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Abstract

It is known that organic monolayers on solid surfaces can enable electronic
properties that are absent in the bulk of the solid materials. Often, once the organic film
come into the contact with a solid surface, the established electronic interaction at their
interface remains undisturbed. However, using a redox-active organic monolayer creates
the possibility for modulating the extent and the direction of the interfacial charge transfer,

establishing a switch at the interface.

The theme of this thesis is investigation of the interfacial interaction of different
redox states of a molecular switch, phenyl-capped aniline tetramer (PCAT) with iron oxide
and graphite surfaces and their potential application in electronic devices. The nucleation
and growth of submonolayer films of different oxidation states of PCAT on iron oxide
surface was studied. Using atomic force microscopy and scaling island size distribution
method the surface diffusion parameters of these islands were evaluated. Using X-ray
photoelectron spectroscopy (XPS) and Raman spectroscopy the changes in these organic
monolayers before and after interaction with iron oxide were demonstrated. However, these
techniques were unable to provide similar data from the solid surface side of the interface.
Instead, we were able to demonstrate the changes in the iron oxide film as a result of
interfacial charge transfer using electrical conductivity measurement techniques. Based on
this information a microfluidic chemical sensor based on the interface of pencil film and
PCAT for quantification of free chlorine in drinking water was constructed. Using XPS

and UV-vis spectroscopy it was shown that the interaction the organic monolayer with

ii



sodium hypochlorite solution leads to the development of positive charges on the backbone
of PCAT. This electrostatic charge can affect the charge transport in the pencil film causing
the modulation of electrical conductivity of the film. The presented work demonstrates
alternative pathways for the design of novel hybrid electronic devices based on thin

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

1.1 Organic Semiconductor-Metal Junction

It is known that certain organic monolayers on solid surfaces can enable electronic
properties that are absent in the bulk of the solid materials. Often, once an organic film
meets a solid surface, the established electronic interaction at their interface remains
undisturbed. However, using a redox-active organic monolayer creates the possibility for
modulating the extent and the direction of the interfacial charge transfer, establishing a
switch at the interface. In this work, the interaction of phenyl-capped aniline tetramer
(PCAT), a redox active tetraaniline, with various iron oxide and graphitic surfaces is
studied. In case of charge transfer at such interfaces, the contact between the organic film
and the substrate can be categorized as either ohnmic contact or schottky junction (rectifying
contact). The type of the contact at this interface can be determined by measuring the
energy offset between the Fermi level of the metal and the conduction band minimum of
n-type semiconductor or the energy offset of the metal and the valence band maximum of
a p-type semiconductor. This energy offset is called Schottky barrier height (SBH). The
magnitude of this potential energy barrier dictates whether the interface is rectifying or not.
Therefore, the first step in understanding the charge transfer between PCAT and surfaces
is understanding the general physics behind the electronic properties of organic
semiconductors and metals interfaces. In this chapter, the basic physics of organic

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



Ph.D. Thesis — A. Mohtasebi; McMaster University — Chemistry & Chemical Biology.

discussed. In addition, the basics of molecular self-assembly on surfaces are reviewed.

Finally, the concept of molecular switches is introduced.

1.2 Interface Energy Balance

A common characteristic of all electronic devices is their interfaces. Material
characteristics such as electrical resistivity are bulk attributes of the materials. In contrast,
phenomena such as current rectification stem from the interfaces where the symmetry is
broken. To this end, separation of electrons and holes at chemical interfaces become
possible.! The chemical differences between the two sides of an interface will lead to an
electrical potential gradient which is the basis of asymmetric charge transport.! The
continuous miniaturization of electronic devices leads to the creation of high interface areas
while the amount of bulk significantly diminished. Traditionally, it was assumed that there
is an abrupt change in the properties of the two phases at an interface. However, the changes
in the properties of the two phases across an interface is achieved through spatial gradients
at their borders.! Traditionally, the majority of the work on heterojunctions have been
carried at the interface of two semiconductors. In the last two decades, the interfaces
between molecular layers and semiconductors gained significant attention due to their
application in organic electronic devices.>3 Molecular layers can be used as a pathway for
charge transport. In addition, they can act as a polarizable layer or a dielectric layer which

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

discussed.

1.2.1 Work-Function Balance

Energy levels of each component at an interface (metal, semiconductor, organic
layer) is different before and after it comes in contact with other phases at the interface.
Historically, several energy alignment theories have been used to describe the energy
alignment between a metal and a semiconductor when their contact is not ohmic, which is
termed as Schottky junction.! However, such theories can also be used to describe the
energy alignment between an organic layer and a semiconductor. The main characteristic
of a conventional Schottky junction is the Schottky barrier height (SBH) which is the
energy required for an electron to transfer from the Fermi level (Ef) of the metal to an
energy level at the semiconductor side. In the case of a n-type semiconductor, this latter
energy level is the conduction band.! Eis an energy level in which the chance to find an
electron is 50%. The theory behind the energy level alignment at interfaces has been always
under debate. One way to approach the issue is through electrochemical potential (pe) of
each side of the junction. The e consists of both chemical () and electrical (@) potentials.

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

He=H+(0 11

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

Fermi level of the solids.®> Therefore, at equilibrium conditions the Fermi levels of both
3
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sides of the Schottky junction become aligned. In addition, at equilibrium conditions, the
energy required for removal of an electron from each side of the junction to the vacuum
energy level (Evac) is equal. The energy difference between the Er and vacuum level is
called work function (WF). Work function is often used for metal surfaces as the density
of states at their fermi level is not zero. Evac is an energy level in which the electron is not
under the influence from the surface.! Therefore, Evac can be used as a measure of averaged
electrostatic potential of the surface. Figure 1.1 depicts the schematic illustration of two
interface energy alignment at Schottky barrier of a metal and a semiconductor. The
schematic in Figure 1.1A shows the Schottky barrier according to charging interface states
while Figure 1.1B shows the same interface according to interface polarization. Evsc 0f each
case is shown with a green continuous line. In Figure.1.1A this line shows as a smooth
continuous line while in Figure 1.1B there is a fluctuation at the junction. The reason
behind the fluctuation in the latter case is consideration of potential fluctuations due to
atomic-scale charging at the junction. Upon contact of the two sides in Figures 1.1A or
1.1B, the Fermi level alignment is established. This can be performed either by flow of
electrons from the material with lower WF to the one with a higher WF or by an electrical
potential buildup at the interface.! The latter case has been shown by a step (Ao) in Figure
1.1. In the absence of an external applied potential, the charge buildup at the junction
creates a gradual potential change, commonly refer to as band bending (BBo). The BBo and
the SBH can be related through the following equation, in which & is the difference between

CB and the Ez of the semiconductor.

SBH=BBg+£ 1.2
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Equation 1.2 shows the importance of SBH in charge transport at a Schottky
junction. Considering the metallic side of the junction in Figure 1.1A, the WF of the metal
is equal to the Ao plus the Evac — CB, and SBH of the semiconductor. Therefore, for an n-
type semiconductor the SBH is equal the following relationship, where g = Evac — CB in
this equation is called electron affinity.>-® It should be noted that the equation 1.3 is written
with respect to the semiconductor side of the metal-semiconductor junction in Figure 1.1.
Since the density of states at the Fermi level of a semiconductor is equal to zero, often
electron affinity is often used instead, similar to equation 1.3. Electron affinity of a
semiconductor is defined as the difference in energy of the bottom of its conduction band

and the vacuum level.}
SBH = WF -3 — A 1.3

The equation 1.3 is called Schottky-Mott rule which evaluates the SBH, based on
the WF of the metal and the electron affinity of the semiconductor. Based on Schottky-
Mott rule, when a metal and a semiconductor become in contact the band in the

semiconductor rearrange in a way that its WF matches the WF of the metal %’
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A) Interface States B) Interface Polarization
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Figure 1.1. “Schematic illustration of interface energy alignment and creation of the
Schottky barrier height (SBH), according to (A) charging of interface states or (B) interface
polarization. Both panels show energy per electron (Y-axis) across an interface between a
metal (left, red) and an n-type semiconductor (right, blue), with curved energy levels,
depicting the surface charge region (SCR). The two panels illustrate two different views
on the nature of the interface, the thickness of which is grossly exaggerated for clarity. The
interface charging model (A) assumes a foreign layer (gray shade) with a density of
interface states, marked by blue stripes, centered at a distance CNL (charge neutrality level)
from the top of the valence band at the surface. The Fermi level is pinned nearly at the
CNL, where the difference between them accounts for the net interface charge, QIS. In this
case EF is below the CNL and therefore QIS is positive, with a counter negative charge on
the metal edge, dictating Ao > 0. The red arrows in (A) mark possible electronic processes
(see text). Panel (B) depicts the interface specific region (ISR) view, where even in the case
of perfect, abrupt interface between two solids (no foreign substance) a transition region is
developed (dotted in B). A net change in potential, Ao, emerges, emerges from the bond-
polarization, disr, between the intrinsic atoms that make up the interface. In both panels,
the electronic equilibrium state (0 V) is shown with a constant Fermi level (dashed line)
across the interface, while the local vacuum level (green top line) varies across the
interface. See list of symbols for other symbols.”* Copyright 2017 by the American
Chemical Society.

Although, the Schottky-Mott rule was true on predicating the band bending at the
junction between a metal and a semiconductor, it was found to predict SBH values different
from the experimentally measured values. This discrepancy was associated with the

phenomenon called Fermi level pinning. In this case, the Fermi level of the semiconductor
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is locked to a certain point of its band gap in which density of states exist (such as charge
neutrality level, CNL in Figure 1.1A). This cause that the SBH has a constant value and be
independent of metal WF and as a result, the A#0. This phenomenon was noted by Jon

Bardeen and hence is referred to as Bardeen limit.!

1.2.2 Interface of Organic Films and Solid Substrates

It was argued that Fermi-level pining (A#0) requires some level of interface
interactions. The two pathways suggested for this interfacial interaction are interface traps
(Figure 1.1A) and interface bonds (Figure 1.1B). In the interface trap concept, the interface
envisioned as a capacitor, in which the metal surface serves as one of the plates and the
charges on the interface as another plate, while a thin foreign film serves as a dielectric.?
On the other hand, the interface bond model is constructed based on the direct contact
between the organic layer and the metal surface. At this junction, charge rearrangement
will occur which leads to the polarization of the interface. This polarization region is
depicted in Figure 1.1B.2° The presence of traps at interfaces not only change the A and
SBH, but also can interrupt the interfacial charge transfer. On the other hand, in the bond-
polarization concept no interfacial trap state exists and therefore it does not interrupt the
interfacial charge transfer. While the latter concept can explain the interface polarization,
the former concept has been recognized as a closer theory to the behavior of molecular
layers on metal and semiconductor surfaces as they block the interfacial bond polarization.?

The interface specific region is regarded as a layer with its unique properties. However, it
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can be formed by both physisorption and chemisorption of organic molecules on the metal
or semiconductor surface.® Adsorbed organic molecules on surfaces add their own intrinsic
dipole to the surface which originates from their closed electronic shell. Both electron

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

1.2.3 Charge Transfer into the Substrate

It has been reported that the adsorption of hydroquinone on the surface of hydrogen
terminated Si will lead to an increase in the surface charge and as a result band bending.°
Increasing of the surface charge lead to an increase in repelling of the electrons (majority
charge carriers) in the silicon substrate which increases the lifetime of the minority charge
carriers.! The coupling between majority of the organic molecules and substrates is not
ideal which result the possibility for charge recombination at the interface.!* Molecular
layers are polarizable and as result can create static charges or dipoles on the surface which
result in the band bending in the substrate. Both chemisorbed and physisorbed molecules
can cause band bending and charge transfer to the substrate. Surface adsorbate can simply
act as dopant of the substrate.*? As an example, it has been shown that the adsorption of
polyaniline (PANI) on the surface of single walled carbon nanotubes can cause doping of

the substrate.'®

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

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

It is also known that for electron injection or extraction metallic electrodes in contact with
the organic layer, the unoccupied states of the organic molecule should be aligned with the
Fermi level of the metal. In these situations the charge transfer at the interface can take
place with an external applied potential.? In such scenarios, it is important to know whether
a single molecule of the organic layer transfers a fraction of a charge to the substrate or an
integer number of charges.®® The former and latter assumptions are called fractional charge
transfer and integer charge transfer, respectively.* In the case of fractional charge transfer
(Figure 1.2a), the main debates is whether the excess charge of an organic molecule is
transferred into its neighboring molecules thus there will be a homogenous fractional
charge transfer across the interface.!*'® 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).1%Y7 This can be the case when the substrate is chemically inert or when an interlayer
present at the interface (e.g. water molecules, dirt, oxides).'®!® Using DFT calculations, it
has been shown that the charge transfer between small organic acceptor tetracyanoethene
(TCNE) adsorbed on the surface of cupper is fractional.* It is known that TCNE is weakly
adsorbed on cupper surfaces but can undergo strong charge transfer with these
substrates.'2° Previously, it has been shown that the formation of this complex leads to an
increase in the work function which was used as a sign of charge transfer from Cu to
TCNE.?! The amount of this charge transfer depends on the alignment of the occupied

orbitals of TCNE and the Fermi level of the cupper substrate and the physical distance
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between the metal and organic layer.** However, introducing a dielectric layer between the
organic film and the metal substrate cause their electronic decoupling and shifting the

charge transfer mechanism from fractional to integer.'*

@ (b
586565686  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 zero-dimensional (0D), one-dimensional (1D), and two-
dimensional (2D) molecular structures. The OD molecular structure refers to individual
molecules or small molecular clusters on surfaces.?? Understanding of the interaction of
these individual feature on surfaces are of great importance as it has been shown that their
properties can be different from their molecular ensemble.? The final aim of such studies
is the production of devices based on single molecules in which they act as molecular
resistors, switches, or other components.?* However, the production of these devices is

challenging as the interface of a single molecule with the electrodes, substrate, and the
10
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surrounding environment should be well engineered.??'>> The 1D molecular structures on
surfaces can be formed through various means. The first pathway is based on the anisotropy
of molecules. Typically, most of the organic molecules used in molecular electronic
application form either rodlike (1D, e.g. acenes, phenylenes) or platelike (0D, e.g.
phthalocyanines, porphyrins) structures on surfaces.?® Another pathway for the formation
of 1D molecular structures on surface is through hydrogen bonding between individual
organic molecules.?’ In addition, external forces such as electrical field and magnetic field
can be used for alignment of these linear architectures.?® In addition, the surface
reconstruction of the substrate, a process to minimize the surface energy of the solids, can
impose specific geometries to the molecular layer.?? The surface features such as defects,
step edges, and vacancies have different local electronic density of states from the rest of
the surface and thus can influence the monolayer formation.?® As an example, it has been
shown that benzene molecules adsorb preferentially on step edges of Cu(111) surface.*°
An alternative route for the fabrication of 1D molecular structures on surfaces is through

polymerization of self-assembled adsorbate molecules.??3

Understanding the interaction of isolated single molecules or 1D assemblies with surfaces
make it possible to understand how molecules relate to their environment. However,
majority of the devices based on the interface between solid surfaces and molecular
monolayers are based on ordered assembly of the molecules in 2D.%? One of the possible
outcomes from such arrangements is cooperativity between the molecules.23 This means
that the coupled molecular systems are capable of performing complex actions which is
not available from isolated or small ensemble of molecules. For example, it has been shown

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 matrices.®® To this end, understanding the molecular
structure, arrangement, and properties of molecules in ordered assemblies on surfaces is

important for utilizing such interfaces in future devices.

1.3.1 Self-Assembled Monolayers

Self-assembled monolayers (SAMs) are nanostructured films with a molecular
lattice that has optimized interactions with the substrate and within the molecular
monolayer itself.?? The typical thickness of SAMs are about 1-3 nm. The properties of the
SAMs are majorly dictated by their interfaces due to the high proportion of atoms present
at these locations.?? The interaction of the molecules with the surface can have either
covalent or non-covalent nature.>> An example of covalent interaction is the Au-S bonds
in SAMs of alkanethiols on gold surfaces. In this case, both interaction of Au-S and the
packing within the thiol film determine the molecular lattice.3* On the other hand, the -
stacking of conjugated organic molecules such as cyclodextrins on graphite is an example
of non-covalent interaction.®® SAMs on surfaces can be fabricated from either in vacuum
or from solutions.? The later situation is more common when the substrate is not changed
(e.g. get oxidized) under ambient conditions.*® These films are dense and ordered and
therefore suitable for characterization of the intermolecular interactions and intermolecular

interactions with the surface. In addition, defects are important part of the monolayers.??
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They can either originate from detect in the underlying substrates or from within the
molecular film itself. An example of the former case is the presence of step edges in the
substrate and an example of the latter case is the titling of the molecules in directions

different the rest of the monolayer.%’

1.3.2 Substrate Lattice

The monolayer formation on surfaces is dependent on the substrate atomic lattice
and its electronic structure.?? Much of the research on SAM formation has been performed
on gold surfaces.® This is mainly because this surface does not form an oxide in ambient
conditions and therefore it can be used for SAM formation from solutions.3* Surfaces that
have been used for SAM formation include Ag,*® Cu,* Pd,* Pt,* Ni,*° Fe,* Ti,* Te,*
Hg,** Galn,* GaN,*® ZnSe,*” HOPG,* Si.*° Some of these surfaces such as Ag, Cu, Pt, Si,
and Pd are prone to fast oxidation in ambient conditions. Therefore, the SAMs fabrication
on these surfaces is better to be performed in vacuum conditions or in inert atmosphere.?
In addition to the substrate composition, the substrate lattice also plays an important role
in monolayer formation.>® Surface reconstruction causes the minimization of surface
energy. Change in the surface lattice provides different chemically non-equivalent binding
sites. Different head groups of the molecules in the monolayers have different affinity to
these sites.? In the following, some of the most common head groups used in SAMs are

briefly reviewed.

13



Ph.D. Thesis — A. Mohtasebi; McMaster University — Chemistry & Chemical Biology.

1.3.3 Substrate Head Group Interface

The most common head groups among molecules used for SAMs are head groups
with sulfur end. Due to the strong bond between Au and S, most of the studies on this group
of molecules have been performed on Au surfaces such as Au(111).>! Using scanning
tunneling microscope (STM), it has been shown that the molecules with S head groups can
lift this surface reconstruction. This is due the stronger bond between Au-S in comparison
to Au-Au bonds.?? It is believed that this process is carried out by these molecules through
lifting of Au atoms and substitution at their sites.> Other common head groups are Si,*
P,% Se,> carboxylic acids,> isocyanides.>® In addition, molecules with head groups such
as peptides,®” pentacene,>® and cyclodextrins® can lead to the noncovalent n-stacking of
monolayers on graphitic surfaces. Amines, selonoles, and thioacetyls are also used for
SAM on Au surface while Silanes and Silanoles are used for SAM on SiO,.3? Molecules

with phosphorous head groups are also used for SAM on Au, Ti, TiO2, ZrOz, and Si02.%®

1.3.4 Molecular Lattices

The molecular lattice of SAMs are under influence from the substrate and the
packing within the monolayer. This translates to the bond between the SAM and substrate
and intermolecular interactions within the SAM. The common molecular interaction in the
lattice are van der Waals, dipole-dipole, and hydrogen bonding interactions.?? These

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

molecules,>9.60.61,62

1.3.5 Molecule-Environment Interface

Another important interface which can affect the characteristic and properties of
the monolayer is its interface with the environment. Some of these properties are
hydrophobicity, hydrophilicity of the monolayer or the possibility of the isomerization the
molecules by visible or UV exposure. The properties of the SAMs can be achieved through
engineering of their end group.??32 As an example, addition of methyl group to the end of
alkanethiolates leads to a hydrophobic monolayer while addition of hydroxyl group to them

lead to a hydrophilic layer.®

1.4 Molecular Switches

Molecular switches respond to an external stimuli by changing their properties13
or their molecular structures.® The external stimuli can be in various forms such electrical
field,% chemical stimuli,** mechanical stimuli,?® and optical stimuli.®? To understand the
switching behavior of these molecules they have been studied both as an isolated molecule
on the surface and also when they are self-assembled on the surface.®> As mentioned earlier,
a SAM of molecular switch does not necessarily show the same behavior as when they are

isolated. The common technique for fabrication of the SAMs of these molecules is through
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solution processing. It should be noted that the solution is used for this process can itself
affect the properties of the SAM.3? For example some solvents can more strongly bind to
the junction between the metal electrode and SAM layer, increasing the work function of

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

Electronic switches are single or assembly of conductive molecules which can be
switched from non-conductive or low conductive states to high conductive states. As an
example, PANI or its oligomers can be protonically doped by acids like HCI. They are non-
conductive or extremely poor conductive in their base state (undoped) but can reach high
electrical conductance upon chemical doping.®® They can be switched back to their initial
state by exposure to basic solutions/vapors.” The contact between the SAMs and metal
electrodes can significantly affect the electrical conductance of the monolayer. The main
criteria for a successful charge transfer at this interface is the energy alignment between
the SAM and the metal electrodes. In addition, the contact between at this junction can also
significantly affect the SAM electrical conductance. The suitable functional groups that
provides good contact between the molecules and the metal electrode are amines (-NH>),
thiols (-SH), nitriles (-CH), and selenols (-SeH).*? Switching a molecule from OFF to ON
state and vice versa can be carried out through reduction/oxidation of molecules,*® change
in the hybridization of metal-molecule bonds, intermolecular interactions,% change in the

conformation of the conjugated backbone or functional groups.®®

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

of metals have been widely investigated.®>’® Another type of molecular switches is
16
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functioning based on photochromic switching. Exposure of these molecules to a certain
wavelength of light lead to conformational changes in their structure. These processes can
be reversed and the molecule can go back to its initial stage either by thermal relaxation or
by its exposure to a light with another wavelength.”* Common groups of photochromic
switches are azobenzenes,% quinones, spiropyrans, spirooxazines.’> An important aspect
of these photoswitches is the fact they do not behave the same in solutions and on
conductive surfaces. It has been noted that the contact of these molecules with conductive
solid surfaces interrupts their isomerization. Several approaches have been found to
overcome this problem. One approach is introducing a thin nonconductive barrier at the
junction between the molecules and the conductive substrate. The other method is based
on functionalization of the molecular switches with bulky legs. Finally, it has been shown
that addition of an insulating SAM at the interface of the molecular switch and the substrate
can solve the quenching of isomerization by the substrate.3?”* Another route for
isomerization of molecules such as azobenzenes on surfaces is by using electrons. This can
be performed precisely using STM tip. A STM tip can be controlled with subnanometer
precision. In the tunneling regime, tunneling electrons can be used to perform the switching
of the molecule with high lateral precision. An example of electronic switching by
tunneling electrons is irreversible switching of trans- to cis- configuration of 4-

dimethylamineoazobenzene-4-sulfonic acid on Au(111).7

Isomerization of molecular switches can also be triggered using electric field. One
way to induce electric field on a molecular island is through STM tip. For this purpose, the
tip is positioned close to the islands, but not necessarily in the tunneling regime (e.g. 0.4-
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3.6 nm) and electric pulses are applied between the tip and substrate.®? It has been
previously shown that SAM of TTB-functionalized azobenzene can be reversibly switched
between its cis and trans configurations.”® Another class of molecular switches is
mechanically interlocked molecules (MIMs) which are based on noncovalent interaction
of two or more functional groups with each other.®? Using external stimuli these functional
groups can be moved relative to each other. Some examples of such molecular switches
are rotaxanes, catenanes, and their derivatives.?®> A Rotaxane is composed of a linear
backbone with a cyclobis(paraquat-p-phenylene) ring (CBPQT™) around it. The linear shaft
is composed of two different stations of tetrathiafulvalene (TTF) and dioxynaphtalene
(DNP) while the ring is a cyclobis(paraquat-p-phenylene). The electrostatic charge of TTF
define the location of the CBPQT™ ring. In neutral states of TTF, the ring docks at this
station while in its charged state (oxidized) the ring docks at DNP station.®? Catenanes,
another well-known MIMs is composed of two interlocked rings interacting with each
other via noncovalent interaction. The ultimate goal of the research on MIMs is the design

of microscopic muscles in which the movement can be controlled by external stimulus.?*’7

1.5 Structure of this Thesis

As described in previous sections, this work investigates the interfacial charge
transfer of thin films of small organic molecules with solid surfaces. In addition, this work
investigates the nucleation and growth of stable islands of these molecules on solid

surfaces, which is the initial step toward thin organic films formation. Based on these two
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points, the application of organic-solid interfaces in electronic devices such as chemical
sensors have been explored. From a more general point of view, this thesis concerns how
the fabrication of thin organic films on surfaces can unlock properties that the bulk of

materials are not able to offer.

In the next chapter (chapter 2), the general concept of chemical sensors is briefly
introduced. The focus of this chapter is the introduction of chemiresistive chemical sensors.
Different architecture of chemiresistive sensors are introduced. In addition, the pioneering
and the current states of this class of chemical sensors with respect to the materials used in
these sensors are reviewed. In some cases, the fabrication of the active materials used in
such sensors and their properties are discussed. Furthermore, the sensing mechanism,

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

In chapter 3, the working principles of the primary techniques used in this thesis,
including X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, UV-vis
spectroscopy, and atomic microscopy are briefly discussed. In addition, the theory of the
scaled island size distribution model for nucleation and growth of thin films are presented

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

In chapter 4, the nucleation and growth of the fully reduced and the fully oxidized
islands of PCAT on the surface of hematite single crystals are studied. The morphology of
these islands as a function of substrate temperature is presented. In addition, using dynamic
scaling, the critical island size for both reduced and oxidized PCAT islands are calculated.

Furthermore, the activation barrier energy and diffusion prefactor for the reduced and
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oxidized PCAT on hematite surface are estimated. To the best of my knowledge, this is the
first time that the scaling island size distribution is applied to two different oxidation states
of a molecule. The work shows the significance of small changes in the molecular structure
of amolecule can cause in the film formation, and on the surface diffusion of the molecules.
Thus, this work not only provides valuable information about the nucleation and growth of
molecular switches, but can also provide valuable insights for applications in which the

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

The charge transfer between different oxidation states of PCAT and iron oxide
surfaces (hematite and low carbon steel) is demonstrated in chapter 5. The procedure for
the fabrication of thin films of each state of PCAT on the surface of iron oxide is presented.
The morphology and thickness of the fabricated films are investigated by atomic force
microscopy. The XPS of the PCAT films before and after their fabrication on iron oxide is
used to investigate the charge transfer at this interface. Raman spectroscopy is used to
further validate these results. In addition, the in situ XPS data obtained from the step by
step deposition of the fully reduced base PCAT on low carbon steel are reanalyzed to
investigate the interfacial charge transfer in the absence of ambient conditions. Finally,
using a microfluidic device, the effect of the fully reduced and the fully oxidized PCAT on
iron oxide surface is demonstrated. Thus, the results of this study contribute to better
understanding of the inhibitive corrosion protection of metal and metal oxide surfaces by
redox-active organic molecules and polymers. In addition, this work demonstrates the
potential of the interface of redox-active organic molecules and conductive surfaces for
application in thin film electronic devices, in particular chemical sensors.
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Chapter 7 is about using the concepts introduced in previous chapters and put them
in action, developing an electronic device based on the interface of a thin PCAT film and
a pencil film for quantification of free chlorine in drinking water. The fabrication procedure
for the chemical sensor is discussed in details and the device is thoroughly characterized.
Using various spectroscopy techniques, the reaction of sodium hypochlorite and PCAT is
elucidated and the sensing mechanism of the sensor is explained. In addition, the effect of

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

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

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

2.1 Chemical Sensors

A chemical sensor is a device which can measure analytical parameters in real-time
or semi real-time and convert the chemical data to measurable signal.! Each chemical
sensor consists of two general parts, a detection agent, and a transducer. The detection
agent (receptor part) transform the chemical information into a form of energy while the
transducer transforms this energy to a measurable signal.? Transduction mechanism of
chemical sensors is a criterion which can be used for their categorization. Based on this
criterion, the most common groups of chemical sensors are optical sensors, electrochemical
sensors, and electrical sensors. In optical sensors, the change in the optical properties of a
reagent upon interaction with an analyte is measured. Some of these optical properties are
absorption, fluorescence, light scattering, and decay time. The advances in optoelectronic
industry in recent years assisted to the development of high quality light sources,
photodetectors, and fiber optics which they can be used for developments of inexpensive
and reliable optical sensors. These achievements have been made optical sensors a popular
choice for various applications from water quality monitoring to biomedical applications.
The most common optical sensor is pH papers in which a reagent has been covalently

immobilized on a paper.

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

simple design of such sensors consists of two conductive electrodes and an electrolyte. The
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most common use of electrochemical sensors is in pH measurement in which the activity
of the hydronium ions is measured.> 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 measured current increases.
This follows by the reduction of the measured current as a result of the depletion of the
analyte. In the reverse scan, at certain potential the analyte will be reoxidze to its initial
form. This will appear as a peak with a reverse sign as the reduction peak. Theoretically,
for a reversible process the difference between the reduction and oxidation peaks are about
59 mV. In amperometry measurement, a constant potential is applied and the change in
measured current as a function of time is monitored. The value for this potential can be

determined from the voltammogram of the analyte of interest.?

Chemical sensors operating based on electrical transduction are another group of
chemical sensors. These sensors should not be mistaken for electrochemical signal because
they do not have electrodes and do not necessarily require electrolyte solution. Therefore,
these sensors can be used in liquids as well as in gas phase. Chemiresistive sensor are the

main group of sensors based on electrical transduction. In these sensors, the changes in the
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conductivity of an active layer is used to detect the presence of an analyte. Various types
of interactions between the active material and the analyte can lead to change in the
conductivity of the active layer. For example, the analyte can cause oxidation or reduction
of the active layer or the analyte can undergo charge transfer with the active layer through
processes such as surface doping.®> More sophisticated sensors based on electrical
transduction are sensor based on the architecture of field effect transistors. Therefore, this
group of sensors are often called chemical field effect transistor (CHEMFET). Often in
CHEMFETSs, the interaction of analyte with the gate electrode is used to influence the
charge transport in the conductive channel.* However, there are have reports that the direct
interaction of the analyte with the conductive channel is used to influence the charge
transport. The former architecture is simpler than the traditional CHEMFETS as the

dielectric layer and the gate electrode have been removed.®

2.2 Chemiresistive Sensors
2.2.1 Metal Oxide Thin Film Chemical Sensors

Some of the earliest works on chemical sensors based on electrical transduction
have been reported for chemiresistive sensors.®” A simple description of the operating
principle of these devices is that the adsorption of chemical species on the surface of a
conductive/semiconducting materials leads to the changes in electrical properties of the
substrate, mainly its electrical conductivity. The conductive substrate can be simply

attached to conductive electrical leads connected to a source measurement unit.” More
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sophisticated contact geometries include four-point electrical contacts or using
interdigitated electrodes.® The chemical species can interact with the sensing film through
various pathways such as physisorption, chemisorption, catalytic reactions, reaction at
grain boundaries, and bulk reactions.® The change in the electrical properties of the sensing
material by the adsorbed chemical species on its surface can be performed through different
means such as oxidation/reaction of the surface or change in the surface work function.®
Some of the earliest work on chemiresistive sensors have been performed using thin or
thick oxide films such as tin oxide.? It was shown that the adsorption of oxygen molecules
on this surface leads to the formation of O, and O".8 Since the tin oxide is an intrinsic n-
doped semiconductor, the flow of electrons from this metal oxide electrode to these species
leads to the decrease in its electrical conductivity. Up on exposure of this surface to a
reducing gas (e.g. Hz, NHs, CO) the electron transfer from the adsorbed gases to the metal
oxide leads to the increase in the electrical conductivity of the substrate while the
adsorption of an oxidizing gas such as NO2 leads to an opposite response. In the latter
situation, the direction of the charge transfer is opposite causing the formation of NO>™ and
thus reduction in the conductivity of the metal oxide.®”” Since the sensing depends on the
surface adsorption/reactions, the surface structure of the sensing film (grain boundaries,
defects, ...) plays a key role in sensing.® Figure 2.1 demonstrates the schematic of reaction
of different gases with different surface sites available in a thin film sensor and the direction
of the charge transfer for each surface-analyte interface. Although the sensing step in these
sensors often is performed at low temperatures (room temperature-100 °C), the resetting

step requires elevated temperatures in the range of 100-400 °C.2 These high temperatures

36



Ph.D. Thesis — A. Mohtasebi; McMaster University — Chemistry & Chemical Biology.

are essential for resetting the sensor as the thermal energy enhance the rate of the analyte
desorption from the metal oxide surface.'® However, the requirement for such step at high
temperatures counts as the main drawback of these sensors and is the reason behind the
limited application of such sensors. In addition, both sensing and/or resetting at elevated
temperatures can cause sintering of the sensing film which can alter its reaction sites
essential for chemical sensing. Some of these reaction sites are point and bulk defects, and

grain boundaries.®

Catalytic
Chemisorption Reaction

Figure 2.1. Schematic representation of detection of gas molecules by an active layer in
chemiresistive sensor. Interaction of gas molecules lead to the change in the conductivity
of the bulk and the surface of the active layer. Some of these reactions are from undoped
(1) or doped surfaces (17), from the bulk of the film (2), from the contacts (3), and from
the grain boundaries (4).
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2.2.2 Chemiresistor Sensors Based on Intrinsic Conductive Polymers

Another group of materials which have been widely used for chemical sensing
applications are intrinsic conductive polymers (ICP) and their oligomers. The common
structure of ICPs consist of repeating units of small organic monomers. Figure 2.2 shows
some of these monomers such as acetylene, pyrrole, thiophene, and aniline.” The
conductivity of the ICPs originates from the alternating single and double bonds which
leads to the formation of delocalized electronic states.!! These polymers in their neutral
forms are not electrically conductive but can become conductive upon n-doping or p-
doping reactions.!?> These processes lead to the generation of charge carriers on their
backbone which transform them to one-dimensional conductors.” Such changes in their
conductivity upon interaction with various chemical species (redox, basic/acidic) can be
utilized for sensing applications. The adsorbed gas molecules on such polymers can act as
secondary dopants, exchange charge carriers with polymers which can lead to the

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

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

Figure 2.2. Molecular structure of four intrinsic conductive polymer in their insulating
state.
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Most of the chemical sensors that have been developed based on ICPs are gas
sensors. In these sensors, the polymer can be used as either the selective sensing material
or as an interconnect component. The latter application is not desired as the change in the
electrical conductivity of the interconnect component can interfere with the main sensing
process.! Therefore, the ICPs or other organic small molecules should only be used as the
selective sensing material. The simplest and most common measurement configuration for
chemical sensors based on ICPs is the chemiresistor with two electrical leads (Figure 2.3a).
In this configuration, the polymer film is deposited between two electrodes (commonly
Au) and a constant current or voltage is applied between them (dc or ac).*? The gaseous
can interact with the ICP layer and act either as electron donor or electron acceptor. In the
former case, the electrical conductivity of the film increases while in the latter case, it
decreases.!! Therefore, the common way to report the response from the ICP based sensors
is in the form of (R1-Ro)/Ro, where Ro is the resistance of the system before the exposure
to the analyte and Ry is its resistance after exposure to the analyte.” This simple principle
leads to the detection of the chemical species of interest present in the gas phase. The
drawback of this configuration is the drop of the potential at the metal-polymer contacts.
Such a change in the electrical conductivity at this junction is attributed to the modulation
of the schottky barrier height which can be determined from the differences between the
work function of the polymer and metal electrodes.!! In addition the choices of the metal
electrode can also influence the type of the contacts with the polymer film and as a result
different magnitude of the response. It has been reported that the contact between gold and

polyaniline (PANI) is ohmic while the contact between platinum (Pt) and PANI in the
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presence of hydrogen is in the form of schottky contact. The latter system showed a greater
response (65% increase in the resistance) to the presence of hydrogen gas in comparison
to the former system (3% decrease in the resistance). The absence of hydrogen in the
chemical sensor based on Pt-PANI sets back the contact between the metal and polymer
film to the ohmic contact.™® One way to avoid the contribution of the metal-polymer contact
in the sensing response of a chemical sensor is through using four-point measurement
configuration (Figure 2.3d). However, this technique does not provide any information
regarding the contact resistance. This is not favorable in cases in which the contact
resistance is higher than the sensing response. To be able to do both two- and four- point
measurements the configuration in Figure 2.3e can be used. This configuration is also
called as s24-configuration. This configuration enables the comparison of the delay time
between the two- and four- measurement signal which can provide information regarding
diffusion of the gas through the polymer layer. As it was mentioned earlier, most of the
sensing measurements using these configurations are performed by application of constant
potential or constant current. However, this can itself cause irreversible or reversible
changes in the polymer layer.’> Some of the measures to avoid such events are by
application of ac technique (instead of dc) or by continuous switching of the dc pulses. In
addition, the probe power should be limited as it can lead to self-heating of the polymer
layer.> Some other common sensing configurations involving two- and/or four- point
configurations are shown in Figures 2.3b, 2.3c, and 2.3f. Figure 2.3b shows the typical
configuration which uses a conductive polymer layer in electrochemical systems. These

configurations are based on organic field effect transistors in which the current between
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the source and the drain electrodes is regulated by the gate voltage.*® The details of the
chemical sensors will be more discussed along with the discussion about CHEMFETS. In
many chemical sensors based on conductive polymers, specifically in biosensor, the
conductivity of the conductive polymer is low which results difficulties in measurement of
its conductivity between two electrodes. In such cases the conductivity between the
conductive polymer layer and an electrode in solution is used for sensing measurement.*?
Figure 2.3c shows a somewhat similar configuration to the set up in Figure 2.3b with the
difference that in the latter case the purpose of the external electrode is fixation of the
polymer potential. This is useful if the controlling the redox states of the polymer is
required. This set up resembles the filed effect transistor (FET) architecture as the external
electrode can control the potential of the polymer layer and thus it was termed as

electrochemical transistor set up.*?

Although chemiresistor sensors based on conductive polymers are simple, easy to
fabricate, and can be prepared in various configurations, they have several drawbacks.
First, the thickness of the organic film can greatly affect the response. Polymer films are
porous and thus gas molecules of the analyte can diffuse through them.* However, the
morphology of the polymer film (filament or dendritic, smooth, or compact) itself can
change the sensitivity of device.'>® The interface between the polymer film and the
insulating substrate of the sensor itself can affect the electrical response. Last but not the
least, the copresence of different gases and moisture present in ambient environment can

also interfere with the response from the analyte of interest.!!’!”
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Figure 2.3. Common measurement configurations in chemiresistive sensors based on ICP
selective layers. (a) Two-point measurement without fixation of the ICP layer, (b) typical
set up used in electrochemical experiments, (c) Two-point measurement with fixation of
the ICP layer, (d) Four-point technique, (e) Two- and Four- point measurement together
without fixation of ICP potential, and (f) Two- and Four- point measurement together with
fixation of ICP potential.

2.2.3 Chemiresistor Sensors Based on Nanocarbons

Another group of materials that have been extensively incorporated into the
chemiresistor sensors are nanocarbons such as carbon nanotubes (CNTSs),*® graphene,*® and
even graphite or pencil lead.?’ Carbon based materials are often resistant to harsh chemical
conditions and high temperatures.'®2?° In 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 prepared through various
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fabrication methods such as CVD,? inkjet printing,® or drop-casting.?* All of these
parameters make them suitable materials for sensing applications. They have been both

used for gas sensing18 and sensing in liquid phases.?*

CNTs are one of the main group of nanocarbons which are used in chemiresistor
sensors. The common form of CNTSs used in electronic devices are single-walled carbon
nanotubes (SWCNTSs). They are used as the sensing materials and often suspended over
Au or Pt electrodes. One of the unique characteristics of CNTs is their high surface area (~
1600 m? g1).18 In addition, they have superb electrical properties such as carrier mobility
as high as ~10000 cm? V! st which is better than silicon and electrical current density of
~ 4 x 10° A cm, which is about thousand times higher than copper.?®> CNTs can be
chemically doped (p- or n- doped) by wide range of chemical species.?®?” Combination of
these characteristics make SWCNTSs a better choice than ceramics (e.g. SnO3) or ICPs for
sensing applications. In addition, in contrast to the sensors based on ceramics, they can
operate at room temperature. The common sensing mechanism of chemical species by
chemiresistive sensors based on CNTs are similar to what was described earlier for
chemiresistive sensors based on ICPs/small molecules and metal oxides. The high surface
area of CNTSs allow good interaction with the analyte molecules. The analyte molecules
adsorbed on this surface and can transfer charge with CNTs and as a result change the
charge polarity (dope) of CNTs.28 This will lead to change in the electrical conductivity of
the CNTs and can be used for detection of analyte molecules.?® Although, the presence of
metallic CNTSs is not crucial for chemiresistive sensors, it is more critical in the case FETSs

based on CNTs.!® 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 in each batch can vary over a broad range. As
an example, it was reported that the SWCNTSs produced via laser-ablation 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, bandgap, 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 in order to produce 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 electrodes often cause unreliable contacts
between the electrodes and CNTSs. This issue can be circumvented by new techniques such
as creating end-bonded contacts between CNTs and molybdenum to form carbide.3!
Although, chemiresistive sensors based on CNTs are often more sensitive than the ones
based one ICPs, both suffer from similar problems associated with the effects of interfering
molecules present in uncontrolled environments such as ambient conditions. It is known
that humidity, hydrogen bonding with oxygen defects, and direct water adsorption can
greatly affect the baseline resistance of the sensor. Such cross sensitivity between
interfering molecules and the analyte of interest makes the process of stablishing a
calibration curve for these sensors challenging.'® Another popular nanocarbon for use in
chemical sensors is graphene. Graphene is a flat monolayer of carbon atoms arranged in

the form of two-dimensional (2D) honeycomb lattice. Graphene is the basic building blocks
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of many carbon allotropes such as graphite (3D), CNT (1D), and fullerenes (0D).%? The
pioneering reports on the concept of graphene set back to sixty years ago and related to the
theoretical studies on the band structure of graphite.3**** For a long time, it was believed
that the 2D crystals are thermodynamically unstable and as the lateral size increases the 2D
crystal transform to a stable 3D structure.®® The reason for such argument was that the
thermal fluctuations in low-dimensional crystals lead to displacement of atoms over
distances as large as their interatomic distances at any finite temperature. However,
advances in fabrication and characterization of graphene showed the possibility of the
existence of 2D crystals.®” Graphene can be produced by several approaches such as
mechanical exfoliation of graphite, chemical exfoliation of graphite, and epitaxial

grOWth 32,38,39

The s, px, py of each carbon atom in a graphene sheet hybridized to form strong
covalent sp? bonds leading to the chicken-wire-like arrangements. The p; atomic orbital of
each carbon atom overlaps with the other p; orbitals forming filled 7 orbitals (valance band)
and empty n* orbitals (conduction band). This means three out four valance electrons of
each carbon atom form o bonds while the fourth electron participate in 7 bonding.*%*! The
superior electronic properties of graphene are mainly due to its high quality 2D crystal.
Although graphite is made of AB stack of graphene sheets, their electronic structure is not
similar. It is known that graphite is a semimetal while a single layer graphene is known as
a zero-band gap semiconductor. The conduction band (CB) and valance band (VB) of
graphene are cone-shaped which meet each other at Dirac point.*>* By increasing the
number of sheets in graphene, crystal shows more semimetallic behavior and for the stack
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of 11 or higher number of sheets, the band overlap is less than 10% different from
graphite.** Another unique electrical property of graphene is its high charge carrier
mobility (as high as 20,000 cm?Vs for Si/SiO, supported graphene sheets under the

ambient conditions).*?

Similar to CNTs, graphene can become both p-doped or n-doped through various
means such as electric filled effect or by chemical dopants. The former method is based on
the possibility to tune charge carriers between electrons and holes by changing the polarity
of gate voltage (Vg). This means when Vg is negative the Fermi level is below the Dirac
point and the VB is full of holes and when the Vg is positive the Fermi level is above the
Dirac point and the CB is filled with electrons.®? The latter method (chemical doping) is
similar to the doping of CNTSs as described earlier. Therefore, it is not surprising that one
of the first electronic devices developed based on graphene was chemical sensor.** In fact,
some of the most sensitive gas sensors ever developed are based on graphene which can
detect adsorption/desorption of an individual gas molecule.!® Up on adsorption of an
individual gas molecule on graphene, the local carrier concentration in this substrate will
change, which will appear as a step in the resistance. The reason behind the possibility to
detect such a small change is the unique and extremely low-noise characteristic of
graphene. Thus, the possibility of chemical doping of graphene is one of the basis of using
this material in sensing devices.!® In addition, graphene has high surface area (>2000 m?/g)
which is an important aspect in sensing applications. It has an advantage over CNTSs in
which it can be prepared in high quality with very low defect sites.*> Graphene has been
incorporated in both chemiresistor configuration*® as well as chemical field-effect
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transistor (CHEMFET) configuration.*’ These sensors have been used for both gas sensing
and sensing in liquids.***” Graphene, similar to CNTSs, suffers from high sensitivity to
many interfering adsorbates (humidity, oxygen,...) present in liquids or in ambient

conditions and decrease the sensitivity of the device.*®

2.3 CHEMFET

Another configuration for chemical sensing is based on the field-effect transistors
(FETSs) architecture. The general idea behind these sensors is that the interaction of the
analyte with the gate electrode affect the charge transport properties in the conductive
channel of the FET. This is different than the general scheme of FETs in which the gate
electrode is insulated from the surrounding environment (Insulated Gate FET (IGFET)).
Therefore, the gate electrode acts as the selective layer. The same technology which is used
in semiconductor technology for fabrication of FETs can be used for fabrication of these
sensors. Therefore, they can be miniaturized since in CHEMFETSs the signal does not
depend on the size of the sensing area. However, the signal from these type of sensors is

small and required high input impedance amplifier.*
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Figure 2.4. Schematic representation of two common architecture of CHEMFET. (a) ion
sensitive (ISFET) sensor. (b) Work function sensor (WF-FET), in which no external
reference electrode is required.

Traditionally, CHEMFETSs have been categorized under two main configurations;
ion-sensitive FET (ISFET, Figure 2.4a) and work function FET (WF-FET, Figure 2.4b).
ISEF function based on the selective separation of ionic charge present in the analyte
sample at its interface with the selective layer (e.g. ion selective membrane). Therefore, the
interfacial potential follows the Nernst equation. Since the potential of a single electrode is
not measurable, a second reference electrode is used to measure the potential difference
between this electrode and the selective layer.* This design has been mostly used for pH
measurements. Based on the analyte of interest, the selective layer of ISFET can be
fabricated from either semiconducting inorganic or organic materials (e.g. ICP).*® WF-FET
resembles the working principle of Kelvin probes (vibrating capacitor).*® The schematic of
this configuration is depicted in Figure 2.4b. Since this configuration does not require the
presence of an external electrode (unlike ISFET), they are suitable for miniaturization. It

has been argued that the gate electrode in FETS is part of a capacitor consisting of the gate
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electrode (here selective layer), the dielectric layer, and the conductive channel (often Si
in 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 sealed from the
surrounding environment its work function remains unchanged during the sensing events.
Therefore, it can be used as a reference electrode.* The gate electrode in WF-FET can be
fabricated from ICPs.*® The interaction of analyte molecules with this electrode leads to
the charge transfer between them and the formation of a donor/acceptor complexs.>® The
extent of this charge transfer depends on the electron affinity of the host material (selective

layer) and charge donacity of the analyte species.*

2.3.1 Chemical Sensing Based on Electrostatically Charged Selective Layer

CHEMFETSs show many advantages such as the possibility to scale down their size
or use current semiconducting fabrication technology for their mass production while
maintaining uniform quality across devices.* The main difference between the
chemiresistive sensors and CHEMFETS is the absence of the dielectric layer and gate
electrode. This makes chemiresistive sensors simple, inexpensive, and allow easy
incorporation of carbon nanotubes, graphene, and other 2D materials in these sensors. It
has been recently reported that the electrostatic gating of semiconducting materials such as
CNTs through chemical surface adsorbates can be used to create CHEMFETS without the

need of dielectric layer and gate electrode.’ The architecture of the reported sensor is
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similar to chemiresistive sensors but the function and the response of the sensor is similar
to CHEMFETs. It has been shown that the increase in the functional density of the
negatively charged adsorbed receptors on CNTs can modulates the charge transport in the
tube (charge transport layer). Based on this observation, it was concluded that the sensing
mechanism of the device is based on chemically driven electrostatic gating. Therefore, the
field effect created through electrostatic gating is similar to the effect of gate voltage in

FETs (CHEMFETS).

In this chapter, the typical transduction mechanism in chemical sensors were
introduced. The working principle of different variations of chemiresistor sensor were
described and the most common materials used in each one was mentioned. The advantages
and disadvantages of each architecture was briefly mentioned. The CHEMFET and its most
common configurations were briefly introduced. In addition, it was concluded that some
variations of chemiresistor can be counted as CHEMFET, which have several advantages

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

3.1 Raman Spectroscopy

Raman spectroscopy is a type of vibrational spectroscopy of materials, in which the
change in the polarizability of a molecule is detected by incident light and used for
characterization purposes. When a material is exposed to monochromatic light, most of the
scattered light has exactly the same energy as the incident light (elastic scattering, Rayleigh
scattering). However, a fraction of the scattered light has different energy from the incident
light due the absorption by the material. In Rayleigh scattering, the incident photons excite
the electrons of the molecule to higher energy levels, called virtual energy levels. However,
the electrons do not stay at these energy levels and decay back to their initial energy level
called ground state. In the case that the scattered light does not have the same energy as the
incident light, the decayed electrons end up to energy levels different than their initial
energy state. Based on the position of the final state of these electrons the inelastic
scattering is called Stokes or anti-Stokes scattering. In both cases the interaction of photons
with the electric dipole of a molecule can be regarded as a modulation of the molecule’s
electric field. Figure 3.1 shows these two types of inelastic scattering processes in addition

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

Both inelastic spectra have similar information and can be used in Raman
spectroscopy. However, the Stokes spectrum is stronger than the anti-Stokes spectrum and
therefore is commonly used in Raman spectroscopy. The difference between the initial and
final vibrational levels (Av) can be calculated using equation 3.1, where Aincident and AScattered
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 spectrum has a good signal to noise ratio and can be used as a
fingerprint of a compound. In addition, since the Raman spectrum of water is weak, it can

also be used in agqueous media.
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T S 3.1

Aincident  Ascattered

Vibrational Raman spectroscopy has been traditionally used for characterizations of
molecules. However, it can also be used for characterization of crystal lattice vibrations in
semiconductors. In the past decade Raman spectroscopy has been used alongside electrical
measurements for characterization of graphitic materials such as graphite,? graphene,® and
carbon nanotubes (CNTs).*° This technique can provide unique information with regards
to defects, stacking of graphene layers, finite size of crystallites, and numbers of sheets (in
graphene or graphite samples).>® In addition, it has been proven to be a powerful tool for
study of the charge transfer and chemical doping in graphitic materials.>®-” Few bands are
common in the Raman spectra of most graphitic materials. A G-band at around 1573-1579
cm™ is present in all samples containing sp? carbon network. D (1330 cm™) and D" (1850-
2100 cm™) bands are characteristic of sp® and sp carbon networks, respectively. All
graphitic materials also show a second order band called 2D around 2500-2800 cm™ as a
result of overtones of the D band.® One way to dope graphene or graphite is through surface
transfer doping in which electron exchange takes place between adsorbed dopants and the
substrate.® This type of doping does not disrupt the structure of the graphene or graphite
and can be reversed. The position, full width at half maximum (FWHM), and ratios of
intensities of these bands (e.g. 2D to G) are a common way to study the doping events.® It
has been reported that for n-type chemical doping of graphene or adsorption of molecules
with electron-donating groups on it, the G band shifts to lower frequency with a decrease

in its FWHM. For p-type doping or adsorption of molecules with electron-withdrawing
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groups on graphene, the G band shifts to higher frequency and its FWHM increases.’
Another reported effect of adsorbed molecules on Raman spectrum of graphene is based
on G band splitting or asymmetry of its peak shape.® In addition change in the ratio of
intensities of 2D to G band (l2o/lg) is another indication of doping.® However not all of
these changes have reported at the same time and different methods of doping (electrical
doping, chemical doping) could create different response to the same type of doping (p-

doping or n-doping).®’

3.2 UV-vis-NIR Spectroscopy

Ultraviolet and visible radiation has been widely used for identification and
determination of organic and inorganic compounds in liquids, gases, and solids. Absorption
of radiation in this energy range by molecules can cause an excitation of an electron from
a ground energy state to one of the excited electronic energy states. Two types of electrons
are commonly responsible for absorption in this range, the shared electrons directly
participating in the bond formation in a molecule and unshared outer electrons. Therefore,
the absorption of electromagnetic radiations by compounds depend strongly on how
electrons are arranged in their structure. The shared electrons in single bonds are tightly
bound and therefore for excitation of such states deep ultraviolet radiation is required. Due
to the difficulties to suffice such experimental requirement, UV-vis spectroscopy is not
commonly used for studying single bonds in organic or inorganic compounds. In contrast,

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

sources available in UV-vis instruments.!!

Based on Figure 3.2, the absorbance of a compound can be calculated based on the
intensity of the incoming beam (lo) and outcoming beam (1). In addition, the absorbance of
acompound (A) is proportional to path length (I) and its concentration (c) through the Beer-
Lambert law. Equation 3.2 shows this relationship where € is the molar absorptivity.

A=sc1=—log(ll) 3.2
0

| C, ¢ |

—

1

Figure 3.2. Schematic of Beer-Lambert absorption of a 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 sufficient energy, electrons can
be ejected from the atom (photoelectrons). Based on the Einstein relationship (equation.
3.3), the binding energy (B.E.) of the photoelectrons can be calculated if the kinetic energy

of the photoelectrons is measured and the energy of the photon source and the surface work
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function are known. Here, Ek is the kinetic energy of the photo-ejected electron, hv is the
energy of the photon source, Eg is the B.E. of the photo-ejected electron, and @ is the
surface work function.'? In addition, other correction factors such as the work function of
the spectrophotometer can be added to the following equation to increase the precision.

Therefore, often XPS instruments get calibrated against clean gold or graphite surfaces.®
Exk=hv-Eg-9¢ 3.3

The photoelectrons are filtered using a hemispherical energy analyzer before the
intensity for each electron energy is measured by a detector. Commonly in XPS, a
monochromatic photon source with photon energies above 1200 eV (e.g. Al Ka, 1486 V)
is used. Such energies are sufficient for ejection of electrons from both valence and core
atomic energy levels. Electrons in valence levels are involved in chemical bonding and
have very small B.E.s (~0-10 eV). Although these electrons are the most sensitive to the
bonding environment of the atom, they are not commonly used in XPS analysis. This is
because the spectra obtain from these electrons are highly convoluted and therefore
difficult to interpret. Electrons from the core levels have higher B.E.s (~20-115000 eV)
and do not participate in chemical bonding but still under influence from the chemical
surrounding of the atom. Their energies are quantized, and thus their spectra can be

deconvoluted. Hence, XPS is commonly used to probe the core level electrons of atoms.4
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Figure 3.3. (a) Schematic diagram of photoelectric effect. The exposure of a solid substrate
to an electromagnetic beam with energy of hv results in a photoejection of an electron from
the surface to vacuum level. (b) Energy level diagram of a solid surface showing the
photoejection process.

Figure 3.3 shows a typical energy level diagram of a metal surface. Core levels
located at higher B.E.s while the valence and conduction bands lie at lower B.E.s. The
fermi level is used as a reference energy level of the system. The vacuum level is the
boundary level between the unbound and bound electrons of the system. The B.E.s of the
electrons depend on their core level states in addition to their chemical states of the element.
The dependence of B.E. to the latter property is called chemical shift.!? Since XPS is
capable of probing the electronic structure of atoms, it has been widely used in the studying
of doping and charge transfer at interfaces.™® One way to detect these processes by
photoelectron spectroscopy is by monitoring the fermi level shift of the compounds

involved in the charge transfer process. This method has been used to assess the doping
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efficiency of N,N,N",N’-tetrakis(4-methoxyphenyl)-benzidine by CeoFss and 2,2°-
(perfluoronaphthalene-2,6-diylidine)dimalononitrile.!® One way to detect the Fermi level
shift is by monitoring the shift in the high resolution XPS spectra of species participating
in the doping process, before and after contact with each other. For example, the shift of
the Mo 3d and S 2p peaks of MoS: to higher binding energy after contact with TiO> layer
is a sign of fermi level shift to conduction band and n-type doping.l” Another feature that
might indicate doping/charge transfer at an interface between two compounds is the
appearance of shoulder features in their high resolution XPS spectra. As an example, it has
been shown that the charge transfer between Mn® - Ni** — Mn*" - Ni?* at the interface
between Lag7Cao3MnOs/LaNiOs leads to the evolution of a shoulder feature in the Mn 2p
core level spectrum.*® It has been also shown that the appearance of charge on the backbone
of polymers or small molecule after their interaction with dopant is a sign of doping/charge
transfer.!® Xu et al. have been reported that the appearance of charge on amine groups in
the N 1s XPS spectrum of polyaniline in contact with graphene oxides is a result of
interfacial doping.?® In this work, CASA XPS software is used for data analysis.?* The

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

3.4 Atomic Force Microscopy

Atomic force microscopy is a technique for probing the surface morphology using
a sharp tip. The radius of the apex of this tip is usually about 10 nm. The tip is located at

the end of a cantilever. The tip is brought close to the surface and the force between the tip
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and the surface can bend the cantilever. In majority of AFMs a laser beam is used to
measure the deflection of the tip. For this purpose, a laser beam is focused at the back of
the cantilever. The reflection of the laser beam is measured by a position sensitive
photodetector (PSPD). Once the tip rasters all the surface, a map of surface topography can
be constructed. However, in AFM the tip is not moving laterally and instead the sample is
moved under the tip by a piezo scanner (PZT scanner). The schematic details of AFM are
depicted in Figure 3.4a. Van der Waals force is the major force which contributes to the
deflection of a cantilever. As it is shown in Figure 3.4b, the extent of this force strongly
depends to the distance between the sample and the tip. This force-distance curve can be
divided into two parts; contact regime and non-contact regime. In the contact regime, the
tip is held just few angstroms above the sample. The force between the sample and the tip
in this regime is repulsive. In the non-contact regime, the tip is held tens to hundreds of
nanometers above the sample. The force between the tip and the sample in this mode is
attractive. Both modes (contact and non-contact modes) are used in probe microscopy. A
variation of non-contact mode is the tapping mode (intermittent-contact mode). In this
mode, the tip is brought closer to the sample in comparison to the non-contact mode. It is
almost like if the bottom of the tip taps on the surface. The intermittent contact mode is
shown on Figure 3.4b. This mode is preferred when the damage to the sample from the tip
is a concern as the friction between the surface and the tip is eliminated in this mode. For
analysis of AFM images, Gwyddion software is used and its details can be found in chapter

4,5, and 6.2
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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 Phenyl-Capped Aniline Tetramer

3.5.1 Introduction

Thin organic films are important for applications in organic electronic devices, such
as organic thin film transistors (OFETS), organic photovoltaics (OPVs), and organic light
emitting diodes (OLEDs).2*2® Models for inorganic film growth, particularly those of
metallic compositions, have been studied since the 1980°s.2”% While in theory these
models were assumed to be also applicable to the organic thin films, it was only a decade
ago that their applicability to organic thin films have been studied experimentally.3%-32 Film
growth through diffusion on surfaces takes place in four distinct stages; initially, singular
particles come into contact with the substrate on which the film is to form. Once a few of
them meet (defined as the critical island size plus one) a stable nucleus, or island, is formed.
Upon addition of more particles they may form their own individual islands, or may start

adding to the existing nuclei. After a significant number of islands have been formed,
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additional particles only add to the existing islands, in an aggregation regime. Over time
surface diffusion results in the coalescence of the islands.?® The rate of the diffusion
mediated growth (R) can be obtained from the ratio between the diffusion constant (D) and

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

R = 3.4

b
F
Ruiz et al.*° have argued that several system specific properties such as nucleation density

(N) and the average island size (A(0)) can be obtained from this relationship through the

following proportionality;

0
N=CR Xz~— 35
RT=00)

Where 0 is the coverage, C is a proportionality constant, and = 1/i+2 (i is the critical island
size, expressed as the number of monomers, 1/3<y <1). Critical island size, 1, is the largest
unstable island that can be transformed to a stable island by addition of a single (i+1).32
The critical island size depends on the interatomic and intermolecular forces between
particles of the over layer film and the substrate atoms.? It was shown that the distribution
of islands of size “a” per unit area (Na(0)) scales with the average island size A(0),

according to the following relationship;

Na(0)=0A(0) ™ *f(u) 3.6
While u defined u = a/A(0), f(u) is a dimensionless scaling function independent of

coverage, and A(0) can be calculated from the following equation;

AB)= [zz%:(ée))] 3.7
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In addition, A(8) can be also calculated directly by averaging the area of islands obtained
through images analysis of AFM images. Based on the numerical simulations it has been
shown that the distribution of the scaling function can be correlated to the critical island
size (i) by the following empirical expression;

fi(W)=cju' eXIO(— b i ul’bi) 3.8
Here, Ci and b; are fixed by absolute geometrical equations 3.9 and 3.10 which assure

normalization behavior of f(u).*

(=20} (. yi
iy (o +

[(ibi)(i“)bq
i T+ Dol

The above equations are normally applied to the surface coverage of 0.1 to 0.5

3.10

(aggregation regime) because it shows the scaling behavior of the organic island size
distribution in 2-dimentional and thus a fingerprint of diffusion-mediated growth can be
extracted from them. In other word, aggregation regime is where the island density remains
unchanged during deposition. The constants C; and b; for i = 1-6 can be found elsewhere.
It is known that the film formation and the critical island size depend on several factors
such as the substrate temperature and the deposition rate. However, it was further shown
that the former one has greater effect than the later one.®? The deposition rate of the organic
layer was shown to have a much more classical trend with the peak area of islands,
increasing in a nearly linear fashion to the amount that was deposited per given unit of

time.3 The effect of temperature of the substrate is of importance to the size and shape of
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island formation. It was noted that the dependence of the island’s morphology on
temperature follows two different trends for organic and metallic islands. Organic islands
are compact at low substrate temperature and dendritic at higher temperatures. For metallic
islands this trend is opposite, at low substrate temperatures the islands are dendritic while
at higher temperatures they are compact. For metal islands, this behavior was explained
based on diffusion-limited aggregation (DLA) model. At low temperatures, the adatoms
hit and stick to the existing islands. As the temperature increases, the adatoms can diffuse
along the rim of the islands, changing the shape of the island to a compact structure. Islands
formation of large organic molecules on substrates have showed a reverse dependency to
the temperature.®2-32 Therefore, the growth mechanism of the large organic molecules such

as hexapheny! are associated to models other than DLA.33

3.5.2 Calculation of Diffusion Barrier Energy
The diffusion barrier of an organic island on a substrate can be derived from its
diffusion coefficient (equation 3.11), where Do, Ea (kJmol?), T, and R are diffusion

constant, diffusion barrier energy, the substrate’s temperature, and the gas constant.

— Ea
D= ex 3.11
Do exp( =T

By fixing F in equation 3.4, at a unchanged 6, and using equations 3.4 and 3.5, the equation

3.11 can be rewritten as follow:33

DY* (-E,\"* YE
N=CR” =C| = a exp| o2
(Fj “(RT) ” p(RTJ 312

The equation 3.12 can be then written in linear form as follow:

69




Ph.D. Thesis — A. Mohtasebi; McMaster University — Chemistry & Chemical Biology.

InN = InC + X£E2 3.13
RT

Therefore, the Ea can be calculated using i, and the island density at various substrate’s

temperature.

3.6. Image Analysis

Image analysis is the first step toward extracting statistical and qualitative
information from microscopy images (optical, probe, and electron microscopy). In this
work, GIMP freeware (GNU Image Manipulation Program) was used for basic image
manipulations and ImageJ freeware (NIH, USA) was used for more sophisticated image
analysis.®* Since the basic analysis principle of the ImageJ freeware is based on the contrast
between the particles and their background, the image needs to have an appropriate
contrast. In addition, common microscopy images contain large number of particles.
Therefore, in order to that the program can distinguish particles from each other, it is
important that they have sufficient distance from each other. However, since this is not
always possible, a preliminary manipulation of the microscopy image is required. The basic
manipulation step is separating particles with no or little space from each other with
black/dark lines using GIMP software.3* This will create sufficient contrast for the software

to distinguish neighboring particles from each other.
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3.6.1 Island Size Distribution Analysis

To perform the island size distribution on AFM images used in this work the

following steps were followed.

e Open Image] freeware (version 1.51j8).

e Select the image through File and then Open menu.

e Set the scale bar by following the following step.

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

e Next, from the Analysis menu select Set Scale icon. Enter the known distance and
select the appropriate unit, then press Ok.

e [Ifthereis a printed scale bar on the image, crop it using the Crop option from the Image
menu.

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

e Select the Set Measurement icon through the Analysis menu. Select the information
you would like from the image (Area, Standard deviation, Feret’s diameter, ...). Then
set the number of decimal and press Ok.

e Select Analysis Particles from the Analysis menu. Enter the range of the size you expect
to have in your figure. Select whether the particles at the edges of the frame be included
or excluded. Select Outline in the Show menu. By pressing Ok, two spreadsheets

contain the summary of the analysis and the requested parameters for each individual
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particle will be generated. In addition, the outline figure of the analysis will be
provided. Using the outline image, you can eliminate the erroneous outcomes. Figure

3.4 shows some of these steps to achieve the outcome.

@ 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 to black and white version of (b). (d) the output of ImageJ software after particle
analysis of (c)
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Chapter4 Surface Mobility and Nucleation of a Molecular Switch:

Tetraaniline on Hematite

4.1 Abstract

We have studied the nucleation and growth of the reduced and the oxidized states
of phenyl-capped aniline tetramer (PCAT) deposited on hematite(1000) surface by
physical vapor deposition. The fully reduced PCAT molecules form two-dimensional
islands on the surface while the fully oxidized molecules form three-dimensional islands.
Through scaled island size distribution, it was found that critical island size for the reduced
and the oxidized molecules are i = 4-5 and i = 5-6 respectively. Furthermore, through
studying the island density as a function of substrate temperature, the range of diffiusion
energy barrier, Ea, for the reduced and the oxized molecules were evaluated to be 1.22-1.30
eV and 0.52-0.55 eV, respectively. At low temperatures, the reduced and the oxidized
PCAT molecules form compact islands on the surface. At higher temperatures, the reduced
islands become dendritic while the oxidized islands become slightly dendritic. In addition,
the range of attempt frequencies for surface diffusion of the reduced and the oxidized
islands were calculated to be 8 x 10%2-5 x 10® st and 4 x 10! - 8 x 10*s1, respectively.
The former value is in line with the high degree of surface wetting by the reduced PCAT
while the latter value shows the higher degree of intermolecular interction in the fully

oxidized PCAT and the low degree of its interaction with the iron oxide surface. Finally,
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the effect of the substrate oxidation state on the nucleation and growth of each of these two

molecules is discussed.

4.2 Introduction

Organic thin films are key components of variety of electronic devices. They
function as the donor/acceptor layer in organic photovoltaic device,! as conductive channel
in thin film transistors,? and as sensing material in chemical sensors.>* The molecular
orientation and packing plays an important role in the function of these devices as the
quality of the organic thin films influence properties such as electrical conductivity or
charge mobility.?-°> Therefore, understanding the organic thin film formation is important
for the design of better organic electronic devices and smart coatings. One of the primary
steps in an organic or inorganic film formation is nucleation and growth of the
submonolayer films.® Various studies have shown that the nucleation and growth of the
organic thin films follow different behaviors than the metallic thin films. Generally, the
metallic submonolayer islands on surfaces held at room temperature forms dendritic
morphologies and at higher temperatures transform to compact islands. On the other
hand, the submonolayer islands of many large organic molecules form compact
morphologies when the substrate is at low temperature and form dendritic islands at
higher temperatures.”® Thus, the models commonly used to describe the latter case® are
unable to fully describe the early stages of nucleation and growth of the organic films.®

One of the proposed reasons for these opposite trends is different intermolecular
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interactions in the organic films in comparison to the metallic films can account for such
differences in growth modes.® Another reason is the intrinsic anisotropy associated with
the organic molecules in comparison to the isotropy of the metal atoms.° In addition, even
different oxidation states of an organic molecule can adsorb on a surface with different
conformations.***? This becomes important considering the application of such layers in
novel set ups such organic electronic devices which requires a thin and homogenous
molecular layer.®2 As an example, it has been shown that for a vertical crystal of a
tetraaniline can reach an electrical conductivity of 12.3 S/cm while its horizontally oriented

crystal shows electrical conductivity values as low as 10 S/cm.>

One of these organic molecules is Phenyl-capped aniline tetramer (PCAT), a redox-
active oligomer of polyaniline (PANI) which mimics many characteristics of this
polymer.® Similar to PANI it has three oxidation states and becomes electrically
conductive through chemical doping.> The reversible conversion of different oxidation
states of PCAT (or PANI) to each other makes it attractive for different applications such
as carbon nanotube FETs with switchable polarity** or resettable chemical sensors.* In all
these applications and their many others,*® the interaction of the thin organic film with a
substrate is crucial for the device performance and thus requires a high quality of the
organic coating. The structure of the tetraaniline films on surfaces prepared through drop-
casting or vapor-infiltration has been studied previously.>¢ It has been shown that the
solvent, substrate, and the doping/undoping of the oligoaniline can significantly change the
morphology, packing, and electrical conductivity of the final organic films.>1® 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 redox-active
molecules in their oxidized form while in contact with the metallic substrate can provide
sufficient polarization potential to form a passive oxide layer at the interface with metallic
substrate.'® As a result of this process, the organic molecule is reduced, and the oxide layer
protects the metal from corrosion. The reoxidation of these molecules under ambient
condition maintains the passive metal oxide film for prolonged protection of the substrate.*’
This reemphasizes that the key to the success of such applications is the quality of the thin

film formation on the substrate.

To understand the film formation of small organic molecules (including PCAT) on
solid surface, the early stages of this process which is the nucleation and growth of
submonolayer organic islands should be understood. These islands are in direct contact
with the underlying substrate and dictate the growth and morphology of the next
monolayers.t* A common method to obtain nucleation and growth parameters on the
surface is through thermal desorption spectroscopy.®! An alternative method for finding
such parameters is through determination of island size distribution by scanning probe
microscopy.?° This is followed by the determination of scaling island size distribution
through a scaling law. Based on the scaling law the critical number of monomers for the
formation of a stable island can be evaluated. More diffusion properties such as diffusion
prefactor and diffiusion energy barrier (Ea) can be found through study of islands form on

the surface at different substrate temperature.®

The motivation behind this study is the ever-growing applications of redox-active

small molecules in smart coatings and organic electronic devices.*** In this work, the
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nucleation and growth of submonolayer films of PCAT in two oxidation states (fully
reduced (LB) and fully oxidized (PB)) on the surface of hematite is studied. This system is
used as a model system of the commercial system based on redox-active organic thin films
on metal oxide surface. Using island size distribution and scaling island size distribution,
the critical island sizes for reduced and oxidized oxidation states of PCAT were
determined. The shape, morphology, surface coverage, and nucleation density of each
states at various substrate temperature were demonstrated. Using these series of data, the
diffusion energy barrier, and the frequency factor of the diffusion of each oxidation states
was determined. These values can be used as a quantitative measure of mobility and
wetting of the surface of iron oxide by different oxidation states of PCAT. Using a flat
hematite single crystal provides an opportunity to evaluate the diffusion parameters with
minimum influence from the surface roughness or the grain boundaries. Finally, the
chemistry of the surface of the substrate was modified through vacuum annealing without
effecting the surface roughness. This was used to investigate the effect of oxidation states

of the substrate on the critical island size of each oxidation states of PCAT.

4.3 Experimental Details

PCAT was synthesized based on a literature procedure.?* The preparation of the
fully reduced and the fully oxidized forms of base PCAT was performed using the reducing
and the oxidizing agents as described previously.!” Natural sourced hematite(1000) single
crystals were obtained from SurfaceNet GmbH. The single crystals are chemical-

mechanical polished to have a final RMS better than 6 A over 20 x 20 pm?. Submonolayer
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organic thin films were deposited on substrates in a homemade vacuum chamber with a
base pressure better than 4 x 10 Torr using a low temperature Knudsen cell with a glass
crucible. The sample holder can be cooled or heated in the range of 0-70 °C. Single crystal
substrates were clamped between two sapphire washers in a commercial sample holder
(RHK Inc.) equipped with a heater made of tungsten wire. The substrate temperature was
controlled using temperature controller (Lake shore Cryotronics Inc.) using a Ni-NiCr
thermocouple clamped between the sample and a copper sheet placed underneath the
sample. Using X-ray photoelectron spectroscopy (XPS), it was previously shown that the
vacuum deposition under these conditions does not impact the oxidation states of PCAT
(LB and PB) nor does it cause degradation of the organic films.!” The deposition rate was
monitored using a quartz crystal microbalance (Inficon, XTC) which is positioned next to
the sample holder. In all experiments, the deposition rates were kept close to ~ 0.01 nm/s.
All samples were transferred to an ex situ atomic force microscope (AFM, Veeco
Enviroscope with a MultiMode Illa controller) within five minutes of the deposition of the
organic thin films. All AFM measurements were performed under dry nitrogen
environment and in tapping mode using antimony doped Si cantilevers (Bruker, model
NCHV-A) with 320 kHz resonance frequency and maximum tip radius of 10 nm. All AFM
images were analyzed using Gwyddion software.?? In all AFM images the false color ruler
is shown beside the topography image. Using this software, for all images the data was
leveled by mean plane subtraction. The polynomial background of all images was removed
with horizontal and vertical polynom degree of 2. If necessary, scares in images were

removed using the “correct horizontal scares” function of the software. Raman spectra of
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PCAT powders were acquired using a Renishaw inVia Raman spectrometer with a spectra
resolution of 2 cm™and an Ar* ion laser at 514 nm (2.41 eV). The powders were dispersed

in methanol and drop cast and dried on clean silicon wafers.

XPS was performed using a Kratos Axis Ultra DLD spectrometer with a
monochromatic Al Ka X-ray source (15 mA, 1486.6 eV). The approximate analysis areas
for both survey and high resolution spectra were 300 x 700 pm?. For the former and the
later measurements, pass energies of 160 eV and 20 eV were used, respectively. The in situ
annealing of the hematite single crystal was performed in the XPS analysis chamber with
a base pressure better than 1 x 10 Torr. The sample was heated radiatively and the
annealing process was dynamically monitored by XPS. For each cycle of annealing the
temperature was ramped to 350 °C and kept at this temperature for five minutes. Then, the
sample was cooled down in vacuum and was stored in dry argon environment for 24 hours
before it was load locked back into the XPS analysis chamber for further measurements.
For each step, in addition to the survey spectra, the high resolution (0.1 eV resolution) C
1s, O 1s, and Fe 2p spectra were acquired. CasaXPS software (version 2.3.17) was used
for analysis of XPS spectra.?® Shirley-type background and line-shape of GL(30) were used
for all peak integrations. All spectra were charge corrected to the binding energy (B.E.) of

284.8 eV for C-C and C-H.
4.4 Results and Discussion

PCAT in its base form (undoped) can be prepared in three different oxidation states;

fully reduced, half-oxidized, and fully oxidized.!” The molecular structure of each state is
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depicted in Figures 4.1a, 4.1b, and 4.1c, respectively. The fully reduced and the fully
oxidized forms of PCAT can be quantitatively achieved using excess amount of a reducing
agent (e.g. L-ascorbic acid) and an oxidizing agent (e.g. ammonium persulfate),
respectively. Commonly, the preparation of the half-oxidation state of PCAT is performed
through addition of 1:1 molar ratio of ammonium persulfate to fully reduced PCAT with
the hope to create an exact half-oxidation state of the oligoaniline.!” However, it is known
that there is a poor control over the final oxidation states of the molecules achieved through
this procedure.?* In addition, using scanning tunneling microscopy it has been shown that
the monolayers of vacuum deposited half-oxidized PCAT on the surface of Cu(110) shows
disordered structures.?® This behavior has been attributed to the multiple isomers of this
oxidation state of PCAT.?> The same conclusion also reported using nuclear magnetic
resonance spectroscopy of this oxidation state.?® Therefore, the focus of this work is only
on the nucleation and growth of the fully reduced and the fully oxidized PCAT which can
be prepared with high precision. The oxidation states of the former and the latter
oligoanilines prepared through chemical redox processes were examined by Raman
spectroscopy. Raman spectrum of the fully reduced form (Figure 4.1e) shows the main
bands at 1179, 1221, and 1622 cm™, an indication of a successful reduction process. The
Raman spectrum of the oxidized form (Figure 4.1d) shows the bands at 1165, 1216, 1500,

and 1589 cm! in agreement with the Raman bands of the fully oxidized PCAT.?’

83



Ph.D. Thesis — A. Mohtasebi; McMaster University — Chemistry & Chemical Biology.

Leucoemeraldine Base (LB)
H H
@ oot o

Emeraldine Base (EB)

OfsaeNsn sl

Pernigraniline Base (PB)

ClegeNehoNe

1a00 l’ 1589

Normalized Intensity

T T T T T T T
200 400 600 800 1000 1200 1400 1600 1800

‘Wavenumber (cm")

Figure 4.1. Molecular structure of different oxidation states of base PCAT; fully reduced
(@), half-oxidized (b), and fully oxidized (c) states. Raman spectra of the oxidized (d) and
the fully reduced (e) base PCAT.

Figure 4.2 shows the evolution of the morphologies of the fully reduced and the
fully oxidized PCAT on the surface of a hematite(1000) single crystal as a function of
surface temperature. At low substrate temperature (278 K), high densities of the reduced
and the oxidized islands with nearly compact morphologies can be found on the surface.
By increasing the substrate temperature, the density of the reduced islands decreases while
the islands become more dendritic but with smooth corners. Regardless of the temperature,
for all fully reduced islands their cross-section profiles show the island height of about 3

nm (Figure 4.2). At surface temperatures above 323 K, the main dendritic islands are
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surrounded by small islands/nuclei with identical sizes. The same behavior has been
previously reported for hexaphenyl (6P) islands on amorphous mica and was attributed to
the existence of not well amorphized areas of the substrate or possible surface impurities.®
At higher substrate temperature (338 K), the number of these small islands decrease. This
may be due to the sufficient thermal energy present for their diffusion to the larger dendritic
islands. Another reason might be the transition from a complete condensation into an
incomplete condensation of the incoming flux to the surface at around 338 K.° The growth
of the fully oxidized islands on hematite surfaces as a function of temperature shows a
similar trend to the fully reduced islands. However, at any temperature the density of the
fully oxidized islands is lower than that of the fully reduced islands. In addition, the effect
of temperature on the change in the island density of the fully oxidized islands is far less
than on the fully reduced islands. At temperatures between 278 K - 308 K, islands are
nearly globular. Above these temperatures, their shape starts to become slightly dendritic.
The cross-section height profiles of the fully oxidized islands at different surface
temperatures show somewhat similar heights, which fluctuate between 110-130 nm. This
behavior is an indication of far less wetting of the hematite surface by this oxidation state
of PCAT in contrast to the well wetting of the same surface with LB islands. This growth
mechanism in which the islands shape is compact at lower temperatures and become more
dendritic at higher temperatures is opposite of what has been reported for the growth of
metallic islands.?® This behavior has been previously reported for other large organic
molecules such as 6P° and hexathiophene.” In the latter case, at low temperatures the

islands are dendritic and an increase in the temperature makes them more compact. It is

85



Ph.D. Thesis — A. Mohtasebi; McMaster University — Chemistry & Chemical Biology.

known that the metallic island growth follows the classical diffusion-limited 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 4 um) of the reduced (left column) and the oxidized
(right column) PCAT molecules on hematite surface at different substrate temperatures
(278, 293, 308, 323, and 338 K). The height cross-section of each figure extracted along
the green line is represented next to each AFM micrograph.
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4.4.1 Substrate Temperature Dependence of the Fully Reduced and the Fully

Oxidized PCAT

The kinetic of diffusion of atoms and molecules on surfaces is defined by the ratio
of the diffusion constant (D) to the incoming flux to the surface (F, R = D/F). Through
these parameters, other parameters of a surface diffusion such as nucleaction density (N)
can be calculated.20 These paramters are related to each other through equation 4.1, where
0 is the surface coverage, A(0) is the average island size, C is a proportionality constant,
and y = 1/i/i+2 (1/3 <y < 1, 1> 1) where i is the critical island size.'”?® The critical island
size is the smallest number of particles (atoms/molecules) required that by addition of one
extra particle, a stable island can be formed.® Once an island becomes stable, it will not

undergo dissociation.?°

N=CR*=_9_ 4.1
A(0)

It was shown that in the aggregation regime (typically 0.1 <6 <0.5), the island size
distribution shows a scaling behaviour.® The aggregation regime by definition is a range
of surface coverages in which the island density remains unchanged.® This means that the
interisland length scale is the only determental length and thus is a sign of diffision-
mediated growth.?° In diffusion-mediated growth, the distribution of islands of size a per

unit area (Na(0)) scales with A(0) through the equation 4.2.%

Na=0A(0)>f(u) 4.2
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In this equation, f(u) is a dimensionless scaling function dependent on i while u =
a/A(0). This function defines based on equation 4.3, in which C;j and b; are only funtions of

i and can be obtained numerically.®
e i 1/bj
f(u)=Cju exp(—b, u I) 4.3

Other diffiusion parameters such as the diffusion energy barrier (Ea) can be
obtained through combination of above equations (4.1 and 4.2) with the equation 4.4,

where T and R are the temperature and the gas constant (8.314 kJ/mol), respectively.
-E
D =Dy exp| —& 4.4
0 p( RT ]

Assuming the situation in which F and 6 are constant, Na and Ea can be related as
Na o exp(-Ea/RT)* a exp(xEo/RT). Thus, Na = a0 exp(xE«/RT), where ao is the
proportionality constant which can be related to Na and Ea through the following linear

equation:

InN; =Inag + XEa 4.5
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 density of these two states at various temperatures should
be measured. Figure 4.3 shows the island density as a function of temperature (278 K to
338 K) for these two types of PCAT islands on hematite surface in the form of InNa versus
1/T. Data points of each oxidation states of PCAT can be fitted with a linear line. The
adjusted R-square values for the fitted line to the reduced PCAT data points and the
oxidized PCAT data posints are 0.993 and 0.998, respectively. The absence of any bent in
these two lines at this temperature range indicates that only one growth mechanism is
dominate.®1° Based on equation 4.5, the activation energies of both the reduced and the
oxidized PCAT islands can be calculated using the slope of the linear fitted lines (yEa/R).
Thus, to obtain Ea values for each oxidation state of PCAT islands, the evaluation of

values is necessary. Since x = i/i+1, the i value for each oxidation state of PCAT should be
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measured. Therefore, the island size distribution of both reduced and oxidzed islands at
293 K and at different surface coverages were measured. For each coverage, the Na has a
maxium which is located at A(0).2° In order to find i for each type of the islands, each island
size distrubution is converted to f(u) by multiplying the Na by A%/6 and dividing the a by
A(0). This way, for each specific molecule, the island density curves at different surface
coverages scaled down to a single curve of f(u).?° The maximum of such curve is located
around a/A = 1. Comparison of the experimentally obtaind f(u) curves with f(u) curves
obtained numerically for different i values through equation 4.3 is used to assess i values
of the islands. Figure 4.4a and 4.4c show the island size distribution of the reduced and the
oxidized islands, respectively, each at two different surface coverages. The best fit of the
two curves based on a least square method lead to i values between 4 and 5 (Figure 4.4b).
Based on the same analysis the i value for the oxidized islands is evaluated to be between
5 and 6. Using the range of critical island sizes of the reduced and the oxidized islands, the
x values for both states of islands can be evaluated (4/6 and 5/7 for the reduced and 5/7 and
6/8 for the oxidized islands). Based on these information and the slope of the linear fits in
Figure 4.3, the range of activation energies for the reduced and the oxidized islands are
estimated to be about 1.22-1.30 eV (115-125 kJ/mol) and 0.52-0.55 eV (50-53 kJ/mol),

respectively.
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Figure 4.4. Island size distribution Na(0) of reduced (a) and oxidized (c¢) PCAT islands at
different surface coverages. (b) Scaled island size distribution of the island size distribution
in (a). (d) Scaled island size distribution of the island size distribution in (c). In both (b)
and (d) the scaling function f(u) for critical cluster sizes of i=1-6 are shown along the
experimentally measured data.

In addition to the information obtained earlier, the range of attempt frequencies (vo)
for surface diffusion of the reduced and the oxidized islands can be calculated. This
paprameter can be evaluted using equation 4.6,8 where yor is the intercept of fittings in

Figure 4.3 with the y axis, 1 is a weak function of 0 and i, No is the number of surface sites
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per unit area, and F is the deposition rate. Equation 4.6 is a number value equation and the
units of cm? and s should be used for evaluation of attempt frequency using Figure 4.3.3

i 4 i i
=In +——In— |—-——Inyy+ —InF 4.6
Yor (ﬂ NO) i+2 [NJ i+2 Vo i+2

The main information required for evaluation of these parameters can be obtained
from Figure 4.3 in addition to critical island size i of each oxidation state of PCAT. The No
was estimated to be about 4.8 x 10 PCAT molecules.cm™. Considering that the the
reduced islands are two dimentional and the oxidized islands are three diemntional in
shape, the value of 1 for both of these islands was estimated to be around about 2.5.°
Therefore, based on these information the ranges of attempt frquencies for the reduced and
the oxidized islands on the surface of hematite(1000) was estimated to be between 8 x 10??
-5 x 10® st and between 4 x 10 - 8 x 10'3s?, respectively. The attempt frequencies for
the reduced islands are siginificantly higher than the typical attempt frequency values for
surface diffusion of atoms (~ 10— 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 mica).8-3? The high attempt frequency of 6P
was explained through transition state theory based on the fact that large organic moeclues
have many more translational, vibrational, and rotational modes to be excited in
comparsion to a single atom on the surface.® On the other hand, the obtained attempt
frequencies for the oxidized PCAT islands are lower than the typical attempt frequency
values reported for atoms one surface.® These low frequencies explain the low tendency of

the oxidized PCAT to grow on hematite surface by increasing the temperature.
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4.4.2 Nucleation and Growth of PCAT on Thermally Reduced Hematite

In order to partially reduce the surface of a hematite single crystal, the hematite
substrate was annealed in a vacuum environment. It has been shown that vacuum annealing
of hematite at tempertures above 350 °C leads to the transformation of hematite to
magnetite.®-* Therefore, the hematite substrate was annealed in two cycles under vacuum
conditions (base pressure < 1 x 10® Torr). The progress of the reduction process was
monitored in situ by XPS. The Fe 2p12 and Fe 2ps/» peaks of the pristine hematite substrate
in Figure 4.5a are located at 724.7 eV and 710.8 eV while its Fe 2p12 and Fe 2p3/, shake-
up satellite peaks are located at 733.1 eV and 724.7 eV. The location of these peaks in
addition to the absense of the metalic Fe 2p is an indication of the presense of pure phase
of hematite on the surface of this sample.®* Generally, the position of sattellite peaks are
monitored during the reduction or oxidation process of hematite. This is due to the more
distinct shift of these peaks in comparision to Fe 2p12 and Fe 2ps» 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 which is an indication of transformation of
Fe®* to Fe?". These peaks shift further to lower B.E.s after the second annealing cycle which
is A sign of partial reduction of hematite by loosing oxygen atoms from the surface. This
is evident based on the continous decrease in the instensity of the O 1s spectra of the
annelead surfaces (Figure 4.5b, spectra 2 and 3) in comparsion to the pristine hematite
(Figure 4.5b, spectra 1). The organic deposition chamber used in this work is not attached

to the preperation (annealing) chamber which requires the transfer of the partially reduced
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sample in an inert atmosphere (dry argon) between the two vacuum chambers. Therefore,
it is necessary to examin the stability of the partially reduced hematite surface against
oxidation in absense of high vacuum conditions. Thus, the sample was kept in dry argon
environment for twenty four hours before acquiring O 1s, Fe 2p, C 1s, and survey spectra
of the sample. As it is evident in Figure 4.5a, the Fe 2p spectrum of this sample slightly
shifted to the higher B.E.s which is an indication of partial oxidation of the surface but not
its fully oxidation. The same conclusion can be deduced from the O 1s spectrum of this
sample (Figure 4.5b), which shows a slight increase in its intensity in comparison to the

partially reduced hematitie surface obtained after the second vacuum annealing cycle.
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Figure 4.5. Partial reduction of hematite surface through vacuum annealing. High
resolution Fe 2p and O 1s XPS spectra of prisitine hematite (1), 1% cycle of vacuum
annealing (2), 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 substatre’s oxidation state on PCAT islands growth,
hematite single crystal was annealed based on the above recepie. For each experiment the
hematite single crysal was lossly clamped between two saphire washers to avoid any

thermal stress of the substrate which could possibly change its surface roughness. The base
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pressure of the system was about 2 x 107 Torr. After two cycles of annealing at 350 °C (5
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 pm) islands on
partially reduced hematite surface at 293 K. The cross-section of the heights of the LB and
PB islands along the green lines in (a) and (d) are shown in (b) and (e), respectively. (c)
and (d) show the scaling island size distribution of LB and PB islands on partially reduced
hematite, respectively.
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Figure 4.6a shows the AFM images of the reduced islands on paritally reduced hematite
surface. The morphology of the islands does not show any noticeable difference from the
reduced islands on prisitine hematite surface at 293 K (Figure 4.2). The cross-section of
the heights of the reduced islands on the partially reduced surface (Figure 4.6b) shows
islands with heights about 3 nm which is comparable with the heights of the reduced islands
on pristine hematite surface (Figure 4.2). The effect of the oxidation state of the hematite
substrate on the nucleation and growth of the reduced islands can be studied through their
scaling islands size distirbution analysis. The scaling islands size distribution of the
reduced islands on partially reduced hematite located in proximity of f(u) for i = 4, which
indicates the critical island size for this system is close to four. This is the same number of
molecules (five molecules) required for the formation of a stable reduced island on pristine
hematite surface. The same analysis was repeated for the oxidized islands on partially
reduced hematite surface at 293 K. The AFM image of this sample (Figure 4.6d) does not
show any differences in the morphology of these islands from the oxidized islands formed
on prisitine hematite surface at 293 K. The cross-section heights of these islands have
maximum heights about 120 nm (Figure 4.6e) comparible with the heights of islands on
prisitine hematite surface. The scaling size distribution of the oxidized islands on the
partially reduced surface of hematite (Figure 4.6f) fits best with f(u) for i = 6 which is the
same critical island size (seven molecules) for the oxidized islands on pristine hematite
surface. Therefore, it is concluded that the partial reduction of the hematite substrate by
removing the oxygen atoms from its surface sites does not effects the nucleation and

growth of different oxidation states of PCAT.
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4.5 Conclusion

Submonolayers of two different oxidation states of PCAT on hematite(1000) single
crystal surfaces were grown. The nucleation and growth of the fully reduced and the fully
oxidized PCAT as a function of substrate temperature (278 — 338 K) have been studied.
The nucleation density as a function of the substrate temperature has been evaluated for
each of the two oxidation states of PCAT which resulted in two linear fits. The absence of
any bend in these two fits was deduced as the dominance of a single growth mode. At low
substrate temperatures (<293 K) both types of oligoanilines formed compact islands on the
surface. Increasing the substrate temperatures to 338 K significantly affect the growth of
the reduced islands leading to dendritic islands on the surface. However, high temperatures
had minimal effect on the growth of the oxidized islands. In addition, at these substrate
temperatures the height of the reduced islands was about 3 nm while for the oxidized
molecules this value was on average about 120 nm. This significant difference between the
height of the islands of two oxidation states of an oligoaniline indicates better wetting of
the iron oxide surface by the reduced state of PCAT and dewetting of the same surface by
the oxidized form of this molecule. Using the scaled island size distribution of the reduced
and oxidized molecules at room temperature, the critical island size values for the reduced
molecules and the oxidized molecules was evaluated. Five or six fully reduced molecules
and six or seven fully oxidized molecules are required for the formation of their stable
islands, respectively. Furthermore, the range of diffusion barrier energies for the reduced
and the oxidized islands on hematite surface were evaluated to be about 1.22-1.30 eV and

0.52-0.55 eV, respectively. This significant difference between the diffusion barrier
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energies of the two oxidation states of PCAT on hematite surface indicates higher mobility
of the reduced forms of this oligoaniline on this surface. This is in line with the growth of
the reduced islands on this surface as a function of substrate temperature which was
demonstrated by AFM in Figure 4.2. In addition, the range of the attempt frequencies of
the fully reduced and the fully oxidized islands on hematite surface were evaluated to be
between 8 x 10?? - 5 x 10%°s and between 4 x 10! - 8 x 10** s, respectively. The latter
range is close to the attempt frequencies for the surface diffusion of atoms (~ 10— 10'%).
However, the former range is several orders of magnitude larger than the common attempt
frequencies for surface diffusion. These rather large values have been previously explained
using transition-state theory and was attributed to numerous rotational and vibration modes
available for diffusion of such islands.® Finally, it was shown that the change in the
oxidation states of the substrate through partial reduction of the hematite surface does not
affect the nucleation and growth of the reduced and the oxidized PCAT.

The findings of this work are important considering the application of PCAT in corrosion
inhibition coating.'® The dewetting of the iron oxide surface by the oxidized PCAT hinders
appropriate coupling between the organic phase and the metal oxide surface while it is an
essential prerequisite for efficient charge transfer and polarization of iron oxide surface. In
addition, the dewetting of the surface by the oxidized PCAT create a breach in the coating
film, increasing the exposure of the surface to corrosion media. The different wetting of
surfaces by PCAT can be problematic for other applications such chemiresistive sensors

based on PCAT-graphite layer.* This can result in alteration of the interface between PCAT
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and graphite which was described as an essential part in the sensing mechanism of such

sensor.

4.6 AUTHOR INFORMATION

Corresponding Author

E-mail: pkruse@mcmaster.ca. Phone: (905) 525-9140 ext23480. Fax: (905) 522-2509.

4.7 Funding Sources

The National Science and Engineering Research Council of Canada provided financial

support through the Discovery Grant program.

4.8 Notes

The authors declare no competing financial interest.

4.9 References

1) Mishra, A.; Béuerle, P. Small Molecule Organic Semiconductors on the Move:
Promises for Future Solar Energy Technology. Angew. Chemie Int. Ed. 2012, 51, 2020-
2067.

2 Wang, H.; Zhu, F.; Yang, J.; Geng, Y.; Yan, D. Weak Epitaxy Growth Affording
High-Mobility Thin Films of Disk-Like Organic Semiconductors. Adv. Mater. 2007, 19,
2168-2171.

3 Xue, M.; Li, F.; Chen, D.; Yang, Z.; Wang, X.; Ji, J. High-Oriented Polypyrrole
Nanotubes for Next-Generation Gas Sensor. Adv. Mater. 2016, 28, 8265-8270.

4) Mohtasebi, A.; Broomfield, A. D.; Chowdhury, T.; Selvaganapathy, P. R.; Kruse,
P. Reagent-Free Quantification of Aqueous Free Chlorine via Electrical Readout of
Colorimetrically Functionalized Pencil Lines. ACS Appl. Mater. Interfaces 2017, 9,
20748-20761.

101


mailto:pkruse@mcmaster.ca

Ph.D. Thesis — A. Mohtasebi; McMaster University — Chemistry & Chemical Biology.

(5) Wang, Y.; Torres, J. A.; Stieg, A. Z.; Jiang, S.; Yeung, M. T.; Rubin, Y;
Chaudhuri, S.; Duan, X.; Kaner, R. B.; Al, W. E. T. Graphene-Assisted Solution Growth
of Vertically Oriented Organic Semiconducting Single Crystals. ACS Nano 2015, 9,
9486-9496.

(6) Hlawacek, G.; Puschnig, P.; Frank, P.; Winkler, A.; Ambrosch-Draxl, C.;
Teichert, C. Characterization of Step-Edge Barriers in Organic Thin-Film Growth.
Science 2008, 321, 108-111.

@) Campione, M.; Caprioli, S.; Moret, M.; Sassella, A. Homoepitaxial Growth of a-
Hexathiophene. J. Phys. Chem. C 2007, 111, 12741-12746.

(8) Potocar, T.; Lorbek, S.; Nabok, D.; Shen, Q.; Tumbek, L.; Hlawacek, G.;
Puschnig, P.; Ambrosch-Draxl, C.; Teichert, C.; Winkler, A. Initial Stages of a Para-
Hexaphenyl Film Growth on Amorphous Mica. Phys. Rev. B 2011, 83, 1-10.

9) Venables, J. A.; Spiller, G. D. T.; Hansbuicken, M. Nucleation and Growth of
Thin Films. Reports Prog. Phys. 1984, 47, 399.

(10)  Yang, J.; Wang, T.; Wang, H.; Zhu, F,; Li, G.; Yan, D. Ultrathin-Film Growth of
Para-Sexiphenyl (1): Submonolayer Thin-Film Growth as a Function of the Substrate
Temperature. J. Phys. Chem. B 2008, 112, 7816-7820.

(11) Chowdhury, T.; Mohtasebi, A.; Kruse, P. Nature of the Interaction of N, N '-
Diphenyl-1,4-Benzoquinonediimine with Iron Oxide Surfaces. J. Phys. Chem. C 2017,
121, 2721-2729.

(12) Chowdhury, T.; Mohtasebi, A.; Kruse, P. Nature of the Interaction of N, N ’-
Diphenyl-1,4-Benzoquinonediimine with Iron Oxide Surfaces and Its Mobility on the
Same Surfaces. J. Phys. Chem. C 2017, 121, 2294-2302.

(13) Shao, Z.; Rannou, P.; Sadki, S.; Fey, N.; Lindsay, D. M.; Faul, C. F. J.
Delineating Poly(Aniline) Redox Chemistry by Using Tailored Oligo(Aryleneamine)s:
Towards Oligo(Aniline)-Based Organic Semiconductors with Tunable Optoelectronic
Properties. Chem. - A Eur. J. 2011, 17, 12512-12521.

(14) Klinke, C.; Chen, J.; Afzali, A.; Avouris, P. Charge Transfer Induced Polarity
Switching in Carbon Nanotube Transistors. Nano Lett. 2005, 5, 555-558.

(15) Manseki, K.; Yu, Y.; Yanagida, S. A Phenyl-Capped Aniline Tetramer for
Z907/tert-Butylpyridine-Based Dye-Sensitized Solar Cells and Molecular Modelling of
the Device. Chem. Commun. 2013, 49, 1416-1418.

(16) Dane, T. G.; Cresswell, P. T.; Bikondoa, O.; Newby, G. E.; Arnold, T.; Faul, C. F.
J.; Briscoe, W. H. Structured Oligo(aniline) Nanofilms via lonic Self-Assembly. Soft
Matter 2012, 8, 2824-2832.

102



Ph.D. Thesis — A. Mohtasebi; McMaster University — Chemistry & Chemical Biology.

(17) Mohtasebi, A.; Chowdhury, T.; Hsu, L. H. H.; Biesinger, M. C.; Kruse, P.
Interfacial Charge Transfer between Phenyl-Capped Aniline Tetramer Films and Iron
Oxide Surfaces. J. Phys. Chem. C 2016, 120, 29248-29263.

(18) Wei, Y.; Jamasbi, H.; Cheng, S.; Jansen, S. A.; Sein, L. T.; Zhang, W.; Wang, C.
Corrosion Protection Properties of Coating of the Epoxy-Cured Aniline Oligomers Based
on Spray and UV-Salt Fog Cyclic Tests. ASC symp. Ser. 2003, 843, 208-227.

(19) WeRling, B. Passivation of Metals by Coating with Polyaniline: Corrosion
Potential Shift and Morphological Changes. Adv. Mater. 1994, 6, 226-228.

(20)  Ruiz, R.; Nickel, B.; Koch, N.; Feldman, L.; Haglund, R.; Kahn, A.; Family, F.;
Scoles, G. Dynamic Scaling, Island Size Distribution, and Morphology in the
Aggregation Regime of Submonolayer Pentacene Films. Phys. Rev. Lett. 2003, 91,
136102.

(21) Wang, W.; Macdiarmid, A. G. New Synthesis of Phenyl / Phenyl End-Capped
Tetraaniline in the Leucoemeraldine and Emeraldine Oxidation States. 2002, 129, 199—
205.

(22) Necas, D.; Klapetek, P. Gwyddion: An Open-Source Software for SPM Data
Analysis. Open Phys. 2012, 10, 181-188.

(23) Fairley, N. Casa XPS. CasaXPS, 2016.

(24)  Heeger, A. J. Semiconducting and Metallic Polymers: The Fourth Generation of
Polymeric Materials (Nobel Lecture). Angew. Chem. Int. Ed. Engl. 2001, 40, 2591-2611.

(25) Thomas, J. O.; Andrade, H. D.; Mills, B. M.; Fox, N. a.; Hoerber, H. J. K.; Faul,
C. F. J. Imaging the Predicted Isomerism of Oligo(aniline)s: A Scanning Tunneling
Microscopy Study. Small 2015, 11, 3430-3434.

(26) Rebourt, E.; Joule, J. a.; Monkman, A. P. Polyaniline Oligomers; Synthesis and
Characterisation. Synth. Met. 1997, 84, 65-66.

(27) Boyer, M.-1.; Quillard, S.; Rebourt, E.; Louarn, G.; Buisson, J. P.; Monkman, A.;
Lefrant, S. Vibrational Analysis of Polyaniline: A Model Compound Approach. J. Phys.
Chem. B 1998, 102, 7382—7392.

(28)  Brune, H. Microscopic View of Epitaxial Metal Growth: Nucleation and
Aggregation. Surf. Sci. Rep. 1998, 31, 125-229.

(29) T. A. Witten, J.; Sander, L. M. Diffusion-Limited Aggregation, a Kinetic Critical
Phenomenon. Phys. Rev. Lett. 1981, 47, 1400-1403.

(30)  Amar, J.; Family, F. Critical Cluster Size: Island Morphology and Size
Distribution in Submonolayer Epitaxial Growth. Phys. Rev. Lett. 1995, 74, 2066—2069.

103



Ph.D. Thesis — A. Mohtasebi; McMaster University — Chemistry & Chemical Biology.

(31) Winkler, A. Institute of Solid State Physics, TU Graz, Graz. Personal
communication, September 2017.

(32) Millegger, S.; Winkler, A. Hexaphenyl Thin Films on Clean and Carbon Covered
Au(1 1 1) Studied with TDS and LEED. Surf. Sci. 2006, 600, 1290-1299.

(33) Schlueter, C.; Libbe, M.; Gigler, A. M.; Moritz, W. Growth of Iron Oxides on
Ag(111) — Reversible Fe203/Fe304 Transformation. Surf. Sci. 2011, 605, 1986-1993.

(34) Xue, M.; Wang, S.; Wu, K.; Guo, J.; Guo, Q. Surface Structural Evolution in Iron
Oxide Thin Films. Langmuir 2011, 27, 11-14.

104



Ph.D. Thesis — A. Mohtasebi; McMaster University — Chemistry & Chemical Biology.

Chapter 5 Interfacial Charge Transfer between Phenyl-Capped

Aniline Tetramer Films and Iron Oxide Surfaces

This chapter investigates the interaction of iron oxide surfaces with different oxidation
states of phenyl-capped aniline tetramer (PCAT) through changes in organic layer or the metal
oxide film. While photoelectron spectroscopy and vibrational spectroscopy techniques could
elucidate the changes in the organic films, they were unable to provide similar information from
the oxide film. Therefore, a method for elucidating the latter case based on conductivity
measurements was presented. Based on these results the mutual doping and the direction of

charge transfer at these interfaces are demonstrated.

Reprinted with permission from the Journal of Physical Chemistry C, 2016, 120, 29248-
29263, Amirmasoud Mohtasebi, Tanzina Chowdhury, Leo H. H. Hsu, Mark C. Biesinger, and

Peter Kruse. DOI: 10.1021/acs.jpcc.6b09950
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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 - c B "

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 U

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 sl

..
structures in PCAT deposited on hematite. Iron oxide films in contact with reduced m M
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 o
conductance, indicating that defects in the film are removed via oxidation, thus reducing ~ Fe** -> Fe®*  Fe’" -> Fe?"
the doping level. This is consistent with accepted models for corrosion inhibition, in . R§'Fe*

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.

B INTRODUCTION 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

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 effective redox-active layer should form a microscopic

alignment with the energy levels of the organic layer.® percolation network at the interface rather than a macroscopic
It was discovered in 1985 that polyaniline (PANI) one. This means that although good electric contact bet:veen

electrodeposited on steel can inhibit corrosion.” PANI acts as the organic film and the passive metal surface is essential,” it is

more than a simple barrier coating in this case as it was shown the redox activity of the organic film that is vital for corrosion

that breaching the organic layer does not necessarily initiate

corrosion in steel presumably as a result of an electrochemical Received: October 3, 2016

interaction between the polymer layer and the surface of iron Revised: ~ December 11, 2016

oxide."”” The mechanism that has been proposed to explain Published: December 12, 2016

106



Ph.D. Thesis — A. Mohtasebi; McMaster University — Chemistry & Chemical Biology.

The Journal of Physical Chemistry C

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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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
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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.””
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Figure 4. High-resolution N 1s XPS spectra of PCAT LB deposited on
a hematite surface.

Because normal Raman spectroscopy lacks the surface
sensitivity of XPS, acquiring a strong Raman signal from the
few monolayers in direct contact with the hematite surface is
nontrivial. One way to amplify this signal is by increasing the
surface area of the interface between the organic layer and the
metal oxide. Therefore, instead of using a flat single-crystal
surface, small iron oxide nanoparticles with a mean diameter of
50 nm were used. PCAT LB powder was mixed with the
annealed hematite nanoparticles (1:5 by weight) using a vortex
mixer. Both pristine PCAT LB powder and the mixture were
sonicated in MeOH for 10 min and were cast onto glass slides.
Because Raman features are known to be sensitive to many
parameters including temperature and laser power,” " the
lowest possible laser power (below 0.4 gW/um?) was utilized
during spectra acquisition. For comparison, the most intense
peak of each spectrum was normalized to 1. The PCAT LB film
showed the three main signature Raman bands of the reduced
state of PCAT at 1179, 1221, and 1622 em™" (Figure 5a).***
No bands indicating the presence of the other oxidation states
of PCAT are observed. For the mixture of hematite
nanoparticles with PCAT LB, all three bands observed for
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Figure 5. Raman spectra of (a) the PCAT LB film and (b) the
composite film of PCAT LB and hematite nanoparticles.
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the pristine PCAT LB disappeared and instead five bands at
1162, 1216, 1493, 1586, and 1612 cm™" emerged (Figure Sb).
These bands are associated with the oxidization of PCAT.*
The coexistence of these bands and the low-intensity bands of
PCAT LB proves the partial oxidation of PCAT LB at the
surface of hematite particles.

Both Raman spectroscopy under ambient conditions and
XPS in vacuum indicate the partial oxidation of PCAT on
hematite. Scheme 2 depicts different pathways for oxidation/
reduction and doping/dedoping of PCAT. On the basis of this
scheme, one route for the oxidation of PCAT LB is losing two
electrons and two protons, and thus the product of this process
remains in the base state (Scheme 2c). The other possibility is
the oxidation of the oligoanilines mediated by the hematite
surface. The removal of electrons from a base form of amine
nitrogen through charge transfer to hematite and the formation
of a positivity charged amine nitrogen is also an oxidation
process. The result of such a process is the salt form of the
molecule (Scheme 2a). Hence, the hematite surface can oxidize
PCAT LB as an alternative process to the oxidation of the
leucoemeraldine state under ambient conditions.” It has been
known that polyaniline can be oxidized on the surface of iron
oxide by oxygen.* Although extreme care has been taken to
minimize the exposure of the sample to air, this could be an
alternative source of oxidation of PCAT LB, as the sample has
been exposed to the laboratory atmosphere for a short amount
of time during the transfer from the deposition chamber to the
XPS chamber.

In Situ Deposition and Spectroscopy of PCAT LB on
Low-Carbon Steel. To examine whether the oxidation of the
PCAT LB film on hematite was induced by the interfacial
interactions, the previously reported high-resolution XPS
spectra of the in-situ-deposited LB on a sputtered clean steel
substrate were reanalyzed.”” The layer-by-layer deposition of
LB had been performed in three different thicknesses with the
final thickness of approximately 5 nm. The N 1s XPS spectrum
of the sputtered cleaned steel shows a low-intensity spectrum of
nitrogen species at around 396.8 and 400.5 eV (Figure 6a). The
former peak is attributable to nitride compounds formed as a
result of the sputtering process of the steel. The latter peak is
indicative of an unknown organic nitrogen, possibly amide.'®
After the first deposition of LB (Figure 6b), two additional
peaks appear, an amine peak at 399.4 eV (53.89%) and an
imine peak at 398.2 eV (17.75%). After further deposition of
LB, the N 1s spectrum still can be deconvoluted into the same
three peaks (Figure 6¢). The contribution of the amine peak to
the envelope peak increases (64.48%), and the contribution of
the imine peak decreases (13.98%). Finally, after the deposition
of approximately 5 nm of LB on steel, the N 1s envelope peak
can be deconvoluted only to a major amine peak (99.13%) and
a minor imine peak (0.87%) (Figure 6d).

Because the deposition and XPS analysis had been performed
in two interconnected vacuum chambers, the sample had not
been exposed to ambient conditions prior to data acquisition.
These results indicate that the partial oxidation of the thin LB
film on steel is mediated by iron oxide. It also confirms that the
LB film was indeed partially oxidized through interaction with
iron oxide (Figure 4). In addition, using ultraviolet photo-
electron spectroscopy, it has been shown that the deposition of
a thin film of fully reduced PCAT on steel causes band bending
and a decrease in the work function of the metal oxide surface
by 0.5 eV."* This makes it easier for LB to be oxidized on the

surface of iron oxide. This observation is consistent with our
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Scheme 2. Conversion between Different Base and Salt States of PCAT at the Interface with Hematite
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results regarding the oxidation of PCAT LB on hematite as
obtained by XPS and Raman spectroscopy. As the thickness of
the LB film reaches approximately 5 nm, the contribution of the
imine to the N 1s peak decreases. The imine species remain
localized at the interface. Further deposition of PCAT results in
the attenuation of the signal from the interface. The nitrogen in
the newly deposited layer retains its amine character.

This shows that the interface-mediated charge transfer by the
iron oxide is limited to the proximity of the interface in
comparison to air oxidation, which can act on the bulk organic
film. The comparison of the N 1s spectra of the LB film on steel
with the same film on a hematite single crystal shows the
absence of charged nitrogen peaks at higher B.E. in the former
sample. One possible reason behind this discrepancy could be
the differences in the chemical and electronic properties of the
low-carbon steel and hematite single crystal. The other major
difference between these two samples is the adsorbed water
film on their surfaces. The hematite single crystal had been
exposed to the ambient environment, which allows for the
formation of a water film on the substrate. The presence of
such a film on this particular steel substrate is less likely due to
oxidation under dry nitrogen flow.

Interaction of PCAT EB and PCAT PB with the
Hematite Surface. The same characterization methodology
applied to the PCAT LB-hematite interface was repeated for
other oxidation states of PCAT. Thin films of PCAT EB and
PCAT PB fabricated on hematite single-crystal substrates were
studied by XPS. The N 1s XPS spectrum obtained from the
interface of a PCAT EB film and hematite can be fitted by three
peaks (Figure 7a). The peaks at 399.56 and 398.3 eV were
assigned to amine and imine nitrogen, respectively, and the
peak at 401.2 eV was assigned to positively charged nitrogen as

112

previously reported for PANI in contact with graphene.*”* As
for the interface between PCAT LB and hematite, this peak is a
sign of charge transfer between the PCAT EB film and
hematite. A comparison of the area under these fitted peaks
with the deconvoluted spectra of the PCAT EB powder (Figure
1b) shows that the interaction of the PCAT EB molecules with
hematite leads to the partial reduction of PCAT.

Deconvolution of the N 1s peak for the PCAT PB-coated
hematite (Figure 7b) leads to the same four peaks that were
previously fitted for the N 1s XPS spectrum of PCAT PB
powder (Figure 1c). However, the contribution of each peak to
the envelope peak has changed significantly. Figure 8b shows
that the intensity of the amine peak increased drastically at the
expense of the imine peak in the PCAT PB powder (Figure 1c).
This demonstrates a significant reduction of the fully oxidized
oligomers in contact with the hematite phase. However, the
number of charged nitrogen atoms was slightly decreased.
Therefore, the deconvoluted N 1s XPS spectra of PCAT EB
and PCAT PB films on hematite substrates show the partial
reduction of the small molecules in addition to the interfacial
charge transfer at the interface.

Raman spectroscopy of PCAT EB and PB powders mixed
with hematite nanoparticles confirmed the results obtained
from XPS. Raman spectra of pristine PCAT EB (Figure 8a) and
a mixture of PCAT EB and hematite nanoparticles (Figure 8b)
look almost identical, and both show Raman bands at
approximately 1162, 1214, 1496, and 1585 cm™'. These
bands are associated with PCAT in its half-oxidized state.™

The Raman spectra of PCAT PB powder (Figure 8c) and the
composite film of PCAT PB and hematite nanoparticles
(Figure 8d) show several bands of oxidized PCAT. However,
the transformation of the shoulder of the bands at 1589 and
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Figure 6. High-resolution N 1s XPS spectra of (a) sputtered, cleaned

low-carbon steel, (b) PCAT LB first deposition, (c) PCAT LB second
deposition, and (d) PCAT LB third deposition on steel.

1500 cm™" in the PCAT PB powder spectrum to the separate
bands at 1619 and 1488 cm™" in the mixture of PCAT PB with
hematite, respectively, can be interpreted as the sign of the
partial reduction of PCAT.* One reason behind the greater
similarity between the Raman spectra of the PCAT PB and its
mixture with hematite nanoparticles is the fact that the
measurement has been performed in air and thus there is a
possibility of air-exposed oxidation. In addition, the observation
of this reduction event by both XPS and Raman spectroscopy is
an indication that this reduction was not induced by the X-ray
beam used in XPS.

The XPS spectra presented here (Figure 7a,7b) indicate that
the thin films of PCAT EB and PB will be reduced by hematite
surfaces. The presence of N Is signals at higher B.E. indicates
the possibility of charge transfer at the interface between
oxidized molecules (PCAT EB or PB) and the hematite
substrate. Raman spectroscopy, under ambient conditions, also
shows a partial reduction of PCAT PB molecules in contact
with hematite nanoparticles. No such reduction was observed
for PCAT EB molecules. These results are consistent with the
previously assumed mechanism for corrosion protection of steel
by redox-active organic compounds.” It has been argued that
these compounds, if applied in their oxidized states, can act as
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Figure 7. High-resolution N 1s XPS spectra of (a) PCAT EB

deposited on a hematite surface and (b) PCAT PB deposited on a
hematite surface.

an oxidizer, improving the underneath metal oxide layer and
inhibiting the corrosion. However, these reports assumed EB to
be the oxidized form whereas it is only half-oxidized.*** In
addition, the organic films used in those cases were several
micrometers thick." The base forms of PANI and its
oligoanilines are known to be extremely poor electrical
conductors. Therefore, it is expected that most of these
measurements benefit not only from corrosion inhibition
induced by redox-active organic compounds in proximity to the
interface but also from other mechanisms such as barrier
coating protection. Our results expand the understanding of
corrosion inhibition by redox-active organic compounds by
using the fully oxidized PCAT (PB) instead of half-oxidized
PCAT (EB). In addition, using only very thin films for the
organic coatings ensures that the observed change in the
organic phase was indeed induced by the underlying metal
oxide surface.

Interaction of PCAT Salt with Hematite Surfaces. Even
though there are reports on effective corrosion inhibition using
redox-active organic compounds in their base form,""”** most
of the research to date is focused on the application of the salt
form of these compounds.*’™*' This is based on the
assumption that the higher conductivity of the salt films will
assist with better integration of the entire organic layer and thus
more effectively passivate any exposed metal.'"”** Kinlen et
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Figure 8. Raman spectra of (a) the PCAT EB film, (b) the composite
film of PCAT EB and hematite nanoparticles, (c) the PCAT PB film,
(d) the composite film of PCAT PB and hematite nanoparticles.

al.***® have suggested that the conversion of ES state films
fabricated on steel to LS state films is done through redox
chemistry and to EB state films though acid—base means. It is
not possible to directly deposit the salt form of PCAT in
vacuum. Therefore, to fabricate thin and uniform films of
PCAT salt, all of the previously analyzed PCAT base films on
hematite were exposed to gaseous HCI for 30 s and load-locked
back to the XPS chamber. The N 1s XPS spectra of PCAT LS
(Figure 9a) still can be properly fit by three peaks of an imine
(398.5 eV), an amine (399.5 eV), and a positively charged
amine (—NH’—, 401.2 eV). Although the quantitative
comparison of these peaks with the N 1s spectra of PCAT
LB on hematite shows only a slight increase in imine content,
there is a more than a 2-fold increase in the number of charged
amines. This expected increase in the amount of cationic
nitrogen in PCAT salt is due to protonic doping by HCI gas.
The Cl 2p XPS peak from this sample (Figure S17) can be
decomposed into a 2p,/, peak at 198.4 eV and a 2p,,, peak at
200.0 eV. These peaks are attributed to the presence of chloride
species in the vicinity of nitrogen atoms in the structure of
PCAT. The absence of any peaks at higher B.E.s is a sign that
no covalently bonded chlorine was formed upon exposure to
HCI gas and thus is proof of the successful protonic doping of
PCAT.™

A comparison of N 1s XPS spectra of the PCAT EB film on
hematite before (Figure 7a) and after (Figure 9b) exposure to
HCI gas shows the appearance of a fourth peak at 400.2 eV. On
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Figure 9. N 1s XPS spectra of salt PCAT on hematite for (a) PCAT
LS, (b) PCAT ES, and (c) PCAT PS.

the basis of a previous report on PANI, this peak was assigned
to the delocalized positive charge on the backbone of the
oligomer.”” This new peak has the second highest contribution
to the envelope peak after the peak of the benzenoid nitrogen.
Although protonic doping does not lead to a significant
increase in the amount of imine nitrogen, the amount of
positively charged nitrogen tripled.

The same number of fitted peaks, with the same trend
between the doped (Figure 9¢) and undoped (Figure 7b)
organic films on hematite, has been observed for the fully
oxidized form of PCAT. On the basis of the previous reports on
the interaction of PANI and graphene,””"” the N 1s XPS signals
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at higher B.E.s such as 400.4 and 402.0 eV are associated with
the electronic interaction between the two materials and were
considered to be a sign of the protonic doping process at the
interface.

Because all three PCAT base films (LB, EB, PB) fabricated
on the hematite substrate have been exposed to the same
amount of HCI gas for the same period of time, the only
difference between the salt films is the starting base structure
from which they are derived (imine and amine content). The
amount of amine and imine structure between the base PCAT
LB and EB films on hematite and their corresponding salt films
(LS and ES, respectively) stayed nearly constant, whereas the
content of charged nitrogen has been significantly increased.
Although the comparison of the PB and PS films on hematite
shows only a slight increase in the amount of imine after
exposure to HCI gas, the amount of charged nitrogen stayed
the same in both samples. This comparison between the base
and salt films shows that the PCAT films exposed to excess
HCI gas do not show more than an ~20% cationic nitrogen N
Is signal. One way to determine the protonic doping level of
each films is through the ratio of CI/N atomic percentages,
derived from the area under their peaks. On the basis of this
method, PCAT LB and PB are doped to almost the same level
(25.0 and 25.9%, respectively), whereas PCAT EB was doped
to a lesser degree (18.9%). Another way to determine the
extent of protonic doping is by considering the ratio of charged
nitrogen atoms to the total amount of nitrogen. On the basis of
this method, the PCAT EB and PB films are doped almost
twice as much (20.8 and 21.1%, respectively) as the LB film
(11.4%). The results from the later method are in better
agreement with the expected structures in Scheme 2, which
shows the increase in protonic doping by moving toward
oxidized states. This is due to the fact that the ratio of CI/N
atomic percentages includes all Cl™ ions, some of which might
not participate in the protonic doping process.

Impact on the Substrate. In the case of the protonation of
the PCAT LB organic layer and its partial oxidation by
hematite, a partial reduction of iron oxide and the alteration of
its oxidation state should be observed. The B.E. of O Is is
independent of the Fe oxidation states and thus cannot be used
to monitor the effect of charge transfer on the hematite
substrate (Figure $8).”**° Different iron oxide and hydroxide
phases are commonly distinguished by their Fe 2p XPS
spectra.”’ However, the analysis of Fe 2p spectra is challenging
because of issues such as peak asymmetry, complex multiplet
splitting, and overlapping B.E.s.”> The Fe 2p spectra of both the
bare hematite surface (Figure 10a) and the hematite surface
coated with PCAT LB (Figure 5b) exhibit two sets of peaks,
2py > (~724 V) and 2p;;, (~711 eV), as a result of spin—orbit
coupling. They also show Fe 2p;, and Fe 2p,;, shake-up
satellite peaks with B.E.s of around 719 and 733 eV,
respectively. On the basis of ref 22, the satellite peaks were
omitted from the fitting performed for the 2p;/, part of the
spectrum using a Shirley background. For each sample, the
envelope peak at ~711 eV was deconvoluted into five peaks.
The positions, fwhm'’s, and areas of these peaks confirm the
presence of a single hematite phase.”” The absence of a peak at
around 706 eV confirms that there is no metallic iron present in
either of the samples, as expected in the case of a hematite
single crystal.

The Fe 2p satellite peaks can in principle be used to identify
if any reduction of Fe*" to Fe** occurring upon adsorption of
PCAT LB Fe** satellite peaks appear at ~719 and 733 eV, in
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Figure 10. High-resolution Fe 2p XPS spectra of the bare hematite
surface (a) before and (b) after vacuum deposition of 2.5-nm-thick
PCAT LB film. Both spectra indicate the presence of a hematite phase.
(c) XPS survey spectra of the PCAT LB-coated hematite interface.

contrast to Fe?* satellite peaks that are typically found at ~716
and 730 eV.”"*° Despite a slight shift being observed between
the positions of the satellite peaks of the bare hematite and
PCAT LB-coated hematite samples, the spectra look largely
identical and the shift is possibly due to the uncertainty of using
C 1s as a charge-correction reference. The following calculation
will demonstrate how this subtle expected change in the
hematite phase due to the absorption of an organic layer is
below the sensitivity of the XPS instrument used in this work.
The Fe 2p and N 1s photoemissions contribute only 11.3 and
5.8% to the XPS survey spectra of the PCAT LB-coated
hematite surface (Figure 10c), respectively. From this share of
N 1s, only 2.8% of it is associated with the charged nitrogen
peak (C=N"—C) giving an overall 0.15%. If we assume that all
eight nitrogen atoms present in each triclinic unit cell of PCAT
are projected onto the interface with the hematite surface in a
plane and the a-Fe,0;(1000) single crystal has a completely
Fe-terminated surface, then there will be an approximately 1:1
interaction between surface Fe atoms and the cationic charged
nitrogen.**~** This could lead to about a 1.3% change in the Fe
2p spectra (0.15/11.3: N*/Fe 2p). This subtle change is very
unlikely to be detectable considering that the data used for such
a calculation is not truly coming from an interface but from a
few nanometers to each side of it. In addition, the presence of
an overlayer (organic layer) results in a background slope
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Figure 11. (a) Microfluidic channel fabricated on top of the 14.2 nm iron oxide-coated interdigitated gold electrodes. (b) Plot of current vs voltage
of the iron oxide-coated gold electrode after 1500 s of flowing PCAT LB in MeOH (b1) and PCAT PB in MeOH (b2) into the microchannel. (c)
Plot of current vs time by applying a bias voltage of 2.4 V to the iron oxide-coated gold electrodes while flowing MeOH, PCAT LB in MeOH, and
PCAT PB in MeOH in the microchannel for three consecutive measurements.

change and makes the comparison between the intensity of the
satellite and 2p;,, peaks of each samples impossible.
Conductivity Measurement of lron Oxide by a
Microfluidic Device. An alternative path for better under-
standing the interaction of PCAT with iron oxide is through
monitoring the change in conductivity of iron oxide while in
contact with different oxidation states of PCAT (reduced and
oxidized). Thus, we have fabricated a microfluidic device to
sense these expected variations (Figure 11a). Because the thin
fabricated iron oxide film (14.2 nm thick) has a high resistivity,
we have used an array of closely packed interdigitated gold
electrodes. Current—voltage curves were acquired by sweeping
the bias logarithmically from 1 mV to 2.4 V in S min intervals
while each analyte was flowing through the channel over the
iron oxide film (flow rate = 0.2 mL/min). In the first run, pure
MeOH was pushed through the channel. Subsequently, the
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same measurement was repeated three times while PCAT LB
and PCAT PB solutions (3 mg/mL in MeOH) were flowing
through the channel. Figure 11b shows the I-V curves of the
iron oxide film upon exposure to flows of PCAT LB and PCAT
PB solutions. Both curves are nonlinear, which is characteristic
of semiconducting materials. By flowing MeOH through the
channel, the measured current starts to slowly decrease,
indicating an increase in the electrical resistance of the iron
oxide (Figure 11c). This indicates that the fabricated iron oxide
film is not in its most oxidized form. However, when PCAT LB
starts to flow, the current starts to increase quickly until
reaching the stable value of 9.91 pA after 1800 s of exposure to
this analyte. The trend reverses when flowing PCAT PB
through the channel as the current starts to decrease to 8.99 uA
after 2100 s of exposure.
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This observation is in agreement with the results from our
XPS, Raman spectroscopy, and previous reports,”® which
suggest that upon adsorption of oxidized PCAT on iron oxide
the organic molecules will be reduced by oxidizing the metal
oxide substrate. This will lead to an increase in the electrical
resistance of the iron oxide, and thus the current will decrease.
On the other hand, the adsorption of reduced PCAT on iron
oxide will result in the oxidation of PCAT and a slight
reduction in the iron oxide, making it less electrically resistive.
The reproducibility of this experiment was confirmed using a
second fabricated device (Figure S18).

B DISCUSSION

Although a majority of previous studies indicate that polyaniline
coatings in their EB state are unable to protect steel against
corrosion, some reports argue otherwise.””” PANI EB consists
of 50% electron donor groups (secondary amines) and 50%
electron acceptor groups (imines). It has previously been
shown that half-oxidized PANI coatings are unable to induce a
change in the polarity of the CNT substrate.”” Despite the
possibility of charge transfer to the substrate (e.g, native oxide
on steel), because of its equal number of amine and imine
groups the total net of the transferred charge at the interface is
equal to zero. Therefore, a PANI EB coating is not able to
change the potential of the underlying steel substrate and is not
able to provide the overpotential necessary to form a passive
iron oxide barrier layer. OQur results showed that whereas an
exact amount of oxidizing agent was employed for the
preparation of PCAT EB, the result was not the half-oxidized
state (Figure 1b). To the best of our knowledge, all of the
synthesis routes for the Eujeparation of PANI and its oligomers
lead to the LB state. "*"** The lack of control over the
chemical oxidation process during the preparation of the EB
state leads to deviations from the structure consisting of exact
50% amine and 50% imine groups. Therefore, it is believed that
the discrepancy in the results from the corrosion inhibition
involving EB is related to the challenges associated with the
preparation of the exact half-oxidized state of redox-active
organic compounds. Our results indicate that under ambient
conditions PCAT EB will be further oxidized on the surface of
iron oxide (Figures 7a and 8a). This also provides another
explanation for the previous reports on the ineffectiveness of
EB in the corrosion inhibition of steel.”** Instead, we have
shown that for the less-studied base state of redox-active
oligoanilines, PB can withdraw electrons from the iron oxide
substrate (Scheme 2f). All nitrogen atoms in the fully oxidized
PCAT are in the sp’-hybridized imine form. Charge transfer
from the steel substrate to the electron-accepting imine groups
leads to the formation of a passive iron oxide film, whereas the
PB film will be reduced to the lower oxidation states (Figure
7b). Because the base states of PCAT are not conductive, only
the few first monolayers at the interface with the metal oxide
will participate in the charge transfer. Therefore, a thin redox-
active coating can be sufficient for the application in corrosion
inhibition. Thus, to assess the success of a redox-active coating
in corrosion inhibition, one has to consider the extent of charge
transfer at the interface.

XPS has proven to be one of the most useful analytical tools
for surface and interface studies. However, its limitation to the
surface layers limits its use in studying the buried interfaces
involved in the corrosion protection of metal/metal oxides by
redox-active organic compounds. Most of the fabricated organic
coatings used in previous studies are too thick for XPS to allow

access to the organic/oxide interface and have instead
monitored the changes in the bulk of the top organic
t:oatings:.‘\;'("i To avoid this issue, other reports have tried to
study the metal oxide film instead by either chemically
removing the organic coatings prior to the introduction of
the sample to the XPS analysis chamber or by in situ
sputtering.”>*° By removing the organic film, it was possible to
study the surface of iron oxide surface, but it has been shown
that sputtering of iron oxide can be destructive, causing the
reduction of iron oxide.”> To tackle this issue, the organic
coating was kept on the surface and instead the bare side of the
steel substrate was analyzed by XPS.** However, because of the
limitation of XPS to top surface layers, the measured data was
only a representative of the bulk of the oxide layer and not the
oxide surface in contact with the top organic coating. This is an
important issue considering the layered structure of iron oxide.

We have demonstrated that oligoanilines such as PCAT are
suitable redox-active compounds for studying the corrosion
inhibition mechanism. PCAT has three oxidation state similar
to those in PANI but can be deposited in a well-defined fashion
via vacuum deposition. This provides the possibility for the
fabrication of thin organic films, enabling the study of the top
organic coating, the underlying metal oxide, and their interface
at the same time (Figures 4, 6, and 7). In addition, the thin
organic film minimizes bulk contributions to the inhibition
process. XPS data on the interface between PB and iron oxide
showed the expected reduction of the organic phase. In
addition, it showed the appearance of charged nitrogen species.
The appearance of these structures is associated with charge
transfer at the interface. Under ambient conditions, the fully
reduced PCAT coating on the iron oxide surface was quickly
oxidized. Although the effect of ambient conditions in this
oxidation process was previously suggested, we have observed
the oxidization when the experiment was performed under high
vacaum (Figure 6d). Even though the rate of oxidation was
noticeably slower, it proved the contribution of the surface to
this process. Although our XPS results showed that the changes
in the organic coating fabricated on the metal oxide surface can
be used as a gauge to indirectly monitor the changes in the
underlying metal oxide, we were unable to observe such
changes directly via XPS (Figure 10c). Therefore, we have used
an alternative method to directly characterize these changes
induced by a redox-active coating. For this purpose, changes in
the resistivity of an ultrathin film of iron oxide through dynamic
exposure to fully reduced and fully oxidized oligoanilines were
monitored (Figure 11c). Even though this measurement is
unable to provide any information about the structure of the
iron oxide film, it has demonstrated the charge transfer at this
interface. The resistivity of the iron oxide film during exposure
to fully oxidized oligoaniline will increase because of the
removal of defects (Fe’*) from the iron oxide thin film via
oxidation by oligoanilines. The reverse effect was observed
while exposing the iron oxide thin film to the fully reduced
oligoaniline. This process is associated with the oxidation of the
organic film by the iron oxide at the expense of the reduction of
the oxide film.

Charge transfer between organic thin films and metal oxide
films (or other substrates) is of relevance not only in corrosion
protection but also in organic electronics,™ sensor devices,””**
and photocatalysis.”””" Iron oxides (hematite in particular)
have been studied for photocatalytic Q}Jplications in water
splitting for the hydrogen economy.’””'~"* The tuning of
dopant levels plays an important role in preparing suitable
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hematite photocatalysts,”* but so far doping has been seen as a
static, irreversible process. Here we have shown that the doping
of iron oxide (hematite) films can be adjusted in situ via the
redox state of adsorbed organic molecules. These molecules
function to stabilize the iron oxide films and modulate their
electronic structure (doping level, conductivity) reversibly.
Although the label of interfacial doping has been applied to
situations where the dopants were initially introduced at the
interface and then allowed to diffuse into the bulk,” that
scenario does not lend itself to switchable doping. What we
demonstrate here is a modulation of the electronic structure of
a semiconductor strictly through interfacial effects.”® The
electrochemical notion of a shift in corrosion potential"”’ is
most compatible with the idea of redox potential doping (shift
in band edge potentials regardless of charge-carrier transfer)
rather than electronic doping.”’ Modifications to the band
structure in the near-interface region (including but not limited
to band bending) are commonly discussed in semiconductor
physics,”® but in nanoparticles and thin films, they can actually
be considered to be a bulk phenomenon. Although indications
of band structure modification (or maybe band bending) in the
case of reduced PCAT on native iron oxide were found in an
earlier study from our group,' our results presented here are
indicative of actual charge transfer, i.e., electronic doping,
although we have not attempted to elucidate possible changes
in the iron oxide band structure. Ways of distinguishing these
different cases have been proposed,”” but further work will be
required on the PCAT/hematite system. Both doping
mechanisms result in desirable changes in the electronic
structure for electronic devices, sensors, and (photo)catalysts.
Of particular interest are configurations where the doping level
can be externally controlled. Electric field switchable devices
(aka. field-effect transistors, FETs) and photoswitchable
devices, e.g., based on azo-benzenes,”® are well-known, but
we can now add redox-switchable dopants to our toolbox.

Bl CONCLUSIONS

We have demonstrated the effect of iron oxide surfaces on
redox-active PCAT molecules and vice versa. High-resolution
XPS measurements have shown the partial reduction of fully
and partially oxidized PCAT molecules at the interface with
hematite (1000) single-crystal surfaces. Partial oxidation of fully
reduced PCAT on an iron oxide surface has been reported for
the first time. In situ deposition and XPS spectroscopy of the
thin films of PCAT LB on steel have confirmed that this
oxidation is truly mediated by the iron oxide substrate and not
only by ambient conditions. These conclusions were confirmed
through the use of Raman spectroscopy under ambient
conditions. However, because of air oxidation, the degree of
oxidation of PCAT LB is higher than what is observed in
vacuum. This confirms the previous theory of the role of redox-
active organic compounds in their oxidized states as oxidizers of
the native iron oxide film."* It also indicates the additional
importance of air-exposed oxidation,'” in addition to the role of
hematite in the completion of the redox cycle.

To understand why an organic molecule could experience
both reduction and oxidation at the interface of a transition-
metal oxide, it is important to consider that PCAT, in its base
form, has three main oxidation states. It is known that PCAT,
in its half-oxidized form, is in its most stable state. Although
PCAT EB can be found in both asymmetrical and symmetrical
isomers, in regard to their quinoid ring position it has been
shown that the symmetrical form is thermodynamically more
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stable than the asymmetrical form. This means that fully
reduced PCAT (LB) at the interface with iron oxide (Fe** or/
and Fe?*) will be oxidized in order to reach the equilibrium half
-oxidized state (EB). On the other hand, fully oxidized PCAT
(PB) at the same interface will experience partial reduction in
order to reach the half-oxidized state (EB).

We also showed that the conversion of PCAT base to its salt
form by exposure to HCI does not lead to a considerable
change in the oxidation states of PCAT but causes a drastic
increase in the number of cationic nitrogen structures. It was
also found that the PB and EB forms of PCAT can be doped
approximately twice as much as the LB form through gas -phase
protonic doping.

An important feature in the N 1s XPS spectra is the
appearance of charged nitrogen structures in all oxidation states
of PCAT at the interface with hematite. This is indicative of
interfacial charge transfer between hematite and PCAT, which
increases with the degree of oxidation of PCAT. Consistent
with previous reports,”** this interfacial charge transfer can be
considered to be a mutual interfacial doping process between
the organic and the metal oxide phases. Further evidence for
this interpretation comes from the possibility to detect the
oxidation and reduction of ultrathin films of iron oxide using
conductivity measurements on the iron oxide films.

Because of the close interactions of the redox states of both
PCAT and iron oxide, modifications of the PCAT layer through
acid—base or redox reactions can easily be detected through
conductivity measurements. This can be utilized in the design
of chemical sensing devices based on inexpensive iron oxide
films. Molecular switches are an old concept, but practical
examples of the facile detection of their state with a thin film
sensor are less common. The facile doping and dedoping of
iron oxide films in contact with different PCAT oxidation states
is an example of interfacial doping with a switchable dopant, i.e.,
a molecular switch. The idea that a small local change in carrier
concentration (in this case, due to a modification of the doping
state) results in a large change in resistivity is somewhat
reminiscent of (but not identical to) a chemical field-effect
transistor (in which case the electric field is modulated by the
creation of electric charges) in that it also constitutes an active
sensor. In addition to applications in sensors, PCAT can also
find use in the stabilization of iron oxide nanoparticles®' for
biomedical applications, smart coatings (anticorrosion, con-
trolled release),*”*® switchable membranes, and controlled
adsorption.”* PCAT and iron oxide form a fine-tuned system
because of the alignment of the energy levels, but similar
interactions could also apply to other surfaces if suitable ring
substitutions for energy-level alignment are made. Although
PCAT is a good model system by itself, polyaniline or other
oligoanilines could be modified to also benefit from these
interactions with iron oxide surfaces.

B ASSOCIATED CONTENT
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Phenyl-capped aniline tetramer (PCAT) was synthesized and purified according to
literature.! The as synthesized powder was characterized by high-resolution electrospray

ionization mass spectrometry (Figure S1).
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Figure S1. High-resolution electrospray ionization mass spectrometry of synthesized
PCAT.
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Each base form of PCAT was prepared using previously reported procedures! and
characterized using Raman spectroscopy (Figure 6a, 9a, 9c) and UV-vis spectroscopy
(Figure S2). The corresponding salt form of each base state was prepared by protonic

doping using HCI. Figure S3 shows the UV-vis spectra of all the three salt forms of PCAT
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Figure S2. Normalized UV-Vis spectra of fully reduced PCAT base (LB), half-oxidized
PCAT base (EB), fully oxidized PCAT base (PS).
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Figure S3. Normalized UV-Vis spectra of fully reduced PCAT salt (LS), half-oxidized
PCAT salt (ES), and fully oxidized PCAT salt (PS).
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Figure S4. Color of methanolic solution of PCAT. (a) Fully reduced PCAT base, (b)
half-oxidized PCAT base, (c) fully oxidized PCAT base, (d) fully reduced PCAT salt, (e)
half-oxidized PCAT salt, and (f) fully oxidized PCAT salt.
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The Raman spectrum of as-received particles (Figure S10a) shows the presence of
intense peaks at 288 cm™ (siderite), 371 cm™ and 379 cm™ (lepidocrocite), and 504 cm™
(ferrihydrite) thus indicating that this sample consist of multiple phases of iron oxide and
iron (oxy)hydroxide. This might be due to the storage of this sample for a long period of
time in ambient conditions. After annealing this sample at 440 °C for 14 hours, the Raman
spectrum shows only the main hematite bands at 225, 245, 292, 409, 497, and 610 cm*
(Figure S10b). 23 Scanning electron microscopy is used to confirm the monodispersity of

these particles after the heat treatment (Figure S11).
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Figure SS. Raman spectra of iron oxide nanoparticle (a) as received, (b) annealed at 440°C,
showing hematite phase.

126



Ph.D. Thesis — A. Mohtasebi; McMaster University — Chemistry & Chemical Biology.

-
-
.

.

v #

Figure S6. Scanning electron micrograph of hematite nanoparticles after annealing at
440°C for 14 hours.
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Figure S7. XPS survey spectra of (a) fully reduced PCAT base powder, (b) fully
oxidized base PCAT powder.
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Vacuum deposition of fully oxidized PCAT base on a hematite substrate at 25°C
leads to formation of two morphologies of islands: small globular islands and long sharp

needle-shape islands.
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Figure S8. AFM of vacuum deposited fully oxidized PCAT base islands on hematite
(1000) single crystal at 25°C.
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Figure S9. High-resolution C 1s XPS spectra of PCAT powders: (a) fully reduced PCAT
base, (b) half-oxidized PCAT base, (c) fully oxidized PCAT base.
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Figure S10. High-resolution C 1s XPS spectra of (a) a bare hematite single crystal prior
to deposition of organic layers, (b) fully reduced PCAT base film deposited on hematite,

(c) half-oxidized PCAT base film deposited on hematite, and (d) fully oxidized PCAT
base film deposited on hematite.
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Figure S11. High-resolution O 1s XPS spectra of (a) a bare hematite (1000) surface, (b)
fully reduced PCAT base on hematite (1000), (c) half-oxidized PCAT base on hematite
(1000), (d) fully oxidized PCAT base on hematite (1000).
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Figure S12. High-resolution N 1s XPS spectra of (a) fully reduced PCAT salt (LS) on
glass, (b) half-oxidized PCAT salt (ES) on glass, and (c) fully oxidized PCAT salt (PS)
on glass.
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Figure S13. High-resolution C 1s XPS spectra of (a) fully reduced PCAT salt (LS) on

glass, (b) half-oxidized PCAT salt (ES) on glass, and (c) fully oxidized PCAT salt (PS)
on glass.
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Figure S14. High-resolution (a) C 1s, and (b) N 1s XPS spectra of the bare hematite

single crystal after exposure to HCI gas.
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Figure S15. High-resolution C 1s XPS spectra of PCAT salt on hematite for (a) fully
reduced, (b) half-oxidized, (c) fully oxidized forms.
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Figure S16. High-resolution Cl 2p XPS spectra of bare hematite single crystal exposed to
HClI gas.
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Figure S17. High-resolution CI 2p XPS spectra of PCAT salt on hematite for (a) fully
reduced, (b) half-oxidized, (c) fully oxidized forms.
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A second microfluidic device consisting of interdigitated arrays of gold electrodes
covered with a thin layer of iron oxide was prepared to verify the reproducibility of the
experiment demonstrated in Figure 11. The same procedure described in the paper was
repeated for the fabrication of the iron oxide thin film and the PDMS microfluidic device.
The fabricated iron oxide film for this device had 14.2 nm thickness (measured by QCM).
However, the film was not exposed to the vapor of hydrogen peroxide after the vacuum
deposition. The higher defect density (Fe?") leads to higher conductivity of the film in
comparison to the film used in the primary experiment. Nevertheless, it is still possible to
see the increase in the measured current by exposing the iron oxide film to the fully reduced
PCAT (LB) and decrease the measured conductivity by exposing the film to the fully

oxidized PCAT (PB).
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Figure S18. The plot of current as a function of time under allocation of constant bias
voltage of 2.4 V to the iron oxide coated gold electrodes while PCAT LB in methanol, and
PCAT PB in methanol in the microchannel for four consecutive measurements.
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Chapter 6 Reagent-Free Quantification of Aqueous Free Chlorine via

Electrical Readout of Colorimetrically Functionalized Pencil Lines

This chapter shows the application of the interface of phenyl-capped aniline
tetramer (PCAT) and graphite film for the design of a simple chemiresistive sensor for
quantification of free chlorine in drinking water. Using various spectroscopy and
microscopy techniques, the sensing mechanism of the sensor is described. In addition, the
effect of chlorine on PCAT film and its impact on the stability and sensing response of the

sensor are demonstrates.

Reprinted with permission from the Journal of ACS Applied Materials &
Interfaces, 2017, 9, 20748-20761, Amirmasoud Mohtasebi, Andrew D. Broomfield,
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ABSTRACT: Colorimetric methods are commonly used to
quantify free chlorine in drinking water. However, these methods
are not suitable for reagent-free, continuous, and autonomous
applications. Here, we demonstrate how functionalization of a
pencil-drawn film with phenyl-capped aniline tetramer (PCAT)
can be used for quantitative electric readout of free chlorine
concentrations. The functionalized film can be implemented in a
simple fluidic device for continuous sensing of aqueous free
chlorine concentrations. The sensor is selective to free chlorine
and can undergo a reagent-free reset for further measurements.
Our sensor is superior to electrochemical methods in that it does
not require a reference electrode. It is capable of quantification of

o 10 20 30 40 50 60
NaOCl (ppm)

300 400 500 600 700 800
Wavelength (nm)

free chlorine in the range of 0.1—12 ppm with higher precision than colorimetric (absorptivity) methods. The interactions of
PCAT with the pencil-drawn film upon exposure to hypochlorite were characterized spectroscopically. A previously reported
detection mechanism relied on the measurement of a baseline shift to quantify free chlorine concentrations. The new method
demonstrated here measures initial spike size upon exposure to free chlorine. It relies on a fast charge built up on the sensor film
due to intermittent PCAT salt formation. It has the advantage of being significantly faster than the measurement of baseline shift,
but it cannot be used to detect gradual changes in free chlorine concentration without the use of frequent reset pulses. The
stability of PCAT was examined in the presence of free chlorine as a function of pH. While most ions commonly present in
drinking water do not interfere with the free chlorine detection, other oxidants may contribute to the signal. Our sensor is easy to
fabricate and robust, operates reagent-free, and has very low power requirements and is thus suitable for remote deployment.

KEYWORDS: water quality sensor, pencil lead, graphite, oligoaniline, PANI, free chlorine, chemiresistor, CHEMFET

Bl INTRODUCTION

Identification and quantification of chemicals present in gases
and liquids are of great importance for healthcare, environ-
mental monitoring, and industry. While, on occasion, offline
analysis using lab-based equipment is warranted for quantifi-
cation of a wide range of species, the ability to perform online
and offline analysis in the field in (near) real time is crucial."”
Consequently, there have been many efforts to miniaturize
analytical equipment and automate the analysis process.” A
chemical sensor creates a response upon exposure to a chemical
stimulus and transduces it to a measurable physical quantity
such as an electrochemical, optical, or electrical signal.4 An
important example is the quantification of free chlorine in
drinking water. Electrochemical detection of free chlorine in
solutions is often performed through voltammetric® or
amperometric”’ measurements. Both methods are based on
the oxidation of the analyte at a fixed or varying potential. A
significant drawback of electrochemical methods is the need for
a reference electrode.” An optical response can be measured
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through Raman scattering, fluorescence, surface plasmon
resonance (SPR), or absorptivity (UV—vis—NIR).” The latter
is also known as colorimetry, since the resulting color change in
the visible region can also be judged by the eye. Free chlorine
concentration can also be measured by an optical response to
addition of an indicator reagent through methods such as
colorimetry,m photoluminescence,” and chemiluminescence.'”
The indicator/analyte mixture resulting from these measure-
ments cannot be disposed into the environment. In addition,
they are often sensitive to the presence of other interfering ions
in the solution (e.g., iron and manganese in colorimetry)."
Colorimetric methods are based on the color change of an
indicator/reagent upon interaction with the analyte of interest.
The method is simple, inexpensive, and does not require highly
skilled personnel, making it popular, e.g., for the quantification
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of free chlorine content in drinking water using diethyl-p-
phenylenediamine (DPD)."* Oxidation of DPD leads to a
change in its electronic structure and as a result to a change in
the solution’s color which can be quantified using a hand-held
spectrophotometer.'* Although this method is one of the most
commonly employed techniques for quantification of free
chlorine in drinking water, it requires several preparation steps
and a spectrophotometer.” More importantly, it requires fresh
chemicals for each measurement. This makes it difficult to be
performed remotely and autonomously. Therefore, there have
been efforts for developing chemical sensors which can be
operated continuously and autonomously."®

Chemical sensors operating based on electrical transduction
are particularly promising candidates for continuous monitoring
of water quality due to their simplicity and robustness.” A
variety of materials such as graphene,'® carbon nanotubes
(CNTs)," and organic compounds (e.g., polyaniline (PANT))
have been employed as the selective probe in chemical
sensors.”'> One important class of such sensors are chemical
field effect transistors (CHEMFETs) which are field effect
transistors (FETs) in which the gate electrode is exposed to the
environment.'” Therefore, in CHEMFETSs the modulation of
the charge transport by the potential applied from the chemical
stimulus at the gate can be used for sensing. The presence of an
analyte modulates the charge carrier transport through the
conductive channel by an applied potential and as a result leads
to a shift in threshold voltage. Chemiresistors are another class
of sensors based on electrical transduction in which a
conductive material (often a semiconductor) is fabricated on
an array of electrodes.” In chemiresistors, the analyte modulates
the bulk electrical conductivity of the active material.'® The
simple design of chemiresistors makes them a robust and
economical option for wide usage. CHEMFETS are somewhat
more complex due to the need for a gate electrode and a
dielectric. Gateless FETs are a variation of CHEMFETs in
which the gate electrode and dielectrics are eliminated, and
instead the direct interaction of the analyte with the surface
layer on the conduction channel modulates the charge
transport properties.w

Previously, it has been shown that CNTs integrated into a
channel can be used for detection and quantification of sodium
hypochlorite (NaOCI) present in a continuous flow of water.”’
The sensing response was attributed to the modulation of the
CNTs electrical conductivity through charge transfer (donation
of electrons) to hypochlorite. However, CNTs can produce
similar responses to wide range of analytes such as SO,
dissolved oxygen, NH;, and NO,’"”” Recently, we have
demonstrated the potential of immobilized oligoanilines on
CNTs to increase the selectivity toward free chlorine.'® It was
shown that PCAT, an oligomer of PANI, will act as a selective
probe of hypochlorite. PCAT in its base form has three
oxidation states (fully reduced, half-oxidized, and fully oxidized)
which are known to have differing abilities to dope CNTs.*” It
was proposed that the oxidation of PCAT by free chlorine leads
to charge transfer from CNTs to oligoanilines.'® This results in
a change in the resistivity of the PCAT-CNTs film and can be
used to quantify the concentration of free chlorine. The
oxidized PCAT can be electrochemically recycled to its fully
reduced form and used for further measurements. However,
CNTs are expensive, and it can be challenging to create good
electrical contacts between them and metal electrodes.”

Here we show that immobilization of oligoanilines on pencil
lead, a cheap and chemically resistant material, can be used for
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detection and quantification of free chlorine in drinking water.
This is a proof of principle for a simple approach in sensing,
especially when the substrate (here a pencil-drawn film) does
not show a significant and selective sensing response to
analytes. We present the details of the mechanism and propose
a new method for fast signal extraction. The sensitivity and
selectivity of the device toward free chlorine were demonstrated
and compared with colorimetric detection. Based on a study of
the interaction of NaOCI with PCAT, and PCAT with graphite
using X-ray photoelectron spectroscopy (XPS), Raman spec-
troscopy, and UV—vis spectroscopy, the operating principle of
the device was elucidated. Conductivity measurements and
atomic force microscopy (AFM) corroborate that the resistance
modulation of the device is due to a change in conductivity of
the graphitic film rather than any current flowing through the
oligoaniline layer. In addition, the stability of the oligoaniline in
the presence of free chlorine in both acidic and basic pHs was
examined, and resettability of the device for repeated
measurements was demonstrated. Electrical readout of
colorimetric measurements is far from common in the field.
The detection concept with respect to the sensing mechanism
(transient peak detection vs baseline shift) described here is
entirely novel. Furthermore, a new sensor film substrate
material was demonstrated for this type of sensor. Therefore,
we are demonstrating progress both in material/interface
preparation and in detection concept.

B EXPERIMENTAL SECTION

Materials Preparation. PCAT was synthesized and prepared in
different oxidation states as previously reported in the literature.”**"
Millipore water (18.2 MQ cm) was obtained from a Simplicity UV
purification system. The aqueous NaOCI solution (Reagent grade,
10—15%) was purchased from Sigma-Aldrich. All solutions of NaOCIl
were stored in polytetrafluoroethylene (PTFE) bottles in a fridge
whenever not used. The 9B pencil was manufactured by Bruynzeel
HOLLAND. The 9B pencil lead generally consists of around 95%
graphite, the remainder being clay and wax.”” The thermogravimetric
analysis of the specific pencil lead used in this study indicates the
presence of approximately 93% graphite (Figure S1). Highly ordered
pyrolytic graphite (HOPG) samples were purchased from Alfa Aeser.
A Sylgard 184 silicone elastomer kit (Dow Corning Corporation) was
used to cast polydimethylsiloxane (PDMS) channels. The double-
sided polyamide tape was purchased from Capling Corporation. The
sodium hypobromite (NaOBr) solution was prepared by reaction of
bromine solution (Sigma-Aldrich) with a stochiometric amount of
sodium hydroxide (NaOH) solution. PCAT layers were vacuum
deposited using a low-temperature Knudsen cell at a base pressure
better than 5 X 107° Torr. During this process, the substrates were
held at room temperature (20 °C). The thickness of the PCAT layer
was monitored by quartz crystal microbalance (QCM).

Characterization. A Renishaw inVia laser Raman spectrometer
was used to acquire Raman spectra with a spectral resolution of 2 cm™
with an Ar" ion laser at 14 nm (2.41 eV). To obtain the Raman
spectra of the powder samples, a methanolic solution of PCAT was
cast and dried on a glass slide. Raman spectra were collected on
multiple locations on each sample and recorded with a fully focused
laser (10% or 5% laser power) with a 20X objective. A visible
spectrophotometer (Ultraspec 100 pro) was used for absorptivity
measurements. UV—vis spectra were collected using Cary 50 and Cary
300 spectrophotometers (Agilent Technologies) with quartz cuvettes.
All electrical conductivity measurements were performed using a
source measurement unit (Keithley).

A Kratos AXIS Nova XPS spectrometer with a monochromatic Al
Ka X-ray source (1S mA, 1486.6 eV) was used to record the
photoelectron spectra. XPS survey spectra and high-resolution spectra
were obtained from an area of approximately 300 X 700 um? using
160 and 20 eV pass energy, respectively. Only the sample with a glass
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Figure 1. Colorimetric quantification of free chlorine. (a) Different colors of the methanolic solutions of fully oxidized, half-oxidized, and fully
reduced PCAT. The intermediate color immediately after the introduction of NaOCl solution and the final color after approximately 20 min are also
shown. (b) Raman spectrum of drop-cast pristine fully reduced PCAT and (c) Raman spectrum of drop-cast fully reduced PCAT after interaction
with hypochlorite solution. (d) Calibration curve constructed based on the absorptivity measurement at 600 nm wavelength after the interaction of
fully reduced PCAT with different concentrations of hypochlorite. The inset shows a closer look at the calibration curve at low concentrations of the

analyte.

substrate was charge corrected. All XPS spectra were processed using
CasaXPS$ software (version 2.3.17).” All peak integrations have been
performed using a Shirley-type background and a line shape of
GL(30), which is 30% Lorentzian and 70% Gaussian. 'H nuclear
magnetic resonance (NMR) spectra of PCAT powders were acquired
using a 600 MHz spectrometer (AV 600, Bruker). In all NMR
measurements, deuterated dimethyl sulfoxide (DMSO-d,, Cambridge
Isotope Laboratories, Inc.) was used as the solvent. pH measurements
were carried out using a Delta 320 pH meter (Mettler Toledo)
equipped with a Ag/AgCl electrode (Pasco Scientific). AFM was
performed in tapping mode using a Veeco Enviroscope with a
Nanoscope I1la controller and antimony-doped Si cantilevers (Bruker,
model NCHV-A). For all AFM images the background was subtracted.

Device Fabrication. The sensor device was fabricated by vacuum
deposition of two parallel Au @ Cr (200 nm @ 20 nm) electrodes
with a spacing of 2 mm on a frosted glass slide. Next, the pencil film is
fabricated between these two electrodes. The effect of the number of
pencil strokes on the frosted glass on the thickness and the electrical
conductivity of the film is illustrated by comparison of two
representative pencil films. The 1.8 ym thick film was fabricated by
one hundred pencil strokes while a 0.9 ym thick film was fabricated
using only four pencil strokes (Figure 52). It was found that the first
few pencil strokes are responsible for the majority of the film's
thickness and therefore its electrical conductivity. Therefore, the
electrical conductivity of the film can be monitored and fine-tuned
during writing. The width of the films was 2 mm. While we fabricated
devices in different conductivity ranges, all data presented here was
obtained from devices with a typical conductivity of about 1 mS$
(resistivity 1 k€2). To obtain reproducible data, it is important to
match the applied voltage to the conductivity in order to maintain a
comparable current baseline. A PDMS channel (length:width:thick-
ness = 15 mm:2 mm:2 mm) was fabricated by soft lithography and
bonded on top of the pencil film using polyamide double-sided tape. It
is of utmost importance that the aqueous analyte does not come in
contact with the gold electrodes because it will short-circuit the device,
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as evidenced by a current increase by orders of magnitude due to ionic
conduction through the analyte. At the relatively low voltages used
during measurement, no such short circuit occurs between different
portions of the carbon film. To this end, the channel geometry was
imparted on the polyamide tape using an electronic cutting machine
(Explore Air, Cricut).

Prior to the detection of free chlorine by this device a thin layer of
PCAT was adsorbed on the graphite film. This step is performed by
introducing a dilute solution of PCAT in methanol (0.5 mg/mL) to
the channel over the course of S min using a syringe pump (0.2 mL/
min). This step was followed by flowing Millipore water for 2 min to
remove any oligoanilines not immobilized on the graphite film. The
electrical conductivity measurement was performed by applying a
constant bias voltage (typically between 0.1 and 10 mV to avoid
causing electrochemistry) across the two gold electrodes using two
alligator clamps while the analyte solution was flowing through the
channel using the syringe pump (0.2 mL/min). Since PCAT is not
soluble in water, no desorption of PCAT from the sensor film due to
the exposure to the analyte is expected.:‘) As a reference measurement,
the free chlorine concentrations in the samples were evaluated using
the DPD absorptivity method with a Pocket Chlorimeter 11 (Hach
Company) and § mL free chlorine DPD reagent powder pillows. After
calibration of the chlorimeter with 5 mL of analyte solution, one DPD
powder pillow was added to the solution. The cell was flipped once,
and the free chlorine concentration was quickly measured. For the
interference experiment KCI was purchased form EMD Canada, NaCl,
NaNO;, and Na,SO, were obtained from Caledon Laboratories Ltd.,
and CaCl,-2H,0, MgCl,-6H,0, and AgNO,; were obtained from
Sigma-Aldrich.

B RESULTS AND DISCUSSION

Colorimetric Sensing of Free Chlorine. One of the
characteristics of PCAT as a redox-active oligoaniline is the
different color of its base and salt forms at different oxidation
states (Figure $3).”° In the basic pH regime, the solution of the



Ph.D. Thesis — A. Mohtasebi; McMaster University — Chemistry & Chemical Biology.

ACS Applied Materials & Interfaces

Research Article

1.2
10, (a)|] (b)|] (©)|] (d)
0.8+ - -
=" 0.6 i 1
=]
0.4 4 E B
0.2 4 B .
L
s et Il o e
0 100 200 300 400 500 O 100 200 300 400 500 O 100 200 300 400 500 O 100 200 300 400 500
Time (s) Time (s) Time (s) Time (s)
25
12 (g) PCAT
(e) (f) Pencil Film
1.0 2.0 r _]
0.8-
1.54
. 064 Inlet/Outlet
= = (h) c - Microchannel
T oy S ™1 feeem  adjustedr 0.998 " 4
’ justed R-square = 0. i L -
. q L L 0 /fEIass
0.2 054 & 1.5ppm / Substrate
0.0 \*Wuw 0.5 ppm /.- . EDMS
008 0.1ppm ‘ ; over
0 100 200 300 400 500 o 10 20 30 40 50 60 Gold Electrode ~*pencil Thin Film

Time (s)

NaOCI Concentration (ppm)

Figure 2. Sensing and quantification of free chlorine in water using PCAT-pencil film. Change in current (AI/I;) before (white area) and after
(yellow area) exposure of the sensing film to aqueous solutions of NaOCI (black) and NaOBr (red) with concentrations of (a) 0.1, (b) 0.5, () 1.5,
(d) 6, and (e) 12 ppm. (f) Calibration curve for NaOCI detection constructed using multiple measurements of Al/I, for each concentration of the
analyte. (g) The layer stack of sensing film. (h) Schematic of the sensor device.

fully oxidized PCAT in methanol is dark red, while its half-
oxidized and fully reduced states are dark blue and pale blue,
respectively (Figure la). Therefore, it is possible to follow the
redox and protonation/deprotonation processes involving
PCAT by eye. This makes PCAT a potential reagent for
colorimetric measurements of free chlorine in solutions. NaOCl
is a strong oxidizing agent which similarly to ammonium
persulfate can be used for oxidation of PCAT.'"*® Upon
addition of hypochlorite solution (total concentration of 12
ppm) to the methanolic solution of fully reduced PCAT, it
changes its color instantly to orange (Figure la, intermediate
color). However, this color is not stable for more than a few
tens of seconds and will convert to blue. After about 20 min,
the color of the solution is dark blue and stable (Figure 1a, final
color). This final color resembles the color of the base PCAT in
its half-oxidized form. The oxidation state of this final product
was examined using Raman spectroscopy. The Raman
spectrtum of the pristine fully reduced PCAT (Figure 1b)
shows all three main bands of PCAT in its reduced form (1179,
1221, and 1622 cm™) while the spectrum of fully reduced
PCAT after interaction with hypochlorite solution (Figure 1c)
leads to appearance of new bands at 1165, 1219, 1497, 1592,
and 1613 cm™.%° These latter bands are associated with the
PCAT in its half-oxidized state, indicating the oxidation of
PCAT by hypochlorite.”® Therefore, similar to DPD, fully
reduced PCAT can be used as a probe in colorimetric sensing
of free chlorine by comparing the color to a previously
established color based calibration curve.'” A more precise
quantification can be performed by absorptivity measurement
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using a visible spectrophotometer. This way the changes in
oxidation state of the molecular probe by free chlorine can be
determined by monitoring the intensity of its absorption peak
at a certain wavelength. Figure 1d shows the calibration curve
constructed based on the absorption spectra of fully reduced
PCAT at 600 nm after interaction with different concentrations
of free chlorine. These data points can be fitted to a straight line
with an adjusted R-square value of 0.827, which is a relatively
low value for linearity (for 0.5—12 ppm). This shows the
possibility to perform a quantification of free chlorine content
in wide range of concentrations. However, a closer look at the
calibration curve (Figure 1d, inset) shows a decrease in
quantification’s precision below 1.5 ppm of free chorine due to
limited sensitivity of the spectrophotometer. One specific issue
with PCAT is the somewhat long time required for achieving a
final stable color (complete oxidation) after the introduction to
the analyte solution. The reason behind this long response time
will be discussed later. In addition, PCAT is not soluble in
water and as a result not suitable for colorimetric measurements
in water.”® This issue could be solved through side chain
engineering of the oligoanilines to increase their solubility.*!
More importantly, this method is not suitable for the in-line
autonomous and continuous monitoring of free chlorine in
water because it requires the introduction of a fresh reagent for
each measurement. The reagent cannot be recovered after each
measurement cycle.

Electric Readout of Aqueous Free Chlorine in Liquid
Phase. To tackle these issues, a fluidic sensor based on a
PCAT-modified graphite film was designed (Figure 2h). The
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Figure 3. AFM of fully reduced (a) and half-oxidized (b) PCAT vacuum deposited on HOPG. N 1s XPS spectra of fully reduced and half-oxidized
PCAT layers before (c and e, respectively) and after (d and f, respectively) exposure to bleach vapor. Cl 2p spectra of fully reduced (g) and half-
oxidized (h) PCAT layers after exposure to bleach vapor. (k) Change in the electrical conductivity of the spin-coat film on an array of interdigitated
gold electrodes, before (t,) and after exposure to bleach vapor from 0.003% (t,) and 3% (t,) aqueous solutions. The measurement has been carried
out under a constant bias voltage (+100 mV). The inset shows a photograph of the interdigitated electrodes before spin-coating PCAT on top.

graphite layer was used as a conductive channel between two
gold leads. The oligoanilines were immobilized on the graphite
film through noncovalent interactions (Figure 2g). First, the
-7 interaction between PCAT and graphite sheets leads to
the adsorption of the first few layers of PCAT on the graphite
film.** More layers of PCAT will accumulate on top of these
layers through electrostatic interaction between PCAT
molecules and by hydrogen bonding between the amine groups
of the fully reduced PCAT state.” The source of graphite was
9B pencil lead. Pencil lead is conductive and cheap. It is
resistant against numerous corrosive chemicals.”” In addition, it
can be fabricated by simple drawing on surfaces, such as a
frosted glass slide, which results in a continuous thin film
(Figure S2). The quantification of free chlorine through electric
readout was performed using various concentrations of aqueous
NaOCl solution. Figures 2a—e show the change in the
normalized current of the PCAT-pencil film, (I, — Ip)/I, =
Al/I, (where I, is the average of the measured current of the
film prior to exposure and I, is the maximum peak current after
exposure to the analyte), prior to and after exposure to
solutions of NaOCI at an applied voltage of 0.15 mV as a
function of time. Upon exposure of the PCAT-pencil film to
different concentrations of hypochlorite (0.1, 0.5, 1.5, 6, and 12
ppm), the current increases rapidly to a peak value followed by
a drop to lower values (Figures 2a—e). No such peak was
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measured when only a bare graphite film was exposed to the
analyte solution (Figure SS). This increase in the measured
current was proportional to the increase in the concentration of
the NaOCIL. In addition to hypochlorite, hypobromite is also a
common disinfectant for water treatment and as an
antifoulant.”*** Depending on the pH, an aqueous solution
of NaOCI consists of varying proportions of HOCI, OCI~, and
Cl, while the aqueous solution of NaOBr consists of HOBr,
OBr~, and Br,.”*" Because of the chemical similarities between
these two compounds, the response of the chemical sensor to
different concentrations of hypobromite was determined for
direct comparison. For this purpose, clean devices with similar
characteristics were used. However, no significant change in
current was observed when the device was exposed to 0.1, 0.5,
and 1.5 NaOBr solutions (Figures 2a—c). The reason behind
this result will be discussed later in this paper. Exposing the
device to 12 ppm of NaOBr, above typical concentrations as
disinfectant for drinking water, leads to a small increase in the
measured current (Figure 2e). By further increasing the
concentration of the analyte (60 and 240 ppm, Figure S6),
the response was slightly amplified but still far weaker than
when the device was exposed to similar concentrations of
hypochlorite (Figure S7). The relative responses of the device
demonstrate the sensitivity and selectivity of the sensor to free
chlorine. Therefore, the device can be used as a selective sensor
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for quantification of free chlorine in water treatment
applications. Based on the responses of this device to free
chlorine, a calibration curve was constructed (Figure 2f). Since
the sensor starts saturating above 12 ppm of NaOCl and gets
fully saturated at concentrations above 60 ppm (Figure S7), the
calibration curve was fitted with an exponential decay function
(eq S1). The adjusted R-square value of this fit was 0.998. The
operational range of concentrations that can be measured with
this selective sensor lies to be between 0.1 and 12 ppm.
Sensing Mechanism. Since the bare pencil film was not
responsive to the analyte solutions (Figure S5), the key to
understanding the sensing mechanism is the interaction of
hypochlorite with oligoanilines and oligoanilines with the pencil
film. XPS was used to better characterize the impact of bleach
vapor on the oligoanilines. Vacuum deposition was employed
to fabricate thin homogeneous layers of PCAT on graphite.
The possibility of vacuum deposition of PCAT without altering
its oxidation state has been previously demonstrated.”® HOPG
samples were used as model substrates of pencil film for this
experiment. This is due to the ease of exposing a clean graphite
surface by mechanically exfoliating HOPG with Scotch tape.
Next, nominally 3 nm thick fully reduced and half-oxidized
PCAT layers (measured by QCM) were deposited on two
separate HOPG substrates. AFM of the fully reduced PCAT
layer showed the formation of few nanometers thick (~1—8
nm), high-density dendritic islands (Figure 3a). The half-
oxidized PCAT fabricated layer on HOPG (Figure 3b) led to
the formation of low-density needle-shaped islands. The height
of these islands is in the range of tens of nanometers (~10—110
nm). Both samples, along with a bare HOPG sample (as a
reference substrate), were loaded into the XPS analysis
chamber. For all three samples XPS survey spectra, C 1s, and
N 1s spectra were acquired. Then, all samples were removed
from the XPS vacuum chamber and exposed to the vapor of a
12.5% aqueous NaOCI solution for 7 min in ambient. All
samples were loaded back in to the XPS analysis chamber.
Changes in the structure of these samples were studied using
their N 1s and CI 2p XPS spectra. Figures 3c and 3d show the
N Is spectra of the fully reduced PCAT film deposited on
HOPG before and after exposure to bleach vapor, respectively.
Deconvoluted peaks at 398, 399, and 401 eV were assigned to
imine, amine, and cationic nitrogen, respectively.l{' Comparison
of the content of each structure before and after exposure to the
vapor shows an oxidation of fully reduced PCAT (~7%,
changes in amine and imine) while the contribution of cationic
nitrogen remains almost unchanged (~0.3%). The species in
the deconvoluted N 1s spectra of the half-oxidized state of
PCAT before and after exposure to bleach vapor (Figures 3e
and 3f, respectively) were assigned as for the fully reduced
PCAT spectra (Figures 3c and 3d, respectively). Exposure of
this sample to the vapor led to an increase in the amount of
cationic nitrogen (~10%). Although no change in the imine
content was observed, the transformation of —NH- to
—NH*— (~9%) can be considered an oxidation event as
well.”® While the increase in the imine (decrease in amine)
content is an indication of oxidation of the oligoanilines, the
increase in the content of cationic nitrogen was previously
assigned to their protonic doping, i.e., protonan’on.% The Cl 2p
spectra of HOPG surfaces coated with both oligoanilines (fully
reduced and half-oxidized PCAT) show peaks corresponding to
two distinct species (Figures 3g and 3h, respectively). Since the
ClI 2p spectrum of the bare HOPG surface does not show any
peaks (Figure S13), all chlorine species are assigned to the
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PCAT films. The pair of peaks at higher binding energies in the
Cl 2p spectra (Figures 3g and 3h) are assigned to chlorine
which is covalently bonded to carbon (200.1 and 201.7 eV).**
The peak pair at lower binding energies is due to ionic chloride
species (196.9 and 198.5 eV), an indication of the protonic
doping of PCAT by the vapor.”® This is in agreement with the
presence of cationic nitrogen in the N 1s spectra. While PCAT
in its base form is almost nonconductive, protonic doping can
significantly improve its electrical conductivity.”” Therefore,
although the NaOCI solution itself is basic, the absence of
NaOH in the bleach vapor leads to both oxidation and protonic
doping of the oligoanilines. The bleach vapor is mainly
composed of chlorine gas, oxygen, and chlorine oxides.” The
chemical reaction between chlorine and the water film
physisorbed on the sensor film* results in the production of
HCl and HOCL"' These acids cause protonic doping of PCAT,
which can significantly increase its electrical conductivity.”
This idea was examined by monitoring the electrical
conductivity of a pristine fully reduced PCAT film during the
exposure to bleach vapor. A continuous layer of fully reduced
PCAT was spin-coated from methanolic solution onto an array
of 100 planar interdigitated gold electrodes fabricated on a glass
slide (Figure 3k, inset). The width of the electrodes was 20 ym
with interelectrode spacing of 30 gm. The film was dried and
exposed to bleach vapor (from 0.003% (Figure 3k, t,) and 3%
(Figure 3k, t,) aqueous solutions) under ambient conditions.
Exposure of this film to bleach vapor for approximately an hour
lead to a nearly 5 times increase in the measured current as a
result of protonic doping (Figure 3k, t; and t,). In addition to
doping, the partial oxidation of PCAT contributes to this
significant increase in electrical conductivity. It was previously
shown that protonic doping of the half-oxidized form of PCAT
leads to the highest electrical conductivity among all of its
states.*”

As it was demonstrated above, the bleach vapor is acidic in
nature while the solution of hypochlorite used in the sensing
experiments is basic. In contrast to bleach vapor, the
composition of the bleach solution at different pHs is well-
known.” Therefore, to better understand the sensing
mechanism of the sensor and the origin of the C—Cl bond, a
sensor was exposed to a flow of aqueous NaOCI (6 ppm) for
15 min followed by a flow of Millipore water for 5 min. The
PDMS channel was removed, and XPS N 1s, Cl 2p, and C 1s
spectra were acquired from the PCAT-pencil sensor film
(Figure 4b, Figure 4c, and Figure S14a, respectively). Figure 4d
shows the topography of this PCAT-pencil film after exposure
to the analyte. The absence of sodium in the XPS survey
spectrum is an indication of successful washing of NaOCI from
the channel with Millipore water (Figure S14b). The N Is
spectrum of the PCAT-pencil sensor film (Figure 4b) was
deconvoluted to a cationic nitrogen peak (401.20 €V, 14.0%),
amine nitrogen peak (399.6 eV, 37.7%), and a major imine
nitrogen peak (398.5 eV, 48.3%).”° A pristine fully reduced
PCAT film drop-cast onto a gold substrate was used as a
reference spectrum. The high-resolution N 1s spectrum of the
pristine fully reduced PCAT (Figure 4a) can be deconvoluted
into four peaks attributed to cationic nitrogen (401.2 eV, 15%),
amine nitrogen (399.7 eV, 65.0%), imine nitrogen (398.5 eV,
13.8%), and an unknown nitrogen species (397.4 eV, 5.6%),
possibly due to contamination of the substrate.”® The presence
of a small amount of imine nitrogen results from the oxidation
of fully reduced PCAT during the fabrication process in
ambient. The comparison between major nitrogen components
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Figure 4. Characterization of the free chlorine sensor film. (a) N 1s
spectra of pristine fully reduced PCAT film. (b) N 1s XPS spectra of
fully reduced PCAT film adsorbed on a pencil-drawn film of the sensor
after being exposed to aqueous solution of NaOCI (6 ppm) for 15
min. (c) Cl 2p spectrum of the sample in (b). (d) AFM image (2 ym
X 2 pum) of the sensor film used in (b).

of the N 1s spectra of PCAT before and after exposure to the
analyte show no change in the amount of cationic nitrogen.
This confirms that the PCAT layer is still in its base form after
exposure to an aqueous solution of NaOCIL. The increase in the
amount of imine (~50%) is a result of the transformation of
fully reduced to half-oxidized PCAT after exposure to the
analyte. The Cl 2p spectrum of the sensor film (Figure 4c)
shows no sign of chloride species due to the absence of any
peaks at 196.8 eV (Cl 2ps,) and 198.4 eV (Cl 2p,/,). However,
similar to the Cl 2p spectra of the oligoanilines exposed to
bleach vapor (Figures 3gh), the chlorine peaks at 200.2 eV (Cl
2py/,) and 201.8 eV (Cl 2p, ;) are present.”® The presence of
covalently bonded chlorine is supported by a peak at 286.3 eV
in the C 1s spectrum associated with C—Cl bonding (Figure
S14a).** No chloramine (N—CI) was detected, as confirmed bg
the absence of any peak at 197.8 eV in the Cl 2p spectrum.”
Recently, the presence of C—Cl bonds in the Cl 2p spectrum
of PANI reacted with NaOCI has been attributed to the
chlorination of the polymer.”* While XPS of PCAT exposed to
NaOClI solution mainly shows an oxidation reaction, UV—vis
spectroscopy of the system hints at additional chemical
reactions. The interaction between the oligoanilines and
hypochlorite were monitored in situ with UV—vis spectroscopy.
Figure 5a shows the change in the spectra of the fully reduced
PCAT dispersed in methanol prior and after (over 20 min) the
addition of aqueous solution of NaOCI (total concentration =
12 ppm). The spectrum of the fully reduced PCAT prior the

reaction with the analyte (Figure Sal) shows a sharp peak
around 315 nm arising from the benzenoid 7—z* transition."”
Next, NaOCI was added to the cuvette and mixed thoroughly
with the PCAT solution. This leads to an increase in the
intensity of the benzenoid peak and appearance of two peaks at
lower energies (Figure 5a2, ~504 and 596 nm). The latter peak
is assigned to the benzenoid to quinoid (73—7q) excitonic
transition, an indication of the oxidation of PCAT.”®" This
step is in conjunction with the instant color change of the
solution from pale blue to orange. However, the color will shift
further to dark blue and the peak observed at ~504 nm
disappears while the intensity of the quinoid peak increases. To
the best of our knowledge, no data has been previously
reported for this transition in UV—vis spectra of oligoanilines
reacting with NaOCI. Over the course of 20 min, the intensities
of both benzenoid and quinoid peaks increase (Figure Sa3).
This long time required for completion of the oxidation
reaction is what makes PCAT not suitable for colorimetric
sensing. The same behavior was observed when PCAT was
reacted with lower concentrations of NaOCI (Figure S15). To
understand the nature of the short-lived peak at ~504 nm, a
UV—vis measurement was conducted by fast cycling around
this wavelength (390—550 nm, 10 nm/s, Figure Sc). NaOCl
solution was carefully placed on top of the solution of PCAT,
and no mixing was performed. Upon slow diffusion of the
analyte in to the oligoaniline solution, a peak at 434 nm
appears. Previously, this peak has been assigned to the polaron
— ¥ transition due to the protonic doping of PCAT with
HCL® The origin of this unexpected protonic doping in an
alkaline NaOCl solution is explained by the reaction in Scheme
1.

At moderate basic pHs HOCl is a strong oxidant present in
NaOCl aqueous solution.” It is, however, a weak acid and hence
largely undissociated. Based on the reaction in Scheme 1,
oxidation of the amine groups of PCAT by HOCI leads to the
production of HCL. HCl is a strong acid and—in contrast to
HOCI—will fully dissociate, causing a local drop in pH in
proximity of the oligoanilines, resulting in their rapid
protonation.”® However, due to the basic pH of the overall
NaOCl solution, the protons will eventually be stripped again
from the oligoaniline, thus restoring its base form. The full
spectrum of this sample (Figure Sbl, in red) shows the
presence of a benzenoid peak (305 nm) in addition to the
coexistence of peaks/shoulders at 434 nm (salt PCAT, polaron
— 7%), ~509 nm (intermediate peak, similar to Figure Sa2),
609 nm (base PCAT, 7y — 7g), and 824 nm (salt PCAT, 7 —
polaron). Comparing this spectrum with a spectrum of half-
oxidized PCAT protonated by HCI (Figure Sb2, in black), it
shows the coexistence of peaks associated with base and salt
half-oxidized PCAT in accordance with Scheme 1. This is in
contrast with the spectrum of PCAT after being thoroughly
mixed with NaOCI (Figure 5a3), where at the end only peaks
associated with the half-oxidized oligoaniline base are present.
This discrepancy originates from the differences in sample
preparation in these two experiments (Figures Sa3 and Sb1). In
the former experiment (Figure 5a3), NaOCIl was thoroughly
mixed with PCAT before the measurement, while in the latter
experiment NaOCI slowly diffuses into the PCAT solution
during the measurement. The photograph of the sample used in
the latter measurement can be seen in the inset of Figure Sb,
which shows the coexistence of both final product (blue,
deprotonated) and the intermediate step (orange). Although
the latter color might resemble the color of a methanolic
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Figure 5. (a) UV—vis spectra of the pristine fully reduced PCAT before (1) and after (1 — 2 — 3, ~20 min) mixing with NaOCI solution (total
concentration = 12 ppm). (b) UV—vis spectra of the diffusion of NaOCI solution into the fully reduced PCAT solution (1, red graph) and
protonated half-oxidized PCAT (2, black graph). The inset shows the solution used for the former spectrum (c) monitoring the evolution of the
polaron — 7* transition in (bl) over time. (d) pH change during the reaction of fully reduced PCAT with hypochlorite. (e) Current passing
through a thick spin-coat fully reduced PCAT film exposed to the vapor of NaOClI solution (0.003% (t,), 3% (t,)) at 0.15 mV bias voltage obtained
by extrapolation of I-V curves used in Figure 3k. (f) Height profile of features in AFM of (g) and (h). AFM topography of bare HOPG surface (g, 4
pum X 4 um) and HOPG surface coated with fully reduced PCAT via flowing PCAT solution through the channel (h, 4 yum X 4 um).

Scheme 1. Reaction of a Fully Reduced Oligoaniline with Hypochlorous Acid
H
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solution of fully oxidized PCAT, based on the spectra in Figure PCAT-pencil film in the sensor exposed to NaOClI solution (6

Sc, it contains the protonated form of oxidized PCAT. ppm, Figure 4d) looks different from the bare pencil-drawn film
The protonation and deprotonation of oligoanilines by (Figure S17). However, the irregular morphology of the pencil-
NaOCI was also examined by monitoring the changes in the drawn film hinders the assessment of the thickness of the

pH of the reaction. A magnetic stirrer bar was placed inside $ adsorbed PCAT. On the other hand, HOPG is a graphite
mL of a solution of fully reduced PCAT. Up on addition of surface with well-known characteristics. Therefore, HOPG

NaOCl solution (total concentration = 12 ppm) the pH rapidly surfaces are used as a model system for the graphitic film to
decreased to values below 7, and a sudden change of color from enable the assessment of the PCAT overlayer. A HOPG surface
pale blue to orange was observed (Figure 5d). This is followed was placed in the channel, and fully reduced PCAT was
by slowly ascending pH values and a shift of the solution’s color immobilized on this surface based on the same procedure
to dark blue. This confirms the reaction mechanism suggested which was used in our sensors. Comparing the topography of
in Scheme 1 and the influence of mixing the solution on this sample (Figure Sh) with a bare HOPG surface (Figure S5g)

deprotonating the oligoanilines. The time required to reach a shows the step decoration of HOPG with PCAT (Figure Sf,
stable pH is comparable to the duration of the measured peak profile 3). In addition, the morphology (Figure Sh) and the

in current after exposure to the analyte in the sensing height profile of the terraces in this sample (Figures 5f and Sh,
experiment (Figure 2a—e). Therefore, on the basis of the profile 4) show the existence of a very thin coverage (~1 nm)
above results, it is expected that the temporary change in the of fully reduced PCAT on HOPG. The current passing through
pH contributes to the peak current response. It was shown a thick protonated PCAT film (Figure Se) is in the range of pAs
earlier that the proton doping of oligoanilines makes them while the measured current at a similar bias voltage (0.15 mV)
conductive (Figure 3k). Therefore, it is important to under- from the sensor device is in the range of tens to hundreds of
stand whether the immobilized oligoanilines on the pencil film nAs (Figure S19). Therefore, the current passing through the
can form a conductive network or not. The morphology of the PCAT layer immobilized on pencil film does not make a
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Figure 6. Chemical stability of PCAT against NaOCl in basic and acidic conditions. (a) 'H NMR spectrum of fully reduced PCAT after reaction
with the aqueous solution of hypochlorite (240 ppm) for 48 h. Inset figure depicts a closer look at 8.5—7 ppm of the spectrum. (b) "H NMR
spectrum of pristine fully reduced PCAT. (c) Raman spectra of sample in (a). (d) UV—vis and color of the precipitate (1 and 2, respectively) and
supernatant (4 and S, respectively) of the reaction product of fully reduced PCAT and NaOCI in acidic condition. (3) UV—vis spectrum of

protonated fully oxidized PCAT.

meaningful contribution to the sensing response of our sensor
device. PCAT is not capable of creating a bypass electrical
conduction channel on top of the graphite surface. Hence, our
sensor deviates from the common design of a chemiresistive
sensor in which the direct chemical changes to the bulk of the
sensing material are the origin of the change in its conductivity.

An alternative method to change the conductivity of a
material without inducing a direct chemical change in its
structure is through modulation of the charge carrier density via
one of two common pathways. The first path is based on
chemical doping/polarirly switching of the substrate by an
adsorbed surface layer."® It has been previously shown that
modification of p-type single-walled carbon nanotubes
(SWCNTs) with fully reduced PANI will lead to them being
switched from p-type to n-type.” Considering that PANI is a
redox-active compound, this effect can be reversed (n-type to p-
type) once the PANI coating is fully reduced chemically™ or
electrochemically.'”” On the basis of this idea, it has been
previously shown that SWCNTs modified with fully reduced
PCAT can be used for the sensing of oxidizing agents."”
Another method to influence the charge transport in the
sensing film is by imposing an electric field onto the conduction
channel through charge built up from the adsorption of charged
chemical species such as protons. The effective way of using
this technique in chemical sensing is through modification of
the sensing material (substrate) with chemical receptor groups
selective to the analyte of interest. In addition to the selectivity,
the extent of charging imposed on the conductive channel by
the chemical receptors can be amplified by structural changes in
the receptor molecules.'” Therefore, our two-terminal device
resembles the architecture of a gateless CHEMFET.”"* In such
devices, the presence of certain groups of analytes leads to the
modulation of the charge transport through the sensing film
without any chemical alteration of it. Considering the coverage
of the graphitic substrate with a thin layer of PCAT, the later
mechanism based on the protonation of PCAT on the surface

of the pencil film upon interaction with NaOCI fits with the
data presented earlier in this paper (Figures 3f and Sc). Based
on the UV—vis spectroscopy results (Figure Sc), upon
interaction of fully reduced PCAT with NaOCI, molecules
get both oxidized and protonated. As it was demonstrated by
XPS, protonation of PCAT by the vapor of the NaOCl solution
leads to appearance of cationic charges on the backbone of the
oligoaniline. The same behavior is expected at the initial stages
of the reaction of PCAT with a solution of NaOCL Therefore,
the thin film of oligoanilines imposes positive charges on the
surface of the graphitic pencil film. The positive charges from
cationic PCAT will lead to attraction of negative charge carriers
into the graphitic conduction channel. This appears as a fast
and sharp increase in the measured current (AI/I,). Upon
deprotonation of the PCAT film due to the basic pH of the
bulk of the NaOCI solution, the PCAT thin film loses its
positive charge. Therefore, the accumulated charge carriers in
the graphitic channel will be dispersed and the measured
current drops to lower values, but not to the baseline values
that existed before exposure to the NaOClI solution. In analogy
to previous studies on carbon nanotubes,' > the shift in the
baseline can be associated with different doping interactions of
different oxidation states of PCAT with the graphitic substrate.

The mechanism involving the effect of the electric field on
the charge transport in the substrate can also be used to explain
the higher sensitivity of the PCAT-pencil film to hypochlorite
solution than to the hypobromite solution. At moderately basic
pHs (7-8), HOCI and HOBr are the major oxidizing agents
present in aqueous solutions of NaOCl and NaOBr,
respectively.’® They show similar redox reactions but they
have different half-cell redox potentials (E, +1.49 for HOCI
and +1.33 for HOBr)."” The higher E, means that HOCl is a
stronger oxidant in comparison to HOBr and as result can
cause stronger oxidation of PCAT adsorbed on pencil film.
Considering the proposed sensing mechanism and chemical
reaction in Scheme 1, stronger oxidation of PCAT will lead to a
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higher proton concentration, which will lead to stronger
protonation of PCAT. The recommended amount of bromine
as a disinfectant is double than when chlorine is employed.””
The first distinct response of PCAT-pencil film to hypobromite
solution is at 12 ppm and equal to AI/I; = 0.26, equal to Al/I,
when the sensor film was exposed to 0.5 ppm of NaOCI
solution.

Stability of the Oligoanilines. It is expected that the
oxidation of fully reduced PCAT only leads to an increase in
the intensity of its quinoid peak. However, the final spectrum of
PCAT after reaction with hypochlorite indicates a significant
increase in the intensity of both quinoid and benzenoid peaks
(Figure Sa3). In addition, a red-shift of the quinoid peak (596
— 599 nm) and a blue-shift of the benzenoid peak (318 — 303
nm) were observed. Previously, a similar shift in the UV—vis
spectrum of PANI after interaction with NaOCI was attributed
to the chlorination of the polymer.** Although there have not
been many studies on the chlorination of PANI or oligoani-
lines,"* the chlorination of polyamides has been thoroughly
investigated.”® Chlorination of polyamide-based membranes
used in desalination processes is known as the major reason
behind their degradation.*® The exposure of organic molecules
containing primary or secondary amines to active free chlorine
species is known to cause incorporation of chlorine at the
aromatic ring,”****? This process includes a fast initial reaction
of the amine group with free chlorine species followed by
transfer of the chlorine to the aromatic ring,”**’ known as
Orton rearrangement.”’ At basic pHs no Cl, can be found in
the solution. At pHs between 7 and 8 the ratio of HOCI/OCI™
is close to 50:50.”” The presence of chlorine in the +1 oxidation
state in both HOCI and OCI™ is responsible for oxidizing
properties of hypochlorite. In addition, CI* is known to cause
N-chlorination of amine groups.”” The ring chlorination can
eventually result in chain scission.”*** However, previous
studies on chlorination of polyamides show that both N-
chlorination and Orton rearrangement by hypochlorite are
acid-catalyzed reactions.”® The N-chlorinated polyamides can
further undergo Orton rearrangement which results in a chloro-
substituted aromatic moiety and degradation of the organic
molecule. Assuming the same conditions apply to PANI and its
oligomers, the intermediate decrease in pH from basic to acidic
upon addition of NaOCI to the oligoanilines (Figure 5d) can
create a suitable environment for chlorination. This is
consistent with the detection of C—Cl bonds in the CI 2p
spectra of the sensor film (Figure 4c). In addition, it was
previously suggested that immediate introduction of a basic
solution can reverse the N-chlorination process.“ Therefore, it
is expected that the rise of the pH in Figure 5d will reverse the
N-chlorination but cannot reverse the already chlorinated
aromatic rings.

The stability of the oligoanilines against high concentrations
of free chlorine species in basic conditions was examined.
Figure 6b shows the 'H NMR spectrum of pristine fully
reduced PCAT.”> The 'H NMR spectrum of fully reduced
PCAT after interaction with NaOCI (240 ppm) for 48 h shows
the main characteristic peaks of PCAT in addition to three low-
intensity peaks between 8.5 and 7.9 ppm (Figure 6a and its
inset). These peaks were previously assigned to the N—H
groups in half-oxidized forms of PCAT.> The peak at 8.4 ppm
corresponds to the symmetric half-oxidized PCAT, and the
peaks at 8.3 and 7.9 ppm correspond to the asymmetric half-
oxidized PCAT. While it is difficult to identify the oxidation of
fully reduced to half-oxidized PCAT using '"H NMR spectros-

copy, Raman spectroscopy of this sample indicates that the
product is half-oxidized PCAT (Figure 6c).* No sign of
degradation of PCAT by higher concentrations of NaOCI was
observed (1750 ppm, Figure S20). These results indicate the
stability of PCAT against degradation by NaOCIl in basic
conditions. The effect of NaOCIl on oligoanilines in acidic
conditions was also examined. Fully reduced PCAT (0.2 g) was
dissolved in an excess amount of methanol. NaOCI solution
(1000 ppm) was then added to the system. The pH of the
solution was adjusted to ~2 using HCL. After 20 h stirring of
the reaction mixture (methanol/H,0: 60/40) at room
temperature, a small amount of precipitate was formed. It
was soluble in methanol, similar to the pristine PCAT, but
insoluble in water. Its green color (Figure 6d2) resembles the
protonated PCAT by HCL”® UV—vis spectra of the precipitate
show the main features at 342, 432, 530, and 800 nm (Figure
6d1). The peaks at 430 and 800 nm are in agreement with the
main two peaks in UV—vis spectrum of protonated fully
oxidized PCAT (Figure 6d3). However, the shoulder at 349 nm
and the peak at 530 nm are absent in the spectrum of
protonated fully oxidized form. On the other hand, the
supernatant was red in color, soluble, and stable in water
(Figure 6dS, unlike the pristine oligoanilines). The UV—vis
spectrum of this solution (Figure 6d4) shows no similarity to
the UV—vis spectra of base or salt PCAT in any oxidation
states. However, the shoulder at 340 nm and a peak at 530 nm
present in the spectrum of the precipitate sample are also
present in this sample. Efforts to dedope or chemically reduce
this sample were not successful (Figure S21). Therefore, similar
to N-chlorination of polyamides, the N-chlorination of
oligoanilines may be catalyzed in acidic conditions which led
to their hydrolysis in solution. These compounds can undergo
Orton rearrangement which leads to their eventual chain
scissioning. It is concluded that the interaction of PCAT with
very high concentrations of free chlorine in acidic conditions
can significantly damage their structure. On the other hand, in
spite of evidence of some degree of chlorination of PCAT by
NaOCl (due to the drop in pH according to Scheme 1) in basic
conditions, no indication of its degradation was found.
Electrochemical Resetting and Effect of Chlorination
on the Sensing Response. It was previously shown that
SWCNTs coated with fully reduced PCAT can be used for the
measurement of free chlorine in drinking water."” The oxidized
PCAT from this process can be electrochemically reduced back
to its fully reduced form, and thus the device can be used for
continuous measurement of chlorine concentrations. To
examine such possibility in our device, after the first cycle of
chlorine sensing (600 ppm) by pristine fully reduced PCAT,
the channel was filled with an aqueous solution of NaCl (10
mM), and —0.8 V was applied between one of the gold
electrodes and a stainless-steel tube inserted at the outlet of the
channel for approximately S min. Since the resetting step is not
a measurement, the reset potential does not have to be
accurate. It merely has to be high enough (or higher) and long
enough (or longer) in order to fully reduce PCAT, without
causing undesirable side reactions. The cyclic voltammogram of
PCAT (Figure S22) is a good starting point for the
determination of the reset potential threshold, but one needs
to take into account that it is measured against a reference
potential (here ferrocene). In addition, the fluidic channel may
cause a potential distribution due to the high impedance inside
the channel. Therefore, the actual reset potential was
determined iteratively to be safely high enough to ensure full
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reduction of the entire PCAT film. Hence, no reference
electrode is needed for any part of the sensor operation. Then,
the channel was rinsed with Millipore water to remove any
sodium chloride solution from it. In the second sensing cycle,
+0.15 mV was applied between the two gold electrodes, and a
600 ppm solution of NaOCI was injected into the channel.
Figure 7a shows the initial sensing cycle in addition to two
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Figure 7. Electrochemical resetting of the chemical sensor. (a) Sensing
measurement in aqueous solution of hypochlorite (600 ppm) using
pristine fully reduced PCAT (1st cycle) and electrochemically reduced
PCAT (2nd and 3rd cycles). (b) Proposed redox and chlorination of
fully reduced PCAT (1), in addition to electrochemical reduction of
chlorinated half-oxidized PCAT to fully reduced PCAT (1II).

further sensing cycles after electrochemical resetting of the
PCAT film. While AI/I, for initial measurement using pristine
fully reduced PCAT was 2.1, this value was approximately
doubled after resetting (Figure 7a, second and third sensing
cycles). This is an indication that the sensitivity of the device
was increased after resetting. We attribute this change to the
chlorination of PCAT during its first encounter with the
NaOCl solution (Figure 7b, reaction I), in agreement with our
XPS results (Figure 4c). It was previously demonstrated that
chlorination of DPD which contains a primary amine can lead
to a more pronounced reduction wave in its cyclic voltammo-
gram.”” This behavior was used for the detection of chlorine
present in drinking water with higher sensitivity than the
pristine DPD.* It should be noted that all four amine groups in
the pristine fully reduced PCAT structure have equal possibility
to be chlorinated by hypochlorite, and hence Cl may end up
substituted on any of the five aromatic rings. The product of

the electrochemical reduction of the oxidized PCAT is fully
reduced, partially chlorinated PCAT and not pristine fully
reduced PCAT. In further sensing cycles and electrochemical
resetting cycles, the chlorinated fully reduced PCAT and the
chlorinated half-oxidized PCAT will be transformed into each
other (Figure 7b, reaction II). Even though, the chlorination
might be beneficial for increasing the sensitivity of the device, it
also requires recalibration of the device. However, based on our
previous work,® the application of a low concentration of
hypochlorite (<60 ppm) does not affect the sensing response
possibly due to a negligible degree of chlorination.

Sensor Performance in the Presence of Interfering
lons. The response of the PCAT-pencil film based sensor
device to interfering ions and real samples such as tap water was
investigated. In addition, the selectivity of this device to free
chlorine in the presence of other common ions or tap water was
evaluated. Three of the most important metal ions present in
drinking water are Na*, Mg**, and Ca**.** Aqueous solutions of
the respective chlorides were used as the source of Na®, Mg“,
and Ca®". As a typical scenario, the concentration of these ions
in the drinking water of Toronto, Ontario, was reported as 12,
9, and 40 ppm, respectively.”* Therefore, these concentrations
were used for the selectivity experiment. Potassium is another
mineral present in drinking water, mostly from water softeners.
Its presence in drinking water is not a general health concern
and therefore not a specific regulatory concentration has been
mentioned for this mineral in most of the water quality
guidelines.” A concentration of 10 ppm K' (from its
chloride)'" was used in this experiment. The regulatory limit
for nitrate in drinking water is 45 ppm, and thus this
concentration is used in this experiment,”> with sodium as
the counterion. In addition, the response of the sensor to 102
ppm of chloride ions (from CaCl,) was measured. The
solutions of each of these six ions were separately prepared in
Millipore water. The free chlorine DPD method did not show
any free chlorine content in any of these solutions. The PCAT-
pencil based sensor response to each of these ions can be found
in Figure 8. In all cases the response of the sensor (AI/I;) to
these ions were below 6%. In another experiment, the sensor
response to a solution containing all of these six analytes
combined was measured but the highest response recorded for
this sample was less than 8% (Figure 8, mixture). The average
response of the sensor to the mixture containing all the
interfering ions (Na*, K¥, Ca**, Mg**, NO*", and CI") is about
6% while its response to the individual solution of each ion is
about 3—5%. This also demonstrates that the sensor is not
affected by the conductivity of the solution. However, the
presence of any leak to any or both gold leads cause an increase
of the maximum measured current by about an order of
magnitude due to a short circuit through the surroundings of
the device.

In another experiment, the sensor response to a tap water
sample (Hamilton, ON) was measured. The DPD test showed
the presence of 0—0.1 ppm free chlorine in the tap water
samples. The PCAT-pencil based sensor showed below 7%
response to this sample. However, when the tap water samples
were spiked with 0.5 ppm of NaOCl, a response of about 28%
was achieved. This change in the conductivity is comparable to
the response of the PCAT-pencil film to the Millipore water
spiked with 0.5 ppm of NaOCI (Figure 8, about 26%). As it was
shown earlier, the response of the sensor is mainly associated
with the change in the pH of the solution surrounding the
PCAT-pencil film upon oxidation of the oligoaniline film.
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Figure 8. Selectivity of PCAT-pencil film based sensor for free
chlorine over other interfering ions. The mixture solution consists of
Na* (12 ppm), Mg** (9 ppm), Ca** (40 ppm), K" (10 ppm), NO;~
(45 ppm), and CI~ (100 ppm) ions.

Therefore, it is important to investigate the response of the
sensor to common oxidants and dopants of PCAT present in
natural waters or water treatment facilities. High level of sulfate
ions can be found in water resources which can cause
physiological effects on human body. The main sources of
this ion are industrial wastes.”> The response of the sensor to
100 ppm of SO,*~ (from aqueous solution of Na,SO,) was
measured which led to an average response below 11%. Silver is
not a common metallic ion present in drinking water. The
average concentration of this ion in drinking water is about 7.1
ppb with higher reported values between 20 and 80 ppb.*® The
exposure of the PCAT-pencil film to Ag* (0.5 ppm) caused a
response of about 9%. Previously, it has been shown that silver
nitrate can oxidize the fully reduced form of PANI through its
reduction to metallic silver. The byproduct of this reaction is
nitric acid which can protonate the oxidized PANL®” To this
end, the silver nitrate solution used in the sensing experiment
can cause both oxidization and protonation of the PCAT film.
Finally, the response of the sensor film to HOBr/OBr ™, another
important disinfectant used in water treatment facilities, was
evaluated. As shown earlier (Figure 2 and Figure S8), both
HOBr and OBr™ are oxidizing agents with different half-cell
redox potential.” The recommended concentration of to
HOBr/OBr~ for water treatment is about double of the
recommended concentration of HOCI/OCI™.*** Therefore, a
solution of NaOBr (6 ppm) in Millipore water is used. The
average response of the sensor film to this analyte was about
9%, which is less than half of the response measured when then
sensor was exposed to NaOCl (0.5 ppm). The above
measurement shows that common interfering ions present in
drinking water do not have severe effects on the performance of
the sensor. On the other hand, oxidizing agents and specifically
dopants of PCAT can interfere with the measurement of very
low (<0.1 ppm) free chlorine concentrations.

M CONCLUSION

We have demonstrated the quantification of free chlorine in
aqueous solutions using a liquid flow sensor based on
oligoanilines immobilized on a pencil film. The same
oligoaniline was also used as a reagent in colorimetric
(absorptivity) sensing of free chlorine. While the absorptivity
measurement showed promising results for quantification of
free chlorine at higher chlorine concentrations (1.5 to 60 ppm),
it lacks resolution at low concentrations (below 6 ppm) and can
also not be utilized in pure water due to low solubility of PCAT
in water. On the other hand, the gateless sensor based on a
PCAT-modified pencil film shows high sensitivity for detection
of low concentrations of free chlorine (0.1—12 ppm) but will
saturate at higher concentrations (>12 ppm). This range
matches well with the requirements for monitoring of drinking
water.”” In addition, unlike colorimetric methods, the sensor
can be regenerated electrochemically and operated reagent-free,
continuously, and autonomously. The accuracy of this sensor
depends on maintaining control over temperature, pH, and
flow rate. Temperature and pH (6.5—8.5) are important quality
parameters for drinking water which should be monitored
simultaneously while flow rate is easily controlled in micro-
fluidic devices.” The detection principle of the sensor is similar
to the colorimetry in that it is based on a change in the
electronic structure of organic molecules during redox
reactions.

We have demonstrated that even free chlorine solutions at a
basic pH can lead to the temporary protonation of oligoaniline
molecules because the introduction of these solutions into the
channel leads to fast oxidation of the oligoanilines by HOCI.
The byproduct of this amine to imine transformation is HCI, a
fully dissociated strong acid. In the absence of sufficient mixing,
this will lead to a local drop in pH and protonation of the
oligoanilines. However, the continuous flow of the basic
solution into the channel will eventually reverse this process.
Since by then the oligoanilines are partially or fully oxidized
(depending on the analyte concentration), no further
significant amount of oxidation will take place, and thus no
additional high concentrations of HCI will be produced. While
we have shown that PCAT cannot be degraded by exposure to
free chlorine under basic conditions, this temporary drop in pH
will lead to some degree of chlorination of the aromatic rings in
PCAT when the sensor is exposed to high (>6 ppm)
concentrations of free chlorine, as demonstrated by XPS.
This process increases the sensitivity of the device to free
chlorine, causing a shift in calibration.

Based on this reaction mechanism between PCAT and
NaOCl solution, the working mechanism of the sensor can be
explained. The protonation of PCAT upon interaction with the
NaOCl solution, creates a blanket of positive charges on the
surface of the pencil film. This results in an increase in the
measured conductance. The followed deprotonation of PCAT
due to rinsing with basic analyte, resets the state of the graphitic
film to the initial situation, and appears as a drop in current
values. A shift in the baseline current remains possibly due to
differing degrees of doping of the graphitic film by the different
oxidation states of PCAT, as demonstrated previously.'>**
Since the concentration measurement itself is not electro-
chemical in nature, no reference electrode is needed for any
part of the sensor operation. Even though we are sampling the
outcome of a redox process, the redox reaction itself is not
conducted under electrochemical control. The resetting step is
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not a measurement and therefore does not require an accurate
potential. It is just a brute-force reset which requires a “high
enough” (or higher) potential for a “long enough” (or longer)
time span. Therefore, our sensor is superior to electrochemical
methods in that it does not require a reference electrode. To
conclude, the use of inexpensive materials in our sensor makes
it a suitable device for monitoring the water quality in remote
areas. In addition, it can be fabricated and maintained by people
without significant technical background due to its simple
design.
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Thermogravimetric Analysis of 9B Pencil Lead

9B pencil lead generally consists of about 95% graphite and 5% clay and wax.!
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Figure S1. Thermogravimetric analysis of 9B pencil lead from room temperature to 1400
°C acquired under pure oxygen atmosphere. The analysis indicates the presence of
approximately 7.4% additive to the graphite particles.
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Device Fabrication

The effect of the number of the pencil strokes on the thickness and electrical
conductivity of the fabricated pencil films was evaluated by fabrication of two samples
with equal surface areas on two frosted glass slides. The areas were marked by indention
on the frosted glass slides before fabrication of the pencil films. The first sample was
fabricated by 100 pencil strokes while the other sample was fabricated by 4 pencil strokes.
The optical microscopy and height measurement of the pencil films fabricated on frosted
glass slides were performed using Nikon Eclipse LV100ND microscope with NIS-
Elements imaging software. This microscope can reconstruct 3D images of the sample by
scanning the height of the focal plane and reconstructing the sample topography via
software algorithms. Figures S2a and S2b show the optical microscopy (reflection
geometry) of the former and the latter samples at the interface between the pencil films
(reflective portion) and the frosted glass substrates (dull portion). Figures S2c and S2d
show the three-dimensional view of these two samples, respectively. Figure S2e shows the
height profile along the blue line in the sample in Figure S2a. The boundary region
indicated in this sample is a result of the indentation marks created prior to the fabrication
of the pencil film to define the exact area of the pencil film. Figure S2f shows the height
profile along the blue line in Figure S2b for the film fabricated by four pencil strokes. The
average thickness of the pencil films fabricated by 100 pencil strokes and four pencil
strokes were evaluated to be about 1.81 pum and 0.85 pm, respectively. This indicates that
most of the thickness of the pencil films fabricated on frosted glass slides is formed by the
first few pencil strokes. The electrical conductivity of each sample was evaluated by four-
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probe conductivity measurement at three different spots of each sample. The electrical
conductivity of pencil films fabricated by 100 and 4 pencil strokes were measured to be
about 0.0107 and 0.0047 mS, respectively (Figure S2g). The 2.25 times higher electrical
conductivity of the former pencil film is proportional to its 2.12 times higher thickness in
comparison to the latter pencil film. Therefore, it is concluded that fabrication of pencil
films with identical surface area and identical number of pencil strokes can lead to

fabrication of the reproducible sensor devices based on pencil films on frosted glass.

160



Ph.D. Thesis — A. Mohtasebi; McMaster University — Chemistry & Chemical Biology.

Avg. Z=10.921 ym |
Pencil Film |

Avg. Z=9.102 ym

Frosted [
Glass |

Z (um)

Avg. Z = 62.346 pm

11.5]
11.0]
_ 105 Boundary B
£ 10.0]
< 95 L
N 90]
8.5]
8.0] I
7.5
7.0 T T T T T T T
0 20 40 60 80 100 120 140 160
X (um)
1.2x10%
Thickness of the film r
fabricated by 100 pencil |
strokes ~ 1.818 um 7 8.0x10°-
£
S
£ 6.0x10°
g
T 4.0x10°
=]
o
2.0x10°
0.0

100 Strokes

o’ Pencil Film ||
63‘5-4 enci m
63.0 ] Avg- Z = 61.491 pm | g
62.5] Frosted Glass
62.0 i
61.5 i
61.0
60.5 N
60.0 Boundary
59.5 . . . . . y

0 100 200 300 400 500 600 700

X (um)

(g) Thickness of the film
fabricated by 4 pencil
strokes ~ 0.855 pm

4 Strokes

Figure S2. Optical microscopy of the pencil films fabricated on frosted glass slides by 100
pencil strokes (a) and four pencil strokes (b). (c) and (d) the three-dimensional view of the
interface in (a) and (b), respectively. (e) and (f) the height profile along the blue lines in (a)
and (b), respectively. (g) Four probe conductivity measurement of the film in (a) and (b).

161



Ph.D. Thesis — A. Mohtasebi; McMaster University — Chemistry & Chemical Biology.

Leucoemeraldine Base (LB)

suslenels

" Emeraldine Base (EB)

| N i

joasYenueny
Pernigraniline Base (PB)

©/N§©\\N/©/.N§©\\N/©

Leucoemeraldine Salt (LS)

Hay Ha
sLeNeL oS
© @ @

N N
Hz Hz

Emeraldine Salt (ES) -

@‘Q@OO

Pernigraniline Salt (PS)

N N
§®\ /©/®§©\ /@
[ j & NG,
= N N
H H

Figure S3. Molecular structure of different oxidation states of PCAT in base and salt
(doped by HCI) in addition to their color in methanolic solution.
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Chemical Sensing Setup

Figure S4. Photograph of the set up used for sensing measurement. The setup includes a
syringe and a syringe pump (for circulating the analyte), the sensor device, a waste
container, and two alligator clips connected to the two gold electrodes on one side and to a
source measure unit on the other side. The above photograph shows the process of
introducing fully-reduced PCAT (LB) to the pencil film to immobilize oligoanilines on top
of the graphite surface. A methanolic solution of fully reduced PCAT (0.5 mg/ml) was
introduced to the channel (0.2 ml/min) for five minutes. Then a stream of Millipore water
(0.2 ml/min) was introduced to the channel for two minutes to remove any oligoanilines
not adsorbed on the surface of the pencil film.
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Sensing with Bare Pencil Drawn Film
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Figure S5. Normalized current as a function of time under application of a constant bias
voltage of 0.15 mV for the bare sensor (without immobilized PCAT) in dry condition (a),
while exposed to Millipore water (b), exposed to aqueous NaOCI solution (1.5 ppm) from
dry state (c), and exposed to aqueous NaOBr solution with the concentration of 1.5 ppm

(d).
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Sensing of High Concentration of Aqueous Hypobromite Solutions
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Figure S6. Change in the measured current of PCAT-pencil electrode as a function of time
(constant bias measurement, 0.15 mV), prior and after exposure (white area and yellow
area, respectively) to 60 ppm (a), 240 ppm (b) of agueous solution of NaOBr.
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Calibration Curve Obtained After Sensing of Different Concentrations of

Hypochlorite with the PCAT-Pencil Drawn Sensor
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Figure S7. Al/Ip values for 0.1, 0.5, 1.5, 12, 60, 600 ppm aqueous solutions of NaOCI.

The Al/Io values were fitted by an exponential decay function with the following formula.

- tcon (=)
+ Yo (51)

The adjusted R-squared value for the fit was 0.998.
The As, b, and yo values for this fit are shown in the Table S1.
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Table S1. Fitting parameters of the exponential decay function used for fitting in Figure
S7.

Value Standard Deviation
Yo 2.176 0.013
A1 -2.031 0.036
B 10.596 2.048

167



Ph.D. Thesis — A. Mohtasebi; McMaster University — Chemistry & Chemical Biology.

UV-vis Spectra of PCAT Before and After (over 20 minutes) Interaction with
Different Concentration of Hypobromite
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Figure S8. UV-vis spectra of fully reduced PCAT as a function of time (over 20 min)
before and after interaction with different concentrations of aqueous solution of NaOBr;
(@) 1.5 ppm, (b) 6 ppm, (c) 12 ppm, (d) 60 ppm, (e) 240 ppm, (f) 1598 ppm. Inset of (f) is

a zoom-in.
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In Situ Raman Spectroscopy of The Interaction of PCAT with Bleach Vapor.

The in situ cell for Raman spectroscopy was fabricated using a PDMS substrate
with a channel (Length: width: thickness = 15 mm: 3 mm: 4 mm). A 3 x 10 mm silicon
wafer with a 200 nm top gold electrode (coated in PCAT) was placed inside the channel to
intensify the Raman signal. The compartment was sealed using a glass slide as a top
transparent cover. This top cover was bonded to the PDMS substrate using polyamide
double-sided tape. Two PTFE tubes (Cole Parmer Canada) were used as the inlet and the
outlet of the cell. To isolate the cell from the Raman spectrometer device, the inlet was
connected to a PTFE compartment filled with a high concentration of sodium hypochlorite

(12.5%). The outlet was connected to a compartment filled with water.

Raman Objective

AN
P
| ____Sample |
[ [T] Microchannel [
==Z|12.5% NaOCl H,0/Waste | ===

Figure S9. Schematic diagram of set-up used for performing in situ Raman spectroscopy
on a PCAT film.

First the redox chemistry of PCAT under the bleach vapor was studied using in situ

Raman spectroscopy. A film of reduced PCAT was coated on a gold substrate placed in an
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in situ cell (Figure S9) using the same procedure as for the liquid phase sensor. The cell
was placed under the objective lens of the Raman spectrometer and the film was exposed
to a flow of bleach vapor while Raman spectra of the film were acquired continually for
approximately 15 minutes. Figure S10 shows a selection of these spectra. Before the
exposure to bleach vapor (t=0), the Raman spectrum shows all three main bands of reduced
PCAT. The band at 1480 cm™ is a sign of oxidation of PCAT. The presence of this peak is
associated with the partial oxidation of PCAT due to the aging of the pristine powder. After
less than a minute exposure to the vapor (t=38 s), the intensity of the oxidation peak at
1480 cm™ is increased in addition to the appearance of a shoulder at 1587 cm™. These
bands represent the half-oxidized PCAT. The intensity of these two bands increase during
the second and third minute of exposure, while the intensity of the main reduction band at
1620 cm™ decreased. Two further reduction bands at 1178 cm™and 1220 cm™ shift to lower
frequencies (1164, 1216 cm™) which indicates the complete conversion of reduced to half-
oxidized PCAT. Finally, at t=212 s, no band of reduced PCAT can be found in the spectra.
This result indicates that not only is the aqueous solution of bleach a strong oxidizer of the
oligoanilines, but also its vapor can cause the oxidation of PCAT to higher oxidations states
(EB or PB). It was reported that an intermediate level of protonic doping leads to evolution
of a small band at around 1377 cm™.2 However, this band will disappear at higher levels
of doping. In our case, after approximately two minutes of exposure to this vapor (t=115
s), a low intensity band at around 1377 cm™ is observed. This band remained present after

approximately ten minutes of exposure.
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Figure S10. In situ Raman spectroscopy of LB film exposed to the bleach vapor as a
function of time.
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XPS Spectroscopy of PCAT Films

First, the possibility of vacuum deposition of reduced and half-oxidized PCAT was
examined by deposition on clean polycrystalline gold substrates. Using the survey spectra
of oligoaniline coated gold substrates, the C/N elemental ratio is equal to 7.4, and 11.0 for
the reduced and half-oxidized films, respectively (Figures S11a and S11b, respectively).
These values are close to the ratio of C/N=7.5 in PCAT (CsoH22N4, CsoH20N4). The
deviation of experimental C/N values from the theoretical value increases for the half-
oxidized state because the half-oxidized form of PCAT wets the surface less than its
reduced form. This leads to a higher contribution from the adventitious carbons on the gold

substrates in the C 1s spectrum and therefore a higher C/N ratio.
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Figure S11. XPS survey spectra of vacuum deposited reduced (a) and half-oxidized (b)
PCAT on gold substrates.
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Based on the ratio of Cl/C and CI/N extracted from the survey spectra, a maximum

16% of reduced and 25% of half-oxidized molecules are chlorinated.
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Figure S12. XPS survey spectra of vacuum deposited reduced (a) and half-oxidized (b)
PCAT on HOPG after exposure to bleach vapor.
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Figure S14. XPS C 1s (a) and survey spectra (b) of the PCAT-pencil film exposed to an
aqueous flow of NaOCI (6 ppm), depicted in Figure 4. The presence of silicon in the survey
spectra may be due to detached glass particles created during writing on glass, residue of
the PDMS channel, or the glass substrate itself under the thin graphite film.

175



Ph.D. Thesis — A. Mohtasebi; McMaster University — Chemistry & Chemical Biology.

UV-vis Spectra of PCAT Before and After (Over 20 Minutes) Interaction with

Different Concentrations of Sodium Hypochlorite
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Figure S15. UV-vis characterization of the interaction between reduced PCAT and NaOCl
solution. UV-vis spectra of pristine reduced PCAT after interaction with 60 ul of (a) 1.5
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Figure S16. UV-vis spectra of salt form of the fully reduced (black spectrum) and half-
oxidized (red spectrum) PCAT. In both cases HCI solution was used for protonic doping.
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Figure S17. (a) Atomic force microscopy (AFM) of pencil-drawn film on frosted glass
slide. (b) AFM of a PCAT-pencil film used in the sensor used for XPS spectroscopy
(Figures 4b and 4c) after exposure to aqueous solution of NaOCI (6 ppm). (c) height profile
along the lines shown in (a) and (b).
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A JEOL JSM-7000F scanning electron microscope (SEM) was used to investigate
the morphology of the 9B pencil lead electrode (Figure S18a) and the adsorbed
oligoanilines on it, prior and after exposure to an aqueous flow of NaOCI (6 ppm, 0.2
ml/min).

The investigation of the oligoaniline-9B pencil thin film of the sensor using SEM only
shows the presence of organic patches on the surface of graphite (Figures S18b and S18c).
However, comparison of AFM data of a HOPG surface coated with PCAT using the same
procedure as used in the sensor device (Figure S18d) with a bare HOPG surface (Figure

S18e) shows thin and continuous coverage of PCAT on the graphitic substrate.

Figure S18. SEM micrograph of; (a) bare pencil film fabricated on frosted glass, (b) PCAT
immobilized on pencil film before reaction with NaOCI solution (6 ppm), and (c) after
reaction with NaOCI (6 ppm). (d) AFM on a bare HOPG surface. () AFM on a HOPG
surface which was placed in the channel of the sensor device and introduced to the flow of
LB based on the same procedure used for pencil films.
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Figure S19. I-t graph of the sensor device exposed to different concentrations of aqueous
solutions of NaOCIl and NaOBr with the concentrations of 1.5 ppm (a), 6 ppm (b).
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Interaction of PCAT with High Concentration of Sodium Hypochlorite in Basic pHs

Reduced PCAT was reacted with a high concentration of NaOCI (1750 ppm) for two days.
The 1H NMR on this sample does not show any peaks. However, Raman spectroscopy on
this powder showed that the oligoanilines are fully-oxidized. The 1H NMR of fully
oxidized PCAT is elusive because of the high concentration of delocalized charge.
Although it is not possible to determine whether some of the PCAT is degraded by
exposure to hypochlorite, it shows that the PCAT can resist degradation in presence of high

concentration of hypochlorite in basic regime.
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Figure S20. (a) *H NMR spectrum of fully reduced PCAT after reaction with 1750 ppm
NaOCI solution. (b) Raman spectrum of the same sample in (a), after drop casting on a
gold substrate. The inset shows an image of this sample under the Raman spectrometer
objective lens.
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Figure S21. Interaction of PCAT with NaOCI (1000 ppm) for 20 hours in acidic conditions
(pH ~ 2). (a) Precipitate obtained from the reaction mixture. (b) Supernatant of the reaction
mixture. (c) Increase in the pH of the supernatant by addition of NH4OH. Addition of
NaBHs (d) and ascorbic acid (e) to the sample in (c) to chemically reduce this solution.
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Cyclic Voltammetry of PCAT

Cyclic voltammetry of PCAT was performed using a Emstat potentiostat (PalmSens). The
measurements were performed in a Faraday cage equipped with argon purging to avoid
interference due to air oxidation of PCAT during the experiment. The CV measurement
were carried out in non-aqueous medium of acetonitrile in which 0.1 M tertbutyl
ammonium perchlorate (TBAP) supporting electrolyte and 0.02 M diphenyl phosphate
proton source were dissolved. The working electrode was a platinum disk (0.785 mm? in
diameter) and the counter electrode was a platinum wire. The reference electrode was a
non-aqueous electrode of Ag/AgNO3zwhich was prepared by dipping a Ag wire into AQNO3
(10 mM) and TBAP (0.1 M) base electrolyte in acetonitrile solution. The Ag wire was
placed and sealed into a glass tube equipped with a porous Teflon tip and filled with AgQNO3
electrolyte solution. The scan rate in CV measurement was 100 mV/s and the experimental
window was -1.5 V to 1.5 V. To calculate the CV of PCAT versus redox potentials of
ferrocene (FC/FC+), the same experiment procedure described above was carried out when
ferrocene molecules were dissolved in the electrolyte. The concentration of ferrocene was

0.1 mM ad the scan rate was 100 mV/s.
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Figure S22. (a) CV measurement of PCAT versus ferrocene redox potentials. Each of the
four arrow/peaks marked in the oxidation scan of PCAT shows a single electron transfer
process. (b) Schematic diagram of oxidation of fully reduced PCAT to its fully oxidized
form in four consecutive oxidation steps.

Figure S22a shows four sets of CVs of PCAT, demonstrating the complete reversible
oxidation/reduction of PCAT. The oxidation wave of each scan contains four distinct
oxidations peaks. This is in agreement with previous reports on CV of PCAT which
attributes these peaks to electron-electron and electron-proton reactions.® The schematic
diagram of these four oxidation/reduction reactions is depicted in Figure S22b. Starting
from the fully reduced states of PCAT, the first two oxidation reactions are mediated by
electron-electron reactions, while the two conversions from the half-oxidized state to fully

oxidized state is mediated by two electron-proton reactions.®
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Chapter 7 Conclusions and Outlook

The interfacial interactions of a redox-active organic molecular layer with a metal oxide
surface and a graphitic surface are investigated. The concept of this study is based on the
idea introduced by Herbert Kroemer who considered each interface as a device on its own.1
In this thesis, initially, the thin film formation of a redox-active small molecule, phenyl-
capped aniline tetramer (PCAT) on its fully reduced and fully oxidized base forms on iron
oxide surfaces were studied. This aim has been achieved by examining the applicability of
a dynamic scaling model (scaling island size distribution)2 on nucleation and growth of
submonolayer PCAT islands on hematite surface. The complete description of this study
can be found in chapter 4. The main findings of this part of the thesis can be summarized

as

e The demonstration of the different morphology of the reduced PCAT islands from
the oxidized PCAT islands on hematite single crystal surfaces fabricated through
vacuum deposition. The reduced PCAT islands are few nanometers in thickness
while the oxidized PCAT islands fabricated under similar conditions are more than
hundred nanometers in thickness. At moderate substrate temperatures (293 K-338
K) the rescued islands are dendritic while the oxidized islands are more globular in
shape. In addition, at any temperature in this range, the density of the reduced

islands is significantly higher than the density of the oxidized islands.

186



Ph.D. Thesis — A. Mohtasebi; McMaster University — Chemistry & Chemical Biology.

e Optimization of vacuum deposition of different oxidation states of PCAT on iron
oxide substrate as a function of substrate temperature.

e The successful application of the scaling island size distribution on the reduced and
the oxidized islands which can be used for estimation of the critical island size of
the reduced and the oxidized PCAT nuclei.

e Estimation of the surface barrier energy and the diffusion prefactor for the reduced
and the oxidized islands which shows that even small changes in the structure of a
small molecule may significantly affect its intramolecular interactions as well as its
interaction with surfaces. This can directly affect the nucleation and growth of the
islands and the ability to fabricate thin homogeneous organic films.

e The demonstration that moderate changes in the oxidation states of the substrate do
not cause discernable changes in the nucleation and growth of the reduced and the

oxidized PCAT.

In the 5 chapter of this thesis the charge transfer at the interface of the PCAT-iron
oxide which is introduced in previous chapter was studied. The motivation behind this part
of the study is the application of redox-active organic compounds such as polyaniline
(PANTI) for corrosion inhibition of iron oxide.3 It has been argued that PANI at its oxidized
form can cause formation of a passive oxide layer on the surface of iron oxide while the
polymer itself will become reduced.4 In addition, the reoxidation of PANI by ambient is
necessary for the continuity of this cycle and thus prolonged protection of the substrate.

The main findings of this part are

187



Ph.D. Thesis — A. Mohtasebi; McMaster University — Chemistry & Chemical Biology.

e Demonstrating the partial reduction of half-oxidized and fully oxidized PCAT on
the surface of hematite single crystal. For the first-time demonstration of partial
oxidation of the fully reduced PCAT through interaction with hematite surface.
Therefore, it was argued that among all oxidation states of PCAT at the interface
with iron oxide, the half-oxidation state of PCAT is closest to an equilibrium.

e Showing the charge transfer and mutual doping between PCAT and hematite
through appearance or increase in the charged nitrogen species appeared in the N
1s x-ray photoelectron spectroscopy (XPS) of PCAT.

e Demonstrating the possibility to detect the effect of reduced and oxidized PCAT on
the oxidation state of iron oxide film through conductivity measurements of a thin

iron oxide film imbedded in a microfluidic channel.

Finally, in the 6™ chapter the further application of PCAT and solid surfaces in
electronic devices is shown. The fabrication of a microfluidic sensor based on the interface
of the reduced PCAT-graphite was illustrated. The procedure and the quality of the PCAT
film on graphite surface was demonstrated. Pencil lead was used as the surface of graphite.
The sensor was used for detection and quantification of free chlorine in water. It was shown
that the sensor is sensitive and selective to free chlorine in comparison to other common
disinfectant present in drinking water. Using several spectroscopy methods such as XPS,
Raman spectroscopy, and UV-vis spectroscopy the reaction mechanism behind the reaction
of PCAT and free chlorine was described. To this end, the sensing mechanism of the sensor
was thoroughly discussed. The summary of the findings of this study, the novelties, and its

contributions to the field of interface science and sensing are
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e Demonstrating the fabrication and the performance of a reagent-free, resettable
microfluidic sensor based on electrical transduction mechanism (chemiresistive)
for detection and quantification of free chlorine in drinking water based on the
interface of a pencil film and a fully reduced PCAT thin film.

e Showing that the interaction of PCAT with the vapor of sodium hypochlorite
solution leads to the chlorination, oxidation, and protonic doping of PCAT.

e Demonstrating that the interaction of PCAT and sodium hypochlorite leads to a
drop in pH, the chemical doping and chlorination of PCAT.

e Proposing that the electrostatically charged PCAT film forms up on the interaction
with sodium hypochlorite solution can affect the charge transport in the thin pencil
film and responsible for the signal in the sensing measurement. The intensity of this
signal is scaled with the concentration of sodium hypochlorite (below 60 ppm).

e Increase in the intensity of the sensing measurements for the highly chlorinated

PCAT films.

As it was demonstrated in this thesis, the interface of redox-active organic molecules
and solid surfaces can offer new possibilities for various applications from smart coatings
to electronic devices. In the following, some of the future research projects than can unlock

more of the possibilities of such interfaces are introduced.

1. Switchable surface morphology. We have demonstrated that different oxidation
states of a redox-active oligoaniline lead to the formation of different islands

morphologies on surfaces. First, the possibility of the reversible switching of the
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morphologies of the reduced islands to the oxidized islands through redox reactions
(preferably, chemical redox reactions) should be investigated. Up on success of this
step, thin films of PCAT on solid surfaces can be used in applications in which the
switching of the surface morphologies are desirable. One potential application can
be the development of surfaces with switchable optical properties (absorptivity,
refractive index),5 for example for detection of chemical species in gases or liquids
through the change in the optical properties of PCAT coated solid surfaces.

2. Elecromigration and surface mobility. Based on the surface diffusion parameters
calculated in this work, the effect of electric field and joule heating on the reduced
and the oxidized islands can be studied.6 While iron oxide was used in our study
due to the application of PCAT film for inhibition of corrosion of such surface, two
dimensional surfaces with high charge mobility such as graphene are preferred for
electromigration studies. This is because in contrast to majority of materials in
which charge carrier flow inside their bulk, in graphene the charge carriers flow on
its surface producing a sufficient electric field for electromigration of islands. In
addition, the effect of joule heating on the mobility of the reduced and the oxidized
islands is worth studying. This energy can be applied either as a local heat (e.g.
through laser beam) or through temperature gradient.

3. Switchable charge transfer between oligoanilines and other surfaces. While
investigating the charge transfer between hematite and PCAT is of importance for
understanding the passivation mechanism of iron oxide surfaces against corrosion,

iron oxide is not a desirable material for electronic devices. This is mainly due to
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fast oxidation and rusting in ambient and its various interchangeable phases with
various bandgaps from semimetallic to high bandgaps.7 Therefore, investigating
the possibility of switchable doping of other surfaces such as MoS2, WS,, and
graphene can be useful for future electronic devices considering the difficulty of p-
doping of majority of semiconductors. The same mechanism has been previously
demonstrated for the carbon nanotube-PANI system and was used for fabrication
of polarity switchable carbon nanotube transistors.8

4. Chlorination of oligoaniline. More research should be carried out to evaluate the
impact of chlorination of PCAT on its structure and stability. It is important to
evaluate the effect of pH on the extent of chlorination and possible degradation of
PCAT.9 Based on our result on the impact of chlorination of the sensing response
of PCAT in our chemical sensing experiments, other substituted PCAT derivatives
(e.g. fluorine substitute PCAT) should be synthesized and be tested in our chemical
sensor.

5. Biosensors. While the detection of free chlorine in drinking water is important for
water quality monitoring, the presented sensing mechanism in this thesis can be
used for the detection of other analytes such as biomolecules.10 For this purpose,
PCAT should be replaced with biomolecules for selective detection of analytes such

as specific sequences of DNA.
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