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Abstract 

 

Corrosion inhibition: a spectroscopic study 

A thesis submitted to The University of Manchester for the degree of Doctor of 
Philosophy in the Faculty of Science and Engineering 

2016 

Maria Torres-Molina 

Although many organic compounds are known to inhibit corrosion, in most cases it 
remains unknown how they specifically interact with a surface and how they decrease 
the corrosion rate. This lack of mechanistic knowledge currently makes the design and 
choice of new active compounds a case of trial and error. Understanding these organic 
molecule-metal surface interactions could lead to the design of new corrosion inhibitors 
for the oil and gas industry. 

In this project it is intended to move the understanding of corrosion inhibition and 
other surface phenomena from empirical observation towards a mechanistic 
understanding. Using a combination of surface sensitive techniques such as vibrational 
sum frequency generation and X-ray photoelectron spectroscopy, and theoretical 
modelling through the preparation of model complexes of relevant corrosion inhibitors.  

Two families of corrosion inhibitors have been studied and are presented here. For 
nitrogen based corrosion inhibitors a combination of theoretical calculations and 
experimental analysis of vibrational modes of model compounds have proved to be a 
good method to assist in understanding of surface phenomena.  

For phosphorus based corrosion inhibitors an extensive study of model compounds has 
been done. In addition to this, different phosphonic acids and phosphate esters have 
been studied on a Fe (110) and steel surfaces in ultra high vacuum and in more realistic 
conditions using near ambient pressures in order to investigate if changes in the 
environmental conditions lead to a different behaviour. These have been compared to 
the study of PAE 136, a commercial corrosion inhibitor composed by a mixture of 
phosphate esters used in the extraction of oil, proving that one of the selected model 
compounds has a better inhibitive activity in both an ideal and a more realistic system. 

The results presented in this thesis demonstrate that every corrosion inhibitor needs to 
be tested in the conditions in which it is going to be used as it is not possible to predict 
if a given active compound is going to have the same behaviour for different 
environments. 
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1.1. Corrosion in the oil and gas industry 

Corrosion is a naturally occurring phenomenon commonly defined as the deterioration 

of a metal that results from a chemical or electrochemical reaction with its environment, 

according to the National Association of Corrosion Engineers (NACE).1 A more 

specific definition is given by ISO 8044:2015,2 which defines corrosion as a 

physicochemical interaction – often of an electrochemical nature – between a metal and 

its environment that results in changes in the properties of the metal, and which may 

lead to significant impairment of the function of the metal, the environment, or the 

technical system of which these form a part. These definitions differentiate corrosion 

from other deterioration processes such as erosion, galling or wear. Corrosion causes a 

reduction in the thickness of a metallic surface which can lead to the contamination or 

loss of goods – in such different cases as oil pipelines or beer vessels. It can also lead to 

scale formation, if the corrosion products are not soluble, narrowing the bore of a 

pipeline and reducing the flow. Economic loss via replacement and repair of equipment; 

and most importantly, hazards or injury to people from failure of infrastructure or 

machinery. For all these reasons corrosion is an important problem that needs to be 

addressed. In particular, in the case of BP, internal corrosion of a pipeline (Figure 1.1) 

led to the biggest oil spill of Alaska’s North Slope, known as the Prudhoe Bay oil spill. 

On the 2nd March 2006 it was discovered that a pipeline had been leaking for 5 days, 

spilling a total of 212,252 gallons of crude oil (almost one million litres) through a 0.64 

cm hole on a 86 cm diameter pipeline.3 In this case the corrosion was caused by 

bacterial contamination which, in the presence of hydrocarbons or H2, reduces the 

sulfate anions present in the seawater to sulfide. Oil companies use biocide in order to 

fight against bacteria, but when the oil flow is too low it causes sediment and sludge to 

sit on the bottom of the pipeline, hindering the interaction and protecting the bacteria.4 

As a result of the great economic and environmental impact of this accident, the 

company committed to update their corrosion detection program by maintenance pigs, 

which allow to perform maintenance operations without stopping the flow, through 
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their pipelines at more regular intervals.5 This is only a small example of how a failure 

caused by corrosion can be catastrophic.  

 

 

 

 

 

 

Figure 1.1. Photograph of pipelines covered by snow and workers fixing the leakage of 

the Prudhoe Bay oil spill.6 

For a corrosion process to take place there must be the oxidation of a metal – a reaction 

that takes place at the anode – and the reduction of the corrosive agent at the cathode. 

O2 reduction is the most common cathodic reaction, because it is the cause of 

atmospheric corrosion. However in the oil extraction process there is a different type of 

corrosion, known as sweet and sour corrosion, caused by CO2 and H2S respectively, 

which take place in the absence of O2. 

1.1 

1.2 

1.3 

 

Sweet corrosion is caused by the CO2 injected into wells to enhance oil recovery.7 It 

firstly dissolves in water forming carbonic acid, which dissociates into bicarbonate ions 

and protons. These ions diffuse to iron surfaces where a redox reaction takes place to 

form FeCO3, thus corroding the metal. Sour corrosion is caused by H2S which can be 

produced from chemical reactions during the extraction process or exist naturally within 

O2 + 2H2O + 4e-          4OH-

2H2S + 2e-          2HS- + H2

2H2CO3 + 2e-          H2 + 2HCO3
-
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the oil itself. The H2S dissociates in water to give bisulfide ions and protons, which 

again cause the corrosion of the metal and forms FeS. Both of these corrosion products 

are insoluble and precipitate on the surface, creating a passivation layer that stops or 

slows down further corrosion, this is known as anodic protection. The kinetics of layer 

formation depend on several factors including flow rates, oil and brine composition and 

partial pressure of the acidic gases. The formation of FeS is faster than of FeCO3.
8 

Although this provides an initial protection, these layers are highly unstable and can 

easily fracture, exposing the bare steel to the corroding agents and leading to pitting 

corrosion.  

The oil and gas industry is commonly divided into three sectors:  

• Upstream, which involves the exploration and production of oil;  

• Midstream, which includes any transportation of both crude and refined oil;  

• Downstream, which refers to refinement of the petroleum crude oil.  

The downstream conditions are more severe as refinement of the crude oil requires 

high pressures and temperatures, whilst for the extraction of oil the temperatures do not 

exceed 200 °C. Corrosion processes in upstream and downstream sectors are different 

and have to be addressed individually. The purpose of this project was initially to study 

corrosion inhibition for both upstream and downstream, but as the research developed 

it was decided to focus on studying the prevention of corrosion for upstream processes 

specifically. 

 

1.2. Corrosion inhibitors 

Corrosion is the cause of financial and environmental losses and so understanding the 

chemistry involved, with a view to prevention, is an important area of research. There 

are four main methods to protect metals against corrosion: providing physical 

protection by using coatings or paints, designing more suitable materials, what is known 

as cathodic protection and with the use of corrosion inhibitors.  
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Coatings are a hard layer of material that provide a physical barrier to a metallic surface 

against corroding agents. There are many ways to apply the coatings such as electrolytic 

deposition, physical vapour deposition, chemical vapour deposition, spraying, plating 

and painting amongst others. Coatings can be divided into two main groups: inorganic 

coatings and organic coatings which have recently gained a lot of attention, as they are 

more environmentally friendly.9 Chromate compounds have been used to inhibit 

corrosion for many surfaces including aluminium, zinc and steel, because they are very 

effective and remarkably cheap.10–12 They contain Na2CrO4 or Na2Cr2O7 and they form 

a very stable passivation layer when reducing to Cr3+. However they are also an extreme 

irritant and highly toxic and for this reason several environmental laws were passed in 

2006 to limit the use of Cr6+ based corrosion inhibitors in the European Union and, 

although they are still in use, they will be completely forbidden by 2017.12 The use of W 

and Mo based corrosion inhibitors has also been limited as they are harmful and toxic 

for the environment.13 There are also ceramic coatings of alumina and silicate.14 

Conducting polymer coatings have gained a lot of interest recently as they are not toxic 

or harmful to the environment and they provide good physical and anodic protection.9 

There is a such a great variety of coatings that even the thinnest material discovered up 

to date, graphene, has proven to be a good coating for copper and nickel surfaces15 

claiming to be the ‘thinnest known corrosion-protection coating’.16 

Carbon steel is an inexpensive material and it is easy to fabricate and for these reasons it 

has found widespread use in the oil and gas industry. However it does not exhibit high 

resistance to corrosion. Changing the composition of the material used and adding non-

metallic components can help promote corrosion protection although achieving this 

without compromising their mechanical properties can be a real challenge. For example, 

the addition of copper and chromium to steel leads to a more compact rust layer 

promoting passivation.17 Nickel is also added as an alloying element to help reduce 

corrosion of steel. Designing smoother surfaces with fewer angles and sharp features in 

which moisture can be trapped can help to reduce corrosion.18  
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The principle of cathodic protection is to make the metal the cathode. This can be done 

by coupling the metallic surface with a less noble – more easily oxidised – material that 

becomes the anode of the reaction. With this method it is the sacrificial anode that 

oxidises instead of the steel and by doing so discharges an electric current to the 

pipeline, lowering the potential of steel. The most commonly used sacrificial anodes for 

steel are magnesium19,20,21 and zinc21–23 although aluminium21,24,25 is a cheaper 

alternative.26 This is a good protective method as it does not require an external power 

source, but it is not ideal for treating large areas.   

When it is not possible to use a sacrificial anode, cathodic protection can be achieved by 

applying an external DC current. This method allows for the protection of a large 

surface area with one single installation and is commonly used in the oil and gas 

industry,27 an example of an anode for pipelines is made of iron with silicon, carbon and 

graphite.26 

Corrosion inhibitors are chemical substances which, when added in a small 

concentration into a corrosive environment, reduce or minimise the corrosion rate 

without changing the concentration of corrosive species.28 Corrosion inhibitors can be 

inorganic or organic compounds and they inhibit corrosion by either adsorbing on the 

surface through a functional group – chemisorption – or by reacting with the metallic 

surface and forming insoluble compounds that precipitate on the surface. Organic 

corrosion inhibitors can also provide protection by forming hydrogen bonds with 

hydroxyl groups on the oxidised metallic surfaces. Although there are many effective 

corrosion inhibitors in use, in most cases it is still unknown how the molecules interact 

with the metallic surface, because of the difficulty of proving the nature of the inhibitor-

metal interaction as multiple processes might take place. This lack of mechanistic 

knowledge makes the choice and discovery of new active compounds a case of trial and 

error. Thus, a deeper understanding of the surface chemistry of inhibitors is essential 

for the development of new and more effective corrosion inhibitors. 

Organic corrosion inhibitors are usually compounds with electron-donating 

heteroatoms such as sulfur, nitrogen, phosphorus or oxygen and with delocalised 
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electrons such as in an aromatic ring. Sometimes they include a hydrocarbon chain, 

which makes the molecule partially soluble in oil.29  

Heterocyclic compounds containing nitrogen atoms like benzotriazole30–34 (BTAH), and 

imidazole derivatives;35–41 and containing sulfur39,40,42–45 like 2-mercaptobenzimidazole46,47 

(MBIH2) have shown inhibitive properties for different metallic surfaces. The lone pair 

electrons of the electron-donating atoms favours the interaction with the vacant orbitals 

on the metallic surfaces, while the aromatic functionality gives extra electronic density 

and surface coverage.  

Phosphorus based corrosion inhibitors are commonly used in industry. Organic 

phosphonic acids are used as inhibitors in water cooling systems48,49,50 because they are 

environmentally friendly.51 It is thought that they inhibit corrosion by capturing the 

metallic cations that are in solution because of corrosion and forming insoluble 

compounds that precipitate on the surface and stop further corrosion.52,53  

Phosphate esters are used to assist in the protection of pipes against corrosion in the 

extraction of oil.54,55 In particular ethoxylated tridecylalcohol phosphate esters are used 

to stop Ca2+ from precipitating inside the pipes as it forms a soluble compound with the 

phosphate.56 Phosphate esters react with metallic cations in the same way as phosphonic 

acids and provide a physical barrier against corroding agents for steel.57 A more detailed 

introduction for each type of corrosion inhibitor studied in this project will be provided 

at the beginning of each chapter. 

An important fact to take into account when choosing corrosion inhibitors is their 

environmental impact. There is a special interest in trying to use more environmentally 

friendly corrosion inhibitors. Some non-toxic, biodegradable natural products that are 

available in the nature have been shown to have inhibitive properties.58 Some examples 

are the extracts of natural products such as banana peel,59 garlic peel,60 rosemary,61 curry 

leaves,62 pomegranate63 and caffeic acid64 amongst others. In 2015 Almufarij et al. found 

that green leafy vegetables such as parsley inhibited the corrosion of carbon steel in 1 M 

HCl.58 Several studies have proven the inhibitive activity of lawsone – henna extract on 

steel in the presence of HCl65–67and in seawater in the presence of Zn2+.68 The 
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mechanism of action is still unknown, but has been reported to be via chemisorption on 

the active sites of the surface66 and also by complexation to produce a compound that 

precipitates on the surface creating a passivation layer.67,68 

Figure 1.2 shows the chemical structure of some of the organic compounds under study 

in this Thesis. BTAH, imidazole (IMH), benzimidazole (BIH) and MBIH2 are known to 

have inhibitive properties and the results obtained from these are presented in Chapters 

2 and 3.  For the study of phosphorus based corrosion inhibitors it was decided to use 

small molecules to study the fundamentals of the organic-metal interaction in order to 

compare it with the corrosion inhibitors used in industry. 

 

 

 

 

 

 

 

 

 

Figure 1.2. Chemical structure of some of the compounds presented in this Thesis. 

From left to right and top to bottom: benzotriazole (BTAH), imidazole (IMH), 

phenylphosphonic acid (PhO3H2), benzylphosphonic acid (BzPO3H2),  

2-mercaptobenzimidazole (MBIH2), diphenyl phosphate ester (DpPO2H), 

benzimidazole (BIH), dibutyl phosphate ester (DbPO2H) and   

hezadecylphosphonic acid (HdPO3H2). 
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1.3. Model compounds approach 

A fundamental way to study corrosion inhibitors to get a better understanding of their 

interaction with a metallic surface is treating them as ligands and synthesising model 

complexes. The structure of the compounds obtained from single crystal X-ray 

diffraction provides information on the interaction of the ligand with the metallic cation 

at an atomic level and shows the preferred binding modes of interaction for a given 

corrosion inhibitor. Infrared and Raman spectroscopy of the compounds link the 

specific binding modes with specific bands that can assist identification. This 

information combined with theoretical modelling and surface measurements can help to 

elucidate the mechanism of action of the corrosion inhibitors and aid the design of new 

compounds. 

The idea of using model complexes of corrosion inhibitors to understand their 

mechanism of action has previously been reported. In 1999 Tasker et al. investigated 

Acorga P5000, a mixture of 5-nonylsalicylaldoxime of different chain lengths known to 

inhibit corrosion.69 Although this corrosion inhibitor was known to inhibit corrosion 

for iron there was no information on its binding and mechanism of action apart from 

the experimental evidence of the formation of a purple passivation layer on steel when 

treated with the active compound.  

They reported the synthesis and characterization of purple tetrametallic iron model 

compounds with a salicylaldoxime (H2SalH) and other derivatives (Figure 1.3) with 

similar structures to Acorga P5000. The comparison of the X-ray photoelectron 

spectroscopy (XPS) spectra of the isolated compound and of a steel plate treated with 

salicylaldoxime under acidic conditions led to the conclusion that the corrosion 

inhibition of these active compounds is due to the formation of a tetrametallic cluster 

complex, which creates a purple layer on the surface protecting it against the corroding 

agents.69 

Another example using this methodology for the design of new active compounds was 

published by Winpenny et al.70,71 who studied a known corrosion inhibitor provided by 
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CIBA Speciality Chemicals and two similar compounds by synthesising model 

complexes with these and obtaining additional information from theoretical modelling 

and Raman spectroscopy. Figure 1.3 shows 3-(4-methylbenzoyl)-propionic acid (HL1), a 

corrosion inhibitor produced by Ciba Speciality Chemicals as a water-borne coating.  

They synthesised an {Fe10}
3+ molecular wheel and a {Fe11}

3+ cluster with HL1, both 

previously reported.72,73 The corrosion inhibitor shows two different binding modes in 

the compounds, as in the undecametallic cluster the 3-keto function is involved in a 

hydrogen bond with a bridging hydroxide that is not present in the wheel. This is 

supported by the shift in the carbonyl and in the Raman spectrum. 

Solution adsorption isotherm experiments of HL1, 4-oxo-4-phenylbutanoic acid (HL2) 

and 4-(4-methylphenyl)butanoic acid (HL3), shown in Figure 1.3, on an oxide surface 

show that HL3 does not adsorb as well as HL1 and HL2 because of the lack of the 3-

keto function that provides the extra hydrogen bonding. The extra methyl group in 

HL1 compared to HL2 gives more surface coverage, providing a better protection to 

the surface.70,71 

 

 

 

 

 

Figure 1.3. Model of the corrosion inhibitor Acorga P5000 studied by Tasker et al.69 (top 

left) and organic active compounds studied by Winpenny et al.70,71  

(top right and bottom). 

From this work they learned that this organic inhibitor interacts with the surface via the 

oxygen atoms at one end of the molecule whilst the other end participates in an 

intermolecular interaction with the molecules nearby creating a protective layer on the 
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surface. Based on the results obtained they designed a new corrosion inhibitor that 

showed better activity. This work shows the great importance of the model compounds 

approach as it led to finding a new and cheaper corrosion inhibitor that was patented by 

the company.74 

 

1.4. ATR-FTIR and Raman spectroscopy 

When electromagnetic radiation interacts with matter it can be reflected, transmitted, 

scattered or absorbed. Spectroscopy is the study of these processes.  Infrared radiation 

does not have enough energy to cause electronic transitions, but it induces vibrational 

and rotational transitions when interacting with a molecule. 

A vibration is IR active if it causes a change in the molecular dipole moment. 

Technically, a vibration is any change of shape of the molecule and these can be 

stretching, bending or rotation of bonds. These vibrations can be symmetrical – without 

changing the molecular dipole – or antisymmetrical – with change in the molecular 

dipole and hence IR active. 

FTIR spectroscopy is based on the absorption of radiation. When the energy of the 

incident IR radiation matches the energy of a specific vibrational mode, so that the 

change in intensity of the IR light can be detected. Raman spectroscopy (Figure 1.4) is 

also based on the existence of vibrational modes but it measures scattered radiation 

instead. In this case when a beam of light is applied to a molecule most of it is elastically 

scattered (Rayleigh scattering) meaning that the excitation of the electron density of the 

molecule by absorption of the photon returns a photon of the same energy on 

relaxation from the virtual state. A photon may also be emitted when the molecule 

relaxes to an excited vibrational state instead of the ground state (Stokes scattering) or 

excitation can be from an excited vibrational state and return to the ground state (anti-

Stokes scattering). In both cases the scattered light has a different energy than the 

incident light, Raman shift can be used to identify the vibrational modes of a molecule. 
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Figure 1.4. Schematic representation of an energy level diagram showing the processes 

involved in IR and Raman spectroscopy. 

As the basis of these two techniques are different there can be vibrational modes active 

in one and not in the other. For a vibrational mode to be IR active the vibration taking 

place has to cause a change in the molecular dipole of the molecule. A vibrational mode 

will be Raman active if it causes a change in the polarisability of the molecule, which 

physically translates into a distortion of the electronic cloud of the molecule when 

interacting with an electromagnetic field. For this reason IR and Raman provide 

complementary information.  

It is important to know that the frequency of vibration between two atoms in a bond 

depends on the mass of the atoms and the strength of the bond. The frequency 

between two bonded atoms with mass m1 and m2 would be: 

! = ! 12πc
!
! 

Where k is the molecular force constant, c is speed of light and m is the reduced mass 

given by the following equation: 

1.4 

1.5 
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! = ! !!!!
!! +!!

 

The strength of a chemical bond is proportional to the bond order, i.e. a double bond is 

stronger than a single bond and a triple bond is stronger still. Deuteration of a bond 

causes a change in the reduced mass which leads to an energy shift in a bond when 

deuterating a compound, a method that can facilitate the assignment of bands and that 

has been used in this project. 

The equipment used in this project is an attenuated total reflectance infrared 

spectrometer (ATR-FTIR), which is a variation of FTIR. In this technique the IR beam 

is applied at an angle of 45 ° instead of going directly through the sample and it is totally 

reflected. It has the advantage of not requiring sample preparation, resulting in 

reproducible spectra.29 

 

1.5. Vibrational Sum Frequency Spectroscopy 

Vibrational sum frequency spectroscopy is a non-linear optical spectroscopy technique 

that provides a vibrational spectrum of the molecules present at an interface, for 

example between liquid and solid. This is a two-step process that combines infrared 

absorption and Raman scattering. For this reason a vibrational mode has to fulfil both 

IR and Raman selection rules to be active, thus there must be a change in the molecular 

dipole and in the polarisability of the molecule. 

In a VSFS experiment (Figure 1.5) two photons ω1 (infrared) and ω 2 (visible) impinge 

upon a surface, coincident in time generating a third photon ω3 (sum frequency signal). 

Because the frequency of the photon is conserved, the energy is also conserved and it is 

equal to the sum of the two incident photons.30 
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Figure 1.5. Diagram showing the sum frequency generation process. 

This is known as a three-wave mixing process (meaning two waves in, one out), which, 

by definition, can only occur at interfaces, where there is a discontinuity in the local 

optical environment. In Figure 1.6 the electronic process for this transition is shown.  

 

 

 

 

 

 

 

 

Figure 1.6. Energy level diagram showing the SFG process. 

When the IR beam hits the surface, an electron is excited from the ground state to the 

first vibrational state, the second excitation is then caused by the visible beam that 

causes an anti-Stokes excitation. The electron then ‘falls’ either from a virtual or real 

electronic state, generating an SFG photon. To obtain a signal it is necessary that the 

beams of light are coincident in space and time. This is accomplished by a system of 

mirrors and pinholes in order to make the path of the two beams the same.  
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For adsorbed species on a surface, VSFS provides information about the interaction 

between the molecule and the surface and also about their orientation, whilst ignoring 

bulk contributions. This means that the VSFS technique can be used to probe surface 

and interfacial chemistry and processes at the solid-gas, solid-liquid, liquid-liquid and 

liquid-gas interfaces as long as one of the materials is transparent to visible IR radiation. 

In this context, it is important take into account that the spectra in solution and solid 

phase might differ. In solution samples the molecules are randomly orientated and all 

vibrations causing a change in de dipole are active. However, when the sample is 

measured on a surface, according to the dipole selection rule, the image dipole of some 

vibrations cancels out the total change in de dipole and so are not active. 

 

 

 

 

 

Figure 1.7. Schematic illustration of the dipole selection rule. 

 

1.6. X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface analytical technique that is usually 

carried out at very low pressures (<10–9 mbar). It is surface sensitive and the electrons 

are extracted from about 10 nm into the surface.75 As an atom’s bonding environment 

affects its binding energy (BE), XPS provides information on the chemical elemental 

composition present on the surface. The sample is often placed in an ultra high vacuum 

(UHV) environment. This serves two purposes: to increase the path length of the 

electron as it travels from the sample to the electron analyser; and to reduce the 
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contamination of the surface. The latter is particularly important in the study of model 

systems where the goal is to understand the interaction of a single type of molecule with 

a well characterised surface. The surface is irradiated with X-rays of energy hν, which 

are absorbed by atoms at the surface, resulting in the removal of an electron. XPS 

measures the kinetic energy (KE) of the electrons that escape the surface (see figure 

1.8), allowing the binding energy of the electron to be deduced from the following 

equation: 

BE = hν – (KE + ϕ)  

where ϕ is an instrument work function. 

 

 

 

 

 

 

Figure 1.8. Schematic representation of the electronic process that takes place in XPS. 

XPS is employed in different research fields like heterogeneous catalysis, corrosion and 

electrochemistry, but the necessity to work at extremely low pressures makes it difficult 

to investigate in a more realistic environment. This limitation is no longer an issue 

thanks to the development of a new variety of XPS done in low vacuum or what it is 

also know as near ambient pressure (NAP).76–78  

 

 

 

1.6 
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Figure 1.9. Photograph of the laboratory source NAPXPS at Photon Science Institute 

in the University of Manchester. 

Even though this is a very new field of surface science that is still developing it has 

already been reported in the study of catalysis,77,79–90 electrochemistry,91 adsorption of 

CO92 and capture of CO2
93 but has not been used to study corrosion to any great 

extent.94,95 NAP XPS can be done at different synchrotrons around the world such as 

MAXlab, Diamond, Bessy, Alba and Soleil, but there are not many laboratory based 

sources. Only two exist in the UK – in Manchester and Imperial College – and a 

handful of others in Synfuels in China, ISAS in Berlin, Notre Dame in Indiana, KBSI in 

Korea and the Paul Scherrer Institute in Switzerland. Figure 1.9 shows a photograph of 

the equipment at the Photon Science Institute in The University of Manchester. 
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Figure 1.10. Schematic representation of the main chambers and features of the NAP 

XPS instrument at The University of Manchester. 

Figure 1.10 shows a schematic diagram of the main chambers of the NAP XPS 

equipment. The instrument has a load lock to introduce the samples and to evaporate 

organic compounds in situ, a preparation chamber in which the preparation and 

cleaning of the samples can be done and the main analysis chamber. The main chamber 

is at UHV and the spectra can be collected whilst heating and Ar+ ion sputtering 

allowing the study of real life changes on systems that are temperature dependent. The 

NAP cell is situated in a different chamber and has to be introduced when NAP 

measurements are required. This is perfectly sealed with Si3N4 windows allowing 

measurements to be carried out at higher pressures without compromising the pressure 

of the other chambers. The temperature in this chamber reaches 700 °C. Currently the 

gases available are O2, H2O, CO2 and CO but in the near future there will also be H2 

and NH3.  

This instrument can reach up to 30 mbar although the measurements are usually taken 

at lower pressures. The electrons have to travel all the way to the analyser in order to be 

detected. The higher the pressure, the longer the path the electrons must travel, which 

results in fewer electrons reaching the detector, Table 1.1 shows the electron mean free 
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path calculated in air and room temperature. This translates to a loss of intensity and an 

increase of the acquisition time.  

In order to solve this issue there is a differential pumping system to reduce the pressure 

in the analyser lens system. This increases the mean free path of the electrons so that 

more electrons will reach the detector. Figure 1.11 shows a schematic representation of 

the process. Both UHV and NAP experiments have positive and negative aspects. In 

UHV there is no loss of electrons and it is easier to keep the surfaces clean and flat 

allowing very precise information to be gathered on close to ideal systems. 

 

Table 1.1. Different possible ranges of pressures with nomenclature and mean free path 

that the electron will traverse before being scattered or losing energy in air and at room 

temperature. 

Vacuum range Pressure (mbar) Mean free path  

Ambient Pressure 1013 68 nm 

Low Vacuum 300 – 1 0.1 – 100 mm 

Medium Vacuum 1 – 10−3 0.1 –  100 mm 

High Vacuum 10−3 – 10−7 10 cm –  1 km 

Ultra High Vacuum 10−7 – 10−12 1 km –  105 km 

 

However UHV can change the composition of the samples in case of hydration or 

volatile components on the surface, meaning that the system under study is sometimes 

different to that which entered the XPS equipment. NAP experiments allow for the 

study of more realistic systems with higher pressures and in the presence of different 

gasses that mimic real life situations. 
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Figure 1.11. Schematic representation showing the way the electrons escape the surface 

in all directions (left) and the differential pumping system in the XPS instrument (right, 

image courtesy of Dr Alex Walton from The University of Manchester). 

The XPS experiments presented in Chapters 3, 4 and 5 have been done on an Fe(110) 

single crystal surface, results presented in Chapter 6 have been done on AISI 1010 

carbon steel. Metallic iron crystallises in a body-centred cubic structure (bcc). Figure 

1.12 shows the unit cell in which the metallic atoms are represented as solid grey 

spheres, where a central atom is surrounded by eight other metallic atoms situated on 

the vertices of the unit cell. The single crystal used for these experiments has been cut 

in the (110) plane as shown below. The resulting surface is very compact. 

 

 

 

Figure 1.12. Illustration of the unit cell for a bcc system with a (110) plane. 

Iron undergoes a phase transition from bcc to a face-centred cubic system at ca. 

1394 °C96 meaning the crystal cannot be heated above that temperature, which 

complicates the process of cleaning the crystal.97  
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1.7. Near Edge X-ray Absorption Fine Structure 

Near Edge X-ray Absorption Fine Structure (NEXAFS) is a synchrotron-based 

technique developed in the 1980s to study the structure of molecules bound to surfaces 

that provides information about the electronic structure and orientation of small 

molecules on surfaces.98 In this technique, the sample is irradiated with monochromatic 

X-rays and the energy is varied around an ionisation edge, in the case of the 

experiments presented in this thesis around the C 1s ionisation edge, which has an 

energy of 285 eV. The electromagnetic radiation generated at a synchrotron covers a 

wide range of the electromagnetic spectrum and is highly polarisable. With the help of a 

monochromator it is possible to select a single wavelength providing a bright, tuneable, 

polarised light for experiments. The reason NEXAFS cannot be done in laboratory 

based sources is because of the need of tuneable photon energy over a range of energies 

that can only be achieved from synchrotron sources. When the sample is irradiated the 

targeted atom absorbs the energy, gets excited to a higher energy level creating a core 

hole. An electron from a higher electronic level fills the core hole and the remaining 

energy is released in form of an Auger electron or fluorescence photon. This makes the 

technique both surface sensitive if an Auger electron is released or bulk sensitive if 

fluorescence photons are emitted, the Auger electron emission or fluorescence yield is 

measured as a function of the incident energy.  

 

 

 

 

Figure 1.13. Schematic representation of the NEXAFS process for the C 1s edge. 

One of the most important features of NEXAFS is that it can identify different 

bonding environments when the molecules are ordered on the surface. For example, for 

a molecule with an aromatic system like a benzene ring the π* orbitals are orientated 
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perpendicular to the plane of the ring whilst the σ* orbitals are in plane with the ring. 

Because the radiation in NEXAFS is polarised it interacts with the sample at a certain 

angle. As there is a maximum in intensity of the resonance process when the E vector is 

parallel to the π* orbitals, the orientation in which molecules are bound to the surface 

can be determined simply by changing the incident angle. For aromatic molecules, the 

height or the intensity of the peak is calculated for each angle and the data fitted to the 

Stöhr equations for two-fold symmetry,99 

!!!"# = !"#!θ!!"#!! + !"#!θ"!"#!!!!"#!! 

!!!"#! = !"#!α"!"#!! 

!! = ! !"!!"# + 1− ! !!!"#!  

Figure 1.14 shows a schematic representation of how the E vector and X-ray radiation 

interacts with the π* system at different angles.  

 

 

 

 

 

 

 

Figure 1.14. Schematic representation of the interaction of NEXAFS radiation with a 

molecule containing an aromatic ring deposited on a surface. 

 

 

1.7 

1.8 

1.9 
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1.8. Density Functional Theory 

Density Functional Theory (DFT) is a powerful tool for calculating properties of 

different systems. It is widely used in different fields and most commonly used to 

calculate binding energies of molecules in Chemistry and band gaps in Physics. It uses 

several approximations in order to make the systems as simple as possible to facilitate 

the calculations. The aim of this methodology is to predict the behaviour of electrons 

from first principles. That is achieved by solving the time-dependent Schrödinger 

equation,  

!! = !!! 

which takes into account the positions of all particles at all times. As nuclei are much 

bigger and slower than electrons it can be assumed that the nuclei are static, thus the 

electronic wavefunction depends on the nuclear positions, but not their velocities. This 

assumption is know as the Born-Oppenheimer approximation.100 

(Ψ!"#$%&#$' = !Ψ!"!#$%&'( !! + !! + !Ψ!"#$%"& !! + !! !  

(Ψ!"#$%&#$' = !Ψ!"!#$%&'( !! + !! + !Ψ!"#$%"& !!  

The Schrödinger equation is simplified by this assumption, as it only applies quantum 

mechanics to electrons but it is still very complicated to solve. The Kohn-Sham 

approximation postulates that a given system of non-interacting electrons would 

generate the same density as a system in which the electrons interact with each other.101 

Therefore the electronic energy of the system can now be described by: 

!!"# + !!!!! = !!!"#!"!!!"# + !!!!!!"!!!"# ! + !!!" !  

where EXC[ρ] is the exchange-correlation function. After these approximations the 

Schrödinger equation is:  

! ! !! ! != !!!!! !  

1.10 

1.11 

1.12 

1.13 

1.14 



                                                                                                    Chapter 1. Introduction 
!

! 59 

! ! = !− ħ!
!! ∨

!+ !!!!!!"!!!"# ! + !!!!! ! + !!!" !  

The only unknown variable in this equation is the exchange correlation, !!" ! , which 

is only 10% of the total energy of the system proving that these approximations are 

accurate enough. 

The Local Density Approximation (LDA) assumes that the exchange energy depends 

only on the local electronic density at each point in space.100 This approximation is fairly 

simple and very accurate, but it fails when there are rapid changes in the electronic 

density, which usually happens with molecules. An alternative to this approximation is 

the Generalized Gradient Approximation (GGA),102 which considers a gradient of the 

electron density. This approximation leads to an improvement in the typical chemistry 

calculations like atomization energies,103 energy barriers103–105 and structural energy 

differences.106–109 There are different parameterisations of the GGA to choose from 

depending on the calculation, one of the most accurate is from Perdew, Burke and 

Ernzerhof (PBE).110 

The CASTEP code111,112 was develop in 1992 by Payne et al.113 using a plane wave 

pseudopotential method for solid state materials. The code follows Bloch’s theorem 

that stipulates that if the nuclei are arranged periodically in a solid, the potential is also 

periodic and the electronic density has the same periodicity, this makes the possible 

wave functions semiperiodic.114  

CASTEP is user friendly as all input variables have default sets for basis set size, plane 

wave cut off energy, k-point sets and Fourier transform.112 It can either be used in 

parallel or serial depending on the k-points and the processors used. It can be used to 

calculate total energies, electronic structures, to do geometric optimisations, molecular 

dynamics, transitions states, phonons, electric field response and exchange and 

correlation energies.112 

The characteristic of CASTEP that it is going to be explored in this thesis is the ability 

to predict IR and Raman spectra for the solid state, not only the energies of the bands, 

but also their relative intensities, when used correctly. The way to do this is by first 

1.15 
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carrying out a geometric optimisation to eliminate stress forces in the solid. Density 

functional perturbation theory (DFPT) is used to calculate the response of a system 

when exposed to an electric field, which allows for a simulation of the bands and 

intensities in the IR and Raman spectra.  

 

1.9. Aims 

The major goal of this project is to gain a better understanding of how corrosion 

inhibitors interact with metallic surfaces to facilitate the selection and design of new 

corrosion inhibitors. This project is divided into two parts: synthesis and 

characterisation of metal compounds using corrosion inhibitors as ligands and 

investigation of the interaction of corrosion inhibitors with a metallic surface. 

The first part of the project is focused on the synthesis of iron compounds with both 

nitrogen and phosphorus based corrosion inhibitors and similar ligands. The purpose of 

this is to gain an understanding of how the organic compound binds to a metallic cation 

at an atomic level using single crystal X-ray diffraction (XRD). Additionally a 

spectroscopic study of the vibrational modes is undertaken (ATR-FTIR and Raman 

spectroscopy) to find fingerprints for the binding modes present in the compounds. 

The idea of this is to have a library of binding modes and spectroscopic bands to allow 

identification by spectroscopic methods without the need for XRD. Theoretical 

calculations of the vibrational modes of the corrosion inhibitors in the solid state were 

used to assist with the assignment and understanding of the bands in the spectra. 

For the study of the corrosion inhibitors on a surface it was first decided to do 

vibrational sum frequency spectroscopy (VSFS), a novel surface and interface-specific 

optical technique. However, this has proven to be less useful than anticipated due to 

significant noise in the fingerprint regions of the corrosion inhibitors under study.  

For this reason it was decided to move on to other surface sensitive techniques. X-ray 

photoelectron spectroscopy (XPS) can give fast and accurate information about the 
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binding energy of the molecules and the state of the surface. This can be done in ultra 

high vacuum (UHV) and at near ambient pressure (NAP) or low vacuum. This 

technique was previously UHV exclusive, but it can now be performed at higher 

pressures using different gases. For this project H2O and CO2 have been used in order 

to mimic sweet corrosion. Near edge X-ray absorption fine structure (NEXAFS) 

investigates the orientation of the molecules when there is an ordered π system on the 

surface and can therefore be used to determine the angle of molecules with aromatic 

functionality. However this can only be done using synchrotron radiation, as it needs 

monochromatic X-rays with a high degree of polarisation and so its use is limited. 

Initially, this project was focused on nitrogen based corrosion inhibitors such as 

benzotriazole and some sulfur containing compounds like 2-mercaptobenzimidazole; 

Chapters 2 and 3 are centred on these and in the investigation of them using the model 

compounds method. As the project developed, and following the suggestions of the 

industrial sponsors, it was decided to focus on the study of phosphonic acids and 

phosphate esters, which are more relevant to the extraction of oil; Chapters 4, 5 and 6 

show the results obtained for phosphorus based corrosion inhibitors.  
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2.1. Introduction 

As explained in Chapter 1, nitrogenated heterocyclic organic compounds like imidazole 

(IMH) and benzimidazole (BIH) are good corrosion inhibitors.1–7 It is known that 

compounds containing both sulfur and nitrogen atoms have greater inhibitive 

properties,5,8,9 in particular 2-mercaptobenzimidazole (MBIH2), which is a nitrogen and 

sulfur based compound known to be a corrosion inhibitor for copper10,11 and steel.5,6,12–16 

Even though it was thought that sulfur containing corrosion inhibitors acted by forming 

an insoluble compound on the surface,17,18 more recent work suggests that the 

compound is chemisorbed on the surface through the sulfur atom.13,15,16,19  

The aim of this chapter is to get a better understanding about the metal-inhibitor 

interaction for this type of corrosion inhibitor in order to understand its inhibitive 

mechanism. To do this, the model compounds approach (Chapter 1) has been applied 

to the ligands MBIH2, IMH and BIH and their binding modes have been studied. In 

addition, theoretical calculations of the binding modes of MBIH2 have been done to 

allow a better assignment of the bands in the spectra. 

MBIH2 can adopt two different electronic configurations according to the stabilising 

effect of a surrounding medium. The sulfur atom is bound to the carbon atom through 

a single bond in the thiol form and through a double bond in the thione; this affects the 

hybridisation of the nitrogen atoms. In the thione configuration both nitrogen atoms 

are equivalent and have a sp3 hybridisation while in the thiol they have a different 

electronic configuration. 

 

 

Figure 2.1. Possible electronic configurations of MBIH2, thiol (left) and thione (right). 

When MBIH2 acts as a ligand in a coordination compound it has a great variety of 

possible binding modes as it can bind to metal atoms only through the sulfur, only 

through the nitrogen or through both, depending on the nature of the metallic atom. 
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According to Pearson and Songstad’s theory20 a hard base like nitrogen will have more 

affinity to bind to different metallic atoms than sulfur that is considered a soft base and 

so the binding mode is expected to be different for different transition metals. 

 

 

 

 

 

Figure 2.2. Some of the possible binding modes for partially deprotonated MBIH2 (top) 

and completely deprotonated MBIH2 (bottom) labelled according to Harris notation.21 

It is intended to create a model to easily predict and identify the binding modes of 

MBIH2 without the need to determine the X-ray structure of the compounds. For this 

reason some novel compounds have been synthesised as well as some taken from the 

literature to study their infrared spectra. In addition to that the IR data available for all 

the published compounds containing this ligand have been compiled and studied.  

To try to understand how MBIH2 inhibits corrosion it is important to know how it 

binds to metallic surfaces and, even though it is not expected to bind only through the 

nitrogen atoms, it is not easy to predict if it will bind only through the sulfur or if it 

would have a more complicated binding mode. For this reason sum frequency 

generation (SFG) of MBIH2 has been performed, firstly on a gold surface as it is inert to 

atmospheric oxidation and makes the study and understanding of the system easier, and 

then on steel. Density functional theory (DFT) calculations in the solid state have been 

carried out to allow a better assignment of the vibrational modes. 
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2.2. Model compounds 

Two novel iron compounds have been synthesised with BIH and IMH as well as a 

novel copper compound with MBIH2. Here the synthesis of previously reported MBIH2 

compounds is also presented, to study their infrared spectra. The experimental details 

are shown below. 

2.2.1. Experimental 

Reagents were purchased from Aldrich and used without further purification. All 

solvents were from Fisher Scientific and Sigma Aldrich and were used without further 

purification. 

Analytical data were obtained by the Microanalytical Service at the University of 

Manchester. Carbon, nitrogen, phosphorus and hydrogen analysis was performed using 

a Flas 200 elemental analyser. Metal analysis was performed by Thermo iCap 6300 

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES). 

Raman spectra were recorded with a HORIBA T64000 Raman Spectrometer in the 

Photon Science Institute at the University of Manchester. 

IR spectra of neat powders were recorded using a Thermo Scientific Nicolet iS5 FTIR 

spectrometer equipped with an iD5 ATR. The penetration depth of the beam is directly 

proportional to the wavelength of the incident beam, which means that photons with 

higher wavenumbers penetrate the sample less than photons with lower wavenumbers. 

This causes attenuation on the intensity of the peaks on the left hand side of the 

spectra. 

X-ray data were collected in-house on a SuperNova, single source at offset Atlas 

diffractometer. Using Olex2,22 the structure was solved with the Superflip23 structure 

solution program using Charge Flipping and refined with the ShelXL24 refinement 

package using Least Squares minimisation.  
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[Fe(IMH)4Cl2]Cl (1): A solution of FeCl3 (0.30 g, 1.85 mmol), NaOMe (0.10 g,  

1.85 mmol) and IMH (0.13 g, 1.85 mmol) in MeCN (9 mL) was heated in a Teflon-lined 

autoclave at 100 °C for 12 h under autogenous pressure. Cooling to room temperature 

at a rate of 0.05 °C/min gave a yellow solution and a brown precipitate and small red 

crystals. The crystals were separated from the precipitate by repeated washing and 

decanting with cold MeCN. Elemental analysis, calculated (%) for C12H16Cl3FeN8:  

C 33.17, H 3.71, Cl 24.48, N 25.79; found: C 33.02, H 3.83, Cl 25.37, N 26.25.  

ATR-FTIR ν/cm−1: 3129 (m), 3065 (m), 2950 (m), 2825 (m), 2624 (m), 1576 (m),  

1535 (m), 1484 (m), 1406 (m), 1323 (m), 1244 (m), 1159 (m), 1103 (m), 1057 (s),  

943 (m), 842 (m, br), 753 (s, br), 631 (s) 613 (s). 

[Fe3O(HCO2)6(BIH)3]Cl (2): A solution of FeCl3 (0.30 g, 1.85 mmol), NaOMe  

(0.10 g, 1.85 mmol) and BIH (0.22 g, 1.85 mmol) in MeCN (9 mL) was heated in a 

Teflon-lined autoclave at 100 °C for 12 h under autogenous pressure. Cooling to room 

temperature at a rate of 0.05 °C/min gave a brown powder, which was dissolved in 

DMF. MeCN was allowed to diffuse into the orange filtrate at room temperature for a 

week giving red crystals. Elemental analysis calculated (%) for C27H24ClFe3N6O13:  

C 38.45, H 2.87, Cl 4.20, N 9.96; found: C 38.23, H 2.94, Cl 4.35, N 10.02.  

ATR-FTIR ν/cm−1: 3067(br, w), 2976 (br, w), 2826 (br, w), 1607 (s), 1491 (m), 1446 (w), 

1423 (w), 1367 (s), 1303 (m), 1268 (m), 1250 (m), 1155 (w), 1132 (w), 1111 (w),  

1007 (w), 967 (m), 934 (w), 886 (w), 827 (br, w), 746 (s), 573 (br, m). Raman ν/cm−1: 

441 (m), 562 (br, m), 634 (m), 765 (m), 778 (m), 888 (m), 973 (w), 1011 (s), 1116 (m), 

1160 (br, m), 1255 (s), 1272 (m), 1307 (m), 1353 (s), 1426 (br, w), 1502 (s). 

[Cu(MBIH2)(dppp)Cl] (3): A mixture of CuCl (0.049 g, 0.5 mmol) and  

1,3-bis(diphenylphosphino)propane (dppp) (0.206 g, 0.5 mmol) were stirred in MeCN  

(20 mL) for 30 min. To this was added a solution of MBIH2 (0.075 g, 0.5 mmol) in 

MeOH (15 mL) and stirred for 2 h. The resulting clear solution was filtered and left 

disturbed, after 2 d clear crystals suitable for X-ray diffraction were collected. Elemental 

analysis calculated (%) for C34H32ClCuN2P2S: C 61.72, H 4.87, Cl 5.36, N 4.23, P 9.36; 

found: C 60.94, H 4.79, Cl 5.56, N 4.35, P 9.47. ATR-FTIR ν/cm−1: 3064 (w, br),  
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2964 (w, br), 2857 (w, br), 1619 (m), 1505 (m), 1456 (s), 1407 (w), 1361 (w), 1345 (w), 

1259 (m), 1218 (w), 1182 (m), 1090 (w, br), 1011 (w, br), 896 (w), 797 (m), 731 (s),  

618 (m), 596 (m). 

[Au2(dppp)Cl2] (4): A solution of dppp (0.089 g, 0.215 mmol) in acetone (15 mL) was 

added to a suspension of [AuCl(SMe)2] (0.127 g, 0.430 mmol) in acetone (15 mL). After 

stirring the resulting mixture for 2 h a white precipitate was filtered, washed with 

acetone, diethyl ether and dried under vacuum.25,26 Elemental analysis calculated (%) for 

C27H26Au2Cl2P2: C 36.97, H 2.99, Cl 8.08, P 7.06; found: C 37.42, H 2.98, Cl 8.42,  

P 6.85. ATR-FTIR ν/cm−1: 3050 (w), 1709 (w), 1482 (m), 1434 (s), 1405 (w), 1384 (w), 

1184 (w), 1158 (w), 1128 (w), 1104 (s), 998 (w), 983 (m), 940 (m), 837 (m), 742 (s),  

690 (s), 669 (m).  

[Au2(dppp)(MBIH)2]·2CF3CO2H (5): To a solution of 4 (310 mg, 0.35 mmol) in 

CH2Cl2 (15 mL) was added AgCF3CO2 (156 mg, 0.71 mmol), and the reaction mixture 

was stirred at room temperature for 30 min. The suspension was filtered through celite 

to remove the AgCl precipitate, and added into a suspension of  

2-mercaptobenzimidazole (MBIH2) (160 mg, 0.71 mmol) in CH2Cl2 (15 mL). The 

reaction mixture was stirred for 2 h at room temperature. The resulting solution was 

concentrated to 5 mL, and the addition of Et2O (75 mL) gave an off-white precipitate 

that was collected by filtration and washed with Et2O.26 Elemental analysis, calculated 

(%) for C41H36N4P2S2Au2·2CF3CO2H: C 40.55, H 2.87, N 4.20, S 4.81; found: C 40.52, 

H 2.90, N 4.13, S 4.87. ATR-FTIR ν/cm−1: 3055 (w, br), 2820 (w, br), 1662 (s, br),  

1515 (m, br), 1459 (m), 1436 (m), 1414 (m), 1350 (w), 1278 (w), 1177 (s, br), 1127 (s), 

1104 (s), 1027 (w), 999 (w), 968 (w), 827 (m), 797 (m), 741 (s), 717 (m), 690 (s), 618 (m), 

599 (m). 

[Zn4O4(MBIH)6]·3MeOH (6): A mixture of Zn(MeCO2)2·2H2O (0.0385 g,  

0.175 mmol) and MBIH2 (0.0392 g, 0.26 mmol) in water (3.5 mL) and methanol  

(3.5 mL) was sealed in a Teflon-lined stainless steel reactor and heated for three days at 

120 ºC. After slowly cooling the sample to room temperature at a rate of 0.05 °C/min 

yellow crystals were collected after 2 days.27 Elemental analysis, calculated (%) for 
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C45H42N12O4S6Zn4: C 42.60, H 3.34, N 13.25, S 15.26; found: C 43.07, H 3.27, N 13.20, 

S 15.23. ATR-FTIR ν/cm−1: 3392 (w), 1490 (w), 1412 (s), 1376 (s), 1348 (s), 1296 (m), 

1272 (m), 1223 (m), 1168 (m), 1168 (w), 1147 (w), 1017 (w), 1000 (m), 932 (w), 903 (w), 

815 (w), 739 (s), 696 (w), 606 (m). 

Compounds [SbBr2(MBIH2)4]Br·H2O
28 (7), [SbCl2(MBIH2)4]Cl·2H2O·MeOH29 (8),  

[SbCl2(MBIH2)4]Cl·3H2O·MeCN29 (9), [SbCl3(MBIH2)2]
29 (10), 

[N(CH2CH3)4][Cu3(MBI)2]
27 (11), [N(CH3)(CH2CH3)3]2[Cu6(MBIH)6]Cl2

27 (12), 

[Fe2(MBIH)2(NO)4]
30 (13) and  [Ni2(MBIH)4]2[NiCl2(MBIH2)2(MeCN)2]

31 (14) were not 

synthesised but, their IR data that was previously reported is reviewed. 

2.2.2. Imidazoline compounds 

Compounds 1 and 2 were easily synthesised under solvothermal conditions, Figure 2.3 

shows their single crystal X-ray structure. Compound 1 is a monometallic compound 

that crystallizes in an orthorhombic system in which the iron atom has a slightly 

distorted octahedral geometry. There are four monodentate imidazole ligands bound to 

the metallic atom, chlorine atoms occupy the two remaining trans coordination 

positions.   

 

 

 

 

 

 

Figure 2.3. Single crystal X-ray structure for compounds 1 (left) and 2 (right). Colours: 

C, grey; N, blue; O, red; Cl, green and Fe, yellow. Hydrogen atoms omitted for clarity. 
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Figure 2.4 shows the IR spectra for compounds 1 and 2 (black) and their pure ligands 

(red). The single crystal X-ray data suggests that the imidazole ligands are protonated, 

this is supported by the presence of the broad band at high frequency in the infrared 

spectra due to the N-H bond vibration, that would not be present in case the ligand was 

completely deprotonated. 

 

 

 

 

 

 

 

 

Figure 2.4. ATR-FTIR spectra for IMH (a), compound 1 (b), BIH (c) and  

compound 2 (d). 

Compound 2 has a similar structure to the mixed-valent iron triangle compounds 

previously reported by Timco et al.32,33 The novel compound reported here consists in a 

planar oxocentred iron triangle with six formate groups bridging the metallic atoms. 

Each iron atom is hexacoordinated and bound to four oxygen atoms from the formate 

groups, one μ3-O atom and one nitrogen atom from the benzimidazole. The later ligand 

is acting as monodentate and, even though the reaction was carried out under basic 

conditions, it remains protonated (see high frequency region in the IR spectrum in 

Figure 2.4). It is believed that traces of formate anions were formed in situ by 

hydrogenation of CO2 present in the air catalysed by iron following the mechanism 

suggested in Figure 2.5. Even though most catalysts for this hydrogenation are 
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expensive compounds of noble metals such as ruthenium and iridium,34 some Fe2+ 

based catalysts have been recently reported.35–41 

 

 

 

 

Figure 2.5. Suggested mechanism for the hydrogenation of CO2. 

Raman spectra of the crystalline powders have been recorded. Figure 2.6 shows the 

Raman spectra for compounds 1 and 2 (black) and the pure ligands (red). Compound 2 

shows the appearance of the Fe-N bond stretching band at low frequencies (560 cm−1). 

The bands corresponding to the N-H bond bending (619 and 1412 cm−1) are still 

present in the compound spectrum it remains protonated.  

 

 

 

 

 

 

 

 

 

Figure 2.6. Raman spectra for BIH (a), compound 1 (b), IMH (c) and 2 (d). 
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2.2.3. 2-Mercaptobenzimidazole 

The same reaction followed to synthesise compounds 1 and 2 was carried out with 

MBIH2 but no compound could be isolated suggesting that this ligand needs different 

conditions to react with a metallic cation and form a compound. The sulfur atom has an 

ideal position in the ligand for coordination creating steric impediment to the nitrogen 

atoms making it less favourable for them to coordinate. According to Pearson and 

Songstad’s theory a soft electron-efficient like sulfur does not have much affinity to 

bind to a hard electron-deficient metal like iron.20 Aldoshin et al. succeeded in 

synthesising a dimetallic Fe2+ compound with MBIH2 by reacting it with Fe2+ in 

presence of nitrogen monoxide.30 In the compound both iron atoms are held together 

by bridging MBIH (partially deprotonated) with a binding mode 2.110 (Figure 2.2). 

Compound 3 crystallises in a monoclinic system and it is a novel compound. In this 

monometallic compound the copper atom has a distorted tetrahedral geometry and it is 

bound to two phosphorus atoms from the phosphine, a sulfur atom from the 

imidazoline ligand and a chlorine atom. MBIH2 is fully protonated and displays a 1.100 

binding mode.  

 

 

 

 

 

Figure 2.7. Single crystal X-ray structure for compound 3. Colours: C, grey; N, dark 

blue; S, yellow; Cu, light blue; P, orange and Cl, green. Hydrogen atoms omitted for 

clarity. 

Compounds 5 and 6 were synthesised as previously reported26,27 to study the vibrational 

spectra and identifying fingerprints for the different binding modes. Their single crystal  

X-ray structures weren’t determined, but their purity was checked by elemental analysis 
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and infrared spectroscopy. In compound 5 (Figure 2.8) both gold atoms have a linear 

coordination and are held together by the bridging bis(phenylphosphino)propane 

(dppp). The imidazoline ligand is partially deprotonated and bound to the gold atom 

through the sulphur with a 1.100 binding mode. The nitrogen atom is still protonated 

and it participates in an hydrogen bond with the CF3CO2 anion with a separation 

distance between the nitrogen and the oxygen atoms of 2.761(7) Å. 

 

 

 

 

 

Figure 2.8. Single crystal X-ray structure for compounds 5 (left) and 6 (right). Colours: 

C, grey; N, blue; O, red; S, yellow; P, orange; Au, cream and Zn, pink. Hydrogen atoms 

and CF3CO2 anion omitted for clarity. 

Compound 6 consists in four zinc atoms (one of the zinc atom is eclipse by another one 

in figure 2.8) held together by a central oxygen atom forming a distorted tetrahedron. 

All imidazoline ligands are partially deprotonated and have the binding mode 2.110. All 

zinc atoms have a tetrahedral coordination, all presenting different coordination 

environments. One is coordinated to three sulfur atoms from different ligands and the 

centred oxo anion; another one is bound to two sulfur atoms, one nitrogen atom all 

different ligands and the oxo; the third zinc is bound to one sulfur and two nitrogen 

from different ligands and the oxo and the fourth zinc is bound to three nitrogen from 

different ligands and the oxo. 
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Table 2.1. Thioamide bands for MBIH2 and compounds 3, 5 and 6. 

  

Thioamide bands (cm−1) 

  

Binding 

mode N-H I II III IV 

MBIH2 - 3148, 3111 1509 1339 1016 735 

3 1.100 3064 1505 1345 1011 731 

5 1.100 3055 1515 1350 1027 741 

      6       2.110 3392 1490 1348 1017 739 

 

MBIH2 has two possible electronic configurations (see Section 2.1), thione and thiol, 

the former being the most stable in the solid state. For this reason, in the ATR-FTIR of 

the pure ligand the S-H bond stretch (expected at ca. 2500 cm−1) is not present. This 

band is not going to appear in the compound spectra either as in all the cases the sulfur 

atom is deprotonated and bound to a metallic atom. A more detailed study of the pure 

ligand can be found in Section 2.4 where some DFPT calculations are presented. It is 

well known that thioamide ligands have four characteristic bands known as ‘thioamide 

bands’ at ~1500, 1300, 1000 and 800 cm−1, which have previously been assigned.42,43 

Band I has contributions of δN-H, δC-H and νC=N; band II is a mixed band with 

contributions from νC-N, δN-H, δC-H and νC=S; band III has contributions from  

νC-N and νC-S and band IV is mainly from the C-S bond. The behaviour and changes 

these bands suffer when forming a coordination compound can be used to determine 

the nature of bonding in the metal complexes.42,43 

Figure 2.9 shows the IR spectra for compounds 3, 5 and 6 as well as for the pure ligand, 

the assignments of the bands are presented in Table 2.1. In the spectra of all the 

compounds as well as in the pure ligand the N-H stretching band is present as in all 

cases there is, at least, one nitrogen atom protonated. When the binding is only through 

the sulfur this band shifts to lower frequencies whilst when the ligand is partially 

deprotonated it suffers a big blue shift. This indicates that the N-H band could have 

important information about the binding mode of the ligand. 
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Figure 2.9. ATR-FTIR spectra of MBIH2 (a), compound 3 (b), 5 (c) and 6 (d).  

The IR data for all the compounds with MBIH2 that have their spectroscopic data 

published have been studied and the assignment of the bands done, see Table 2.2. In 

compounds 7,28 8, 9 and 1029 the ligand is fully protonated and bound to the antimony 

atoms only through the sulfur, binding mode 1.100. 

Compound 11 consists on a 2-D network where trimetallic units are repeated. There are 

two equivalent coppers with two different coordination environments. The imidazoline 

ligand is fully deprotonated and it shows the 4.211 binding mode. In compound 12 all 

copper atoms are equivalent, bound to one nitrogen atom and two sulfur atoms from 

three ligands with distorted trigonal planar coordination geometry. The ligand in this 

compound is partially deprotonated and shows a 3.210 binding mode. 
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Figure 2.10. Single crystal X-ray structures for compounds 11 (left) and 12 (right). 

Colours: C, grey; N, blue; S, yellow; Cu and light blue. Hydrogen atoms omitted for 

clarity. 

Compound 13 is dimetallic, the iron atoms are held together by two bridging MBIH 

with a 2.110 biding mode. The metal atoms have a distorted tetrahedral geometry and 

two coordinated nitrogen monoxide molecules complete the coordination sphere. 

Compound 14 is formed exclusively by two nickel atoms and four MBIH ligands with a 

2.110 binding mode. 

 

 

 

 

 

Figure 2.11. Single crystal X-ray structure for compounds 13 (left) and 14 (right). 

Colours: C, grey; N, blue; O, red; S, yellow; Fe, brown and Ni, green. Hydrogen atoms 

omitted for clarity. 

From the spectroscopic data of these compounds it can be seen how the frequency of 

certain vibrational modes shifts depending on the binding mode. Band I does not 
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depend on any vibrational mode involving sulfur and so when the binding is just 

through sulfur this band does not have a significant change compared to the free ligand. 

However when the binding is through both nitrogen and sulfur there is a red shift of 

about 30-70 cm−1 due to the coordination of the nitrogen to the metallic atom; this 

change can be seen in compounds 11, 12, 13 and 14. Band II is a combination of C-N 

and C=S stretches and N-H and C-H bending modes. As this band is more complicated 

and it has different contributions it is not easy to predict and to understand its 

behaviour. Experimental data suggest that for all binding modes it suffers a small blue 

shift in comparison to the free ligand. However, this band, like band I, does not provide 

any information about the binding mode. The biggest change in this band can be seen 

for compounds 11 and 12, in which the sulfur is bound to two metallic atoms and for 

which there is a bigger shift of the band. 

 

Table 2.2. Assignment of thioamide bands for compounds found in the literature. 

  

Thioamide bands (cm−1) 

  Binding mode N-H I II III IV 

MBIH2 - 3148, 3111 1509 1339 1016 735 

728 1.100 3069 1491 1347 1007 751 

829  1.100  3064 1492 1348 1011 753 

929  1.100  3069 1498 1349 1007 746 

1029           1.100 3098 1508 1346 1013 739 

1127 4.211 - 1455 1370 1002 742 

1227 3.210 3445 1424 1350 1007 755 

1330 2.110 3207 1467 1384 1002 742 

1431 2.110 3244 1492 1348 1004 756 

 

Band III has dependence on both nitrogen and sulfur and it suffers, in both cases, a 

small red shift that it is slight bigger when the ligand is bound through sulfur and 

nitrogen.  
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The biggest change is seen in the N-H bond stretching, which when the binding is 

through sulfur has a red shift of about 100 cm−1 and, when the binding is also through 

the nitrogen, there is a blue shift of about 250 cm−1. The band is not present when there 

is not a protonated nitrogen atom like in the binding mode 4.211. This band depends 

on the mode and it is present in the region used in SFG so it can be used as a diagnosed 

agent for the binding mode of MBIH2 on a surface. 

 

2.3. Vibrational Sum Frequency Generation 

As explained in Chapter 1, SFG is a technique that allows the study of molecules at an 

interface. In this section solid-gas and solid-liquid interfaces have been explored. The 

collection, fitting and interpretation of the data was done in collaboration with Dr 

Dimitri Chekulaev as part of the BP-ICAM project. A first experiment was carried out 

using a gold surface because it does not corrode in air and it makes the system more 

simple and easier to understand. The gold surface was cleaned under sonication and was 

dipped into solutions of MBIH2 in ethanol of different concentrations (10 mM and 25 

mM) and dried under a N2 flow. The ex situ spectrum was collected at both t ≈ 0.33 

and 1 ps in the region where the Csp2-H stretches are expected to appear (between 2800 

and 3200 cm−1). A delay in the visible pulse is applied in order to eliminate the non-

resonant background in the spectra. In the spectra (Figure 2.12) there is a clear peak 

that appears at 3070 cm−1 assigned to the Csp2-H bond vibration. An inconvenience of 

looking at such a narrow region is that N-H and C-H bond vibrations cannot be studied 

at the same time, which might lead to a wrong assignment of the peak. In order to 

confirm the assignment of the peak theoretical calculations (Section 2.4) of the IR active 

vibrational modes for both MBIH2 and MBID2 have been done and will be in more 

detail in Section 2.4. The signal at 2970 cm−1 is assigned to the Csp3-H vibration of the 

adsorbed ethanol on the surface. 
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Figure 2.12. SFG spectra of MBIH2 10 mM, 25 mM in ethanol and pure ethanol 

acquired with t ≈ 0.33 ps (left) and t ≈ 1 ps (right). 

SFG data were also collected for a solid-liquid interface using a liquid cell for a 25 mM 

solution of MBIH2 in ethanol at t ≈ 0.33 ps. Figure 2.13 compares the in situ spectrum 

with the equivalent ex situ spectrum. Besides a decrease in the signal to noise there is no 

major change and both Csp2-H from MBIH2 and Csp3-H from the ethanol can be 

observed suggesting that the compound interacts with the gold surface in the same way 

in the solid state and in solution. 

 

 

 

 

 

 

Figure 2.13. SFG in situ and ex situ spectra of MBIH2 25 mM in ethanol acquired with  

t ≈ 0.33 ps (left) and SFG ex situ spectra of clean steel and exposed to  

0.01 M HCl/2 mM MBIH2 acquired with t ≈ 0.8 ps (right). 

! !

! !
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Following the measurements on the Au surface, similar work was done on an X65 steel 

substrate. In this case, MBIH2 was added to a 0.01 M HCl aqueous solution to address 

the issue of corrosion inhibition in acidic solution. It has been previously reported that a 

2 mM solution of MBIH2 in 0.01 M HCl inhibits the corrosion of carbon steel in a 

93%.16 The metallic surface was polished and cleaned with UV light, immersed in a 0.01 

M HCl/2 mM MBIH2 aqueous solution for 4 h and then dried under a N2 flow. Figure 

2.13 shows the recorded spectra at t ≈ 0.8 ps for the clean steel surface and the one 

exposed to the inhibitor. The resonances at 2950 and 2970 cm−1 are assigned to 

adventitious carbon from atmospheric contamination and the one at 3006 cm−1 to the 

Csp2-H vibration from MBIH2. There is a significant shift of the peak from the gold 

surface to the steel surface, which might indicate a change in the local binding 

environment. SFG spectra for two different surfaces show a small red shift for the N-H 

bond stretching suggesting that the MBIH2 binds to the metallic surface only through 

the sulfur atom.  

Unfortunately the experimental set up does not allow study of the low frequency region 

of the spectrum, so there is no possibility to study the thioamide bands or the S-H 

bond-stretching region.  

 

2.4. Density functional theory 

2.4.1. Experimental 

Calculation of the vibrational modes was first attempted using the Gaussian package,44 

which calculates the vibrational modes of isolated molecules in the gas phase and so the 

assignments at high wavenumbers are not reliable. Subsequently calculations were 

performed using the CASTEP45,46 code, which allows to calculate properties of solids 

using a plane-wave pseudopotential method. Calculations were done with exchange and 

correlation effects described by the generalized gradient approximation (GGA) of 

Perdew-Burke-Ernzerhof47 (PBE) and a cut off energy of 600 eV. 
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A geometry optimisation is needed in order to eliminate stress forces in the solid state 

before the calculation of the vibrational modes can be done, Figure 2.14 shows the 

packing on the solid state for this compound. The calculation was performed using the 

experimental X-ray structure coordinates of MBIH2,
48 which in the solid state is in the 

thione tautomeric form, as a starting structure. 

For the deuteration experiment, MBIH2 was deuterated by stirring the compound in 

deuterated ethanol with 2 drops of DCl for 5 days and then crystallised by slow 

evaporation of the solvent in air. The calculation was done using the same X-ray 

structure of MBIH2,
48 but this time exchanging the hydrogen atoms for deuterium and 

using the same calculation setup and parameters used for the previous experiment. 

2.4.2. Results and discussion 

In order to better understand the behaviour of MBIH2 and to facilitate the assignment 

of the bands on the SFG experiment, theoretical calculations of the vibrational modes 

have been done to simulate the solid state IR spectrum.  

 

 

 

 

 

 

 

 

Figure 2.14. Optimised geometry calculated for MBIH2. Colours: C, grey; N, blue; S, 

yellow.  
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Figure 2.16 shows the experimental (black) and simulated (red) IR spectra for MBIH2 

showing a very good agreement between the calculated and experimental spectra. The 

CASTEP code is very accurate calculating the intensity of the peaks, but it calculates 

them as a single point, meaning that the spectrum has to be manually broadened in 

order for it to have a more realistic appearance. Plotting the experimental versus the 

calculated vibrational frequencies is a good way to check the agreement between the 

calculated and experimental vibrational frequencies. Figure 2.16 confirms the calculation 

method used is very accurate and reliable. 

 

 

 

 

 

 

 

 

Figure 2.16. Experimental (black) and simulated (red) IR spectra for MBIH2. 

Table 2.3 shows the calculated and experimental vibrational frequencies and the 

assignment of the bands. There are some discrepancies between the assignments from 

these calculations and the empirical assignments from the literature. 
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Figure 2.17. Experimental vs. simulated IR frequencies for MBIH2. 

According to these the C-C stretch also contributes to the thioamide band I, but this 

does not change the model compounds assignment. Band II has mainly contribution of 

the N-H bond stretch and the calculations do not show the C-S bond stretch 

contribution, anyway this band does not have much information of the binding mode 

of the ligand in the model compounds. The biggest discrepancy is on band IV as 

according to the calculations it is due to the ring bending and not to a combination to 

the C-N and C-S bond stretches which might explain why this band does not change 

following the coordination of the ligand, as would be expected from the reported data 

found in the literature. 

It can be noticed that the agreement between the experimental and the simulated 

vibrational frequencies is not as good at high frequencies where the C-H and N-H bond 

vibrations happen. This might be because in the experimental spectra these bands are 

usually broad due to hydrogen bonding and humidity effects, which are not taken into 

account in the calculation. 
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Table 2.3. Experimental and calculated vibrational frequencies and assignment from 

calculations for MBIH2. Symbols: ν stretching, δ bending, β in plane bending and γ out 

of plane bending. 

Experimental cm−1 Theoretical cm−1 Assignment 

3111 3122 νN-H 

2988 3106 νC-H 

2878 3026 νN-H 

2568 - - 

1618 1613 νC-C + νC-N 

1509 1513 Band I  

1463 1455 νC-C 

1380 1392 δC-H + δN-H 

1356 1387 νC-C 

1339 1333 Band II 

1258 1215 δC-H + νC-N  

1215 - - 

1175 1201 δN-H  

1016 1011 Band III 

978 966 βring 

735 772 Band IV  

698 725 γC-H  

 

The C-H and N-H bonds vibrate at a similar frequency and for this reason sometimes it 

can be difficult to assign them. This becomes a bigger problem in the SFG spectra 

where only a very narrow region of the spectrum is collected. Deuterating the labile 

hydrogen atoms of organic compounds can assist on the assignment of C-H and N-H 

bands. For very polar bonds such as N-H or COOH groups the hydrogen atom is easily 

exchanged by simply stirring the solution in a deuterated solvent for as long as 

necessary. To get the same exchange for more stable bonds such as C-H it is necessary 
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to synthesise the compounds from scratch with simpler deuterated compounds. For 

compounds like MBIH2 that have both C-H and N-H bonds deuteration experiments 

are extremely useful as this will affect to the vibrations involving nitrogen atoms but not 

carbon.49 The energy of the vibrations of a bond depends both on the strength of the 

bond and the molar mass of the atoms and so a shift to lower frequency is to be 

expected following deuteration. 

Figure 2.18 shows the experimental and simulated IR spectra for deuterated MBIH2 

(MBID2) and calculated the theoretical vibrational modes (Figure 2.17).  

 

 

 

 

 

 

 

 

Figure 2.18. Experimental (black) and simulated (red) IR spectra for MBID2. 

Again there is good agreement between the experimental and the calculated frequencies 

for the vibrational modes (Figure 2.18). The assignment of the bands in this case is 

more complicated as the calculation was done for 100% deuterated MBID2 while in the 

experiment there is non-deuterated compound left causing some discrepancies on the 

agreement. 
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Table 2.4. Experimental and calculated vibrational frequencies and assignment for 

MBID2. Symbols: ν stretching, δ bending, β in plane bending and γ out of plane 

bending. 

Experimental cm−1 Theoretical cm−1 Assignment 

3148 3106 νC-H 

3111 3102 νC-H 

2981 3091 νC-H 

2336 2309 νN-Dsym 

2303 2235 νN-Dasym 

1620 1609 νC-C + νC-N 

- 1599 νC-C 

1505 1475 νC-C + δC-H + νC-N  

1454 1457 νC-C + δC-H + νC-N  

1410 1420 νC-N 

1354 1387 βring 

1338 1339 βring 

1215 1218 βring 

1180 1152 δC-H  

1015 1014 νC-C + δC-H + δN-H + νC-N  

989 977 βring 

919 927 δC-N 

 

The experimental IR spectrum (black) shows the expected shift of the N-D stretch 

band, which is also reflected in the simulated (red) spectrum. The experimental N-D 

vibrations (2236 and 2303 cm−1) are comparable with the calculated ones (2309 and 

2235 cm−1), again proving the reliability of the calculation method used. 
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Figure 2.18. Experimental vs. simulated IR frequencies for MBID2. 

There are other changes in the spectra following deuteration in the C-N stretch region, 

as the vibrational modes involving the nitrogen atom will also be affected for the 

isotopic mass of deuterium. 

As a following experiment, the intention was to perform SFG on the prepared 

deuterated sample of MBID2 used to do the ATR-FTIR. A preliminary study in which 

the data were very noisy showed no change in the resonance of the peak. Even though 

this was not further studied, the lack of a change in the spectra suggested that the 

assignment was done correctly in the first place and the peak seen at 3070 cm−1 is 

caused by the Csp2-H bond vibration. 
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2.5. Conclusions 

Three novel compounds have been synthesised with IMH, BIH and MBIH2 and have 

been characterised by X-ray crystallography and IR and Raman spectroscopies. The 

model compounds synthesised with IMH and BIH show a preference of these ligands 

to remain protonated and act as a monodenate ligand in a coordination compound. 

Even though no fingertips have been found for their binding modes the presence of the 

N-H bond stretch on the IR and Raman spectra has confirmed the monodentate 

binding mode. 

The assignment for the established thioamide bands has been done for a group of 

compounds with the corrosion inhibitor MBIH2 in which it shows different binding 

modes. Even though bands II, III and IV do not provide much information on the 

binding mode of the ligand, band I shows a red shift when the binding is through both 

the nitrogen and sulfur atoms. The band that provides more information of the binding 

mode is the N-H bond stretching, which suffers a small red shift when the binding is 

only through sulfur and a big blue shift when the binding is through nitrogen and 

sulfur. 

The SFG spectra on the N-H bond stretching region proves that MBIH2 binds to gold 

and steel surfaces. According to what it has been seen from the model compounds’ 

infrared spectra the vibration frequency of the band suggests a bond through the sulfur 

atom for both surfaces. 

However, there is some variation on the vibration frequency suggesting that the binding 

is different for the different surfaces, which is not that surprising as the metallic surfaces 

have very different properties and so a given compound is expected to interact with it in 

a different way.  

Theoretical calculations have been successfully performed in the solid state in order to 

facilitate the assignments of the IR frequencies, showing a very good agreement with 

the experimental data and facilitating the assignment of the peaks in the narrow region 
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on the SFG spectra. The calculation method has been proven to be very reliable even 

when making changes in the molecule, i.e. deuteration. 
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3.1. Introduction 

Organic compounds containing donor atoms and delocalised electrons provide proven 

examples of organic corrosion inhibitors, see Chapter 1. For these reasons heterocyclic 

compounds are good candidates as they fulfil both requirements. Benzotriazole (BTAH) 

and derivatives thereof are well established corrosion inhibitors for copper alloys,1,2,3 

steel4 and iron surfaces.5 They have at least three donor atoms and an aromatic ring, 

which gives the delocalisation of electrons and also surface coverage; for these reasons 

it was decided to apply the model compound approach to this family of organic 

molecules.  

Copper surfaces are quite stable under atmospheric conditions. But they get corroded in 

aggressive environments such as the presence of acids or gasses (for example HCl, CO2, 

H2S), which happens in industry. Under these conditions alloy surfaces need to be 

protected to avoid economic loss and possible accidents. BTAH has shown to be an 

excellent inhibitor under these conditions and so a lot of interest on its mechanism has 

arisen, although there is controversy about how this organic compound acts.6 Its 

mechanism is still not well understood because a large number of processes might take 

place.  

It is well known that BTAH inhibits corrosion by creating a physical barrier.2 BTAH 

reacts with the cuprous and cupric ions found in solution as a result of the corrosion 

forming an insoluble compound in water that precipitates onto the surface providing 

what is known as passivation in situ.3 The suggested structure is a Cu+ polymeric linear 

compound as shown in Figure 3.1. The structure suggested by Cotton was later 

confirmed by Poling et al.,7 who also proposed the formation of a thick layer that does 

not stop at a monolayer level as Cotton suggested. 
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Figure 3.1. Schematic representation of Cu-BTA complex suggested by Cotton and  

co-workers.7 

Even though there still is controversy about the exact interaction and thickness of the 

passivation layer as well as if there are both Cu+ and Cu2+ present, what it is clear is that 

BTAH reacts with a layer of oxide on the surface and stops further corrosion.6  

To better understand the chemistry of BTAH and its interaction with copper and other 

metals several coordination compounds have been synthesised with different metallic 

cations, such as Cu2+,8,9,10,11 Ni2+,12,13 Zn2+,11,13 Hg2+,14 Re5+,15 Ag+,16 Fe3+,17 Cr3+ and V3+.18 

A lot of work has been done in order to understand the interaction of BTAH with 

copper, but not much has been reported on iron.19,20 Tian and co-workers reported a 

study in which they compared the surface enhanced Raman scattering spectra of iron 

electrodes submerged in a solution of BTAH and of a pure Fe-BTA complex.20 From 

their results they suggested that BTAH binds to the iron surface through two of the N 

atoms in a similar way that it does with copper, forming an insoluble polymeric complex 

that protects the surface.  

Thus a deeper understanding of the surface chemistry of current inhibitors is essential 

for the development of new corrosion inhibitors. The focus of this chapter is to 

understand how BTAH interacts with metals at a molecular scale, by performing a 

vibrational study of model compounds; and by doing X-ray photoelectron spectroscopy 

(XPS) of the compound on a single crystal iron surface. 
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3.2. Model compounds 

3.2.1. Experimental 

Reagents were purchased from Aldrich and used without further purification. All 

solvents were from Fisher Scientific and Sigma Aldrich and were used without further 

purification. 

Analytical data were obtained by the Microanalytical Service at The University of 

Manchester. Carbon, nitrogen, phosphorus and hydrogen analysis was performed using 

a Flas 200 elemental analyser. Metal analysis was performed by Thermo iCap 6300 

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES). 

Raman spectra were recorded with a HORIBA T64000 Raman Spectrometer in the 

Photon Science Institute at The University of Manchester. 

IR spectra of neat powders were recorded using a Thermo Scientific Nicolet iS5 FTIR 

spectrometer equipped with an iD5 ATR. The penetration depth of the beam is directly 

proportional to the wavelength of the incident beam, which means that photons with 

higher wavenumbers penetrate the sample less than photons with lower wavenumbers. 

This causes attenuation on the intensity of the peaks on the left hand side of the 

spectra. 

[Fe3O(MeCO2)6(H2O)3]Cl (15): FeCl3·6H2O (3.24 g, 12 mmol) was dissolved in H2O  

(40 mL), to the brown reaction mixture was added of MeCO2Na·3H2O (3.27 g,  

24 mmol). The mixture were stirred for ca. 30 min and then filtered to leave a dark red 

solution.  Big dark red crystals appeared in a few days.21 

[Fe14O6(BTA)6(MeO)18Cl6] (16): A solution of 15 (0.30 g, 0.48 mmol) and BTAH  

(0.17 g, 1.43 mmol) in MeOH (9 mL) was heated in a 15 mL Teflon-lined autoclave at 

100 ᵒ C for 12 h under autogenous pressure. Cooling to room temperature at a rate of 

0.05 ᵒ C/min gave red crystals and an orange precipitate. The precipitate was separated 

and discarded.  The red crystals were purified by repeated washing and decanting.17,18 
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Elemental analysis calculated (%) for Fe14C54H78O24N18Cl6: C 27.51, H 3.3, N 10.69, Fe 

33.16, Cl 9.02; found: C 24.48, H 3.16, N 10.09, Fe 33.27, Cl 11.86. ATR-FTIR ν/cm−1: 

2923 (br,m), 2820 (m), 1574 (w), 1491 (w), 1443 (m), 1292 (w), 1273 (m), 1221 (s), 

1146(w), 1046 (s), 994(m), 926 (w), 786 (s), 755 (s), 642 (m), 586 (br, s). Raman ν/cm−1: 

1577 (m), 1496 (w), 1444 (m), 1397 (s), 1381 (s), 1296 (m), 1206 (m), 1150 (m),  

1130 (m), 1051 (s), 994 (w), 791 (w), 641 (w), 610 (br, w), 436 (br, m), 396 (br, m),  

330 (w).  

The same compound was synthesized with the ligands 5-methy-1H-lbenzotriazole 

(MeBTAH), 5,6-dimethyl-1H-benzotriazole (Me2BTAH), 5-chlorobenzotriazole 

(ClBTAH) and 1H-1,2,3-triazole (TZAH) but the results are not described in this 

section as the spectroscopic data didn’t provide any different information.18 Infrared 

and Raman spectra can be found in the Appendices. 

3.2.2. Results and discussion 

Benzotriazole has three nitrogen atoms that can bind to metal atoms forming a 

transition metal compound. Figure 3.2 shows the structure of 

[Fe14O6(BTA)6(MeO)18Cl6] derived from single crystal X-ray diffraction and a simplified 

structure to give a better understanding of the coordination mode. There are fourteen 

iron atoms and six deprotonated BTAH ligands. The ligand is a mono-anion and all 

nitrogen atoms are coordinated to metal atoms. The coordination mode of the ligand is 

3.111 according to Harris notation.22 Every nitrogen atom in the ligand binds to one 

Fe3+, which presents a distorted octahedral geometry. Two µ2-methoxides, a µ4-oxide 

and a chloride complete the coordination spheres.17,18 
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Figure 3.2. Single crystal X-ray structure for compound 16 (left) and a simplified top 

view (right) to show the binding mode. Colours: C, grey; N, blue; Fe, yellow; Cl, green. 

Hydrogen atoms omitted for clarity. 

Figure 3.3 shows the Raman spectra of BTAH and [Fe14O6(BTA)6(MeO)18Cl6]. The first 

hint that the ligand has bound to the metal is the appearance of bands belonging to the  

Fe-N bond stretching at ca. 400 cm−1. Surprisingly, the band corresponding to the C-N 

stretch at 1390 cm−1 for BTAH undergoes a very small shift in the compound due to the 

bonding (1395 cm−1). 

 

 

 

 

 

 

 

 

Figure 3.3. Raman spectra for BTAH (a) and compound 16 (b). 
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The IR spectra for compound 16 and the pure ligand are shown in Figure 3.4. The 

broad band corresponding to N-H bond stretching at ca. 3300 cm−1 for the ligand 

disappears in the compound showing that the ligand is deprotonated and bound to the 

metallic centre. The bands at 2924 and 2820 cm−1 in the spectra of compound 16 

correspond to the Csp2-H and Csp3-H stretches respectively and the broad band at  

ca. 3300 cm−1 is due to the N-H stretching. It can be seen that following coordination 

this band disappears as the ligands deprotonate (Figure 3.4 b). The bands at 1221.7 and 

1046.9 cm−1 in the free ligand spectrum are assigned to N=N and N-N stretches 

respectively. These bands undergo a shift to higher frequencies following coordination 

being 1268.4 cm−1 for N=N and 1077.6 cm−1 for the N-H stretch. This behavior is in 

good agreement with similar compounds reported by Perlepes et al. with MeBTAH and 

Ni2+ 23 and Co2+.24 

 

 

 

 

 

 

 

 

Figure 3.4. IR spectra for BTAH (a) and compound 16 (b). 
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3.3. X-ray Photoelectron Spectroscopy 

3.3.1. Experimental 

Photoelectron spectra were recorded on beamline D1011 of the MAX-Lab synchrotron 

in Lund University in Sweden. The beamline uses a bending magnet radiation in the 

range of 30-1600 eV from the 1.5 GeV (200mA) 3rd generation MAX II storage ring of 

90 m of circumference. The beamline is equipped with a SX-700 monochromator with 

a plane-elliptical focussing mirror. The spot size is about 1 mm vertically and 2 mm 

horizontally. Preparation and analysis chambers are separated by a gate valve. The latter 

is equipped with a SCIENTA SES200 hemispherical electron analyser and a MCP.25 

Compound 16 was mounted on a sample manipulator, firstly by sticking a small amount 

of powder to a double–sided conducting tape attached to a tantalum sample holder. 

However, spectra recorded in this arrangement were found to charge and spectra were 

of a poor quality. As a result a small amount of powder was mixed with a drop of 

ethanol to make a thick paste. This was then smeared directly onto the tantalum plate 

and the ethanol allowed to evaporate in the vacuum load lock at a pressure of 1x10−6 

mbar. The complex is rather labile and there is the possibility that some of the chloride 

could be replaced by ethanol. Once all of the ethanol had evaporated the samples were 

introduced into the analysis chamber at a base pressure of 2x10−10 mbar, where they 

were analysed using synchrotron radiation of a photon energy (hν) of 1400 eV for core 

level scans, and 50 and 60 eV for valence scans. Spectra were continuously monitored 

for changes, particularly in the C 1s and O 1s regions, during exposure to the 

synchrotron radiation beam, in order to ensure that no beam damage occurred. Spectra 

are aligned on the binding energy scale to the C 1s peak at an energy of 284.8 eV26 and 

fitted using CASA XPS software.27 70 % Gaussian: 30 % Lorentzian curves were used 

for all fitting. The Fe 2p! ! spin orbit split spectrum is fitted according to the multiplet 

structure described by Gupta and Sen (GS)26,28,29 associated with Fe3+ species. The 

binding energy of the Fe 2p! ! spectrum and energy difference between the 2p! ! 

photoelectron peak and the satellite is consistent with Fe3+ as the predominant 
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oxidation state. This work was carried out in collaboration with Dr Andrew Thomas 

and PhD student Mark Jackman. 

 

3.3.2. Results and discussion 

An XPS survey scan of the powder of compound 16 is shown in Figure 3.5. The peaks 

present are consistent with the molecule under investigation, with C 1s, N 1s, Fe 2p, O 

1s and Cl 2p and 2s features clearly visible in the spectrum. The peaks at around 230 

and 240 eV correspond to the tantalum, suggesting that the evaporation of the 

compounds on the surface at UHV does not give a full coverage of the surface. 

The spectra were not found to change significantly over time and appeared to be 

homogenous at different points on the sample confirming that beam damage was 

minimal over the timescales employed in these measurements. 

 

 

 

 

 

 

 

 

Figure 3.5. UHV XPS survey spectrum recorded for a powder sample of compound 16. 

Figure 3.6 shows the detailed photoelectron spectra for the core level of the atoms 

present; C 1s, O 1s and N 1s regions. The C 1s spectrum can be fitted with two peaks at 

binding energies of 284.8 eV (85 %) and 287.5 eV (15 %). The lower energy peak is 
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associated with C-C, C-H and methoxy species30 and that at higher energies with 

bonding to N or carbonyl groups.30 Here it is expected only C-N bonding and for 

compound 16 there should be a 7:2 ratio of peak intensities for (C-H,C-C,C-O):C-N,C-

OH. What it is measured here it is a peak area ratio in the C 1s spectrum is 5.7:1, which 

is attributed to contamination of the powder with atmospheric hydrocarbon and 

possibly residual ethanol from the sample mounting process, because ethanol can 

replace chloride in the molecule.31,32 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. UHV XPS core level spectra for C 1s (a), O 1s (b) and N 1s (c) recorded for 

compound 16 as a powder on tantalum at hν = 1400 eV. 

The oxygen spectrum in Figure 3.6 (b) can also be fitted with two peaks. A large peak at 

a binding energy of 531.0 eV (80 %) and a smaller one at 533.3 eV (20 %). The lower 

energy peak is at an energy commonly associated with metal oxides26 and it is assumed 

that at least a portion of the peak is derived from the Fe-O species present in the 

complex with the remainder from the methoxy oxygen. The small peak is at an energy 
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associated with hydroxides and presumably arises from contamination, again possibly 

linked to the ethanol used to prepare the sample. Some portion of the hydroxide signal 

is also likely to arise from exposure to water in the atmosphere during sample 

preparation.  

The N 1s spectrum in Figure 3.6 (c) can also be fitted with two peaks at binding 

energies of 400.4 eV (89 %) and 402.8 eV (11 %). The main peak here is attributed to 

N-Fe bonding and no evidence of protonated nitrogen is observed in agreement with 

the IR spectrum in Figure 3.4. The peak at an energy of 402.8 eV could be associated 

with the Ta substrate, but it is most likely to be due to a N with a different chemical 

environment. 

Figure 3.7 shows the Fe 2p spectrum fitted with the multiplet peaks suggested by Gupta 

and Sen (GS) for Fe3+ species.26,28,29 This splitting arises through a combination of 

electrostatic effects, the interaction of the spin-orbit split Fe 2p core hole and the five 

partially occupied 3d orbitals, each containing an unpaired electron, and crystal field 

effects.28,29 The binding energy of centre of gravity of the Fe 2p! ! peak (from the raw 

data) is 712.1 eV, and that of the satellite is 719.0 eV both of which are consistent with 

Fe in a +3 oxidation state.26 Fe2+ with a ligand of similar electronegativity to BTAH 

would give rise to a satellite of grater than 5.2 eV above the centre of gravity of the 

main Fe 2p! !peak, clearly there is no peak in this region so the presence of Fe2+ can be 

ruled out. The multiplet peak binding energies, relative areas and energy splittings are 

given in Table 3.1. Strictly speaking since there are three different Fe3+ environments (6 

x N2O3Cl, 6 x O6 and 2 x N3O3), three sets of multiplets should be fitted. However, 

because it is difficult to predict the precise binding energy shifts associated with the 

different ligands, any attempt to do this would involve over-analysing the data. The 

important finding is that the multiplet structure associated with Fe3+ gives a good fit to 

the data thus confirming the oxidation state.26 
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Figure 3.7. UHV narrow spectra of the core level 2p! ! for iron recorded at hν = 1400 

eV, see text for binding energy of the peaks. 

Grosvenor et al.26 also studied the Fe 2p! ! multiplet splitting and binding energies for a 

number of high spin Fe2+ and Fe3+ compounds and found that the ionic bonding 

character (due to the electronegativity of the ligand) of the materials led to an increase 

in both the binding energy of the Fe 2p! ! peak and the energy difference DEpk-sat 

between the photoelectron peak and the shake-up satellite. A selection of binding 

energies of the Fe 2p! ! photoelectron and DEpk-sat values from Grosvenor et al.26 are 

shown in Table 3.2, along with data from this work for comparison. The value of the 

energy splitting, DEpk-sat, for compound 16 lies slightly closer to that for Fe-O than Fe-

Cl. If one takes the Pauling values of electronegativity and takes the mean values of 

these for the three ligands values of 3.44 (O), 3.26 (N2O3Cl) and 3.24 (N3O3) are 

obtained. The electronegativity on the Pauling scale lies at 3.16 thus the splitting lying 

closer to that observed for O containing compounds is not surprising. This splitting 

suggests a reasonable degree of ionicity in the ligand-Fe bonds. The molecule to surface 

bonding strength of azoles on copper has been shown to be related to the 

electronegativity and hardness of the azole, with larger molecules of lower 

electronegativity thought to bond more strongly. The effect of the electronegativity is 
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attributed to the electronegativity of the smallest molecule studied, triazole, being 

similar to the work function of copper. As the electronegativity of the ligand decreases, 

charge transfer can occur from the molecule to the metal to provide stronger bonding5. 

The work function of iron is lower than that of copper, and as one may expect larger 

azoles to form more stable bonds to Fe. 

Table 3.1. Energy and percentage contribution of multiplet split peaks to Fe 2p spectra. 

FWHM are slightly larger than reported in the work of Grosvenor et al.,26 which is 

attributed to a slightly lower resolution in the present work. 

Peak Binding energy (eV) Area (%) FWHM   

G1 710.9 37.3 1.6 

 G2 712.0 31 1.5 ΔEG1-G2 = 1.1 eV 

G3 713.1 21.4 1.4 ΔEG2-G3 = 1.1 eV 

G4 714.1 10.3 1.2 ΔEG3-G4 = 1.0 eV 

 

In the peak fitting of the Fe spectrum shown in Figure 3.7, it was necessary to include a 

surface peak and a pre-peak in order to obtain a satisfactory fit. The origin of the 

surface peak has been explained both by a reduction in co-ordination of the surface Fe 

ions33 and also as due to a reduction in crystal field splitting energy of Fe3+ ions at the 

surface.34 The origin of the pre-peak has been assigned to Fe in lower oxidation states 

sitting near defect sites in samples, thought to be produced in preparation of the 

samples. In the present case it is possible that it arises due to the different chemical 

environments of Fe ions in the complex as discussed above. The relative intensities of 

the GS split peaks match quite well with those predicted by Gupta and Sen. This may 

suggest that the crystal field splitting by the BTAH ligands is less than found in Fe-

oxides. However, again the interpretation is somewhat complicated by the fact there are 

three different ligands, all of different electronegativity which may skew the weighting 

of the individual peaks from those fitted in this work. 
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Valence band (VB) spectra recorded at photon energies of 50 and 60 eV are shown in 

Figure 3.8. The main valence band lies between 5 and 12 eV binding energy. There is 

some structure present at a binding energy of 15 – 18 eV, which is attributed to N and 

C 2ps bonding orbitals in the ligands.35,36 In addition, it is well known that 

contamination from water and carbonaceous species results in features in this binding 

energy region.37 The photon energies of 50 and 60 eV at which the valence band spectra 

are recorded were chosen to be below and close to the Fe 3p to 3d photoemission 

resonance energies, respectively.38 Any enhancement in the intensity in the resonant 

spectrum is associated with the presence of Fe 3d density of states, and therefore acts as 

a fingerprint for Fe. The spectra are normalized to the background at around 22 eV. As 

can be seen the spectrum recorded on-resonance shows an enhancement in intensity in 

the low binding energy part of the valence band, (marked with arrows) suggesting the 

Fe 3d derived states are mainly located here.39 There also appears to be a slight 

resonance enhancement of the background between 10 and 20 eV. This may be due to 

resonance of a satellite feature associated with metal-ligand interactions.39 However the 

satellite is not well resolved because it will lie below the C 2s and ps-derived states of 

the ligands, and they may be contaminant species present on the surface of the material. 

Table 3.2. Comparison of binding energies of the main Fe 2p3/2 photoelectron peak and 

energy difference between the photoelectron peak and the satellite for selected Fe3+ 

compounds and compound 16.26 

Compound Binding energy (eV) ΔE (eV) 

16 712.1 6.9 

α-Fe2O3 710.8 8.5 

γ-Fe2O3 711.0 8.3 

γ-FeOOH 711.5 8 

FeF3 715.1 8.7 

FeCl3 711.5 5.7 

FeBr3 710.3 4.9 
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Figure 3.8. Valence band spectra for the compound 16 as a powder on tantalum foil at  

hν = 50 (black) and 60 eV (red). The arrows show an increase in intensity of features in 

the valence band at the iron 3p-3d resonance. 

 

3.4. Conclusions 

It has been proven that both IR and Raman spectroscopies contain information of the 

binding mode of the ligands on a compound and so they can be used in the 

identification and differentiation of binding modes. This is only possible if, previously 

to the acquisition of the data, the finger prints of the ligand have been identified and 

their behaviour is perfectly understood depending on the atomic environment. For 

azole compounds the band that contains the most information about the binding of the 

ligand to a metallic atom in a compound is the N-H bond vibration. 

This allows the identification of the binding mode without the need of resolving the 

single crystal X-ray structure, which, in some cases is not possible if the compound does 

not form stable crystals or these are difficult to obtain. This information can also be 

used to assist in the assignment of the bands when doing surface measurements such as 

VSFS. 
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Synchrotron XPS of compound 16 shows the Fe to be primarily in the +3 oxidation 

state with the main contribution of the Fe 3d states to the low binding energy part of 

the VB. The majority of the N is assumed to be bonded to the Fe centres. Bonding 

appears to be predominantly ionic and the average electronegativity of the ligands is 

between that of O and Cl. Synchrotron XPS on a bending magnet beamline appears to 

be a suitable method for analysis of these compounds, with no evidence of beam 

induced damage to the molecules; and hence also likely to be applicable studies of beam 

reactive corrosion inhibitors on a metal surface. 

 

3.5. References 

1 L. Procter and Gamble, 1947, 652339, British Patent. 

2 I. Dugdale and J. B. Cotton, Corros. Sci., 1963, 3, 69–74. 

3 J. B. Cotton and I. R. Scholes, Brit. Corros. J., 1967, 2, 1–5. 

4 B. Sathianandhan, K. Balakrishnan and N. Subramanyan, Brit. Corros. J., 1970, 5, 

270–273. 

5 R. J. Chin, D. Altura and K. Nobe, Corrosion, 1973, 29, 185–187. 

6 M. Finšgar and I. Milošev, Corros. Sci., 2010, 52, 2737–2749. 

7 G. W. Poling, Corros. Sci., 1970, 10, 359–370. 

8 J. H. Marshall, Inorg. Chem., 1978, 17, 3711–3713. 

9 K. Nielsen and I. Soetofte, Acta Chem. Scand. A, 1984, 38, 253–263. 

10 J. Handley, D. Collison, C. D. Garner, M. Helliwell, R. Docherty, J. R. Lawson 

and P. A. Tasker, Angew. Chemie Int. Ed., 1993, 105, 1085–1087. 

11 M. Murrie, C. D. Garner, P. A. Tasker and S. S. Turner, Polyhedron, 1998, 17, 

3031–3143. 



Chapter 3. Benzotriazole for protection of Fe 
!

!120 

12 E. G. Bakalbassis, E. Diamantopoulou, S. P. Perlepes, C. P. Raptopoulou, V. 

Tangoulis and T. F. Zafiropoulos, J. Chem. Soc., Chem. Commun., 1995, 1347–1348. 

13 V. Tangoulis, C. P. Raptopoulou, A. Terzis, E. G. Bakalbassis, E. 

Diamantopoulou and S. P. Perlepes, Inorg. Chem., 1998, 37, 3142–3153. 

14 A. L. Spek, A. R. Siedle and J. Reedijk, Inorganica Chim. Acta, 1985, 100, L15–L19. 

15 B. Machura, J. O. Dziegielewski, R. Kruszynski and T. J. Bartczak, Polyhedron, 

2003, 22, 2869–2875. 

16 I. Ino, J. C. Zhong, M. Munakata, T. Kuroda-Sowa, M. Maekawa, Y. Suenaga and 

Y. Kitamori, Inorg. Chem., 2000, 39, 4273–9. 

17 D. M. Low, L. F. Jones, A. Bell, E. K. Brechin, T. Mallah, E. Rivière, S. J. Teat 

and E. J. L. McInnes, Angew. Chemie Int. Ed., 2003, 42, 3781–3784. 

18 R. Shaw, R. H. Laye, L. F. Jones, D. M. Low, C. Talbot-Eeckelaers, Q. Wei, C. J. 

Milios, S. Teat, M. Helliwell, J. Raftery, M. Evangelisti, M. Affronte, D. Collison, 

E. K. Brechin and E. J. L. Mcinnes, Inorg. Chem., 2007, 46, 4968–4978. 

19 S. Asakura, C. C. Lu and K. Nobe, J. Electrochem. Soc., 1974, 121, 605–609. 

20 J. L. Yao, B. Ren, Z. F. Huang, P. G. Cao, R. A. Gu and Z.-Q. Tian, Electrochim. 

Acta, 2003, 48, 1263–1271. 

21 M. K. Johnson, D. B. Powell and R. D. Cannon, Spectrochim. Acta Part A Mol. 

Spectrosc., 1981, 37, 995–1006. 

22 R. A. Coxall, S. G. Harris, D. K. Henderson, S. Parsons, P. A. Tasker and R. E. 

P. Winpenny, J. Chem. Soc. Dalt. Trans., 2000, 2349–2356. 

23 E. Diamantopoulou, T. F. Zafiropoulos, S. P. Perlepes, C. P. Raptopoulou and 

A. Terzis, Polyhedron, 1994, 13, 1593–1608. 

24 J. C. Plakatouras, S. P. Perlepes, D. Mentzafos, A. Terzis, T. Bakas and V. 

Papaefthymiou, Polyhedron, 1992, 11, 2657–2672. 



 Chapter 3. Benzotriazole for protection of Fe 
!

! 121 

25 A. MAX-lab Preobrajenski, D1011 Website: https://www.maxlab.lu.se/node/38. 

26 A. P. Grosvenor, B. A. Kobe, M. C. Biesinger and N. S. McIntyre, Surf. Interface 

Anal., 2004, 36, 1564–1574. 

27 Casa Software Ltd., CasaXPS Version 2.3.16 PR 1.6. 

28 R. P. Gupta and S. K. Sen, Phys. Rev. B, 1974, 10, 71–77. 

29 R. P. Gupta and S. K. Sen, Phys. Rev. B, 1975, 12, 15–19. 

30 S. Günther, L. Zhou, M. Hävecker, A. Knop-Gericke, E. Kleimenov, R. Schlögl 

and R. Imbihl, J. Chem. Phys., 2006, 125, 114709. 

31 F. Basolo and R. G. Pearson, Mechanisms of Inorganic Reactions, John Wiley, New 

York, USA, 1967. 

32 R. G. Wilkins, Kinetics and Mechanism of Reactions of Transition Metal Complexes, VCH, 

Weinheim, 2nd Editio., 1991. 

33 M. Bronold, Y. Tomm and W. Jaegermann, Surf. Sci., 1994, 314, L931–L936. 

34 T. Droubay and S. A. Chambers, Phys. Rev. B, 2001, 64, 205414. 

35 E. Soria, E. Román, E. M. Williams and J. L. De Segovia, Surf. Sci., 1999, 433, 

543–548. 

36 E. Soria and S. S. Centre, Surf. Sci., 2000, 451, 188–196. 

37 A. G. Thomas, M. J. Jackman, M. Wagstaffe, H. Radtke, K. Syres, J. Adell, A. 

Lévy and N. Martsinovich, Langmuir, 2014, 30, 12306–14. 

38 W. R. Flavell, J. Hollingworth, J. F. Howlett, A. G. Thomas, M. M. Sarker, S. 

Squire, Z. Hashim, M. Mian, P. L. Wincott and D. Teehan, J. Synchrotron Radiat., 

1995, 2, 264–271. 

39 R. J. Lad and V. E. Henrich, Phys. Rev. B, 1989, 39, 13478–13485. 

 



Chapter 3. Benzotriazole for protection of Fe 
!

!122 

 

 

 

 

 

 

 

 

 

 

 

 



!
!
!
!

!
!
!
!

!
!

Chapter!4.!Phosphate!esters!!
for!the!protection!of!Fe!

!
!
!



!
!
!
!
!



Chapter 4. Phosphate esters for the protection of Fe 
!

! 125 

4.1. Introduction  

Iron is the main component of steel, which is widely used because it is fairly cheap and 

easy to fabricate. Steel is the main material used in the oil and gas industry so 

understanding the oxidation processes of iron is very important. Iron has three 

allotropic forms: δ-iron with a body centred cubic (bcc) crystal structure, which forms at 

the solidification temperature (1538 °C). When it reaches 1394 °C the metallic solid 

undergoes a phase transition (Figure 4.1) to γ-iron, also known as austenite, that has a 

face centred cubic system (fcc) and is stable until 912 °C, at which point it becomes α-

iron, also known as ferrite. Ferrite, which has a bcc crystal structure, is paramagnetic 

above its Curie temperature of 770 °C and ferromagnetic below.1 This change is not 

considered a phase transition, because there is only change in the electronic structure of 

the material and not in its crystal structure. Ferromagnetic ferrite is the basis of steel 

materials and for this reason it was decided to study the corrosion inhibitors on this 

surface. All the results presented in Chapters 4 and 5 have been performed using a 

Fe(110) single crystal of the ferrite phase. 

 

 

 

 

 

 

 

 

Figure 4.1. Low pressure pure iron phase transition diagram showing the different 

allotropes of Fe for different temperatures and pressures.1 
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Carbon atoms dissolve in iron, occupying the interstitial sites of the metallic structure. 

This happens during the formation process and for this reason Fe single crystals are 

known to have a very long cleaning process to prepare the surface as every time the 

surface is annealed C segregates to the surface. C has a high solubility in the fcc Fe and 

when this is cooled to the bcc form, cementite (Fe3C) forms.2 The Fe crystal has two 

types of C contamination as judged as; contamination due to the carbide at 283 eV,3,4 

and contamination by the adsorption of hydrocarbon compounds from the air, or 

graphite like carbon with a peak at 284.4 eV.5 The latter one could be completely 

removed from the surface, by repeated Ar+ sputtering/annealing processes because it is 

a superficial contamination from exposure with air. However the peak at lower binding 

energy cannot be removed as it comes from within the crystal itself.  

Annealing the crystal also gets rid of oxide contamination, but at the same time brings 

to the surface other contaminants like sulfur, nitrogen and the already mentioned 

carbide.6 For practical purposes in this work it was decided to work with small amounts 

of C contamination on the surface because the cleaning process of the Fe(110) single 

crystal could take up to 3 or 4 days and the carbide was never completely removed from 

the surface. 

Phosphate esters are anionic surfactants that have good lubricant properties, they are 

stable in a wide range of pH and they are soluble in oily and organic solvents. The 

esterification process can take place by reacting an alcohol with a phosphating agent 

such as polyphosphoric acid or phosphorus pentoxide,7–9 the alkyl substituent comes 

from the alcohol and it can have different degrees of ethoxylation. Phosphate esters 

have the general form shown in Figure 4.2 (a and b) and are formed when the hydrogen 

atoms on a phosphonic acid (c) are replaced by a hydrocarbon radical. Some confusion 

in the literature comes from the fact that the totally deprotonated species derived from 

a phosphonic acid is known as phosphonate (d), and sometimes the terms phosphate 

and phosphonate are used interchangeably in the oil industry. 
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Figure 4.2. Chemical structure of the general form of a phosphate triester (a), phosphate 

diester (b), phosphonic acid (c) and phosphonate ion (d). 

As it has been explained in Chapter 1, phosphate esters are used in the extraction of oil 

to protect the pipes against corrosive acids present in the oil crude.10,11  

Phosphate esters are used in the protection of Al12–14 and steel in the presence of O2,
15–17 

H2,
18 and  in aqueous19 and oil environment.10,11,16,18,20–23 These compounds are thought 

to react with the oxidised metallic surface, capturing the metallic cations to form a 

coordination complex that precipitates on the surface and creates a protective 

film.15,16,20,21  

In some cases phosphate esters are used in the presence of other elements that improve 

protection. Ethoxylated phosphate esters are used to stop the precipitation of Ca2+ on 

the surface, which could lead to pitting, inside the pipes in the extraction of oil.10 These 

esters usually contain N atoms to improve interaction with the surface.18,21 

A recent study on phosphate esters of different chain length showed that compounds 

with longer aliphatic chains adsorb better on the surface and have a higher protective 

activity.19 However this study was performed on phosphate esters of chains of 4, 6 and 

8 C atoms, whereas commercial corrosion inhibitors have longer lengths (10 to 20 C 

atoms). It is not yet know if chains longer than 20 provide a higher protection.  

The main goal of this chapter is to get a better understanding on how PAE 136, a 

commercial corrosion inhibitor used in the extraction of oil by BP binds to a metallic 

surface and how it inhibits corrosion. Dibutyl phosphate ester (DbPO2H) has also been 

studied as a model and simpler compound of PAE 136 in order to facilitate the 

understanding of the chemisorption of PAE 136. These have firstly been studied in 

UHV and later at low pressures of H2O, CO2 and a mixture of both to investigate the 
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possibility of a different behaviour under different conditions and to mimic sweet 

corrosion. 

In order to understand the interaction of the different phosphate esters and phosphonic 

acids (Chapter 5) with the Fe(110) single crystal surface in a corrosive environment it is 

important to have a good understanding of the behaviour of the clean surface under the 

same conditions. 

 

4.2. Experimental 

The experiments were first carried out on a clean Fe(110) single crystal. The Fe(110) 

surface was cleaned by repeated 1 keV Ar+ ion bombardment and annealing to 873 K in 

vacuum. In all the experiments there was some residual carbide that could not be 

completely removed at 283 eV. 

The work presented here was carried out in the Photon Science Institute in Manchester 

in a near ambient pressure (NAP) XPS equipped with a SPECS Focus 500 

monochromated Al Kα source (photon energy 1486.6 eV), focused to a size of 300 µm. 

The analyser is a SPECS 150 mm Phoibos 150 NAP. The analysis chamber is separated 

from the sample preparation chamber by means of a gate valve. The Fe(110) crystal was 

held in place by a tantalum wire. A thermocouple was attached to the sample plate 

allowing monitoring of the sample temperature. The pressure in the analysis chamber 

was about 1.5x10−10 mbar during measurements prior water exposure. Photoemission 

spectra were collected at normal emission.  

Dibutyl phosphate ester (DbPO2H) 96% was purchased from Sigma Aldrich and CO2 

99.995% used in the NAP XPS experiments was purchased from CK Special Gases 

Limited and used without further purification. Commercial corrosion inhibitor PAE 

136 was provided by Lakeland Laboratories. The H2O used in the NAP experiments is 

deionised, which was purified to remove dissolved gasses by repeated freeze-thaw 

cycles. 
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The fitting of the data has been done using CASA XPS software24 using a 70 % 

Gaussian : 30 % Lorentzian curves. Atoms which core level is a p, d or f orbital give rise 

to a doublet due to the spin-orbit splitting. The P 2p core level exhibits spin-orbit 

splitting with a separation of 0.9 eV thus two peaks are fitted.25,26 The area ratio depends 

on the degeneracy of each spin state, for a 2p orbital the ratio of 2p! ! and 2p! ! will be 

1:2.   

In the control experiments the signal of the OH− in the O 1s core level spectra has been 

fitted with two components, assigned to adsorbed OH− and lattice OH− with a full 

width at half maximum (FWHM) constrained to be the same for all the O 1s peaks.27–30 

However in the study of the corrosion inhibitor and the model compound, the OH− 

signal has been fitted using only one component with a bigger FWHM in order to 

facilitate the fittings, as using two components does not provide more information 

about the binding. 

 

4.3. Results and discussion 

4.3.1. Control experiment of H2O on Fe(110) 

Once the carbide C signal reached a stationary level the clean sample was transferred to 

the NAP cell where it was exposed to a water pressure of 8 mbar at 373 K. The spectra 

were recorded at different temperatures on the same day without further preparation. 

The acquisition of one set of data, i.e. recording spectra for Fe 2p, O 1s, C 1s and P 2p 

for a given temperature, takes up to 4 h. This is because at higher pressures the 

electrons have a smaller mean path length which reduces the number of electrons 

reaching the analyser as has been explained in Chapter 1. In addition the high intensity 

of the H2O peak attenuates the corrosion inhibitor signal. For this reason the range of 

temperatures at which the spectra were measured is determined by the amount of time 

allotted on the instrument. 
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Figure 4.3 NAP XPS C 1s core level spectra for a clean Fe(110) surface (top left), O 1s 

(top right) and C 1s (middle left) core level spectra recorded at 373 K, O 1s core level 

spectra recorded at 423 K (middle right) and C 1s and O 1s core level spectra recorded 

at 473 K (bottom). 

Figure 4.3 shows the carbide C present on the clean surface and the C 1s spectrum 

recorded in the presence of 8 mbar of H2O at different temperatures. Here it can be 

seen that, in addition to the carbide C peak at 283 eV, another peak at higher binding 

O2− OH− 

H2O 
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energy 285 eV arises suggesting the H2O displaces C containing species from the walls 

of the NAP cell depositing residues on the surface.  

Figure 4.3 shows the O 1s core level spectra recorded in the presence of 8 mbar of H2O 

and at different temperatures. The intense peak at high binding energy (535.9 eV) in the 

O 1s spectrum is due to the gas phase water in the NAP cell. The O 1s peak can be 

fitted with 4 components. An oxide peak at 529.6 eV (pink); two hydroxide 

components: the lattice OH− at 530.9 eV and an adsorbed OH− at 531.8 eV (both 

blue).27–30 There is another peak at 533.1 eV (green) which has been assigned to 

carbonate in the walls of the NAP cell that has been deposited on the surface. From 

these spectra it can be seen that the surface becomes more oxidised with temperature as 

would be expected. The oxide peak becomes more intense at 423 K and it is as high as 

the vapour H2O peak at 473 K. The hydroxide peaks also increase their intensity. The 

assignments and binding energies of these peaks are in Table 4.1. 

 

Table 4.1. Peak assignments and their respective binding energies (eV) for the spectra of 

Fe(110) single crystal in the presence of 8 mbar of H2O at different temperatures. 

 
Binding Energy (eV) 

 
O 1s 

 
373 K 423 K 473 K 

O2− 529.6 529.7 529.7 

Lattice OH− 531.0 530.9 530.9 

Adsorbed OH− 531.8 531.8 531.7 

Other 533.2 533.2 533.1 

H2O 535.8 535.8 535.8 

 

The Fe 2p core level spectra (Figure 4.4) also show evidence of oxidation, which 

increases as the temperature is raised. For the surface at 373 K there is only a Doniach-

Šunjić line shape characteristic of metallic Fe.30 Following exposure to water at elevated 

temperature there is an increase in intensity to the high binding energy side of the Fe 
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2p! ! peak characteristic of higher oxidation states of Fe.29 Fitting of Fe 2p to identify 

the oxide/hydroxide/carbonate formed requires P/O complex multiplet structure, 

which for the mixed metal/oxidised material would be meaningless due to the number 

of peaks required. 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 NAP XPS Fe 2p core level spectra recorded in the presence of 8 mbar of 

H2O at 373 (top left), 423 (top right) and 473 K (bottom). 

 

4.3.2. Control experiment of CO2 + H2O on Fe(110) 

The Fe(110) single crystal was cleaned until the point where the carbide C 

contamination reached a stationary state and all the oxide formed in the previous 

experiment was removed from the surface. The sample was then exposed to 2 mbar of 

CO2 and the core level spectra were recorded. In order to mimic the sweet corrosion 

found in the extraction of oil in which CO2 is naturally present and there is also water, 
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the sample was exposed to different H2O pressures. The spectra were recorded for 10:1, 

3:1 and 1:1 P(CO2):P(H2O) ratios.  

Figure 4.5 shows the O 1s core level spectra for all the experiments performed. The 

presence of CO2 oxidises the surface as it causes the appearance of the hydroxide peaks 

(blue) and oxide (pink).31 The peak at 533 eV is assigned to adsorbed CO on the surface 

according to the literature,31 suggesting that the CO2 gas used in the experiment is not 

of high purity. There is also evidence of the oxidation from the O2− peak (pink) and the 

OH− peaks (blue),27–30 all the assigned binding energies for these spectra are shown in 

table 4.2. 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. NAP XPS O 1s core level spectra recorded in the presence of 2 mbar of 

CO2 (top left) with 0.2 (top right), 0.7 (bottom left) and 2 mbar (bottom right) of H2O 

on an Fe(110) surface. 

 

 

OH− 

O2− 
H2O 
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When adding the water it can be observed that the intensity of the oxide and hydroxide 

peaks increases slightly, but it seems that what is causing the oxidation of the surface is 

mainly the presence of the CO2. Reaction of CO2 in the presence of H2O to produce 

H2CO3 allows Fe to be oxidised in analogy to the sweet corrosion process (see equation 

1.2). This is consistent with the observation of C-O and C=O in the O 1s XPS spectra. 

In Table 4.2 the assignment of all peaks for the different relative pressures is shown for 

O 1s and C 1s. 

 

Table 4.2. Peak assignments and their respective binding energies (eV) for Fe(110) 

surface exposed to 2 mbar of CO2 with ratios of H2O (in mbar) in Figures 4.6 and 4.7. 

 

The C 1s signal (Figure 4.6) can be fitted to 5 different chemical species. The previously 

mentioned carbide that is always present on the surface at a binding energy of 283 eV 

(blue), contamination from hydrocarbon compounds coming from the impurities of the 

 
Binding Energy (eV) 

 
O 1s 

 
2 CO2 2 CO2 + 0.2 H2O 2 CO2 + 0.7 H2O 2 CO2 + 2 H2O 

O2− 529.6 529.7 529.7 529.7 

Lattice OH− 531.1 531.1 531.1 531.1 

Adsorbed OH− 531.8 531.9 531.9 531.9 

CO 533.0 533.1 533.2 533.2 

H2O - 535.5 535.5 535.5 

CO2 536.9 536.9 537.0 537.0 

 
C 1s 

 
2 CO2 2 CO2 + 0.2 H2O 2 CO2 + 0.7 H2O 2 CO2 + 2 H2O 

Carbide C 283.0 283.0 283.0 282.8 

C-C 284.6 284.7 284.8 284.8 

C-O 286.2 286.3 286.3 286.3 

C=O 289.2 289.0 289.0 289.0 

CO2 293.3 293.3 293.3 293.3 
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CO2 gas at 284.5 eV (green), CO adsorbed on the surface that it is also present in the O 

1s signal (pink) at 286.2 eV, carbonyl on the surface with a peak at 289 eV,31 and the 

vapour CO2 at 293.3 eV (maroon). The binding of CO to the surface is reported slow,31 

and initially gives a spectrum very similar to that from binding CO2. This CO impurity is 

much easier to observe in the O 1s spectra. 

The presence of the C-O and C=O species could be explained by the formation of 

FeCO3 on the surface. In Chapter 1 it was mention that sweet corrosion leads to the 

formation of a passivation later of FeCO3, and this experiment confirms it is present 

under sweet conditions.! 

 

 

 

 

 

\ 

 

 

 

 

Figure 4.6. NAP XPS C 1s core level spectra recorded in the presence of 2 mbar of CO2 

(top left) with 0.2 (top right), 0.7 (bottom left) and 2 mbar (bottom right) of H2O on an 

Fe(110) surface. 

The Fe 2p spectra (Figure 4.7) show a higher level of oxidation than was seen on the 

surface in the presence of H2O alone at high temperatures as the doublet assigned to 

the oxidised Fe is much more obvious than in the previous case. A possible explanation 

Carbide 

CO 

CO2 

C-C 
C=O 
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for this is that in this case both iron oxide and iron carbonate are corrosion products 

that form on the surface, whereas in the presence of H2O itself there is only formation 

of iron oxide. 

To summarise the results from the control experiments, the Fe(110) single crystal 

becomes oxidised in the presence of H2O vapour and higher temperatures promote 

oxidation. However the presence of CO2 on its own is corrosive enough to cause more 

oxidation than the H2O at high temperatures.  

 

 

 

 

 

 

 

 

 

 

Figure 4.7. NAP XPS Fe 2p core level spectra recorded in the presence of 2 mbar of 

CO2 (top left) with 0.2 (top right), 0.7 (bottom left) and 2 mbar (bottom right) of H2O 

on an Fe(110) surface. 
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4.3.3. Dibutyl phosphate ester on Fe(110)  

4.3.3.1. XPS study in UHV 

The Fe(110) single crystal was cleaned by repeated 1 keV Ar+ ion bombardment and 

annealing to 773 K. Once the carbide contamination got to a stationary state dibutyl 

phosphate ester (DbPO2H) was deposited onto the sample by vacuum sublimation 

from a Knudsen cell at room temperature in a preparation chamber and core level 

spectra were recorded in UHV at different temperatures. Figure 4.8 shows the wide 

scan and core level spectra of C 1s, O 1s and P 2p recorded at room temperature. 

 

 

 

 

 

 

 

 

 

Figure 4.8. UHV XPS survey scan (top left), core level for C 1s (top right), O 1s 

(bottom left) and P 2p (bottom right) for deposited DbPO2H on an Fe(110) surface 

recorded at room temperature. 

The core level 2p spectrum for P shows only one chemical species with peaks at 133.8 

and 134.2 eV for the doublet, suggesting that all the compound on the surface is 

deprotonated.32 This peak becomes less intense when raising the temperature, but does 

not suffer any other changes and for this reason it will not be further discussed. The C 
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1s signal fits to 4 chemical species, the assignments of which are in Table 4.3. The peak 

at 283 eV (blue) is from the carbide C contamination already mentioned for previous 

experiments. The most intense peak at 284.4 eV (green) is assigned to the C in the 

aliphatic chain and the peak at 285.3 eV (orange) is thought to be due to the C atoms on 

the aliphatic chain that are also bound to C atoms but closer to the O atoms. The peak 

found at higher binding energies (pink) is assigned to the C atoms directly bound to the 

O atoms on the ester. 

 

 

 

 

 

Figure 4.9. Schematic representation of the binding modes that DbPO2H  

shows on the Fe surface. 

The O 1s core level fits to three chemical species. The most intense signal at 531.4 eV 

(green) is assigned to the O atoms on the compound that are directly bound to the Fe 

surface, the blue peak at 533 eV is assigned to the O bound to the P and C (P-O-C ) of 

the aliphatic chain and the least intense peak at 534 eV (pink) is assigned to an O bound 

to the P through a double bond that is not interacting with the surface. 

The fitting of these data suggests that even though the phosphate ester is never found 

protonated on the surface it presents two different binding modes, monodentate and 

bidentate. A schematic representation of these is shown in Figure 4.9. This is thought 

because of the presence of the P=O peak in the O 1s spectrum that would not be 

present if the compound were bound through the two O atoms in a bidentate binding 

mode. 
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The Fe crystal was then heated in 50 degree steps to investigate the stability of the 

adsorbed molecules as function of the temperature. Figures 4.10 and 4.11 show the C 1s 

and O 1s spectra when raising the temperature; this is important in order to understand 

how the compound and the surface behave at higher temperatures. In upstream 

applications, for example, temperatures of around 373 K are commonly used.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10. UHV XPS core level for C 1s (left) and O 1s (right) for DbPO2H on an 

Fe(110) surface recorded at 373 (top), 423 (middle) and 473 K (bottom). 

In the C 1s spectra there are no major changes and the compound remains stable at 

high temperatures. There only is a small decrease in the intensity of the peak at 285 eV 
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(orange in Figure 4.10). In the O 1s signal at different temperatures the peak assigned to 

P-O-C decreases in intensity, this could be explained by the surface becoming more 

oxidised and so the signal assigned to the more negative O increases. The change in the 

intensities of these peaks could also be as a result of the monodentate binding mode 

interconverting into the bidentate as this would cause a higher  

Fe-O-P:P-O ratio. It is not possible to confirm the nature of this change as both 

processes might take place at the same time. 

 

Table 4.3. Peak assignments and their respective binding energies (eV) for the spectra of 

DbPO2H on Fe(110) single crystal in Figures 4.8, 4.10 and 4.11. 

 
Binding Energy (eV) 

 
C 1s 

 
RT 373 K 423 K 473 K 523 K 573 K 

Carbide C 282.8 282.8 282.8 282.8 282.9 282.9 

C-C 284.5 284.4 284.4 284.4 284.4 284.4 

 C-C-O 285.0 285.3 285.4 285.4 285.3 285.4 

C-O 286.6 286.4 286.6 286.6 286.5 286.6 

 
O 1s 

 
RT 373 K 423 K 473 K 523 K 573 K 

Fe-O-P 531.4 531.4 531.5 531.4 531.4 531.3 

P-O 532.9 532.9 533.0 532.7 532.7 532.7 

P=O 534.2 534.1 534.2 533.8 534.2 534.4 
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Figure 4.11. UHV XPS core level for C 1s (left) and O 1s (right) for DbPO2H on an 

Fe(110) surface recorded at 523 (top) and 573 K (bottom). 
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4.3.3.2. XPS study under NAP conditions 

The Fe(110) single crystal was cleaned and dibutyl phosphate ester was evaporated in 

UHV at room temperature. The sample was then exposed to 10 mbar vapour H2O and 

the core level spectra recorded, which are shown in Figure 4.12. 

 

 

 

 

 

 

 

 

 

 

Figure 4.12. NAP XPS core level for C 1s (top left), O 1s (top right) and P 2p (bottom) 

for DbPO2H on an Fe(110) surface recorded in the presence of 10 mbar of H2O at 

room temperature. 

After recording the spectra at room temperature it was decided that the pressure of 

H2O was too high as the signal from the compound is barely visible due to the high 

intensity of the H2O vapour peak so it was decided to reduce the ambient water to 8 

mbar. The P 2p spectrum contains only one chemical species corresponding to the 

deprotonated phosphate with doublet peaks at 133.3 and 134.2 eV, suggesting that the 

compound is present only in its deprotonated state as was seen in UHV. As the P 2p 

spectrum did not change at higher temperatures and it will not be shown again. 
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Figure 4.13. NAP XPS core level for C 1s (left) and O 1s (right) for DbPO2H on an 

Fe(110) surface recorded in the presence of 8 mbar of H2O at 373 (top), 423 (middle)  

and 473 K (bottom). 

Figure 4.13 shows the C 1s and O 1s spectra recorded at different temperatures. The C 

1s spectra look very similar as the ones recorded in UHV suggesting that the alkyl 

chains behave in the same way under H2O pressure and at UHV. In this case the peak 

at 285.5 eV (orange) does not change its relative intensity like it did in UHV, the nature 

of this is not known. For this compound the fitting of the O 1s spectra has been done 

taking into account only 1 OH− peak so it has been allowed to have a bigger full width 
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at half maximum (FWHM). Table 4.4 shows the assignment of the peaks for the spectra 

recorded at different temperatures. The O2− peak increases as the surface becomes more 

oxidised with temperature. 

Table 4.4. Peak assignments and their respective binding energies (eV) for the spectra of 

DbPO2H on Fe(110) single crystal in Figures 4.12 and 4.13. 

 
Binding Energy (eV) 

 
C 1s 

 
RT 373 K 423 K 473 K 523 K 

Carbide C 282.7 282.8 282.9 282.8 283.0 

C-C 284.6 284.6 284.7 284.5 284.5 

 C-C-O 285.6 285.4 285.6 285.5 285.5 

C-O 286.8 286.7 286.9 286.8 286.8 

 
O 1s 

Fe-O-P/O2− 529.5 529.5 529.6 529.7 529.7 

OH− 531.4 531.4 531.9 531.3 531.3 

Other 533.1 533.0 533.0 535.7 532.8 

H2O 535.7 535.7 535.8 533.0 535.4 

 

The surface was then cleaned and the DbPO2H was deposited again under the same 

conditions. CO2 gas was injected in the NAP cell very slowly in order to maintain a 

constant pressure of 2 mbar. The spectra recorded are shown in Figure 4.14.  

The C 1s spectrum can be fitted with 6 chemical species of the same FWHM and it is 

very complicated. The most intense peak at 293.8 eV (maroon) is due to the CO2 gas, 

the peak at 288 and 286 eV are assigned to C=O and CO adsorbed on the surface 

respectively,31 again confirming the formation of a FeCO3 layer. The peak at 283 eV 

(blue) is due to carbide carbon, this is bigger than it has been shown in previous 

experiments as it does not only come from contamination from the Fe crystal but also 

from impurities from the CO2 gas cylinder. Due to the presence of impurities and so 

many peaks the interpretation of the C 1s spectrum becomes very complicated. The 
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spectra are found to barely change when adding water and for this reason they will not 

be shown again (peak assignments are however shown in Table 4.5).  

In the P 2p spectrum there is only one chemical species with peaks at 133.4 and  

134.3 eV, corresponding to the deprotonated form of the phosphate ester.  

 

 

 

 

 

Figure 4.14. NAP XPS core level for O 1s (top left), C 1s (top right) and P 2p (bottom) 

for DbPO2H on an Fe(110) surface recorded in the presence of 2 mbar of CO2. 

Figure 4.15 shows the O 1s spectra for DbPO2H in the presence of both CO2 and H2O. 

Again the O 1s peak has been fitted with only one component for OH− allowing a 

broader FWHM. In these it can be seen that the surface does not become more 

oxidised when adding the water as the relative intensity of the peaks barely changes. 

Table 4.5 shows the assignment of the peaks for C 1s and O 1s recorded in the 

presence of CO2 and H2O. In Figure 4.14 it can be seen that the presence of CO2 does 

not appear to oxidise the surface as the relative intensity of the O2− peak to the H2O is 

much smaller than it was without the DbPO2H, suggesting that it binds to the active 

C 1s 2 mbar CO2 

Carbide 

C-C C-C-O 

CO 

CO2 

OH− 
O2− 

CO2 
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sites on the surface stopping them from interacting with CO2 and forming oxide and/or 

carbonate.  When letting the H2O vapour in the NAP cell the surface barely oxidises 

suggesting that DbPO2H may be a good corrosion inhibitor for Fe in a sweet 

environment. 

 

  

 

 

 

 

  

 

 

 

Figure 4.15. NAP XPS core level for O 1s for DbPO2H on an Fe(110) surface recorded 

in the presence of 2 mbar of CO2 (top left) and with 0.7 (top right)  

and 2 mbar (bottom) of H2O. 
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Table 4.5. Peak assignments and their respective binding energies (eV) for the spectra of 

DbPO2H on Fe(110) single crystal in figures 4.14 and 4.15. 

 
Binding Energy (eV) 

 
C 1s 

 
2 CO2 2 CO2 + 0.2 H2O 2 CO2 + 0.7 H2O 2 CO2 + 2 H2O 

Carbide C 283.0 283.0 283.1 283.0 

C-C 284.5 284.6 284.8 284.7 

 Other 285.3 285.3 285.5 285.3 

C-O 286.6 286.6 286.7 286.7 

C=O 288.2 288.5 288.5 288.6 

CO2 293.8 293.7 293.7 293.6 

 
O 1s 

Fe-O-P/O2− 529.5 529.6 529.6 529.6 

OH− 531.2 531.3 531.3 531.3 

CO 532.9 533.0 533.1 533.1 

H2O 534.8 535.8 535.8 535.8 

CO2 537.3 537.3 537.2 537.2 

 

 

4.3.4. PAE 136 on Fe(110) surface 

Commercial corrosion inhibitor PAE 136 is a mixture of mono and diphosphate esters 

with different length chains and different ethoxylation levels as shown in Figure 4.16 

manufactured by Lakeland Laboratories. They produce their corrosion inhibitors on a 

large scale and because purity is not important to get a good protection they do not 

carry out any purification processes. For this reason the composition of the commercial 

product is not well known and it contains a mixture of compounds with different chain 

lengths, the XPS spectra for it are expected to be complicated. Figure 4.16 shows the 

chemical structure of the components thought to be in the commercial corrosion 

inhibitor, including monoesters and diesters with different levels of ethoxylation. 
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Figure 4.16. Chemical structure of the composition of the commercial corrosion 

inhibitor PAE 136 where n= 13-15. 

4.3.4.1. XPS study in UHV 

A first deposition was carried out for 10 minutes by heating the PAE 136 inhibitor to 

120 °C in a Knudsen cell. The spectra were collected at room temperature and at 

different temperatures in order to see how determine the ability of the inhibitor at 

higher temperatures. 

Figure 4.17 shows the XPS spectra collected at room temperature. In the C 1s spectrum 

there are three main chemical species. The small blue peak at 282.8 eV is attributed to 

carbide C, the most intense peak (green) at 284.8 eV, is from the aliphatic chains and 

the pink peak at 286 eV is assigned to the C atoms bound to O atoms. The peak at  

285 eV is assigned to the C atoms that are closer to the O atoms on the aliphatic chains, 

but not directly bound to them. There is a small peak at 287.5 eV (dark yellow) at a 

binding energy of which possibly arises from unknown minority species in the 

commercial corrosion inhibitor, which, as mentioned above is not purified.   

The O 1s spectra can be fitted with three peaks corresponding to the same chemical 

species seen for DbPO2H (see Figure 4.10 in the previous section), the green peak at 

531.2 eV corresponds to the O atoms bound to the metallic surface, the peak at 532.6 

eV (blue) is assigned to the O bound to the P (P=O) and to the alkyl chains and the 

smallest peak in intensity at 533.7 eV is due to the O bound to the P atoms through a 

double bond, which are not interacting with the surface. The C 1s and O 1s assignments 

are specified in Table 4.6. 

 

 



Chapter 4. Phosphate esters for the protection of Fe 
!

! 149 

 

 

 

 

 

 

 

 

 

Figure 4.17. UHV XPS core level for C 1s (top left) and O 1s (top right) and P 2p 

(bottom) PAE 136 on an Fe(110) surface recorded at room temperature. 

In the P 2p spectra there are two chemical species, the weak doublet at low binding 

energy (green) is barely visible and it will be explained in more detail in Section 4.4.2.2 

where the NAP XPS results are presented. The P doublet with peaks at 133.7 and  

134.6 eV is assigned to the deprotonated form of the phosphate meaning that there is 

no protonated O present on the surface. The P 2p spectra do not show any change 

when raising the temperature and for this reason will not be further discussed for in this 

section.  
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Table 4.6. Peak assignments and their respective binding energies (eV) for the spectra of 

PAE 136 on Fe(110) single crystal in Figures 4.17 and 4.18 in UHV. 

 
Binding Energy (eV) 

 
C 1s 

 
RT 370 K 470 K 520 K 573 K 

Carbide C 282.8 282.8 283.0 283.0 283.1 

C-C 284.8 284.8 284.6 284.7 284.7 

 C-C-O 285.1 285.5 285.3 285.4 185.5 

C-O 286.3 286.5 286.4 286.5 286.6 

 
O 1s 

Fe-O-P 531.2 531.4 531.4 531.5 531.6 

P-O 532.6 532.8 532.8 532.8 532.6 

P=O 533.6 533.9 533.9 533.7 533.7 

 

In Figure 4.18 all the spectra recorded in UHV and at different temperatures are shown. 

It can be seen that, for the C 1s spectra, the relative intensity of the C 1s peak assigned 

to the aliphatic chains (green) slightly increases with respect to the one assigned to the 

C-O bound, which decreases with respect to the unknown peak (orange).  

The O 1s spectra at high temperatures show a similar behaviour to the DbPO2H data. 

The peak at 531.0 eV increases in intensity and the one at 532 eV decreases suggesting a 

different behaviour of the compound at high temperatures. 
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Figure 4.18. UHV XPS core level for C 1s (left) and O 1s (right) PAE 136 on an 

Fe(110) surface recorded at 370, 470, 520 and 573 K. 
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4.3.4.2. XPS study under NAP conditions 

The Fe(110) crystal was cleaned, PAE 136 was deposited again by the same method as 

before and H2O was admitted into the NAP cell to a pressure of 0.3 mbar (Figure 4.19). 

In the O 1s spectrum there are the same three chemical species seen for the mixture of 

compounds in UHV plus a new peak at 535.9 eV due to the presence of H2O vapour.  

 

 

 

 

 

 

 

 

Figure 4.19. NAP XPS core level for C 1s (top left) and O 1s (top right) and P 2p 

(bottom) for PAE 136 on an Fe(110) surface recorded under a H2O pressure of 0.3 

mbar. 

In the P 2p spectrum there is a doublet with peaks at 133.2 and 134.1 eV assigned to P-

O bound to the surface. There is a new doublet with peaks at 128.9 and 129.8 eV 

(green), the binding energy of which corresponds to iron phosphide.30,33 It seems that, 

when in contact with the surface and water, the active compound reacts and the P is 

reduced whilst the surface oxidises. This metal phosphide creates a passivation layer 

that protects from further corrosion. This peak was also present in the UHV spectra 
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although with a very small relative intensity, it is not clear however why it is present 

when there is no H2O in the system.  

The C 1s spectra do not provide much information. There are three main peaks, one at 

284.5 eV (green) assigned to the C in the aliphatic chains; one at 285 eV (orange) 

assigned to the β-C to the O; and a peak at 286.5 eV (pink) assigned to the C atoms 

bound to the ethoxylated O atoms The variation on the binding energies for this 

experiment could be due to the fact that the experiment was performed overnight. The 

spectra at room temperature were recorded one day and the temperature variation 

experiments were done the following day, with the sample left in the UHV overnight. 

Table 4.7. Peak assignments and their respective binding energies (eV) for the spectra of 

PAE 136 on Fe(110) single crystal in Figures 4.19, 4.20 and 4.21 under H2O pressure 

(mbar) and at different temperatures (K). 

 
Binding Energy (eV) 

 
C 1s 

 
0.3 H2O, RT 3 H2O, RT 3 H2O, 373 3 H2O, 423 3 H2O, 423 (2) 

Carbide C 282.9 282.9 282.8 282.9 282.9 

C-C 284.5 284.5 284.5 284.5 284.3 

C-C-O 285.2 285.2 285.3 285.9 285.2 

C-O 286.5 286.5 286.6 286.6 286.2 

C=O 287.3 287.6 287.7 287.7 286.9 

 
O 1s 

Fe-O-P/O2− 531.2 531.2 531.3 531.3 531.3 

OH− 532.9 532.9 532.7 532.3 532.1 

CO 534.0 534.0 533.6 533.7 533.3 

H2O 535.9 535.9 535.8 535.7 535.7 

 

Figure 4.20 shows the spectra recorded with the sample exposed to 3 mbar of H2O 

vapour. It can be seen that the spectra do not change much when increasing the 

pressure as the relative intensities of the oxide and hydroxide peaks in the O 1s 

spectrum are the same compared as those recorded at 0.3 mbar. 
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Figure 4.20. NAP XPS core level for C 1s (top left) and O 1s (top right) and P 2p 

(bottom) for PAE 136 on an Fe(110) surface recorded under a  

H2O pressure of 3 mbar. 

Finally the sample was heated to 373 and 423 K and the core level spectra were 

recorded (Figure 4.21). As recording each set of spectra takes more than 2 hours it is 

important to check if there are any changes with time. For this reason the spectra were 

recorded at 423 K three times and the resulting data was compared. Figure 4.21 shows 

the O 1s spectra recorded at 423 K with a time difference of approximately 4 hours. In 

these spectra it can be seen that the surface becomes more oxidised as the oxide peak’s 

relative intensity increases in the second spectrum. This suggests that the oxidation does 

not reach a static state and even though there is no change in H2O vapour pressure or 

temperature of the sample, the surface continues to oxidise. 
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Figure 4.21. NAP XPS core level for C 1s (top left) and O 1s at 373 K (top right), P 2p 

(middle) and O 1s (bottom) at 423 K measured with 4 h of difference for PAE 136 on 

an Fe(110) surface recorded under a H2O pressure of 3 mbar. 

The CO2/H2O pressure experiment was not performed on PAE 136 because when 

these series of experiments were done the NAP XPS instrument did not have CO2 gas 

installed. 
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4.4. Conclusions 

XPS studies at near ambient pressure (NAP) on a Fe(110) single crystal show that this 

ideal Fe(110) surface oxidises in the presence of H2O at high temperatures. The 

presence of CO2 also causes oxidation in the form of FeCO3, even when no H2O is 

added to the NAP cell. However, this does not mean that pure CO2 is the corroding 

agent because in a sweet environment it is the acidic HCO3
− that causes oxidation. The 

cause of the oxidation in this study might be a result of trace impurities such as CO in 

the CO2 or the displacement of H2O or CO from the walls of the NAP cell. The 

combination of high CO2 and H2O pressure results in oxidation of the surface but an 

increase in the H2O pressure does not cause a substantial increase in the intensities of 

the oxidation peaks.  

The adsorption of dibutyl phosphate ester (DbPO2H) has been studied as an ideal 

model that leads to a better understanding of the data obtained from the commercial 

corrosion inhibitor’s experiment. In UHV it is always deprotonated on the surface and 

exhibits a mixed bidentate and monodentate binding mode, with the bidentate mode 

being more thermally stable. Both in the presence of ambient pressures of H2O vapour 

and a combination of CO2 and H2O, DbPO2H remains bonded to the surface and 

presents the same binding modes in each case. DbPO2H does not stop oxidation of the 

Fe surface in the presence of H2O at high temperatures, but reduces it in the presence 

of the CO2:H2O mixture, potentially making it a good corrosion inhibitor for a sweet 

environment at low or ambient pressures. 

The results obtained for PAE 136, a commercial corrosion inhibitor, are difficult to 

interpret because of the mixture of compounds in the sample. However, comparison 

with the results obtained from DbPO2H suggests that PAE 136 binds to the surface in a 

similar manner to DbPO2H in UHV. At higher temperatures PAE 136 shows a 

different behaviour where it seems to promote oxidation of the surface, whereas 

DbPO2H does not. In the presence of H2O vapour PAE 136 does not stop oxidation, 

instead some of the P reduces whilst the Fe is oxidised. This appears to create an iron 

phosphide film that is thought to protect the surface from further corrosion. 
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It is not clear if the phosphide formation is deliberate and given by the main 

components to create a passivation layer on the commercial mixture or, whether it is a 

secondary process caused by the impurities and minority products, but it is not seen for 

DbPO2H. Oxidation does not stop when the H2O pressure and all other conditions are 

kept constant, the surface keeps getting more oxidised with time.   

According to the obtained results, it is thought that DbPO2H could be a better inhibitor 

than PAE 136 for Fe in a sweet environment at low pressures. However, this 

experiment has been performed in an ideal clean environment and this might be 

different in the presence of crude oil or for a real steel surface at high pressure and 

temperature. 
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5.1. Introduction 

Organic phosphonic acids are surface active compounds that have been shown to act as 

corrosion inhibitors in water-cooling systems and are environmentally friendly as they 

do not contain any heavy metals or inorganic components.1 Figure 5.1 shows some 

known phosphonic acids used as corrosion inhibitors.2 It is believed that they inhibit 

corrosion by reacting with the surface by oxidizing it and forming sparingly soluble 

compounds, which then precipitate on the surface, to form a protective film that 

prevents corrosive agents from attacking the surface.3,4 Kuznetsov used the term, 

‘corrosion inhibitors of the complexing type’ because they act by complexation with 

metal surfaces.5 In the oil and gas industry phosphate esters are used instead of organic 

phosphonic acids. They are added to the crude oil in order to inhibit corrosion in 

upstream processes (Chapter 1 and Chapter 4). However it is relevant to study both 

families and for this reason both phosphonic acids and phosphate esters have been 

studied on a Fe(110) single crystal and steel (Chapter 6) in order to understand the 

inhibitive mechanism and investigate similarities and differences on mode of action 

under different conditions. 

The phosphonate group has three oxygen atoms with lone pairs of electrons that can 

interact with the vacant orbitals of a transition metal surface. They can potentially 

interact with a surface in many different ways (Figure 5.2) so it would be of interest if it 

could be identified whether or not certain binding modes confer greater inhibition 

properties, and whether this might be something that could ultimately be controlled to 

make improved inhibitor compounds. Vibrational spectroscopy and X-ray spectroscopy 

have been selected as the tools to probe the binding mode and coupled these 

measurements with a model compound approach. Such a systematic study has not been 

reported previously for this functional group. 

 

 

 



Chapter 5. Phosphonic acids for the protection of Fe 
!

!164 

 

 

 

 

 

 

 

 

Figure 5.1. Some organic phosphonic acids and esters used as corrosion inhibitors. 

Abbreviations: AMP = amino-tris(methylene- phosphonic acid), HEDP =   

1-hydroxyethylidene-bisphosphonic acid, HO3NP2 =  N,N-tetramethyl-bis(phosphor-

nate)-3-hydroxylpropyl-bis(methylene)amine, AATP = 3-anisalidene-amino-1,2,4-

triazole phosphonate, HPAA = hydroxyphosphonoacetic acid, EDTMP =  

ethylenediamine-tetrakis(methylenephosphonic acid).2 

X-ray Photoelectron Spectroscopy (XPS) and Near Edge X-ray absorption Fine 

Structure (NEXAFS) are powerful techniques that allow us to obtain information about 

the elemental and chemical composition, the electronic structure, the binding mode and 

orientation of the molecules on a surface as well as the state of the surface itself. A 

combination of studying the fingerprints of the model complexes and the surface 

measurements should lead to a good understanding on how this compounds interact 

with metals. 
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Figure 5.2. An illustration of a number of possible binding modes for doubly 

deprotonated phosphonate ligands labelled using Harris notation.6 

The chemistry of phosphonate ligands is widely studied in coordination chemistry due 

to the great versatility in their binding modes and the structures they can adopt. Organic 

phosphonic acids have two replaceable protons and can bind up to nine metal atoms. 

Figure 5.2 shows some of the possible binding modes for phosphonate ligands, labeled 

using the Harris notation.6  

The interaction of organic phosphonic acids with different oxide surfaces has recently 

been studied by XPS as they are good surface modifying agents and are used to improve 

the efficiency in organic electronic applications.7,8,9 They have been shown to have 

higher binding energies to metal oxides than other compounds such as benzoic acids.10  

Perkins et al. found that hexylphosphonic acid interacts with a ZnO surface bonding in 

a tridentate mode11 (see 3.111 binding mode in Figure 5.2).  

The adsorption of phenylphosphonic acid (PhPO3H2) has previously been studied on an 

amorphous alumina surface (Al2O3).
12 In that study it was shown that the acid group 

reacts with the hydroxyl groups in the aluminium oxide surface to form a chemical 

bond through the three oxygen atoms. As part of this project it has recently been 

reported the deposition of phenylphosphonic acid on anatase TiO2(101) single crystal.13 

The XPS data show that at low coverage the phosphonate group deprotonates when 

3.111 4.211 5.221 

6.222 7.322 9.333 
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interacting with the surface and it binds to the surface through two O atoms. When the 

deposition time is increased and there is more compound on the surface the compound 

binds both as bidentate and monodentate (Figure 5.3). Angle resolved NEXAFS 

measurements show that the phosphonic acid binds to the surface with the aromatic 

ring at 25 ° relative to the surface normal.13 

 

 

 

 

Figure 5.3. Illustration representing the suggested binding modes for phenylphosphonic 

acid on an anatase TiO2(101) surface.13 

Both PhPO3H2and benzylphosphonic acid (BzPO3H2) have been studied on a gallium 

doped zinc oxide surface showing a tridentate binding mode14 (see 3.111 binding mode 

in Figure 5.2).  

Even though some work on phosphonates has been done on oxide surfaces nothing has 

been reported on pure single crystal Fe. Such a study can be helpful to understand the 

anticorrosive properties of phosphorus based corrosion inhibitors that are used for the 

protection of steel. 

Here the infrared spectra of twelve compounds synthesized with PhPO3H2 and tert-

butylphosphonic acid (tBuPO3H2) it are reported as well as the assignment of the bands 

involving the phosphonate group for different binding modes. The XPS spectra for 

PhPO3H2, 
tBuPO3H2 and hexadecylphosphonic acid (HdPO3H2) on a single crystal 

Fe(110) surface in ultra high vacuum (UHV) and the behavior when increasing the 

temperature are also reported. Hexadecylphosphonic acid was of special interest as it 

has long aliphatic chains, a similar structure to the commercial corrosion inhibitor 

PAE136 presented in Chapter 4 and might help understanding its behavior better. 
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5.2. Model compounds 

5.2.1. Experimental 

Reagents were purchased from Aldrich and used without further purification. All 

solvents were from Fisher Scientific and Sigma Aldrich and were used without further 

purification. 

Analytical data were obtained by the Microanalytical Service at the University of 

Manchester. Carbon, nitrogen, phosphorus and hydrogen analysis was performed using 

a Flas 200 elemental analyser. Metal analysis was performed by Thermo iCap 6300 

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES). 

IR spectra of neat powders were recorded using a Thermo Scientific Nicolet iS5 FTIR 

spectrometer equipped with an iD5 ATR. The penetration depth of the beam is directly 

proportional to the wavelength of the incident beam, which means that photons with 

higher wavenumbers penetrate the sample less than photons with lower wavenumbers. 

This causes attenuation on the intensity of the peaks on the left hand side of the 

spectra. 

Raman spectra were recorded with a HORIBA T64000 Raman Spectrometer in the 

Photon Science Institute at the University of Manchester. 

X-ray data were collected in-house on a SuperNova, Single source at offset Atlas 

diffractometer. Using Olex2,31 the structure was solved with the Superflip32 structure 

solution program using Charge Flipping and refined with the ShelXL33 refinement 

package using Least Squares minimisation.  

[Fe3O(PhCO2)6(H2O)3]Cl (17): PhCO2H (50 mmol, 6.10 g) and NaOH (48 mmol, 

1.92 g) of NaOH were dissolved in H2O (40 mL) and the solution was stirred for  

30 min. To the reaction mixture a solution of FeCl3·6H2O (4.32 g, 16 mmol) in H2O  

(40 mL) was added leading to the appearance of an orange precipitate which was filtered 

and washed with H2O.15,16 
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[Fe3O(PhCO2)6(H2O)3]NO3 (18): PhCO2H (50 mmol, 6.10 g) and NaOH (48 mmol,  

1.92 g) were dissolved in H2O (40 mL). The solution was stirred for 30 min. To the 

reaction mixture a solution of FeNO3·9H2O (6.46 g, 16 mmol) in H2O (40 mL) was 

added leading to the appearance of an orange precipitate which was filtered and washed 

with H2O.15,16 

[Fe3O(tBuCO2)6(H2O)3]NO3 (19): tBuCO2H (50 mmol, 5.10 g) and NaOH (48 mmol, 

1.92 g) were dissolved in H2O (40 mL). The solution was stirred for 30 min. To the 

reaction mixture a solution of FeNO3·9H2O (6.46 g, 16 mmol) in H2O (40 mL) was 

added leading to the appearance of an orange precipitate, which was filtered and washed 

with H2O.15,16 

[Fe3O(tBuCO2)6(H2O)3](
tBuCO2)·2

tBuCO2H (20): FeNO3·9H2O (20.0 g, 48 mmol) 

was reacted with an excess of tBuCO2H (60 g, 600 mmol) at 160 °C for 4 h until the 

elimination of NO2 had finished. The flask was cooled to 80 °C and EtOH (180 mL) 

was added. The obtained solution was diluted by adding H2O (50 mL) dropwise and 

cooled to room temperature. The red/brown crystalline precipitate was filtered the next 

day and washed with toluene and hexane. The EtOH and H2O were removed by drying 

to give [Fe3O(tBuCO2)6(H2O)3](
tBuCO2)·2

tBuCO2H.17 

[Fe3O(tBuCO2)6(H2O)3]Cl (21): tBuCO2H (50 mmol, 5.10 g) and NaOH (48 mmol,  

1.92 g) of NaOH were dissolved in H2O (40 mL) and the solution was stirred for  

30 min. To the reaction mixture a solution of FeCl3·6H2O (4.32 g, 16 mmol) in H2O  

(40 mL) was added leading to the appearance of an orange precipitate, which was 

filtered and washed with H2O.15,16 

[Fe7O2(PhCO2)9(PhPO3)4(py)6] (22): A solution of 17 (0.61 g, 0.61 mmol), py  

(0.29 mL, 3.7 mmol) and PhPO3H2 (0.19 g, 1.22 mmol) in MeCN/CH2Cl2 1:1  (10 mL) 

was stirred for 5 h and then filtered. Et2O was allowed to diffuse into the red filtrate 

giving red crystals.18 Elemental analysis calculated (%) for C117.5H96Fe7N6O32ClP4:  

C 53.17, H 3.65, N 3.17, Fe 14.73, P 4.67; found: C 53.23, H 3.50, N 3.20, Fe 15.13,  

P 4.56.40 ATR-FTIR ν/cm−1: 2362 (w), 1609 (m), 1568 (m), 1548 (m), 1528 (w),  

1445 (w), 1402 (s), 1218 (m), 1175 (m), 1134 (m), 1090 (s), 1063 (s), 1040 (w), 1007 (m), 
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993 (m), 865 (w), 839 (w), 755 (s), 695 (s), 673 (m), 631 (m), 543 (s). Raman ν/cm−1:  

618 (m), 652 (w), 722 (w), 844 (m), 867 (m), 1003 (s), 1012 (s), 1041 (m), 1062 (m),  

1105 (w), 1136 (br, m), 1148 (br, m), 1222 (w), 1408 (br, m), 1432 (br, m).   

[Fe7O2(PhCO2)8(NO3)(PhPO3)4(py)6] (23): The same procedure was followed as for 

compound 22 but replacing 17 with 18.18 Elemental analysis calculated (%) for 

C110H90Fe7N7O33P4: C 51.76, H 3.55, N 3.84, P 4.88; found C 52.52, H 3.15, N 3.38,  

P 4.56. ATR-FTIR ν/cm−1: 3056 (br, w), 1608 (m), 1568 (m), 1547 (m), 1492 (w),  

1400 (br ,s), 1218 (m), 1134 (m), 1088 (s), 1062 (s), 1039 (w), 1006 (m), 993 (m),  

865 (w), 839 (w), 754 (w), 754 (m), 716 (s), 695 (s), 673 (m), 632 (m), 543 (m).  

Raman ν/cm−1: 480 (br, w), 620 (w), 635 (w), 849 (m), 1004 (s), 1013 (s), 1043 (m),  

1106 (w), 1141 (br, w), 1222 (w), 1406 (m), 1432 (m). 

[Fe6O2(O2)(
tBuCO2)8(PhPO3)2(H2O)2] (24): 19 (0.26 g, 0.28 mmol) and PhPO3H2  

(45.1 mg, 0.28 mmol) were added to MeCN (7 mL) and 2 drops of H2O2 (30% in H2O) 

were added. The solution was stirred for 1 h after which it turned red. Dark red crystals 

appeared after leaving the solution undisturbed at 4 °C.18 Elemental analysis calculated 

(%) for C42H81Fe6NO28P4: C 33.47, H 5.42, N 0.93, P 8.22; found: C 33.98, H 5.67,  

N 0.97, P 8.05. ATR-FTIR ν/cm−1: 2961 (br, w), 1557 (m), 1530 (m), 1483 (m),  

1423 (m), 1380 (w), 1362 (w), 1310 (br, w), 1230 (m), 1140 (w), 1110 (m), 1045 (m), 

1004 (w), 990 (w), 947 (m), 903 (w), 785 (w), 750 (w), 721 (w), 693 (m), 595 (w),  

536 (m). Raman ν/cm−1: 620 (w), 644 (w), 713 (m), 796 (m), 863 (br, m), 1001 (s), 1030 

(m), 1105 (m), 1145 (br, m), 1228 (br, m), 1304 (br, m), 1449 (br, m). 

[Fe9O4(
tBuCO2)13(PhPO3)3](25): A solution of 20 (2.3 g, 2.0 mmol) and PhPO3H2  

(0.32 g, 2.0 mmol) in MeCN (30 mL) was stirred for 24 h, leading to a dissolution of 

starting materials and precipitation of a brown powder. The powder was collected by 

filtration and washed with MeCN until the washing solution became yellow. The 

residual solid was dissolved in Et2O (50 mL), filtered, and the filtrate was diluted with 

MeCN (25 mL). Concentration of the solution by slow evaporation at ambient 

temperature gave large brown crystals after five days. The crystals were filtered and 

washed with MeCN.19 Elemental analysis calculated (%) for C87H142Fe9O40P3: C 43.12,  
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H 5.91, N 0.0, Fe 20.74, P 3.83; found: C 42.39, H 5.69, N 0.0, Fe 21.30, P 3.70.  

ATR-FTIR ν/cm−1: 2960 (br, m), 2928 (m), 1552 (s), 1481 (s), 1428 (m), 1415 (m),  

1375 (m), 1360 (m), 1227 (m), 1145 (m), 1124 (m), 1044 (w), 966 (s), 899 (w), 786 (m), 

750 (w), 725 (w), 692 (m), 597 (m), 574 (br, s). Raman ν/cm−1: 644 (s), 722 (m), 798 (m), 

841 (br, m), 876 (br, m), 939 (w), 1001 (br, m), 1105 (m), 1147 (m), 1233 (br, m),  

1408 (m). 

[Co10(chp)12(PhCO2)4(PhPO3)2(H2O)] (26): Co(BF4)·6H2O (0.68 g, 2.0 mmol),  

6-chloro-2-hydroxypyridine (Hchp) (0.52 g, 4.0 mmol), PhPO3H2 (0.052 g, 0.33 mmol), 

benzoic acid (0.24 g, 2.0 mmol) and trimethylamine (0.79 mL, 5.66 mmol) were added 

to MeCN (25 mL) and stirred for 6 h. The solution was then filtered and the solvent 

removed under vacuum to give a purple oil, recrystallization in MeCN of which gave 

purple crystals.20 Elemental analysis calculated (%) for C100H68Cl12Co10N12O27P2: C 40.76, 

H 2.33, N 5.7, P 2.1, Cl 14.44; found: C 42.03, H 2.27, N 5.97, P 2.04, Cl 14.87.  

ATR-FTIR ν/cm−1: 3065 (br, w), 1706 (w), 1592 (s), 1557 (m), 1540 (m), 1491 (s),  

1399 (s), 1336 (m), 1255 (w), 1226 (w), 1168 (m), 1139 (w), 1055 (m), 1026 (m),  

1003 (m), 937 (m), 923 (m), 858 (w), 838 (w), 776 (m), 716 (s), 697 (m), 574 (m). 

[Fe9O2(OH)(tBuCO2)10(PhPO3)6(H2O)5(MeCN)] (27): 21 (0.176 g, 0.2 mmol) and 

PhPO3H2 (0.0316 g, 0.2 mmol) were added to MeCN (5 mL) and stirred overnight. The 

resulting solution was filtered and Et2O was added. Crystals were formed after leaving 

the solution at 4 ºC for a few days.21 Elemental analysis calculated (%) for 

C88H134N1O46P6: C 40.2, H 5.14, N 0.53, P 7.07; found: C 39.96, H 5.02, N 0.57, P 6.90. 

ATR-FTIR ν/cm−1: 2960 (m), 1557 (s), 1538 (s), 1482 (s), 1423 (s), 1379 (m), 1362 (m),  

1228 (m), 1138 (s), 1041 (s), 1028 (w), 969 (m), 898 (w), 787 (m), 749 (w), 694 (m),  

634 (m), 599 (s), 561 (s). 

[Fe4O(PhCO2)3(
tBuPO3)3(py)3Cl] (28): 17 (0.499 g, 0.5 mmol) and tBuPO3H2  

(0.138 g, 1 mmol) were dissolved in pyridine (25 mL) and stirred for 24 h at room 

temperature. The resulting solution was filtered and petroleum ether was allowed to 

slowly diffuse to give dark yellow crystals after a couple of days.22 Elemental analysis 

calculated (%) for C48H57ClFe4N3O16P3: C 44.91, H 4.48, N 3.27, P 7.24, Cl 2.76; found: 
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C 46.03, H 4.35, N 3.17, P 7.12, Cl 2.98. ATR-FTIR ν/cm−1: 2970 (w), 1688 (br, w), 

1595 (s), 1561 (s), 1478 (w), 1444 (m), 1403 (br, s), 1379 (m), 1293 (br, w), 1174 (w), 

1130 (br, s), 1080 (m), 1068 (m), 1001 (s), 834 (w), 816 9w), 756 9w), 717 (m), 701 (m), 

659 (m), 629 (m), 595 (m).  

[Fe6O2(O2)(
tBuCO2)8(

tBuPO3)2(py)2] (29): 19 (0.27 g, 0.3 mmol), tBuPO3H2 (0.041 g,  

0.3 mmol) were dissolved in MeCN (7 mL) and 2 drops of H2O2 and 4-5 drops of 

pyridine were added. The solution was stirred for 4 h and then placed in the fridge 

where crystals formed after 3 days.21 Elemental analysis calculated (%)  

for  C58H100Fe6N2O26P2: C 42.52, H 6.15, N 1.71, P 3.78;  found: C 42.70, H 6.11,  

N 1.64, P 3.67. ATR-FTIR ν/cm−1: 2960 (w), 2927 (w), 2902 (w), 2866 (w), 1604 (w), 

1561 (s), 1544 (s), 1482 (s), 1456 (w), 1422 (s), 1370 (m), 1361 (m), 1227 (m), 1119 (m), 

1071 (w), 1029 (m), 968 (s), 898 (m), 833 (w), 787 (m), 758 (w), 696 (m), 632 (m),  

597 (s), 551 (m). 

[Fe14O4(OH)8(
tBuCO2)14(

tBuPO3)6] (30): A mixture of 20 (0.095 g, 0.1 mmol), 

Fe(BF4)2 (0.034 g, 0.1 mmol) and tBuPO3H2 (0.014 g, 0.1 mmol) in MeCN (8 mL) was 

stirred for 15 min to give a dark red solution, which was transferred to a Teflon-lined 

autoclave and heated to 100 °C for 12 h, followed by cooling to room temperature with 

a rate of 0.05 °C/min. Orange sheets crystals were filtered and washed with small 

amount of MeCN.23 Elemental analysis calculated (%) for C74H188Fe14O58P6: C 29.89,  

H 6.37, P 6.25; found: C 30.82, H 6.24, P 6.47. ATR-FTIR ν/cm−1: 2963 (br, m),  

1558 (m), 1526 (m), 1483 (s), 1424 (s), 1380 (m), 1362 (m), 1229 (m), 1112 (m),  

1085 (w), 1047 (w), 998 (m), 966 (m), 930 (m), 788 (w), 608 (w), 567 (br, m).  

Raman ν/cm−1: 644 (w), 666 (m), 801 (s), 831 (m), 881 (br, w), 940 (br, m), 1005 (br, m), 

1204 (m), 1236 (m), 1425 (m). 

[Fe6Tb2O2(H2O)2(
tBuCO2)12(

tBuCO2H)2(
tBuPO3)4] (31): This compound was 

provided by Dr Karzan Zangana. ATR-FTIR ν/cm−1: 2960 (m), 2869 (w), 1571 (w), 

1538 (s), 1482 (s), 1458 (m), 1421 (s), 1378 (m), 1361 (m), 1227 (m), 1101 (m), 1046 (s), 

1019 (s), 987 (s), 894 (m), 832 (w), 808 (w), 787 (m), 659 (m), 605 (m). 
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[Ni6Gd6(OH)2(MeO)2(
tBuCO2)16(PhPO3)6] (32): [Ni2(OH2)(

tBuCO2)4(
tBuCO2H)4] 

(0.1 g, 0.1 mmol), [Gd2(
tBuCO2)6(

tBuCO2H)6] (0.075 mmol), PhPO3H2 (0.1 mmol) and 

trimethylamine (0.1 mL, 1 mmol) were dissolved in MeCN (8mL) and stirred at room 

temperature for 5 min. The resulting solution was transferred into a 10 mL Teflon-lined 

autoclave and heated to 150 °C for 12 h, followed by cooling to room temperature with 

a rate of 0.05 °C/min. Yellow crystals were obtained directly from the autoclave. 

Elemental analysis calculated (%) for C122H188Gd6N2Ni6O54P6: C 36.45, H 4.69, N 0.68,  

Ni 8.62, Gd 23.10, P 4.55; found: C 36.04, H 4.82, N 0.87, Ni 8.34, Gd 23.29, P 4.69.24 

ATR-FTIR ν/cm−1: 2958 (w), 1661 (w), 1604 (m), 1556 (s), 1538 (s), 1483 (s), 1460 (w), 

1427 (s), 1377 (m), 1359 (m), 1230 (m), 1122 (m), 1106 (m), 1029 (m), 1003 (m), 985 (s),  

897 (w), 872 (w), 787 (m), 750 (m), 721 (m), 691 (m). 

Compounds [Fe6O(OH)3(MeCO2)3(PhPO3)4(py)9]
18 (33), 

[Fe4OCl(PhCO2)3(PhPO3)3(py)5]
18 (34), [Fe7O2(MeCO2)9(PhPO3)4(py)6]

18 (35), 

[Fe4OCl(MeCO2)3(C6H9PO3)3(py)5]·2H2O
25 (36), 

[Fe7O2(PhCO2)9(C6H9PO3)4(py)6]CH3CN·3H2O
25 (37), [Fe4(

tBuCO2)5(
tBuPO3)3Br]23 (38), 

[Fe4(
tBuPO3)4(HphpzH)4]·5CH3CN·5CH2Cl2

26 (39), 

[Mn3(C5H9PO3)2(phen)6](ClO4)2·7CH3OH27 (40), [Mn3(
tBuPO3)2(dpzpy)3](ClO4)2]·H2O

27 

(41), [Mn4(C5H9PO3)2(phen)8(H2O)2](ClO4)4]
27 (42), Fe[(CH3(CH2)2PO3)(H2O)]28 (43), 

[Cu4(L1)2(
tBuPO3)](CH3OH)2(C6H6)

29 (44), 

[Cu4(L1)2(H2O)2(NMe2CHO)(PhPO3)](H2O)2
29 (45), [Cu4(L2)2(C5H9PO3)](CH3OH)2 

29(46), [Cu4(L2)2(c-C6H11PO3)](MeOH)4(H2O)2
29

  (47), 

[Co16(OH)6(chp)22(C6H9PO3)2(H2O)4]·10CH2Cl2·2H2O
30 (48), 

[Ni8(OH)4(OMe)2(
tBuCO2)6(

tBuCO2H)8(RPO3)2]
31 (49),!

[Co12(OH)4(HCO3)6(RPO3)4(
tBuCO2)6(

tBuCO2H)6]
31 (50),!

[Co12(OH)4(HCO3)6(RPO3)4(
tBuCO2)6(

tBuCO2H)6]
31 (51) 

and[Ni12(OH)4(HCO3)6(RPO3)4(
tBuCO2)6(

tBuCO2H)6]
31 (52) were not synthesised, but 

their published IR data is studied and reported here. H2phpzH = 3(5)-(2-

hydroxyphenyl)pyrazole, dpzpy = 2,6-bis(pyrazol-3-yl)pyridine. 
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5.2.2. Results and discussion 

Compounds 22–32 were synthesized with PhPO3H2 or tBuPO3H2 acid. The ATR-FTIR 

spectra of the whole series were recorded on samples in the crystalline state. This allows 

the study of the IR spectra of representative compounds showing each binding mode 

for both phosphonate ligands, and even a mixture of binding modes in the same 

coordination compound, which have been previously identified by single crystal X-ray 

diffraction.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4. Single crystal X-ray structure for compounds 22 (top), 24 (bottom left) and 

28 (bottom right). Colours: C, grey; O, red; P, orange; Cl, green; Fe, yellow. Hydrogen 

atoms omitted for clarity. 

In compounds 22, 23 and 28 the phosphonate ligand shows a 3.111 binding mode.18,22 

In compounds 24 and 29 one of the oxygen atoms on the phosphonate binds two metal 

atoms to give a 4.211 binding mode.18,21 Compound 25 shows a 5.221 binding mode.19 
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Compound 26 has a 6.222 binding mode, but there are no compounds displaying this 

binding mode for tert-butylphosphonate.20  

 

 

 

 

 

 

Figure 5.5. Single crystal X-ray structure for compounds 25 and 29. Colours: C, grey; O, 

red; P, orange; Fe, yellow. Hydrogen atoms omitted for clarity. 

In compound 27 there are two different types of phosphonates. Two of them show the 

binding mode 3.111 and the other four show the 4.211 binding mode.21 A similar thing 

happens in compound 30 in which four of the phosphonates have a 4.211 binding 

mode while the other two have the 5.221 binding mode.23  

 

 

 

  

 

 

Figure 5.6. Single crystal X-ray structure for compounds 27 and 30 Colours: C, grey; O, 

red; P, orange; Fe, yellow. Hydrogen atoms omitted for clarity. 
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Compound 31 is more complicated as it is a heterometallic compound and it shows two 

different binding modes. Two of the phosphonate ligands show the 3.111 binding mode 

and are bound to two Fe3+ and to one Tb3+, while the other two phosphonates display 

the 4.221 binding mode in which one oxygen atom is bound to two Tb3+ ions, another 

oxygen atom binds to both a Tb3+ and an Fe3+ ion, and the last one binds only to a 

single iron ion. 

In compound 32, four of the phosphonates show the 6.222 binding mode in which two 

of the oxygen atoms bind a Ni2+ and a Gd3+, and the other oxygen binds two Gd3+ 

atoms. The other two phosphonates have a 5.221 binding mode in which two of the 

oxygen atoms bind a Ni2+ and a Gd3+ and the other one binds one Gd3+ atom.24 

All of these compounds have in common the presence of a carboxylate ligand that 

exhibits an antisymmetric stretch in the IR spectrum at ca. 1600 cm−1 and a symmetric 

one at ca. 1400 cm−1 for the benzoate, and at 1550 and 1110 cm−1 for the pivalate ligand. 

Another common motif in the spectra of all of the compounds is the presence of a 

band due to the methyl bending at 1480 cm−1 (apart from compounds 22, 23 and 32 

which do not contain any methyl group). 

For a C3v symmetry group two stretching bands are expected for the isolated, pyramidal 

PO3 group: a symmetric one (A1) and an antisymmetric one with a double degeneracy 

(E). 
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Table 5.1. IR frequencies, binding mode and assignment of the bands of the PO3 group 

for compounds 22-32. 

 

 

 

 

 

 

 

 

 

 

 PhPO3H2 has a band at 1142 cm−1 due to a combination of the P=O bond stretch and 

the Car–P bond stretch. The antisymmetric P–O bond stretch shows a pair of peaks at 

1010 and 998 cm−1, and the symmetric stretch for the same bond appears at  

923 cm−1, where a contribution is also seen from the Car–H bond.32 For tBuPO3H2 the 

P=O stretch has a band at 1184 cm−1 with the antisymmetric bands at 999 and 990 cm−1 

and the symmetric band with a frequency of 917 cm−1. The difference in the frequency 

of the bands between the acids suggests a stronger double bond and weaker single 

bonds for tBuPO3H2, and is supported by the crystallographic data, which show a longer 

P–O bond distance for tert-butyl (1.551(2) and 1.561(3) Å) corresponding to the phenyl 

derivative (1.536(2) and 1.555(2) Å). This is a clear demonstration of the utility of 

infrared spectroscopy as a method for interrogating structural parameters.33,34  

 

 

  Binding mode νasPO3 (cm
−1)  νsPO3 (cm

−1) 

22  3.111 1089 1063 993 

23 3.111 1088 1063 993 

24 4.211 1045 991 

25 5.221 1044 966 

26 6.222 1055 1003 

27 3.111/4.211 1041 969 

28 3.111 1080  1068  1001 

29 4.211 1030 969 

30 4.211/5.221 1022 993 

   31 3.111/4.221 1047 987 

32 5.221/6.222 1030          986 
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Figure 5.7. Single crystal X-ray structure of PhPO3H2 (left) and tBuPO3H2 (right). 

Colours: C, grey; O, red; P, orange; Fe; H, white. 

In the case of binding, it would be expected that the bands due to O–H bending and 

P=O stretching to disappear following coordination. Additionally, since the C3v 

symmetry of the system is likely to be broken upon binding, it is also expected for the 

antisymmetric band to split. The frequencies of the symmetric and antisymmetric 

stretch for compounds 22 to 32 are shown in Table 5.1. The data show the expected 

splitting of the asntiymmetric band for all of the compounds with the 3.111 binding 

mode (compounds 22, 23 and 28). For these the double antisymmetric band appears at 

ca. 1085 and 1065 cm−1 and the symmetric stretch at approximately 1000 cm−1. For the 

4.211 and 5.221 binding modes there is no obvious splitting although this band is 

broader than for the 3.111 binding mode. This suggests that the splitting does occur, 

but that the resolution of the data is not high enough to resolve the bands. 

When the phosphonate binds to more than three metal ions the same electron density 

of the oxygen atom has to be shared between more d-orbitals, making the P–O bonds 

weaker. This is reflected in a shift to lower frequencies as the phosphonate binds to 

four, five or six metal atoms for binding modes 4.211, 5.221 and 6.222. The 

antisymmetric stretch for compounds with phenylphosphonate is at ca. 1050 cm−1 and at 

lower frequencies (1025 cm−1) for the tert-butyl derivative. The frequency depends on 

the metal bound to the phosphonate, the frequency of vibration decreases as the mass 

of the metal increases and also depends on the oxidation state (Chapter 1). 
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Figure 5.8. Selected region of the IR spectra for compounds 28, 23, 22 (left) and  

29, 25 and 24 (right).  

The symmetric stretch shows some variations but does not seem to be related to the 

binding mode, as it does not show any measurable differences between binding modes. 

Compounds 27, 30, 31 and 32 have a mixture of binding modes. Compounds 30 and 32 

have a combination of 4.211 and 5.221, and 5.221 and 6.222 binding modes, 

respectively, the difference between these binding modes is not appreciably large in the 

spectra as seen from the other compounds. Symmetric and antisymmetric bands for 

compound 30 are similar to the ones shown by the 5.221 mode alone. The same bands 

are seen for compound 32 (Figure 5.9). 

However, compounds 27 and 31 both exhibit the 3.111 binding mode as well as the 

4.211 and 4.221 respectively, which leads to a significant difference in the spectra. In the 

spectra of these compounds the antisymmetric stretch does not show splitting but looks 

broader suggesting a smaller splitting takes place but it results on a much broader band. 

The same thing happens for the 4.211 and 5.221 binding modes suggesting that 4.211 

and 4.221 binding modes for compounds 27 and 31 respectively have more contribution 

to the spectra than the 3.111 mode.   

According to this interpretation of the recorded spectra, IR spectroscopy cannot be 

used alone to identify the binding mode of the phosphonates although it can be a useful 
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tool to compare compounds synthesized with the same phosphonate but, with different 

binding modes.  

 

 

 

 

 

 

Figure 5.9. Selected region of the IR spectra for compounds 27, 31 (left),  

30 and 32 (right). 

Published spectroscopic data for phosphonate compounds has been used to assign the 

symmetric and asymmetric bands (Table 5.2). Data for compounds with a 3.111 binding 

mode exhibit the same splitting of the asymmetric band that has been seen in the 

compounds reported in Table 5.1. The symmetric stretch is at ca. 990 cm−1 and the 

antisymmetric stretch is a double band with one peak at ca. 1090 and one at ca. 1060 

cm−1. There is some fluctuation in the vibration frequency for compounds 41 and 42 but 

all of these compounds have been synthesized with different metallic atoms, different 

ligands and their IR spectra have been recorded using different spectrometers. For these 

reasons the data have to be analysed cautiously. 

Compounds with 4.211 and 5.221 binding mode show one peak for the νas as seen for 

the compounds in Table 5.1. The symmetric band reported in Table 5.2 again shows 

some fluctuations that do not seem to depend on the binding mode. 
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Table 5.2. IR frequencies and assignment for compounds found in the literature.! 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The experimental spectroscopic data for the synthesized compounds show a clear 

pattern whereby, for the totally symmetric binding modes (3.111 and 6.222), the 

antisymmetric stretch for the P-O bond splits. This either does not happen for the 

antisymmetric binding modes, or if it does happen it does so with a smaller separation 

  Binding mode νasPO3 (cm
−1) νsPO3 (cm

−1) 

3318  3.111 1119 1068 994 

3418  3.111 1095 1068 994 

3518  3.111 1089 1067 994 

3625  3.111 1087 1038 998 

3725  3.111 1089 1066 1000 

3823  3.111 1079 — 991 

3926  3.111 1059 1036 984 

4027  3.111 1091 — 986 

4127  3.111 1091 1047 985 

4227  3.111 1089 1056 987 

4328  4.221 1068             999 

4429  4.211 —             986 

4529  4.211 1061             996 

4629  4.211 1062             964 

47 
29 4.211 1061             960 

4830  4.211 1069            1004 

4931  5.221 1110            1000 

5031  6.222 1096 — 972 

5131 6.222 1098 1029 990 

5231  6.222 1090 1028 991 
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between the peaks making the peak look broader. Although IR spectroscopy does not 

allow direct identification of the binding modes for phosphonate ligands, it can 

differentiate between symmetric and antisymmetric binding modes. It is a useful 

technique to compare compounds, which have different binding modes and it can assist 

in the characterization of the compounds.  

 

5.3. X-ray Photoelectron Spectroscopy 

5.3.1. Phenylphosphonic acid on Fe(110)  

5.3.1.1. Experimental 

The work presented in this Section was carried out on beamline D1011  

(30 ≤ hν ≤ 1600 eV), a bending magnet soft X-ray beamline, at MAX-lab in Sweden. 

The D1011 endstation is equipped with a Scienta SES200 200 mm mean-radius 

hemispherical electron energy analyser, a microchannel plate (MCP) NEXAFS detector, 

a low-energy electron diffraction (LEED) camera, and a residual gas analyser (RGA). 

The analysis chamber is separated from the sample preparation chamber by means of a 

gate valve. The Fe(110) crystal was held in place by a tantalum wire. A thermocouple 

was attached to the sample plate to monitor the temperature of the sample. The base 

pressure in the analysis chamber was about 1.5x10−10 mbar during the measurements. 

Phenylphosphonic acid (PhPO3H2) was deposited onto the Fe crystal surface by 

vacuum sublimation from a Knudsen cell at a temperature of 383-403 K for different 

amounts of time depending on the desired thickness of the molecular layer. 

Photoemission spectra were collected at normal emission. A survey scan was recorded 

at 1200 eV photon energy. For the narrow, high resolution scans the photon energy was 

tuned such that the photoemitted electrons had a kinetic energy of ca. 100 eV. This 

ensures that the probing is roughly the same depth of surface and gives high surface 

sensitivity i.e. a probe depth of roughly 6 nm.35 Peak fitting was carried out using CASA 

XPS Software.36 
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5.3.1.2. Results and discussion 

The Fe(110) single crystal was cleaned by repeated 1 keV Ar+ ion bombardment and 

annealing to 873 K in vacuum. Figure 5.10 shows a survey scan XPS spectrum and the 

O 1s, N 1s, C 1s and P 2p core level spectra for the clean surface. At high surface 

sensitivity some C and N contamination is observed, but these are well-established 

contaminants in Fe single crystals and are difficult to remove completely. The low 

energy electron diffraction image obtained from the sputtered and annealed surface was 

consistent with an ordered N overlayer, which is well documented in the literature.37 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10. UHV XPS survey (top left), C 1s (top right), O 1s (bottom left), N 1s 

(bottom middle) and P 2p (bottom right) spectra recorded from the sputtered and 

annealed Fe(110) single crystal. 
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The first deposition was carried out in the preparation chamber by heating the Knudsen 

cell containing PhPO3H2 powder (Sigma Aldrich 99%) to a temperature of  

398-403 °C for 10 minutes at a pressure of 1x10−5 mbar in the preparation chamber. 

The sample was roughly 20 cm from the Knudsen cell. The pressure in the evaporation 

chamber was 4x10−7 mbar. The XPS spectra obtained following this deposition are 

shown in Figure 5.11. The O 1s peak that can be fitted with three components is also 

present. The most intense peak at a binding energy of 528.5 eV (green) arises from the 

deprotonated O atoms bound to the surface (P-O-Fe) whilst the central peak at 529.2 

eV arises from the P=O group. The least intense peak at higher binding energy (pink) is 

due to the free acid form suggesting that there is some residual compound in the acid 

form that is not interacting with the surface.38  

Table 5.3. Peak assignments for O 1s and P 2p peaks and their respective binding  

energies (eV) for the recorded spectra of PhPO3H2 on an Fe(110) surface. 

 
Binding Energy (eV) 

 
O 1s 

 
Thin layer Thick layer 423 K 

P-O-Fe 528.6 528.5 528.5 

P=O 529.4 529.5 529.6 

P-OH 530.6 530.5 530.6 

 
P 2p 

Tridentate P 2!! !
  132.4 132.5 132.5 

Tridentate P 2!! !
 133.3 133.4 133.4 

Bidentate P 2!! !
 133.0 133.0 133.0 

Bidentate P 2!! !
 133.9 133.9 133.9 

Free acid P 2!! !
 - 133.6 - 

Free acid P 2!! !
 - 134.5 - 

 

The P 2p core orbital peak is quite broad and has a clear shoulder on the high binding 

energy side of the spectrum. Since the separation between the main peak and the 
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shoulder, and their relative intensities are not consistent with the 2p spin orbit splitting 

of P,39,40 two sets of spin orbit doublets must be used for the fitting, suggesting P is in 

two different chemical environments. The P 2p! ! and 2p! ! doublets are constrained 

with an energy difference of 0.9 eV41 and a 2:1 ratio for the areas.  The doublet with 

peaks at 132.4 and 133.3 eV (blue) is assigned to the compound bound to the surface 

through the three O atoms in a tridentate binding mode; the doublet with peaks at 

133.0 and 133.9 eV (green) is assigned to partially protonated compound, suggesting 

that there is also some molecule displaying a bidentate mode on the surface. 

 

 

 

 

 

  

Figure 5.11. UHV XPS core level O 1s (left) and P 2p (right) spectra recorded after a 

first deposition of PhPO3H2 on an Fe(110) surface. 

A second deposition was then carried out for 20 minutes in order to obtain a thicker 

layer of PhPO3H2. The P peak can be fitted by adding a set of doublets assigned to the 

presence of the non bonded acid form (pink). This supports the assignment of the O 1s 

derived features because the signal due to the unbounded acid increases in intensity 

when a multilayer of the phosphonic acid is deposited. 
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Figure 5.12. UHV XPS core level for O 1s (left) and P 2p (right) spectra recorded after 

a second deposition of PhPO3H2 on an Fe(110) surface. 

The sample was then heated in order to see how the system responded to a change with 

temperature. After 20 minutes of heating at 323-333 K, 35 minutes at 368-378 K and 

finally at 393 K for 10 minutes there was no change in the spectra. A change was seen 

after raising the sample temperature to ca. 423 K and kept for 10 minutes. The narrow 

range spectra for the O 1s and P 2p core level following this heating cycle are shown in 

Figure 5.13. The O 1s spectrum is now dominated by the peak at binding energy of 

528.5 eV assigned to the deprotonated O atoms bound to the surface (P-O-Fe). This 

suggests that the majority of the phosphonate is now bonded in a tridentate geometry. 

Some small fraction of the molecule is found to be bonded in a bidentate mode via the 

deprotonated P-OH which is consistent with the presence of the peak at 529.6 eV 

(blue) assigned to the P=O, and it is in agreement with similar work studying the 

adsorption of PhPO3H2 on TiO2(101).13 At this stage it is thought that every possible 

binding site of the surface is occupied, and the compounds is forming a monolayer 

(ML).  
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Figure 5.13. UHV XPS O 1s (left) and P 2p (right) core level spectra of PhPO3H2 on an 

Fe(110) surface recorded after heating the sample to 423 K. 

There was no further change in the shape of the spectra after heating the sample at 473 

K for 30 minutes suggesting the compound remains strongly bound to the surface even 

at high temperatures. However, after heating between of 673-773 K for 20 minutes, the 

compound was completely removed although there were some remnants of O on the 

surface. 

By integrating to find the total area of the P 2p and Fe 3p peaks, the thickness of the 

film for the compound in each set of experiments can be estimated. The P 2p:Fe 3p 

ratio – Table 5.4 – suggests that there is a coverage of 0.22 ML for the thin layer and of 

1.18 ML for when the thick layer experiment is mentioned. It is not possible to provide 

an absolute number as the sample position is changed in between experiments and so 

the measurements are not comparable. 

Table 5.4. Absolute areas for the P 2p and Fe 3p peaks corresponding to the 

experiments of PhPO3H2 on a Fe(110) surface. 

 
P 2p area Fe 3p area P 2p:Fe 3p  

Thin layer 14526.10 113497.80 0.13 

Thick layer 8944.00 12773.90 0.70 

Monolayer 7434.60 12588.60 0.59 

 

P-O 
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P=O 

PhPO32− 

PhPO3H− 
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In addition to the photoemission spectroscopy, which gives information on the mode 

of adsorption, Near Edge X-ray absorption Fine Structure (NEXAFS) measurements 

were also performed when a monolayer of the phosphonate was bound to the Fe(110) 

surface – following a heating to 423 K. NEXAFS allows the adsorption geometry of the 

molecule to be probed, specifically the angles of the phenyl ring relative to the surface 

normal and the azimuthal plane. 

Analysis of the intensities of the peak labelled A in the NEXAFS spectra presented in 

Figure 5.14 allows the tilt angle to be deduced and degree of ordering of the molecules 

along a particular crystalline direction. This to some extent gives an idea of the packing 

density that can be achieved by the molecule. Peak A arises from transitions from the C 

1s core level to unoccupied π* orbitals of the phenyl ring. As previously reported by 

Wagstaffe et al., who assigned the peaks both experimentally and theoretically, this is a 

transition from C 1s (C-P) as opposed to C 1s (C-C).13 

 

 

 

 

 

 

 

 

 

 

Figure 5.14. NEXAFS spectra recorded of PhPO3H2 on an Fe(110) surface along the 

[001] (left) and [1-10] (right) crystal directions. 
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The π* orbitals lie perpendicular to the plane of the aromatic ring. The interaction of 

the plane polarised synchrotron radiation with the excited electrons affects the intensity 

of these peaks in a manner that when the E of the synchrotron radiation beam is in the 

same direction as the π* orbitals the intensity of peak A is at its maximum. As the 

sample is rotated and the angle between the electric vector of the light and the π* 

orbitals is increased, the intensity of the peak A is reduced. At the same time the rather 

broad peaks at around 300-350 eV arising from transitions from C 1s to σ*, which lie in 

the plane of the ring, become more intense. Analysis of the intensity of the peak A as a 

function of incidence angle allows the tilt of the plane of the ring to be determined. A 

fit to these intensities along two different crystal directions using the Stöhr equations42 

(Chapter 1) is shown in Figure 5.15.  

 

 

 

 

 

 

 

Figure 5.15. Plot of intensity of C 1σ to π* transitions versus incident angle of photons 

fitted with Stöhr equations for the [001] (red) and [1-10] (black) crystal directions. 

According to the fitting, the intensity of the A peak the molecules bound to the surface 

with the aromatic ring perpendicular to the surface.  Figure 5.16 shows a schematic 

representation on how the molecules interact with the Fe surface. 
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Figure 5.16. Schematic representation of the suggested interaction of PhPO3H2 with the 

given Fe(110) surface when forming a monolayer at 423 K. 

The NEXAFS spectra were also recorded after the second deposition, when there was a 

thick layer of compound on the surface and the acidic form was present. This though 

did not show any change in the intensity for the transition from the C 1s core level to 

unoccupied π* orbitals suggesting that the aromatic rings were not ordered on the 

surface. Figure 5.17 shows a schematic representation of a suggested interaction of 

PhPO3H2 in this case. 

 

 

 

 

 

 

 

Figure 5.17. Schematic representation of the suggested interaction of PhPO3H2 with the 

given Fe(110) surface when a there is a thick layer. 
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5.3.2. Benzylphosphonic acid on Fe(110) 

5.3.2.1. Experimental 

The work presented in this section was carried out in the Photon Science Institute in 

Manchester in a near ambient pressure (NAP) XPS instrument equipped with a SPECS 

Focus 500 monochromated Al Kα source (photon energy 1486.6 eV), which is focussed 

to a spot size of 300 µm. The analyser is a SPECS 150 mm Phoibos 150 NAP analyser. 

The analysis chamber is separated from the sample preparation chamber by means of a 

gate valve. The Fe(110) crystal was held in place by a tantalum wire. A thermocouple 

was attached to the sample plate allowing the temperature of the sample to be 

monitored. The pressure in the analysis chamber was about 1.5x10−10!mbar during the 

measurements. Benzylphosphonic acid (BzPO3H2) was evaporated onto the Fe crystal 

surface by vacuum sublimation at a temperature of 403-413 K for different amounts of 

time depending on the desired thickness of the molecular layer. Photoemission spectra 

were collected at normal emission (NE) and grazing emission (GE). This ensures that 

roughly the same depth of surface is probed and gives high surface sensitivity i.e. a 

probe depth of roughly 6 nm.35 

5.3.2.2. Results and discussion 

The Fe(110) single crystal was cleaned by repeated 1 keV Ar+ ion bombardment and 

annealing to 873 K. Figure 5.18 shows a wide scan and a narrow scan for the C 1s core 

level of the clean surface. After 18 cycles of sputter and anneal the N and O 

contamination was successfully removed, the C contamination reached a stationary 

stage, but it could not be completed removed. In the narrow scan the C signal is 

composed of two components: C present in hydrocarbon compounds from 

atmospheric contamination, surface component at 284.5 eV (green) and the carbide C, 

bulk contamination at 283.1 eV (blue). This was confirmed by recording the spectra at 

normal and grazing angles. 
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The first deposition of BzPO3H2 was carried out for 3 minutes at 408 K in the UHV 

load lock at a pressure of 1.12x10−6 mbar. Figure 5.19 shows the XPS spectra recorded 

after deposition. The C 1s core level can be fitted with 30% Gaussian 70% Lorentzian 

peaks. The peak at 283.1 eV belongs to the bulk contamination carbide C (blue). The 

intense peak at 285.5 eV (green) is assigned to the C in the aromatic ring, the presence 

of which is confirmed by the satellite signal at a binding energy of 291.2 eV 

corresponding to a π−π* shake up process in the phenyl group (Figure 5.19). The peak 

at 285.5 eV (pink) is assigned to the Csp3 between the aromatic ring and the P. 

 

 

 

 

 

 

Figure 5.18. UHV XPS survey (left) and C 1s (right) spectra recorded from the 

sputtered and annealed Fe(110) single crystal. 

The P 2p spectrum is consistent with the 2p spin orbit splitting of P with two sets of 

spin orbit doublets, suggesting P is in two different chemical environments. The P 

2p! ! and 2p! ! doublets are constrained with an energy separation of 0.9 eV41 ref and a 

2:1 ratio for the areas.  
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Table 5.5. Peak assignments for O 1s and P 2p spectra and their respective binding 

energies (eV) for the spectra of BzPO3H2 in Figures 5.19, 5.20, 5.21 and 5.22, NE = 

normal emission and GE = grazing emission. 

 
Binding Energy (eV) 

 
O 1s 

 
NE 300 K NE 350 K NE 400 K  NE 550 K GE 400 K GE 550 K 

P-O-Fe 531.2 531.2 531.2 531.2 531.3 531.2 

P=O 532.4 532.3 532.4 532.4 532.4 532.4 

P-OH 533.2 533.2 533.3 533.3 - - 

 
P 2p 

Tridentate P 2!! !
  132.6 132.6 132.7 - 132.7 - 

Tridentate P 2!! !
 133.5 133.5 133.6 - 133.6 - 

Bidentate P 2!! !
 133.3 133.3 133.3 133.4 133.3 133.2 

Bidentate P 2!! !
 134.2 134.1 134.2 134.3 134.2 134.1 

 

A comparison with the data from PhPO3H2 suggests that both the acid (green) and the 

phosphonate (blue) species are present. In the phosphonate species the three O atoms 

are deprotonated and interacting with the surface, these are assigned to the peak at 

531.1 eV in the O 1s spectrum. The peaks at 532.3 (blue) and 533.2 eV (pink) 

correspond to the acid species, the former arising from the P=O and the latter from the 

protonated P-OH. This suggests that the compound binds to the surface and forms a 

monolayer of doubly deprotonated phosphonate bound through all three O atoms; and 

a second layer of non-interacting acid forms on top of it.  
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Figure 5.19. UHV XPS core level spectra for C 1s (top left), O 1s (top right) and P 2p 

(bottom) recorded after a 3 minute deposition of BzPO3H2 on an Fe(110) surface,  

the π−π* shake up process marked with a dot on the C 1s spectrum. 

In order to investigate the stability of the adsorbed molecule a temperature dependent 

study was carried out. The sample was heated in 50 degree steps and core level XPS 

spectra recorded. Figure 5.20 shows the recorded spectra at 350 K, where it can be seen 

that all signals belonging to the acid species have decreased in intensity suggesting that 

the second layer is not strongly interacting with the surface i.e. it is physisorbed and can 

be removed from the surface by heating it. 
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Figure 5.20. UHV XPS core level of BzPO3H2 spectra recorded for C 1s (top),  

O 1s (middle) and P 2p (bottom) at 350 (left) and 400 K (right). 

Figure 5.20 also shows the spectra recorded at 400 K where it can be seen that the peak 

due to the P-OH in the O spectrum is almost completely removed and the peak due to 

P=O is reduced in intensity. No other big changes are seen. The spectrum was not 

changing much at this point and so the temperature was raised to 550 K. 

After heating the sample at 550 K the P signal significantly decreased. One possible 

interpretation is that the molecule decomposes and there are only fragments of it on the 

surface. This also explains the appearance of a peak at 529.8 eV in the O 1s spectrum, 

BzPO32− 

BzPO3H− 

P=O 

FeO 

POH 

Csp2 

Csp3 Carbide 



 Chapter 5. Phosphonic acids for the protection of Fe 
!

! 195 

which could be assigned to an iron oxide peak because the binding energy is consistent 

with γ-Fe2O3 (529.9 eV).43 

 

 

 

 

 

 

 

 

 

 

Figure 5.21. UHV XPS core level spectra of BzPO3H2 on an Fe(110) surface for  

C 1s (top left), O 1s (top right) and P 2p (bottom) recorded at 550 K. 

Changing the sample from normal emission (NE) to grazing emission (GE), 70 °, 

increases the distance the electrons have to travel through the sample also increasing the 

surface sensitivity and reducing the bulk contribution to the signal. For this reason 

changes in the relative intensities of the peaks at NE and GE can give more 

information about the chemistry of the surface.   
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Figure 5.22. UHV XPS core level spectra of BzPO3H2 on an Fe(110) surface recorded 

at GE for C 1s (top), O 1s (middle) and P 2p (bottom); at 400 and 550 K. 

The data were recorded at GE at a temperature of 400 K (Figure 5.22). When 

comparing these data with those recorded at NE it can be seen that in the P 2p 

spectrum the signal belonging to the acid species has increased in intensity. The same 
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thing happens with the OH− signal in the O 1s peak suggesting the acidic species is on a 

more superficial layer. This supports what has been said before that the excess of 

compound is not bound to the Fe surface but forms a physisorbed layer on top of the 

bound phosphonate. 

The spectra were also recorded at GE at 550 K (Figure 5.22). These spectra do not 

show much difference when compared to the spectra recorded at normal emission. It is 

noted that the oxide peak assigned to γ-Fe2O3 at 529.8 eV is reduced in intensity relative 

to the molecular peaks suggesting it is buried beneath the molecular fragments. This 

would support the formation of iron oxide species. 

 

5.3.3. Hexadecylphosphonic acid on Fe(110)  

5.3.3.1. Experimental 

This work was carried out in the Photon Science Institute in Manchester in a near 

ambient pressure (NAP) XPS instrument equipped with a SPECS Focus 500 

monochromated Al Kα source (photon energy 1486.6 eV), which is focussed to a spot 

size of 300 µm. The analyser is a SPECS 150 mm Phoibos 150 NAP analyser. The 

analysis chamber is separated from the sample preparation chamber by means of a gate 

valve. The Fe(110) crystal was held in place by a tantalum wire. A thermocouple was 

attached to the sample plate allowing the temperature of the sample to be monitored. 

The pressure in the analysis chamber was about 1.5x10−10 mbar during the 

measurements. Hexadecylphosphonic acid (HdPO3H2) was evaporated onto the Fe 

crystal surface by vacuum sublimation without the need to apply heat for different 

amounts of time depending on the desired thickness of the molecular layer. 

Photoemission spectra were collected at normal emission. This ensures that roughly the 

same depth of surface to be probed and gives high surface sensitivity i.e. a probe depth 

of roughly 6 nm.35 
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5.3.3.2. Results and discussion 

5.3.3.2.1. XPS study in UHV 

The Fe(110) single crystal was cleaned by repeated 1 keV Ar+ ion bombardment and 

annealing to 873 K. A first deposition of HdPO3H2 was carried out at UHV once the 

carbide C contamination (blue peak in the C 1s spectrum in Figure 5.23) of the Fe(110) 

single crystal achieved a stationary state.  

 

 

 

 

 

 

 

 

 

 

 

5.23. UHV XPS core level spectra of HdPO3H2 on an Fe(110) surface recorded at room 

temperature wide scan (top left), C 1s (top right), O 1s (bottom left) and  

P 2p (bottom right).  

Figure 5.23 shows the spectra following deposition. The C 1s spectrum can be fitted 

with three peaks assigned to carbide,  (blue), the C bound to the P at ca. 286 eV (pink) 
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and the most intense signal at ca. 285 eV due to the CH2 and CH3 on the alkyl chain 

(green).  

The O 1s peak can also be fitted with three peaks. Based on the assignment of the other 

spectra the peak at ca. 529.7 eV is due to the P-O bound to the surface (green), the one 

at 531.2 eV to the P=O (blue) and the one at 532.9 eV to the protonated O (pink). The 

interpretation of these fittings and intensity of the signals suggests that the phosphonic 

acid is bound to the surface through only one O atom, with a monodentate binding 

mode. This is confirmed by the P 2p peak where there is only one chemical species due 

to the acid. The origin of the small feature at highest binding energy in the O 1s signal 

(orange) has not been assigned, because of the low quality of the data it is not clear if 

this is a real peak as the data could also be fitted adequately without its presence. 

 

Table 5.6. Peak assignments and their respective binding energies (eV) for the spectra of 

HdPO3H2 in Figures 5.23 and 5.24. 

 
Binding Energy (eV) 

 
C1s 

 
RT 373 K 423 K 473 K  523 K 

Carbide C 283.3 283.1 283.3 283.1 283.1 

C-C 285.1 284.9 285.0 284.7 283.4 

C-P 286.6 286.3 286.5 286.2 286.1 

 
O 1s 

 
RT 373 K 423 K 473 K  523 K 

P-O-Fe 529.7 529.8 529.8 529.8 529.8 

P=O 531.3 531.1 531.3 531.2 531.2 

P-OH 533.0 532.8 532.9 532.7 532.8 

 

The surface was then heated in 50 degree steps to check how the system reacts to 

temperature. Table 5.6 shows the assignment of C 1s and O 1s for all the temperature 

steps showing only fluctuations that are within the accepted range of variations. Figure 
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5.24 shows the spectra, the P 2p peak is not shown, as it also does not change while 

increasing the temperature. The lack of change in all spectra with temperature indicates 

that HdPO3H2 does not seem to be affected when raising the temperature up until 473 

K suggesting that the interaction is thermodynamically very stable and that the 

compound is strongly bound to the Fe(110) surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.24 UHV XPS core level spectra of HdPO3H2 on an Fe(110) surface recorded 

at 373 (top), 423 (middle) and 473 K (bottom). 
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5.3.3.2.2. XPS study under NAP conditions 

For control experiments on how the surface behaves in the presence of H2O and CO2 

refer to Chapter 4. The Fe(110) single crystal was cleaned using the same method 

explained above and the deposition was carried out in the same way to get a similar 

amount of compound on the surface. An H2O vapour of 2.5 mbar pressure was then 

injected into the NAP cell and the spectra shown in Figure 5.25 recorded. Because the 

data were acquired in low vacuum there was some loss in the intensity of the signal, 

making the P 2p peak too low in intensity, noisy and too broad to fit and for this reason 

it is not shown. The C 1s signal is identical to the spectrum acquired in UHV, showing 

the three chemical environments assigned above: carbide C, C directly bound to the P 

atom and the C in the alkyl chain. In Table 5.7 shows that the binding energy for the 

peaks agrees with the previous results. 

 

 

 

 

 

 

Figure 5.25. NAP XPS C 1s (right) and O 1s (left) core level spectra of HdPO3H2 on  

an Fe(110) surface in the presence of 2.5 mbar of H2O recorded at room temperature. 

The O 1s signal exhibits a new feature at a binding energy of ca. 535 eV due to the H2O 

vapour in the NAP cell. The O 1s core level shows the same three chemical species for 

the compound as seen in UHV experiments. 

 

 

C-C 

Carbide 
C-P 

POH P=O 
FeO 

H2O 



Chapter 5. Phosphonic acids for the protection of Fe 
!

!202 

Table 5.7. Peak assignments and their respective binding energies (eV) for the spectra of 

HdPO3H2 in the presence of 2.5 mbar of H2O shown in Figures 5.25 and 5.26. 

 
Binding Energy (eV) 

 
C1s 

 
RT 373 K 423 K 

Carbide C 283.1 283.1 283.2 

C-C 284.7 284.6 284.4 

C-P 286.2 286.2 286.2 

 
O 1s 

 
RT 373 K 473 K 

P-O-Fe 529.9 529.8 529.7 

P=O 531.4 531.3 531.2 

P-OH 532.8 532.7 532.4 

H2O 535.5 535.4 535.1 

 

 

 

 

 

 

 

 

 

 

Figure 5.26. NAP XPS core level spectra of HdPO3H2 on an Fe(110) surface in the 

presence of 2.5 mbar of H2O recorded at 373 (top) and 423 K (bottom). 
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Heating the sample to 373 K does not have much effect on the C 1s signal. However in 

the O 1s spectrum there is evidence of oxidation in the growth of the O2- peak (green) 

at a binding energy of ca. 529.8 eV and the OH− (blue). At 423 K there is some loss of 

intensity for the peaks assigned to the molecule in the C 1s signal in comparison with 

the one assigned to the carbide C suggesting the compound is starting to be removed 

from the surface. In the O 1s signal it can be seen how the surface is now highly 

oxidised suggesting the compound binds to the surface, but does not stop the surface 

from interacting with the H2O. 

 

 

 

 

 

 

 

 

 

Figure 5.27. NAP XPS Fe 2p core level spectra of HdPO3H2 on an Fe(110) surface in 

the presence of 2.5 mbar of H2O recorded at room temperature (top left),  

373 (top right) and 423 K (bottom). 

Analysis of the Fe 2p spectrum (Figure 5.27) shows how the oxidation becomes evident 

at 423 K when the doublet due to the oxidised Fe starts to show two small shoulders on 

the high binding energy side of the Fe 2p! !. 

The Fe(110) crystal was cleaned again and more HdPO3H2 was deposited on the 

surface. Figure 5.28 shows the core level spectra recorded in the presence of 2 mbar of 
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CO2. From the relative intensity of the peaks compared to the data presented in the 

previous section it is obvious that there is less compound on the surface. The P 2p 

spectrum appears very weak and broad and because fitting cannot be successfully done 

it is not shown. The C 1s signal shows a peak due to gas phase CO2 at ca. 293.3 eV as 

well as the three peaks already identified for the compound in UHV conditions. The 

ratio of the molecular C species to the carbide signal suggests that there is less 

compound on the surface than in the two cases described above. The O 1s core level 

spectrum also exhibits a peak due to gas phase CO2 at ca. 536.9 eV as well as the three 

peaks arising from the compound. Table 5.8 shows the assignment and binding energies 

of the peaks, showing a good agreement with the spectra recorded in UHV and in the 

presence of H2O. 

 

 

 

 

 

Figure 5.28. NAP XPS C 1s (left) and O 1s (right) core level spectra of HdPO3H2  

on an Fe(110) surface recorded in the presence of 2 mbar of CO2. 

Water vapour was then added to the NAP cell in order to mimic the sweet corrosion 

that is found in the extraction of oil. This was done in different ratios of H2O:CO2 1:10, 

1:2 and 1:1. Figure 5.29 shows these spectra. In the O 1s core level it can be seen how 

the intensity of the H2O peak increases when the pressure is increased, the peaks 

previously assigned to the compound (pink, blue and green) do not change when H2O 

is added, suggesting that HdPO3H2 stops oxidation, at room temperature in a CO2/H2O 

mixed vapour. 
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Figure 5.29. NAP XPS core level spectra of HdPO3H2 on an Fe(110) surface recorded 

in the presence of 2 mbar of CO2 with 0.3 (top), 1 (middle) and 2 mbar  

of H2O (bottom). 

In the C 1s core level spectrum the peak assigned to the aliphatic C on the compound 

increases in intensity when the H2O pressure is increased whilst the relative intensities 

of the C bound to the P and the carbide C remain constant. HdPO3H2 is highly 

hydrophobic. It is possible that in contact with water the alkyl chain straightens up. This 

has the effect of increasing the depth of the hydrophobic aliphatic C position of the 
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molecule. Since the C-P and carbide are located at the surface the signal due to these 

species is reduced. 

This behaviour has been seen in polymeric brushes, which swell in aqueous solution 

and other solvents. There has been a lot of studies recently that show when at a pH 

below their pKa the brushes become protonated due to absorption of the solvent 

creating electrostatic repulsion between the groups and causing the swelling, whilst at 

more basic pHs they contract, Figure 30 shows a schematic representation of this 

process44–46 for HdPO3H2. 

 

 

 

 

 

 

 

 

 

 

Figure 5.30. Schematic representation of the swelling process HdPO3H2 suffers  

following the addition of H2O. 

 It could be debated that HdPO3H2 is not in a liquid environment during experiment as 

the H2O present is in a vapour state due to the low pressure. However it has been 

reported that polymer brushes also present swelling in solvent vapours.47–49 This is one 

of the reasons why corrosion inhibitors for the oil extraction have long aliphatic chains, 

because, on top of making the compounds partially soluble in the oil crude, they also 
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make the surface hydrophobic under acidic conditions promoting protection against the 

corrosive agents. 

 

Table 5.8. Peak assignments and their respective binding energies (eV) for the spectra of 

HdPO3H2 in the presence of 2 mbar of CO2 and different ratios of H2O (in mbar) in 

Figures 5.29 and 5.31. 

 

The Fe 2p spectra are shown in Figure 5.31, indicating that the surface becomes slowly 

oxidised. However, by comparison to the control experiments in Chapter 4 it can be 

seen that the oxidation caused by CO2 in the presence of HdPO3H2 is reduced, 

suggesting that the compound binds to the surface and stops it from interacting with 

CO2 and shows the no oxidation CO2/H2O vapour. In the C 1s spectra there is a very 

small peak arising at ca. 289 eV that has been previously assigned to the formation of 

FeCO3 under the same conditions. This feature however is so small that confirms that 

there is HdPO3H2 stops the formation of the passivation FeCO3 layer. 

 
Binding Energy (eV) 

!

C 1s 

!

2 CO2 2 CO2 + 0.3 H2O 2 CO2 + 1 H2O 2 CO2 + 2 H2O 

Carbide C 283.1 283.2 283.2 283.1 

C-C 284.8 284.8 284.7 284.8 

C-P 286.3 286.4 286.2 286.5 

CO2 293.3 293.3 293.3 293.3 

 
O 1s 

 
2 CO2 2 CO2 + 0.3 H2O 2 CO2 + 1 H2O 2 CO2 + 2 H2O 

P-O-Fe 529.7 529.7 529.7 529.8 

P=O 531.3 531.4 531.4 531.5 

P-OH 532.7 532.9 532.9 532.9 

H2O 535.5 535.5 535.4 535.5 

CO2 537.0 536.9 536.9 536.9 

! ! ! ! !
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Figure 5.31. NAP XPS Fe 2p core level spectra of HdPO3H2 on an Fe(110) surface 

recorded in the presence of 2 mbar of CO2 (top left) with 0.3 (top left), 1 (bottom left) 

and 2 mbar of H2O (bottom right). 

 

5.4. Conclusions 

The experimental spectroscopic data for the synthesized compounds show a clear 

pattern whereby, for the binding mode 3.111 the antisymmetric stretch for the P-O 

bond splits. This either does not happen for the other binding modes, or if it does 

happen it does so with a smaller separation between the peaks making the peak look 

broader. Although IR spectroscopy does not allow identification of the binding modes 

for phosphonate ligands, it can differentiate between symmetric and antisymmetric 

binding vibrational modes. It is a useful technique to compare compounds, which have 

different binding modes and it can assess in the characterization of the compounds. 



 Chapter 5. Phosphonic acids for the protection of Fe 
!

! 209 

Even though the experimental data found in the literature supports the discussion 

above, it is not clear why the splitting of the band occurs and so it should be taken as a 

helpful tool in assessing the characterization but not as a way to determine the binding 

mode itself. 

Phenylphosphonic acid (PhPO3H2) and benzylphosphonic acid (BzPO3H2) bind to the 

Fe(110) surface through the 3 deprotonated O atoms. Neither of them self saturates on 

the surface as a second layer of the acid is deposited on top of the phosphonate when 

the surface is exposed to the compounds for times as long as hours. 

Both compounds remain bound to the surface at around 400 K, which suggests a 

strong interaction. BzPO3H2 decomposes on the surface at 550 K and PhPO3H2 

decomposes in the range of 500-673 K. A more detailed study with smaller temperature 

steps is needed in order to determine the exact temperature at which the compound 

decomposes. This though is not as important as seeing how the compounds behave at 

lower temperatures such as would be used in the oil and gas industry and for this reason 

those decomposition studies have not been done. 

Hexadecylphosphonic acid (HdPO3H2) shows a different behaviour as it does not 

undergo deprotonation following reaction with the Fe(110) surface, and it binds only 

through one O atom. It remains bound to the surface at 473 K suggesting that the 

interaction is strong and thermodynamically very stable. This interaction is not as strong 

in the presence of H2O as some of the compound is removed from the surface at 423 

K. The weaker interaction under these conditions might be an explanation of why the 

compound does not stop oxidation as some of the active binding sites of the surface are 

free and react with the H2O causing the surface to oxidise. HdPO3H2 reduces oxidation 

in the presence of CO2 suggesting that is strongly bound to the Fe surface and stops the 

active binding sites from reacting with the CO2. This could be due to the formation of a 

very thin layer of FeCO3 on the surface that promotes the interaction between the 

compound and the surface. The presence of H2O may cause the long aliphatic chains 

on the compound to swell making the surface hydrophobic promoting corrosion 

protection, showing a similar behaviour to that seen for polymeric brushes. 
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6.1. Introduction  

Steel is the most commonly used material in the oil and gas industry. It is an alloy of Fe 

with between 0.001 % to 1.5 % of C. It has a wide range of properties, which depend 

on C content, heat treatment, cooling rate and addition of other alloying elements such 

as Mn, Cr, Ni or Al amongst others.  

Metallic Fe and steel have different structures; the different allotropes of Fe have been 

described in Chapter 4. Martensite is a saturated solution of C in Fe that is formed by 

rapid cooling. C substitution in ferrite is very low and has a maximum solubility of ca. 

0.02 % at 723 °C and 0.005 % at 0 °C. Austenite, which has a fcc system (Chapter 4), 

has a high C solubility. When the cooling is fast C diffusion is restricted leading to 

lattice distorting in order to accommodate the high C content and forming a body 

centred tetragonal system (bct). However, this causes stress so the resulting material is 

hard and brittle – the higher C content, the harder the material – and less ductile. 

Cementite also known as iron carbide1 is a hard, brittle intermetallic Fe and C 

compound with an orthorhombic crystal structure in which there are 12 Fe atoms and 4 

C atoms in the unit cell.2 Combining cementite with ferrite in a laminar structure forms 

perlite, a common structure for steel. This material combines the hardness and strength 

of cementite with the ductility of ferrite. 

In the oil extraction process, acids are injected into the rocks in order to dissolve them 

and promote the extraction of the crude oil, this is know as the ‘well acidizing 

procedure’.3 Hydrochloric, hydrofluoric and acetic acids are all used, sometimes 

individually but sometimes as a mixture of these and others. Mud acid (6% HCl : 1% 

HF) is commonly used for this purpose.3–5 HCl is quite widely used because when it 

reacts with a metallic surface, metal chlorides form, which are soluble in the aqueous 

phase, and therefore do not lead to the formation of scales.6  

Clearly the acidic environment can have corrosive effects on the steel work in the 

vicinity, be that pipework or drilling rigs. The aim of this final chapter is to study the 

surface chemical changes on a mild steel substrate exposed to HCl with and without 
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inhibitors. This is achieved by monitoring the degree of oxidation or reaction at the 

steel surface. These control laboratory experiments will provide information on static 

processes involving the corrosion inhibitors, i.e., how do the inhibitors simply adsorb to 

the steel surface and provide a protective barrier. The studies also investigate whether 

these phosphorus based corrosion inhibitors adsorb to the native oxide film on the 

steel, or the metal exposed following exposure to HCl as suggested by Lindsay et al.7 

Figure 6.1 represents how the immersion of the steel on 1 M HCl removes the oxide 

surface and forms an iron chloride layer. 

 

 

 

Figure 6.1.Cartoon illustrating steel termination as a function of environment.7 

The XPS data reported in the previous chapters under highly idealised conditions allow 

interpretation the of data obtained here. Conversely the real system studied here helps 

to validate the model, vacuum measurements reported in previous chapters. The main 

aim of this chapter is to investigate whether both phosphonic acids and phosphate 

esters display a different behaviour under different and more realistic conditions 

 

6.2. Experimental 

The work presented in this section was carried out using an in-house Kratos Axis Ultra 

DLD XPS instrument equipped with a monochromated Al Kα source (photon energy 

1486.6 eV), and hemispherical analyser with a delay line detector that enables fast 

acquisition of a narrow binding energy region. This is used for sample position 

optimisation. An electromagnet in the analysis chamber below the sample position is 

used to increase the yield of photoelectrons reaching the analyser. A charge neutraliser 

is used to compensate for any differential charging or any poor connections between 
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the sample and sample plate. Survey spectra over a wide binding energy range were 

acquired with a pass energy of ca. 160 eV while high-resolution narrow scans of the 

important atomic core levels were acquired using a pass energy of ca. 40 eV. The base 

pressure in the analysis chamber was about 1.5x10−8 mbar during the measurements.  

1 M HCl was prepared by mixing 83.5 mL of HCl 37% in 1 L of deionised water. The 

corrosion inhibitor solutions were prepared by dissolving the required amount of each 

compound in the 1 M HCl to give a 0.01 mM concentration, with the exception of PAE 

136 since the molecular mass is not known, 1 mL was added to the solution. 

The steel used is AISI 1010 carbon steel, with 0.080-0.13 % of C. Other elements 

present in this alloy are Mn (0.30-0.60 %), S (≤0.050 %) and P (≤0.040 %). 

The steel plates (1 cm x 1 cm) were suspended in the solutions, covered with parafilm 

(see Figure 6.2) and left undisturbed for 20 h. They were then transferred to a nitrogen 

filled glovebox attached to the load lock of the XPS instrument, removed from the 

solution, rinsed with deionised water and dried with N2 gas to minimise contact with air. 

The experiment was performed this way in order to model, as closely as possible, the 

corrosive conditions of the extraction of oil that is O2 free. It has also been shown that 

even momentary exposure to air leads to significant changes in the degree of oxidation.8 

 

 

 

Figure 6.2. Schematic representation of the steel plates submerged in the acidic 

solutions and sealed with parafilm. 
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6.3. Results and discussion 

Figure 6.3 shows a photograph of the steel plates in the glovebox before being 

introduced in the UHV system. Plate 1 is the control sample exposed only to 1 M HCl 

to determine how the steel oxidises under acidic solution. Plates 2 to 5 are the plates 

that had been submerged in aqueous HCl in the presence of different corrosion 

inhibitors. It can be seen that samples 2 and 3 show some signs of corrosion whilst 4 

and 5 present a smoother surface suggesting that PAE 136 and DbPO2H (plates 4 and 

5) provide a better protection to the metal than PhPO3H2, BzPO3H2 (plates 2 and 3). 

The results obtained from these will be discussed below. Unfortunately no XPS data 

was obtained for the PhPO3H2 sample and therefore it is not going to be discussed 

further.  

 

 

 

 

 

 

Figure 6.3. Photograph of the steel plates before introducing them in the UHV system 

of the XPS instrument. Plate 1 control experiment. Plates 2-5 are labelled according to 

the inhibitor used: 2 PhPO3H2, 3 BzPO3H2, 4 PAE 136 and 5 DbPO2H. 

Figure 6.4 shows an XPS survey scan of the steel plate submerged in 1 M HCl without 

any corrosion inhibitor. In the spectrum peaks corresponding to Fe 2p, O 1s, C 1s, Cl 

2p and Si 2s and 2p are clearly visible, Si is a common contaminant to samples prepared 

in glassware. 

1 2 3 4 5 
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In this section the core level spectra for Fe 2p, O 1s, C 1s and Cl 2p are going to be 

presented for each compound to determine the compound phases. A more detailed 

examination of the P 2p core level spectra is going to be presented later in order to 

compare the binding mode of all the compounds to the surface. 

 

 

 

 

 

 

 

 

 

Figure 6.4. UHV XPS survey scan of a steel plate submerged for 20 h in 1 M HCl. 

Figure 6.5 shows high resolution Fe 2p, O 1s, C 1s and Cl 2p core level XPS spectra. 

The main peak in the O 1s spectrum is assigned to adsorbed hydroxide from the 

solution at 531.9 eV (blue), the peak at 530.5 eV is assigned residual Fe oxide (pink),7,9,10 

the peak at 533.5 eV (green) is assigned to O in adventitious hydrocarbon7 and the one 

at 528.2 eV (dark yellow) it is believed to arise from the oxide of another metal. A small 

peak at 537. 2 eV is due to physisorbed water on the surface.11,12 

In the C 1s spectrum there is a strong peak at 284.6 eV (blue), assigned to the 

atmospheric hydrocarbon contamination, the peak at 283.0 eV (pink) is assigned to the 

carbide within the steel. The peaks at 286.5 eV (green) and 288.5 eV (orange) are 

Fe 

O 

C 

Cl Si 
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thought to be due to C-OH and C=O respectively also from atmospheric 

contamination.10  

The Fe 2p signal shows clear evidence of oxidation although the Fe0 peak at 706.6 eV is 

still appreciable. The shape of Fe 2p! ! peak and the energy difference between the 

main oxidised peak and the satellite are a fingerprint of different Fe compounds.13 In 

this case there is an energy difference of 5.5 eV suggesting that this is not due to Fe2O3 

or FeOOH, because for these the energy difference is of 8.5 eV.13 However, the 

presence of Fe2O3 and FeOOH cannot be ruled out completely, since the satellite 

would partly lie beneath the Fe 2p! ! feature from the metal located at a binding energy 

of 720 eV. This would be consistent with the small amount of O2− observed in the O 1s 

spectra. 

 

 

 

 

 

 

 

 

 

 

Figure 6.5. UHV XPS spectra recorded for Fe 2p, O 1s, C 1s and Cl 2p for a steel plate 

submerged in 1 M HCl for 20 h. 
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The dominant species present on the surface are FeCl3, FeCl2 and FeO, which have an 

energy difference that is comparable with the data. In order to identify which species is 

formed on the surface it is necessary to fit the Fe 2p! ! peak constraining the fitting 

parameters to the Gupta and Sen multiplet peak tabulated parameters.13  

Figure 6.6 shows the fitted Fe 2p! ! spectra for the different species. In these it can be 

seen that the best fitting is obtained when using the GS parameters for FeCl3, 

suggesting that this is the oxidised species that forms on the steel surface. It is possible 

that there is a small amount of that FeO despite this giving the worse fitting out of the 

three. However, the fitting for FeCl3 is not perfect which could be due to the presence 

of both FeCl3 and FeCl2 on the surface.13 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6. UHV XPS spectra recorded for Fe 2p! ! for a steel plate submerged in  

1 M HCl for 20 h fitted for FeCl3 (top left), FeCl2 (top right) and FeO (bottom). 
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The Cl 2p spectrum shows 2 chemical species one with doublet peaks at 200.2 and 

198.6 eV (blue) assigned to the presence of FeCl3 on the surface, and another with 

doublet peaks at 198.6 and 197.0 eV (green) assigned to presence of FeCl2 on the 

surface. This would appear to support the presence of both chloride species. 

The same experiment was performed with acidic solution of BzPO3H2, PAE 136 and 

DbPO2H, which have been studied on pure Fe(110) (Chapters 4 and 5). Figure 6.7 

shows the core level spectra recorded for a steel plate submerged for 20 h in an 1 M 

HCl solution containing BzPO3H2. In Chapter 5 it was reported that when deposited 

from the vacuum phase this phosphonic acid becomes totally deprotonated and it binds 

to an Fe(110) surface through the 3 O atoms and a small quantity remained partially 

protonates and bound to the surface with a bidentate binding mode. The Fe 2p data 

obtained for the steel surface following immersion in HCl/BzPO3H2 suggests that the 

surface becomes highly oxidised by the acid. 

 

 

 

 

 

 

 

 

 

 

Figure 6.7. UHV XPS spectra recorded for Fe 2p! !, O 1s, C 1s and Cl 2p for a steel 

plate submerged in 1 M HCl and BzPO3H2 for 20 h. 
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The fits to the Fe 2p! !spectrum using the GS parameters for FeCl3
14 follow the data 

very well suggesting that in this case there is a layer of FeCl3 on the surface.13
 Metallic Fe 

is also observed. This is confirmed by the Cl 2p spectrum that shows only one 

component with doublet peaks at 200.5 and 198.9 eV, which is assigned to FeCl3 at the 

surface. In this case there is no experimental evidence of the presence of FeCl2. 

The C 1s spectrum shows a main peak at 284.8 eV (blue) assigned to the hydrocarbon 

contamination, and two very weak peaks at 286.3 (pink) and 288.5 eV (green) assigned 

to the C atoms of the aromatic ring and the aliphatic C, respectively.  

In the O 1s spectrum the peak at 532.1 eV (blue) is assigned to the O atoms of the 

phosphonate bound to the surface and possibly adsorbed hydroxide from the solution.7 

There is another peak at 533.5 eV (green) that could be assigned to protonated P-O-H 

that is not bound to the surface suggesting the compound also shows a monodentate or 

bidentate binding mode as it did on a Fe(110) single crystal surface in UHV conditions 

(Chapter 5). However this peak is also consistent with O in adsorbed hydrocarbon 

contamination. Therefore the binding mode in solution cannot be unambiguously 

determined. 

From the photograph taken of the samples before measuring them it can already been 

seen that both PAE 136 and DbPO2H appear to provide better protection against 

corrosion of the steel plates than does BzPO3H2. 

Figure 6.8 shows the XPS spectra for a steel plate treated with and acidic solution of the 

commercial corrosion inhibitor PAE 136. In the Fe 2p spectrum the metallic Fe peak 

dominates. There is less evidence of oxidation with PAE 136 than with BzPO3H2, 

confirming what was initially thought from the aspect of the steel plates. Again the best 

fitting is obtained constraining the multiplet splitting parameters to the ones for FeCl3. 

The O 1s peak is a symmetric spectrum to which 4 peaks can be fitted. The main one 

convolutes into two peaks of almost equal intensity with binding energies of 533.2 

(green) and 532.0 eV, (blue) assigned to P-OH in the corrosion inhibitor and C-OH 

from contamination.7 There are also two smaller peaks at 537.2 (dark yellow) and 527.8 
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eV (pink). The first one is assigned to water trapped in the viscous PAE 136 inhibitor 

that remains on the surface, and/or physisorbed water on the surface. The one at a 

lower binding energy is assigned to the P-O-C bonds.  

The C 1s spectrum presents 3 chemical species. The main peak at 285 eV (blue) is 

assigned to the hydrocarbon contamination from the atmosphere and C-C bonds in the 

aliphatic chain of the compound, the peak at 286.7 eV (pink) is assigned to C-O-P and 

the peak at 288.5 eV (green) to C-O and C=O both in the compound. The Cl 2p 

spectrum can be fitted with only the doublet that has a binding energy similar to that for 

FeCl3,
13 confirming the presence of this species seen in the Fe 2p spectrum.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8. UHV XPS spectra recorded for Fe 2p! !, O 1s, C 1s and Cl 2p for a steel 

plate submerged in 1 M HCl and PAE 136 for 20 h. 

Figure 6.9 shows the core level spectra for a steel plate treated with an acidic solution of 

DbPO2H. In the Fe 2p! ! peak the metallic Fe0 form dominates and there is barely any 
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sign of oxidation. There is a shoulder suggesting that there is some oxidation but 

nothing comparable with the previous cases. The fitting of the multiplet structure Fe 

2p! !spectrum has been done using the same constraints that had been used for the 

other compounds corresponding to FeCl3.
13 Although an assignment is speculative with 

such a weak feature, it is supported by Cl 2p spectra in Figure 6.9 these data confirm 

that, as seen in Chapter 4, DbPO2H provides a better protection to the metallic surface 

in acidic conditions than PAE 136 and BzPO3H2 over 20 hours. 

There are 4 different chemical species can be fitted in the C 1s spectrum. The peak at 

283.2 eV (pink) has been assigned to the carbide within the steel and the one at  

284.6 eV (blue) to the atmospheric hydrocarbon contamination. The peak at 286.8 eV 

(orange) has been assigned to COH contamination, although it is barely present. Finally 

the peak at 281.6 eV (green) is thought to be the C present in the molecule. 

 

 

 

 

 

 

 

 

 

 

Figure 6.9. UHV XPS spectra recorded for Fe 2p! !, O 1s, C 1s and Cl 2p for a steel 

plate submerged in 1 M HCl and DbPO2H for 20 h. 
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The O 1s spectrum fits with 5 chemical species; to facilitate the understanding of this 

fitting the assignment for the O 1s spectra for all the samples are shown in table 6.1. 

The peak at 532.5 eV (orange) has been assigned to protonated O in the molecule and 

to the O present in the hydrocarbon contamination. The peak at 531.6 eV (maroon) has 

contributions of the O on the molecule bound to the steel plate, the adsorbed OH from 

the solution7 and the P=O bond15 present when the molecule is bound with a 

monodentate binding mode. There is a peak at 530.4 eV (green) which binding energy is 

consistent to iron oxide, however there is no evidence of oxidation in the Fe 2p 

spectrum and so the nature of this peak is not clear. The O bound to the steel plate 

arises at 528.8 eV (pink), which is consistent with the other compounds, and the peak at 

529.2 eV (blue) is of unknown nature. 

The fact that for this compound the peaks assigned to the inhibitor molecule are equal 

in intensity to the ones coming from the oxidation of the surface indicates that the 

surface barely becomes oxidised. 

 

Table 6.1. Peak assignments and their respective binding energies (eV) for the O 1s core 

level spectra for samples 1, 3, 4 and 5. 

 Binding Energy (eV) 

HCl 
528.8 530.5 531.9 533.5 

unknown Fe oxide ads OH C-OH 

BzPO3H2 - - 
532.1 533.5 

ads OH C-OH 
P-O-steel P-OH 

PAE 136 
529.2 

- 
532.0 533.2 

  ads OH C-OH 
P-O-C P-O-steel P-OH 

DbPO3H2 

   529.2 533.5 
528.2 530.6 ads OH C-OH 

P-O-C unknown P-O-steel   
    P=O15 P-OH 

 

In the Cl 2p spectrum there are clearly 2 chemical species with doublet peaks at 200.1 

and 198.5 eV (blue doublet) and 197.8 and 196.2 eV (green doublet). The doublet at 
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lower binding energy is assigned to the FeCl2 present on the surface. The doublet at 

higher binding energies has been assigned whereas the previously reported compounds 

to the presence of FeCl3, although the presence of this compound is not supported in 

the Fe 2p spectrum. The spectrum is very noisy and this is due to the low intensity of 

the signal. In this case there is not much chloride on the surface because there is no 

formation of FeCl3 or FeCl2. 

 

Table 6.2. Peak assignments and their respective binding energies (eV) for the Fe 2p! !, 

C 1s, and Cl 2p core level spectra for samples 1, 3, 4 and 5. 

 
Binding Energy (eV) 

 
HCl BzPO3H2 PAE 136 DbPO2H 

Fe0 2!! !
 706.5 706.3 706.4 706.5 

Fex+ 2!! !
 709.5 710.2 710.0 - 

Satellite 714.3 714.8 714.8 - 

C steel 284.6 284.8 285.0 284.6 

FeCl3 2!! !
 200.2 200.5 200.4 200.1 

FeCl3 2!! !
 198.6 198.9 198.8 198.5 

FeCl2 2!! !
 198.6 - - 197.8 

FeCl2 2!! !
 197.0 - - 196.2 

     
 

Figure 6.10 shows the P 2p spectra for the control experiment, BzPO3H2, PAE 136 and 

DbPO2H treated steel as they have not been discussed yet. The control experiment 

shows no P confirming that the steel does not have any phosphorus. For steel treated 

with acidic solution of BzPO3H2 the signal is so weak and noisy that it has not been 

fitted. However it shows one chemical species for P ca. 134 eV assigned to the P bound 

to O in the molecule. This might suggest that under solution conditions the binding of 

the molecule is minimal. This is why a large amount of FeCl3/FeCl2 formation is seen. 
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For steel treated with acidic solution of PAE 136 there are clearly two chemical species. 

One with doublet peaks at 133.9 and 134.8 eV and another one at 129.3 and 130.2 eV, 

assigned to P-O and iron phosphide. These binding energies are consistent with the 

experiments performed on PAE 136 on single crystal Fe(110) in the presence of H2O 

vapour. This confirms that the commercial corrosion inhibitor has a similar behaviour 

on an ideal surface and under controlled conditions in a more realistic system.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.10. UHV XPS spectra recorded for P 2p for a steel plate submerged in 1 M 

HCl (top left), BzPO3H2 (top right), PAE 136 (bottom left) and  

DbPO2H (bottom right) for 20 h. 

The P 2p core level spectrum for a steel plate treated with acidic solution of DbPO2H 

shows two chemical species as well, one doublet with peaks at 133.2 and 135.0 eV 

(green) and another one with peaks at 130.7 and 131.6 eV (blue). The first peak’s 

binding energy is consistent with the binding energy for the protonated phosphate ester 

and the most intense one at lower binding energy is assigned to the deprotonated 

DbPO2H 

DbPO2
− FeP 
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phosphate. This is a different behaviour than was reported in Chapter 4 for the 

experiments recorded for DbPO2H on a single crystal Fe(110) surface in UHV, in the 

presence of H2O and in the presence of a mixture of CO2 and H2O. It is thought that 

the different behaviour is a product of the acidic medium that does not promote 

deprotonation of all the compound absorbed on the surface. This would mean a 

difference in the binding modes for the different surfaces. Figure 6.11 shows a 

schematic representation of the possible binding modes for DbPO2H on a steel surface. 

Binding modes a and b are the ones seen for the Fe(110) surface, where DbPO2H was 

deposited under vacuum conditions.  Binding mode c is more consistent with the data 

from the acidic medium. However it is not clear if in this case the compound shows a 

mixture of a and c, b and c or if the three binding modes are present on the surface. 

 

 

 

 

 

Figure 6.11. Schematic representation of the possible binding modes for DbPO2H  

on a steel surface in an acidic media. 

A steel surface has a layer of oxide that has been formed by contact with air.7 The data 

obtained for DbPO2H confirms the hypothesis suggested by Lindsay et al. in which the 

HCl removes the initial layer of oxide and the corrosion inhibitor binds to the non-

oxidised surface.  
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6.4. Conclusions 

The oxidation of steel plates has been studied in similar conditions to the ones found in 

the oilfield sweet environment, acidic and O2 free. These experiments were necessary in 

order to compare the results presented in the previous chapters that had been 

performed on a single crystal Fe(110) surface and laboratory controlled ideal systems. 

Analysis of the behaviour of a steel plate in acidic conditions in the absence of a 

corrosion inhibitor shows the formation of FeCl3, FeCl2 and FeO. 

The presence of BzPO3H2 in the solution promotes corrosion of the metallic surface 

leading to the formation of FeCl3 and FeCl2. There is no evidence of a change on the 

compound’s binding modes between the steel and Fe(110) surfaces as there is evidence 

of both bidentate and tridentate binding modes. 

PAE 136 presents a very similar behaviour to that on the Fe(110) surface. There was 

some oxidation of the steel surface caused by the reduction of the phosphorus 

containing compounds leading to the formation of a metallic phosphide layer. This 

passivation layer is present both on steel and on single crystal Fe(110). The O 1s core 

level spectra show some differences suggesting that the compound might bind 

differently to the surface. However, because this a mixture of different compounds it is 

not known if the different behaviour comes from the active compound or the minority 

products present on the mixture. However, a different behaviour does not compromise 

the performance of the corrosion inhibitor. 

DbPO2H shows the most difference between the interaction with steel and the 

interaction with single crystal Fe(110) surface out of all the compounds under study. 

DbPO2H presented bidentate and monodentate binding modes and was always 

deprotonated on the surface of the single crystal. However on the steel surface and in 

an acidic medium the compound is found mainly protonated and bound to the metallic 

surface with a monodentate binding mode. It is not clear though if the deprotonated 

phosphate ester is bound to the surface through one or two O atoms. However it was 

seen that a bidentate mode was more stable on the single crystal Fe(110) surface.  
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DbPO2H, which was thought to be a better corrosion inhibitor than PAE 136 on a Fe 

surface (Chapter 4), also gives a better protection to the steel surface. The fact that the 

anticorrosive behaviour is present for an ideal Fe(110) surface and for a real steel 

surfaces and, in UHV, low pressures of H2O and CO2 and acidic aqueous solution 

confirms that DbPO2H is a good corrosion inhibitor. However, PAE 136 might mix 

better with the crude oil as it is more hydrophobic and for this reason this experiment 

should be performed in a mixed organic/aqueous acidic medium in order to test the 

effect. 

 

6.5. References 

1 J. Häglund, G. Grimvall and T. Jarlborg, Phys. Rev. B, 1991, 44, 2914–2919. 

2 W. F. Smith and J. Hashemi, Foundations of Materials Science and Engineering, 

McGraw-Hill, 4th Editio., 2006. 

3 J. Jackson and M. Finšgar, Corros. Sci., 2014, 86, 17–41. 

4 D. Brondel, R. Edwards, A. Hayman, D. Hill and S. Mehta, Oilf. Rev., 1994, 6, 4–

18. 

5 D. G. Hill and H. Romijn, Corrosion, 2000, 00342. 

6 D. Jayaperumal, Mater. Chem. Phys., 2010, 119, 478–484. 

7 P. Morales-Gil, M. S. Walczak, R. A. Cottis, J. M. Romero and R. Lindsay, Corros. 

Sci., 2014, 85, 109–114. 

8 X. Li, Intern. MEng Rep., 2016, The University of Manchester. 

9 T. Hryniewicz and K. Rokosz, Surf. Coatings Technol., 2010, 204, 2583–2592. 

10 V. P. Shinde and P. P. Patil, Electrochim. Acta, 2012, 78, 483–494. 

11 D. Klyachko, P. Rowntree and L. Sanche, Surf. Sci., 1996, 346, L49–L54. 



Chapter 6. Protecting steel from corrosion 
!

!234 

12 M. Schindler, F. C. Hawthorne, M. S. Freund and P. C. Burns, Geochim. 

Cosmochim. Acta, 2009, 73, 2471–2487. 

13 A. P. Grosvenor, B. A. Kobe, M. C. Biesinger and N. S. McIntyre, Surf. Interface 

Anal., 2004, 36, 1564–1574. 

14 R. P. Gupta and S. K. Sen, Phys. Rev. B, 1975, 12, 15–19. 

15 M. Wagstaffe, A. Thomas, M. J. Jackman, M. Torres-Molina, K. L. Syres and K. 

Handrup, J. Phys. Chem. C, 2016, 120, 1693–1700. 

 



!
!
!
!

!
!
!
!

!
!

Chapter!7.!Conclusions!!
and!further!work!
!

!
!



!
!
!
!
!



                                                                  Chapter 7. Conclusions and further work 
!

! 237 

 7.1. Conclusions 

Corrosion inhibitors have been known and used for a very long time and yet, how they 

perform is still a question without a straightforward answer. Something one should be 

aware of is that corrosion cannot be prevented, but can be controlled. It is also 

important to know that a given corrosion inhibitor might inhibit corrosion for a given 

surface and specific conditions, but it might not behave the same in a different 

environment. For this reason all corrosion inhibitors have to be tested in the media in 

which they are going to be used. 

Here different corrosion inhibitors have been studied using several approaches and 

methodologies to assess similarities and differences for various kinds of corrosion 

inhibitors.  

For nitrogen based corrosion inhibitors a fundamental approach has been applied here 

in order to understand the binding of these to metallic cations in molecular compounds. 

Spectroscopic study of the vibrational modes assisted by solid state theoretical 

calculations of the vibrational modes for the corrosion inhibitor have led to a good 

understanding of the binding modes. Surface measurements are also needed in order to 

get closer to knowing the binding and mechanism of these to a metallic surface. It is not 

enough to do a meticulous fundamental study, it is also necessary to study systems as 

close as possible to the real ones in order to get more meaningful results.  

Surface measurements have been carried out for 2-mercaptobenzimidazole, MBIH2, 

proving that the model compounds approach combined with theoretical calculations 

help in the interpretation and assignment of the surface sensitive data acquired. The 

first experiments were done on an Au surface because it is very inert. However Au and 

steel are such different materials that the binding could be completely different for each 

and it is for this reason that an experiment on steel, a more realistic system, was needed. 

The preliminary data obtained on steel suggested that, as expected, the binding is 

different. 
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A spectroscopic study of metallic compounds with phosphonate ligands has been done 

in order to design a method capable of identifying the binding modes without the need 

to resolve a structure from single crystal X-ray diffraction. However, the complexity of 

the compounds and the great variety of binding modes has proven that the 

spectroscopic data are not enough to identify a structure, but can assist in suggesting 

possible modes of binding.  

Vibrational spectroscopy of metallic complexes has been proven to be a good method 

to assist in the characterisation of the binding mode of the ligand for both nitrogen and 

phosphorus containing compounds. However it has not been possible to devise a 

method that allows direct identification of a binding mode. 

Figures 7.1 and 7.2 show a schematic representation of the proposed modes for some 

of the corrosion inhibitors under study in this thesis based on the reinterpretation of the 

experimental results. It is known that a picture is worth a thousand words and Figures 

7.1 and 7.2 are the best way to summarise this thesis.  

 

 

 

 

 

 

 

Figure 7.1. Schematic representation of the proposed binding modes for MBIH2, 

PhPO3H2, BzPO3H2 and HdPO3H2 on a single crystal Fe(110) surface. 

Similar compounds sometimes behave differently under the same conditions, for 

example the aromatic phosphonic acids bind to a single crystal Fe(110) surface with a 

tridentate mode and hexadecylphosphonic acid, HdPO3H2 remains protonated and 
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binds with a monodentate binding mode on the same surface and under the same 

conditions. This is a perfect example of how a change in the substituents on a 

compound, even if the anchor group remains the same, might change completely the 

interaction, which might lead to a completely different anticorrosive behaviour. 

Dibutyl phosphate ester, DbPO2H, is a good example of how the same compound 

might have a completely different interaction with a different surface and/or under 

different conditions. DbPO2H has proved to be a good corrosion inhibitor for both an 

ideal Fe(110) single crystal and steel. Comparison with the data obtained for PAE 136, a 

commercial corrosion inhibitor, suggests that DbPO2H is a better corrosion inhibitor 

than the one used by BP. However, PAE 136 might mix better with the crude oil as it is 

more hydrophobic and for this reason this experiment should be performed in a mixed 

organic/aqueous acidic medium in order to test the effect. In this case though, the 

change in the binding to the surface does not compromise the anticorrosive properties 

of the compound. 

 

 

 

Figure 7.2. Schematic representation of the proposed binding modes for DbPO2H on a 

single crystal Fe(110) surface (a and b) and on a steel surface (a, b and c). 

All these results confirm that every corrosion inhibitor needs to be tested in the 

particular conditions in which it is going to be used, as it is not possible to predict if 

their behaviour it is going to be the same for completely different environment and 

systems. 
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7.2. Further work 

A crucial remaining experiment is to study both DbPO2H and PAE 136, a commercial 

corrosion inhibitor, on a steel surface and in mixed organic/aqueous acidic media. This 

experiment is needed to confirm if DbPO2H is also a better corrosion inhibitor in a 

‘sweet’ environment. The reason why this experiment was not carried out is because the 

steel samples were measured at the very end of the project when there was no time left 

to do any more experiments, because the time slots for the XPS instrument are 

allocated quarterly. The conditions of CO2 and H2O:CO2 on PAE 136 have not been 

studied because the corrosion inhibitor was measured before CO2 was installed in the 

NAP XPS instrument. However PAE 136 would be investigated under these conditions 

to determine whether the suppression of carbonate formation is involved in the 

mechanisms of corrosion inhibition by this method. 

There was a plan to study enough phosphonic acids and phosphate esters with both 

aromatic and aliphatic groups in order to see if the substituents affect the binding and 

anticorrosive properties. However phosphonic acids with aromatic rings and phosphate 

esters with alkyl chains were prioritised. For this reason it would be of interest to study 

phosphonic acids with different length alkyl chains and phosphate esters with aromatic 

groups in order to see if the substituents have a systematic effect on how the active 

compounds bind to the surface. Figure 7.3 shows some examples of compounds that 

would be used to further understand the inhibition mechanism. Looking at the nature 

of the chain length, or size of the functional groups would allow the effect of steric 

hindrance to be investigated. This coupled with measurement of the surface coverage, 

would aid in deconvoluting steric effect from simple chemical interaction of the 

phosphonate/phosphate groups directly blocking the surface. In addition, it would be 

useful to extend the temperature measurements to more realistic conditions, i.e. those 

used upstream, in order to assess factors, which might affect the effectiveness of the 

inhibitors in the field. 
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Figure 7.3. Chemical structure of compounds that would be of interest to study:  

tert-butylphosphonic acid (tBuPO3H2, left), n-butyl phosphate ester (n(BuO)PO3H2, 

centre), diphenyl phosphate ester (DpPO2H, right). 

Phosphate esters have proved to have a stronger interaction with the metallic surface 

and to be better corrosion inhibitors for the extraction of oil than phosphonic acids. 

Because compounds with longer aliphatic chains mix better with the crude oil it would 

be of interest to study phosphate esters with chain lengths between  

DbPO2H (4 C) and PAE 136 (13-15 C) in order to optimise the chain length and 

investigate the effect of branching. 

Finally it would be useful to extend the measurements using vibrational sum frequency 

spectroscopy (VSFS), used in Chapter 2. This would include measurements of known 

inhibitors on steel surfaces as well as model compounds reported in this thesis and 

mentioned above.  
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Appendix 1: structural data for [Fe(IMH)4Cl2]Cl (1) 

Table 8.1. Structural parameters for compound 1. 

Formula C12H16FeN8Cl3 

Formula weight /gmol−� 434.51 

Temperature / K 150  

Radiation type Mo Kα 

λ / Å 0.7107 

Crystal system Orthorhombic 

Space group Pnm21 

a / Å 8.5138(8) 

b/ Å 20.602(2) 

c/ Å 13.2068(14) 

α / ° 90  

 β / ° 90  

γ / ° 90  

Volume / Å3 2316.5(4) 

Z 8 

Density / gcm−� 1.469 

F(000) 1011.4544 

Reflections collected 3955 

Completeness 99% 

Rint 0.033 

Final R indices (all data) R1 = 0.067, wR2 = 0.210 
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Figure 8.1. X-ray structure for compound 1.  
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Table 8.2. List of selected atomic distances for compound 1. 

Atom Atom Distance (Å) Atom Atom Distance (Å) 
Fe1 Cl2 2.355(5) N1 C2 1.38(2) 
Fe1 Cl1 2.354(5) N4 C5 1.41(3) 
Fe1 N6 2.162(13) N4 C3 1.38(2) 
Fe1 N16 2.105(14) N9 C8 1.36(2) 
Fe1 N1 2.151(14) C18 C17 1.42(3) 
Fe1 N11 2.113(11) C13 C12 1.40(2) 
O6A O5A 1.455(18) C2C C3C 1.17(4) 
N3A N4A 1.457(17) C2C C5C 1.71(5) 
N6 C10 1.32(2) C2C N1C 1.21(3) 
N6 C7 1.36(2) C7 C8 1.34(2) 
N19 C18 1.31(2) N11 C12 1.389(19) 
N19 C20 1.34(2) N11 C15 1.35(2) 
N4B C3B 1.82(4) N4C C3C 1.91(4) 
N4B C5B 1.18(4) N4C C5C 1.48(4) 
N16 C17 1.39(2) C2B C3B 1.31(4) 
N16 C20 1.36(2) C2B C5B 1.71(4) 
N14 C13 1.42(2) C2B N1B 1.28(3) 
N14 C15 1.337(18) C3 C2 1.32(3) 
C10 N9 1.386(18) C5B N1B 1.35(3) 
N1 C5 1.28(2) C5C N1C 1.41(4) 
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Table 8.3. List of selected atomic angles for compound 1. 

Atom Atom Atom Angle (°) Atom Atom Atom Angle (°) 
Cl1 Fe1 Cl2 179.3(3) N19 C18 C17 110.0(17) 
N6 Fe1 Cl2 88.3(4) C12 C13 N14 107.3(14) 
N6 Fe1 Cl1 91.6(4) C3C C2C C5C 100(3) 
N16 Fe1 Cl2 89.1(4) C3C C2C N1C 155(4) 
N16 Fe1 Cl1 91.6(4) N1C C2C C5C 55(2) 
N16 Fe1 N6 91.1(5) C8 C7 N6 108.8(14) 
N16 Fe1 N1 179.0(6) C12 N11 Fe1 126.5(11) 
N16 Fe1 N11 89.6(5) C15 N11 Fe1 128.7(10) 
N1 Fe1 Cl2 90.0(4) C15 N11 C12 104.8(13) 
N1 Fe1 Cl1 89.3(4) N16 C17 C18 106.6(16) 
N1 Fe1 N6 89.2(5) C5C N4C C3C 81(2) 
N11 Fe1 Cl2 90.9(3) C2C C3C N4C 90(3) 
N11 Fe1 Cl1 89.2(3) C7 C8 N9 106.4(14) 
N11 Fe1 N6 178.9(6) N11 C12 C13 108.5(16) 
N11 Fe1 N1 90.1(5) C3B C2B C5B 91(3) 
C10 N6 Fe1 124.9(11) N1B C2B C3B 142(4) 
C10 N6 C7 109.5(14) N1B C2B C5B 51.5(16) 
C7 N6 Fe1 125.6(11) C2B C3B N4B 85(3) 
C18 N19 C20 105.7(18) C2 C3 N4 106.0(16) 
C5B N4B C3B 90(3) N14 C15 N11 115.0(14) 
C17 N16 Fe1 130.3(13) N4B C5B C2B 94(3) 
C20 N16 Fe1 126.1(12) N4B C5B N1B 142(3) 
C20 N16 C17 103.5(15) N1B C5B C2B 47.8(15) 
C15 N14 C13 104.5(14) N4C C5C C2C 89(3) 
N6 C10 N9 106.1(15) N1C C5C C2C 44.3(16) 
C5 N1 Fe1 123.0(13) N1C C5C N4C 133(3) 
C5 N1 C2 108.5(15) C3 C2 N1 110.2(15) 
C2 N1 Fe1 128.5(11) N19 C20 N16 114.1(17) 
C3 N4 C5 107.1(17) C2B N1B C5B 81(2) 
C8 N9 C10 109.2(13) C2C N1C C5C 81(2) 
N1 C5 N4 108.2(19) 
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Appendix 2: structural data for 

[Fe3O(HCO2)6(BIH)3]Cl·2(C2H3N) (2) 

Table 8.4. Structural parameters for compound 2. 

Formula C27H24Fe3N6O13Cl·2(C2H3N) 

Formula weight /gmol−� 925.63  

Temperature / K 150  

Radiation type Mo Kα 

λ / Å 0.7107 

Crystal system Monoclinic 

Space group P21/n 

a / Å 8.6570(6) 

b/ Å 26.9371(19) 

c/ Å 17.1471(12) 

α / ° 90  

 β / ° 104.494(7)  

γ / ° 90  

Volume / Å3 3871.3(5) 

Z 4 

Density / gcm−� 1.588 

F(000) 1884 

Reflections collected 7846 

Completeness 99% 

Rint 0.164 

Final R indices (all data) R1 = 0.0835, wR2 = 0.2213 
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Figure 8.2. X-ray structure for compound 2.  

 

 

 

 

 

 



! 251 

 

Table 8.5. List of selected atomic distances for compound 2. 

Atom Atom Distance (Å) Atom Atom Distance (Å) 
Fe1 O7 2.046(4) N35 C36 1.385(8) 
Fe1 O8 1.895(4) N35 C34 1.342(7) 
Fe1 O17 2.018(5) C26 C25 1.388(9) 
Fe1 O18 2.016(4) C26 C27 1.415(8) 
Fe1 O21 2.011(4) N42 C43 1.129(9) 
Fe1 N24 2.131(5) C36 C37 1.381(9) 
Fe2 O8 1.921(4) C36 C41 1.404(8) 
Fe2 O11 2.032(4) N53 C45 1.397(7) 
Fe2 O14 2.001(4) N53 C52 1.320(7) 
Fe2 O15 2.013(4) N33 C34 1.299(8) 
Fe2 O20 2.035(4) N33 C41 1.402(7) 
Fe2 N53 2.113(5) C25 C30 1.397(8) 
Fe3 O8 1.929(4) C39 C40 1.372(9) 
Fe3 O9 1.999(4) C39 C38 1.422(11) 
Fe3 O23 2.025(4) N51 C52 1.338(8) 
Fe3 O12 2.012(4) N51 C50 1.381(7) 
Fe3 O5 2.038(4) N31 C32 1.348(8) 
Fe3 N33 2.154(5) N31 C30 1.376(8) 
O7 C6 1.250(7) C40 C41 1.393(8) 
O11 C10 1.253(7) C45 C46 1.388(8) 
O14 C13 1.251(7) C45 C50 1.397(8) 
O17 C16 1.250(7) C37 C38 1.365(10) 
O15 C16 1.238(7) C29 C28 1.378(11) 
O20 C19 1.244(7) C29 C30 1.391(9) 
O9 C10 1.256(7) C46 C47 1.393(9) 
O23 C22 1.240(7) C50 C49 1.377(8) 
O18 C19 1.249(7) C28 C27 1.370(10) 
O12 C13 1.269(7) C48 C47 1.381(9) 
O21 C22 1.253(7) C48 C49 1.368(9) 
O5 C6 1.236(7) C55 C54 1.453(15) 
N24 C25 1.397(8) C55 N56 1.134(13) 
N24 C32 1.325(7) C43 C44 1.461(11) 
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Table 8.6. List of selected atomic angles for compound 2. 

Atom Atom Atom Angle (°) Atom Atom Atom Angle (°) 
O17 Fe1 O7 168.14(16) O8 Fe3 N33 174.98(18) 
O17 Fe1 N24 86.29(18) O9 Fe3 O23 167.82(17) 
O18 Fe1 O7 86.34(17) O9 Fe3 O12 90.75(18) 
O18 Fe1 O17 90.12(18) O9 Fe3 O5 87.54(17) 
O18 Fe1 N24 85.28(17) O9 Fe3 N33 84.09(18) 
O21 Fe1 O7 91.65(19) O23 Fe3 O5 93.33(18) 
O21 Fe1 O17 89.94(19) O23 Fe3 N33 83.99(18) 
O21 Fe1 O18 170.31(17) O12 Fe3 O23 86.63(18) 
O21 Fe1 N24 85.05(17) O12 Fe3 O5 171.64(17) 
O8 Fe2 O11 93.93(17) O12 Fe3 N33 89.26(18) 
O8 Fe2 O14 93.02(16) O5 Fe3 N33 82.42(18) 
O8 Fe2 O15 95.07(17) C6 O7 Fe1 131.3(4) 
O8 Fe2 O20 96.05(16) Fe1 O8 Fe2 119.9(2) 
O8 Fe2 N53 176.10(17) Fe1 O8 Fe3 120.9(2) 
O11 Fe2 O20 83.63(18) Fe2 O8 Fe3 119.21(19) 
O11 Fe2 N53 83.04(17) C10 O11 Fe2 129.6(4) 
O14 Fe2 O11 94.34(18) C13 O14 Fe2 135.7(4) 
O14 Fe2 O15 90.87(18) C16 O17 Fe1 130.4(4) 
O14 Fe2 O20 170.82(18) C16 O15 Fe2 131.6(4) 
O14 Fe2 N53 84.78(18) C19 O20 Fe2 130.8(4) 
O15 Fe2 O11 169.35(17) C10 O9 Fe3 132.3(4) 
O15 Fe2 O20 89.76(18) C22 O23 Fe3 131.1(4) 
O15 Fe2 N53 88.19(17) C19 O18 Fe1 132.2(4) 
O20 Fe2 N53 86.09(17) C13 O12 Fe3 127.1(4) 
O8 Fe3 O9 96.54(16) C22 O21 Fe1 130.6(4) 
O8 Fe3 O23 95.56(16) C6 O5 Fe3 130.9(4) 
O8 Fe3 O12 95.70(16) C25 N24 Fe1 131.9(4) 
O8 Fe3 O5 92.62(16) C32 N24 Fe1 122.6(4) 
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Appendix 3: structural data for [Cu(MBIH2)(dppp)Cl] (3) 

Table 8.7. Structural parameters for compound 3. 

Formula 2(C34H32ClCuN2P2S) 

Formula weight /gmol−� 1323.21 

Temperature / K 150  

Radiation type Mo Kα 

λ / Å 0.7107 

Crystal system Monoclinic 

Space group C2/c 

a / Å 25.9458(15) 

b/ Å 9.1661(5) 

c/ Å 30.0718(19) 

α / ° 90  

 β / ° 111.500(7)  

γ / ° 90  

Volume / Å3 6654.1 

Z 4 

Density / gcm−� 1.321 

F(000) 2736 

Reflections collected 7698 

Completeness 99% 

Rint 0.051 

Final R indices (all data) R1 = 0.0527, wR2 = 0.1226 
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Figure 8.3. X-ray structure for compound 3. 
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Table 8.8. List of selected atomic distances for compound 3. 

Atom Atom Distance (Å) Atom Atom Distance (Å) 
Cu1 P8 2.2768(8) N32 C31 1.344(4) 
Cu1 P12 2.2364(9) C33 C38 1.396(4) 
Cu1 S40 2.3895(8) C33 C34 1.387(4) 
Cu1 Cl41 2.3297(8) C23 C24 1.399(4) 
P8 C19 1.835(3) C38 C37 1.384(4) 
P8 C2 1.830(3) C20 C21 1.389(4) 
P8 C9 1.836(3) C25 C30 1.407(4) 
P12 C13 1.823(3) C25 C26 1.391(4) 
P12 C11 1.836(3) C2 C3 1.378(4) 
P12 C25 1.824(3) C2 C7 1.400(4) 
S40 C31 1.692(3) C3 C4 1.382(4) 
C13 C14 1.387(4) C16 C17 1.388(4) 
C13 C18 1.393(4) C18 C17 1.384(4) 
N39 C38 1.388(4) C30 C29 1.387(5) 
N39 C31 1.348(4) C26 C27 1.381(5) 
C19 C20 1.383(4) C34 C35 1.390(5) 
C19 C24 1.389(4) C6 C7 1.384(4) 
C22 C23 1.376(4) C6 C5 1.377(4) 
C22 C21 1.390(4) C4 C5 1.380(5) 
C10 C11 1.538(4) C37 C36 1.381(5) 
C10 C9 1.551(4) C29 C28 1.356(5) 
C15 C14 1.383(4) C35 C36 1.392(5) 
C15 C16 1.384(4) C28 C27 1.390(5) 
N32 C33 1.387(4) 

   
 

 

 

 

 

 

 

 



!256 

Table 8.6. List of selected atomic angles for compound 3. 

Atom Atom Atom Angle (°) Atom Atom Atom Angle (°) 
P8 Cu1 S40 99.55(3) C37 C38 N39 132.1(3) 
P8 Cu1 Cl41 113.84(3) C37 C38 C33 121.4(3) 
P12 Cu1 P8 101.02(3) C15 C14 C13 121.2(3) 
P12 Cu1 S40 103.70(3) C10 C11 P12 115.5(2) 
P12 Cu1 Cl41 127.21(3) C19 C20 C21 121.3(3) 
Cl41 Cu1 S40 107.85(3) C30 C25 P12 123.0(3) 
C19 P8 Cu1 125.97(10) C26 C25 P12 119.0(2) 
C2 P8 Cu1 116.01(10) C26 C25 C30 117.9(3) 
C2 P8 C19 101.12(13) C3 C2 P8 123.6(2) 
C2 P8 C9 104.78(13) C3 C2 C7 118.6(3) 
C9 P8 Cu1 104.21(10) C7 C2 P8 117.5(2) 
C9 P8 C19 102.34(13) C10 C9 P8 113.0(2) 
C13 P12 Cu1 116.07(10) C2 C3 C4 120.7(3) 
C13 P12 C11 104.85(14) C20 C21 C22 119.3(3) 
C13 P12 C25 103.28(14) C19 C24 C23 120.4(3) 
C11 P12 Cu1 106.49(10) C15 C16 C17 119.6(3) 
C25 P12 Cu1 122.00(10) C17 C18 C13 120.5(3) 
C25 P12 C11 102.15(14) N39 C31 S40 126.2(2) 
C31 S40 Cu1 104.06(11) N32 C31 S40 126.9(2) 
C14 C13 P12 117.7(2) N32 C31 N39 106.9(3) 
C14 C13 C18 118.6(3) C29 C30 C25 119.9(3) 
C18 C13 P12 123.6(2) C27 C26 C25 121.0(3) 
C31 N39 C38 110.2(3) C33 C34 C35 116.4(3) 
C20 C19 P8 121.7(2) C5 C6 C7 119.6(3) 
C20 C19 C24 118.9(3) C18 C17 C16 120.2(3) 
C24 C19 P8 119.4(2) C5 C4 C3 120.1(3) 
C23 C22 C21 120.3(3) C6 C7 C2 120.7(3) 
C11 C10 C9 115.8(2) C36 C37 C38 116.9(3) 
C14 C15 C16 119.8(3) C28 C29 C30 121.6(3) 
C31 N32 C33 110.9(3) C6 C5 C4 120.2(3) 
N32 C33 C38 105.6(3) C34 C35 C36 121.7(3) 
C34 C33 N32 132.6(3) C37 C36 C35 121.8(3) 
C34 C33 C38 121.8(3) C29 C28 C27 119.1(4) 
C22 C23 C24 119.9(3) C26 C27 C28 120.4(4) 
N39 C38 C33 106.4(3) 
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Appendix 4: IR and Raman spectra for MeBTAH and 

[Fe14O6(MeBTA)6(MeO)18Cl6]  

 

 

 

 

 

 

 

Figure 8.4. IR spectra for MeBTAH (a) and [Fe14O6(MeBTA)6(MeO)18Cl6] (b). 

 

 

 

 

 

 

 

Figure 8.5. Raman spectra for MeBTAH (a) and [Fe14O6(MeBTA)6(MeO)18Cl6] (b). 
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Appendix 5: IR and Raman spectra for Me2BTAH and 

[Fe14O6(Me2BTA)6(MeO)18Cl6]  

 

 

 

 

 

 

 

Figure 8.6. IR spectra for Me2BTAH (a) and [Fe14O6(Me2BTA)6(MeO)18Cl6] (b). 

 

 

 

 

 

 

 

Figure 8.7. Raman spectra for [Fe14O6(Me2BTA)6(MeO)18Cl6] (b). 



! 259 

Appendix 6: IR and Raman spectra for ClBTAH and 

[Fe14O6(ClBTA)6(MeO)18Cl6]  

 

 

 

 

 

 

 

Figure 8.8. IR spectra for ClBTAH (a) and [Fe14O6(ClBTA)6(MeO)18Cl6] (b). 

 

 

 

 

 

 

 

Figure 8.9. Raman spectra for ClBTAH (a) and [Fe14O6(ClBTA)6(MeO)18Cl6] (b). 
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Appendix 7: IR spectra for TZAH and 

[Fe14O6(TZA)6(MeO)18Cl6]  

 

 

 

 

 

 

 

Figure 8.10. IR spectra for TZAH (a) and [Fe14O6(TZA)6(MeO)18Cl6] (b). 
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Appendix 8: DFTP calculations 

Input files 

Param file – general input file 

task:phonon+efield 

continuation: default 

#reuse:default 

xc_functional:pbe 

opt_strategy:speed 

num_dump_cycles:0 

cut_off_energy:600.0 eV 

fix_occupancy: false 

metals_method:dm 

write_cell_structure:true 

NUM_BACKUP_ITER : 1 

calculate_raman:false 

phonon_fine_method: interpolate 

elec_energy_tol: 1e-10 

phonon_energy_tol: 1e-5 

geom_force_tol: 1.5e-2 

elec_force_tol: 1.5e-2 

geom_max_iter:1000  

Cell file – structure input file 

# 

# CELL written by cell_write: Keith Refson, Oct 2006 

# 

%BLOCK lattice_cart 

   ANG 

       6.05865109014324        0.00000000000000       0.770476292546315     
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       0.00000000000000        8.61763514892753        0.00000000000000     

       1.01473724492288        0.00000000000000        10.0095724297939     

%ENDBLOCK lattice_cart 

 

%BLOCK cell_constraints 

      0   0   0 

      0   0   0 

%ENDBLOCK cell_constraints 

 

%BLOCK positions_frac 

   H              0.304952079383703       0.989968713007029       0.094623607035176 

   H              0.695047920616296       0.489968713007029       0.905376392964825 

   H              0.304952079383703       0.510031286992971       0.094623607035176 

   H              0.920189037616691       0.042951458251979       0.318229097239866 

   H              0.079810962383309       0.542951458251979       0.681770902760134 

   H              0.358994704722793       0.106872191628619       0.508860686516496 

   H              0.641005295277208       0.893127808371380       0.491139313483504 

   H              0.358994704722793       0.393127808371381       0.508860686516496 

   H              0.641005295277208       0.606872191628620       0.491139313483504 

   H              0.920189037616691       0.457048541748021       0.318229097239866 

   H              0.079810962383309       0.957048541748021       0.681770902760134 

   H              0.695047920616296       0.010031286992971       0.905376392964825 

   C              0.636767194167086       0.250000000000000       0.945442558989156 

   C              0.363232805832914       0.750000000000000       0.054557441010844 

   C              0.923519483797948       0.168034401456629       0.776901369977555 

   C              0.076480516202053       0.668034401456629       0.223098630022445 

   C              0.923519483797948       0.331965598543371       0.776901369977555 

   C              0.076480516202053       0.831965598543371       0.223098630022445 

   C              0.079993900093861       0.083429266355733       0.681905336171981 

   C              0.920006099906139       0.583429266355732       0.318094663828020 
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   C              0.920006099906139       0.916570733644268       0.318094663828020 

   C              0.079993900093861       0.416570733644268       0.681905336171981 

   C              0.235688937928517       0.168423226435487       0.586086576814084 

   C              0.764311062071483       0.831576773564512       0.413913423185916 

   C              0.764311062071483       0.668423226435488       0.413913423185916 

   C              0.235688937928517       0.331576773564513       0.586086576814084 

   N              0.746847031029952       0.123058641216138       0.882018667472348 

   N              0.253152968970047       0.876941358783862       0.117981332527652 

   N              0.746847031029952       0.376941358783862       0.882018667472348 

   N              0.253152968970047       0.623058641216138       0.117981332527652 

   S              0.407650138614513       0.250000000000000       0.077095249889285 

   S              0.592349861385487       0.750000000000000       0.922904750110716 

%ENDBLOCK positions_frac 

 

FIX_COM : true 

 

%BLOCK species_pot 

   H       /opt/pspots/h-optgga2.recpot 

   C       /opt/pspots/c-optgga2.recpot 

   N       /opt/pspots/n-optgga1.recpot 

   S       /opt/pspots/s-optgga1.recpot 

%ENDBLOCK species_pot 

 

%BLOCK symmetry_ops 

# Symm. op. 1       E 

          1.000000000000000       0.000000000000000       0.000000000000000 

          0.000000000000000       1.000000000000000       0.000000000000000 

          0.000000000000000       0.000000000000000       1.000000000000000 

          0.000000000000000       0.000000000000000       0.000000000000000 

# Symm. op. 2     2_1 
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         -1.000000000000000       0.000000000000000       0.000000000000000 

          0.000000000000000       1.000000000000000       0.000000000000000 

          0.000000000000000       0.000000000000000      -1.000000000000000 

          0.000000000000000      -0.500000000000000       0.000000000000000 

# Symm. op. 3       I 

         -1.000000000000000       0.000000000000000       0.000000000000000 

          0.000000000000000      -1.000000000000000       0.000000000000000 

          0.000000000000000       0.000000000000000      -1.000000000000000 

          0.000000000000000       0.000000000000000       0.000000000000000 

# Symm. op. 4       m 

          1.000000000000000       0.000000000000000       0.000000000000000 

          0.000000000000000      -1.000000000000000       0.000000000000000 

          0.000000000000000       0.000000000000000       1.000000000000000 

          0.000000000000000       0.500000000000000       0.000000000000000 

%ENDBLOCK symmetry_ops 

 

kpoint_mp_grid :    4   2   3 

 

phonon_kpoint_mp_grid :    3   2   2 

 

PHONON_KPOINT_MP_OFFSET :   0.00000000  0.25000000  0.25000000 

Output files 

CASTEP file – report on the calculation, Phonon file – phonon data and Bands file – 

Eigenvalues are available in electronic format due to their length.  
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Appendix 9: Publication from this thesis 
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