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ABSTRACT 

Aniline oligomers have become a very interesting topic for research because of their 

potential application not only in organic electronics but also in smart coatings for 

corrosion treatment of iron and steel. A majority of the studies in the literature are 

focussed on the bulk or direct interaction between the organic molecules with metal 

substrates, without considering the native oxide film. In order to develop smart coatings 

(has redox activity and self-healing ability) for iron and steel, one must first understand 

how these oligomers interact with the native iron oxide film. In this thesis, we develop 

new knowledge from our fundamental understanding of the interactions of redox-active 

aniline oligomers with the iron oxide surface. Phenyl capped aniline dimer with two 

oxidation states [fully reduced (DPPD) and fully oxidized (B2Q1)] and phenyl-capped 

aniline tetramer (PCAT) with three oxidation states [fully reduced (B5), half-oxidized 

(B4Q1), fully oxidized (B3Q2)] were chosen for investigation. The former is the smallest 

redox active aniline oligomer but with one fewer oxidation states than polyaniline 

whereas the latter mimics the redox system as well as corrosion inhibition properties of 

polyaniline. Moreover, the phenyl-caps help both of these molecules to resist 

polymerization on the surface. Raman spectroscopy, mid-IR spectroscopy, atomic force 

microscopy (AFM), temperature programmed desorption (TPD) and electrochemical 

impedance spectroscopy (EIS) were used to study interactions. We demonstrate that 

charge transfer and interconversion to different oxidation states take place during 

interactions between each of these molecules with iron (III) oxides surfaces. During 

interaction with the surface, all three tetramer molecules and DPPD prefer standing on 
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their edge orientation, whereas B2Q1 molecules tend to orient in lying down direction on 

the same surface. Having amino groups in the chain helps reduced and half oxidized 

molecules to strongly hydrogen bond with the surface and make them static on the surface. 

On the other hand, a lack of amino groups makes oxidized molecules mobile and loosely 

bound to the surface. Interactions and change of oxidation states impact the corrosion 

inhibition properties of PCAT. Strong ability of sticking to the surface and not fully 

oxidizing (B3Q2) during interactions makes B5 molecules superior corrosion inhibitors 

than B4Q1 and B3Q2 molecules. Transformation into B3Q2 form at the beginning of 

interaction allows B4Q1 to moderately inhibit corrosion but as it transforms back to its 

original form with time it becomes the 2
nd

 best corrosion protector of iron oxide surface 

after B5. The study of all oxidation states and their surface interactions with iron oxide 

surface will open up pathways towards of designing smart coatings using aniline 

oligomers and other redox-active molecules.  
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discussions namely, Dr. Peter Kruse, Dr. Joey Kish, Dr. Sarah Xang and Amirmasoud 

Mohtasebi. Dr. Sarah Xang helped with the electrochemical impedance spectroscopy 

system and Amirmasoud Mohtasebi with the vacuum chamber. Svetlana Kostina 

performed the synthesis of PCAT. 

The rest of the thesis including the introduction (chapter 1), experimental methods 

(chapter 2) and summary and future work (chapter 6) were solely written by the thesis 

author. 
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1 CHAPTER - 1 

INTRODUCTION 

1.1 CORROSION 

Corrosion is an electrochemical reaction between metals and their surrounding environment 

which causes degradation of the metal and also sometimes changes its properties (thermal 

conductivity and electrical properties etc). It is an ancient problem causing million dollars of 

loss in almost every country in the world. The cost of corrosion has been reported to be in the 

order of 1–5% of gross national product for most countries.
1
 Among metals, iron and steel 

corrosion are very well-known. Corrosion processes take place in metals in the form of an 

active electrochemical cell, consisting of an anode, a cathode, an electrolyte and an electron 

path.
2,3

 The anodic site of the cell is where metal atoms lose electrons to become positively 

charged, called oxidation reaction. Oppositely, at the cathodic site, those electrons are 

consumed and the negatively charged ion is produced, which is the reduction reaction.
4
 The 

electrolyte is a conductive solution which conducts electricity through movement of ions. The 

positive ions move towards the cathodic site, whereas negative ions move towards the anodic 

site. The electron path can be the corroding conductive metal.
2
 The corroded metal acts as an 

anode because it gets oxidized easily in ambient water containing dissolved atmospheric oxygen. 

This reaction releases metal ions and electrons.
5
 

In iron and steel, the principle anodic reaction is 
2 2Fe Fe e    

The corresponding cathodic reaction is 2 2

1
2 2

2
O H O e OH     

             2

22 ( )Fe OH Fe OH    
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Fe OH H O O Fe OH    

The released electrons reduce the oxygen and produce OH
-
, this is a cathodic reaction. Then 

the Fe
2+

 and OH
-
 ions can combine to form solid Fe(OH)2, which may undergo further oxidation 

and form hydrated iron (III) oxide.
4
  

Controlling the corrosion on any surface requires a deeper understanding of the corrosion 

process and type. Some commonly distinguished types of corrosion are described below. 

General or uniform attack is an electrochemical reaction during which an exposed metal 

surface is oxidized uniformly. It makes the metal part thinner without any localized corrosion 

which can eventually cause functional failure.
6
 Iron or steel rusting in air are a well-known 

example of uniform corrosion as discussed above. Uniform corrosion is the most predictable 

form of corrosion which can be prevented by knowing the process well.
 6

 Applying a coating or 

paint, and choosing uniformly microstructured materials are possible ways to prevent this kind 

of corrosion.
4
 General corrosion can be of several kinds, out of them the main two types are 

galvanic corrosion and atmospheric corrosion. Galvanic corrosion is an electrochemical way 

of attacking metals when two metals have a difference in electrochemical potential and have a 

conducting path between them. Through that conducting path, metal ions transfer from the 

anodic site to the cathodic site during corrosion and form a galvanic cell.
4,6

 In a galvanic cell, 

the more noble metal always acts as a cathode and the less noble metal or metal with more 

negative potential always acts as the anode. For the electron to travel, the metal surface 

becomes a conductive path, and the moisture forms the base for the electrolyte. Selecting two 

metals or alloys with similar or very close electrode potentials to form the galvanic coupling 
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and using metallic coatings (two types: sacrificial and noble) are possible ways to prevent this 

kind of corrosion.
2
 In atmospheric corrosion, the entire exposed metal surface is oxidized due 

to the corrosive environment. Rusting of steel in the air is an example of this kind of corrosion. 

This kind of corrosion does not go very deep inside the metal.
2
  

Corrosion can also happen at specific sites of the exposed area. This kind of corrosion is 

known as localized corrosion. Some of the main kinds of localized corrosion are pitting 

corrosion, crevice corrosion, and erosion corrosion. Pitting corrosion initiates by forming very 

tiny holes on the metal surface which are very difficult to detect visually. Sometime in the 

corrosive environment, the depth of a pit can grow so fast that the metal becomes un-repairable 

and looses its functionality. Pitting can initiate in a defect site of the metals due to damage in 

the protective coatings, mechanical imperfections in the material, etc.
4,6

 Crevice corrosion is a 

localized type of corrosion that can attack any shielded area and crevices of the metal surface 

due to a corrosive environment. This type of corrosion can start initially with a minor localized 

hole and with time can become aggressive.
4,6

 Crevice corrosion is a kind of pitting corrosion. 

This type of corrosion can take place due to local changes in the chemical properties of the 

metal such as an increase in the Cl
-
 ion concentration, a change in pH due to a change in the H

+
 

ion concentration and decrease of oxygen reduction or cathodic reaction in the crevices.
4
 Using 

proper sealing and coating can reduce this type of corrosion. The corrosion that takes place due 

to the movement of corrodent over the metal surface is known as erosion corrosion. This 

localized attack takes place due to damage or scratches in protective coatings.
6 

 

The loss due to corrosion can be huge. Simple metal loss can be related to the loss of 

operation efficiency and structure of the system and sometimes even requires expensive 
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replacement of any system. Most importantly it can cause fatal injuries to people due to 

structure failure of the bridge, cars or aircraft. Moreover, even corrosion product contamination 

could be a human health hazard. By understanding the different corrosion processes it is 

possible to prevent their aggressiveness on different surfaces. Some of the prevention 

mechanisms are discussed in the next section. 

 

1.2 CORROSION INHIBITION 

In reality, it is not usually feasible to completely eliminate all corrosion damage but its 

severity can be reduced by using different methods. There are several methods to inhibit 

corrosion which includes proper material selection and design, cathodic protection, anodic 

protection, barrier coatings, and using coating inhibitor etc. For designing the material there are 

four steps that are followed by corrosion engineers. Those are i) defining the materials 

functionality, ii) defining the tolerance of the corrosion environment of the materials, iii) 

material selection for designing and iv) inspection of the designed material.
7
  

Cathodic protection is a widely used method for corrosion control mostly for metal with 

water contact.  In the corrosion process, current flows between the anodic and cathodic site in a 

metal due to the potential difference.  In the cathodic protection, the anodic reaction is 

suppressed by supplying more electrons to the structured metal which eventually would 

increase the rate of cathodic reaction in the metal. This reduces the corrosion rate by decreasing 

the rate of the oxidation reaction of the metal.
2 
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Anodic protection is just opposite to cathodic protection, which is suitable to prevent 

corrosion of a metal in aggressive environments like sulfuric acid. In this method, corrosion is 

prevented by applying a sufficient current to make the potential anodic or positive to produce a 

passive oxide film on the structured metal. The potential is supposed to be sufficiently anodic to 

passivate the metal otherwise it will remain active and continue to grow native oxides.
2,3

 

Physical barrier coating is the most commonly used corrosion control technique. It 

separates or isolates the metal from the corrosive atmosphere. Types of coatings include 

metallic, non-metallic inorganic and organic. These coatings can be applied individually or 

combination with others depending on needs. Coatings can inhibit corrosion using any of three 

different mechanisms such as barrier protection, galvanic protection, and chemical inhibition. In 

the barrier protection, the inhibition can be done by either resistance inhibition in which the 

coating inhibits the current flow between cathodic and anodic sites or it can be done by causing 

oxygen deficiency at the metal surface to stop the cathodic reaction.
8
 In galvanic protection, an 

active metal (zinc) is used as a coating on the substrate metal. The metal used for this type of 

coating has a more negative electrochemical potential than the substrate metal. The substrate 

metal becomes cathodic in this case because all the current flows from the coated metal. As a 

result, the oxidation reaction happens in the coated metal and the underlying substrate is being 

saved. This coated metal is known as a sacrificial anode.
2,7,8

 

In 1985 David DeBerry
 
et al 

9 
observed  reduced corrosion rates of polyaniline (PANI) 

coated stainless steel in an acidic medium which he deposited electrochemically onto it. He 

concluded anodic protection was achieved via passive oxide formation on stainless steel by 
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polyaniline coating.
9,10

 Due to this very important property of polyaniline, its derivatives and as 

well as other polymers with similar properties have been identified and utilized.
10-13

  

PANI exists in three different oxidation states and also several protonation states as well.  

Iron (Fe) has two common oxidation states which also involve oxides and oxyhydroxides. As a 

result when theses two species are combined, the system becomes quite complex to study and 

understand.
14

 Studies show that PANI in contact with the iron surface causes the growth of a 

gray film underneath the coating on the surface by passivating the iron.
10,14

 This means a 

chemical reaction takes place at the interface of the PANI-Fe system during contact. Even 

though it is generally understood that PANI inhibits corrosion by forming a passive oxide, 

details of the chemical process behind the passivation are still not yet resolved.10,14,15  
It was 

suggested by Wessling et al. that PANI can act as a catalyst by oxidizing iron to the passive 

state.
10

 From the fully oxidized form, PANI becomes reduced by oxidizing or passivating iron.
 

Again from the fully reduced or half oxidized form, it converted back to its initial oxidized form 

by atmospheric oxygen.
15

 Other than inhibiting corrosion polyaniline film have the remarkable 

property of self-healing which makes them unique compared to conventional organic 

coatings.
14,16

 This self-healing ability of PANI is known as “throwing power”. This throwing 

power means PANI coating can protect underlying substrates even where they are not directly 

covering the surface, such as the scratched-out region on the coatings.
11,17

  

Although PANI has all these outstanding properties, it is not free from disadvantages. First 

of all, poor solubility of PANI in benign solvents is a great issue as well as difficulty to get well 

defined organic thin films by vacuum deposition.
 
The main drawback with PANI coating is that 

in the presence of a larger defect the coating can break down catastrophically due to 
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conductivity and long range interactions which can cause fast reduction of the caoting.
18

 This 

issue may be avoided through the use of shorter chain oligomers. Moreover, some aniline 

oligomers can mimic the redox states of PANI and can inhibit corrosion to the same degree as 

PANI.
13,19

 To understand the corrosion inhibition mechanism, shorter chain length oligomers 

are  better model systems because they are well defined, simple systems and can be vacuum 

deposited easily. This thesis work was focused on simplified models of a corrosion inhibitor, 

some of the shortest redox active oligomers of polyaniline, namely the phenyl-capped dimer 

and the phenyl-capped aniline tetramer (PCAT) (Figure 1.1. The phenyl-capped dimer is the 

shortest chain among the oligomers of PANI and it has two oxidation states, the fully reduced 

form N’N-Diphenyl-1,4 phenylenediamine (DPPD) and the fully oxidized form N,N’-Diphenyl-

1,4 benzoquinonediimine (B2Q1). These dimers have fewer redox states than PANI because 

they have only two nitrogens atoms in the molecular chain, whereas at least four nitrogens are 

needed to fully mimic the three major oxidation  states of polyaniline. However, for a detailed 

understanding of the interactions in the PANI–Fe system,  investigation of these molecules is 

nevertheless an important first step. The imine form of the phenyl-end capped-dimer can mimic 

the same constituting units as the pernigraniline base or fully oxidized form of PANI whereas 

DPPD can mimic the leucoemeraldine or fully reduced form of PANI. The second step of the 

investigation was focused on the PCAT. The PCAT coatings have been shown to have the same 

corrosion inhibiting ability on steel as PANI coatings.
13  

It can exist in three different oxidation 

states [B5 (fully reduced), B4Q1 (half oxidized) and B3Q2 (fully oxidized)] and several 

protonation states (unprotonated semiquinone and monoprotonated). The most important thing 

about PCAT is that it is the shortest chained aniline oligomers which can fully mimic the 
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electronic behavior of PANI. So, the PCAT system was used as one of the model systems for 

corrosion inhibition in this study. The reason for choosing phenyl-capped molecules is that 

these molecules cannot polymerize on the surface unlike amino capped molecules. Another 

problem with amino capped molecules is that it is very difficult to vacuum deposit. As a result, 

phenyl capped molecules are less complex than amino-capped to study. 

 

Figure 1-1. The structure of different oxidation states of phenyl-capped aniline tetramer and 

phenyl-capped aniline dimer. 
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1.3 INTERACTIONS AND MOBILITY 

When molecules interact with surfaces they can interact either through Van der Waals forces 

or through chemical bonding. If the interaction of the molecules with the surface is very weak 

and the bonding depends on the molecular polarizability then the interaction is known as 

physisorption. On the other hand, the situation where the molecules form chemical bonds with 

the surface is known as chemisorption. 

Chemisorbed molecules bond at specific surface sites and their interaction with the surface 

depends on their exact position and orientation.
21

 In this kind of interaction, molecules tend to 

occupy high coordination sites such as oxygen molecules occupying the face centered cubic 

threefold hollow sites of the Pt(111) metal.
22

 In the case of physisorption, molecules are only 

slightly bound to the surface and may experience stronger interactions between the molecules 

than towards the surface. This kind of absorption is common at low temperature.
21 

For non-

activated adsorption, molecules do not come across an energetic barrier (Figure 1.2). 

Molecules approaching the surface with low kinetic energy fall into the chemisorption well and 

stick to the surface. When the molecules have a higher kinetic energy they lose some energy as 

they strike the surface, then they recoil. This means that with increasing molecular kinetic 

energy the sticking coefficient decreases. In the case of activated adsorption, molecules 

experience an activation barrier as they approach the surface (Figure 1.2). Low energetic 

molecules cannot overcome the energy barrier but they can still physisorbed. On the other hand, 

molecules with a kinetic energy equal or higher than the barrier height can overcome the barrier 

and get trapped into the chemisorption well.
21
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Figure 1-2. One dimensional potential energy curves for molecular adsorption. 

The adsorbing molecules bring two kinds of adsorption dynamics for non-activated 

adsorption. Those are direct and precursor-mediated adsorption. In the case of direct adsorption, 

molecules can either adsorb directly by losing all their energy at the adsorption sites or lose 

some of their energy to be captured by the surface but still can slide or hop to one or more 

sites.
21

 In the case of precursor-mediated adsorptions, molecules are trapped into a mobile 

precursor state by losing enough energy to not return to the gas phase. The precursor could be 

linked to either a physisorbed state or even a chemisorbed state. Whether a molecule on the 

surface is mobile or static depends on the strength of the interactions of the specific molecule 

with the surface. Knowing the interaction chemistry is the first step to understanding the 

mechanism of corrosion inhibition. 

The mobility of molecules across surfaces is key to a wide variety of processes, including 

catalysis, molecular self-assembly and the formation of supermolecular structures.
23,24

 A large 

numbers of studies have been done to understand the molecular mobility on the surface. In this 
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section, some of them are discussed. Metal oxide surfaces are usually hydroxylated or hydrated 

under ambient conditions, so it is important to know the influence of hydrogen on the diffusion 

processes.
24

 The report by Li et al 2010,
24

 about the dynamics of catechol [C6H4(OH)2] 

adsorbed on rutile TiO2(110) by scanning tunneling microscopy,
 
gave a clear picture of that. 

That report showed that the molecule switches mobility by gaining or losing an extra H atom, 

which may enable the molecule to roll over to the next lattice site. They also suggested that the 

catecholate has to release and regain a H atom in order to progress across the surface; otherwise, 

only a back-and-forth motion between two neighboring lattice sites would be possible.
24

 The 

influence of water vapor on the surface diffusion was also studied by Wang et al 2009.
25

 They 

investigated the role of injected water on the diffusion of pyridine through MgO powder by 

Fourier transform IR (FTIR) absorption spectroscopy. Their result showed that the injection of 

water significantly increases the pyridine surface diffusion coefficient by displacement of the 

pyridine from strong adsorption sites (Lewis acid sites) to weaker hydrogen bonded sites.
25

 

Another study of surface diffusion is by Shi et al 2008,
26

 about the growth kinetics of 

tetracene films on silicon dioxide. They observed the growth of the outlines of islands formed 

by tetracene molecules using AFM. They concluded that the film growth is diffusion mediated. 

All the above studies showed that molecules are mobile on the surface. In one of the previous 

study of our group by Greiner et al. 2008,
17

 indirect evidence of molecular mobility of aniline 

oligomer on the steel surface was also found. In that study reduced PCAT (Phenyl capped 

aniline tetramer) was deposited onto the native oxide covered iron surface using a mask to cover 

half of the surface to form a film with a well defined edge. The reason for using a mask was to 

examine the “throwing power” of PCAT. It means the power of a molecules to protect even 
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where it is not directly covering the surface. AFM results showed that the PCAT film spread 

several micrometers underneath the edge of the mask. On samples exposed to the ambient 

atmosphere for several days there was evidence of further spread of PCAT by as much as 800 

μm, but PCAT stayed in place on fresh samples only handled in a vacuum and dry nitrogen. 

That study concluded that PCAT molecules are mobile on the surface and the film underneath 

the mask nucleates and grows based on thermal migration kinetics. An even larger value for 

“throwing power” was found by Fahlman et al 1997,
11

 in a study of the corrosion protecting 

capabilities of emeraldine base polyaniline (PANI-EB). They exposed steel samples with and 

without protective coatings to the corrosive environment and then studied them by X-ray 

photoelectron spectroscopy. Their sample half coated with EB showed almost no or little 

corrosion, about 15mm from the edge of EB which they believe is due to “throwing power”.  

 

1.4 STRUCTURE OF THIS THESIS 

The experimental methods that are used throughout the thesis are discussed in Chapter 2. 

Chapter 3 contains a study of the “Nature of the interaction of N’N-diphenyl-1,4 

phenylenediamine with iron oxide surfaces,” as submitted for publication. In this chapter, the 

interaction of DPPD with iron oxide surfaces was studied by Raman and visible spectroscopy. 

The orientation of DPPD was first studied using mid-IR spectroscopy, comparing the intensity 

ratio of molecular vibrations at different polarization angles. To compliment the mid-IR results, 

atomic force microscopy (AFM) was used. The step height of the molecular islands as observed 

by AFM is used to characterized the orientation. Thermal gravimetric analysis was used to 
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observe the desorption energy or the energy of interaction of DPPD molecules. These energies 

also compliment the orientation information from mid-IR and AFM. 

Chapter 4 describes a study of the “Nature of the interaction of N’N-diphenyl-1,4- 

benzoquinonediimine with iron oxide surfaces and its mobility on the same surfaces.” This 

chapter utilizes the same characterization technique as Chapter 3 but on a different molecule, 

which is N’N-diphenyl-1,4- benzoquinonediimine (B2Q1). That chapter also shows proof of 

mobility of B2Q1 and also discusses the de-wetting of B2Q1 molecules.  

Chapter 5, presents a study on “Interactions of different redox states of phenyl-capped 

aniline tetramers with iron oxide surfaces and consequences for corrosion inhibition.” The 

interaction of three different oxidation states (reduced, half oxidized and fully oxidized) of the 

phenyl-capped aniline tetramer with iron oxide surfaces was studied using Raman spectroscopy. 

Mid-IR and AFM are used to study the orientation of all three molecules on the same surface 

(iron oxide). Lastly, corrosion inhibition of these molecules was tested using electrochemical 

impedance spectroscopy (EIS) and laser line scanning. Weight loss measurements also were 

performed in this chapter to confirm the inhibition efficiency.  

In the last Chapter 6, all the work in this project is summarized and also future direction is 

discussed. 
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2 CHAPTER -2 

EXPERIMENTAL TECHNIQUES 

2.1 RAMAN SPECTROSCOPY 

If light from a monochromatic source hits a molecule, most of the photons will scatter 

elastically. It means there is no energy loss or gain (frequency shift) of the scattered light. This 

is known as Rayleigh scattering. With lower probability, some of the photons will scatter 

inelastically with a vibrational energy exchange between molecules and scattered light. This is 

known as Raman scattering.
1
 

The inelastic collision between the molecules and the incident photon which generates a 

frequency difference between the incident and scattered photon gives rise to a Raman spectrum. 

The Raman line that appears due to the higher frequency of the incident photon than the 

scattered photon frequency is called Stokes line. Oppositely, the Raman line that appears due to 

lower incident photon frequency than the scattered photon, is called anti-Stokes line.
2
 In 

Raman spectroscopy, vibrational transitions of molecules can be detected. To generate a Stokes 

line, a photon interacts with a molecule in the ground state with frequency ν0, the molecules 

absorbs part of the energy of the incident photon (frequency νm) and gives rise to emitted 

photon at lower frequency ν0 – ν m. On the other hand, to generate an anti-Stokes line, a photon 

after hitting a molecule which is already in vibrationally excited state, leaves the formerly 

vibrationally excited molecules in the ground state and re-emerges with higher frequency ν0 + 

νm  ( Figure 2.1).
3 
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Figure 2-1. Energy level diagram for Raman scattering. 

Raman scattering can also be described classically. The oscillating electromagnetic field of 

the incident laser light induces an electric dipole moment in the sample molecules during the 

interactions. The molecular vibrations change the polarizability of the molecules. This induced 

electric dipole moment P appears as the polarizability of the deformed molecules due to the 

external electric field.  The induced electric dipole moment can be shown to be  
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P = αE                                  (1) 

where α is the polarizability and E is the electric field.
3,4

 The polarizability is a measure of the 

deformability of the electron cloud in a molecule or an atom by an external electric field. This 

distortion of the molecules happens due to the positively charged nucleus being attracted by the 

negative pole and the electron being attracted towards the positive pole.
3
 The vibration of the 

deformed molecules is what the Raman spectrum shows. Since P and E both are vectors, they 

have three components along the x, y and z directions so the equation 1 will be expanded to be
3
  

x xx x xy y xz z

y yx x yy y yz z

z zx x zy y zz z

P E E E

P E E E

P E E E

  

  

  

  

  

  
              (2) 

In matrix form the above equation can be written as
3
  

x xx xy xz x

y yx yy yz y

z zx zy zz z

P E

P E

P E

  

  

  

    
    

     
        

            (3) 

The first matrix at the right-hand side of the equation 3 is known as polarizability tensor. 

Which vibrations are Raman-active or not depends on the selection rules. The vibration will be 

Raman active if any of the components of the polarizability tensor is changed during the  

vibrational motion. 

Since each of the atoms has 3 degrees of freedom because it can move in x, y and z-direction, 

N atoms have 3N degrees of freedom to move. The rules of thumb for vibrational degrees of 

freedom for non-linear and linear molecules are 3N-6 and 3N-5, respectively.
4
 For non-linear 
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molecules, this 3N includes the 3 translational motions and 3 rotational motions along the 

principal axes of rotations. For linear molecules, it is 3N-5 because there is no rotation around 

the axis parallel to the bond(s) axes.
3,4

 For example H2O is a bent molecule with 3*3-6=3 

normal vibrations, and the linear molecule CO2 has 3*3-5= 4 normal vibrations.
3,4

 Symmetric 

vibrations and stretching vibrations of molecules tend to give strong Raman signals but bending 

vibrations are weaker in Raman.
3,4

 

 

Figure 2-2.  A schematic diagram of a Raman system. 

Raman spectroscopy is a very powerful analytical tool. This method can very accurately 

determine the bonding and structure of molecules. As a result, it is used for molecularly 

fingerprinting not just in chemistry but also for biological materials. Raman spectra are 
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typically recorded in a range of 4000–10 cm
−1  

and are plotted as intensity vs wavelength shift. 

Raman spectroscopy can characterize molecules in wavenumber regions that are difficult for 

infrared spectroscopy (IR) to cover. For an example, metal-ligand bonds have an energy range 

from 100 to 700 cm
-1

, which is in the commonly accessible Raman detection range.
5
 Raman 

spectroscopy is also able to identify the distinct phonon modes of crystalline solid materials. 

This method requires no sample preparation time  and experiments can be done even in a couple 

of seconds.  

Raman scattering was discovered by C.V. Raman and K.S. Krishnan in 1928.
6
 Progressively, 

Raman instrumentation has improved a great deal. The main components of a Raman 

spectrometer are excitation source (Laser), light collector, filter, monochromator, microscope 

and detector (Figure 2.2). 

Excitation source: The laser source can be chosen based on the desired wavelength, 

sensitivity, and resolution required for the study.
7
 Before laser sources were starting to be used, 

mercury arc lamps were the light source in early Raman spectrophotometers.
2
 The most widely 

used  laser sources nowadays  are Argon ion lasers (488 and 514.5 nm), Krypton ion lasers 

(530.9 and 647.1 nm), Helium–Neon (He–Ne) lasers (632.8 nm), Near Infrared (IR) diode 

lasers (785 and 830 nm) and Neodymium–Yttrium Aluminum Garnet (Nd:YAG) and 

Neodymium–Yttrium Ortho-Vanadate (Nd:YVO4) lasers (1064 nm).
8 

Laser sources with short 

wavelengths (argon ion and krypton ion lasers) can cause photodecomposition of the sample 

and produce fluorescence whereas laser with longer wavelengths (diode or Nd:YAG lasers)  can 

overcome  those causes. On the other hand lasers with shorter wavelengths give a higher Raman 
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scattering probability because the intensity of the inelastically scattered light depends on the 

wavelength of the laser. 

Filter and monochromator: Raman scattering is very weak comparing to the intense Rayleigh 

scattering. Various optical filters and monochromator are used to overcome that problem. In a 

dispersive instrument, a combination of the various notch filter and grating monochromator are 

most commonly used. To separate the intense Rayleigh scattered light, sometimes double or 

even triple monochromators can be used.
5
 Among filters, holographic notch filters and 

dielectric edge filters are most popular. Edge filters only can filter the light wavelengths above 

the laser wavelengths. On the other hand, notch filters efficiently can filter the laser 

wavelength.
7,8

 

Detector: To maximize the weak Raman signal a highly sensitive detector is required. The 

most commonly used detectors of the choice for Raman spectroscopy are multi-channel Charge-

coupled device (CCDs) detectors. Comparing to Photomultiplier Tubes (PMT), CCD detectors 

show better quantum efficiencies and also lower signal to noise ratios. 

 

2.2 MID – INFRARED SPECTROSCOPY 

Infrared spectroscopy (IR) is based on the absorption of infrared light by molecules. The 

infrared portion of the electromagnetic spectrum can be divided into three frequency regions, 

the near-infrared (~14000–4000 cm
−1

), the mid-infrared, (~4000–400 cm
−1

) and the far-infrared 

(~400–10 cm
−1

). When IR radiation passes through the sample, a part of that radiation is 

absorbed by the molecules at particular frequencies. Those frequencies correspond to the 
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characteristic vibrations of atoms or groups of atoms in those molecules.
9
 Since different 

functional groups have their own characteristic IR peaks, IR has become a powerful tool to 

identify molecular compounds.  

The two most important criteria for IR absorption to take place are that the frequency of light 

matches the energy difference between vibrational energy levels and a change in the overall 

molecular dipole moment during the vibration.
4
 According to this selection rule, a vibration 

should be IR active if the rate of change of dipole moment with respect to the change of 

vibrational amplitude is greater than zero, 0
q

 
 

 
, where µ is dipole moment and q is the 

vibrational amplitude.
3,4,10 

  

The IR absorption is based on the Bouguer Lambert-Beer law,
 3,10 

 
cdI I e             (4)              

Where, I and I are the intensities of the incident and transmitted light, respectively. ε, c and 

d represent the molecular absorption coefficient, concentration and path length, respectively. 

The IR absorption spectra are commonly plotted as % transmittance (%T) (y-axis) vs 

wavenumber (cm
-1

) (x-axis), 

 % 100
I

T
I

              (5) 

Absorbance can be obtained for quantitative analysis by the following equation.
3,10
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 log
I

A cd
I

          (6) 

Two common types of vibrational modes are, stretching vibrations which involve a change in 

bond length and bending vibrations which are due to change in bond angle. Stretching can be 

symmetrical - increase or decrease in bond length simultaneously, or can be asymmetrical - 

where one bond length increases when another decreases. Bending vibrations can be further 

distinguished as scissoring, rocking, wagging, and twisting (Figure 2.3). The wagging and 

twisting are due to out of plane bending vibration and the other two (scissoring and rocking) are 

due to in-plane bending vibrations.
11

  

Infrared spectroscopy is a versatile experimental technique which allows taking spectra from 

all sorts of samples in the liquid, solid or gaseous states. IR spectrometers have been 

commercialized since 1940, where dispersive elements (prism) were used to obtain spectra.
12
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Figure 2-3. Different molecular vibrations including bending and stretching. 

The second generation was introduced around the 1960s, replacing prisms with diffraction 

gratings as monochromators. Despite working better than prisms, they still suffered from low 

sensitivity and poor wavelength accuracy issues.
12

 Most modern IR spectrometers are Fourier 

Transform Infrared Spectrometers (FTIR). They are built on the idea of a Michelson 

interferometer (invented by Michelson in 1891).
13

 A typical FTIR spectrometer consists of a 

source, interferometer, sample slot, detector, amplifier and a computer. A Michelson 

interferometer consists of a beamsplitter, a fixed mirror, and a moving mirror as shown in 

Figure 2.4. When a collimated beam from the infrared radiation source is passed through the 

beam splitter of the interferometer, it splits the beam into two beams of nearly equal intensities. 

One-half of the beams are transmitted to the movable mirror and another half is reflected by the 
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fixed mirror. The two reflected beams from these two mirrors return to the beamsplitter and 

recombine. These recombined beams from the beamsplitter are then directed towards the 

detector through the sample. While passing through the sample, selective absorption takes place. 

In the detector, the difference of the intensity of these two beams is measured as a function of 

the path difference Figure 2.4.  

 

Figure 2-4. Block diagram of an FTIR spectrometer instrument. 
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A combination of IR spectroscopy with optical microscopy (FTIRM) makes this technique 

more versatile. This new technique yields microscopic detail together with chemical 

information. Using synchrotron light source with tunable high photon flux makes this technique 

makes it even more powerful. The high brilliance (i.e., flux density) of light allows measuring a 

sample with a spatial resolution (3-10 µm) and higher signal intensity than any globar source.
14

 

Using this synchrotron based IR spectromicroscopy one can detect very thin films (sub-

monolayer – monolayer coverage) of organic molecules with higher signal to noise ratio. 

 

2.3 ULTRAVIOLET (UV) -VISIBLE SPECTROSCOPY 

Ultraviolet (UV) and visible spectroscopy deal with the light that occupies a narrow part of 

the total electromagnetic radiation spectrum. The UV light lies in the wavelength range 200-400 

nm and visible light in the wavelength range 400– 800 nm.
15

 When the light hits the sample 

molecules or atoms, the molecules absorb the energy from the UV or visible light causing an 

electronic transition in the molecule.
15 

The amount of light absorbed in the process is the 

difference between the intensity of the incident ( I ) and transmitted light (I). UV and visible 

spectroscopy are also governed by the Bouguer Lambert-Beer law described in Section 2.2.
15 

UV and visible spectroscopy can be used to quantitatively determine the concentration of 

species in a solution as well as the HOMO-LUMO gap and electronic structure of the 

molecules.
16

  

The basic parts of a spectrophotometer to study absorbance are a light source, a 

monochromator, a sample holder and a detector. A commonly used light source for the UV 
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region is a deuterium lamp, and for the visible region is a tungsten lamp (tungsten- halogen). 

Prisms or gratings are commonly used as monochromators, which split up light into constituent 

wavelengths. Photomultipliers are most common as detectors. 

In a typical spectrometer, a beam of light from a visible and/or UV light source is passed 

through the sample in the cuvette. The passed wavelength of the light will be scanned for ~ 30 

sec across the ultraviolet and visible region. A beam with the same intensity and frequency will 

also pass through a reference solvent. The detector will then measure and compare the 

intensities of the two light beams.
15

  

 

2.4 ATOMIC FORCE MICROSCOPY (AFM) 

An atomic force microscope (AFM) is a 3D surface profiler which can give qualitative and 

quantitative surface information with sub-nanometer resolution. To construct a 3D image of an 

object it uses inter-atomic forces between the probe tip and the sample.
17

 When the probe tip 

approaches closer to the surface during scanning the surface, forces (attractive or repulsive) 

between the surface and the probe tip cause deflection of the cantilever. 
18

 

Depending on the nature of the forces an AFM can function in one of three different imaging 

modes. One of the modes is the contact mode which is also known as static mode, the other two 

modes (non-contact and tapping) are known as dynamic modes (Figure 2.5). In the contact 

mode or static mode, the dominating force between the probe and the surface is repulsive, so it 

is in the repulsive regime of the inter - molecular force curve (Figure 2-5). During scanning in 

this mode, the probe directly touches the sample surface. The image of the surface is obtained 
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by maintaining a constant force (very low) and cantilever deflection by the feedback loop.
18,19

 

This mode is suitable for imaging rough and hard surfaces but can deform soft surfaces.
18

 In the 

non-contact mode, the probe does not touch the sample surface but is brought within a few 

nanometers to the surface during scanning. In this mode, the cantilever oscillates in either 

amplitude mode or frequency mode in the attractive regime.
20 

In this mode during the scanning 

of the sample surface laterally, the oscillation frequency of the cantilever deflection is kept 

constant by maintaining the average distance between the tip and sample by the feedback loop. 

By measuring the force derivative which is due to the shift in the resonant frequency of the 

cantilever, the topological image can be obtained in non-contact mode.
20

 The non-contact mode 

is suitable for soft samples and the tip lifetime of the probe is better due to the low force applied 

on the surface. Also, the resolution is much better than contact mode, sub – atomic level 

resolution can be achieved by this mode. The drawback with this mode is that it requires a UHV 

chamber minimize contamination of the probe.
18
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Figure 2-5. The force vs distance curve between the probe and the sample during AFM 

measurements. 

In tapping mode or intermittent contact mode the probe oscillates up and down at its resonant 

frequency with a high amplitude (up to ~100 nm) while scanning the surface.
22

 It operates in 

both on the repulsive and the attractive force regimes at the same time during scanning. In the 

attractive regime, it just slightly taps the surface during oscillation which prevents damaging 

any fragile sample.
19,21,22

 In each cycle when the probe comes closer to the sample the 

oscillation of the cantilever decreases. By adjusting the height between the cantilever and 
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sample by the piezoelectric the oscillation amplitude can be kept constant. The height image of 

the sample can be obtained as a plot of the variation of z- position vs xy position of the probe.
21

 

Figure 2.6, shows the basic components of an AFM instrument. A sharp tip commonly made 

out of silicon (Si) or silicon nitride (Si3N4) is attached to a cantilever.
19 

The cantilever is 

connected to a piezoelectric actuator and the sample is situated on top of the piezoelectric 

scanner (PZT). For making the cantilever oscillate the PZT actuator applies force on the 

cantilever. By means of a PZT scanner, the sample can move in x, y and z-direction. During the 

scan, a laser beam is focused on the back of the cantilever which is reflected towards the 

photodetector. This reflected beam gives cantilever deflection information. By the PZT and 

feedback loop the constant height and constant force of the tip can be maintained. From the 

variation of the Z axis of the PZT scanner and the cantilever deflection information AFM 

topography image of a sample can be obtained.
18,21,22

 

 

Figure 2-6. General components of an AFM instrument. 
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2.5 SCANNING ELECTRON MICROSCOPY (SEM) 

The Scanning electron microscope (SEM) generates magnified images using a high energy 

electron beam instead of light. It can be used to obtain surface topography with resolutions 

down to ~ 1 nm.
23-25

 

In SEM, the specimen is hit by an electron beam from an electron gun, which interacts with 

the specimen surface and results in a variety of signals. These signals are X-rays, 

cathodoluminescence, and three kinds of electrons: primary backscattered electrons (BSE), 

secondary electrons and Auger electrons.
25

 These signals emerge from the different depths of 

the specimen surface. BSE is the elastically scattered signal and this gives useful information 

for imaging. The secondary electrons are emitted due to inelastic scattering and emerge from 

close to the specimen surface.
25

 The secondary electrons can produce high-resolution images of 

a sample surface better than BSE. The secondary electrons are the most commonly used 

imaging mode.
23,25 
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Figure 2-7. General components of a SEM instrument.  

Figure 2.7 shows the instrumentation of a typical SEM. A field emission electron gun located 

at the top of the SEM expels electron towards the sample specimen by applying a powerful 

electric field. The electron beam then follows a vertical column through a series of magnetic 

lenses that are designed to reduce the diameter of the electron beam and focus it to a very small 

spot on the specimen.
22

 At the bottom of the column there exist a set of scanning coils that are 

used to deflect the electron beam on the specimen surface in x and y-axis to scan the surface.
24

 

When the electron beam reaches the sample, secondary electrons are knocked out the specimen 

surface. These electrons are then counted by the detector.
24,25
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Some samples need special preparation before imaging in SEM. Wet samples must be fully 

dry because SEM utilizes a vacuum system. It also requires a conductive sample, so all non-

conductive samples should be covered with a thin conductive layer.
23,24

 

 

2.6 THERMAL GRAVIMETRIC ANALYSIS (TGA) 

Thermal gravimetric analysis (TGA) is a method that measures the mass loss (or gain) of a 

substance as a function of temperature. In this technique, data can be plotted either directly as a 

mass loss (or gain) vs time or temperature or by taking the derivative of the TGA result as DTG 

data. DTG is a plot of change of rate of mass loss with respect to time or temperature.
26

 The 

DTG method can be used to do a thermal analysis of molecules similar to the temperature 

programmed desorption (TPD) method. By using DTG as TPD, kinetic parameters such as 

activation energy, pre-exponential factor and order of reaction can be obtained for different 

organic materials.
27

 TPD is a kind of technique in which the desorption of molecules is  

monitored while increasing the temperature linearly. At a certain temperature desorption 

prevails over adsorption and molecules return to the gas phase. The temperature at which 

desorption occurs depends on the strength of the adsorbate-surface interaction. 

DTG results can be analyzed to calculate the activation energy of desorption using different 

methods but the Falconer-Madix method is among the most accurate.
28

 In their method, they 

obtain  the Polanyi-Wigner equation for non-negative order,
28

 

( )exp
p

d E
N g

dt RT


 

 
     

 

                           (7) 
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Where, dθ/dt = desorption rate (molecules/cm
2
.sec), ν = pre-exponential factor, g(θ) = arbitrary 

non-negative order expression for dependence of rate on the surface coverage and θ = surface 

coverage (molecule/cm
2
). For dN/dt =0 at TP equation (8) can be obtained.

28
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Taking ln on both sides of (8) 

2
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        

                (9) 

For different heating rate plotting ln(β/TP
2
) vs (1/T) a straight with a slope (-E/R) can be 

obtained from where activation energy can be calculated.
28 

 

2.7 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY (EIS) 

Electrochemical impedance spectroscopy (EIS) is a very useful method to study 

electrochemical systems. It has widespread applications in characterizing corrosion mechanisms, 

coatings, fuel cells and batteries.
29-32

  

An electrochemical cell usually explores the interfacial charge transfer between a solid 

conductor (the working electrode) and an electrolyte. EIS is based on the AC current theory.
33

 

In this method a sinusoidal excitation potential (AC potential) of small amplitude is applied to 

the electrochemical system under investigation and in response a sinusoidal current is 

measured.
33

 The applied excitation potential signal E(t) and the response current I(t) signal can 

be written as follows (Figure 2.8), 
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0( ) sin( )E t E t                                         (10) 

0( ) sin( )I t I t                                        (11) 

where E0 and I0 are the amplitude of the potential and current signal respectively, ω = 2πf is the 

radial frequency (radians/sec) and f the frequency (Hz) of the sine wave and θ is the phase shift 

between the potential and the current signal.
33,34 

 

Figure 2-8. Sinusoidal potential excitation. 

According to Ohm’s law for AC theory where the frequency is non-zero,
 33, 34

 

0

0
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( )
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E tE t
Z

I t I t



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
                             (12) 

Z(ω) has a real Z
 ʹ
 part and an imaginary Zʺ part,  Z(ω)= Z

 ʹ
+i Zʺ and i= 1 . 

The plot of this real (x-axis) and imaginary (y-axis) components gives impedance spectra 

which are called complex plane or Nyquist plot (–Z″ vs. Z′, the imaginary part is usually 

negative in the electrochemical systems).
35

 This plot gives a semicircle on where the high-

frequency intercept gives the solution resistance value and the lower frequency intercept or the 
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diameter of the semicircle gives the charge transfer resistance of the system (Figure 2.9). The 

advantage of this plot is that it gives a quick and qualitative understanding of the data. Another 

type of plot to represent impedance data is Bode plot [log|Z| and θ vs. log( f )] which gives more 

frequency information than Nyquist plot.
34,35 

The logarithm of frequency axis gives wide range 

of frequency to be plotted. It can easily identify small impedances in the presence of large one 

which is difficult in Nyquist plot. Since, the Bode plot has frequency axis it is also possible to 

understand the frequency dependence of the impedance from this plot. 

 

Figure 2-9. Nyquist plot for a simple electrochemical system. 

 

2.8 OPTICAL SURFACE PROFILOMETRY (OSP) 

Optical surface profilometry (OSP) is a non- contact surface measurement technique which 

gives surface topographic information as well as surface roughness to a very high accuracy. 
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Figure 2-10. A schematic diagram of a OSP instrument. 

 In the OSP instrument during measurement, a small spot (~30 µm) of laser light is pointed 

towards the sample surface and the scattered light is focused onto the CCD displacement sensor 

which is attached to the scanning head of the system.
36

 By measuring the displacement of the 

scattered light, surface topographic features are generated.  During the measurement, a constant 

distance between the probe and the sample is maintained. This is technique has various 

applications such as coating thickness, smoothness, and damage analysis of the corroded 

sample.
36  
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ABSTRACT: Redox-active polymers and small molecules are of great interest in coatings, 

such as corrosion inhibitors for steel and other metals. In this work the interaction of the redox-

active phenyl-capped aniline dimer (N,N’-Diphenyl-1,4-phenylenediamine, DPPD) with iron 

oxide surfaces was investigated with the aim to understand the corrosion inhibition and self-

healing properties of polyaniline and aniline oligomers on iron oxide surfaces. Raman, mid-IR, 

and visible spectroscopy all show that reduced DPPD transforms into the semiquinone form by 

interacting with α-Fe2O3. Thermal gravimetric analysis (TGA) was used to quantify the strength 

of these interactions, clearly within the chemisorption range. TGA analysis, mid-IR 

spectroscopy and atomic force microscopy showed the DPPD molecules to be standing on their 

edge on the surface and changing their orientation to standing on end upon initiation of 

multilayer formation. DPPD – and hence other reduced oligoanilines or polyaniline – are 

therefore shown to strongly interact with iron oxide surfaces through hydrogen bonding and 

charge transfer to the surface. A full understanding of coatings will ultimately require the study 
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of all oxidation states and their surface interactions. Here we provide the most detailed 

understanding to date of the reduced state as a first step. 

* To whom correspondence should be addressed. Email: pkruse@mcmaster.ca. Phone: +1 (905) 

525-9140 ext. 23480. Fax: +1 (905) 522-2509 

 

3.1 INTRODUCTION 

An atomic-level understanding of the interactions of organic molecular films with inorganic 

oxides is of importance due to their applications in electronic devices, catalysis, and protective 

coatings. The rapid development of technologies such as organic light-emitting diodes,
1-2

 

organic thin film transistors,
3
 organic solar cells,

4-6
 water splitting

7
 and smart coatings

8,9 

requires efforts in interfacial engineering between organic thin films and inorganic metal 

oxides.
 
Conducting polymers such as polyaniline (PANI) are one of the most prominent 

examples in the coating industry, with a proven ability to inhibit corrosion of iron and steel.
10

  

Iron oxides and iron oxide surface chemistry, are widely studied for their photocatalytic 

properties, magnetic properties, and also in the area of corrosion.
11-13   

When exposed to oxygen 

and water in ambient conditions, iron forms native oxides, which are believed to be composed 

of a partially oxidized inner layer (FeO and Fe3O4) and fully oxidized outer layer (Fe2O3, 

FeO(OH)).
13

 This natively grown outer layer is neither passive nor mechanically stable. In order 

to prevent further oxidation of the metal surface, a sufficiently anodic potential needs to be 

applied to passivate the iron oxide surface.
11 

In 1985 DeBerry
14

 found that corrosion of iron or 

steel can be inhibited through the use of polyaniline (PANI) as a protective coating additive.
15

  

mailto:pkruse@mcmaster.ca
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More recently it has been found that PANI coatings can break down catastrophically due to 

their conductivity and long range interactions, which is the reason why their commercialization 

has failed.
16

 There are some challenges to using long chain polymers such as poor solubility in 

benign solvents and the impossibility of using vacuum deposition to get well defined organic 

thin films.
17

 These issues are not shared by short-chain aniline oligomers. Here we focus on the 

phenyl-capped dimer, which is the shortest redox active oligomer of polyaniline, and a 

simplified model of this class of corrosion inhibitors. This dimer has two oxidation states; a 

fully reduced form which is N,N’-Diphenyl-1,4-phenylenediamine (DPPD) and a fully oxidized 

phenyl terminated dimer or N,N’-Diphenyl-1,4-benzoquinonediimine (B2Q1). These molecules 

have fewer redox states than PANI because they have only two nitrogen atoms in the molecular 

chain, whereas at least four nitrogen atoms are needed to fully mimic polyaniline. For a detailed 

understanding of the interactions of PANI with iron oxide surfaces, investigation of these 

molecules is nevertheless an important first step. Previous work in our group showed evidence 

of electronic interactions between the leucoemeraldine (reduced) forms of the phenyl-capped 

aniline tetramer with native iron oxide surfaces.
18

  

In this study, the nature of the interactions of DPPD with hematite (α-Fe2O3) and native oxide 

surfaces was investigated using Raman, Mid-IR, and visible spectroscopy. The strength of these 

interactions was quantified using thermo-gravimetric analysis (TGA). Polarized IR 

spectromicroscopy and atomic force microscopy (AFM) are used to determine the orientation of 

DPPD in the bulk of deposited films and directly at the oxide surface. The aim of this work is to 

step by step understand the interaction of aniline oligomers with iron oxide surfaces to reveal 

the corrosion inhibition mechanism of polyaniline and its oligomers. 
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3.2 EXPERIMENTAL DETAILS 

The steel coupons (1 cm × 1 cm) used in this work were mechanically cut from sheets of low 

carbon steel (~0.002 weight% C, ~0.5 weight% Mn, balance α-Fe) obtained from ArcelorMittal 

Dofasco. Those coupons were mechanically polished for a minimum of 20 minutes by using 

coarse grit silicon carbide emery paper, followed by using 3 µm and 1 µm diamond particle 

emulsions combined with lubricating solution and colloidal silica (0.05 µm). All the samples 

were then washed with water and sonicated with acetone and methanol. The iron(III)oxide (α-

Fe2O3) nanopowder (<50 nm particle size, surface area 16 mg/m
2
), DPPD powder (98%), and 

the reducing agent ascorbic acid (reagent grade) were purchased from Sigma-Aldrich. Reduced 

DPPD powder was made by first mixing DPPD with ascorbic acid in a DPPD: the ascorbic acid 

molar ratio of 1:1.36. The mixture was then dissolved in methanol and stirred for 24 hours. 

Millipore grade water was used to dilute the methanolic solution, and the resulting precipitate 

was washed under vacuum suction with copious amounts of Millipore water to remove any 

residual ascorbic acid. The product was then dried in a desiccator. Ammonium persulfate 

(Sigma Aldrich, reagent grade) was used to obtain the oxidized form of the phenyl-capped 

dimer B2Q1), with a DPPD to ammonium persulfate molar ratio of 1 : 0.88, following 

otherwise the same procedure as for making the reduced form.  

UV-Vis spectra were recorded using an Ultrospec-100pro spectrophotometer. DPPD and 

B2Q1 powders were initially dissolved in MeOH to about 1 mg/ml. For taking spectra the 

solutions were diluted until an acceptable absorptivity range of the spectra was achieved. 

Samples containing α-Fe2O3 powder were suspended by sonication in methanol and also diluted 

as required. 
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 Raman spectra were obtained with a green laser excitation line (λ = 514.5 nm) on a Renshaw 

In Via Raman microscope. The objective used is a 20x lens, resulting in a spot size of ca. 1 µm. 

The maximum laser power that was used for DPPD was 0.07 mW to 0.1 mW
 
at the sample. For 

ease of comparison, the Raman spectra presented in this work were normalized to the highest 

peak.  

DPPD was vacuum deposited on steel coupons via thermal evaporation from a tantalum 

crucible. The home built stainless steel vacuum deposition chamber was pumped oil-free to a 

base pressure of about 3 × 10
-6

 Torr. The sample was mounted on a sample holder that could be 

cooled to less than 280 K and heated to above 600 K. The deposition coverage was measured 

using a quartz crystal microbalance. The substrate temperatures during deposition were 40 ˚C 

and 10 ˚C and the thickness of the films deposited was 1.6 nm and 5 nm of reduced DPPD, 

respectively. These two samples were studied by atomic force microscopy (AFM) for step 

height analysis. Another sample with a 15 nm thick film of DPPD was also deposited on one-

half of a steel coupon using a tantalum shadow mask. The substrate temperature of this sample 

was ~12.5 ˚C. This sample was observed by IR spectromicroscopy at the mid-IR beamline at 

the Canadian Light Source, in Saskatoon, SK. The endstation used for the experiment is a 

Bruker Vertex 70v/S spectrometer with a Hyperion 3000 microscope. This endstation is 

equipped with both a 100-micron size single element MCT detector (Globar and beamline 

sources) and a 64x64 pixel focal plane array detector (beamline only). For observing the thin 

layer of DPPD on steel surface a grazing incidence of reflection (GIR) objective was used. 

Thermal gravimetric analysis was performed using a Netzsch STA-409 'Luxx', which is a 

simultaneous thermal gravimetric analyzer (TGA) and a differential thermal analyzer (DTA). 
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Each coverage (powder mixture of DPPD and α-Fe2O3) was run for different heating rates at 2, 

5, 10, 15 and 20 deg/min with a final temperature of 1200 ˚C. In TGA the samples were run in 

air using standard Al2O3 crucibles. The data was analyzed taking the derivative of the TGA 

(derivative thermogravimetric – DTG) curve. From the DTG analysis, the desorption energies 

for 0.14, 0.18, 0.19, 0.4, 0.49, 0.52, 0.54, 0.81 and 1.08 nm films of DPPD on α-Fe2O3 sample 

were analyzed using the Falconer and Madix method.
19,20

 The average thickness of the 

molecular films was calculated using the volume and area of these molecules (unit cell 

dimensions of DPPD from XRD data are a = 2.5701 nm, b = 0.7482 nm, and c = 0.6967 nm).
21

 

The desorbed species were verified by using a Varian CP-3800 Gas chromatograph with a 

Varian 2200 ion trap mass selective detector over a temperature range 50-450˚C.  

AFM was performed in a Veeco Enviroscope with a Nanoscope IIIa controller and Veeco 

RTESPA (Tapping Mode, resonance frequency nominally 300 kHz) phosphorus n-doped Si tips 

with nominal radii of 10 nm or less. Gwyddion data analysis software version 2.44 was used to 

analyze the AFM data.
22

 Another kind of sample was made by drop casting reduced DPPD in 

methanolic solution on steel substrates. DPPD powder was dissolved in MeOH to 1mg/ml. 

During drop casting, MeOH was evaporated in air. Raman spectra were also taken for these 

samples to characterize the interaction of reduced DPPD with α-Fe2O3. SEM imaging was done 

using a JEOL-7000F at 3 kV beam energy, 6 mm sample distance in secondary electron 

detection mode at a base pressure of 5 x 10
-5

 Torr. 
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3.3 RESULTS AND DISCUSSION  

Spectroscopic investigation of the interactions of different forms of DPPD with α-Fe2O3. 

The interactions of different forms of DPPD with α-Fe2O3 were initially characterized using 

visible spectroscopy which can clearly distinguish between different oxidation states present in 

different samples. Figure 3.1 shows visible spectra of N,N’-diphenyl-p-phenylenediamine 

(DPPD) powder as purchased, N,N’-Diphenyl-1,4 benzoquinonediimine (B2Q1) powder, a 

~0.19 nm film of DPPD on α-Fe2O3 (nanopowder), a ~0.28 nm film of B2Q1 on α-Fe2O3, and a 

~0.54 nm film of  DPPD on α-Fe2O3. The visible spectrum of the DPPD as purchased (Figure 

3.1a) has a peak at 343 nm which corresponds to the π-π* transition in the benzenoid ring of the 

reduced DPPD
23,24 

as well as a little feature at ~379 nm due to a small population of the 

semiquinone form. This indicates that as purchased the DPPD powder is mostly in the reduced 

(leucoemeraldine) form and includes traces of the semiquinone form. The visible spectrum of 

B2Q1 (Figure 3.1b) shows an absorption peak at ~361 nm due to the presence of the 

semiquinone form
23-25 

and at ~531 nm due to the transition of the benzenoid ring to a fully 

oxidized quinoid ring.
26 

In the visible spectra of a ~0.54 nm film DPPD film, the characteristic 

band of the π-π* transition is blue shifted to 337 nm (Figure 3.1d) and it is blue shifted to an 

even lower wavelength for a ~0.19 nm film of DPPD (Figure 3.1e). Both of these spectra show 

a trace of the peak assigned to the semiquinone form at ~367 nm (~0.54 nm film) and ~364 nm 

(~0.19 nm film), respectively. These two peaks (367 nm and 364 nm) arise from the interaction 

of the semiquinone ring of the DPPD with α-Fe2O3. There is no sign of B2Q1 (the peak from 

500 - 800 nm) in these two spectra. Figure 3.1f shows a spectrum of the pure α-Fe2O3 powder 

for comparison, indicating that all discussed features indeed originate from the molecules. The 
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531 nm peak of B2Q1 is hardly visible in the spectrum of a ~0.28 nm film of B2Q1 on α-Fe2O3 

(Figure 3.1c), indicating that upon interaction with α-Fe2O3 the B2Q1 transforms mostly into 

the semiquinone form. 

  

Figure 3-1. Visible spectra of (a) DPPD as purchased; (b) B2Q1 as prepared; (c) ~0.28 nm film 

of B2Q1 on α-Fe2O3; (d) ~0.54 nm film of DPPD on α-Fe2O3; (e) ~0.19 nm film of DPPD on α-

Fe2O3; and (f) pure α-Fe2O3 powder for comparison. 

Raman spectroscopy was also used to characterize the species that arise due to the interaction of 

DPPD with iron (III) oxides and identify if any change of oxidation states of DPPD during 

deposition is due to interaction with iron oxide, or due to interaction with methanol which was 
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used as a solvent. DPPD powder (fully reduced), shows intense Raman bands at 745, 816, 993, 

1029, 1194, and 1616 cm
-1

 (Figure 3.2a). The bands at 1194 and 1616 cm
-1

 were attributed to C-

C stretching and C-H bending vibration respectively,
27 

and the bands at 993 and 1029 cm
-1

 arise 

due to ring breathing of the monosubstituted benzene.
28

 The bands at 745 and 816 cm
-1

 are 

assigned to C-H out-of-plane wag of mono-substituted benzene.
29

 For comparison, the Raman 

spectrum of as purchased DPPD powder was also taken (see Supporting Information 3.11) 

which shows the presence of some semiquinone species in purchased DPPD as indicated by the 

visible spectrum. The Raman spectrum of DPPD drop cast from methanol onto glass shows no 

sign of interaction (Figure 3.2b). This spectrum shows similar bands to the powder DPPD 

spectrum in Figure 3.2a. 

 

Figure 3-2. Raman spectra of (a) pure powder DPPD (b) DPPD dropcast onto glass from 

methanol. 

To observe the interaction of DPPD with α-Fe2O3 nanopowder, Raman spectra are taken for 

different coverages of DPPD on α-Fe2O3 nanopowder, namely of ~0.54 nm and ~0.19 nm films 

of DPPD powder mixed with α-Fe2O3 nanopowder (Figure 3.3). The main characteristic peaks 

of DPPD, 1615, 1193, 1029 and 993 cm
-1

 (Figure 3.2a) are not present in those spectra, and 

instead, new bands arise. In Figure 3.3a the Raman band at 1398 cm
-1

 is assigned to the radical 
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cation or semiquinone forms of DPPD.
30,31

 The bands at 1340 cm
-1

 (shifted) and 1231 cm
-1

 are 

consistent with C-N
+•

 stretching
32,33

 and the band at 1448 cm
-1

 (shifted) is due to C-C 

stretching
30 

of the semiquinone radical. 
 
In Figure 3.3b of the ~0.54 nm film, the intensity of the 

band 1448 cm
-1 

has decreased, and all the other bands are shifted to a higher wavelength. The 

other bands at 1152 cm
-1

 (Figure 3.3a) and 1156 cm
-1

 (Figure 3.3b) are consistent with a fully 

reduced powder spectrum. On the other hand, the bands at 1537 cm
-1

 (Figure 3.3a) and 1538 

cm
-1

 (Figure 3.3b) belong to B2Q1 (fully oxidized dimer).
30

 The band at 1631 cm
-1

 (shifted, 

Figure 3.3a), which is present in the thinner film (0.19 nm) is due to monoprotonated species of 

DPPD.
30

 This indicates that DPPD transforms into mostly the semiquinone form and also to 

some degree into B2Q1 by interacting with α-Fe2O3, and also that a thin film of molecules has 

stronger bonding interactions with the surface than a thicker film. This phenomenon of strong 

bonding of the lower coverage species is also confirmed by the TGA results below. 

 

 

Figure 3-3. The interactions of DPPD with the α-Fe2O3 surface. Raman spectra of (a) ~ 0.19 nm 

film of DPPD and (b) ~ 0.54 nm film of DPPD on α-Fe2O3. 

A DPPD in methanol solution was drop cast on a (1 cm × 1 cm) steel coupon, the interactions of 

the native oxides (the top layer consists of α-Fe2O3) with DPPD of this sample were then 
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observed by Raman spectroscopy. Figure 3.4a shows a Raman spectrum of a DPPD island with 

peaks at 1615, 994, 1028 and 1193 cm
-1

, which are characteristic of pure DPPD. DPPD 

molecules near the interface to the native oxide of a steel substrate are converted into the fully 

oxidized (B2Q1) state as shown in Figure 3.4b. This result is different from the α-Fe2O3 and 

DPPD powder mixture, which showed that dry DPPD upon interaction with α-Fe2O3 turns into 

the semiquinone state. Hence methanol clearly plays a role in the interactions, likely due to 

hydrogen bonding. 

  

Figure 3-4. DPPD dropcast from methanol onto a steel substrate: (a) large DPPD island and (b) 

thin film of DPPD.  

The effect of laser power in Raman spectroscopy on DPPD/α-Fe2O3 mixtures of different 

coverages was observed using a green laser (514.5 nm). The laser power used to identify the 

molecules on the α-Fe2O3 surface was 0.07 mW to 0.1 mW at the sample (Figures 3.5b, c). In 

the Raman spectrum at lower power (0.07 mW to 0.1 mW) it is not possible to identify the 

oxidation state of iron oxide in the powder mixture; if the laser power is increased to 1.04 mW 

at the sample it is possible to see α-Fe2O3 (Figure 3.5d). The Raman spectrum of a ~0.54 nm 

film of DPPD on α-Fe2O3 in Figure 3.5a shows the impact of laser power on the mixture. In the 

top spectrum the intensity of each band of DPPD is very low at 1.04 mW laser power (Figure 
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3.5a), but new bands characteristic of hematite (α-Fe2O3) arise at this laser power. The Raman 

bands at 219, 285, 398, 490 and 592 cm
-1

 are assigned to hematite (α-Fe2O3).
34

 It is possible that 

at lower laser power there was magnetite (Fe3O4) on the surface but because of noise and higher 

intensity of the DPPD, it was not visible. Figure 3.5d shows the Raman spectrum of pure α-

Fe2O3 nanopowder for comparison. This experiment shows that by Raman spectroscopy it is 

difficult to identify the real oxidation states of DPPD and iron oxide same time in the mixture of 

those two compounds, even though that would have been desirable for the study of their 

interactions. 

 

Figure 3-5. Raman spectra with 514 nm green laser of ~0.54 nm film of DPPD on α-Fe2O3 

(powder mix). (a) At a laser power at the sample of 1.04 mW; (b) At a laser power of 0.1 mW; 

(c) At a laser power of 0.07 mW; (d) Pure α-Fe2O3 powder at a laser power of 1.04 mW at the 

sample. 
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The orientation of DPPD on a native iron oxide surface.  

The orientation of DPPD on native iron oxide surfaces was studied by synchrotron-based 

mid-IR spectromicroscopy. A 15 nm thick film of DPPD was vacuum deposited on one-half of 

a steel coupon using a tantalum shadow mask. This sample had no contact with methanol. 

Figure 3.6 shows the IR mapping spectra of DPPD from the organic film portion of the sample 

towards the clean portion at θE = 90˚. The location where each spectrum was taken on the 

sample is shown in the bottom image of Figure 3.6. In this image it can be seen that points (a) 

and (b) are taken on the deposited film, points (c) and (d) are taken on the edge of the film and 

just after the edge on the clean side, respectively and point (e) is further away from the film 

edge. The spectra were measured in reflection geometry with a grazing incidence (θ= 80˚) 

objective. The electric field of the polarized light was parallel to the substrate surface with 

polarizer θE = 0˚ and perpendicular to the substrate surface at θE = 90˚. The IR bands of this 

molecule were divided into two regions, the low-frequency range < 1000 cm
-1

 (mostly out-of-

plane ring vibrations) and the medium frequency range > 1000 cm
-1

 (in plane ring vibrations). 

From the intensity ratio between prominent bands of out-of-plane and in-plane vibration, it is 

possible to obtain orientation information of DPPD. In the IR mapping spectra, the bands at 

1494 cm
-1

 and 1313 cm
-1 

correspond to C-H in-plane bending vibrations.
35,36

  The intensity of 

these bands increases when moving along the film towards the film edge (as the coverage of the 

molecules gets lower), which corresponds to the benzenoid ring transforming into a 

semiquinone structure (Figures 3.6a–e).
37

 As only the molecules in immediate proximity to the 

surface remain (lower coverage), another band arises as a shoulder at 1295 cm
-1

 (Figure 3.6e) 

which correspond to the C-N stretching vibration of the semiquinone ring.
37

 The band at 1534 
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cm
-1

 (shifted) is attributed to the C-H in-plane bending vibration of the benzenoid ring.
 
The 

bands at 744 cm
-1

 and 819 cm
-1

 are attributed to the C-H out-of-plane wags of mono and para-

substituted benzene rings, respectively.
38

 

 

Table 3.1 shows the intensity ratio for θE = 90˚ between the band at 744 cm
-1

 (out-of-plane 

wag of mono-substituted benzene) and three in-plane vibrational bands at 1534 cm
-1

, 1494 cm
-1

 

and 1313 cm
-1

 for all the points (Figures 3.6a-e). Table 2 shows the intensity ratio for θE = 90˚ 

between the band at 819 cm
-1

 (out-of-plane wag of para-substituted benzene) and the same three 

Figure 3-6. Mid-IR mapping spectra of DPPD on a steel substrate at θE = 90˚. A zoom-in of the 

region between 1300 and 1700 cm
-1

 is shown on the right. In the IR spectra, spectra (a) – (e) 

represent the points from the molecular film side to the clean side. These points are shown in 

the optical image map at the bottom. The spacing between sample points (red marks) is 100 µm, 

for a total cross-section length of about 2 mm. 
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in-plane vibration bands for all the same points (Figures 3.6a-e). As the ratio decreases there is 

a greater chance for the molecules to be aligned with the field. It can be seen from Table 3.1 

that the ratio gradually decreases as the surface coverage of the molecules is getting lower 

(Figures 3.6a, b, d and e), except point (c) (Figure 3.6c). Point (c) corresponds to the molecules 

at the edge of the deposited side. Table 3.2 shows the decrease in the intensity ratio except for a 

very low ratio at point (c) comparing to other two. This decrease in intensity ratio results from 

molecules in the first monolayer tending to lie flat on the surface (low coverage of molecules). 

To compare these characteristics of the DPPD molecules we took IR mapping spectra on those 

same points for θE = 0˚ (Figures 3.7a-d). 

 

 

 

 

 

Table 3-1:  Intensity ratio between IR absorption band 744 cm
-1 

and three bands 1534, 1494,  

1313 cm
-1

 for θE = 90˚.  

 744 cm
-1∕ 1534 cm

-1
 744 cm

-1∕ 1494 cm
-1

 744 cm
-1∕ 1313 cm

-1
 

1
st
 point (a) of the 

mapping image. 

0.76 1.1 0.78 

7
th

 point (b) 0.55 0.57 0.48 

8
th

 point (c), at the film 

edge 

0.35 0.28 0.25 

9
th

 point (d) 0.47 0.53 0.38 

10
th

 point (e) 0.42 0.29 0.24 
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Table 3.3 shows the intensity ratio for θE = 0˚ between band 744 cm
-1

 (out-of-plane wag of 

mono-substituted benzene) with three in-plane vibration bands 1534 cm
-1

, 1494 cm
-1

 and 1313 

cm
-1

 for all the points (Figures 3.7a-d) and Table 3.4 shows the intensity ratio for θE = 0˚ 

between band 823 cm
-1

 (shifted) (out-of-plane wag of para-substituted benzene) with the same 

three in-plane vibration bands for all the same points in Figures 3.7a-d. Tables 3.3 and 3.4 show 

the increase in intensity ratio as the coverage of molecules gets lower, except for the point (b) 

(Figure 3.7b), due to the same reason as mentioned above that some of the molecules are 

twisted or lying at an angle to the surface. This is also why the band at 823 cm
-1

 is not visible in 

the IR spectrum in Figure 3.7c (Table 3.4 point (c)). Comparing each of the points in Tables 3.1 

& 3.3 and Tables 3.2 & 3.4 it can be seen that the intensity ratio is higher at θE = 0˚ for each 

point. This indicates that the molecules are standing up on edge or on end on the iron oxide 

surface as the coverage gets lower. 

Table 3-2: Intensity ratio between IR absorption band 819 cm
-1 

and three bands 1534, 1494,  

1313 cm
-1

 for θE = 90˚. 

 819 cm
-1∕ 1534 cm

-1
 819 cm

-1∕ 1494 cm
-1

 819 cm
-1∕ 1313 cm

-1
 

1
st
 point (a) of the 

mapping image. 

0.25 0.35 0.26 

7
th

 point (b) 0.23 0.24 0.20 

8
th

 point (c),                   

at the film edge 

0.12 0.10 0.09 

9
th

 point (d) 0.23 0.26 0.19 

10
th

 point (e) 0.17 0.12 0.10 
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Figure 3-7. Mid-IR mapping spectra of DPPD on a steel substrate at θE = 0˚. The IR spectra (a-

d) represent the points from the molecular film side to the clean side. These points are shown in 

the optical image map at the bottom. The spacing between sample points (red marks) is 100 µm, 

for a total cross-section length of about 2 mm. 
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Scanning electron microscopy (SEM) was used to observe the large-scale morphology of the 

DPPD film on the native oxide of a steel surface. Figures 3.8a and 3.8b show SEM images of 

oxidized DPPD on a steel substrate. This sample (steel substrate) was sonicated for ~1 hour in a 

solution of DPPD in methanol. Figure 3.8 shows that DPPD forms dendritic islands on the steel 

surface. By forming dendritic islands these molecules show their bonding attraction towards 

each other and also to the iron oxide surface. The spectroscopic measurements (Raman and 

 

 

 

 

Table 3-3:  Intensity ratio between IR absorption band 744 cm
-1

and three bands 1534,  

 

1494,1313 cm
-1

 for θE = 0˚, Figure 3.6. 

 

 744cm
-1∕ 1534 cm

-1
 744cm

-1∕ 1494 cm
-1

 744cm
-1∕ 1313 cm

-1
 

1
st
 point (a) of the 

mapping image. 

1 1.3 0.82 

7
th

 point (b) 0.59 0.54 0.46 

8
th

 point,                         

at the film edge (c) 

1.8 2.5 0.82 

9
th

 point (d) 1.64 1.14 0.77 

Table 3-4:  Intensity ratio between IR absorption band 823 cm
-1

and three bands 1534,1494,  

1313 cm
-1

 for θE = 0˚, Figure 3.6. 

 823cm
-1∕ 1534 cm

-1
 823cm

-1∕ 1494 cm
-1

 823cm
-1∕ 1313 cm

-1
 

1
st
 point (a) of the 

mapping image. 

0.9 1 0.68 

7
th

 point (b) 0.57 0.52 0.44 

8
th

 point (c),                    

at the film edge 

- - - 

9
th

 point (d) 1.75 1.18 0.81 
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mid-IR) already provided evidence of the charge transfer interaction of DPPD molecules with 

the iron oxide surface. IR rules out the possibility of molecules lying flat on the surface, but 

leave open the possibilities of edge-on and end-on orientations. The question remains in which 

direction specifically these molecules are orientated and how strongly they are bonded to each 

other and with the surface.  

 

Figure 3-8. SEM images of DPPD sonicated ~1h on the steel surface. Both right and left 

images are showing dendritic islands of DPPD. 

Step height analysis of DPPD films on α-Fe2O3 surfaces. 

Mid-IR spectroscopy showed that DPPD molecules have preferred orientations on iron oxide 

surfaces. Atomic force microscopy was used as a complimentary technique to define the 

orientation of these molecules via layer thickness (step height). The AFM images of DPPD 

were analyzed to determine the thickness of the first layer formed on the surface. AFM images 

show that the molecules from ribbon-like islands for a 1.6 nm thick layer of molecules that was 

vacuum-deposited onto a substrate held at 40°C (Figure 3.9a). In contrast, the sample with a 5 

nm film deposited at 10˚C substrate temperature shows islands of molecules (Figures 3.9b, c). 

This sample was used for step height analysis. A histogram of step heights (Figure 3.9e) was 

prepared from line profiles of the AFM image (Figure 3.9c). Figure 3.9d shows an example of a 
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line profile for the histogram. The histogram shows that most of the DPPD islands have a step 

height of ~0.5 nm in the first layer, with the second most probable step height being ~0.3 nm. 

The 0.3 nm steps are due to molecules lying flat on the surface. Due to the limited z-resolution 

(0.06 nm) of the AFM used in this work, it is not practical to distinguish between smaller step 

sizes (0.35, 0.45…etc.) which would introduce an error of ± 0.05 nm in the step calculation. 

The 0.5 nm step height is less than the expected thickness of about 0.7 nm for DPPD molecules 

standing on their edge.
21

 We conclude that these molecules are standing on their edge but are 

tilted at an estimated angle of 45° in order to accommodate this discrepancy. Our IR results 

suggested that a majority of the DPPD molecules are standing either on edge or on end in the 

first layer but AFM rules out the on-end orientation possibility. Further confirmation of this 

orientation comes from thermal gravimetric analysis (TGA). 
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Figure 3-9. AFM height image of reduced DPPD vacuum deposited (a) at 40˚C substrate 

temperature (10 µm × 10 µm), (b) at 10˚C substrate temperature (10 µm × 10 µm), (c) an 

example of cross-section of AFM image for 10˚C substrate temperature sample (zoomed in), (d) 

is an example of the line profile of the AFM image (c) and (e) is the histogram of the step 

height from the line profiles. 

 

 

 

(

c)  
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Coverages and desorption energies of DPPD on Fe2O3 surfaces. 

To complement the AFM results of orientation and to quantify the strength of the bonding 

between the DPPD on α-Fe2O3, Thermal Gravimetric Analysis (TGA) was performed for 

different film thicknesses of DPPD on α-Fe2O3 (Figure 3.10). In normal TGA analysis, the mass 

of the substance is monitored over time, i.e. as a function of the temperature ramp. In this work 

the derivative of the TGA curve was taken, known as differential thermal gravimetric analysis 

(DTGA). These DTGA results gave the specific temperatures for the maximum molecular 

desorption rates. Using the peak temperature data the desorption energy of different coverage of 

DPPD on iron oxide surface was calculated following the Falconer and Madix
 
method.

20
 A 

mass spectrometer was used to verify that DPPD molecules came of the surface intact and 

without decomposition at the desorption temperatures reached in DTGA (Figures S2, S3). The 

different film thicknesses such as, 0.14, 0.18, 0.19, 0.4, 0.49, 0.52, 0.54 ,0.81 and 1.08 nm of 

DPPD on α-Fe2O3 gave desorption energies 131, 139, 141, 161, 166, 121, 120, 136 and 155 

kJ/mol, respectively for the DPPD binding with α-Fe2O3 as shown in Table 3.5. The film 

thickness was estimated using the unit cell parameters mentioned in the literature.
21

 The 

energies correspond to the molecules being chemisorbed on the surface. The multilayer peak 

starts to emerge from the ~0.54 nm film and the desorption energies for multilayer peak are 106, 

90 and 97 kJ/mol for the 0.54, 0.81 and 1.08 nm films, respectively.  

(

a) 
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Figure 3-10. (a) DTG spectra of different coverage of DPPD on α-Fe2O3 (powder) mix at 

heating rate 20˚C/min and (b) Desorption energy vs. coverage, black line for monolayer peak 

and red line for multilayer peak. 

The step height analysis of the AFM images showed that the first layer or monolayer (ML) 

of DPPD film has a thickness of ~0.5 nm. Assuming, from AFM data, that ~0.5 nm film 

thickness corresponds to 1 ML of DPPD molecules, the respective coverages for all films are 

listed in Table 3.5. According to this estimation, the multilayer peak starts to show its trace at 

0.54 nm film (= 1.07 ML). If the molecules were standing on edge then the thickness of the first 

monolayer of molecules would be 0.7 nm.
21

 Comparing the step height results of AFM image 

(0.5 nm) and at which coverage the multilayer peak of the DPPD molecules coming off (at 0.54 

nm or 1.07 ML) it can be concluded that the DPPD molecules are standing on edge, tilted by a 

45˚ angle from the surface normal.  

 

 

(

a)  
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Table 3-5: Desorption energies of DPPD. 

 

 

 

 

 

 

 

 

 

 

 

 

The activation energy for the monolayer peak tends to increase with coverage but there is a 

sudden drop in energy at 1.03 ML. The validity of this result was confirmed by another 

experiment with similar coverage (1.07 ML). This drop in energy must be the result of a change 

in molecular arrangement on the surface, resulting in weaker interactions of these molecules 

with the iron oxide surface. It is important to note that the molecules are not splitting into 

several sub-populations, but rather still desorb at a uniform (but lower) energy. The emerging 

multilayer peak at these coverages (see last column in Table 3.5) does not represent any 

significant fraction of the molecules. We have established via Raman spectroscopy (Figures 3.3, 

3.4) that there is charge transfer taking place between the molecular film and the iron oxide 

Film 

thickness 

(nm) 

coverage 

(ML) 

desorption 

energy of                

monolayer 

peak 

(kJ/mol) 

desorption energy of multilayer 

peak (kJ/mol) 

0.14 0.27 131 ± 10  

0.18 0.42 139 ± 2  

0.19 0.51 141 ± 5  

0.4 0.80 161 ± 5  

0.49 0.93 166 ± 7  

0.52 1.03 121 ± 5  

0.54 1.07 120 ± 5 106 ± 5  

0.81 1.61 136 ± 11 90 ± 7 

1.08 2.15 155 ± 4 97 ± 5 
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surface. The charge transfer is facile for molecules in immediate contact with iron oxide at 

submonolayer coverages, but becomes more difficult to accomplish for higher coverages. The 

molecules could re-arrange their orientation from standing on edge to standing on end, but that 

would mean breaking the direct surface contact of the amino groups. The strongest interactions 

between the molecules and the oxide are expected to be hydrogen bonding interactions between 

oxygen atoms or hydroxyl groups at the oxide surface and the amino groups of the molecules. 

They are only accessible in the most space-consuming face-on or twisted orientations. Higher 

coverages force the molecules into edge-on or partially standing-up configurations, which 

reduce the opportunities for hydrogen bonding possibly from up to two per molecule to only 

one per molecule, significantly reducing the strength of surface interactions, as witnessed by the 

drop of desorption energy. It is remarkable that it happens uniformly and abruptly for the entire 

monolayer of molecules, rather than gradually. The desorption energy for the multilayer peak 

starts to decrease at the beginning and then becomes almost steady, shown in Figure 3.10b, due 

to molecules aggregating with each other rather than interacting with the α-Fe2O3 surface.  

 

3.4 CONCLUSION 

We have investigated the interactions of DPPD molecules with iron oxide surfaces. Raman 

and visible spectroscopy show that charge transfer takes place between DPPD and α-Fe2O3, 

with DPPD molecules transforming into their semiquinone form when interacting with α-Fe2O3. 

Mid-IR spectroscopy reveals that the DPPD molecules are interacting with the surface by 

standing either on edge or on end. AFM step height analysis points towards molecules in the 

first layer standing on their edge (with a minority lying face-on). DTGA analysis confirms the 
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AFM results and allows us to quantify the strength of the bonding interaction, which is in the 

chemisorption range. A chemisorbed state of DPPD on iron oxide is consistent with the charge 

transfer between the molecules and the surface that was observed in Raman spectroscopy. It is a 

result of the (hydrogen) bonding interactions of the amine groups with surface oxygen and 

hydroxide. The DTGA analysis shows that the chemisorption energies of these species tend to 

increase with coverage until a complete monolayer coverage has been achieved. From the 

coverage at which multilayers are first detected, we can confirm that the first layer of DPPD is 

standing tilted by 45° on its edge. Due to molecules re-arranging their orientation during the 

second layer formation the chemisorption energy drops and rise again afterward. The obtained 

results about the interaction and orientation of DPPD (as a representative of the reduced form or 

oligoanilines and polyaniline) with iron oxide surfaces are a first step towards a better 

understanding of the physical chemistry of oligoaniline and polyaniline interfaces with metal 

oxide surfaces. The specific case of iron oxide pertains to the understanding of the corrosion 

inhibition mechanisms of redox active aniline oligomers on steel surfaces.  
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3.5 SUPPORTING INFORMATION 

 

Figure 3-11. Raman spectrum of DPPD as purchased. 

http://pubs.acs.org/
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Figure 3-12. Temperature programmed desorption (TPD) chromatogram (total ions) of DPPD 

on hematite at a heating rate of 20 K/min.  

 

Figure 3-13. The mass spectrum at the peak point of the chromatogram in Fig 3.12 shows that 

DPPD desorbs from the hematite surface intact, and no decomposition is taking place.   
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Figure 3-14. The first spectrum was taken without using any polarizer. The second spectrum 

was taken later the same day on the same spot using a 90˚ polarizer. There is clearly no 

structural change using the synchrotron source for the mid-IR. 

 

Figure 3-15. Raman spectra of a ~0.54 nm film of DPPD on a native oxide covered steel 

surface. (a) The first spectrum was taken with the green laser at 0.1 mW
 
at the sample; (b) The 
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second spectrum was taken on the same spot using the same parameters. There is clearly no 

structural change. 

Analysis of main desorption peak DTG Data for 1.08 nm film (2.15 ML)  

 

Figure 3-16. Graph ln(β/ Tp
2
) versus 1/ Tp  using the Peak temperature from each rate of a 1.08 

nm film on hematite. From the slope, Ed/R was calculated. 

 

 

Heating rate β 

(deg/min) 

Peak 

temperature 

(˚C) 

Peak 

temperature 

T(K) T
2
 T

2
*60 1/T ln (β/T

2
) 

2 315.5536 588.5536 346395.3401 20783720.4 0.001699081 -16.15653338 

5 333.88778 606.88778 368312.7775 22098766.65 0.001647751 -15.30159444 

10 345.21567 618.21567 382190.6146 22931436.88 0.001617558 -14.64543422 

15 353.8277 626.8277 392912.9655 23574777.93 0.001595335 -14.26763777 

20 358.74423 631.74423 399100.7721 23946046.33 0.001582919 -13.99558151 
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Figure 3-17. (a) An example of cross-sections in an AFM image for the 10˚C substrate 

temperature sample (zoomed in), (b) Examples of line profiles of the AFM image. 

 

Figure 3-18. Native oxide covered clean steel. Roughness parameters are shown in the table 

below. 
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4 CHAPTER -4 

 NATURE OF THE INTERACTION OF N’N-DIPHENYL-

1,4- BENZOQUINONEDIIMINE WITH IRON OXIDE 

SURFACES AND ITS MOBILITY ON THE SAME 

SURFACES  

Tanzina Chowdhury, Amirmasoud Mohtasebi, and Peter Kruse
*
 

Department of Chemistry and Chemical Biology, McMaster University, 1280 Main Street 

West, Hamilton, Ontario L8S 4M1, Canada. 

ABSTRACT: Short chain aniline oligomers are of interest for applications in organic 

electronics and as corrosion inhibitors for steel, requiring an improved understanding of their 

interactions with metal oxide films. Here we investigate the interactions of N,N’-Diphenyl-1,4-

benzoquinonediimine (B2Q1, oxidized form of an aniline dimer) with iron (III) oxides. B2Q1 

transforms into its semiquinone form when interacting with α-Fe2O3. The resulting charge 

transfer between B2Q1 and α-Fe2O3 is demonstrated with mid-IR, visible and Raman 

spectroscopy. Atomic force microscopy shows the first layer of B2Q1 to be oriented face-on. 

Thermal analysis also confirms this orientation for sub-monolayer coverage, whereas molecules 

start standing up on their edges upon multilayer formation. Thermal analysis shows that the first 

monolayer of B2Q1 is chemisorbed on the α-Fe2O3 surface, and the following multilayers are 

strongly interacting with each other. The behavior of the oxidized aniline dimer B2Q1 is in 

stark contrast to its reduced counterpart (DPPD), which also undergoes charge transfer to iron 

oxide (in opposite direction). B2Q1 interacts more weakly with the surface, causing it to be 
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more mobile. The mobility of B2Q1 provides a clue towards understanding the self-healing 

behavior of polyaniline corrosion-inhibiting films on steel. 

* To whom correspondence should be addressed. Email: pkruse@mcmaster.ca. Phone: +1 (905) 

525-9140 ext. 23480. Fax: +1 (905) 522-2509 

 

4.1 INTRODUCTION 

Thin films of conducting polymers have become a very active field of research because of 

their potential applications in electronic devices such as sensors,
1
 light-emitting diodes,

2,3
 solar 

cells,
4
 and thin film transistors.

5-6
 Another commonly explored application of conducting 

polymers is as coatings for the corrosion protection of oxidizable metals.
7,8

 Polyaniline (PANI) 

is one of the most popular polymers to study because of its high conductivity, ease of synthesis 

and unique redox properties.
9,10

 PANI coatings were reported to inhibit corrosion of iron or steel 

in acidic media by DeBerry over 30 years ago.
7
 These coatings are claimed to continue to 

protect even after sustaining mechanical damage.
8,11,12 

Despite the obvious benefits of self-

healing coatings, little is known about the origin of this phenomenon in the case of PANI. To 

understand the mechanism of corrosion inhibition it is important to understand how the 

molecules interact with the underlying metal oxides.  

A problem with PANI coatings is that they can break down catastrophically due to their high 

conductivity and long range interactions, rendering these coatings unsuitable for commercial 

applications.
13

 PANI oligomers do not share the same drawbacks but have been shown to have 

the same redox properties as PANI.
14

 They may therefore be suitable alternatives to replace 

mailto:pkruse@mcmaster.ca
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PANI for applications in corrosion inhibition.
15

 The shorter chain length of oligomers also has 

the advantage of making them well defined and suitable for vacuum deposition. Moreover, 

previous research in our group suggested that the phenyl-capped aniline tetramer (PCAT) can 

travel hundreds of microns along the substrate surface.
16

 Here we focus on the phenyl-capped 

dimer (Figure 4.1), the shortest oligomer of polyaniline, as a simplified model of a corrosion 

inhibitor. Previous work in our group examined the interactions of N’N-Diphenyl-1,4-

phenylenediamine (DPPD), the fully reduced form of the phenyl-capped dimer with iron oxide 

surfaces. Charge transfer was observed to take place between iron oxide surfaces and DPPD 

molecules standing on their edge in the first layer.
17

 Because charge transfer impacts the redox 

state of the molecules, it is important to also consider the interaction of N,N’-Diphenyl-1,4-

benzoquinonediimine (B2Q1), the fully oxidized phenyl-capped dimer, with iron oxide 

surfaces. This species has two hydrogen atoms less than DPPD. This imine form of the phenyl-

end capped-dimer can mimic the same constituting units as the pernigraniline base or fully 

oxidized form of PANI.  

 

Figure 4-1. The structure of B2Q1 in mono-protonated and semiquinone form. 

Here we investigate the nature of the interactions of B2Q1 with iron oxide surfaces using 

Raman and mid-IR spectroscopy. The strength of these interactions was investigated through 

thermo-gravimetric analysis (TGA). Atomic force microscopy (AFM) and IR 

spectromicroscopy were used to determine the orientation of B2Q1 on iron oxide surfaces. 
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These investigations also gave us insight into the ability of B2Q1 to migrate along iron oxide 

surfaces. Detailed knowledge of the interactions in the B2Q1-iron oxide system can now be 

applied to the understanding of more complex oligoaniline and polyaniline systems. 

 

4.2 EXPERIMENTAL DETAILS 

Iron (III) oxide (α-Fe2O3) nanopowder (<50 nm particle size, surface area 16 mg/m
2
) was 

obtained from Sigma-Aldrich and low carbon steel (α-Fe, ~0.5% Mn) was obtained from 

Dofasco. The steel sheets were cut into 1 cm × 1 cm coupons and mechanically polished first 

using coarse grit silicon carbide emery paper followed by 3 µm and 1 µm diamond particle 

emulsion. The final polishing step was 0.05 µm colloidal silica. Each of the samples was then 

washed with water and ultrasonically cleaned with acetone and methanol.  

B2Q1 powder was prepared by first mixing DPPD (Sigma-Aldrich) (DPPD : ammonium 

persulfate molar ratio of 1 : 0.88) with ammonium persulfate (reagent grade 98%, Sigma-

Aldrich), then dissolving the mixture in methanol and stirring for 24 hours. Methanol was 

evaporated and the residue was washed several times with de-ionized water to remove residual 

ammonium persulfate, and then vacuum suctioned and dried in a desiccator. Ascorbic acid was 

used to obtain the reduced form of the phenyl-capped dimer, with a DPPD to ascorbic acid 

molar ratio of 1:1.36, following otherwise the same procedure as for making the oxidized form.  

  Raman spectroscopy is performed using a Renshaw InVia Raman microscope with a 514.5 

nm green laser (laser power 0.07-0.1 mW at the sample). The laser beam was focused on the 

sample by a 20× lens to give a spot size of ca. 1 µm. Raman spectroscopy was used to 
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characterize pure B2Q1 as well as a B2Q1/Fe2O3 powder mixture, and also drop cast B2Q1 on a 

steel coupon.  

In order to examine the orientation of the molecules, B2Q1 was vacuum deposited onto steel 

coupons in a home-built vacuum deposition chamber (base pressure better than 2 × 10
-6

 Torr) 

with a variable temperature sample mount. Three substrate temperatures were chosen (6˚C, 

25˚C and 40˚C) as measured by a thermocouple attached next to the sample. Three different 

thicknesses (1.8 nm at 6˚C, 10 nm at 25 ˚C and 3 nm at 40˚C) of B2Q1 were deposited, 

monitored by a quartz crystal microbalance. B2Q1 was also deposited in a sublimation 

apparatus connected to a sorption pump in which the steel coupon was attached using a double-

sided tape underneath the flat bottom of the cold finger. For the sample designated as “half & 

half” below, a glass slide was mounted over one half the sample as contact mask to yield a clean 

division between coated and uncoated halves of the sample without introducing additional 

contaminations. 

Several sublimated samples were mapped by mid-IR spectromicroscopy at the Canadian 

Light Source, Saskatoon, SK. The two endstations are Bruker Vertex 70v/S spectrometers with 

a Hyperion 3000 microscope (online system) and a IFS 66v/S spectromicroscope (offline 

system). The first one is equipped with a 100-micron size single element MCT detector and a 

64x64 pixel focal plane array detector (used with beamline). The second one has only a MCT 

detector. For observing the thin layer of B2Q1 on a steel surface both grazing incidence of 

reflection (GIR) and attenuated total reflection (ATR) objectives were used. GIR was used in 

the online system and ATR in the offline system. The online system was also used with a GIR 
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objective and 90˚ and 0˚ polarizer orientations for investigating the orientation of B2Q1 on the 

iron oxide surface. The sample deposited at 25˚C (10 nm film) was used for this purpose. 

   Thermal gravimetric analysis (TGA) was performed on different thicknesses of B2Q1 on 

α-Fe2O3 surfaces with heating rates of 2, 5, 10, 15 and 20 deg/min using a Netzsch STA-409 

'Luxx', which is a simultaneous thermal gravimetric analyzer and a differential thermal analyzer 

(DTA). In TGA the samples were run in air using standard Al2O3 crucibles with a temperature 

range of 0-1200˚C. The derivative of the TGA (DTG) curve was taken to analyze the data. 

From the DTG analysis, the desorption energies of 0.28, 0.42, 0.56 and 1.12 nm films of B2Q1 

on α-Fe2O3 were analyzed using the Falconer and Madix method.
17,18

 The desorbed species 

were verified by mass spectrometry (Figure S1) over a temperature range of 50-450˚C in a 

Varian CP-3800 Gas chromatograph with a Varian 2200 ion trap mass selective detector. The 

sample used for both TGA and temperature programmed desorption (TPD) was a mixture of 

B2Q1 and α-Fe2O3 nanoparticle powder in different ratios. It was mixed manually with a pestle 

in a ceramic mortar to achieve homogeneity.  

 AFM was performed using a Veeco Enviroscope with a Nanoscope IIIa controller and 

Veeco RTESPA phosphorus (n-doped) Si tips with nominal radii of 10 nm or less. The AFM 

images were analyzed using Gwyddion data analysis software version 2.44.
19

 Scanning electron 

microscopy (SEM) was used to complement the AFM data. Another three kinds of sample were 

prepared on clean steel to observe the interaction of B2Q1 with α-Fe2O3 such as (i) sonicating 

the steel substrate in B2Q1 and methanol solution, (ii) sonicating the steel substrate in reduced 

DPPD and methanol solution, (iii) drop casting B2Q1 and methanol solution on the steel 
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substrate. Raman spectra are also taken of these samples to characterize the interaction of B2Q1 

with α-Fe2O3. 

4.3 RESULTS AND DISCUSSION 

Characterization of Different Forms of the Phenyl-Capped Dimer 

Raman spectra were obtained to characterize the species that arise from the interactions of 

different forms of the phenyl-capped aniline dimer with iron (III) oxides. This technique was 

also used to detect and distinguish between different oxidation states of aniline oligomers. 

Spectra were taken on the fully oxidized (B2Q1) and fully reduced (DPPD) dimer powder as 

shown in Figures 4.2a and 4.2b, respectively. The Raman bands of B2Q1 (Figure 4.2a) at 1623, 

1591, 1569, 1528, 1416, 1217, 1155, and 998 cm
-1

 compare well to literature reports.
20,21

 All of 

these bands are characteristic of the quinoid structure. The Raman spectrum of DPPD (Figure 

4.2b) shows intense bands at 1616 and 1193 cm
-1

, corresponding to C-C stretching and C-H 

bending vibration, repectively
20 

and also strong bands at 994 and 1029 cm
-1

 which arise due to 

ring breathing of the monosubstituted benzene.
21

 All of these intense bands are characteristic of 

the reduced form of DPPD.  

 

Figure 4-2. Raman spectra of (a) B2Q1 powder and (b) pure DPPD powder. 
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Interaction of B2Q1 with the Iron Oxide Surface 

The interactions of B2Q1 with iron oxide and with methanol were observed using Raman 

spectroscopy in order to better understand their nature. Figure 4.3b shows a Raman spectrum of 

B2Q1 drop cast from methanol onto a glass substrate. The Raman bands at 1408 and 1495 cm
-1

 

in this spectrum are assigned to radical cation formation in DPPD.
22

 The Raman spectrum of 

B2Q1 drop cast from methanol onto a steel substrate in Figure 4.3a shows the same features 

with a slight shift. The feature still remains the same even if the molecular island is very thin on 

the steel surface (native oxide, α-Fe2O3) (See Supporting Information Figures S2a, b). 

Figure 4.3c shows the Raman spectrum of a 0.28 nm film of B2Q1 on α-Fe2O3 in a powder 

mixture which had no contact with methanol. This spectrum also has Raman bands at 1401 and 

1491cm
-1 

(shifted) and almost the same feature as Figures 4.3a and 4.3b except for a new band 

arising at 1336 cm
-1

. This band is commonly assigned to C-N
+•

 stretching.
23,24

 The nature of the 

interaction of B2Q1 with methanol and α-Fe2O3 appears to be similar but in the absence of 

methanol the molecules bond more strongly to the surface. These results suggest that B2Q1 is 

hydrogen bonding with the hydroxyl groups on the iron oxide surface to produce semiquinone 

species. It can bond with methanol in the same fashion, competing with the strong interactions 

with the surface. To observe the interactions of this molecule in more detail, IR and Raman 

spectroscopies were used to map out the deposited B2Q1 molecules on a steel coupon as shown 

in the next section. 
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Figure 4-3. Similarities in the interactions of B2Q1 with α-Fe2O3 and MeOH. Raman spectra of 

(a) drop-cast B2Q1 from MeOH on a steel substrate (b) drop cast B2Q1 from MeOH on a glass 

substrate and  (c)  powder mixture equivalent to a 0.28 nm film of B2Q1 on α-Fe2O3. 

The morphology of B2Q1 on the native oxide of a steel surface was also observed using 

scanning electron microscopy (SEM). Figure 4.4a shows the SEM image of B2Q1 on a steel 

substrate after sonicating the substrate for one hour in a methanolic solution of B2Q1. This 

image shows no trace of B2Q1 on the surface, which indicates that B2Q1 does not deposit 

easily on the steel surface from methanol. Raman spectra of this sample also could not identify 

any trace of B2Q1 or related molecules on the surface, meaning that the deposited film 

thickness (if any) is below the detection limit (˂10 nm) of Raman spectroscopy. In contrast, 

DPPD (fully reduced dimer, Fig. 4.4b) attached to the surface easily and the film is thick 

enough to be clearly identified by Raman and SEM.  

 



Ph.D. Thesis – Tanzina Chowdhury; McMaster University – Chemistry & Chemical Biology. 

91 

 

 

Figure 4-4. SEM images of B2Q1 sonicated ~1h on steel surface (a) and (b) image of DPPD 

sonicated ~1h on the steel surface. 

 

Mapping the Interactions of B2Q1 with the Native Iron Oxide 

B2Q1 was sublimed onto one-half of a steel coupon while the other half was kept clean (half 

& half sample). This sample was used to study the impact of ambient conditions on the 

evolution of the molecular film. The interaction was mapped by Raman and mid-IR 

spectroscopy. Some aggregates of the deposited molecules are visible as spots under the optical 

microscope but some aggregates are too small to be seen. Some of those small islands of 

molecules were picked up by Raman spectroscopy and some undetectable by Raman 

spectroscopy were picked up by IR spectroscopy. Figure 4.5a shows Raman bands of the very 

thin film of the molecules. The bands at 1580 and 1446 cm
-1

 are attributed to C-C stretching 
22

 

and the bands at 1373, 1301 
25 

and 1246 
23,24

 cm
-1 

are due to C-N
+• stretching of the 

semiquinone radical cation. The part of the B2Q1 film that is barely visible by optical 

microscopy (Figure 4.5b, e) has almost the same spectral features as the semiquinone radical 

cation of the thin film except for the band 1580 cm
-1

. New bands appear which are characteristic 

of oxidized molecules such as 998, 1033, 1416 cm
-1

 and 1624 cm
-1

. In the thicker film (Figures 

4.5c, d), most of the identifiers of the radical cation are not present and it is mainly showing 

B2Q1 molecules at that thickness. This observation also shows that B2Q1 transforms into the 
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semiquinone form only within in a thin layer in close contact with iron oxide. The signal from 

the interfacial layer is overwhelmed by the bulk B2Q1 film signal in thicker films, illustrating 

the importance of performing spectroscopy on thin films. 

 

Figure 4-5. Vacuum deposited B2Q1 on a steel surface (half & half sample). Raman spectra of 

(a) thin film of B2Q1 on the α-Fe2O3 surface, (b) and (e) are B2Q1 film of intermediate 

thickness and (c) and (d) are a very thick film of B2Q1. 

Synchrotron-based mid-IR spectroscopy was used to study a vacuum deposited B2Q1 

sample because Raman spectroscopy is not sensitive enough to detect sub-monolayer or 

monolayer coverage, or surface water and hydroxyl groups. Figure 4.6a shows an ATR mid-IR 

spectrum of a clean iron oxide surface (different sample). The spectrum in Figure 4.6b was 

taken ~500 µm away from the deposition edge on the vacuum deposited half & half sample. 

Figures 4.6c-f show mid-IR spectra, mapping the B2Q1 layer in an order of further away from 

the deposited edge towards the deposited edge of the vacuum deposited half & half sample. 
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Figure 4-6. Vacuum deposited B2Q1 on an iron oxide surface. (a) ATR mid-IR spectra of clean 

steel substrate (different sample). GIR mid-IR spectra (b) very far (~500 µm away) from the 

deposited edge of the vacuum deposited half & half sample, (c) - (f) are in an order of towards 

the B2Q1 deposited edge. 

The film of B2Q1 is shown to become gradually thicker towards the deposited edge in the 

map of mid-IR spectra. The spectra in Figures 4.6c-d are indicative of a very thin film of 

molecules. For the film in Figure 4.6c which may be thinner than that of Figure 4.6d, the IR 

bands at 1309, 1455, 1498, 1509 and 1600 cm
-1

 belong to B2Q1 molecules. The bands at 1309 

and 1498 cm
-1

 are attributed to semiquinone ring stretching of the molecules
26

 whereas the band 

at 1600 cm
-1

 is due to reduced DPPD,
27

 which indicates that some of the oxidized molecules 

convert into the fully reduced form when interacting with the iron oxide surface. Some of the 

semiquinone bands such as 1498, 1509 cm
-1

 and the reduced DPPD band 1600 cm
-1

 are very 

faintly visible in Figure 4.6b, where the molecules first start to show their signature (~ 500 µm 
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away from the deposited edge). The intensity of all of these bands increases with film thickness 

(Figures 4.6c-f). It also can be seen that some new bands arise in Figure 4.6e (intermediate 

thickness), such as 1203, 1255 and 1285 cm
-1

. The bands at 1255 and 1285 cm
-1 

are attributed to 

the semiquinone species.
26

 These bands disappear as the film becomes thicker, likely due to the 

molecules having different orientations in the intermediate thickness film which gives rise to 

these bands. The band at 1658 cm
-1

 (Figure 4.6a-f) – visible on the clean iron oxide surface – 

increases in intensity as the film grows thicker, indicating an increase in the amount of water on 

the iron oxide surface.
28

 AFM images of this half & half sample show the change of the 

molecular island shape and size with decreasing distance to the B2Q1 deposited edge (Figs. 

4.7a-d). These oxidized molecules can first be observed ~700 µm away from the deposited edge 

in the AFM images, in contrast to the IR spectra where they were observed up to ~500 µm 

away. The B2Q1 molecules migrated ~500 µm from the deposited area between the time they 

were deposited and the IR spectrum (Figure 4.6b) was taken (~2-3 weeks). The AFM shows 

(Figure 4.7a) the presence of molecules even ~700 µm away from the deposited edge. This 

could be due to the gradual migration of B2Q1 molecules from the time of deposition (~5-6 

weeks), or because IR spectroscopy was not sensitive enough to detect the molecules that 

migrated ~700 µm away. In order to fully characterize the interactions of the molecules with the 

iron oxide surface, we now focus on the molecular orientation as a function of distance from the 

deposited film edge. 
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Figure 4-7. Vacuum deposited B2Q1 on a steel surface (half & half sample). (a) – (d) are AFM 

images in an order of towards the B2Q1 deposited edge. The image in figure (a) was taken ~700 

µm away from the deposited edge which has ~ 0.3- 3 nm islands height. The images in figures 

(b-d) show wider islands in a height range of ~2- 15 nm. 

Orientation of B2Q1 on Native Iron Oxide Surfaces  

Information about the orientation of B2Q1 molecules on the iron oxide surface can be 

obtained from synchrotron-based mid-IR spectromicroscopy using polarized light. For this 

experiment, B2Q1 was vacuum deposited onto one half of the steel coupon using a tantalum 

mask. Figures 4.8a-g show a map of IR spectra of B2Q1 from the deposited film towards the 

clean part at θE = 90˚.  
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Figure 4-8. Mid-IR mapping spectra of the B2Q1 on a steel substrate at θE = 90˚. The IR spectra 

(a-g) represent the points from the molecular film side to the clean side. These points on the 

sample are shown in the bottom image. The spacing between sample points (red marks) is 100 

µm, for a total length of about 2 mm. 

These spectra (a-g) correspond to the points (a-g) shown on the optical image of the sample 

in Figure 4.8. The black line in Figure 4.8 is due to a scratch made on the sample to denote the 

separation of deposited area and clean part. The points on the left side (Figures 4.8a-e) are on 

the deposited area. The spectra were taken using a grazing incident (θ = 80˚ from the surface 

normal) objective in reflection geometry. Two polarizer orientations, θE = 0˚ and θE = 90˚ were 

used. With the polarizer at θE = 0˚, the electric field was parallel to the substrate surface, while it 

was perpendicular to the substrate surface in the case of a polarizer orientation of θE = 90˚. 
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Depending on different vibrational modes of the molecules, the IR bands can be divided into 

two regions: Out-of-plane ring vibrations which are mostly in the frequency range below 1000 

cm
-1

, and in-plane ring vibrations which are mostly in the medium frequency range above 1000 

cm
-1

. By taking the intensity ratio between the out-of-plane and in-plane vibration bands one 

can obtain orientation information about the molecules. Here we use the ratio of the two IR 

bands at 1515 cm
-1

 and 836 cm
-1

. The band at 1515 cm
-1

 corresponds to the C-H in-plane 

bending vibration,
27

 and the band at 836 cm
-1

 is attributed to the C-H out of plane wag of mono-

substituted benzene.
 27,29 

 

   

Figure 4-9. Mid-IR spectra of the DPPD on steel substrate at θE = 0˚. The IR spectra (a-g) 

represent the points deposited film clean substrate. 

IR spectra on those same points for θE = 0˚ are shown in Figures 4.9a-g. Table 4.1 shows the 

intensity ratio for θE = 90˚ and θE = 0˚ between the bands at 836 cm
-1

 and 1515 cm
-1

.  The band 

at 836 cm
-1

 is very faintly visible for θE = 90˚ for the points (a-f) in Figure 4.8 but becomes 

more prominent at point (g) of Figure 4.8 which is a little further away from the deposited film. 
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The other band at 1515 cm
-1

 shows a gradual decrease as the film is getting thinner (Figures 

4.8a-g). The opposite trend can be seen for the same two bands at θE = 0˚, as shown in Figures 

4.9a-g. As shown in Table 4.1, the intensity ratio for θE = 90˚ is low in comparison to the ratio 

for θE = 0˚ but the overall ratio for θE = 90˚ stays approximately in the same range (points (a) 

through (f)). The lower intensity ratio at θE = 90˚ and higher intensity ratio at θE = 0˚ correspond 

to B2Q1 molecules that are standing on their edge or upright due to their interactions with each 

other in the area of high coverage. The presence of the molecules past the deposited area means 

that molecules migrated during or after deposition [points (f-g) in Figures 4.8, 4.9], The 

intensity ratio shows that at the point (g) the film is thinner than at the point (f).   

 

Table 4-1: Intensity ratio of the selected IR absorption bands for θE = 0˚ and θE = 90˚. 

 836cm
-1∕ 1515 cm

-1 

for θE = 0˚ 

836cm
-1∕ 1515 cm

-1 

for θE = 90˚ 

1
st
 point (a) of the 

mapping image. 

2 0.22 

2nd point (b) 2.4 0.12 

3
rd

 point (c) 2.3 0.35 

4
th

 point (d) 1 0.34 

5
th

 point (e) 1.6 0.25 

7
th

 point, after the 

molecular edge (f) 

2.3 0.28 

9
th

 point (g) 1.1 2.97 
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The increase in intensity ratio at θE = 90˚ and drop of intensity ratio at θE = 0˚ for point (g) 

corresponds to face-on oriented molecules in a very thin film. These conclusions for the 

orientation of the B2Q1 molecules are drawn from the intensity ratios for θE = 90˚ and θE = 0˚. 

 

Step Height Analysis of B2Q1 Films on Iron Oxide Surfaces 

Atomic force microscopy (AFM) was used to analyze the step height of the B2Q1 islands on 

the iron oxide surface in order to be able to derive the orientation within the molecular layers. 

The step height analyses of B2Q1 molecules was done on both steel coupons (native oxide) and 

on α-Fe2O3(0001) single crystals in order to determine whether the orientation of B2Q1 

molecules depends on the nature of the substrate. A 20 µm × 20 µm AFM height image of a 

steel coupon with a 3 nm vacuum deposited B2Q1 film is shown in Figure 4.10a. Figure 4.10b 

shows an AFM image (4 µm × 4 µm) of a hematite single crystal sample with a vacuum 

deposited 2 nm film of B2Q1. The AFM height images of single crystal samples show 

maximum island heights of around 2-10 nm. The steel coupon sample shows maximum island 

heights of around 4-5 nm. AFM images and corresponding line profiles are shown in Figures 

4.10c, d and Figures 4.10e, f for both samples. A representative histogram of step heights from 

AFM images of a single crystal sample is shown in Figure 4.10g. It shows that the majority of 

the steps in the first layer is about ~ 0.3 nm high, very close to the expected thickness of 0.35 

nm for the DPPD molecules lying face down.
30

 This implies that the majority of the oxidized 

molecules in the first layer are lying down flat on the surface. Since the resolution of the AFM 

is 0.06 nm, the bin size of the histogram was set to 0.1 nm since we cannot reliably detect 

variations in step height that are smaller than 0.1 nm. The second largest population is at a step 
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height of about 0.5 nm, very close to the width of the molecules of ~0.7 nm
30

 which would 

correspond to these molecules standing upright on their edges. We estimate the 0.5 nm film 

thickness to be the result of a ~45° tilt angle. According to the histogram, most of the B2Q1 

molecules prefers lying down orientations during close contact with the iron oxide surface, with 

a sub-population in a twisted geometry or at a 45° tilt angle.  

 

 

 

Figure 4-10. B2Q1 vacuum deposited (a) at 40˚C substrate temperature on a steel coupon, 

AFM height image (20 µm × 20 µm); (b) at 25˚C substrate temperature, AFM height image of a 

hematite single crystal (4 µm × 4 µm); (c) AFM height image of molecules on a steel coupon 

(700 nm × 700 nm) showing the location of the line profile;  (d) line profile of AFM image; (e) 
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AFM height image of molecules on α-Fe2O3 single crystal (1 µm × 1 µm) showing the location 

of the line profile; (f) line profile of the AFM image (e); (g) histogram of step heights from 

B2Q1 on a α-Fe2O3 single crystal.  

 

Desorption Energies of B2Q1 from the α-Fe2O3 Surface  

To quantify the strength of the bonding interactions of the oxidized species with α-Fe2O3, 

Thermal Gravimetric Analysis (TGA) was performed for different thickness B2Q1 films (0.28, 

0.42, 0.56 and 1.12 nm) on α-Fe2O3 nanoparticle surfaces (Figure 4.11). The desorption 

energies were calculated to be 136, 125, 144 and 149 kJ/mol respectively for the monolayer 

peak of powder mixtures corresponding to 0.28, 0.42, 0.56 and 1.12 nm films of B2Q1 on α-

Fe2O3. These energies correspond to molecules being chemisorbed on the α-Fe2O3 surface. 

 

Figure 4-11. Desorption energy vs. coverage of B2Q1 (a) black line for monolayer peak and red 

line for multilayer peak. DTG spectra (b) of different coverages of B2Q1 for a 20 deg/min 

heating rate. 
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The multilayer peak first arises for the 0.42 nm film and the energies for multilayer peaks are 

58, 112 and 124 kJ/mol for 0.42, 0.56 and 1.12 nm film, respectively. As discussed earlier, 

AFM step height analysis results show the first layer of B2Q1 to have a thickness of around 

0.35 nm. Comparing AFM results with the different film thicknesses of the TGA experiment, 

one can see that the ~0.42 nm film corresponds to 1.2 monolayers (ML) coverage (Table 4.2) 

and the multilayer peak shows its trace at this coverage. The TGA result is consistent with the 

AFM result that the ML of B2Q1 molecules has ~0.35 nm thickness and these molecules are 

interacting with the iron oxide surface by lying down on the surface. The activation energy of 

the monolayer peak drops when the multilayer peak starts to show its trace at 0.42 nm film 

thickness. The drop could be due to molecules rearranging their orientation as the multilayer 

films start to form. The starting energy of the multilayer peak is 58 kJ/mol which shows 

molecules in the 2
nd

 layer to be strongly physisorbed and in the following multilayer molecules 

to be strongly interacting with each other. The mass spectrometry results show that these 

molecules come off intact without decomposition (Figure S1).  
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Table 4-2: Desorption energies of B2Q1 as a function of coverage. 

 

Time Evolution of B2Q1 Films on Iron Oxide Surfaces  

At low temperature, vacuum deposited B2Q1 films change their morphology over a time 

scale observable by AFM. AFM height images (5 µm × 5 µm) of a B2Q1 film vacuum 

deposited at 6˚C substrate temperature (Figures 4.12a-c, e-f) show the change in molecular 

surface features over time. Cross-sections indicate a uniform film thickness of around 2 nm 

(Fig. 4.12d). It took 9 minutes to record a 5 µm × 5 µm AFM image of B2Q1. The time 

between Figures 4.12a and 4.12b is 18 min, between Figures 4.12b and 4.12c is 9 min, Figures 

4.12a–e is 162 minutes and Figures 4.12e–f is 103 minutes. The process is observed for 265 

minutes. The changes in the film slow down after 163 minutes Figures 4.12e–f and became 

almost imperceptible at around 265 minutes after deposition. This kind of change of the 

molecules was not observed for the sample deposited at 40˚C substrate temperature. Figures 

4.13a-b show AFM height images of B2Q1 vacuum deposited at 40˚C. This sample shows that 

at higher substrate temperature during deposition the molecules immediately migrate and 

Film thickness 

[m]  

Coverage  

[ML] 

Desorption energy of 

monolayer peak [kJ/mol] 

Desorption energy of 

multilayer peak [kJ/mol] 

0.28 0.8 136 ± 2  

0.42  1.2 125 ± 6 58 ± 7 

0.56  1.6 144 ± 9 112 ± 15 

1.12  3.2  149 ± 23 124 ± 23 
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aggregate into islands instead of sticking to the surface as the molecules do at lower 

temperature. 

 

Figure 4-12. AFM height images (5 µm × 5 µm) of the B2Q1 vacuum deposited at 6˚C 

substrate temperature (a) – (c) and (e), the height image ( 5 µm × 5 µm) (zoomed in) (f) after 4 

hours and 25 minutes and (d) Is the profile graph of AFM image (c). 

The barrier to lateral diffusion along the surface is commonly estimated to be 1/10
th

 of the 

desorption energy. From the desorption energies calculated in the previous section, the barrier 

to diffusion of B2Q1 molecules on iron oxide will be ~12 to 15 kJ/mol for the first monolayer, 

but barely 6 kJ/mol for some molecules at the onset of multilayer formation. The product of 
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molar gas constant R and temperature T can be used as an approximate measure of average 

thermal energy, which for 6°C is about 2.3 kJ/mol and 2.6 kJ/mol at 40°C, hence coming close 

in magnitude to the estimate for the diffusion barrier. With increasing temperature, the thermal 

(kinetic) energy of the molecules increases, and as a result molecules can migrate and overcome 

the activation barrier. Conversely, at lower temperature molecules stick to the surface because 

they cannot cross the barrier. 

 

Figure 4-13. AFM height image of the B2Q1 vacuum deposited at 40˚C substrate temperature 

(a) 5 µm × 5 µm image and (b) zoom in at 3 µm × 3 µm. 

 

Molecular Mobility and Oxidation State 

We can also follow the mobility of aniline dimers by AFM for several days on a sample 

which was made by drop casting DPPD (as purchased, possibly containing small amounts of 

B2Q1) on a steel surface covered in native oxide (as confirmed by Raman spectroscopy). 

Figures 4.14a-d show the morphology of the molecules on the same spot from day 1 to day 6. 

There is no visible change from the first to the third day (Figures 4.14a, b). Significant changes 

are apparent by comparing the area in the white circle from the third day to the fourth day and 

also the area in a black circle on both of those days.  In some areas the molecules are migrating 
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further apart from each other and in some areas they are filling up gaps. The induction period 

can be explained by the time it took for some of the DPPD to get oxidized to B2Q1 in ambient 

conditions, since reduced DPPD by itself is not mobile. Once the oxidized form of the molecule 

(B2Q1) is reduced again through surface interactions, it once again gets immobile. 

 

Figure 4-14. Evidence of molecular migration: DPPD on the steel sample (a) AFM image of 

the molecules on the 1
st
 day. (b) 3

rd
 day (c) 4

th
 day and (d) 6

th
 day.  

It is very likely that both forms of the dimer (reduced and oxidized) do not possess mobility to 

the same extent. We have demonstrated here that
 
B2Q1 (oxidized form) has weaker interactions 

with iron oxide surfaces than its reduced counterpart, and there is also evidence of dewetting by 

these molecules after low-temperature deposition. In our previous work, we showed evidence of 

DPPD (reduced form) having stronger bonding interactions with the iron oxide surface,
17

 

indicating that the mobile molecules on the iron oxide surface are likely the oxidized form 

(B2Q1) of the molecules, not DPPD.  
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The mobility of molecules across surfaces is key to a wide variety of processes, including 

catalysis, molecular self-assembly and the formation of supermolecular structures.
31,32

 Many 

studies have been done to understand the molecular mobility on the surface, including the role 

of hydrogen, hydrogen bonding, and hydroxyl groups on metal oxide surfaces under ambient 

conditions.
32

 For example, an investigation of the role of surface water on the diffusion of 

pyridine through MgO powder showed that presence of water significantly increases the 

pyridine surface diffusion coefficient by displacement of the pyridine from strong adsorption 

sites (Lewis acid sites) to weaker hydrogen bonded sites.
33

 A study of the growth kinetics of 

tetracene films on silicon dioxide for molecular electronics applications concluded that the films 

are unstable due to continued surface diffusion.
34

 All these studies showed that mobility of 

molecules on oxide surfaces is actually quite common. A previous study by our group had also 

provided indirect evidence of molecular mobility of aniline oligomers on native oxide covered 

steel surfaces,
16

 which we were now able to confirm. 

 

4.4 CONCLUSIONS  

We have shown that B2Q1 molecules transform into the semiquinid form as the result of 

interacting with iron oxide surfaces. These species are chemisorbed on the iron oxide surface at 

monolayer or sub-monolayer coverage. As the multilayer starts to form, the multilayer species 

are initially strongly physisorbed and then start to interact strongly with each other. Analysis of 

the height of the thinnest island formation of B2Q1 on iron oxide surfaces by AFM reveals that 

the first layer of the oxidized molecules is lying down (face-on). Mid-IR also confirms that the 

orientation of the B2Q1 molecules closer to the surface is lying down but molecular multilayers 
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are either standing on their edge or standing up. TGA results confirm the orientation of these 

molecules and show that they are less strongly bound to the surface than reduced aniline dimers. 

The interactions of oligonanilines with iron oxide surfaces are dominated by two effects: (1) 

Charge transfer due to redox-interactions, resulting in Coulomb attraction between molecules 

and surface; (2) Hydrogen bonding of the amine or imine groups to the iron oxide, surface 

hydroxide groups or surface water. Reduced oligoanilines (all amine groups) are partially 

oxidized on the surface and gain a positive charge (causing local reduction of Fe
3+

 to Fe
2+

) 

while retaining their ability to strongly hydrogen bond through their amino groups. They are 

stationary on the surface. Oxidized oligoanilines (all imine groups) on the other hand are 

partially reduced on the surface into the semiquinoid form. They may be able to cause local 

oxidation of Fe
2+

 to Fe
3+

 where such defects had existed on the surface, thus creating a passive 

oxide film, but no localized charges in the oxide film. Therefore the opportunities for Coulomb 

interactions are diminished, while hydrogen bonding of imine groups to the surface is also not 

as strong as that of the amine groups. Hence oxidized oligoanilines easily dewet from iron oxide 

surfaces and show signs of mobility over long distances. Our findings about mobility and 

charge transfer of aniline dimers also have consequences for the study of longer oligoanilines 

and polyaniline, be it for molecular electronics, or self-healing corrosion inhibiting coatings. 

 

Supporting Information: The supporting information is available free of charge on the 

ACS publications website at http://pubs.acs.org. 
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4.5 SUPPORTING INFORMATION 

 

Figure 4-15. The mass spectrum of B2Q1 molecules. 

 

Figure 4-16. The chromatograme of B2Q1 molecules. 
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Figure 4-17. The chromatograme of B2Q1 molecules (a) overall chromatograme, (b) and (c) 

are chromatograme of species at higher temperature. 
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Figure 4-18. Raman spectra of B2Q1 on a steel substrate with corresponding optical image, (a) 

very thick molecular film on iron oxide surface and (b) very thin film of molecules. 
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5 CHAPTER -5 

INTERACTIONS OF DIFFERENT REDOX STATES OF 

PHENYL-CAPPED ANILINE TETRAMERS WITH IRON 

OXIDE SURFACES AND CONSEQUENCES FOR 

CORROSION INHIBITION.  
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ABSTRACT:  The phenyl capped aniline tetramer (PCAT) is known for its redox properties 

and is being studied for its ability to inhibit corrosion of iron and steel in addition to being of 

interest for sensors and molecular electronics. Here we investigate the interactions, orientation 

and corrosion inhibition ability of the fully reduced or leucoemeraldine base, the half oxidized 

or emeraldine base, and the fully oxidized or pernigraniline base forms of PCAT with iron 

oxide surfaces. Raman spectroscopy demonstrates interconversion of these molecules to one 

another due to charge transfer to the surface. Polarized mid-IR spectroscopy and atomic force 

microscopy were used to elucidate the molecular orientations on the surface. Electrochemical 

impedance spectroscopy shows the corrosion resistance of a B5 coating on low carbon steel to 

be higher than that for B4Q1 and B3Q2 coatings. A weight loss test, laser line measurements 



Ph.D. Thesis – Tanzina Chowdhury; McMaster University – Chemistry & Chemical Biology. 

119 

 

and Raman spectroscopy reveal that even though B4Q1 initially shows a lower corrosion 

resistance due to transformation into B3Q2, with time it transforms back into B4Q1 and protects 

the surface. B3Q2 molecules show opposite behavior, causing the degradation of the surface 

over time. We thus attained a deeper insight into the interplay of the different oxidation states 

for corrosion control.  

* To whom correspondence should be addressed. Email: pkruse@mcmaster.ca. Phone: +1 (905) 

525-9140 ext. 23480. Fax: +1 (905) 522-2509. 

 

5.1 INTRODUCTION 

Polyaniline (PANI) is a prominent member of the conducting polymer family because of its 

diverse application in biosensors,
1
 electrochromic devices,

2
 fuel cells,

3,4
 etc. One of the most 

studied applications of this polymer is corrosion inhibition of metals. DeBerry showed in 1985 

that PANI can inhibit corrosion of iron and steel by passivating the surface in acidic media.
5,6,7

 

Similarly to the native oxides, the passive oxides on iron or steel maintain a layered structure of 

a fully oxidized outer layer, followed by an intermediate mixed iron (II) and iron (III) oxide 

layer transitioning to a very thin inner iron (II) oxide layer next to the bulk metal. PANI is 

mainly found in three different stable oxidation states (fully reduced or leucoemeraldine, half-

oxidized or emeraldine, and fully oxidized or pernigraniline) and several protonation states. The 

complete mechanism behind the corrosion inhibition ability of this polymer is still unclear due 

to its complex chemistry. PANI coatings can break down catastrophically, which is the reason 

why their commercialization has failed. Recent work demonstrated that this breakdown happens 

mailto:pkruse@mcmaster.ca
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due to a high conductivity and long-range electronic interactions, which are therefore 

undesirable for a corrosion inhibiting coating, even though they were originally thought to be 

germane to the inhibition mechanism.
8
 Oligoanilines do not share certain drawbacks intrinsic to 

PANI coatings (e.g. catastrophic failure, poor solubility). Very little work has been done on 

oligoanilines which have related physical and chemical properties.  

We have chosen the phenyl-capped aniline tetramer (PCAT, 4-(phenylamino)phenyl-1,4-

benzenediamine) for a detailed investigation of its interactions with iron oxide surfaces because 

it is the simplest aniline oligomer to fully mimic the redox properties of PANI. PCAT coatings 

have been shown to improve the corrosion resistance of steel with the remarkable property of 

withstanding mechanical damage to the coating.
9,10

 PCAT fully mimics the electronic behavior 

of PANI in that it can also exist in three different oxidation states [B5 (fully reduced), B4Q1 

(half oxidized) and B3Q2 (fully oxidized)] (Figure 5.1) and several protonation states 

(unprotonated, semiquinone and monoprotonated). It has been suggested that the inter-

conversion between different oxidation states is at the core of corrosion inhibition by PCAT.
9
 

Moreover, the self-healing properties of PCAT also make it more interesting than a simple 

barrier protector like a conventional coating (i.e. paint) but the nature of the interactions of these 

molecules with the (hydrated, native) iron oxide surface is not entirely clear. We have 

previously looked at the interactions of the reduced base form of PCAT with native iron oxide 

films, but an understanding of the interplay between the oxidation states was lacking.
11

 Recently 

we have demonstrated that the oxidation state of PCAT has an impact on the amount of charge 

transfer to underlying substrates, but the molecular orientation at the interface and the impact of 

interfacial structure on corrosion inhibition performance remained unclear.
12,13
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Here we investigate the interactions of B5, B3Q2, and B4Q1 with iron oxide surfaces using 

Raman, mid-IR, and visible spectroscopy. Atomic force microscopy (AFM) and mid-IR 

spectroscopy are used to investigate the orientations of all these forms of PCAT on the iron 

oxide surface. The corrosion inhibition properties were studied using electrochemical 

impedance spectroscopy (EIS) and weight loss measurements. Our focus is to elucidate the 

nature of the interaction of the different oxidation states of these oligomers with iron oxide 

surfaces and determine their capability for corrosion inhibition. The results of our work will aid 

in the establishment of rational design criteria for smart protective coatings. 

 

Figure 5-1. Fully reduced (B5), half oxidized (B4Q1) and fully oxidized (B3Q2) form of 

Phenyl capped aniline tetramer. 

 

5.2 EXPERIMENTAL DETAILS 

Low carbon steel (~0.05% Mn, ~0.07% Cr, ~0.01% Si, ~0.05% Al, balance Fe) was obtained 

from ArcelorMittal Dofasco. The steel sheet was cut into coupon sizes of 1 cm × 1 cm, except 

for 2.5 cm × 2.5 cm sample coupons for electrochemical impedance spectroscopy. These steel 

coupons were mechanically polished with an automatic polisher by first using coarse grit silicon 

carbide emery paper then followed by 3 µm and 1 µm diamond particle emulsion combined 

with lubricating solution (25% propylene glycol and 75% ethanol). The final polishing step for 

all samples except those for the EIS test was 0.05 µm colloidal silica. All samples were then 
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washed with water and ultrasonically cleaned with acetone and methanol. Iron (III) oxide (α-

Fe2O3) nanopowder was obtained from Sigma-Aldrich. Its particle size is below 50 nm, with a 

surface area of 16 mg/m
2
. 

B5 powder was synthesized according to a literature procedure.
14

 The fully oxidized form of 

PCAT (B3Q2) powder was prepared by first mixing reduced B5 powder with ammonium 

persulphate (reagent grade 98%, Sigma-Aldrich) (B5 : ammonium persulphate molar ratio of 

1:2.1), then dissolving in methanol and stirring for 24 hours. After evaporation of the methanol, 

the dried product was washed with DI water several times to remove ammonium persulphate 

and vacuum suctioned. The wet powder is then dissolved in 0.1 M NH4OH and again stirred for 

24 hours to obtain the free base of B3Q2. The residue was then washed with 0.05 M of NH4OH 

and dried in a desiccator. To obtain the half-oxidized form of PCAT (B4Q1), a B5 : ammonium 

persulphate molar ratio of 1:1.04 was used, following the same procedure as for preparation of 

the oxidized form. To obtain the fully reduced form of the PCAT, ascorbic acid was used, with 

a B5 : ascorbic acid molar ratio of 1:3.2, following otherwise the same procedure as for making 

the oxidized form.  

  Raman spectroscopy is performed using a Renshaw InVia Raman microscope with a 514.5 

nm green laser (1 µm spot size, 5-10% laser power). Raman spectroscopy was used to 

characterize all forms of pure PCAT powder, powder mixtures of all individual three forms of 

PCAT with α-Fe2O3 powder and drop cast samples of all three forms from methanol onto steel 

coupons.  

 The interactions with the surface, as well as the orientations of these different forms of 

PCAT molecules, were mapped by mid-IR spectroscopy at the Canadian Light Source in 



Ph.D. Thesis – Tanzina Chowdhury; McMaster University – Chemistry & Chemical Biology. 

123 

 

Saskatoon. The endstation used for this purpose was a Bruker Vertex 70v/S spectrometer with a 

Hyperion 3000 microscope (online system), equipped with a 100 micron size single element 

MCT detector and a 64x64 pixel focal plane (with beamline) array detector. A grazing 

incidence of reflection (GIR) objective was used to observe thin films of these molecules on 

steel surfaces. 90˚ and 0˚ polarizers were used with the GIR objective to study molecular 

orientations. For mapping, the molecules were vacuum deposited on one-half of the steel 

coupon and the other half was kept clean using a tantalum shadow mask. The deposition 

temperatures for B5 (25 nm film), B3Q2 (16.2 nm film) and B4Q1 (10.5 nm film) were 10˚C, 

24˚C and 11˚C, respectively.  

  In a home built stainless steel vacuum deposition chamber molecules were evaporated from 

a glass crucible onto the steel coupons. The chamber was pumped oil-free to a base pressure 

better than 2 × 10
-6

 Torr. The deposition coverage was measured using a quartz crystal 

microbalance.  

   AFM was performed using a Veeco Enviroscope with a Nanoscope IIIa controller and 

Veeco RTESPA phosphorus (n) Si tips with nominal radii of 10 nm or less. The AFM images 

were analyzed using Gwyddion data analysis software.
15

 The height resolution of the AFM data 

is 0.06 nm. Three different organic film thicknesses were vacuum deposited for step height 

analysis: B5 (~2.5 nm at 20˚C), B4Q1 (~1 nm at 20˚C) and B3Q2 (~1.5 nm at 24˚C).  

  Electrochemical measurements were carried out using a 1287 Solartron potentiostat coupled 

to a 1252 Solartron frequency response analyzer for electrochemical impedance spectroscopy 

(EIS) measurements. A Paracell of flat specimen is used for this experiment which is designed 

for mounting flat and large samples on either end of the cell for experiments. In that 
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electrochemical cell, steel coupons with coatings of different forms of PCAT were used as a 

working electrode with a platinum counter electrode and a calomel (SCE) reference electrode. 

EIS spectra were recorded after the working electrode was conditioned at the corrosion potential 

for 2 h. The EIS experiments were carried out in the frequency range from 0.01 Hz to 100 kHz 

with an AC excitation potential of 10 mV in a 3.5% NaCl solution. The experimental time 

varied from 5 hrs (2 cycles, 1 cycle = 2 hrs) to 48 hrs (24 cycles) for fresh and week old coated 

samples. The exposed area of each sample was 2.85 cm
2
. Data was recorded and analyzed using 

Corrware and Zplot software (Scribner Associates). 

Optical surface profiler (OSP) was used to measure the surface roughness of the corroded 

samples in the EIS experiment. The measurement was done in the M470-OSP instrument with 

laser spot size of ~30 µm. The line scan was taken across the centre of the circle in each sample.  

 

5.3 RESULTS AND DISCUSSION 

Characterization of Different Forms of PCAT  

 Raman spectra of different oxidation states of PCAT were recorded for comparison with the 

species that will arise from the interactions with iron (III) oxide surfaces. Raman spectra of B5, 

B3Q2, and B4Q1 powders are shown in Figure 5.2. The intense Raman bands at 1623 cm
-1

 

(Figure 5.2b) of B5 and at 1617 cm
-1

 (Figure 5.2c) of B4Q1 were attributed to C-C stretching of 

the benzene rings while the band of B3Q2 (Figure 5.2a) at 1619 cm
-1 

is a shoulder of another 

band at 1585 cm
-1 

.
16

 The bands at 1515 cm
-1 

and 1496 cm
-1

of B3Q2 and B4Q1, respectively are 

due to a combination band of C═N stretching and C-H bending. The band of B4Q1 at around 

1585 cm
-1

 is due to C═C stretching of the quinoid ring.
10

 The three bands at 1164, 1163 and 
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1181 cm
-1 

of B3Q2, B4Q1, and B5, respectively are assigned to C-H bending at the quinoid ring 

(first two) and a benzene ring (last band).
10

 Three other bands at 1215 (B3Q2), 1223 (B5) and 

1206 cm
-1

 (shifted, B4Q1) arise due to C-N stretching. The two bands at 996 and 1030 cm
-1 

that 

only arise in B5 are attributed to ring deformation of benzene.
10

  

 

 

Figure 5-2. Raman spectra of the powder form of (a) B3Q2, (b) B5 and (c) B4Q1. 

 

Interactions of B5, B3Q2, and B4Q1 with α-Fe2O3 Surfaces  

 The species that arise from the interactions of different forms of PCAT with iron oxide 

surfaces and with methanol were investigated. Figure 5.3a shows a Raman spectrum of B5 drop 

cast from methanol onto a glass substrate. When compared to the Raman spectrum of pure 

powder B5 in Figure 5.2b, even though almost all the bands are slightly red-shifted all 

spectroscopic features of the molecules remain the same. This means that the B5 molecules did 
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not change oxidation state upon interaction with methanol. The Raman features of a methanolic 

solution of B5 drop cast onto a steel substrate (native oxide) in Figure 5.3b are different from 

B5 in MeOH (Figure 5.3a) or pure powder B5 (Figure 5.2b). The Raman bands at 1002 cm
-1

 

(ring deformation), 1335 cm
-1

 (C-N
+•

 stretching) and 1407 cm
-1

 (C-N
+•

 stretching) in this 

spectrum (Figure 5.3b) are assigned to semiquinone species.
17,18,19

 The band at 1636 cm
-1

 can be 

assigned to a  radical cation species that formed.
17

 The other bands at 1603 cm
-1

, 1567 cm
-1

 and 

1496 cm
-1 

(very weak) of the same spectrum arise due to C-C stretching of the benzene ring, 

C=C stretching of the quinoid ring and C=N stretching, respectively.
16

 The first band 

corresponds to B5, the second and third one are indications of B5 tending to transform into 

B3Q2 and also B4Q1 by contact with the native oxide of steel in methanolic solution. 

 

Figure 5-3. Raman spectra of powder of (a) B5 in methanol, (b) B5 on a native oxide covered 

steel substrate, and (c) B5 in Fe2O3 powder mixture  
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Figure 5.3c shows the Raman spectrum of a B5 and α-Fe2O3 powder mixture, which had no 

contact with methanol. This spectrum has Raman bands at 1622, 1179, 1217, and 1314 cm
-1 

which are almost the same features as in Figure 5.3a, corresponding to B5.
16

 On the other hand, 

the two bands at 1494 cm
-1

 (very intense, C═N stretching and  C-H bending) and 1588 cm
-1 

(C═C stretching of quinoid ring) correspond to B4Q1.
16

 This same spectrum also has bands at 

218, 286 and 408 cm
-1

,
 
which can be assigned to hematite (α-Fe2O3) but are a little bit shifted.

20
 

These results suggest that B5 does not change oxidation state in methanol itself but there is 

interaction as a result of drop casting B5 in methanol on the steel surface. This interaction is 

between B5 and native oxide of iron (α-Fe2O3) which converts most of the B5 molecules into 

the semiquinone form, and a very small portion also into the B3Q2 (fully oxidized) and B4Q1 

(half oxidized) forms. These results suggest that hydroxyl groups on the iron oxide surface and 

from methanol are playing a role of in the hydrogen bonding of B5 with iron oxide surfaces to 

produce semiquinone, B3Q2 and B4Q1 species. In the absence of methanol, the B5 molecules 

tend to transform into B4Q1 (half oxidized).  

In order to systematically understand the interactions of different oxidation states of the 

phenyl-capped aniline tetramer, we next looked at B4Q1 (half oxidized). Figure 5.4a shows a 

Raman spectrum of B4Q1 drop cast from methanol onto a glass substrate, while Figure 5.4b 

shows a Raman spectrum of B4Q1 drop-cast from methanol onto a steel substrate (native oxide) 

and Figure 5.4c shows a Raman spectrum of B4Q1 in the α-Fe2O3 powder mixture. There are 

substantial differences between the Raman spectrum of B4Q1 cast from methanol onto a glass 

substrate (Figure 5.4a) and the Raman spectrum of pure powder B4Q1 (Figure 5.2c). The 

intensity of the bands at 1617, 1496, and 1163 cm
-1

 (Figure 5.2c) decreased and
 
shifted to 1635, 
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1498 and 1180 cm
-1

, respectively (Figure 5.4a). New bands arise at 1335 and 1568 cm
-1

. The 

Raman bands at 1335 and 1635 cm
-1 

are assigned to the semiquinone species.
17,18,19,21

 The band 

at 1498 cm
-1 

still belongs to B4Q1 but the bands at 1568 and 1180 cm
-1 

are an indication that 

B4Q1 tends to transform into the fully oxidized form (B3Q2) upon exposure to methanol. It 

means that B4Q1 molecules change their oxidation states in part to semiquinone and in part to 

B3Q2 through interaction with methanol. 

 

Figure 5-4. Raman spectra of B4Q1 (a) in methanol, (b) on steel substrate (native oxide Fe2O3) 

and (c) in the α-Fe2O3 powder mixture. 

The Raman spectrum of B4Q1 drop cast from methanol onto a native oxide covered steel 

substrate (Figure 5.4b), looks similar to the Raman spectrum of B4Q1 in MeOH (Figure 5.4a), 

indicating that B4Q1 molecules interact in a similar way with iron oxide surfaces as with 

methanol, or are prevented from interacting with iron oxide surfaces in the presence of 

methanol. Figure 5.4c shows the Raman spectrum of a powder mixture of B4Q1 and α-Fe2O3 

which did not have contact with methanol. The Raman bands at 1162 cm
-1

 and 1497 cm
-1 
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correspond to B4Q1 and the bands at 1415 cm
-1  

(C-C stretching of the quinoid ring) and at 

1597 cm
-1 

(C-C stretching of benzene ring) correspond to B3Q2 and B5, respectively.
16

 The 

band at 1319 cm
-1 

(C-N
+•

 stretching) corresponds to semiquinone species.
17,21

 This same 

spectrum has bands at lower wavelengths 223, 293, 410 and 611 cm
-1

,
 
all these bands are 

assigned to hematite (α-Fe2O3).
20

 These results suggest that B4Q1 molecules at α-Fe2O3 

surfaces tend to transform into a mixture of semiquinone, B5 and B3Q2 forms in the absence of 

methanol. On the other hand, methanol itself transforms B4Q1 mostly into the semiquinone 

form and partially into the B3Q2 form. As a result, when drop-casting B4Q1 in MeOH on a 

steel substrate, B4Q1 does not significantly interact with the native iron oxide of steel and does 

not form any detectable films via dip coating. 

The interaction of the fully oxidized form of the phenyl-capped aniline tetramer (B3Q2) with 

iron oxide surfaces was also observed in the same fashion as the other two oxidation states. 

Figure 5.5a shows a Raman spectrum of B3Q2 drop cast from methanol onto a glass substrate, 

Figure 5.5b shows a Raman spectrum of B3Q2 drop-cast from methanol onto a steel substrate 

(native oxide), and Figure 5.5c shows a Raman spectrum of B3Q2 in a dry powder mixture with 

α-Fe2O3. The Raman spectrum of B3Q2 drop cast from methanol onto a glass substrate (Figure 

5.5a) differs from the Raman spectrum of pure powder B3Q2 (Figure 5.2a). The bands at 1585, 

1416, 1215 and 1164 cm
-1

 (Figure 5.2c) are shifted to higher wavenumbers at 1591, 1419, 1218 

and 1167 cm
-1

, respectively (Figure 5.5a). All these bands still belong to B3Q2. New bands 

arise at 1142, 1407 and 1500 cm
-1

. The band at 1407 cm
-1

 is assigned to the semiquinone 

species.
17

 The bands at 1142 cm
-1

 (C-H bending quinoid) and 1500 cm
-1 

(C=N stretching) 

belong to B4Q1.
16,18

 This means that in methanol a portion of fully oxidized (B3Q2) molecules 
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change their oxidation states to the half-oxidized form (B4Q1) and to a smaller extent into the 

semiquinone form. 

 

Figure 5-5. Raman spectra of B3Q2 (a) in methanol, (b) on steel substrate (native oxide) and 

(c) in the α-Fe2O3 powder mixture. 

The bands in the Raman spectrum in Figure 5.5b of B3Q2 drop cast onto a steel substrate 

(native oxide) are shifted but show the same interaction as B3Q2 in MeOH (Figure 5.5a). The 

bands at 1139 cm
-1 

(C-H bending of Q), 1497 cm
-1 

(C=N stretching), and 1608 cm
-1 

(C-C 

stretching of benzene ring) correspond to B4Q1.
16,18

 The band at 1398 cm
-1

 is assigned to the 

semiquinone species.
21

 B3Q2 molecules tend to convert into B4Q1 and partially into the 

semiquinone form by interacting either with iron oxide or with methanol.  

Figure 5.5c shows the Raman spectrum of a B3Q2 and α-Fe2O3 dry powder mixture, which 

has had no contact with methanol. This spectrum has a very weak semiquinone band at 1405 

cm
-1 

and intense bands belonging to B4Q1 at 1498 cm
-1

 and 1508 cm
-1

 (C=N stretching).
16,17

 

The rest of the bands belongs to B3Q2.
16

 We conclude that in the absence of methanol, a 
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portion of the B3Q2 molecules tends to transform into B4Q1 and into the semiquinone form 

upon interaction with iron oxide. On the other hand, methanol itself transforms a portion of 

B3Q2 molecules into the semiquinone form and into the B4Q1 form. When drop-casting 

methanolic B3Q2 solution onto a steel substrate, B3Q2 is not significantly changed any further 

through interaction with the native iron oxide of steel.  

In summary, we have looked at the interactions of the B5, B4Q1, and B3Q2 forms of PCAT 

with iron oxide surfaces as a first step towards understanding the corrosion inhibition 

mechanism of these molecules. Methanol is found to be a suitable solvent for B5 molecules 

because it does not change their oxidation state. As a result, B5 molecules can strongly interact 

with the native oxide and adhere to the surface, which is beneficial for corrosion inhibition. 

After drop casting the molecules transform mostly into the semiquinone form and B4Q1, and to 

a smaller extent into B3Q2. On the other hand, the powder mixture of B5 and α-Fe2O3 shows 

very little interactions and this turns only a very small amount of B5 into B4Q1 but the rest 

remains as B5. We have also found that methanol not only changes the oxidation states of B4Q1 

and B3Q2 but also hinders the interactions between the native oxides of steel surface and these 

two molecules. B4Q1 turns into the semiquinone form and B3Q2 after dissolving in methanol. 

Drop-casting that solution onto steel surfaces results in interactions comparable to those with 

methanol. The lower intensity of the molecular bands of this sample is also an indication of less 

interaction with the surface. In the dry powder mixture of B4Q1 and α-Fe2O3 nanoparticles, 

however, B4Q1 transforms mostly into B5 by interacting with α-Fe2O3. B3Q2 exhibited similar 

interactions with both methanol and native oxides of steel surfaces (α-Fe2O3). In both cases, 

B3Q2 transforms into the semiquinone and B4Q1 forms. Drop-cast B3Q2 also showed fewer 
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Raman bands which are an indication of weak bonding interaction with the surface. B3Q2 in a 

powder mixture with Fe2O3 transformed into both the semiquinone and the B4Q1 forms as a 

result of the interactions. Powder mixtures showed indications of stronger bonding than drop 

cast samples. 

 

Orientation of B5 on Native Iron Oxide Surfaces  

 After elucidating the interactions of different oxidation states of PCAT with iron oxide 

surfaces, we can now turn our attentions towards the orientation of these molecules at these 

surfaces. We start by investigating B5 using synchrotron-based mid-IR spectromicroscopy. For 

this experiment, B5 was vacuum deposited on one-half of a steel coupon and the other half was 

kept clean using a tantalum shadow mask. Figure 5.6A (a-d, left image) shows the IR mapping 

spectra of B5 from the deposited film towards the clean part at θE = 0˚ and the right image, 

Figure 5.6B (a-d, right image) shows the spectra on the same spots (a-d) at θE = 90˚. These 

spectra in Figures 5.6A and 5.6B correspond to the points (a-d) shown on the bottom optical 

image of the sample in Figure 5.6C. The black ‘T’ shape (vertical and horizontal) line 

represents a mechanical scratch made on the sample to visually separate the deposited area and 

the clean part as shown in Figure 5.6C. The 3 points on the left side of the black line [Figure 

5.6C (a - c)] are points on the B5 molecular film and 1 point on the right side of the black line 

[Figure 5.6C (d)] is on the clean side. A grazing incident (θ = 80˚ to the surface normal) 

objective in reflection geometry was used to take the spectra. Two polarizer orientations, θE = 0˚ 

and θE = 90˚ were used to study the orientation of the molecules. With the polarizer orientation 

θE = 0˚, the electric field of the polarized light was parallel to the substrate surface and with the 
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polarizer orientation, θE = 90˚ it was perpendicular to the substrate surface. IR bands can be 

divided into two regions: Out-of-plane ring vibrations mostly below 1000 cm
-1

 and in-plane ring 

vibrations in the range of 1000 – 1700 cm
-1

.
22

 The intensity ratio between these two regions of 

vibrations can be used to determine the orientation of the molecules on the surface.
22

 In case of 

B5 molecules, the two bands that were taken into account for orientation calculations are 1529 

cm
-1

 and 836 cm
-1

. The band at 1529 cm
-1

 is assigned to the C-H in-plane bending vibration and 

the band at 836 cm
-1

 is the C-H out of plane wag of the mono-substituted benzene ring.
16,23 

  

All the intensity ratios for θE = 90° and θE = 0° for the bands at 836 cm
-1

 and 1529 cm
-1

 are 

gathered in Table 5.1.  On the molecular film region (left side of the line) the band at 1529 cm
-1

 

is very prominent for θE = 90° but the band 836 cm
-1

 is just a shoulder of another band in Figure 

5.6B, whereas for θE = 0° both bands are prominent. Three spectra are shown of three points on 

(

A) 
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Figure 5-6. Mid-IR mapping spectra of B5 on steel substrate (A) at θE = 0˚ (upper left) and (B) 

θE = 90˚ (upper right). (C) The IR spectrum (a-d) represents the point from molecules side to 

clean side. These points are shown in the optical image map at the bottom. The spacing between 

sample points (red marks) is 100 µm, for a total cross-section length of about 2 mm. 

the molecular side and one on the clean side. The presence of the molecules on the clean side 

at point (d) in Figure 5.6 A-C is a result of migration of some molecules during or after 

deposition. The intensity ratios (836 cm
-1

∕1529 cm
-1

) in Table 1 show that the ratio for θE = 90˚ 

is very low in comparison to the ratio for θE = 0˚ on the organic film (points a - c). It can also 
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seen that the overall ratio (836 cm
-1

∕1529 cm
-1

) individually for θE = 90˚ and θE = 0˚ increases as 

the film is getting thinner. A lower ratio means that the molecules are standing on their edge or 

standing up on the surface as opposed to lying down.
22

 Due to the high coverage of molecules 

in this region, the dominant interactions are between molecules rather than with the surface. On 

the other hand, on the clean region the point (d) for θE = 90˚ shows an increase in ratio and on 

the same point for θE = 0˚ the ratio drops. This is an indication that the orientation of the 

molecules changes the clean region. Due to the very low coverage of migrated molecules in the 

clean region, these molecules have close interactions with the iron oxide surface. According to 

the ratios, these B5 molecules are lying down on the surface.
22

 B5 molecules very close to the 

surface may also partially be standing on their edges but a twisted backbone of the molecule 

still leads to its identification as lying down in the IR spectra.   

 

Table 5-1: Intensity ratio of the selected IR absorption bands for θE = 0˚ and θE = 90˚ of B5. 

 

 

 

 

 

 

 

 836 cm
-

1∕1529 cm
-1 

for θE =90˚ 

 836 cm
-1∕ 

1529 cm
-1 

for θE = 0˚
 

1
st
 point (a) of the 

mapping image. 

0.13 0.78 

3 rd point (b) 0.14 0.81 

4th point (c) 0.16 0.99 

10
th

 point (d) 

after the molecular edge 

5.99 0.13 
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Orientation of B3Q2 on Native Iron Oxide Surfaces  

 For investigating the orientation of B3Q2 molecules on iron oxide surfaces, the two bands 

that were considered are 1529 cm
-1

 and 852 cm
-1

. Figure 5.7A (a-g, left image) shows the IR 

mapping spectra of B3Q2 from the deposited film to towards the clean part at θE = 0˚ and 

Figure 5.7B (a-g, right image) shows the spectra on the same spots (a-g) at θE = 90˚. These 

spectra in Figures 5.7A and 5.7B correspond to the points (a-g) shown on the bottom optical 

image of the sample in Figure 5.7C. The band at 1529 cm
-1

 is assigned to C=N stretching and 

C-H in-plane bending vibration and the band at 852 cm
-1

 is the C-H out of plane wag of the 

para-substituted benzene ring.
16,23 
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Figure 5-7. Mid-IR mapping spectra of B3Q2 on steel substrate, (A) at θE = 0˚ (upper left) and 

(B) θE = 90˚ (upper right). (C) The IR spectrum (a-g) represents the point from molecules side to 

clean side. These points are shown in the optical image map at the bottom. The spacing between 

sample points (black marks) is 100 µm, for a total cross-section length of about 2 mm. 

The intensity ratios between the bands at 852 cm
-1

 and 1529 cm
-1 

for θE = 90˚ and θE = 0 are 

shown in Table 5.2.  Four spectra are shown of four points on the organic film side (left side of 

the vertical line) [points (a-d) in Figures 5.7A and 5.7B] and three spectra of three points (e-g) 

on the clean side (right side of the vertical line). The presence of a spectral signature of the 

(

C) 
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molecules on the clean side is an indication of molecules migration during or after deposition 

[points (e-g) in Figures 5.7A-C]. 

 

Table 5-2: Intensity ratio of the selected IR absorption bands for θE = 0˚ and θE = 90˚ of B3Q2. 

 

 

 

 

 

 

 

 

 

 

Table 5.2 shows that the overall intensity ratios for θE = 90˚ are very low in comparison to 

the intensity ratios for θE = 0˚ on the molecular films (points a - d). This lower intensity ratio 

means that the molecules are more aligned with the electric field for θE = 90˚ than θE = 0˚.  This 

is an indication of B3Q2 molecules are lying on their edge or standing up when they are 

interacting with each other because the side of the molecular film has a higher coverage of 

molecules.  On the molecular film there is a variation in ratios for both θE = 90˚ and θE = 0˚ in 

 852cm
-1

∕ 1529   

cm
-1 

for θE = 90˚ 

852cm
-1∕ 1529  

cm
-1 

for θE = 0˚ 

1
st
 point (a) of the 

mapping image. 

0.55 2.21 

2nd point (b) 0.38 3.19 

3
rd

 point (c) 0.32 4.31 

5
th

 point (d) 0.50 4.02 

6
th

 point (e) after 

the molecular edge 

0.46 0.58 

8
th

 point (f) 0.34 2.55 

9
th

 point (g) 4.18 2.05 
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different points from (a-d), likely due to inhomogeneities in the film thickness. On the clean 

region, the first point (e), almost on the vertical line shows a low ratio for θE = 0˚ but still higher 

than for θE = 90˚. This huge drop is probably due to defects created by the scratch (vertical 

line). The point (f) on the clean side also shows the presence of molecules and the same ratio 

trend as on the molecular film (low ratio for θE = 90˚ and higher for θE = 0˚). It means that up 

until this point there exists a multilayer of B3Q2 molecules, and they are also oriented the same 

as the other two forms of PCAT. On the other hand, point (g) marks the furthest distance from 

the deposited film at which evidence of B3Q2 molecules is observed. Here we see an increase 

in the intensity ratio for θE = 90˚ and a decrease in the ratio for θE = 0˚. This suggests that 

during interaction with the iron oxide surface the B3Q2 molecules are oriented either lying 

down or standing on their edge with a twisted chain. IR spectroscopy makes it is possible to 

differentiate between standing up and lying down orientations, but not necessarily between 

molecules that are lying down or are twisted while standing on their edge. While there is a 

significant difference between the standing up film layer thickness (2.2 nm) and the other two 

orientations (lying down at 0.44 nm or standing on their edge at 0.57 nm), the lying down and 

standing on their edge orientations are very close to each other in layer thickness. Furthermore, 

the transition between lying face-on and standing on edge is fluent, given the possibility of 

twisted molecular geometries and tilted orientations. 
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Orientation of B4Q1 on Native Iron Oxide Surfaces  

For B4Q1 molecules on an iron oxide surface, the intensity ratio was obtained for the two 

bands at 1531 cm
-1

 (shifted) and 817 cm
-1

. Figure 5.8A (a-e, left image) shows the IR mapping 

spectra of B4Q1 from the deposited film towards the clean part at θE = 0˚ and Figure 5.8B (a-e, 

right image) shows the spectra on the same spots (a-e) at θE = 90˚. The intensity ratios between 

the bands at 817 cm
-1

 and 1531 cm
-1 

for θE = 90˚ and θE = 0 are shown in Table 5.3.  Three IR 

spectra are shown in Figures 5.8A and 5.8B (spectra, a-c) that are belonging to three points [(a-

c) in Figure 5.8C] on the molecular side (left side of the vertical line) and two spectra are shown 

in Figures 5.8A and 5.8B (spectra, d-e) belonging to two points (d-e) on the clean side (right 

side of the vertical line).  
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Figure 5-8. Mid-IR mapping spectra of B4Q1 on steel substrate, (A) at θE = 0˚ (upper left) and 

(B) θE = 90˚ (upper right). (C) The IR spectra (a-e) represent the points from the molecular side 

to the clean side. These points are shown in the optical image map at the bottom. The spacing 

between sample points (red marks) is 100 µm, for a total cross-section length of about 2 mm. 

 

 

 

 

(

A) 
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Table 5-3: Intensity ratio of the selected IR absorption bands for θE = 0˚ and θE = 90˚ of B4Q1. 

 

 

 

 

 

 

 

 

 

Table 5.3 shows that the overall intensity ratios for θE = 90˚ are very low in comparison to 

the intensity ratios for θE = 0˚ in the molecular region (points a-c). This lower intensity ratio 

means that the molecules are more aligned with the electric field for θE = 90˚ than θE = 0˚.  This 

is an indication of B4Q1 molecules standing on their edge or standing up, interacting in the 

same way as B5 and B3Q2 molecules. On the clean region, the first point (d) shows the 

presence of molecules and shows a trend in the ratio similar to the organic film side (low ratio 

for θE = 90˚ and higher for θE = 0˚). It means that B4Q1 molecules form multilayers until this 

point (d), and they are also standing on their edge or standing up up to this point. However, the 

last instance of B4Q1 molecules observed at point (e) shows an increase in the intensity ratio 

for θE = 90˚ and decrease in ratio for θE = 0˚. This is again the indication of these molecules 

being oriented in lying down or standing on their edge similar to B5 and B3Q2 molecules 

during interaction with the iron oxide surfaces. The orientation of the fully oxidized form 

 817 cm
-1∕ 1531 cm

-1 

for θE = 90˚ 

817cm
-1∕ 1531 cm

-1 

for θE = 0˚ 

1
st
 point (a) of the 

mapping image. 

0.24 1.23 

3
rd

 point (b) 0.07 3.42 

4th point (c) 0.24 2.45 

6
th

 point (d) after the 

molecular edge 

0.25 1.44 

8
th

 point (e) 4.43 1.55 
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(B2Q1) of the phenyl-capped aniline dimer is shown in previous work by us, to be lying down 

on iron oxide surfaces.
24

 On the other hand, the fully reduced dimer (B3) is standing on its edge 

on iron oxide surfaces.
25

 IR spectroscopy shows all three oxidation states of the tetramer to have 

either lying down or standing on their edge orientations during interaction with the surface. In 

the work of Poncet et all, it is shown that non-planer B5 is lying down flat on the surface.
22 

 

Step Height Analysis of B5, B3Q2 and B4Q1 Films on Iron Oxide Surfaces  

 Step heights in the molecular layer were also measured using atomic force microscopy, 

giving information about the thickness of the different layers formed on the surface.  All three 

forms of PCAT were vacuum deposited for the AFM experiments. Both B5 (2.5 nm film) and 

B4Q1 (1 nm film) molecules were deposited at 20˚C, while the B3Q2 film (1.5 nm thick) was 

deposited at 24˚C substrate temperature on steel substrates. 

Figure 5.9a shows the homogeneous islands of B4Q1 molecules on native oxide covered 

steel on which a nominally 1 nm thick film of molecules was deposited. Figure 5.9b shows the 

histogram of measured step heights and Figures 5.9c, d show examples of how the step height 

was obtained from the line profile. The histogram shows the most frequent first layer thickness 

of B4Q1 molecules to be ~0.5 nm, followed by 0.4 nm. Since the resolution of the AFM used is 

~0.06 nm, the histogram bins used were in 0.1 nm steps. According to Evain
 
et al.,

26
 tetramer 

molecules lying on their edge have a thickness of ~0.57 nm and when these molecules are lying 

down they will form a ~0.44 nm thick layer.
26 

On the other hand, if these molecules are standing 

up they will form a
 ~2.2 nm thick monolayer. The AFM step height of most of the first layer is 

~0.5 nm for B4Q1 molecules, somewhere between the edge-on and face-on orientations, which 
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is either a result of the molecules being twisted along their axis or possibly suggesting a tilt 

angle of ~60°. The twisted configuration is the more likely explanation, also in line with mid-IR 

results. 

 

Figure 5-9. AFM height image of B4Q1 vacuum deposited (a) at 20˚C substrate temperature (2 

µm × 2 µm), (b) the histogram of the step height from the line profiles, (c) an example of cross-

section of AFM image, and (d) the line profile of the AFM image (c).  

The step height analysis of the B5 molecules is shown in Figures 5.10a, b. In the histogram 

(Figure 5.10b) the most frequent first layer thickness of B5 molecules are found to be ~0.5 nm 

and ~0.4 nm followed by 0.3 nm. These results mean that B5 molecules largely prefer the face-



Ph.D. Thesis – Tanzina Chowdhury; McMaster University – Chemistry & Chemical Biology. 

145 

 

on lying down orientation. There is also a considerable occurrence of 0.8 nm steps, indicative of 

bilayer formation, but no indication whatsoever of standing up molecular domains (around 2.2 

 

  

Figure 5-10. AFM height image of B5 vacuum deposited (a) at 20˚C substrate temperature (2 

µm × 2 µm), (b) the histogram of the step height. 

In the histogram (Figure 5.11b) for B3Q2 molecules, the most frequent first layer thickness 

is observed to be ~0.5 nm, indicating that these molecules are preferentially standing on edge 

compared to the other two molecules (B5 & B4Q1). Some islands are less than ~0.5 nm thick, 

which indicated face-down orientation. The two next most common island thicknesses for these 

molecules that observed are ~0.8 nm and ~1.0 nm, an indication of multilayer formation on the 

surface. B3Q2 molecules prefer to form multilayers (~0.8 nm and ~1.0 nm) due to strong 

interactions with each other. Unlike for B5, there is a small but distinct population of 2.2 nm 

steps, consistent with either multilayer formation or molecules standing on end. This is 

consistent with the diminished surface interactions of B3Q2 molecules. 
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Figure 5-11. AFM height image of B3Q2 vacuum deposited (a) at 24˚C substrate temperature 

(2 µm × 2 µm), (b) the histogram of the step height. 

 

Electrochemical Impedance Spectroscopy (EIS) Measurements of B5, B3Q2 and B4Q1 

Coated Steel Surfaces  

The corrosion performance of B5, B3Q2 and B4Q1 coated steel was monitored using EIS 

measurements. Two kinds of samples (coated for 24 hours or one week before EIS) were 

prepared by coating (drop casting) steel coupons with each of the molecules. 
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Figure 5-12. Nyquist plots of (a) polished steel samples freshly (24hrs) coated with B5, B3Q2, 

B4Q1 and uncoated and (b) uncoated steel samples and coated for one week with B5, B3Q2, 

and B4Q1, measured after immersion in 3.5% NaCl.                                   

The 24-hour samples were denoted as fresh samples and one-week-old samples as aged 

samples. Figure 5.12a shows Nyquist plots of samples freshly coated (24 hours) with B5, B3Q2, 

B4Q1 as well as uncoated samples. The semicircle represents the charge transfer resistance of 

the interface between the metal (oxide) and the coating for coated samples, and the interface 

between metal (oxide) and the solution for uncoated samples. A larger diameter of the 

semicircle indicates better corrosion resistance of the coating.
27

 Figure 5.12a allows to 

qualitatively conclude that among the freshly coated samples B5 provides the highest corrosion 

resistance, followed by B3Q2 coated steel. B4Q1 results in less corrosion resistance than the 

other two molecules. When the samples were kept for one week after coating with the 

molecules they show better corrosion resistance and the trend stays the same, meaning that 

corrosion resistance increased with time due to molecules settling down on the surface (Figure 

5.12b). However, B4Q1 coated samples stay steady with time neither increasing corrosion 
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resistance nor being degraded. In this paper the EIS result is qualitatively discussed and the 

complex behavior of the plot (low frequency capacitive and inductive effects) is yet to be 

explored. 

 

Weight Loss Measurement of the EIS Samples  

The degree to which a coating protects the underlying surface can also be ascertained 

through measuring weight loss. The weights of both aged and fresh EIS samples were measured 

before and after their EIS tests. The samples were rinsed with acetone, methanol, and DI water 

before weighing. The inhibition efficiency was measured using equation 13, where W
0
 is the 

weight loss of uncoated samples and W
1
 is the weight loss of the coated samples.

27
 

0 1

0
% 100%

W W
IE

W


  --------- (13)

21
 

Table 5.4 shows the inhibition efficiency and weight loss of the uncoated iron oxide surface 

and freshly (24 hours) coated samples with B5, B3Q2, and B4Q1 after 48 hours of EIS 

measurements. It shows that B5 and B4Q1 loose almost the same amount, and less weight than 

B3Q2, which makes their corrosion inhibition efficiency higher (~66%). B3Q2 would in fact 

seem to initiate corrosion as indicated by the negative value. Table 5.5 shows the weight loss of 

the uncoated iron oxide surface and aged samples (one week) coated with B5, B3Q2, and B4Q1 

after 48 hours of EIS measurements. Even though B3Q2 improved a lot in the total weight loss 

with time, still the B5 and the B4Q1 coatings are showing better results. 
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Table 5-4: Inhibition efficiency after 48 hrs EIS measurement using weight loss of uncoated 

iron oxide surface and freshly (24hrs) coated with B5, B3Q2, and B4Q1 in 3.5% NaCl. 

 

Table 5-5: Inhibition efficiency after 48 hours EIS measurement using weight loss of uncoated 

iron oxide surface and aged (one week old ) coated with B5, B3Q2, and B4Q1 in 3.5% NaCl. 

 

sample 

Weight before 

EIS exp.(g) 

Weight after 

EIS exp.(g) 

Weight loss 

of Fresh 

samples (g) 

Inhibition   efficiency 

for fresh samples 

%IE 

Uncoated mild steel 

coupon 

3.2105 3.1825 0.0280  

Coated with     B5 3.7323 3.7227 0.0093 66.78 

Coated with B4Q1 3.7370 3.7275 0.0095 66.07 

Coated with B3Q2 4.0460 3.9950 0.0510 -82.14 

 

sample 

Weight 

before EIS 

exp.(g) 

Weight 

after EIS 

exp.(g) 

Total weight 

loss of aged 

samples (g) 

Weight loss 

of the middle 

part (g) 

Weight loss of 

the crevice 

corrosion (g) 

Uncoated 

mild steel 

coupon 

3.2105 3.1825 0.0280   

Coated with 

B5 

3.5244 3.5132 0.0112 0.0065 0.0047 

Coated with 

B4Q1 

3.5055 3.4922 0.0133 0.0061 0.0072 

Coated with 

B3Q2 

4.0702 4.0351 0.0351 0.0172 0.0173 
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The aged samples were further studied to observe the corrosion effect visually under an 

optical microscope and by optical surface profiler. Figure 5.13 shows the aged samples before 

and after EIS test and the related optical line scans. The circle shown on those samples is the 

area exposed to 3.5% aqueous NaCl for 48 hours during the EIS test. The edge of the circle is 

about ~2 mm wide. The optical line scan was taken approximately across the centre of the circle 

from edge to edge. It can be seen from Figures 5.13a, b for the B4Q1 sample and Figures 5.13c, 

d for the B3Q2 sample and its laser line scan that mostly crevice corrosion takes place at the 

edge of the circle as well as small subsequent corrosion progress across the surface on both 

samples. The crevice corrosion could be due to tightening of the ring creating large defects on 

the coatings at the edge of the ring which initiate localized corrosion. The average depth of the 

corrosion inside the ring of B4Q1 and B3Q2 coated samples are ~1.86 µm and ~ 5.26 µm, 

respectively. The B5 coated sample shows less crevice corrosion compared to the other two 

coated samples and the depth of corrosion inside the ring of this sample is ~1.99 µm. 

Comparing these three samples with the uncoated sample (Figs. 5.13g, h), it is easy to evaluate 

the relative benefits of the different coatings. The uncoated sample is corroded all over the 

exposed area as well as at the circle edge to the same extent. 
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Figure 5-13. Optical image of (a & b) B4Q1 coated carbon steel before and after EIS test and 

laser line scan, (c & d) B3Q2 coated carbon steel before and after EIS test and laser line scan, (e 
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& f) B5 coated carbon steel before and after EIS test and laser line scan, (g & h) uncoated 

carbon steel before and after EIS test and laser line scan. 

The average depth of corrosion in the middle is ~7.06 µm. Out of the total weight loss, the 

contribution due to corrosion inside the ring of B5 and B4Q1 is 0.0065 g and 0.0061 g 

respectively, with the rest being attributable to crevice corrosion at the ring. This result also 

indicates that B5 initiates less crevice corrosion than B4Q1, whereas, B3Q2 coated samples 

show equal proportions of weight loss due to crevice corrosion and also corrosion inside the 

ring. Among the three coatings B5 shows overall better corrosion resistance than B4Q1 and 

B3Q2. Even though B3Q2 shows better corrosion resistance at the beginning of the EIS test 

(Figures 5.13a, b), the weight loss data shows that it degraded the sample. On the other hand, 

B4Q1 showed low impedance at the beginning of the EIS test but from weight loss data it is as 

good as B5 at creating protection for the sample. It means that there is some beneficial 

interaction between these molecules and the iron oxide surface during the EIS test which causes 

them to passivate the surface.  

 

Interactions of B5, B3Q2 and B4Q1 with Iron Oxide Surfaces after Completion of EIS 

Tests  

The effectiveness of these molecules for corrosion inhibition depends on their interactions 

with the native iron oxide layer. Figure 5.14a shows a Raman spectrum of B5 drop cast from 

methanol onto a steel substrate before the EIS test. It is comparable to the spectrum in Figure 

5.3b of a similar sample. B5 tends to transform in small part into the semiquinone form (bands 

1639 and 1337 cm
-1

), a very small portion into B3Q2 (1571 cm
-1

) and B4Q1 (1496 and 1606 
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cm
-1

) by interacting with the native oxide of steel while it is dissolved in methanol. On the other 

hand, after the EIS test is complete (Figure 5.14b) Raman bands at 1488, 1565 and 1415 cm
-1 

emerge corresponding to B3Q2.
16

 The band at 1352 cm
-1 

belongs to the semiquinone species
18

 

and the others belong to B5.
16

 This means that the fully reduced B5 molecules tend to convert 

mostly into the fully oxidized B3Q2 form during the EIS test.  

 

Figure 5-14. Raman spectra of B5 molecules on steel surface (a) before EIS test (b) after EIS 

test  

The Raman spectrum of B3Q2 on a steel substrate after drop casting from methanolic solution 

is shown after the EIS test in Figures 5.15a, b which corresponds to a thin and thick layer of 

molecules, respectively. Thin and thick are differentiated by visual inspection under an optical 

microscope. The Raman spectrum shows that when B3Q2 is very close to the iron oxide surface 

(Figure 5.15a, thin film) some portion turns into the semiquinone species due to interactions 

with the surface (1408 and 1252 cm
-1

) and the rest turns into B4Q1 (1497, 1593 and 1606 cm
-

1
).

16,17,18
 For the thick film, the interactions are mostly between molecules. The Raman spectrum 
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of a thick film of B3Q2 after the EIS test shows in Figure 5.15b that these molecules partially 

turn into B4Q1 (1497 and 1590 cm
-1

),
16

 with the rest remaining as B3Q2.   

 

Figure 5-15. Raman spectra of B3Q2 after EIS test, (a) thin films of molecules (b) thick films 

of molecules. 

Figures 5.16a, b show the Raman bands of B4Q1 drop cast from methanol onto native oxide 

before and after the EIS test. We have already discussed the impact that methanol has on B4Q1. 

Methanol changes the oxidation states in part to semiquinone and the rest to B3Q2. The Raman 

bands before the EIS test show semiquinone bands at 1407 and 1635 cm
-1

.
17

 The bands at 1568 

and 1176 cm
-1 

are an indication of B4Q1 tending to transform into fully oxidized B3Q2 upon 

interaction with the iron oxide surface in the presence of methanol.
16

 On the other hand, the 

Raman spectrum after EIS shows that the B4Q1 molecules turn back mostly to B4Q1 (Figure 

5.15b) with just small portion of semiquinone (1400 cm
-1

) and B3Q2 (1568 cm
-
) left.  
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Figure 5-16. Raman spectra of B4Q1, (a) molecules before EIS test (b) molecules after EIS test. 

Comparing the EIS test with weight loss data and with the optical line scan results it can be 

concluded that B5 is much more effective at inhibiting corrosion than the other two molecules. 

B5 molecules have 4 amine groups in their chain which allow them to bond more strongly with 

the surface than B4Q1 which has only two. A combination of amine and imine groups is also 

beneficial to improving the interactions within the molecular film.
25

 Above it was shown that 

drop cast B5 molecules bond strongly to iron oxide surfaces. After 48 hours of EIS testing there 

are still B5 molecules left on the surface, some turning into the semiquinone form and B3Q2. 

These leftover B5 and semiquinone species continue to protect the surface making a physical 

barrier. In contrast, B3Q2 has no amine groups resulting in only weak bonding to the surface. 

Even though the EIS test shows B3Q2 to be second best in corrosion resistance, the weight loss 

data does not bear out this story. This is because when interacting with the native oxide surface 

before the EIS test, B3Q2 transforms into B4Q1 and the semiquinone form which allows the 

molecules that are very close to the surface to stick to the surface strongly and protect. But with 

time (48 hours of EIS test) the molecules that are not close to the surface are removed in their 

B3Q2 form (Figure 5.15b) which causes degradation of the surface. On the other hand, before 
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the EIS test the B4Q1 molecules that are close to the surface transform into the semiquinone 

and B3Q2 forms by interacting with the iron oxide surface. As a result, this coating showed less 

corrosion resistance (EIS test) at the beginning but with time (during EIS test) these molecules 

transform mostly into B4Q1 and the semiquinone form (Figure 5.16b). This allowed these 

B4Q1 molecules to stick to the surface more strongly over time and at last protect the surface 

which is visible in the weight loss test and the laser line scan data. This also explains why the 

B5 and B4Q1 molecules showed less weight loss due to crevice corrosion in the junction of the 

O-ring. It is because these B5 molecules by sticking to the surface make physical barrier better 

than B4Q1, and B4Q1 molecules are better than B3Q2. Their redox activity is also an important 

factor.  

 

5.4 CONCLUSIONS  

We have investigated the interactions of B5, B4Q1 and B3Q2 molecules with iron oxide 

surfaces using Raman spectroscopy. We found that methanol has no impact on B5 molecules, 

but it does impact B4Q1 and B3Q2, even changing their oxidation states. As a result, B4Q1 and 

B3Q2 interact less with the native oxide (α-Fe2O3) on steel surfaces in the presence of 

methanol. B5 molecules transform mostly into their semiquinone and B4Q1 forms when 

interacting with the native oxide of a steel surface. Interacting with the same surface, B4Q1 

transforms mostly into the semiquinone and B3Q2 forms and some of the B3Q2 transforms into 

the semiquinone and B4Q1 forms. Mid-IR revealed that the orientation of all three molecules 

closer to the surface is either lying down or standing on edge but molecules in the multilayer are 

either lying on edge or standing up. AFM was used to identify the specific orientations and 
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compliment IR results during interaction with iron oxide surfaces. While the AFM results are 

indicative of all three molecules mostly preferring to stand on their edges, twisting of the 

molecular backbone and the possibility of tilted orientations make it challenging to clearly 

pinpoint the molecular orientation at the interface. AFM also revealed that B3Q2 molecules 

prefer to form multilayers due to strong interactions with each other rather than with the 

substrate surface. The EIS test, weight loss test and optical line measurements of the EIS 

samples all show that the corrosion resistance of B5 and B4Q1 coatings on steel is higher than 

that of B3Q2 coatings. These coatings were applied without any modification just using 

methanol as a solvent. Before the EIS test, the B4Q1 molecules closer to the surface transform 

into their semiquinone and B3Q2 forms due to interactions with the iron oxide surface. Since 

B3Q2 is weakly bonded to the surface, the transformed B4Q1 coating showed less corrosion 

resistance (EIS test) at the beginning but with time (during EIS test) these molecules transform 

back mostly into the B4Q1 and semiquinone forms. This allows these B4Q1 molecules, at last, 

to protect the surface. In contrast, B3Q2 caused degradation of the surface although EIS test 

shows it is the second best. This is because before the EIS test B3Q2 transforms into mostly 

B4Q1 and semiquinone by interacting with the native oxide surface which allows the molecules 

that are very close to the surface to stick to the surface strongly. But the bulk of the B3Q2 

molecules that remains in the B3Q2 form detaches from the surface over time, causing 

degradation of the surface. 

These results elucidate the role of the different oxidation states of oligoanilines and 

polyaniline in the corrosion protection of iron and steel, and lay the foundation for the rational 

design of smart corrosion inhibiting coatings. While we confirm that the oxidized (or half-
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oxidized) form of PCAT is crucial for its function as corrosion inhibitor, the fully oxidized form 

only weakly adheres to the surface and does not form a reliable coating. Starting with the 

reduced form is essential to attaining a coating with co-existing multiple oxidation states, which 

is ultimately the best case for corrosion inhibition. In practice, likely a composite coating with 

tetra-aniline fragments bound to an inert backbone would be the most feasible approach, 

although in that case the mobility of the oligonanilines would be compromised, preventing self-

healing of these coatings in the case of mechanical damage.  
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6 CHAPTER -6  

SUMMARY AND FUTURE WORK 

6.1  SUMMARY 

The fundamental understanding of the interactions between the native iron oxide and redox-

active aniline oligomers is very important since they have many potential applications in the 

anti-corrosion coating industry and also in organic electronics. A large number of corrosion 

studies have been performed without fully understanding the underlying surface chemistry of 

redox-active molecules on iron oxide. This thesis enhances and deepens the fundamental 

understanding of the interactions of aniline oligomers with the iron oxide surface. Our study 

will be useful in the corrosion coating industry as well as in other smart coatings and molecular 

electronics.  

We investigated two different redox-active aniline oligomers. One of them is the phenyl-

capped aniline dimer, the smallest possible redox-active oligomer with two oxidation states 

[fully reduced (DPPD) and fully oxidized (B2Q1)]. The other one is the phenyl-capped aniline 

tetramer (PCAT) with three oxidation states [leucoemeraldine or B5 base form (“fully reduced”; 

benzoid; amine) emeraldine or B4Q1 base form (“half-oxidized”; part benzoid, part quinoid; 

part amine, part imine) and pernigraniline or B3Q2 base form (“fully oxidized”; quinoid; 

imine)]. The phenyl-capped version of the oligomers was chosen to avoid the polymerization of 

the molecules on the surface. Although the dimer does not represent the perfect model of the 

redox behavior of polyaniline because of the missing half oxidized form, a pair of the amino 

groups is enough to cycle through two different oxidation states. On the other hand, the phenyl-

capped aniline tetramer (PCAT) can fully mimic the redox properties of PANI and also the 
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corrosion inhibition properties of polyaniline on iron and steel. All different oxidation states 

needed to be studied individually in order to build up a full understanding of the system. 

The interaction of the different molecules with iron oxide surfaces was investigated using a 

range of techniques, including Raman spectroscopy. For all five molecules, two kinds of 

samples were investigated. One kind of samples was obtained by drop-casting molecules on 

steel substrates to study the interactions between molecules and the native oxide of the steel 

surfaces. Another kind was obtained by mixing powders of molecules and α-Fe2O3 

nanoparticles.  This shows the effect of methanol on all oxidized and half oxidized molecules 

but not on reduced molecules. We found that oxidized and half oxidized molecules interact less 

with the native oxide surface in the presence of methanol solvent, because methanol can 

interfere with the interactions through its hydroxyl group. Raman spectroscopy further reveals 

that both DPPD and B2Q1 reach an intermediate unstable semiquinone state by interacting with 

the iron oxide surface, indicative of charge transfer between them. In the case of PCAT, the 

interaction experiment shows that B5 molecules close to the surface transform mostly into their 

semiquinone and B4Q1 forms when interacting with the native oxide of a steel surface. 

Interacting with the same surface, B4Q1 close to the surface transforms mostly into its 

semiquinone and B3Q2 forms, and B3Q2 transforms into its semiquinone and B4Q1 forms. 

Both the powder mixture and the drop cast PCAT molecules show the same reaction product 

after interaction with the iron oxide surface. The interactions of these molecules also depend on 

their orientation on the surface. 

Mid-IR spectroscopy was used to study the orientations of all dimer and tetramer molecules. 

This shows that the DPPD molecules closer to the surface are stand on their edge (tilted by 45°) 
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but B2Q1 molecules closest to the surface prefer a lying down orientation. In the case of 

multilayers, there are less restrictions on how these molecules orient themselves, and they can 

be either standing on their edge or standing up. Mid- IR shows that PCAT molecules in all three 

oxidation states close to the surface are oriented either lying down or standing on their edge. To 

confirm the specific orientation and to compliment the mid-IR results, atomic force microscopy 

(AFM) was used. The AFM results identified that all three PCAT molecules mostly preferred to 

stay standing on their edge. Due to twisting and tilt angles, it is difficult to identify whether 

some molecules are completely lying down or not. AFM confirms the mid-IR results of the 

orientation of the DPPD and B2Q1 molecules. AFM also revealed that both the oxidized dimer 

and tetramer (B2Q1 and B3Q2) molecules prefer to form multilayers due to strong interactions 

with each other than with the substrate surface.  

Thermal desorption experiments were performed using thermo-gravimetric analysis (TGA) 

to measure the strength of the interactions of both DPPD and B2Q1 with iron oxide, and also to 

complement the orientation information of these molecules obtained by AFM and mid-IR. TGA 

shows that DPPD molecules are chemisorbed on the surface. The analysis also shows that the 

chemisorption energies of DPPD tend to increase with coverage due to cooperative molecular 

interactions until complete monolayer coverage has been achieved, and during the second layer 

formation the chemisorption energy drops slightly due to a change in molecular orientation but 

rises again afterward. On the other hand, B2Q1 species are chemisorbed on the iron oxide 

surface at monolayer or sub-monolayer coverage, but in the following multilayers molecules 

strongly interact with each other and only weakly with the surface. The obtained results for the 

strengths of surface interactions of DPPD and B2Q1 with iron oxide surfaces are representative 
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of the reduced and oxidized forms respectively, of the oligoanilines and polyaniline. Based on 

TGA results and the migration observed in the AFM image analysis of a sample with mixed 

DPPD and B2Q1 molecules one can conclude that B2Q1 molecules are the mobile species on 

the iron oxide surface.  

Since PCAT mimics the redox system of PANI and has been shown to inhibit corrosion 

equally well, the corrosion resistance of all three PCAT (B5, B4Q1, and B3Q2) coatings on low 

carbon steel was investigated using EIS, weight loss test and laser line measurements. The 

combination of all three measurements shows that the corrosion resistance of B5 and B4Q1 

coatings on low carbon steel is higher than that of B3Q2 coatings. All these coatings were 

applied to steel surfaces without any modification, just using methanol as a solvent. The 

interaction experiments showed that all these molecules were interconverting to different 

oxidation states upon close contact with the iron oxide surface. As a result, before the EIS test, 

the B4Q1 molecules closer to the surface transformed into their semiquinone and B3Q2 forms 

by interacting with the iron oxide surface. Since B3Q2 is weakly bonded to the surface, possibly 

due to a lack of amino groups in the molecular chain, it can easily detach from the surface. As a 

result, the B4Q1 coating at the beginning of the EIS test showed less corrosion resistance but as 

it transformed back mostly into B4Q1 and semiquinone molecules during the EIS test, the 

surface was protected at the end. In contrast, before the EIS test, the B3Q2 molecules that were 

very close to the surface transformed into mostly into the B4Q1 form and semiquinone by 

interacting with the native oxide surface which allowed these molecules to stick strongly to the 

surface by hydrogen bonding which tells us why at the beginning of the EIS test the B3Q2 

coating showed the second best corrosion resistance. The B3Q2 molecules in the multilayers 



Ph.D. Thesis – Tanzina Chowdhury; McMaster University – Chemistry & Chemical Biology. 

168 

 

remained in the B3Q2 form and were detached over time due to weak bonding to the surface 

which caused degradation of the surface with time compared to the other two cases discussed 

above. In the case of B5 molecules, their ability to strongly stick to the surface through 

hydrogen bonding and to transform into more B4Q1 form than B3Q2 form during interaction let 

them offer stronger resistance to corrosion than the resistance offered by B4Q1 and B3Q2 

molecules. Having amino groups in the chain helps B5 and B4Q1 molecules to form strong 

hydrogen bonds with the hydrated iron oxide surface which are absent in the B3Q2 molecules. 

As a result, B3Q2 molecules become more mobile on the surface and aggregate among 

themselves rather than coating the surface. This result suggests that the fully oxidized molecules 

are the ones that take part in the self-healing of the coatings. These molecules can migrate in the 

fully oxidized state and with time they change their oxidation states to half reduced states by 

passivating (oxidizing) substrate surface and become stable on the new sites of the substrate 

surface. The way of interaction with the surface and the direction of change in oxidation states 

impact the corrosion inhibition properties of the different forms of PCAT as well as any related 

molecules. Till now the self-healing properties of PANI were observed but never really 

understood or studied in detail. Our detailed understanding of the interactions of the 

oligoanilines with iron oxide surfaces will open the door not only for corrosion control but also 

for designing smart coatings and modifying electronic devices. Our results will benefit not only 

systems based on oligomers but also systems using polyaniline and other related polymers.  

6.2 FUTURE WORK:  

Our full understanding of the interactions of aniline oligomers with iron oxide surfaces can 

be a foundation for more future research activities related to any redox-active oligomers or 
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polymers. Indeed, to gain the full control of the molecules there is plenty of room for more 

research in the future. Thermal desorption studies were conducted to quantify the strength of the 

surface interactions of DPPD and B2Q1. Based on those results and also relating orientations 

and interaction results of all three PCAT molecules, assumptions were made for the interaction 

strength of the B5, B4Q1 and B3Q2 molecules, but no specific number was calculated for the 

activation energy to quantify the chemisorption or physisorption of these molecules. TGA 

experiments can be carried out for different coverages for each of the three molecules on iron 

oxide surfaces and the results can be used to calculate activation energy for each of the 

molecules. This will give a quantitative result for the energy of interaction for these molecules. 

If the α-Fe2O3 nanopowder can be dehydrated and the same TGA experiment is performed, it is 

possible to find out if the water molecules are blocking the bonding sites of the oxide surface. 

 The mobility of phenyl-capped dimer molecules was observed qualitatively by AFM and 

mid-IR. Neither the dimer nor the tetramer molecules’ mobility were quantitatively calculated 

and defined so far. There are several quantitive studies on organic film growth on the inorganic 

substrate.
1,2

 One of the studies was about the growth kinetics of a tetracene film on silicon 

dioxide which was calculated using island size distribution measurement from the AFM image 

by Shi et al (2008).
1
 They showed that the film growth on silicon dioxide was diffusion 

mediated and their calculation showed that the smallest stable tetracene island consisted of 4 

molecules. Similar studies can be performed on B5, B3Q2 and  B4Q1 molecules. These studies 

need homogenous surface coverage of the molecules on the surface. Getting a homogenous film 

of oxidized molecules requires to avoid dewetting and is challenging but doable. The substrate 
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temperature during vacuum deposition  should be optimized and go down closer to 0˚C to get a 

continuous film of molecules. Reduced and partially reduced molecules are easier to deposit.  

The mobility of the PCAT and dimer molecules can also be tracked as a function of 

temperature, humidity, and other environmental influences using AFM. By heating up the AFM 

stage it is possible to observe the temperature effect on mobility directly from AFM images. 

Purging dry nitrogen once and then atmospheric oxygen again in the AFM chamber mobility 

can be turned off and on. The effect of water can also be observed by purging humid air or 

humid nitrogen in that chamber.  

All the experiments done in the 3
rd

 study (chapter 5) can be repeated to study the interaction 

of PCAT on magnetite (Fe3O4) surfaces. Studying the interactions of PCAT with magnetite is 

more complex because it can contains a mix of Fe (II) and Fe (III) oxidation states in the bulk.  

There is another oligomer of PANI called amine-capped aniline trimer (ACAT) which 

possesses similar redox properties as PANI and PCAT. This molecule fully mimics the 

electronic behavior of PANI (leucoemeraldine, emeraldine and pernigraniline oxidation states), 

and can inhibit corrosion of steel substrate even better than PANI.
3-5 

ACAT has a different end-

capping compared to the phenyl-capped dimers and PCAT used in this thesis which will make  

their surface interactions more complex because they can also polymerize on the surface during 

the interaction. Prior work in our group showed that vacuum depositing ACAT is a great 

challenge because it decomposes with temperature. On the other hand, the amine-capped 

termination of these molecules makes it more likely that these molecules will bond more 

strongly with the iron oxide surfaces than PCAT or the phenyl-capped dimer. Using our prior 
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knowledge and also the understanding of the interaction characteristics of dimer and tetramer 

molecules from this work, it will be worth studying the interactions of different oxidation states 

of ACAT on iron oxide surfaces. This will result in even better understanding of all the 

members in the phenyl-capped and amine-capped oligomer family. Our current work will also 

be useful in understanding other related polymers such as polypyrrole. Polypyrrole is also 

known as a good corrosion inhibitor for low carbon steel as PANI.
6,7

 Any detailed investigation 

of interactions of this polymer with iron oxide surfaces is yet to be done. To study corrosion 

inhibition, one can explore little bit longer chain phenyl-capped oligomers such as phenyl-

capped octamers. All oxidation states of the phenyl-capped octamer should act similarly to 

those of PCAT but because of the longer chain, they will be more complex. 

The interactions of different oxidation states of PCAT and iron oxide surface can be utilized 

in chemical sensing devices because any modification in these molecular’ films by acid- base or 

redox reactions will be detectable through conductivity measurements of the films. Since iron 

oxide films are inexpensive and easy to fabricate, designing such sensing devices will be 

economically beneficial. A very recent publication of our group showed a new sensing device 

detecting free chlorine in water using the redox properties of PCAT on single wall carbon 

nanotube (SWCNT) films. It was demonstrated that the free chlorine present in the water can p-

dope the PCAT-SWCNT system into a low resistance state by oxidizing PCAT. This oxidation 

can be detected by probing a small voltage in it and resetting it back to the undoped state again 

electrochemically.
8
 A similar method can be used to design sensors using PCAT/iron oxide 

system for sensing other oxidant chemical species.  
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PCAT molecules can also be used in the stabilization of iron oxide nanoparticles.  A recent 

publication showed that polyaniline can be used in an electrochemically exfoliated graphene 

sheet to stabilize nanoparticles to build well-defined 2D sandwich-like hybrid nanostructures.
9
 

They used polyaniline (PANI) in the emeraldine base form as a dopant to couple NPs (Si, Fe3O4 

etc.) onto EEG with either electrostatic interactions or hydrogen bonding. Since PANI has  

challenges, it is more feasible to use different oxidation states of PCAT to get more control on 

iron oxide nanoparticles as an alternative system. Again the knowledge gained from this work 

about the interactions of PCAT molecules with iron oxide will be very useful in such a study. 

The full understanding of aniline oligomers interaction with iron oxide surface can be 

utilized in any organic electronics system exploring polymers or aniline oligomers. To our 

knowledge,  we are the first group to study the interactions of all three oxidation states of redox 

active aniline oligomers with iron oxide surface in such detail. We believe our work will benefit 

most of the ongoing work and will also build up ideas for any future research related to our 

system. 
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