 MQ cm)
under vacuum suction. To ensure that PCAT LB is also in the
fully reduced state, the as-synthesized PCAT LB powder was
mixed with an excess amount of r-ascorbic acid (Caledon
Laboratories Ltd.). The same purification and filtration process
applied to PCAT EB and PCAT PB powders was applied to
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this sample. Finally, all samples were suspended in a dilute
solution of NH,OH (0.1 mol/L) in order to ensure that they
are in the base state. All particles were collected by vacuum
filtration using an air aspirator.

Hematite single crystals (natural source, one-side epi
polished, SurfaceNet GmbH) with a surface orientation of
(1000) were washed with methanol (MeOH, HPLC, Caledon
Laboratories Ltd.) and Millipore water. All crystals were
exposed to UV—air plasma under low vacuum for 2 min. None
of the iron oxide substrates were sputter cleaned prior to
deposition of the organic film, as this can cause the reduction of
iron oxide.”* Iron(Il[) oxide nanoparticles (Sigma-Aldrich)
with an average particle size of 50 nm were used for Raman
measurements. Nanoparticles were annealed in an air
atmosphere at 440 °C for 14 h in order to form a hematite
phase and remove any organic residue (Figure SS). All organic
thin film depositions were performed in a home-built vacuum
deposition chamber equipped with a low temperature K-cell,
stage cryostat, and deposition monitor (QCM). To minimize
cross contamination, the vacuum chamber was thoroughly
baked prior to each deposition process. The base pressure of
the chamber was better than S X 107° Torr during all
depositions. All samples were stored in a dry nitrogen
atmosphere prior to transfer to the UHV analysis chamber.
NaCl (reagent grade, Caledon Laboratories Ltd.) was exposed
to sulfuric acid (reagent grade, 98.5%, Caledon Laboratories
Ltd.) in order to create water-free high-purity HCI vapor used
for the protonic doping of PCAT base films on the hematite
substrates.

XPS probes the surface of the sample to a depth of 7—10 nm
and has detection limits ranging from 0.1 to 0.5 atom %,
depending on the element. A Kratos Axis Ultra spectrometer
with a monochromatic Al Ka X-ray source (15 mA, 1486.6 eV)
was used to record the photoelectron spectra of the powders
and coated organic films fabricated on glass or a hematite
substrate. The PCAT base powders were pressed onto double-
sided adhesive tape for XPS analysis. The bare hematite
samples were charge corrected to a binding energy (B.E.) of
284.8 eV for C—C and C—H. All of the other samples had the
main line of the carbon being mostly C=C, and as such they
were charge corrected to the B.E. of 284.5 eV. High-resolution
(0.1 eV) spectra were obtained using a 20 eV pass energy and
an analysis area of 300 X 700 ym®. All acquired spectra were
analyzed using CasaXPS$ software (version 2.3.17).* For peak
integration, a Shirley-type background and a line shape of
GL(30), which is 30% Lorentzian and 70% Gaussian, were
used. Standard deviations of XPS peak areas were calculated
using a built-in procedure in Casa XPS software to estimate the
precision error of output quantities by optimizing a set of peak
parameters.”

A Renishaw inVia laser Raman spectrometer was used to
acquire spectra over a range of 100—1800 cm ™", with a spectral
resolution of 2 cm™, using a 20X objective excited with an Ar*
ion laser at 514 nm (2.41 eV) or a solid-state laser at 785 nm
(1.57 eV). All samples were cast and dried on glass substrates.
Data was collected on multiple locations on each sample and
recorded with fully focused 1 or 5% laser power having a field
of view of 50 X 50 um?. This will introduce less than 0.4 W/
um? for the 514 nm laser beam and 6 gW/um? for the 785 nm
laser beam into the sample, which minimizes sample damage.”*
All Raman spectra were normalized on the basis of their most
intense peaks.

Atomic force microscopy was performed in a dry nitrogen
atmosphere in tapping mode using a Veeco Enviroscope with a
Nanoscope Illa controller. Typical line scan rates were 0.5 Hz.
Care was taken to ensure that the tip was not modifying the
surface during image acquisition. For all images, the back-
ground was subtracted and the lines were corrected by
matching median height levels using Gwyddion data analysis
software.”

The microfluidic devices are fabricated by first sputter
depositing a 200 nm gold film on a glass slide. Then an array of
500 interdigitated electrodes with 100 um spacing was
photolithographically patterned. Next, a 142 nm iron oxide
film was deposited on the gold electrodes under high-vacuum
conditions (base pressure ~5 X 107°). The iron source was a
clean iron wire (0.99%, diameter = 0.01 cm, OMEGA
Engineering) wrapped tightly around a clean tantalum wire.
To form iron oxide, pure oxygen gas (oxygen 2.6 grade, BOC
Canada Limited) was introduced into the vacuum chamber
through a leak valve (P = 5 X 107" Torr) during the slow
evaporation of the Fe source (~1 nm/min), as monitored by
QCM. Subsequently, the substrate was exposed to hydrogen
peroxide vapor for over an hour to ensure that the deposited
film was oxidized. A poly(dimethylsilioxane) (PDMS) micro-
channel (length/width/depth = S0 mm:5 mm:100 ym) was
fabricated by soft lithography. Subsequently, the PDMS
microchannel was bonded on top of interdigitated electrodes
by air plasma. Conductivity measurements were carried out
using a Keithley 2636 source measuring unit.

B RESULTS

Film Fabrication Method. Prior to studying the
interaction of oligoanilines with iron oxide surfaces, it is crucial
to know the possible effects of the organic layer’s fabrication
methods on its chemical state. Two common fabrication
methods for small-molecule thin films are drop casting'**® and
vacuum deposition.'” Vacuum deposition has the benefit of
controlling the film thickness with subnanometer precision, but
the process involves expensive instrumentation.'””” On the
other hand, drop casting is simple, and the morphology and
crystallinity of the film can be altered on the basis of the choice
of the solvent, nonsolvent, and substrate; however, there is
poor control over the thickness of the film.*

High-resolution XPS was utilized to examine the impact of
the deposition method on the chemical state of the organic
films as well as pristine powders. The LB (Scheme la) and PB
(Scheme 1c) states of PCAT contain only benzenoid nitrogen
(amine structure) and quinonoid nitrogen (imine structure),
respectively, whereas the EB state of PCAT (Scheme 1b)
consist of equal amounts of these structures. Thus, the
oxidation states of PCAT can be assessed on the basis of the
percentage of amine and imine groups. Therefore, the N Is
XPS spectra of the pristine PCAT LB, PCAT EB, and PCAT
PB powders were obtained to use as reference spectra for this
work.

The N 1s spectrum of the pristine PCAT LB powder (Figure
la) exhibits only a symmetrical peak at 399.5 eV. This peak is
characteristic of neutral amine nitrogen (=NH- structure)zs'w
and shows that the powder is in the fully reduced state as
expected. The XPS N 1s envelope peak of PCAT EB powder
(Figure 1b) at ~399 eV is asymmetric with a distinct shoulder
at lower B.E. Deconvolution of this peak yields an amine
nitrogen peak at 399.6 eV and an imine nitrogen peak at 398.5
eV. On the basis of the area under these two peaks (65.9%
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Figure 1. High-resolution N 1s XPS spectra of (a) pristine PCAT LB
powder, (b) PCAT EB powder, and (c) PCAT PB powder.

amine nitrogen, 34.1% imine nitrogen), this powder is not
exactly half oxidized. Although the EB state should be
theoretically 50% oxidized, this result is consistent with
previous literature reports for PANI EB® because chemical
modification of the organic molecules to an exact intermediate
oxidation state is difficult to control.>” The N 1s peak of PCAT
PB powder was fitted by four peaks at 398.3, 399.5, 400.3, and
401.4 eV (Figure lc). The peaks at 398.3 and 399.5 eV are in
agreement with the B.E.”” of the nitrogen atoms in imine and
amine structures, respectively. On the basis of the previous
reports, the other two peaks at higher B.E.s can be assigned to
charged nitrogen species.””” The peak at 400.3 eV was
attributed to the nitrogen atom with delocalized positive
charge,” and the one at higher B.E. (401.4 eV) was assigned to
the N* atom in C=(NH*)—C.>’~* On the basis of the area

under the amine peak, the powder was less than three-quarters
oxidized. The presence of two peaks associated with positively
charged nitrogen atoms is presumably due to the incomplete
washing of sulfate or persulfate from the product after the
oxidizing step. This argument is supported by the presence of S
2s and S 2p signals in the survey spectra of the PCAT PB
powder (Figure S7b) as an indication of a residual amount of
sulfate still present in this sample. No such signals have been
detected for the PCAT LB powder (Figure S7a).

To minimize the effect of the substrate on the chemical state
of the deposited film, glass slides were used as neutral
substrates. For the preparation of drop cast films, pristine
PCAT LB powder was sonicated in MeOH (~7.9 mM) for 2
min and was cast on glass slides at room temperature. Figure
2ab shows the N 1s core-level XPS spectra of vacuum-
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C=N-C 3983 ¢V 1.2% 0.3
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Figure 2. High-resolution N 1s XPS spectra of (a) the PCAT LB film

vacuum deposited on a glass substrate and (b) the PCAT LB film drop
cast on a glass substrate.

deposited and drop-cast films on glass substrates. The N 1s
spectrum of the PCAT LB thin film fabricated by vacuum
deposition on glass was deconvoluted into two peaks (Figure
2a). The major peak is an amine peak (399.5 eV). The other
fitted peak is a low-intensity imine peak (398.3 eV). This peak
makes only about a 1% contribution to the envelope peak. It is
also possible to fit the N 1s spectrum of the organic film drop
cast on glass (Figure 2b) by an amine (399.4 V) and an imine
peak (398.5 eV). In contrast to the vacuum-deposited film, the
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Figure 3. (a) The PCAT LB film (2.5 nm thick) on hematite single crystal (S gm X S gm), (b) the PCAT EB film (2.5 nm thick) on hematite single
crystal (S gum X S pm), and (c) the PCAT PB film (2.3 nm thick) on a hematite single crystal (S ym X S ym).

contribution of the imine peak to the envelope peak was
increased to more than 20%. This partial oxidation may be due
to the prolonged exposure of the PCAT film to ambience
during the sonication, deposition, and drying process. A
comparison of the deconvoluted N 1s XPS spectra shows
that vacuum deposition has a negligible effect on the oxidation
states of the pristine PCAT powder whereas drop casting can
cause a considerable change in the oxidation state of the
precursor. Therefore, on the basis of this experiment and
because the thickness of the deposited film can be more
precisely controlled through vacuum deposition, this technique
was used as the method of choice for the rest of this study,
unless stated otherwise.

Morphology of the Oligoaniline Films. There have been
several reports on XPS of redox-active organic compounds
deposited on steel and iron oxide substrates, attempting to
understand the interaction at this interface.***** However, to
the best of our knowledge all of these studies used organic films
with thicknesses in the range of hundreds of nanometers to
micrometers. Because XPS is capable of probing only a few
nanometers from the surface, all of these studies are in fact
probing the interaction at the interface of the organic
compounds and the ambient surroundings or the interactions
in the bulk of the organic film. Thus, to ensure that the XPS
data includes the signal from the interface of iron oxide and the
organic layer, the thickness of the organic layer must be limited
to a few nanometers. The deposition conditions (substrate
temperature and deposition rate) were optimized in order to
fabricate thin and uniform organic films. The thickness and
morphology of each layer were studied by AFM. Vacuum-
deposited PCAT, in its fully reduced state, on a hematite
(1000) surface tends to wet the surface and form dendritic
islands that are less than 7 nm thick (Figure 3a). The same
quality films can be achieved for the PCAT EB film (Figure
3b), although in this case the islands are more globular in
shape. Deposition of PCAT PB on the substrate kept at room
temperature (~25 °C) led to the formation of two types of
island morphology; small, thin, globular islands and long, thick,
needle-shape islands (Figure S8). By keeping the substrate at
lower temperatures during the deposition (9—10 °C), the
number of needle-shaped islands decreases (Figure 3c). Thus,
the latter condition is preferable, as it leads to the formation of
a more uniformly thin organic layer. This variation in the
morphology of the islands is an indication that PCAT PB
molecules tend to dewet the surface more than PCAT LB and
EB molecules do, likely because of weaker interactions with the
surface.

The higher dewetting of the metal oxide surface by PCAT
molecules in higher oxidation states differs from the trend

predicted for the aggregation of PANI in organic solutions.*
Zhang et al. reported that the highest extent of self-association
is observed for the EB state because of the possibility of
interchain hydrogen bonding between imine and amine
nitrogen sites. Because of the fact that the LB and PB states
consist only of purely amine or purely imine groups,
respectively, no such aggregation should be expected. Island
formation of oligoanilines on solid metal oxide surfaces
depends on the balance of molecule—surface and molecule—
molecule interactions. Water adsorption and dissociation on
iron oxide surfaces, including hematite, leads to the formation
of hydroxyl groups at different surface sites,”” >’ aiding the
interaction with the PCAT molecules through their amine and
imine groups. For PCAT LB, the lone pair electrons of amine
nitrogen can interact with the hydrogen of the surface hydroxyl
groups, in addition to the interaction between the lone pair of
electrons of the oxygen in the hydroxyl groups and the
hydrogen in the amine group. In the case of PCAT PB, the lone
pair of the imine nitrogen can interact with the hydrogen in the
hydroxyl group. This decrease in the interaction pathways
between the oxidized molecules and the substrate can account
for the lesser degree of surface wetting by PCAT PB and PCAT
EB films.

Interaction of PCAT LB with the Hematite Surface.
Thin films of PCAT LB were vacuum-deposited on hematite
single-crystal substrates. A bare hematite substrate was used as a
reference sample for the Fe 2p spectra. For all samples, high-
resolution Fe 2p, O 1s, C 1s, and N 1s XPS peaks were
collected. Deconvolution of the N 1s envelope peak of PCAT
LB-coated hematite shows three peaks (Figure 4): a primary
amine peak at 399.5 eV and two minor peaks at 398.3 and
401.2 eV. The component at 398.3 eV can be assigned to imine
(=N~ structure).”” As previously reported for PANL,**** the
higher B.E. component of the N 1s envelope peak was
attributed to the most positively charged nitrogen sites
(C=(NH")—C structure). On the basis of this peak assign-
ment, the N 1s envelope peak consists of approximately 93%
amine nitrogen, 5% positively charged nitrogen, and 2% imine.
A comparison of these spectra with the N 1s XPS spectra of
PCAT LB powder as a reference sample (Figure 1a) indicates
the partial oxidation of PCAT LB on hematite. In addition,
even though there are reports on the X-ray-induced reduction
of materials in UHV, """ no such reduction was observed in the
case of PCAT LB on hematite by comparison to the N 1s XPS
spectra of PCAT LB powder.

Raman spectroscopy is an alternative tool to characterize the
interaction between these oligoanilines and iron oxide surfaces.
Under ambient conditions, it is a powerful tool to qualitatively
determine the oxidation states of PANI and its oligomers.””

110



Ph.D. Thesi$ A. Mohtasebi; McMaster Universitiy Chemistry & Chemical Biology.

111



