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Abstract  
The application of chiral calixarenes and resorcinarenes have attracted considerable 

interest and consequently many syntheses of chiral calixarenes and resorcinarenes 

have been developed over the last decade. During this work, 19 previously 

unreported compounds have been synthesised and characterised. Resorcinarenes 

functionalized at the upper rim with aspartic acid or diethylethyleneamine were 

synthesized by Lewis acid catalysed cyclocondensation of 3-methoxyphenol with 

aliphatic aldehydes. The resulting racemic resorcinarene derivatives were alkylated 

with ethyl bromoacetate, then the product used to form two different compounds. 

One way was hydrolysis of the ester to give acid, which was then coupled with 

dimethyl L-aspartic acid hydrochloride to give the tetra-amino acid functionalised 

tetramethoxyresorcinarenes. The diastereomers of the chiral resorcinarenes were 

separated by fractional crystallization. The other way was to react this ester with 

N,N-diethylethyleneamine to give tetra-diethylenediamine 

tetramethoxyresorcinarenes. Also, an alkyl amide with aspartic acid was synthesised 

by reaction of dimethyl L-aspartic acid hydrochloride with dodecanoyl chloride. 

Similarly, N,N-diethylethyleneamine reacted with dodecanoyl chloride to give N-(2-

diethylaminoethyl)dodecanamide. The structures of the new compounds were 

elucidated by nuclear magnetic resonance (NMR), infrared (IR) spectroscopy and 

mass spectrometry (MS). 

The new resorcinarene derivatives were used in investigations to determine their 

impact on crystallisation processes and corrosion inhibition. To study their role as 

crystal growth modifiers, the aspartic acid derivatives were applied to model mineral 

systems (calcium carbonate, barium sulfate, calcium oxalate) and compared with an 

undecyl amide model, and with previously investigated lower rim calixarene 

derivatives. The study found that the upper rim aspartic acid functionalized 

resorcinarenes had an impact on the morphology of calcium carbonate, barium 

sulfate and calcium oxalate. The propyl aspartic acid resorcinarene (10) was the 

potent inhibitor of calcium carbonate, barium sulfate and calcium oxalate 

crystallization. In comparison with the lower rim calixarenes, the upper rim aspartic 

acid resorcinarenes had high impact on the calcium carbonate and calcium oxalate 

and less impact on barium sulfate crystallization. 
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Amino acid functionalized resorcinarenes were also investigated as corrosion 

inhibitors on carbon steel in brine media under CO2. The results indicate that all the 

aspartic acid resorcinarene derivatives inhibited the corrosion process more than the 

diethylethylenediamine resorcinarene derivatives. At high concentrations, the 

dodecyl amide is more potent than the amino acid functionalized resorcinarenes.  
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1.0 Introduction 

1.1 Overview 

This chapter will provide a brief overview of the structure of the thesis. It will very 

briefly introduce the field of supramolecular chemistry with a focus on macrocyclic 

compounds, particularly calixarenes and resorcinarenes, and their applications as 

inhibitors in the crystallization and corrosion fields. The aim and scope of the thesis 

will also be introduced along with a description of the chapter topics. 

1.2 A brief introduction to supramolecular chemistry 

Supramolecular chemistry refers to the area of chemistry interested in non-covalent 

interactions between molecules. Jean-Marie Lehn was the first to define 

supramolecular chemistry as “Chemistry of molecular assemblies and of the 

intermolecular bond” or as “Chemistry beyond the molecule.”1 Another definition is 

“The synthetic molecular system that are held together by intermolecular forces 

(non-covalent interactions)”.2 These include ionic and dipolar interaction, hydrogen 

bonding, S-interactions and van der Waal interactions.1-2 These intermolecular forces 

are weak separately but produce very stable molecular complexes when they are used 

together to form a new structure/complex.3-4 

There are several concepts that have been addressed by supramolecular chemistry. 

For instance, molecular self-assembly,5-6 host-guest compounds,1-2, 7 molecular 

recognition,8-10 molecular machinery,11-12 macrocycles1-2…. etc. Moreover, 

supramolecular chemistry as a broader field can be applied in various fields 

including chemistry, physics and biology and because of that, it has been rapidly 

expanding.1-2 Figure 1.1 shows the development of a supramolecular system from 

molecular building blocks.2 
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Scheme 1.1: Schematic illustrates three types of supramolecular systems from 
molecular building blocks. Adapted from Steed et al.2 

Macrocyclic compounds are common in supramolecular chemistry1-2 and include 

cyclodextrins, crown-ethers and calixarenes and resorcinarenes as shown in Figure 

1.2. This thesis will focus on the calixarenes and resorcinarenes.13-14 
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Figure 1.1: Structure of a crown ether (A), cyclodextrins(B), calix[4]arenes(C), 
resorcinarenes(D). 

1.3 Brief background of calixarenes and resorcinarenes 

Calix[n]arene, where n is the number of benzene rings, is the term that describes a 

novel class of phenolic metacylcophanes derived from the condensation of phenols 

and aldehydes.15-16 The name was suggested by Gutsche and was derived from the 

Latin word “calix” due to the vase-like structure that these macrocyclic compounds 

take when all phenyl rings are arranged in the same direction.17-18 In these molecules 

two different areas are available for functionalization: the lower (narrow) rim, where 

the phenolic oxygen atoms are arranged and the upper (wide) rim characterized by 

the para-positions of the aromatic rings as shown in Figure 1.2. As the calixarenes 

are large molecules, many representation styles have been used to show their 

structures. Figure 1.3 shows some of the different structural representations of 
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calixarenes.19 Calixarenes can be synthesized in one step from the condensation of 

formaldehyde with p-tert-butylphenol under alkaline conditions,16, 20 as is shown in 

Scheme 1.2. By carefully controlling the conditions and base, high yields of 

calixarenes with 4, 6 or 8 aromatic rings can be obtained.16  

 

Figure 1.2: Structure of p-tertbutyl calix[4]arene. 

 

Figure 1.3: Some representation styles of calixarenes. 



 

 5 

 

Scheme 1.2: Calixarenes synthesis. 

Resorcin[n]arenes belong to the class of calix[n]arene.21 These are also [14]  

metacylcophanes.22-23 They were generated in 1872 by von Baeyer. In 1940, Niederl 

and Vogel suggested the resorcinarene structure and in 1968, Erdtman used single 

crystal X-ray analysis to prove their structures.18, 24 Moreover, like the Calixarenes, 

they can be viewed as a basket with the two different rims as given in the Figure 1.2. 
However, unlike the calixarenes, resorcinarenes form almost exclusively the tetramer 

(n = 4).19 A general structures of resorcinarenes are given in Figure 1.4 and this is the 

representation style of resorcinarenes that will be used most commonly in this thesis. 

Chapter 2 will give more details on resorcinarene chemistry.  

 

Figure 1 4: Representation of resorcinarenes. 

1.4 Applications of macrocyclic compounds 

As calixarenes and resorcinarenes are easily synthesized and modified, this prompted 

research into their applications in biological14, 25 and industrial
 
fields.18, 26 In the past 

three decades, calixarenes have been investigated for biological activities such as 

antiviral, antifungal, antibacterial, antiangiogenic and anticancer activities.21 

Calixarenes have also been used in various applications, including decontamination 

of wastewater,27 as medical diagnostics,28 selective sensors in analytical 

applications,29 electrodes26, 30 and in the solvent extraction of metal ions.31 For 

example, calixarene derivatives showed a good selectivity of thallium(I) ion over 

other ions in ion- selective electrodes.32-33 Two other applications of calixarenes and 
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resorcinene are in the area of crystallization control and corrosion inhibition, which 

will be included in this study and they will be discussed briefly here and in more 

detail in the next chapters.  

1.4.1 Crystal growth modifier 

The control of crystallisation in industry is important for several reasons including 

the controls of scale,34 product formation35 and morphology.36 A vast amount of 

literature has been published about a variety of biomineral systems such as mollusk 

shells,37-38 bone,39 and shells of cephalopods.40 Each one of these studies found that a 

small amount of organic material or inorganic ions can have a large impact on the 

mineral formation and properties. The protein components of the organic matrices 

within the biomineral, particularly those associated with calcium carbonate, have 

been found to be rich in the acidic amino acids, aspartic and glutamic acids.41 Gotliv 

et al. has studied aspartic acid rich (asprich) proteins and has suggested these may 

take part in Ca2+ transportation limiting the superstauration of calcium carbonate.42 

Hence, the focus of the crystallization literature is on the impact of acidic amino acid 

on the crystallization of inorganic minerals. Calcium carbonate and barium sulfate 

are also common components of industrial scale and they are important minerals in 

industry.43-44 Calixarenes and resorcinarenes have been used as modifiers of crystal 

growth of calcium carbonate and barium sulfate.45 There are many reports of 

functionalization of calixarenes and resorcinarenes on the lower and upper rims. For 

example, Volkmer et al. have utilized the calixarene and resorcinarene derivatives 

shown in Figure 1.5, as monolayers on an aqueous surface to study the crystallization 

of calcium carbonate.46-47 They found that by changing the charge densities of the 

monolayer, crystallisation of calcium carbonate could be controlled.48  
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Figure 1.5: Examples of calixarenes (A) and resorcinarenes (b) used as Langmuir 
monolayers on calcium carbonate crystallization. 

1.4.2 Corrosion inhibition 
Internal corrosion of carbon steel pipelines is a major problem in the oil and gas 

industry. Therefore, the control of corrosion by using inhibitors is an effective way to 

reduce the corrosion attack on metal surfaces.49 Inorganic compounds such as 

chromates have been employed as inhibitors of corrosion, but they are toxic and can 

promote corrosion if their concentrations drop below critical levels.50 Calixarene 

derivatives have been used as inhibitors of corrosion of steel and many of its alloys 

in acidic media.  The compound shown in Figure 1.6 has been used as a corrosion 

inhibitors on steel and it was found that inhibitor efficiency increased with 

concentration but their efficiency decreased with increasing temperature.49 

 

Figure 1.6: An example of corrosion inhibitor. 
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1.5 Aim and scope 

The aim of this PhD project is to synthesise and characterize functionalized 

resorcinarene derivatives and evaluate their efficacy as crystal growth modifiers and 

corrosion inhibitors. 

1.6 Structure of this thesis 

This thesis is organized as follows. Chapter 2 deals with the chemistry of 

resorcinarenes. It commences with a brief literature review and introduction of 

resorcinarene chemistry relating to their synthesis methodology and 

functionalization. This is followed by the experimental details of the synthetic work 

carried out during this PhD. Finally, a discussion of the results of this work is 

provided which includes the spectroscopic characterisation of the molecules 

synthesised. 

Chapter 3 provides a brief overview on the theory of crystallization and the role of 

an additive on the growth process. The experimental work and results of this study, 

which focuses on the impact of the synthersised resorcinarene compounds on 

calcium carbonate, barium sulfate and calcium oxalate crystallisation are discussed. 

Scanning electron microscopy (SEM), Fourier-transform infrared spectroscopy (FT-

IR) and ultraviolet spectroscopy (UV) were used to assess the impact of the new 

additives. 

Chapter 4 gives a brief introduction on corrosion science and explains CO2 

corrosion, the types of inhibitors used to prevent corrosion and electrochemical 

techniques that have been used to measure the corrosion rate. This is followed by the 

experimental study and a discussion of the results obtained.  

Chapter 5 outlines general conclusions of this thesis as well as directions for future 
work 
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2.0 Resorcinarenes 

2.1 Outline 

This chapter will provide a brief background of the nomenclature and conformation 

of resorcinarenes, the chirality aspect of these compounds, a summary on different 

synthesis routes that have been used, and some examples of the functionalization of 

these resorcinarenes. The chapter will then present the synthesis research carried out 

in this PhD.  

2.2 Resorcinarenes 

Resorcinarenes are the subclass of the calixarene family and are sometimes referred 

to as calixresorcarenes.24 Adolph Van Baeyer was the first to create a resorcinarene 

by the condensation of benzaldehyde and resorcinol under acidic conditions, 

although, the structure of this crystalline compound was not determined. Sixty years 

later, Vogel and Niederl investigated the condensation of resorcinol and a variety of 

aliphatic aldehydes and proposed the cyclic tetrameric structure of resorcinarenes. 

Resorcinarene synthesis was further improved by Cram, et al.51 Resorcinarenes are 

easily synthesized and functionalized,52 and, have been employed in different fields 

such as supramolecular recognition,53 inhibition of scale formation,54 and biological 

applications.1 

2.2.1 The nomenclature of resorcinarenes 

There are a various names given to these compounds such as Hogberg compounds,22 

resorcinarenes,24 and calix[4]resorcinarenes.55-56 Prior to 2002, the International 

Union of Pure and Applied Chemistry 57 recommended that the nomenclature for 

resorcinarenes describe them as macrocyclic polyhydroxy-polyenes (see Figure 

2.1(A)). In 2002, a new IUPAC recommendation for naming cyclophanes was 

developed, according to the following rules:57 

1. numbering of the phane parent hydride 
2. heteroatoms introduced by skeletal replacement (‘a’) nomenclature 
3. indicated hydrogen 
4. nondetachable ‘hydro- ‘/’dehydro- ‘prefixes 
5. principal characteristic group (named as suffix) 
6. unsaturation (‘-ene’/ ‘-yne’ ending and ‘hydro-’/ ‘dehydro-’prefixes) 
7. substituents named as prefixes (alphabetised substituents) 
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Figure 2.1 shows an example of a resorcin[4]arene which is named by using the pre-

2002 preferred method and the 2002 phane nomenclature rules. The older naming 

convention is 2,8,14,20-tetramethylpentacyclo[l9.3.1.13,7.19,13.115,19]octacosa-

1(25),3,5,758,9,11,13(27),15,-17,19(26),21,23-dodecaene-4,6,10,12,16,18,22,24-

octol. The current IUPAC preferred name is 2,4,6,8-tetramethyl-1,3,5,7(1,3)-

tetrabenzenacyclooctaphane-14,16,34,36,54,56,74,76-octol, which is a lengthy name to 

be applied in text. In this thesis the name has been shortened by replacing the 

‘‘1,3,5,7(1,3)-tetrabenzenacyclooctaphane” with ‘‘resorcin[4]arene” and the name 

will be resorcin[4]arene-14,16,34,36,54,56,74,76-octol.57 

 

 

Figure 2. 1: Resorcinarene nomenclature showing the old and new systems. 

2.2.2 The conformation of resorcinarenes 

Resorcinarenes are non-planar three-dimensional compounds and therefore have 

several conformations22-23 as shown in Figure 2.2. Högberg was the first to isolate 

and identify two of the conformational isomers of the resorcinarenes, namely the 

chair and the boat.23 Timmerman et al. have explained that, there are five 

conformations (isomers) of the resorcinarenes, which are Crown, Chair, Boat, 

Diamond and Saddle but only four have been found experimentally (Boat, Chair, 

Diamond, and Saddle). These conformations can be arranged symmetrically as 

follows: C4v symmetry can be formed in the crown conformer, where the resorcinol 

units are orientated in a bowl-like shape. C2v symmetry is observed in the boat 
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isomer, it contains two rings lying in a perpendicular position with two resorcinol 

rings in an upward position. C2h symmetry can be found in the chair conformer, here 

one resorcinol is orientated in an upward position with the other resorcinol ring in a 

downward position and two rings are in perpendicular position to them. Cs symmetry 

is observed in the diamond isomer, where two adjacent rings orientated downwards 

and other two adjacent upwards. Finally, C2d symmetry is seen in the saddle 

conformer, where two opposite rings face down and the other opposite two faces 

upwards.  

 

Figure 2. 2: Resorcinarenes conformations. 

The other stereochemical element to consider is the relative configurations. In 

resorcinarenes, at the bridging carbon atoms (Ar-C-Ar), there are four prochiral 

centres and due to that four different stereoisomer arrangements can be formed. 
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These are, firstly, all-cis (rccc), where all groups are attached in same direction in a 

cis- relation to a reference (r), the cis-cis-trans (rcct), here one group is in the 

opposite orientation to the other three (in a trans-relationship). The third is the cis-

trans-trans (rctt), this configuration contains two groups opposite to the other two 

(including the reference group) and finally, the trans-cis-trans (rtct), this 

configuration contains two groups (including reference group) in cis-relationship 

opposite to the other two (in a trans-relationship). See Figure 2.3.  

 

Figure 2. 3: Relative configuration at methylene bridges. 

The last stereochemical element is the individual configuration, this is the individual 

stereochemistry of substituents on the carbon atoms at the benzylic position of the 

resorcinarenes which may be in an axial or equatorial position on the macrocycle C 

symmetry.24 

2.3 Chirality of resorcinarenes 

McIldowie has described the chirality of calixarenes and resorcinarenes in a 

review.59 Here a brief description of the concept of resorcinarene chirality will be 

presented. Resorcinarene can be made chiral by substituting some of the hydroxy 

groups and some examples will be briefly discussed below. The chiral resorcinarenes 

can be described as either attachment chiral or chiral by asymmetric 

functionalization. Attachment chirality is obtained by linking a chiral molecule at the 

upper or lower rims. Asymmetric functionalization can be obtained by attaching 

moieties on the non-planar resorcinarene skeleton. In asymmetric functionalization, 

the C4v symmetry may be lost and lower C1 or C2 symmetry formed. Figure 2.4 

shows an example of a resorcinarene that formed by chiral attachment (A),60 and the 

resorcinarene formed by asymmetric functionalization (B).61  
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Figure 2. 4: Figure 2.4: An example of chiral resorcinarenes formed by (A) 
attachment chiral, (B) asymmetric functionalization. 

The chiral resorcinarenes from asymmetric functionalization can have three Cn 

symmetry types which are C1, C2 and C4 dissymmetry. The C1 symmetry in 

resorcinarene can be achieved by alkylation of one of the resorcinarene phenols. 

Scheme 2.5 introduces an example of forming the C1 symmetry by 

monobenzylation.62  

 

Figure 2. 5: An example for formation C1 symmetry resorcinarenes. 

Bohmer has synthesized the 1,3-bisbenzoxazine compounds which have been used to 

prepare the C2 dissymmetry resorcinarenes. Figure 2.6 presents an example of the 

distal tetratosylates that have been utilized for preparing a variety of derivatives.63 
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Figure 2. 6: An example of the C2 dissymmetric resorcinarenes. 

The C4 dissymmetric resorcinarenes can be achieved by two ways, selective 

functionalization at the upper rim, or from the resorcinol mono-ether. The achiral 

amines were used by Bohmer et al. to prepare the benzoxazine derivative is an 

example of selective functionalization at the upper rim is shown in Figure 2.7.64 

 

Figure 2. 7: The benzoxazine derivative as an example of selective functionalization. 

The use of resorcinol mono-ethers to synthesise the C4 dissymmetric resorcinarene 

has been reported.65 Figure 2.8 illustrates an example of the resorcinarene skeleton 

from resorcinol mono-ethers by condensation of resorcinol mono-ethers and alkyl 

aldehydes in the presence of boron trifluoride etherate. This gave the C4 

dissymmetric resorcinarene as a racemate.65 
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Figure 2. 8: Synthesis of C4 dissymmetric resorcinarene by using mono ethers. 

Also, the resorcinarenes have four stereogenic centers which makes it easy to 

describe the chirality.59 Buckley and his co-workers have described how to 

distinguish between the absolute C4 dissymmetric resorcinarene enantiomers using 

the M/P notation and the CIP R/S system. An example of chirality of resorcinarene is 

illustrated in Figure 2.9, which explains this system to describe the C4 dissymmetric 

resorcinarene in Figure 2.9A as M or 2R,4R,6R,8R- and in Figure 2.9B as P or 

2S,4S,6S,8S-.66  

 

Figure 2. 9: The absolute C4 dissymmetric resorcinarenes enantiomers via using M/P 
notation and the CIP R/S. 

Figure 2.10 represents the four different ways of depicting the structures of a single 

chiral resorcinarene enantiomer where Figure 2.10c shows an outside view of the 

resorcinarene and Figure 2.10d shows the inside view of the resorcinarene. The best 

and simplest representation of the racemate of a chiral resorcinarene is in a mirror 

view, as shown in Figure 2.11. 
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Figure 2. 10: The four-depicted structures of a single chiral resorcinarene enantiomer. 

 

Figure 2. 11: A mirror view of chiral resorcinarenes. 

2.4 Synthesis of resorcinarenes 

Different synthetic routes have been used for the synthesis of resorcinarenes by 

employing different catalysts and conditions. The first report of the synthesis of 

resorcinarene was by Bayer, who obtained the resorcinarene by the condensation of 

resorcinol with an aldehyde under acidification.67 This one-pot reaction has been 

used with a wide variety of aldehydes ranging from aliphatic to aryl aldehydes.56, 68-69 

The original procedure reacted resorcinol with various aldehydes in the presence of 

ethanol under acidic conditions then heated the mixture under reflux for several 

hours to give reasonable to excellent yields.56, 70 Also, Bronsted acid catalysis has 

been utilized in the resorcinarene synthesis, typically using hydrochloric acid. Lewis 

acid catalysts have been also used to generate efficient yields of resorcinarene, and 

provide selectivity as to which resorcinarene is formed.71 Recently, a green synthesis 

route has been developed and proven to form resorcinarene under solvent free 

conditions.72 Another development in resorcinarene synthesis is using a 1,3,5-

trioxane instead of aldehydes.73  
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2.5 Mechanism of resorcinarenes formation 

Determining a mechanism of a reaction is an important aspect of understanding and 

optimizing the chemical reaction involved. In 1991, Weinelt and Schneider proposed 

a mechanism for the formation of resorcinarene by acid-catalyzed condensation 

between resorcinol and acetaldehyde (in the cyclic trimer form) in methanol/HCl.74 

The proposed mechanism is shown in Scheme 2.1, and starts with protonation of the 

acetal, B. This serves as the initial electrophile and adds to the resorcinol to form the 

compound, C. After that, the addition of another resorcinol unit to C leads to the 

displacement of the methoxy group of C. This forms a second molecule of methanol 

and D is formed. A sequential addition of acetaldehyde acetal and resorcinol units to 

D leads to E followed by F. Finally, addition of the final aldehyde group and 

cyclisation forms tetramer G or, if more than four monomers are added, oligomer 

units are generated by the sequential coupling of the dimer with other resorcinol 

molecules. In the last step, the rapid cyclisation is a result of two main factors; 

hydrogen bonding between adjacent hydroxyls of resorcinol units and the lack of 

conformational strain.24, 74 
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Scheme 2. 1: Mechanism of resorcinarenes formation. 

2.6 Functionlisation of resorcinarenes 

Over the years, many methodologies have been developed to modify the 

resorcinarene framework in an assortment of ways and some examples will be 

provided here. These methodologies allow the preparation of various resorcinarenes. 

Resorcinarenes have a cavity and this provides a site for the binding of guest 

molecular species. Therefore, the methodologies for the functionalization of 

resorcinarenes have focused on the modification of the peripheral substituted groups. 

The modification is manly performed at the three positions (R1
, R2, R2’, R3), see 

Figure 2.12.  The first position (R1), namely the one ortho to both the hydroxyl 

groups, is highly activated and can readily undergo electrophilic aromatic 

substitutions reactions.75 The second position (R2 and R2’), namely the phenolic 
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hydroxyl groups can be readily functionalized by acylation or O-alkylation.68 These 

two positions relate to the upper or wider rim. Resorcinarenes can be also modified at 

the R3 position, namely the lower rim or narrower rim. This position arises from the 

aldehyde used in the synthesis of the resorcinarenes.19 

 

Figure 2. 12: Functionalization positions of resorcinarenes. 

There is a great deal of literature examples relating to the modifications of 

resorcinarenes, so only a few examples will be provided here focusing on the 

resorcinarenes at these different positions listed above. As has been discussed before, 

at the upper rim, electrophilic substitution is preferred. A Mannich reaction is an 

example of an electrophilic substitution reaction, that has been applied successfully 

on resorcinarenes.76-79 Konishi et al,75 have demonstrated how the resorcinarene can 

be modified at the R1 position by using Mannich reaction under different conditions. 

Scheme 2.2 illustrates an example of a Mannich reaction. 

 

Scheme 2. 2: An example of Mannich reaction. 

Also, functionalized resorcinol derivatives have been used as starting materials to 

form resorcinarenes. These react with aldehydes in a one-pot reaction under basic 

conditions. (see scheme 2.3).80-81  
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Scheme 2. 3: Reaction of resorcinol with aldehyde under acidic condition. 

Another functionalization of the resorcinarene can occur at the upper rim in the R2 

and R2’ positions. The resorcinarene has the phenolic hydroxyl groups which allows 

the usual reactions of alcohols and phenols to be applied, e.g. etherification and 

esterification.68, 81-84 For example, Moore and Matthews have published a review on 

O-alkylation of the resorcinarene in which a wide variety of examples and strategies 

has been described. 81  

 

Scheme 2. 4: O-alkylation of resorcinarenes. 

Moreover, cavitand compounds have been formed by the functionalization at this 

position. Cavitands are bridged resorcinarenes and can be formed by reaction of 

groups bearing two leaving groups with resorcinarenes under basic conditions.68 
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These compounds are used as receptors55, 85 or rigid scaffolds for large molecules57, 86 

(see Figure 2.13). 

 

Figure 2. 13: Example of resorcinarene cavitands. 

Functionalization of the lower rim position (R3) has also been well reported. For 

example, Ghaedi et al. have synthesized new a resorcinarene under acidic conditions 

as shown in Scheme 2.5 and used it as a ligand to separate specific ions (Co2+, Ni2+, 

Cu2+, and Cd2+).87  

 

Scheme 2. 5: Synthesis of new resorcinarene derivatives. 

Furthermore, various catalysts have been utilized with efficiency as environmentally 

friendly, recyclable and inexpensive catalysts for the synthesis of resorcinarenes such 

as molecular iodine,88 Fe3O4 nanoparticles,89 bismuth90,91 lanthanide92 ions.  
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2.7 Functionalisation of resorcinarene in this thesis 

All the chemistry of the resorcinarenes of interest in this work occurs on the 

tetramethoxy-resorcinarene. The synthesis of this kind of resorcinarene was reported 

by McIldowie in 2000,65 by Lewis acid catalyzed condensation of 3-alkoxyphenol 

with aliphatic aldehydes. A wide variety of aldehydes, whether saturated or 

unsaturated alkyl aldehydes,68, 71, 93-94 have been utilized successfully to synthesise 

variants at the R3 position. Scheme 2.6 provides some examples where an aldehyde is 

used to attach different R groups to the lower rim of the functionalized 

resorcinarenes.59 In the synthesis of these chiral resorcinarenes only the crown 

conformation was obtained. Consequently, the crown conformer was used for all the 

studies described in this thesis. Furthermore the crown is best suited for our studies 

as all the substituent groups are on the same face of the macrocycle. 

 

Scheme 2. 6: Synthesis of resorcinarenes. 

The tetramethoxy resorcinarene is characterized by the presence of four hydroxyl 

groups, making it easy to modify and use in different areas such as supramolecular 

chemistry.65 Scheme 2.7 provides an overview of the synthesis pathway in this thesis. 

The first step is the synthesis of the three alkyl- tetramethoxy resorcinarene 

derivatives followed by introduction of the linker group at the position R2’.  

Hydrolysis and then coupling the resulting acids with protected L-aspartic acid 

provides a diastereoisomeric mixture of the protected target compounds. Final 

deprotection should produce the octa-acid derivatives (Section A). The synthesis of 

amino functionalized derviatives will be prepared by amidation of the ester 

intermediate produced previously (Section B). Reference compounds based on 

dodecanoic acid will also be prepared to investigate any synergistic effect of the 

macrocycle (Section C).  
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Scheme 2. 7: The synthesis pathway. 

2.8 Results and Discussion 

The synthetic pathway for the desired tetramethoxytetraalkylresorcinarene tetra-L-

aspartic acid derivatives is shown in Scheme 2.7. The first step was to prepare the 

resorcinarene scaffolds using the one step Lewis acid catalysed condensation of an 

aliphatic aldehyde with 3-methoxyphenol as described by McIldowie.59 This 

produced the desired tetramethoxyresorcinarenes (2a-c), as shown in scheme 2.8, in 

moderate yields. Three different tetramethoxyalkylresorcinarenes were synthesised 

to investigate the effect of the alkyl chain length on crystallization and corrosion 

inhibition. 
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Scheme 2. 8: Synthesis of alkyl tetramethoxy resorcinarene derivatives. 

The propyl resorcinarene derivative, 2a was obtained in 44 % yield as white crystals 

after crystallisation from methanol. The 1H NMR spectrum showed the distinct 

signals due to the aromatic protons at 𝛿 6.27 and 7.16, one singlet for the methoxy 

protons at 𝛿 3.75 and a triplet at 𝛿 4.30 corresponding to the methine proton between 

the two aromatic rings. The propyl signals appeared at 𝛿 2.18, 1.31 and 0.98 ppm 

integrating for a total of 7 protons. Similarly, 2b and 2c showed the appropriate 

signals in the region 𝛿 3.85-3.6 for the heptyl 2b and undecyl 2c derivatives, with 

difference being the integration due to the methylene protons in alkyl chain, as 

shown in Figure 2.14. These data support the conformation of the derivatives with 

the suggested structure. 

 

Figure 2. 14: The 1H NMR spectra of 2a, 2b, 2c. 
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In order to introduce the amino acid groups, it is necessary to introduce a linker 

group onto the tetramethoxyresorcinarene derivatives. The methyleneoxycarboxylic 

acid group has already been used with calixarenes36, 95 and resorcinarenes,96 is easy 

to introduce and functionalise, so this was chosen as the target linker. The linker was 

synthesised according to the procedure described by McIldowie.59 The 

tetramethoxyresorcinarene was treated with ethyl bromoacetate and anhydrous 

potassium carbonate in dry acetonitrile for 24 hours. Workup gave light-yellow oil 

which crystallized from a minimum amount of cold methanol to gain a colourless 

powder without the need for further purification (Scheme 2.9). 

 

Scheme 2. 9: Synthesis of ester alkyl tetramethoxy resorcinarenes derivatives. 

The 1H NMR spectrum of compound 3a (Figure 2.15) showed the expected signals 

for the resorcinarene protons as well as the signals for the attached linker group with 

the appropriate integration ratios. In particular, the signals for the methyleneoxy 

protons appeared as an AB system at G 4.28 and 3.97 as would be expected of 

methylene protons attached to a chiral resorcinarene.59 The 13C NMR spectrum 

showed the appropriate number of signals including three in the region G 70 - 55 

corresponding to the aliphatic carbon atoms bonded to oxygen atom.  The derivatives 

3b and 3c were synthesised in a similar manner and their NMR spectra showed 

similar signals varying only in those for the alkyl chains.  
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Figure 2. 15: The 1H NMR spectrum of 3a. 

This alkylation reaction is a nucleophilic substitution where the carbonate ion 

deprotonates the oxygen atom of the hydroxyl group, generating the nucleophile 

which adds to the electrophilic carbon atom of ethyl bromoacetate, displacing the 

bromide ion leaving group as shown in Scheme 2.10.  

 

Scheme 2. 10: Mechanism of formation of the ester alkyl tetramethoxy resorcinarenes. 

 

Scheme 2. 11: Hydrolysis of the esteralkyltetramethoxy resorcinarenes to form the 
acid derivatives (4a-c). 

The acids (4a-c) were formed by the reaction of the corresponding esters with 

sodium hydroxide in aqueous methanol followed by acidification with hydrochloric 
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acid (5 M). These hydrolysis reactions produced the desired acids as white powders 

which did not require further purification. The 1H NMR spectrum (Figure 2.16) of 

the acid (4a) showed the key expected signals, along with the disappearance of the 

methyl and methylene protons of the ethyl ester. The 13C NMR spectra also gave 

more evidence where the three signals in the region G 70 - 55 corresponding to 

carbon atoms bonded to oxygen atoms were reduced to two signals. 

 

Figure 2. 16: The 1H NMR Spectrum of the acid 4a. 

The formation of an amide by using a peptide coupling reagent was reported.36, 95, 97 

The amino acid can be attached on the calixarene or resorcinarene scaffold via many 

strategies and a few will be briefly described here. The acid halide method requires 

that the carboxylic acid is first converted into the acid halide (usually chloride) 

before coupling with an amino group. Common reagents used for preparing the acid 

halides includes oxalyl chloride,97-98 N,N-diethylaminosulfur trifluoride (DAST)99 

and thionyl chloride.100-101 Another strategy is to prepare activated esters by using 

coupling reagents like N,N’-dicyclo-hexylcarbiimide (DCC)102-103 with N-hydroxy-

succinimide (HOSu)104 or 1-hydroxybenzotrizole (HOBt),105-106 then the activated 

ester reacts with the amino acid to give the amide product. A third method combines 

the carbodiimide and hydroxytriazole units. For example, N,N,N',N'-tetramethyl-O-

(1H-benzotriazol-1-yl)uronium hexafluorophosphate (HBTU)36, 107 or tetramethyl-O-

(benzotriazol-1-yl)uronium tetrafluoroborate (TBTU),95 have been used as coupling 

reagents which gave a reasonable yields. TBTU has been used as the activating agent 

for linking the amino acid on the resorcinarene in this work.  
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Scheme 2. 12: Coupling of dimethyl L-aspartic acid with alkyl-tetramethoxy 
resorcinarene derivatives. 

 
Scheme 2. 13: The suggested mechanism to form amide (5a-c). 

Amides (5a-c) were synthesised from adapted literature procedures. Scheme 2.12 

presents the reaction under dry, alkaline conditions in the presence of TBTU. The 

role of TBTU is to activate the carboxylates in the acid (4) in two steps; the 

carboxylates were firstly activated by the tetramethyluronium unit from TBTU and 

then reacted with the hydroxyl benzotriazole moiety to increase their reactivity. Next, 

the amino group of the amino acid reacts with the activated carbonyl to form the 

desired product as shown in Scheme 2.13. 
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Figure 2. 17: The 1H NMR spectrum of 5a. 

The 1H NMR spectrum of the amide (5a) clearly indicated that the desired compound 

was formed, but as a mixture of diastereoisomers as shown by the doubling up of the 

signals at 6.3, 6.7 and 7.5 ppm in Figure 2.17. Also, the multiple signals at 3.45-3.60 

ppm for the methoxy groups and the mixed signal at 4.01-4.31 ppm for methylene 

group in the molecules are consistent with two diastereoisomers. 13C NMR spectra 

give more evidence that the amides were formed as a diastereomeric mixture by the 

doubling of signals. There have been many attempts to separate the two 

diastereoisomers of this compound but unfortunately these attempts were 

unsuccessful, possibly due to the strong hydrogen bonding between these 

diastereoisomers, which prevented the separation process.  Thus, this amide was used 

as a mixture of diastereoisomers.  

 
Scheme 2. 14: The isolation of (5b, 5c) to diastereoisomer. 
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Figure 2. 18: 1H NMR spectra of 5b, 6 and 7. 

Amide 5b was also initially isolated as a mixture of diastereoisomers. However, 

unlike 5a, these could be separated by crystallization. Addition of a minimum 

amount of cold methanol, up to 4°C, followed by filtration gave the first 

diastereomers, 6, in 20% yield as a white powder which was pure according to the 1H 

NMR spectrum and TLC. The second diastereomers, 7 was mixed with some of the 

first diastereomers, so to purify it, the first diastereoisomer was crystallized out with 

cold methanol until no crystals formed then the remaining oil was dissolved in DCM 

and washed with water (2 times) followed by brine (1 time). Finally, the organic 

layer was concentrated and the 1H NMR spectrum in Figure 2.18 shows only a trace 

of the first diastereomers. Attempts to purify this by using column chromatography 

were not successful. The amide 5c was treated in a similar way (Scheme 2.14) to 

give the first diastereomers 8 in 18 % yield as a white powder which was pure 

identified by the 1H NMR spectrum, and the second diastereomers 9 in 60 % yield as 

oil which also contained a small amount of the first diastereomers.   

The preparation of a series of diastereomeric tetracamphorsulfanate derivatives using 

(S)-(+)-10-camphorsulfonyl chloride in pyridine followed by isolation by flash 

chromatography was reported by Buckley et al.108 For example, the 
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diastereoisomeric tetracamphorsulfanates (11a-d and 11a’-d’) were prepared and 

isolated from racemic resorcinarenes. They found that, the high values of optical 

rotation related to the M diastereoisomer and the P diastereoisomer had the lower 

value as shown in Figure 2.19.  

 

Figure 2. 19: Some examples of the formation of tetracamphorsulfanates (11a-d and 
11a’-d’) from racemic resorcinarenes. 

 

Figure 2. 20: The optical rotation value of the resorcinarenes esters. 
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The optical rotation of amides 5b-c was measured. Figure 2.20 introduces the 

rotation values of the heptyl and the undecyl resorcinarenes derivatives. The 

magnitude of the rotation of the first diastereomers is significantly greater than the 

second one and using the trend reported by Buckley the structures have been 

tentatively assigned.  Therefore, the amides 6 and 8 are M and amides 7 and 9 are P.  

 
Scheme 2. 15: The hydrolysis of 5a to form 10. 

 
Figure 2. 21: 1H NMR spectrum of the L-aspartic acid resorcinarene (10).  

The ester groups in the amide 5a were hydrolysed using sodium hydroxide in 

refluxing aqueous methanol and then the crude was acidified by hydrochloric 

acid to give the acid 10 as a white powder which did not need further 

purification. The 1H NMR spectrum of the acid 10 clearly indicated that 

hydrolysis was successful by the disappearance of the key signals for the 

methoxy groups of the L-aspartic acid ester (Figure 2.21). In the 13C NMR 

spectrum the number of signals was reduced from eight to four in the region G 55 

- 70.  
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Scheme 2. 16: The hydrolysis reactions of distereoisomers. 

The esters 6 - 9 were hydrolysed to give the corresponding acids 11-14 as shown 

in Scheme 2.16. In this step, the crude product was obtained without difficulty. 

The 1H NMR spectra showed the disappearance of methyl groups of the amino 

acid esters and expected peaks of resorcinarene methoxy protons at G 3.55. 

Furthermore, the 13C NMR and IR spectra provided further support that the 

hydrolysis was successful. The 13C NMR spectra of these acids were difficult to 

read due to the poor solubility but the key signals can be read where the four 

singles reduced to two in the region G 55 - 70.  Acids 11-14 were used as 

crystallization modifiers and corrosion inhibitors. 
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Scheme 2. 17: The synthesis of diethyldiamine or amid tetramethoxy resorcinarenes 
derivatives. 

Scheme 2.17 presents the other types of resorcinarene derivatives that have been 

synthesized and investigated as corrosion inhibitors. Ester 3 was reacted with N,N-

diethylethylenediamine under reflux for three days to form the amide 15. After 3 

days, the solvent was reduced and after the work up process, the desired product was 

obtained without the need for any further purification as shown in Figure 2.22. The 
1H NMR spectrum presents the disappearance of the proton signals that correspond 

to the ethyl ester at G�4.20 – 4.25 and new signals that corresponding to the diethyl 

diamine at G�0.9 -3.4 have been formed. The 13C NMR spectrum gave further 

evidence of forming the desired product where the signals of the carbonyl group at 

G����, the aromatic group at G�������, methoxy group at G���, alkyl and the 

diethylamine groups at G����������are observed. 
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Figure 2. 22: The 1H NMR spectra of compound 15a and 15b. 

 

Scheme 2. 18: The suggested mechanism for the formation of 15. 

This reaction is a nucleophilic acyl substitution reaction and the suggested 

mechanism is introduced in Scheme 2.18. The primary amine adds to the carbonyl 

carbon atom in the ester to form a tetrahedral intermediate. The ethoxy group of the 

ester is then eliminated to produce the desired product. 



 

 36 

 

Scheme 2. 19: (a) The pathway synthesis of 18. (b) Synthesis of 19. 

Scheme 2.19 illustrates the types of compounds that were synthesized to investigate 

the macrocyclic effect of the calixarene derivatives. To form compound 18, the 

amide was first synthesised by reacting dodecanoyl chloride with L-aspartic acid 

dimethyl ester in dichloromethane. Workup gave the ester 17 as a white powder 

which did not need further purification as shown in Figure 2.22, and supported by 1H 

COSY analysis to distinguish between the two protons that linked to the carbonyl 

group and the two protons that linked to the methyl ester. Following that, the 

hydrolysis of the ester was achieved by reacting the ester 17 with sodium hydroxide 

in aqueous methanol followed by acidification with hydrochloric acid (5 M). The 1H 

NMR spectrum clearly indicates the disappearance of the methoxy signal, while 

maintaining signals for the amino acid and fatty acid. Similarly, compound 19 has 

been synthesized by reacting dodecanoyl chloride with diethylethylenediamine and 

the 1H NMR spectrum (Figure 2.23) shows the proton signals of the diethylamide in 

the expected regions at G�������G�����and�G������Also, the 1H COSY analysis has been 

done to differentiate between the CH2 protons linked to the carbonyl group of the 

dodecanoyl chain and the CH2 protons of the aspartic acid component of compound 

17, and also to the differentiate between the CH2 protons of the dodecanoyl group 

and the CH2 protons linked to the nitrogen in the diethylethylenediamine group of 

compound 19. 
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Figure 2. 23: The 1H NMR spectra of compounds 17 and 18. 

 

Figure 2. 24: The 1H NMR spectra of compound 19. 
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2.9 Conclusion 

Numerous previously unreported amino acid functionalized resorcinarene derivatives 

with different length hydrocarbon chains have been synthesised and characterised. 

Also, two reference compounds, dodecanamides of L-aspartic acid or 

diethylethylenediamine acid were successfully synthesized. These compounds will 

be used in studies of their inhibition efficiency for crystallization and corrosion of 

carbon steel in CO2 saturated-brine at 30qC. 

2.10 Experimental 

2.10.1  Reagents 

The chemicals were used without any further purification and were purchased from 

Alfa Assar and Sigma Aldrich companies. Dry acetonitrile and dichloromethane 

were obtained by PureSolv MD5. 

2.10.2  Instrumentation 

All infrared spectra were obtained on a Perkin Elmer 100 FT-IR spectrometer using a 

Universal ATR sampling accessory. All nuclear magnetic resonance (NMR) spectra 

were obtained using a Bruker AVANCEIII 400 MHz NMR spectrometer. 1H spectra 

were recorded at 400 MHz and 13C NMR at 101 MHz. All samples were dissolved in 

and referenced to residual chloroform or acetone-d6. High-resolution mass 

spectrometry (HRMS) has been obtained using a Thermo Scientific Q-Exactive 

Orbitrap mass spectrometer at Edith Cowan University. Optical rotations were 

measured on a Rudolph Research Analytical Autopol 1 Automatic Polarimeter.  
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2.11   Synthesis of the resorcinarenes derivatives 

General procedure for the synthesis of C-alkyl-tetramethoxy-

resorcinarene derivatives (2a-c)  

 

General Procedure 

The procedure published by McIldowie has been followed.65 3-Methoxyphenol (80 

mmol) was dissolved in anhydrous dichloromethane, (150 mL) then the aldehyde (80 

mmol) was added and the mixture was stirred at room temperature. Boron trifluoride 

etherate (162 mmol) was then added dropwise and the mixture turned a red color. 

The reaction mixture was then left to stir at room temperature for 2.5 hours. The 

reaction mixture was then washed with water (1 x 150 mL), and the organic layer 

was dried with magnesium sulfate. Following filtration, the solvent was removed by 

under reduced pressure to give the crude product as dark red precipitate.  

16,36,56,76-tetrahydroxy-14,34,54,74-tetramethoxy-2,4,6,8-
tetrapropylresorcin[4]arene (2a). 3-Methoxyphenol (3 g, 24.16 mmol), butanal 

(1.74 g, 24.16 mmol) and boron trifluoride etherate (6 mL, 48.33 mmol) gave, after 

normal workup and crystallisation from methanol, the desired resorcinarene (2a) (1. 

45g, 33.7%), as a white powder, m.p. 255-256°C (Lit.59 257-258°C), 1H NMR 

(CDCl3) δ 0.90 (t, J = 7.3 Hz, 12H, CH2CH3), 1.29 (apparent sxt, 8H, CH2CH3), 

2.16-2.04 (apparent q, 8H, CH2CH), 3.83 (s,12H, OCH3), 4.30 (t, J = 6.1 Hz, 4H, 

CHCH2), 6.35 (s, 4H, ArH), 7.23 (s, 4H, ArH), 7.50 (s, 4H, OH). 13C NMR. (CDCl3) 

δ 14.00 (CH3), 21.04, 32.68 (2CH2), 35.79 (CH), 55.89 (OCH3), 100.01, 123.76, 

124.59, 124.69, 152.97, 153.65 (CH2-Ar).  

2,4,6,8-tetraheptyl-16,36,56,76-tetrahydroxy-16,34,54,74-
tetramethoxyresorcin[4]arene (2b). 3-Methoxyphenol (0.5 g, 4.02 mmol), octanal 

(0.52 g, 4.02 mmol) and boron trifluoride etherate (1 mL, 8.06 mmol) gave, after 
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normal workup and crystallisation from methanol, the desired resorcinarene (2b) 
(0.250 g, 26.5%), as a yellowish white powder, m.p. 159-160°C (Lit.59160°C). 1H 

NMR (CDCl3) δ 0.88 (t, J = 7.0 Hz, 12H, CH2CH3), 1.38-1.25 (m, 40H, (CH2)5CH3), 

2,18 (apparent q, 8H, CH2CH), 3.82 (s, 12H, OCH3), 4.26 (t, J = 7.0 Hz, 4H, 

CHCH2), 6.34 (s, 4H, ArH), 7.21 (s, 4H, ArH), 7.50 (s, 4H, OH). 13C NMR (CDCl3) 

δ 14.11 (CH3), 22.66, 28.08, 29.38, 29.68, 31.90 (5CH2), 33.99 (CH), 55.88 (OCH3), 

100.02, 123.71, 124.63, 124.74, 152.95, and 153.63 (CH2-Ar).  

16,36,56,76-tetrahydroxy-16,34,54,74-tetramethoxy-2,4,6,8-
tetraundecylresorcin[4]arene (2c). 3-Methoxyphenol (5 g, 40.27 mmol), dodecanal 

(7.42 g, 40.25 mmol) and boron trifluoride etherate (10 mL, 80.53 mmol) gave, after 

normal workup and crystallisation from methanol, the desired resorcinarene (2c) 
(6.95 g, 30%), as a white powder, m.p. 129-131°C. (Lit.59 128-130°C) 1H NMR. 

(CDCl3) δ 0.69 (t, J = 7.0 Hz, 12H, CH2CH3), 1.10-1.5 (m, 72H, (CH2)9CH3), 2.10 – 

1.98 (apparent q, 8H, CH2CH), 3.59 (s, 12H, OCH3), 3.98 (t, J = 7.7 Hz, 4H, 

CHCH2), 6.98 (s, 4H, ArH), 6.11 (s, 4H, ArH). 13C NMR (CDCl3) δ 14.7 (CH3), 

22.71, 28.10, 29.42, 29. 63, 29.74, 29.76, 29.78, 29.79, 31.97, 31.08, 34.00 (10CH2 

and CH), 55.87 (OCH3), 100.02, 123.71, 124.63, 124.73, 152.96, 153.62 (CH2-Ar). 

General procedure for the synthesis of ethoxycarbonyl methyleneoxy-

tetramethoxyresorcinarene derivatives (3a-c)  

 

General Procedure 

A mixture of the alkyl tetramethoxyresorcinarene derivatives (43.10 mmol) and of 

ethyl bromoacetate (4 mL, 34.48 mmol) were dissolved in dry acetonitrile (132 mL). 

Potassium carbonate (34. 48mmol) was then added and the reaction mixture heated at 

reflux for 40 h. The reaction mixture was then cooled, filtered and concentrated to 
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give a yellow oil. This oil was dissolved in ether (30 mL) and washed with water (3 x 

30 mL) and brine (2 x 30 mL) then dried with magnesium sulfate After that, the 

solvent was reduced to give the crude product, brown oil. 

16,36,56,76-tetra(ethoxycarbonylmethyleneoxy)-14,34,54,74-tetramethoxy-2,4,6,8-
tetrapropylresorcin[4]arene (3a). The tetramethoxyresorcinarene (2a) (1.2 g, 1.68 

mmol), ethyl bromoacetate (1.5 mL, 13.47 mmol) and potassium carbonate (1.8, 

13.48 mmol) gave, after normal workup, an oil which was crystallised from a 

minimum amount of methanol after cooling to 4°C for 24 h compound 3a (0.950 g, 

57%) as a white powder, m.p. 133°C. 1H NMR (CDCl3) δ 0.91 (t, J = 7.2 Hz, 12 H, 

CH2CH3). 1.27 (t, J = 7.1 Hz, 12H, OCH2CH3), 1.30 – 1.39 (apparent q, 8H, 

CH2CH3), 3.60 (s, 12H, OCH3), 3.96, 4.20.  (2d, J = 15.8 Hz, 8H, CH2CO), 4.21 - 

4.26 (m, 12H, CH2O), 4.53 (t, J = 7.4 Hz, 4H, CHCH2), δ 6.28 (s, 4H, Ar H), 6.61 (s, 

4H, Ar H). 13C NMR (CDCl3) δ 14.22, 14.30 (2CH3), 21.08, 35.21, 37.00 (2CH2 and 

CH), 55.56, 60.91, 68.37 (OCH3, COCH2CH3 and CH2CO), 99.56, 126.27, 127.47, 

128.20, 154.92, 155.85 (CH2-Ar), 169.6 (C=O). IR 1753 (CO), 2923 (CH2), 2855 

(CH3), 1684 (C=C), 1301 cm-1 (C–O). HRMS m/z [M+H]+ calculated for C60H81O16 

1057.5535, found 1057.5502.  

16,36,56,76-tetra(ethoxycarbonylmethyleneoxy)-2,4,6,8-tetraheptyl-16,34,54,74-
tetramethoxyresorcin[4]arene (3b). The tetramethoxyresorcinarene (2b) (2 g, 2.13 

mmol), ethyl bromoacetate (1.8 mL, 16.7 mmol) and potassium carbonate (2.4 g, 

17.01 mmol) gave, after normal workup an oil which was crystallised from a 

minimum amount of methanol after cooling to 4°C for 24 h compound 3b (1.5 g, 

58%) as a white powder, m.p. 69.0 °C (Lit.59 63.5-64°C). 1H NMR. (CDCl3) δ, 0.84 

(t, J = 6.6 Hz, 12H, CH2CH3), 1.20 – 1.26 (m, 40H, (CH2)5CH3), 1.28 (t, J = 7.1 Hz, 

12H, OCH2CH3), 1.78 – 1.86 (m, 8H, CH2CH3), 3.61 (s, 12H, OCH3), 3.99 - 4.21  

(2d, J = 15.8 Hz, 8H, CH2CO), 4.22 - 4.28 (m, 12H, CH2O), 4.51 (t, 4 H, J = 7.4 Hz, 

CHCH2), 6.30 (s, 4H, Ar H), 6.61 (s, 4H, Ar H). 13C NMR. (CDCl3) δ 14.11, 14.23 

(2CH3), 22.70, 28.04, 29.36, 29.95, 32.03, 34.66, 35.48 (6CH2 and CH), 55.55, 

60.90, 68.38 (OCH3, COCH2CH3 and CH2CO), 99.58, 126.30, 127.47, 128.19, 

154.94, 155.57 (CH2-Ar), 169.63(C=O). IR 1753 (CO), 2923 (CH2), 2855 (CH3), 

1684 (C=C), 1301 cm-1 (C–O). HRMS m/z [M+H]+  calculated for C76H113O16 

1281.8039, found 1281.8002.  
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16,36,56,76-tetra(ethoxycarbonylmethyleneoxy)-16,34,54,74
-tetramethoxy-2,4,6,8-

tetraundecylresorcin[4]arene (3c). The tetramethoxyresorcinarene (2c) (2.5 g, 2.15 

mmol), ethyl bromoacetate (1.9 mL, 11.44 mmol) and potassium carbonate (2.4 g, 

17.36 mmol) gave, after normal workup an oil which was crystalized from a 

minimum amount of methanol after cooling to 4 °C for 24 h compound 3c (1.655 g, 

51%), m.p. 57.0°C. 1H NMR. (CDCl3) δ, 0.85 (t, J = 6.7 Hz, 12H, CH2CH3), 1.19 – 

1.25(m, 36H, (CH2)9CH3), 1.27 (t, J = 7.1 Hz, 12H, OCH2CH3), 1.77-1.84 (m, 8H, 

CH2CH), 3.60 (s, 12H, OCH3), 3.98, 4.20  (2d, J = 15.8 Hz, 8H, CH2CO), 4.21 - 4.25 

(m, 12H, CH2O), 4.50 (t, 4 H, J = 7.4 Hz, CHCH2), 6.28 (s, 4H, Ar H), 6.59 (s, 4H, 

Ar H).13C NMR. (CDCl3) δ 14.10, 14.23 (2CH3), ), 22.69, 28.08, 29.39, 29.72, 29.75, 

29.79, 29.87, 30.03, 31.94, 34.66, 35.50 (10CH2 and CH), 55.55, 60.90, 68.39 

(OCH3, COCH2CH3 and CH2CO), 99.58, 126.31, 127.47, 128.19, 154.94, 155.57 

(CH2-Ar), 169.63(C=O). IR 1759 (CO), 2920 (CH2), 2850 (CH3), 1612 (C=C), 1297 

cm-1 (C–O). HRMS m/z [M+H]+  calculated for C92H145O16 1506.0543. 

General procedure for the hydrolysis of the ethyl ester in the alkyl- 

tetramethoxyresorcinarene derivatives (3a-c) to form (4a-c) 

 

To a solution of the tetraester (1.89 mmol) in methanol (80 mL) was added sodium 

hydroxide (15.15 mmol) and water (4 mL) and the mixture heated at reflux for 5 

hours. The solvent was removed to gain a light-yellow solid which was then acidified 

with 5 M of HCl, filtered and dried in a vacuum desiccator over P2O5 for 72 hours to 

gain the white solid.  

16,36,56,76-tetra(carboxymethyleneoxy)-14,34,54,74-tetramethoxy-2,4,6,8-
tetrapropylresorcin[4]arene (4a). The tetra-ester (3a) (0.51 g, 0.48 mmol) and 

sodium hydroxide (0.15 g, 3.86 mmol) gave, after workup and drying the desired 

tetra-acid (4a) (0.281 g, 62%) as a white solid, m.p. 272°C. 1H NMR. (Acetone-d6) δ, 
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0.89 (t, 12H, J = 7.2 Hz, CH2CH3), 1.78 – 1.87 (m, 8H, CH2CH), 3.63 (s,12H, 

OCH3), 4.14 - 4.42 (2d, J = 16 Hz, 8H, CH2CO), 4.58 (t, J = 7.5, Hz, 4H, CH2CH), 

6.39 (s, 4H, Ar H), 6.75 (s, 4H, Ar H), 13C NMR. (Acetone-d6) δ14.01 (CH3) 20.87, 

34.56, 37.26 (2CH2 and CH), 55.47, 67.04 (OCH3 and OCH2), 98.89, 126.01, 126.87, 

126.41, 154.41, 155.47 (CH2-Ar), 169.78 (C=O). IR 3450 (OH), 1732 (CO), 2931 

(CH2), 2869 (CH3), 1610 (C=C), 1294 cm-1 (C–O). HRMS, m/z [M+H]+ calculated 

for C52H65O16 945.4283, found 945.4269.  

16,36,56,76-tetra(carboxymethyleneoxy)-2,4,6,8-tetraheptyl-16,34,54,74-
tetramethoxyresorcin[4]arene (4b). The tetra-ester (3b) (0.51 g, 0.39 mmol) and 

sodium hydroxide (0.127 g, 3.18 mmol) gave, after workup and drying the desired 

tetra-acid (4b) (0.365 g, 78%) as a white solid, m.p. 190°C. 1H NMR. (Acetone-d6) δ, 

0.88 (t, 12H, J = 6.5 Hz, CH2CH3), 1.26 -1.39 (m, 40 H, (CH2)5CH3), 1.82 – 1.99 (m, 

8H, CH2CH), 3.70 (s,12H, OCH3), 4.29 - 4.54 (2d, J = 16 Hz, 8H, CH2CO), 4.68 (t, J 

= 7.5 Hz, 4H, CH2CH), 6.55 (s, 4H, ArH), 6.86 (s, 4H, ArH). 13C NMR. (Acetone-

d6) δ 13.51 (CH3), 22.48, 27.98, 29.28, 29.75, 31.87, 34.87, 34.95 (6CH2 and CH), 

55.30, 66.68 (OCH3 and OCH2), 98.83, 126.02, 126.38, 126.92, 154.70, 155.76, 

(CH2-Ar), 169.55 (C=O). IR 3416 (OH), 1723 (CO), 2925 (CH2), 2854 (CH3), 1610 

(C=C), 1267 cm-1 (C–O). [M+H]+ calculated for C68H97O16, 1169.6787, found 

1169.6771.  

16,36,56,76-tetra(carboxymethyleneoxy)-16,34,54,74tetramethoxy-2,4,6,8-
tetraundecyl-resorcin[4]arene (4c). The tetra-ester (3c) (1.5 g, 0.99 mmol) and 

sodium hydroxide (0.319 g, 7.9 mmol) gave, after workup and drying the desired 

tetra-acid (4c) (1.120 g, 80%) as a white solid, m.p. 155°C. 1H NMR. (Acetone-d6) δ, 

0.41 (t, 12H, J = 7.0 Hz, CH2CH3), 0.74 – 0.92 (m, 72 H, (CH2)9CH3), 1.32 – 1.50 

(m, 8H, CH2CH), 3.20 (s, 12H, OCH3), 3.71- 3.99 (2dd, J = 16 Hz, 8H, CH2CO), 

4.14 (t, J = 7.4, Hz, 4H, CH2CH), 5.97 (s, 4H, ArH.), 6.31 (s, 4H, ArH), 13C NMR. 

(Acetone-d6) δ 13.80 (CH3), 22.54, 27.91, 29.28, 29.44, 29.60, 29.66, 29.88, 31.82, 

34.87, 34.94 (10CH2 and CH), 55.46, 67.04 (OCH3 and OCH2), 98.92, 126.04, 

126.83, 127.36, 154.43, 155.47 (CH2-Ar), 169.80 (C=O). IR 3880 (OH), 1721 (CO), 

2920 (CH2), 2851 (CH3), 1611 (C=C), 1293 cm-1 (C–O).  
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General procedure for the coupling of dimethyl-L-aspartate to the 

carboxylic acid to form (5a-c)  

 

The tetramethoxyresorcinarene acid (4) (1.6 mmol) was dissolved in 100 mL dry 

dichloromethane then dimethyl L-aspartate hydrochloride (16.7 mmol) and 

trimethylamine (1.3 mL). The mixture was stirred till all the solid dissolved at room 

temperature. Then, 16.8 mmol of N, N, N′, N′-tetramethyl-O-(benzotriazol-1-yl) 

uronium tetrafluoroborate (TBTU) and a further portion of trimethylamine (1.0 mL) 

was added and the pH was checked during the first 30 minutes to be at 8.5. After 4 

hours, the reaction was quenched by the addition of hydrochloric acid (1 M, 30 mL). 

The organic solution was then washed with 5% of sodium bicarbonate (3 x30 mL) 

and (3 x 30 mL) water, dried and concentrated under reduced pressure to give the 

desired amides as a mixture of diastereoisomers as oil. This was crystallised by 

adding a small amount of cold methanol up to 4°C for 24 h.   

14,34,54,74-tetramethoxy-16,36,56,76-tetra[(dimethyl-L-aspartyl)-N-
carbonylmethyleneoxy]-2,4,6,8-tetrapropylresorcin[4]arene(5a). 
Tetramethoxyresorcinarene acid (4a) (1 g, 1.05 mmol), dimethyl L-aspartate 

hydrochloride (3.3 g, 16.7 mmol), trimethylamine (2.3 mL) and TBTU (5.4 g, 16.8 

mmol) gave after workup, the desired product as a crystalline solid (0.800 g, 50%), 

m.p 185°C. 1H NMR. (CDCl3), (note a 1:1 mixture of diastereoisomer, integration 

values are combination of both isomers) δ 0.85 – 0.96 (m, 2 x 12H, CH3CH2), 1.24 - 

1.39 (m,, 2 x 8H, CH2CH3), 1.76 - 1.88 (m, 2 x 8H, CH2CH), 2.81 – 3.01 (m,2 x 8H, 

CH2COOH), 3.45 - 3.76 (m, 2 x 12H, OCH3), 4.07 – 4.31 (m, 2 x 8H, OCH2CO), 

4.50 (t, J = 7.4 Hz, 2 x 4H, CHCH2),  4.83 - 4.95 (m, 2 x 4H, CHCH2COOH), 6.28, 

6.31, 6.70, 6.74 (4 s, 2 x 4H, Ar H). 13C NMR. (CDCl3) δ 14.31 (2 x CH3), 21.00, 

21.05, 34.79, 34.95, 35.85, 36.05, 37.42, 37.55, 48.20, 48.37(2 x 3CH2 and 2CH), 
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51.88, 51.96, 52.75, 56.28, 56.34, 68.86, 69.16 (2 x 3OCH3 and OCH2), 98.70, 99.09, 

126.16, 126.54, 126.77, 127.73, 127.99, 153.86, 154.08, 155.58,154.65 (2x CH2-Ar), 

168.84, 168.90, 170.50, 170.59, 170.81, 170.83 (C=O, COOCH and COOCH2). IR 

3415 (NH), 1737 cm-1 (CO), 2928 cm-1(CH2), 2868 cm-1 (CH3), 1683 cm-1 (C=C), 

1288 cm-1. HRMS, m/z [M+H]+ calculated for C76H101O28, 1517.6597, found, 

1517.6597. 

2,4,6,8-tetraheptyl-14,34,54,74-tetramethoxy-16,36,56,76-tetra[(dimethyl-L-
aspartyl)-N-carbonylmethyleneoxy]resorcin[4]arene(5b). 
Tetramethoxyresorcinarene acid (4b) (1g, 0.85 mmol), dimethyl L-aspartate 

hydrochloride (2.70 g, 13.70 mmol), trimethylamine (1.9 mL) and TBTU (4.39 g, 

13.70 mmol) gave after workup, the desired product as an oil (1. 650 g, 61%) 

Separation of the diastereomers 5b to form 6 and 7  

 

The compound 5b has been isolated via addition of cold methanol (10 mL) and 

filtered to gain the compound 6 as a white powder (0.280 g, 20%) and the compound 

7 as light yellow oil (1 g, 72%).  

2(S),4(S),6(S),8(S)-tetraheptyl-14,34,54,74-tetramethoxy-16,36,56,76-
tetra[(dimethyl-L-aspartyl)-N-carbonylmethyleneoxy]resorcin[4]arene(6), 
m.p.149°C. 1H NMR. (CDCl3) δ 0.85 (t, J = 7.0Hz, 12H, CH3CH2), 1.17 – 1.36 (m, 

40 H, CH2CH3), 1.80 – 1.90 (m, 8 H, CHCH2), 2.82 – 3.00 (m, 8H, CH2COO), 3.53, 

3.64, 3.71 (3s, 36H, OCH3), 4.16 – 4.25 (2d, 8H, J = 15.1Hz, OCH2CO), 4.50 (t, J = 

7.5 Hz, 4H, CHCH2), 4.85 - 4.95 (m, 4H, CHCOO), 6.34 (s, 4H, Ar H), 6.75 (s, 4H, 

Ar H), 7.55 (d, 4H, J =8.4 Hz, NH). 13CNMR. (CDCl3) δ 14.10 (CH3), 28.00, 29.36, 

29.99, 32.00, 35.09, 35.30, 36.06, 48.25, 51.88, 52.75, 56.35, 69.18, (6CH2, 2CH, 

CH2CO and 3CH3O), 99.11, 126.20, 126.80, 127.99, 154.10, 154.59 (CH2-Ar), 

168.94 170.58, 170.80 (CHCO, CH2CO) and CONH). IR 3412 (NH), 1736 cm-1 
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(CO), 2926 cm-1(CH2), 2854 cm-1 (CH3), 1681 cm-1 (C=C), 1290 cm-1.[M+H] 

+calculated for C92H133N4O28, 1741.9115 m/z, found, 1741.9101 m/z. 

2(R),4(R),6(R),8(R)-tetraheptyl-14,34,54,74-tetramethoxy-16,36,56,76-
tetra[(dimethyl L-aspartyl)-N-carbonylmethyleneoxy]resorcin[4]arene (7). 1H 

NMR. (CDCl3) δ  0.79 (t, J = 6.4 Hz, 12H, CH3CH2), 1.15 – 1.29 (m, 40 H, 

CH2CH3), 1.73 – 1.84 (m, 8 H, CH2CH), 2.87 (d, J =5.4 Hz, 8H, CH2COO), 3.53, 

3.59, 3.64 (3s, 9H, COOCH3), 4.07 – 4.26(dd, 8H, J = 15.0 Hz, OCH2CO), 4.45 (t, J 

= 7.4 Hz, 4H, CHCH2), 4.78 – 4.89  (m, 4H, CHCOO), 6.26 (s, 4H, Ar H), 6.66 (s, 

4H, Ar H), 7.42 (d, 4H, J =8.3 Hz, NH). 13CNMR. (CDCl3) δ 14.08 (CH3), 22.67, 

28.06, 29.31, 29.34, 30.00, 32.00, 34.97, 35.27, 35.88, 36.01, 38.64, 48.39 (7CH2 and 

2CH), 51.97, 52.77, 56.29, 68.85 (CH2CO and 3CH3O), 98.79, 126.14, 126.57, 

127.73, 153.84, 155.63 (CH2-Ar), 168.99, 170.43, 170.84, 170.80 (CHCO, CH2CO) 

and CONH), extra peaks notice due to the tracs of the other isomer. IR 3392 (NH), 

1736 cm-1 (CO), 2926 cm-1(CH2), 2854 cm-1 (CH3), 1672 cm-1 (C=C), 1291 cm-1 

[M+H] +calculated for C92H133N4O28, 1741.9115 m/z, found, 1741.9101 m/z. 

14,34,54,74-tetramethoxy-16,36,56,76-tetra[(dimethyl-L-aspartyl)-N-
carbonylmethyleneoxy]-2,4,6,8-tetraundecylresorcin[4]arene(5c).  
Tetramethoxyresorcinarene acid (4c) (1g, 0.72 mmol), dimethyl L-aspartate 

hydrochloride (2.27g, 11.49 mmol), trimethylamine (1.mL) and TBTU (3.69 g, 11.49 

mmol) gave after workup, the desired product as an oil (1. 500 g, 67%). 

Separation of the diastereomers 5c to form 8 and 9 

 

The methyl L-aspartic acid coupling dodecyltetramethoxy resorcinarene 5c was 

isolated via addition of cold methanol (10 mL) and filtered to gain 8 as a white 

powder (0.200 g, 18%) and gain 9 as an oil in (0.850 g, 60%).  
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14,34,54,74-tetramethoxy-16,36,56,76-tetra[(dimethyl-L-aspartyl)-N-
carbonylmethyleneoxy]-2(S),4(S),6(S),8(S)-tetraundecylresorcin[4]arene58, m.p. 

147°C. 1H NMR. (CDCl3) δ 0.85 (t, J = 6.4 Hz, 12H, CH3CH2), 1.16 – 1.40 (m, 40 

H, CH2CH3), 1.79 – 1.89 (m, 8 H, CHCH2), 2.80 – 3.02 (m, 8H, CH2COO), 3.52, 

3.63, 3.71 (3s, 36H, OCH3), 4.17 – 4.26 (2d, 8H, J = 15.1Hz, OCH2CO), 4.49 (t, J = 

7.2 Hz, 4H, CHCH2), 4.83 - 4.96 (m, 4H, CHCOO), 6.34 (s, 4H, Ar H), 6.74 (s, 4H, 

Ar H), 7.52 (d, 4H, J =8.4 Hz, NH). 13CNMR. (CDCl3) δ 14.10 (CH3), 22.68, 28.06, 

29.39, 29.73, 29.78, 29.80, 29.88, 30.11, 31.93, 35.13, 35.29, 36.06, 48.26, 51.89, 

52.75, 56.35, 69.19, (6CH2, 2CH, CH2CO and 3CH3O), 99.12, 126.21, 126.82, 

127.98, 154.10, 154.59 (CH2-Ar), 168.92 170.58, 170.79 (CHCO, CH2CO) and 

CONH). IR 3412 (NH), 1736 cm-1 (CO), 2922 cm-1 (CH2), 2852 cm-1 (CH3), 1681 

cm-1, (C=C), 291 cm-1. [M+H] +calculated for C108H165N4O28, 1966.1619 m/z, found, 

1966.1576m/z.  

14,34,54,74-tetramethoxy-16,36,56,76-tetra[(dimethyl-L-aspartyl)-N-
carbonylmethyleneoxy]-2(R),4(R),6(R),8(R)-tetraundecylresorcin[4]arene58, 1H 

NMR. (CDCl3) δ 0.85 (t, J = 7.0 Hz, 12H, CH3CH2), 1.15 – 1.35 (m, 40 H, CH2CH3), 

1.75 – 1.89 (m, 8 H, CHCH2), 2.92 (d, 8H, CH2COO), 3.58, 3.62, 3.69 (3s, 36H, 

OCH3), 4.11 – 4.28 (2d, 8H, J = 15.0 Hz, OCH2CO), 4.48 (t, J = 7.3 Hz, 4H, 

CHCH2), 4.84 - 4.92 (m, 4H, CHCOO), 6.29 (s, 4H, Ar H), 6.68 (s, 4H, Ar H), 7.47 

(d, 4H, J =8.2 Hz, NH). 13CNMR. (CDCl3) δ 14.06 (CH3), 22.64, 28.09, 29.34, 

29.37, 29.75, 29.85, 30.06, 30.09, 31.89, 35.30, 36.06, 48.42, 52.01, 52.82, 56.42, 

69.96, (6CH2, 2CH, CH2CO and 3CH3O), 99.84, 126.13, 126.53, 127.66, 153.84, 

153.63 (CH2-Ar), 168.96 170.46, 170.79 (CHCO, CH2CO) and CONH). IR 3397 

(NH), 1735 cm-1 (CO), 2923 cm-1, (CH2), 2852 cm-1 (CH3), 1677 cm-1, (C=C), 1291 

cm-1. [M+H] +calculated for C108H165N4O28, 1966.1619 m/z, found,1966.1587m/z.  
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14,34,54,74-tetramethoxy-16,36,56,76-tetra[(L-aspartic acid)-N-
carbonylmethyleneoxy]-2,4,6,8-tetrapropylresorcin[4]arene  10 

 

The dimethyl aspartate derivative (5a, 0.5 mmol) was dissolved in methanol (80 mL) 

then sodium hydroxide (4.2 mmol) and water (3 mL) were added and the reaction 

mixture was heated at reflux for 5 hours. Removal of the solvent gave a white solid 

which was acidified with HCl (30 mL of 5 M), filtered and dried in a vacuum 

desiccator over P2O5 for 72 hours to give the acid as a light brown powder, 0.550 g, 

74%, m.p. 120°C. 1H NMR. (Acetone-d6) δ 0.89 (t, 2 x 12H, CH3CH2), 1.26 - 1.40 

(m, 2 x 8H, CH2CH3), 1.75 - 1.86 (m, 2 x 8H, CH2CH), 2.83 – 3.01 (m, 2 x 8H, 

CH2COOH), 3.63 (s, 2 x 12H, OCH3), 4.03 – 4.27 (m, 2 x 8H, OCH2CO), 4.52 (t, J = 

6.8 Hz, 2 x 4H, CHCH2),  4.79 - 4.87 (m, 2 x 4H, CHCH2COOH), 6.47, 6.50, 6.69, 

6.67 (4 s, 2 x 4H, Ar H). 13C NMR. (acetone-d6) δ 13.98 (2 CH3), 20.95, 34.94, 

35.04, 35.48, 35.56, 37.14, 37.17, 48.07, 48.17,  (2 x 3CH2 and 2 x 2CH), 55.98, 

56.04, 69.31, 69.65 (2 x OCH3 and 2CH2CO), 99.74, 100.12, 125.79, 125.81, 126.21, 

127.79, 127.86, 153.91, 153.94, 154.51, 154.78, 155.76, 155.81 (2 x 6Ar), 169.43, 

169.73, 171.27, 171.76, 171.82 (2 x 3 CO). IR 3388 (NH), 1731 cm-1 (CO), 2931 cm-

1(CH2), 2869 cm-1 (CH3), 1979 cm-1 (CO in COOH), 1287 cm-1.  

2(S),4(S),6(S),8(S)-tetraheptyl-14,34,54,74-tetramethoxy-16,36,56,76-tetra[(L-
aspartic acid)-N-carbonylmethyleneoxy]resorcin[4]arene 11 

 

 The dimethyl L-aspartic acid coupling heptyl tetramethoxy resorcinarene (6, 0.160 

mmol) was dissolved in 40 mL methanol followed by addition of sodium hydroxide 

(1.28 mmol) and one millilitre of water. This was left to reflux for 5 hours. The 

solvent was reduced to gain a white solid. To this solid 5 mL -5 M of HCl was 
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added, the solid was filtered and dried it in a vacuum desiccator over P2O5 for 72 

hours to give the acid as a white powder (0.200 g, 76%), m.p.168°C. 1H NMR. 

(Acetone-d6) δ  0.86 (t, J = 7.0Hz, 12H, CH3CH2), 1.20 – 1.45 (m, 40 H, CH2CH3), 

1.76 – 1.95 (m, 8 H, CH2CH), 2.86 – 3.05 (m, 8H, CH2COO), 3.69 (s, 12H, OCH3), 

4.10 – 4.36 (m, 8H, OCH2CO), 4.58 (t, J = 7.2 Hz, 4H, CHCH2), 4,80 - 4.96 (m, 4H, 

CHCOO), 6.60 (s, 4H, Ar H), 6.78 (s, 4H, Ar H). 13C NMR. (101MHz, CDCl3) δ 

13.54 (CH3), 22.48, 27.98, 29.84, 31.89, 34.91, 35.27, 35.45, 35.52, 37.88, 48.10, 

48.22 (7 CH2, 2 CH) 55.91, 69.27, 69.52, (OCH3 and CH2CO), 99.84, 100.07, 

125.81, 125.84, 126.58, 127.65, 127.74, 154.59, 154.81, 155.85, 155.88 (6 Ar), 

169.12, 169.21, 171.19, 171.24, 171.61, 171.63 (3 C=O). IR 3396 (NH), 1737 cm-1 

(CO), 2925 cm-1. (CH2), 2854 cm-1 (CH3), 1979 cm-1 (CO in COOH), 1642 cm-1, 

(C=C), 1288 cm-1. 

2(R),4(R),6(R),8(R)-tetraheptyl-14,34,54,74-tetramethoxy-16,36,56,76-tetra[(L-
aspartic acid)-N-carbonylmethyleneoxy]resorcin[4]arene 12 

 

The dimethyl L-aspartic acid coupled heptyltetramethoxy resorcinarene 7, (0.450 

mmol) was dissolved in methanol (80 ml), then sodium hydroxide (3.65 mmol) and 

water (3 mL) were added. The mixture was heated at reflux for 5 hours. The solvent 

was then removed to gain a light yellow solid, to which was added HCl solution (10 

mL, 5 M). The solid was then filtered and dried in a vacuum desiccator over P2O5 for 

72 hours to give the acid as a light brown powder (0.450 g, 60%). m.p. 150°C. 1H 

NMR. (Acetone-d6) δ 0.88 (t, J = 7.0 Hz, 12H, CH3CH2), 1.22 – 1.45 (m, 40 H, 

CH2CH3), 1.84 – 1.95 (m, 8 H, CH2CH), 2.92 – 3.07 (m, 8H, CH2COO), 3.72 (s, 

12H, OCH3), 4.13 – 4.32 (m, 8H, OCH2CO), 4.62 (t, J = 7.3 Hz, 4H, CHCH2), 4.86 – 

4.98 (m, 4H, CHCOO), 6.61 (s, 4H, Ar H), 6.81 (s, 4H, Ar H). 13C NMR. (101MHz, 

CDCl3) δ 13.82 (CH3), 22.55, 27.95, 28.94, 30.15, 31.92, 34.70, 35.26, 35.59, 35.60, 

48.00, 48.08 (7 CH2, 2 CH), 55.86, 55.94, 69.49, 69.79 (OCH3, CH2CO), 99.30, 

99.58, 125.87, 125.91, 126.65, 127.83, 154.55, 154.84, 155.72 (6Ar), 169.73, 169.98,  
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171.04, 171.71 (3 C=O) IR 3388 (NH), 1723 cm-1 (CO), 2924 cm-1, (CH2), 2854 cm-

1 (CH3), 1980 cm-1 (CO in COOH), 1640 cm-1, (C=C), 1288 cm-1.  

14,34,54,74-tetramethoxy-16,36,56,76-tetra[(L-aspartic acid)-N-
carbonylmethyleneoxy]-2(S),4(S),6(S),8(S)-tetraundecylresorcin[4]arene 13. 

  

The dimethyl L-aspartic acid coupled undecylttetramethoxy resorcinarene (0.127 

mmol) was dissolved in methanol (25 mL), sodium hydroxide (0.812 mmol), one 

millilitre of water was then added and finally 5 ml of THF was added. This was left 

to reflux for 5 hours. The solvent was reduced and 5 mL,5 M of HCl then added. The 

resulting solids was filtered and dried in a vacuum desiccator over P2O5 for 72 hours 

to gain a white powder (0.176 g, 75%), m.p. 198°C. 1H NMR. (Acetone-d6) δ  0.86 

(t, J = 6.6 Hz, 12H, CH3CH2), 1.20 – 1.42 (m, 72 H, CH2CH3), 1.80 – 1.93 (m, 8 H, 

CH2CH), 2.90 – 3.05 (m, 8H, CH2COO), 3.69 (s, 12H, OCH3), 4.10 – 4.30 (m, 8H, 

OCH2CO), 4.59 (t, J = 7.2 Hz, 4H, CHCH2), 4.84 – 4.96 (m, 4H, CHCOO), 6.59 (d, 

J = 10.2,  4H, Ar H), 6.77 (s, 4H, Ar H), 7.62 – 7.79 (m, 4H, NH). 13C NMR. 

(Acetone-d6) δ 13.49 (CH3), 22.46, 27.99, 28.36, 29.25, 29.58, 29.64, 29.97, 31.79, 

34.90, 35.28, 35.54, 48.03, 38.17 (11CH2, 2CH), 55.83, 69.31, 69.53(OCH3, CH2CO), 

99.72, 99.77, 125.88, 126.52, 126.66, 127.57, 154.64, 154.81, 155.90 (6Ar), 168.97, 

169.05, 171.10, 171.14, 171.48, 171.51 (C=O). IR 3390 (NH), 1727 cm-1 (CO), 2922 

cm-1, (CH2), 2852 cm-1 (CH3), 1980 cm-1 (CO in COOH), 1642 cm-1, (C=C), 1289 

cm-1.  
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14,34,54,74-tetramethoxy-16,36,56,76-tetra[(L-aspartic acid)-N-
carbonylmethyleneoxy]-2(R),4(R),6(R),8(R)-tetraundecylresorcin[4]arene 14. 

  

The methyl L-aspartic acid coupling undecyletramethoxy resorcinarene (0.29 mmol.) 

was dissolved in methanol (73 mL), sodium hydroxide (2.375 mmol), and water (3 

mL) were added. This was left to reflux for 5 hours. The solvent was reduced and 10 

mL, 5 M of HCl then added. The resulting solids was filtered and dried in a vacuum 

desiccator over P2O5 for 72 hours to give the acid as a light brown powder, (0.336 g, 

61%), m.p. 179°C. 1H NMR (400 MHz, acetone-d6) δ 0.87 (t, J = 6.6 Hz, 12H, 

CH3CH2), 1.18 – 1.46 (m, 72 H, CH2CH3), 1.80 – 1.95  (m, 8 H, CH2CH), 2.80 – 

3.07 (m, 8H, CH2COO), 3.69 (s, 12H, OCH3), 4.01 – 4.34 (m, 8H, OCH2CO), 4.59 

(t, J = 7.2 Hz, 4H, CHCH2), 4.82 – 4.99 (m, 4H, CHCOO), 6.59 (s, 4H, Ar H), 6.78 

(s, 4H, Ar H), 7.62 – 7.85 (m, 4H, NH). 13C NMR. (CDCl3) δ 13.52 (CH3), 22.46, 

27.98, 28.42, 28.81, 29.06, 29.39, 29.63, 29.99, 31.79, 34.94, 35.49, 35.55, 37.89, 

48.24(11CH2, 2CH), 55.91, 55.94, 69.27, 96.55 (OCH3, CH2CO), 99.86, 100.17, 

125.84, 126.54, 126.66, 127.56, 127.64, 154.57, 154.80, 155.89, 155.91 (6Ar), 

169.17, 169.41, 171.26, 171.67, 171.71 (3 C=O). IR 3388 (NH), 1723 cm-1 (CO), 

2922 cm-1, (CH2), 2852 cm-1 (CH3), 1979 cm-1 (CO in COOH),  1641 cm-1, (C=C), 

1289 cm-1.  

Synthesis of (N,N-diethylamino)ethylamino-alkyl-tetramethoxy 

resorcinarene derivatives (15a-b) 
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The tetramethyl ester derivative (3a-b, 0.50 mmol) was dissolved in N,N-

diethylethylenediamine (9.0 g, 78 mmol) then, heated at reflux over 3 days. After 

that, it was concentrated to gain organic oil which was dissolved in ethyl acetate (1 x 

10 mL) and washed with dilute NaOH (2 x 30 mL, 0.2 M) and brine (1 x 30 mL). 

The organic layer was dried via anhydrous sodium carbonate and the solvent 

removed to gain a light brown solid.  

14,36,56,76-tetra(2-[(N,N-diethylamino)ethylamino]carbonylmethyleneoxy)-
16,34,54,74-tetramethoxy-2,4,6,8-tetrapropylresorcin[4]arene 15a. The tetraester 

3a (0.500 g, 0.50 mmol) and N, N-diethylethyleneamine (9.0 g, 78 mmol), after 

workup gave the desired compound (15a) gain as a light brown solid (0.350 g, 55%), 

m.p. 162°C. 1H. NMR. (CDCl3) δ 1.04 – 0.85 (m, 36H, 3CH3CH2), 1.39 – 1.19 (m, 

8H, CH2CH3), 1.86 – 1.75 (m, 8H, CH2CH), 2.64 – 2.41 (m, 16H, 2CH3CH2N), 3.25 

-3.27 (m, 8H, CH2CH2N), 3.57 – 3.35 (m, 8H, CH2CH2N), 3.60 (s, 12H, OCH3), 

4.10, 4.24.  (2d, J = 14.8 Hz, 8H, CH2CO), 4.48 (t, J = 5.7 Hz, 4H, CHCH2), 6.24 (s, 

4H, Ar), 6.67 (s, 4H, Ar), 7.05 (t, J = 5.6 Hz, 4H, NH). 13C NMR. (CDCl3) δ 11.68, 

14.32 (CH3), 21.10, 35.04, 37.09, (2CH2, CH), 37.30, 46.96, 51.77 (CH2N), 56.16, 

68.60 (CH2O and CH3O), 97.75, 126.19, 126.26, 127.18, 153.84, 155.49 (Ar), 

168.48, (CO). IR 3417 (NH), 1676 cm-1 (CO), 2925 cm-1, (CH2), 2854 cm-1 (CH3), 

(C–N), 1297 cm-1. [M+H]+ calculated for C76H121 N8O12, 1337.9111 m/z, found, 

1337.9098 m/z. 

14,36,56,76-tetra(2-[(N,N-diethylamino)ethylamino]carbonylmethyleneoxy)-
16,34,54,74-tetramethoxy-2,4,6,8-tetraheptylresorcin[4]arene 15b. The tetraester 

3b (0.500 g, 0.41 mmol) and N, N-diethylethyleneamine (9.0 g, 78 mmol) gave, after 

workup the desired compound (15 b) as a light brown solid (0.400 g, 65%), 

m.p.178°C. 1H. NMR. (CDCl3) δ 1.07 – 0.77 (m, 36H, CH3CH2), 1.27 – 1.18 (m, 

40H, (CH2)5CH3), 1.80– 1.79 (m, 8H, CH2CH), 2.65 – 2.42 (m, 16H, 2CH3CH2N), 

3.35 -3.25 (m, 8H, CH2CH2N), 3.59 – 3.40 (m, 8H, CH2CH2N), 3.59 (s, 12H, OCH3), 

4.09, 4.23  (2d, J = 14.6 Hz, 8H, CH2CO), 4.46 (t, J = 7.4 Hz, 4H, CHCH2), 6.23 (s, 

4H, Ar), 6.66 (s, 4H, Ar), 7.04 (t, J = 5.6 Hz, 4H, NH). 13C NMR. (CDCl3) δ 11.71, 

14.08 (CH3), 22.67, 28.11, 29.37, 29.98, 31.99, 35.00, 35.32, (CH2, CH), 37.12, 

46.96, 51.81 (CH2N), 56.14, 68.58 (OCH2, OCH3), (3CH3, 7CH2, CH and OCH3), 

97.72, 126.19, 126.22, 127.18, 153.84, 155.48 (Ar), 168.48, (CO). IR 3388 (NH), 
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1681 cm-1 (CO), 2932 cm-1, (CH2), 2857 cm-1 (CH3), 1352 cm-1 (CN), 1298 cm-1. 

[M+H]+ calculated for C92H153N8O12, 1562.1615 m/z, found, 1562.1525 m/z. 

Dimethyl N-dodecanoyl-L-aspartate  

 

 

Dimethyl L-aspartic acid (1 g, 5.06 mmol) was dissolved in triethylamine (0.35 mL, 

2.53 mmol) and (10 mL) of dichloromethane and cooled it to (0°C), then dodecanoyl 

chloride (1.2 mL, 5.06 mmol) dissolved in dichloromethane (10 mL) was added 

drop-wise. The mixture was allowed to warm to room temperature and left for 2 

hours. Following that, water (0.5 mL) was added and stirred for 5-10 minutes. The 

reaction mixture was washed with 5% sodium bicarbonate (1 x 20 mL) then brine (1 

x 20 mL), dried and the solvent evaporated to gain a white powder (1 g, 58 %), m.p. 

58°C. 1H NMR. (acetone-d6) δ 0.91 85 (t, J =6.67.0 Hz, CH3), 1.35 21 – 1.15 29 (m, 

16H, (CH2)8CH3), 1.71 – 1.531.55 - 1.65 (m, 2H, CH2), 2.18-2.23 (apparent t, 2H, 

CH2CO), 2.83 (dd, J = 17.2, 4.5 Hz, 1H, CH2COO), 3.00 (dd, J = 17.2, 4.4 Hz, 1H, 

CH2COO),  3.66 (s, 3H, OCH3), 3.72 (s, 3H, OCH3), 4.81 - 4.87 (m, 1H, CHN),  6.55 

( d, J = 7.9 Hz, 1H, NH). 13 C NMR. (acetone-d6) δ 14.10 (CH3), 22.68 24.75, 25.54, 

29.09, 29.16, 29.32, 29.48, 29.60, 33.93, 36.49, 48.34 (CH2), 50.76, 52.03, 52.81 

(CHN, 2 CH3O), 171.71, 171.32, 173.19 (CO). IR 3315 (NH), 1733 (OC=O), 1698 

(NC=O), 2915 (CH2), 2848 (CH3), 1213 cm-1 (C–O). [M+H]+ calculated for 

C18H34NO5,  344.2446 m/z, found, 344.2430 m/z.  

N-undecanoyl-L-aspartic acid 

 

Dimethyl N-dodecanoyl-L-aspartate (17) (1 g, 2.9 mmol) was dissolved in methanol 

(30 mL), then sodium hydroxide (0.174 g, 4.35 mmol) and water (10 mL) were 

added. The reaction mixture was heated at reflux for 5 hours. The solvent was 
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removed and the remaining white solid was then acidified with HCl (5 mL of 5 M), 

filtered and dried in a vacuum desiccator over P2O5 for 72 hours to give a white 

powder (0.800 g, 87 %), m. p. 95°C. 1H NMR. (acetone-d6) δ 0.87 (t, J = 6.9 Hz, 

CH3CH2), 1.25 - 1.35 (m, 16H, 8CH2), 1.53 - 1.62 (m, 2H, CH2), 2.25 (dt, J = 15.6, 

7.5 Hz, 2H, CH2), 2.84 (d, J = 5.8 Hz, 2H, CH2COO), 4.57 - 4.80 (m, 1H, CH), 7.29 

(d, J = 7.8 Hz, 1H, NH). 13 C NMR. (acetone-d6) δ 15.43 (CH3), 22.43 24.78, 28.57, 

28.96, 29.15, 29.34, 29.54, 31.74, 33.35, 35.53, 35.76 (CH2), 48.59, 171.74, 171.44, 

173.89 (CO). IR 3338 (NH), 1697 (OC=O), 1650 (NC=O), 2914 (CH2), 2849 cm-1 

(CH3). [M+H]+ calculated for C16H30NO5, 316.2133 m/z, found, 316.2122 m/z. 

Synthesis of (N,N-diethylamino) undecanamide  

 

N,N-Diethylethyleneamine (16) (1.2 mL 8.60 mmol) was dissolved in 

trimethylamine (0.6 mL, 4.29 mmol.) and (10 mL) of dichloromethane then cooled to 

(0°C) . A solution of dodecanoyl chloride (2.04 mL, 8.60 mmol) in dichloromethane 

(10 mL) was added dropwise. The reaction mixture was allowed to warm to room 

temperature and was then left for 2 hours. Following that, water (0.5 mL) was added 

to the mixture and stirred for 5-10 minutes. It was then washed with 5% sodium 

bicarbonate (1 x 10 mL) then brine (1 x 10 mL) and evaporated to gain a white wax 

(1 g, 66 %).  δ 0.86 (t, J = 6.6 Hz, CH3CH2), 1.01 (t, J = 7.1 Hz, 6H, 2CH3), 1.22 - 

1.32 (m, 16H, 8CH2), 1.56 – 1.64 (m, 2H, CH2), 2.15 (t, J = 7.4, 7.8 Hz, 2H, 

CH2CO), 2.50 – 2.56 (m, 6H, 3CH2N), 5.40 (q, J = 5.2 Hz, 2H, NCH2), 6.18 (s, 1H, 

NH).13C NMR. (CDCl3) δ 11.50, 14.08, (3 CH3), 22.65, 25.77, 29.30, 29.36, 29.48, 

29.59, 31.88, 36.63, 36.78 (CH3(CH2)10), 46.77, 50.41, 51.61 (3CH3, NCH2), 173.34 

(CO). IR 33907 (NH), 1643 cm-1 (CO), 2925 cm-1, (CH2), 2854 cm-1 (CH3), 1979 cm-

1 (CO in COOH), 1642 cm-1, (C=C), 1288 cm-1. [M+H] + calculated for C18H38N2O, 

299.3071 m/z, found, 298.3057m/z. 
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3.0 Crystallization modification 

3.1 Outline 
This chapter will provide a brief overview of basic crystallization theory, the ways in 

which crystallization can be impacted, and a review on the influence of additives on 

the growth rate and habit modification during crystallization.  

3.2 Crystallization 
Crystallization is the natural or synthetic methodology that has been employed in the 

separation and purification of solids. Crystallization has been used in the production 

of a wide range of materials from a supersaturated solution by creating crystal nuclei 

and growing these nuclei to the desired size. The crystalline material (atoms, 

molecules, or ions) is formed with specific faces. The relative size of the faces of the 

crystal can be variable and this leads to a variety of crystal shapes, called the crystal 

habit. The crystal habit can be influenced by the conditions of crystallization.109-110 

This technique is important in many areas such as biomineralization (biological 

organisms)111-112 and in industrial separation processes.113 In industrial processes, 

unwanted deposition of crystals may result in fluid flow restrictions, which may 

cause process disruptions, and may prevent the equipment from operating correctly. 

This unwanted crystallization, is known as scale formation.114 Mineral salts such as 

calcium carbonate115-116 and barium sulfate117 are precipitated as scale in the 

transportation of water through pipes. These mineral precipitations can reduce the 

efficiency of industrial processes and thus, crystallization control is of fundamental 

importance in the chemical industry, in particular, unwanted scale formation needs to 

be inhibited.36, 118-119 

Nucleation and crystal growth are two steps that describe crystallization from 

solution. Nucleation is the moment where the new crystals are formed from solution 

(i.e. the solid is formed from the solution), while crystal growth involves the growth 

of the particle into a larger size. Both steps only occur if there is a driving force for 

this to occur, that is, when the solution is supersaturated. Unsurprisingly, both 

nucleation and growth is dependent on the level of supersaturation.109 
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3.3 Supersaturation 
For a homogenous solution to crystallize, it must be supersaturated. Supersaturation 

can be reached when, at a given temperature, the solution contains more dissolved 

solute than given by equilibrium saturation. Supersaturation is defined 

mathematically by the following Equations;  

∆µ = µ - µ*                   3-1 

where, µ is the chemical potential of the substance in the supersaturated state, and µ* 

is the chemical potential of the same substance in the saturated solution (at 

equilibrium). The relation between chemical potential of a substance and the 

substance activity can be expressed by:  

µ = µ0 + RTln(a)             3-2 

where, µ0 is an arbitrary reference state chemical potential, R the gas constant, T the 

absolute temperature, and a is the substance’s activity. Eq. 3.2 is applied to Eq. 3.1 

and results in:120 

∆µ
𝑅𝑇

= ln( 𝑎
𝑎∗
) = ln(𝑆)        3.3 

where, ∆µ
𝑅𝑇

 is the dimensionless driving force for crystallization and S is the 

supersaturation ratio.121  

There are four main methods to generate supersaturation in aqueous crystallization, 

which is: evaporation, changes in temperature (mainly cooling), changing the solvent 

composition and chemical reaction. The following diagram, Figure 3.1, summarizes 

the technique to generate supersaturation in batch crystallization. The upper dashed 

line is a super-solubility curve (or metastable zone limit) and denotes the temperature 

and concentration where spontaneous nucleation occurs. The solid line is a solubility 

curve. Consequently, the diagram can be divided into three zones: the first zone 

named stable or unsaturated zone, where crystallization is impossible and the solute 

can still dissolve, the second zone is known as the metastable zone, which is 

supersaturated but spontaneous crystallization is unlikely to happen, and finally, the 

unstable or supersaturated zone where spontaneous nucleation is likely to happen 
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(Figure 3.1a). The metastable zone is a region of supersaturated solution where 

nucleation may or may not occur. The probability of nucleation increases as the 

concentration increases towards the metastable limit. There are many features that 

can be impact on the metastable zone including coolant flow rate, impeller speed, 

solute concentration, presence of impurities, etc. and this zone can be determined by 

plotting the difference between the saturation temperature and the temperature where 

first crystals are formed. This temperature difference is named as the maximum 

undercooling and in crystallization (∆Hmax), knowledge of the width of this region is 

important because it helps to understand the nucleation behaviour in each system. 

Figure 3.1b shows an example of the crystallization process. In the solution, if point 

A is cooled to point B, then the solution is saturated. Cooling further, the solution 

reaches the supersaturation condition and new crystals formed (nucleation) at point 

C. Also, the solution concentration decreases because crystal growth begins at point 

C. The crystals continue to grow while the supersaturation condition can be 

maintained. At point D, the cooling operation stops and the solution has reached the 

end of the crystallization.109 

 
Figure 3. 1: The solubility diagram. Adapted from Mullin. 109 

3.4 Nucleation 

Nucleation is the first process in crystallization and can be classified into either 

primary or secondary nucleation mechanisms. Primary nucleation can be subdivided 

into homogenous or heterogeneous mechanisms. Nucleation from a solution that 

does not contain crystalline matter (spontaneously) is named homogenous primary 
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nucleation. Heterogeneous nucleation involves the interaction of a foreign surface on 

which the solute can nucleate. In aqueous crystallization, heterogeneous nucleation 

occurs much more readily, since only a 2D nucleus is required to form on the already 

present surface while homogenous nucleation is less likely due to the higher driving 

force necessary to begin nucleation without a surface to catalyse the process.109 In 

the classical theory of homogeneous nucleation the change in Gibbs free energy 

during nucleation of a spherical nucleus (that is made from a pure liquid phase A) 

with radius r under constant conditions of temperature and pressure can be expressed 

as the following: 

∆G = 4πr2𝛾 - 
4π𝑟3

𝜈
 RTlnS                   3.4 

Where, 𝛾 is the surface free energy required to form a surface of the nucleating 

particle, 𝜈 is the molar volume of pure component A in the liquid state, R the gas 

constant, T the absolute temperature, and S is the initial supersaturation degree of 

component A and r the radius of the spherical nuclei.122-124 

In nucleation, the presence of foreign particles may catalyse the nucleation process 

by reducing the energy barrier to nucleation. Because of that, heterogeneous 

nucleation can take place at low supersaturation. Therefore, under heterogeneous 

nucleation, the change in the overall Gibbs free energy which is associated with the 

formation of a critical nucleus, can be less than those required for homogeneous 

nucleation. It can be expressed as follows:  

∆Ghom = ∅∆Ghet                             3.5 

∅= (2-cos𝜃)(1-cos𝜃) / 4                 3.6  

where, ∆Ghom, ∆Ghet are the Gibbs free energy for homogeneous and heterogeneous 

nucleation respectively, ∅ is a factor and can be less than unity if the interaction 

between the substrate and crystallization solute is favourable,  𝜃 is the angle of 

contact between the crystalline deposit and the foreign solid surface.109, 121 

Secondary nucleation occurs in the presence of solute particles and takes place at low 

levels of supersaturation. It involves several possible mechanisms such as initial 

breeding, polycrystalline breeding, macroabrasion, dendritic, fluid shear and contact 
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mechanism. These mechanisms can be illustrated by following Figure 3.2.121 The 

most common mechanisms are shear and contact nucleation. Shear nucleation is a 

result of fluid shear on growing crystal faces, while contact nucleation occurs when 

the crystals collide with each other, with the impeller and/or the internal surfaces of 

the crystallization vessel.90, 125 The rate of secondary nucleation can be calculated by: 

B = 𝑑𝑁
𝑑𝑡

 = kl 𝑀𝑇
𝑗

 (c- c*)b dt                  3.7 

here k1 is a rate constant, MT is the suspension density (or in alternative formulation 

of this equation, the surface area of seed present). The exponent b can range up to 5 

but has a most probable value of 2. The exponent j ranges up to 1.5, with 1 being the 

most probable value.125  

 

Figure 3. 2: Mechanisms of Nucleation, adapted from Myerson.121 
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3.5 Crystal growth 

Crystal growth is the next stage in the crystallization process, after nucleation, where 

the nuclei grow into crystals of visible size.109 Crystal growth is a diffusion and 

integration processes, which may occur via the following stages. The molecules/ions 

will diffuse from the bulk of the mother liquor phase to the surface and these 

molecules/ions then diffuse over the surface of the crystal towards a step. Finally, the 

ions/molecules must take their place in the lattice and this is called integration, where 

the absorbed molecules/ions will be incorporated into the structure.109, 124 

There are three types of sites on a growing crystal; kink, step and terrace sites, where 

molecules/ions or growth units can attach to as shown in Figure 3.3. When crystal 

growth occurs very slowly, the kink site is the most effective site compared to other 

sites. However, when the supersaturation increases, the less effective sites (step and 

terrace) can also be integration sites. Therefore, generally, perfect crystals result 

from slow growth and imperfect crystals come from fast growth.121 

 

Figure 3. 3: Growth on crystal surface during diffusion process, adapted from Myerson.121 

3.6 Crystal growth mechanisms 

Several theories of crystal growth and modification by surface integration have been 

proposed.121 There are three main types of crystal growth mechanisms, which are 

two-dimensional nucleation, the spiral growth model, and the diffusion layer model. 

Here, they are briefly discussed and explained. 
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3.6.1 Two-dimensional nucleation 

On the surface, growth units will be absorbing and desorbing continually. Also, 

molecules/ions can collide with the adsorption layer, forming clusters and when the 

critical size of a surface cluster has reached a critical size, a 2-D nuclei will persist 

and growth will occur after further collisions.121 Therefore, two-dimensional 

nucleation occurs at a relatively high degree of local supersaturation.109 Within this 

growth mechanism there are three more specific types of models, which are 

mononuclear growth, polynuclear growth and “Birth and Spread”. These occur at 

different supersaturations. They can, therefore, be summarized as follows: Myerson 

indicated that, in mononuclear growth, when surface nuclei are formed, these nuclei 

spread across the surface with no other nuclei forming until the surface layer is 

completed. The second model is polynuclear growth, the differences between these 

two growth mechanisms is the ‘birth’ of the nuclei. In mononuclear growth, nuclei 

grow quickly across the surface before the next nucleation event while in polynuclear 

growth, nuclei spreads are small. Thus, an infinite number of nuclei can form on a 

surface in the polynuclear growth model when the whole surface is covered. 

Moreover, Myerson stated that increasing nucleation rate leads to increasing growth 

rate and vice versa in the polynuclear growth model. Finally, the Birth and Spread 

model, this model allows the nuclei to spread at a finite velocity, on the growing 

islands as well as on incomplete layers. Also, this model predicts that, the growth 

rate is increasing when the supersaturation and temperature have increased.121 

3.6.2 Spiral growth  

The previous models failed to explain the crystal growth rate at low supersaturations. 

Frank was the first to propose that the source of new steps (layers) was a dislocation 

in the crystal, which would provide a way for the steps to grow continuously. One 

such dislocation is the screw dislocation.121 Screw dislocations can result from 

stresses during crystal growth. Frank recognized the significance of the screw 

dislocation that presents a continuous spiral during growth, which means that the step 

site will be provided for the incorporation of growth units in the lattice. A new theory 

of crystal growth by spiral dislocation, called the BCF theory, was developed by 

Burton, Cabrera, and Frank. Thus, Figure 3.4 illustrates the schematic of spiral 

growth development..126 
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Figure 3. 4: A growth spiral development from a screw dislocation. Adapted from 
Myerson.121 

Burton et al. developed a kinetic theory of growth. They had stated that, in the BCF 

model, a spiral staircase was formed during growth and this was related to the level 

of supersaturation and the spacing of successive turns. Moreover, they predicted kink 

populations by the application of Boltzmann statistics and assumed the essential step 

in the process was surface diffusion. So, the growth rate could be calculated at any 

supersaturation.109 

3.6.3 Diffusion layer model 

The solute in this model will diffuse through the liquid phase to reach the growing 

faces (sites) on the crystal. This theory described how the diffusion process controls 

when solid is deposited on the face of the growing crystal. Moreover, they assumed 

that crystallization was simply the reverse to the dissolution process and both can be 

modelled by the difference between the concentration at the solid surface and in the 

bulk of the solution. Mullin explained how the diffusion model was further modified 

and improved.109 The growth is divided into two stages; a diffusion through the bulk 

of the solution to the crystal surface, followed by the growth units incorporating into 

the crystal, which can be illustrated by the following equations: 

𝑑𝑚
𝑑𝑡

=  𝑘𝑑𝐴(𝑐 − 𝑐𝑖)       diffusion            3-8 

𝑑𝑚
𝑑𝑡

=  𝑘𝑟𝐴(𝑐𝑖 − 𝑐∗)    integration           3-9 

Where: m is the mass of solid deposited in time, kd is the coefficient of mass transfer 

by diffusion, A is the surface area of the crystal, c is the solute concentration in 
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solution, ci is the solute concentration in the solution at the crystal-solution interface, 

kr is the rate constant for the surface integration, 𝑐∗is the equilibrium saturation 

concentration.109 

In the supersaturated solution, the crystal is growing and the solute is leaving the 

solution at the crystal-liquid interface. So, the solute concentration will decrease in 

this region (crystal-liquid interface). Crystal growth is primarily a two-step process. 

In the first step the solute molecules diffuse towards the crystal surface and, 

secondly, integration of these growth units into a crystal lattice takes place. On 

adsorption of the growth unit to the surface, surface diffusion, spatial orientation, and 

the subsequent surface integration reactions can take place. The region where the 

concentration is changing from the bulk solution C to the surface of the crystal 𝑐∗ is 

named the concentration boundary layer. 121 

3.7 Model systems used to study crystallization impacts 

In this study three mineral systems were chosen; being calcium carbonate, barium 

sulfate, and calcium oxalate. Calcium carbonate and barium sulfate are two of many 

common minerals associated with scale formation and cause ongoing economic issue 

within the oil and gas industry.58, 115, 127-128 The formation of calcium oxalate, on the 

other hand, is commonly found in human pathological stone formation, for example 

in the urinary tract, bladder or kidney.129-130 

3.7.1 Calcium carbonate 

Calcium carbonate is the most abundant mineral formed in nature and is widely 

studied as an attractive model mineral.131 Calcium carbonate has five known mineral 

phases, which can be divided into two types; anhydrous crystalline phases (vaterite, 

calcite, and aragonite), and hydrated phases (mono and hexahydrate) as is shown in 

Fig. 3.5. In addition, amorphous calcium carbonate (ACC) is also known.132 The 

thermodynamically stable form of calcium carbonate at room temperature and 

pressure is calcite while aragonite and vaterite are less stable forms.133 Calcium 

carbonate is a common biomineral134 and a common component of industrial 

scale.135 It can be found as the calcite form in species such as fish,136 avian egg 

shells137-138 or molluscs.139 Vaterite can be found in Herdmania momus140 and 

aragonite in fish141 or cephalopods.142 Also, it causes a major problem as scale 
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formation in industrial applications such as oil fields116, 143 and water treatment.144-145 

Thus, calcium carbonate is an important mineral in industry146-147 and 

biomineralization.148-149 

 

Figure 3. 5: Crystal forms of the polymorphs of calcium carbonate; (A) calcite, (B) 
vaterite (C) aragonite. 

3.7.2 Barium sulfate 

Barium sulfate is like calcium carbonate, it occurs as a biomineral126 and as a scale in 

industry. Barite may be found in conjunction with both metallic and nonmetallic 

mineral deposits.150 It is colorless or white, is chemically inert and insoluble (Ksp = 

1.08 x 10-10).151-152 The mineral of barium sulfate is called barite and is the only 

known form at ordinary temperatures and pressures,153 with no water being 

incorporated into the lattice. Barium sulfate is relatively simple to crystallize and, 

therefore, is utilized as a useful model system in crystallization studies.154 Figure 3.6 

presents the crystal morphology of barium sulfate. 

 

Figure 3. 6: Calculated crystal morphology of barium sulfate. Adapted from Jones 
and Rohl.155 

3.7.3 Calcium oxalate 

Calcium oxalate, like calcium carbonate and barium sulfate, occurs in nature where it 

has been reported in different genera of plants.156 Calcium oxalate has three phases, 

calcium oxalate monohydrate (COM), calcium oxalate dihydrate (COD) and calcium 
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oxalate trihydrate72. COM is the thermodynamically stable form, COD is the 

metastable form, and COT is the unstable form and it is rarely observed. Their 

crystal structure are shown in Figure 3.7.157 The presence of these hydrates in human 

pathological urinary stones is very high and hence it is a well studied mineral.72, 116 

 

Figure 3. 7: Crystal habits of the different  polymorphs of calcium oxalate hydrates; 
(A) COM, (B) COD, (C) COT. 

3.8 Additives and their role in controlling crystallization 

Additives, crystallization poison, inhibitor and admixture are some of the different 

terms that are used to define any foreign substance other than the solvent and the 

material that is crystallized (solute). They are defined as follows: the term additive is 

used when the impurity is intentionally added to the system of crystallization. When 

the impurity slows down crystal growth it is called a crystallization poison or an 

inhibitor. If the impurity is added in relatively enormous amounts (up to several 

percent) it is known as an admixture.109, 121 Therefore, crystallization parameters such 

as nucleation, growth, crystal habit, agglomeration, and many other properties will be 

affected by the presence of these impurities. 

Song and Helmut158 pointed out that there are two types of additives, which are used 

for the control of crystallization. The first type is the insoluble additive, which is 

employed to control either the nucleation or polymorph of the nucleating crystal. 

Moreover, these insoluble additives can promote crystallization by heterogeneous 

nucleation. Different templating possibilities were reported such as Langmuir 

monolayers, self-assembled monolayers, latexes and colloidal crystals, these 

constitute a case of well-ordered and defined structures. The second type of additive 

is the soluble additive. In solution, the dissolved solute diffuses from the solution to 

the crystal surface and is integrated into the crystal lattice. However, soluble additive 

molecules can take the place of the solute on the crystallizing surface so the growth 
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rate of a face or all the faces can be affected, and the adsorption of soluble additives 

may cause a change in the crystal morphology.158 Therefore, additives may adsorb 

upon all crystal faces, reducing the rate of crystallization to zero if present at 

sufficient levels, or, upon selective faces, leading to a change in morphology of the 

developing crystals. A mechanism of morphological change due to preferential 

adsorption of an additive (or solvent) is illustrated in Fig. 3.8.159  

 

Figure 3.8: Schematic illustrating how an additive selectively adsorbing on particular 
faces can alter the crystal morphology. Modified from Beckmann.110 

The role of additives has been investigated for many years by researchers. Jones and 

Ogden160 have presented a brief overview about how additives impact crystallization. 

They summarize that the additives can inhibit or promote crystallization. For 

example, polymeric carboxylates and low molecular weight phosphonates were used 

efficiently as scale formation inhibitors in industrial processes. Moreover, they 

explained how these phosphonates linked with the barium sulfate lattice and changed 

the morphology and/or size. The additive or the inhibitor is absorbing on a selective 

face of the crystal surface and changes the morphology. An important mechanism for 

predicting the inhibition is called ‘’lattice matching’’. The anionic moieties of the 

inhibitor have distance that match lattice anion distances at the crystal surface.161 

Crystallization promotion is when the presence of additives increases the rate of 

crystallization. Inorganic ions such as potassium and sodium ions have been used as 

crystallization promoters of barite.162-163 Organic crystallization promotion has also 

been proposed in the biomineralization field.164 Amino acid,165 proteins,166 etc., have 

been employed as organic promoters of calcium carbonate. There are two 

mechanisms of crystallization promotion, which are desolvation of the cation where 

the presence of the additive increases the nucleation and growth.167 The other 

mechanism is via an activation energy change where the kinetics of the 

crystallisation process changes when the additive is present and then the morphology 

will be changed.168 Hence, the presence of these additives in crystallization processes 
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can have a major impact on the crystal growth and nucleation rate of the organic and 

inorganic crystals whether by inhibition or promotion.160 

3.9 Experimental 

3.9.1 Materials 

Ultrapure water, with a resistance of 18.2 Ω/cm was used throughout the 

crystallisation experiments. Reagents barium chloride dihydrate and sodium sulfate 

were used as purchased from Sigma Aldrich and Alfa Assar. The resorcinarene 

derivatives-based additives used in these experiments were prepared by the methods 

described in Chapter 2. The macrocyclic compounds used in these studies are in the 

crown conformation. Table 3.1, displays additive compound's data. An additive stock 

solution was prepared by dissolving (0.1 g) of additives in (100 mL) ultrapure water 

and for the resorcinarenes ~ 10 mL of 5 % sodium hydroxide solution was also added 

to aid dissolution 
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Table 3.1: Additive compound's data 
 

 

 

 

 

 

 

 

 

 

 

 

3.9.2 Crystallization procedures: 

3.9.2.1 Calcium carbonate crystallization procedure 

The impact on calcium carbonate crystallization by these additives was investigated 

by using literature methods.36 The procedure is a static batch crystallization, which 

consisted of a vial containing calcium chloride solution (20 mL, 7 mM), with the 

appropriate concentration of additive. Cleaned microscope coverslips (11 mm 

diameter) were placed in the calcium chloride solutions to simplify recovery of the 

Compound Code Compound structure Molecular Weight 
(g/mol) 

10 

 

1406 

11 

 

1630 

12 

 

1630 

13 

 

1854 

14 

 

1854 

18 

 

299.5 
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crystals for microscopy. The vials were covered with laboratory film, with pinholes 

to allow diffusion of ammonia and carbon dioxide. The total volume of the solution 

was kept at 20 mL. The vials were then placed in a sealed desiccator, along with a 

vial of ammonium carbonate and left to stand at room temperature. After a week, the 

crystals were recovered, briefly washed with water, and allowed to dry. The samples 

were then platinum coated and the crystals were examined in a scanning electron 

microscope (SEM- Zeiss Evo 40XVP). 

3.9.2.2  Barium sulfate crystallization procedure 

Barium sulfate was also investigated through a batch crystallization process. The 

experiment was run at room temperature. The total volume of the solution was kept 

at 20 mL. The vials initially contained ultra-pure water after which the appropriate 

volume of additive was added, followed by barium chloride solution (50 µL, 0.1 M) 

and finally sodium sulfate solution (50 µL, 0.1 M) to commence crystallization. As 

per the carbonate experiments, cleaned microscope coverslips were placed in the 

vials before covering with the lid. After 3 days, the coverslips were removed and the 

excess solution was soaked up by tissue paper and allowed to dry. The coverslip was 

then prepared for imaging by SEM. 

3.9.2.3 Calcium oxalate crystallization procedure 

Calcium oxalate was also investigated through a batch crystallization process. The 

experiment was run at room temperature. The total volume of the solution was kept 

at 20 mL. The vials were prepared by adding ultra-pure water first, after which the 

appropriate volume of additive was added. Calcium chloride solution (100 µL, 0.1 

M) was then added and finally sodium oxalate solution (100 µL, 0.1 M) was added to 

commence crystallization. Microscope coverslips were placed in the vials, covered 

with the lid and after 3 days, the coverslips were removed. The excess solution was 

soaked up by tissue paper and allowed to dry. The coverslip was then prepared for 

imaging by SEM. 
3.9.3 Barium sulfate induction time experiments (nucleation) 

Induction times were determined by a turbidity experiment at 900 nm. This 

wavelength was chosen to avoid the absorption of the solution and other species.169 

This was done with a UV-vis instrument and a flow through cell and reaction 
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chamber (the reaction chamber was temperature controlled using a recirculating 

water bath). The reaction chamber and flow through cell were cleaned by flushing 

through ethylenediaminetetraacetic acid (0.5 g) and sodium hydroxide (12 M, 2 mL) 

in ultrapure water (200 mL) at 60 ºC and then flushing with pure water several times. 

Once clean, the reaction chamber was prepared by adding barium chloride (0.1M, 

500 μL) to ultrapure water then the appropriate concentration of the additive was 

added such that the total volume was 200 mL. After equilibration to temperature (25 

qC), sodium sulfate (0.1 M, 500 μL) was added to initiate crystallisation. The 

reaction mixture was pumped through at 220 rpm using a peristaltic pump (Cole-

Parmer Instrument Company, MASTERFLEX pump) into a quartz flow cell. The 

absorbance at 900 nm was recorded by a GBC UV/VIS 916 spectrometer over 20 

minutes.  

3.10 Results and discussion 

The results from this work can be compared to the study of upper-rim acidic 

peptidocalixarenes as crystal growth modifiers by Goh et al (Figure 3.9).36 Their 

study showed that an aspartic acid functionalized calixarene A was a more effective 

crystal growth modifier of calcium carbonate than B and C. Compound C required a 

higher additive level to alter the calcium carbonate morphology. Furthermore, the 

impact of A and B on barium sulfate morphology were similar. Therefore, the 

aspartic calixarene A and the glutamic calixarene B were found to have impacted on 

the morphology and crystallization kinetics of the model minerals investigated at low 

concentration (<1.2 μM) and the aspartic calixarene A was more potent than the 

glutamic calixarene B. 

 

Figure 3. 9: Upper Rim functionalized calixarene investigated by Goh et al. for 
crystal growth modification properties of inorganic minerals. 

  



 

 71 

3.10.1  The impact on calcium carbonate crystallization 

Calcium carbonate crystallization was conducted by using the gas diffusion 

method.170 In this process, ammonium carbonate decomposes to give carbon dioxide 

ammonia and water. Then, the ammonia and carbon dioxide dissolve into the 

calcium chloride solution. The increase in pH by the ammonia absorption and the 

conversion of carbon dioxide to carbonate results in crystallization over time. 

Calcium carbonate crystallization begins with the formation of vaterite or aragonite 

but eventually these transform to rhombohedral calcite through a dissolution re-

precipitation process.171 



 

 72 

 
Figure 3.10: The SEM micrographs of calcium carbonate: (a) blank. Calcite 

morphology in the presence of 10 at; (b) 10 µM, (c) 20 µM, (d) 40 
µM, (e) 60 µM. Calcite morphology in the presence of 11 at; (f) 10 
µM, (g) 20 µM, (h) 40 µM, (i) 60 µM. Calcite morphology in the 
presence of 12 at; (j) 10 µM, (k) 20 µM, (l) 40 µM, (m) 60 µM. 

Figure 3.10a presents the typical rhombohedral shape of calcite. Figures 3.10b-e 

shows how the presence of L-aspartic propyl tetramethoxy resorcinarene (10) has 

impacted the morphology of calcium carbonate even at the lowest concentrations (10 

µM). At 10 µM of 10, the steps of the calcite and the edges become more rounded. 

As the concentration of the additive was increased to 20 µM the rhombohedral shape 

of calcite was lost. Further increase in the concentration to 40 µM or 60 µM, resulted 

in the morphology of calcite being more rounded. Similar observations were noticed 

on calcium carbonate by Goh et al.36 when they added the aspartic acid derivatives 
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A. The authors pointed out that, the irreversible adsorption of the additives at step 

and kink sites was the reason for the rounded morphology. 

The impact of L-aspartic heptyl tetramethoxy resorcinarene compound 11 or its 

diastereoisomer compound 12 was also investigated. Figures 3.10f-i presents the 

impact of 11 on calcite morphology. It appeared to have an impact on the 

morphology of the calcite at high concentrations. The calcite morphology in the 

presence (10 µM) of 11 has not changed significantly but as the concentration is 

increased, the morphology of calcite was affected and the calcite appears to have 

many protrusions (a similar morphology was found by Al-Hamzah et al.172 in the 

presences of n-hexyl isobutyrate-poly terminated poly(acrylic acid) (HIB-PAA)). 

The impact of compound 12 on calcite growth can be seen in Figures 3.10j-m. The 

presence of 12 appeared to have less impact on the calcite morphology than 10 or 11. 

At concentrations of 10 µM, 20 µM, 40 µM and 60 µM of compound 12, stepped 

faces begin to appear on calcite morphology compared to the blank calcite particle. 

Compounds 11 and 12 were not used by Goh et al., so no comparison can be made to 

the upper calixarene derivatives. Briefly, additive 10 altered the morphology of 

calcite even at low concentration (10 µM). The additive 11 had more impact on the 

calcite morphology than 12. 
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Figure 3.11: The SEM micrographs of calcium carbonate: (a) blank. Calcite 
morphology in the presence of 13 at; (b) 20 µM, (c) 60 µM, (d) 100 
µM, (e) 150 µM, (f) 200 µM. Calcite morphology in the presence of 
14 at; (g) 20 µM,; (h) 60 µM, (i) 100 µM, (j) 150 µM, (k) 200 µM. 
Calcite morphology in the presence of 18 at; (l) 80 µM, (m) 240 µM, 
(n) 400 µM, (o) 600 µM, (p) 800 µM.  

Figure 3.11 displays the impact of compounds 13, 14, and 18 on calcite morphology. 

Compound 18 has been synthesized to investigate which functionality has impacted 

the crystallization, the resorcinarene scaffold or the alkyl chain. These compounds 

appear to require greater concentration to impact calcite morphology. At 

concentrations 20 µM, 60 µM, 100 µM of compound 13 (Figures 3.11b-d), no 

significant change was observed in the calcite morphology but when the 

concentration increased to 150 µM and 200 µM, as shown in Figures 3.11e-f, the 

crystals became small and the rhombohedral shape was lost. At the highest 

concentration rounded, ‘rice’ shaped particles were observed. At concentrations (20 
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µM, 60 µM, 100 µM) of compound 14 (Figures 3.11g-i), no significant change in 

calcite shape was observed as per compound 13 but the surface became rougher. 

Figures 3.11j-k shows the impact of compound 14 at concentrations 150 µM ,200 

µM, where the calcite particle size decreases and the calcite shape changed, showing 

rounding and ‘streaking’. The impact of compound 18 on calcite particles is shown 

in Figures 3.11l-p. At a concentration of 80 µM, the morphology of calcite particles 

was not changed. Figures 3.11m-o, shows notches along the edges of the calcite and 

the surface of the crystal was not smooth. Therefore, the compounds 13, 14 have a 

similar effect on the calcium carbonate crystallization process and they have more of 

impact then the compound 18. The results suggest that diastereoisomers of the 

resorcinarenes 13, 14 were more potent in inhibiting calcium carbonate 

crystallization than the alkyl chain compound 18. 

3.10.2  The impact on barium sulfate crystallization 

The morphology of barium sulfate was determined by batch crystallization 

experiments (see Experimental section). The supersaturation in the solution was 

created by mixing barium chloride solution and sodium sulfate solution with the 

appropriate additive concentration and the total volume was kept constant at 20 mL. 

After 3 days, the coverslips were taken then dried and prepared for imaging. 
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Figure 3.12: The SEM of barium sulfate; (a) blank. The SEM of BaSO4 with the 
compound 10 at: (b) 7 µM, (C) 18 µM, (d) 35 µM.  The SEM of 
BaSO4 with the compound 11 at: (e) 6 µM, (f) 15 µM, (g) 31 µM. The 
SEM of BaSO4 with the compound 12 at: (h) 6 µM, (i) 15 µM, (j) 31 
µM.  

In the absence of any additives, the barium sulfate particles had the expected 'pillow' 

shape with (001) faces at the end and rounded (hk0) faces (Figure 3.12a). Barium 

sulfate in the presence of 10 was impacted and the morphology changed from 

‘pillow’ shaped to dendritic at high concentrations. The presence of 11 at (6 µM) 

resulted in particles with reduced aspect ratio, the length along the c-axis being 

reduced relative to the other faces. Also, at 31 µM 11, a high degree of intergrown 

particles was observed.  At high concentrations of 11 (Figures 3.12f-g), the barium 

sulfate particles are short and the surface became rough, which might be attributed to 

the formation of nanoparticles of barium sulfate. The presence of compound 12 also 

impacted barium sulfate morphology (Figures 3.12h-j), the c-axis length reduced and 

intergrown particles of barium sulfate were also observed. At high concentrations (31 

µM), thin and agglomerated crystals were observed with a somewhat rounded 

dendritic form. Therefore, these additives (10, 11, and 12) have impacted barium 
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sulfate crystallization and the additive 10 is the more effective one (based on the 

concentration at which impacts are observed.). 

The concentrations in this study were higher than that used in the study by Goh et al., 

which showed that the L-aspartic calixarene compound formed small and 

polycrystalline barium sulfate particles at 0.04 µM. Thus, these additives are less 

potent modifiers for barium sulfate. 

 

Figure 3.13: The SEM of barium sulfate; (a) blank. The SEM of BaSO4 with 13 at: 
(b) 5 µM, (C) 14 µM, (d) 27 µM, (e) 54 µM.  The SEM of BaSO4 
with 14  at:(f) 5 µM, (g) 14 µM, (h) 27 µM. (i) 54 µM. The SEM of 
barium sulfate; (a) blank. The SEM of BaSO4 with the 18 at; (j) 33 
µM, (k) 83 µM, (l) 165 µM, (m) 330 µM.   

Figure 3.13a shows the SEM images of barium sulfate in the absence of additives. 

The growth of barium sulfate in the presence of compound 13 is shown in Figures 

3.13b-e and in the presence of 14 in Figures 3.13f-i. Their influence on barium 

sulfate morphology was found to be similar at the studied concentrations, where the 
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crystal size is reduced and crystal aggregation was observed at high concentrations of 

the additives. Also, the surface became rough and clusters of particles formed. 

Compound 18 was also investigated (Figures 3.13j-m). At low concentrations (33 

µM), the length of crystal reduced in the c axis direction. As the concentration 

increased (83 µM, 165 µM) the morphology of barium sulfate became rounded. 

Therefore, this suggested that, the alkyl chain was more potent in inhibiting barium 

sulfate crystallization than the dia-stereoisomers of resorcinarenes. 

3.10.3  The impact on calcium oxalate crystallization 

Batch crystallization experiments were also conducted for calcium oxalate.  

 

Figure 3.14: The SEM of calcium oxalate; (a) blank. The SEM of CaOX with 10; at: 
(a) 7 µM, (b) 18 µM, (C) 35 µM.  The SEM of CaOX with 11; at:(e) 6 
µM, (f) 15 µM, (g) 31 µM.  The SEM of CaOX with 12 (h) 6 µM, (i) 
15 µM, (j) 31 µM.  

The morphology results for calcium oxalate in the presence of 10, 11 and 12 can be 

found in Figure. 3.14. The SEM micrographs of calcium oxalate without additives is 
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shown in Figure 3.14a and results in particles with the typical morphology of COM 

crystals. The impact of 10 is shown in Figures 3.14b, where the calcium oxalate 

crystals formed with shortened length in the <001> direction (c axis).  Figures 3.14c-

d shows thin crystals were formed as the concentration increased with aggregates 

being observed at the highest concentration. This suggests that compound 10 has 

strongly modified the crystallization of calcium oxalate. Figures 3.14e-g presents the 

impact of 11 at increasing concentrations and shows the formation of both COM and 

COD crystals. The COM particles became more rounded with increasing 

concentration while the COD particles retained their bi-pyramidal shape. The impact 

of compound 12 was to form rough calcium oxalate particles, but these essentially 

retained their COM overall morphology. Thus, the three additives affected calcium 

oxalate crystallization and the more potent one were 10 and 11. 

 

Figure 3.15: The SEM of calcium oxalate; (a) blank. The SEM of CaOX with 13; at: 
(b) 5µM, (C) 14 µM, (d) 27 µM, (e) 54 µM.  The SEM of CaOX with 
14; at:(f) 5 µM, (g) 14 µM, (h) 27 µM. (i) 54 µM. SEM of CaOX with 
18; (j) 165 µM, (k) 1320 µM, (l) 3300 µM.  
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The impact of compounds 13 and 14 on calcium oxalate have been studied. At low 

concentrations the impact of 13 on calcium oxalate formed COM crystals with a 

roughened surface. At high concentrations (Figures 3.15c-e) aggregates of the 

particles and COD particles were observed. This means the additives have impacted 

the calcium oxalate crystallization. The results in the presence of 14 are shown in 

Figures 3.9f-i. In this case, the COM crystal’s morphology has altered even at low 

concentrations. Initially, rough particles are formed but as the concentration is 

increased the particles become smoother. This suggested that the two isomers have 

affected the calcium oxalate morphology and 14 is more potent than the 13. The 

impact of the 18 was also studied as a reference compound. The results are presented 

in Figures 3.15j-m. when concentrations are increased, the particle size decreases 

significantly to the point where distinct particles cannot be observed. At 1320 µM 

thin, platelets of particles similar to the COM morphology are seen but these are not 

observed at 3300 µM (further studies are required to better understand this altered). 

3.10.4  The impact on barium sulfate nucleation 

The measurement of absorbance at 900 nm can be described as a turbidity value or 

an optical density. It is due to the light being scattered by the particles rather than 

absorbed by them. The induction time is defined as the time period for the 

absorbance to increase above background level. Any change in induction time is 

related to homogenous nucleation and the surface free energy of critical nuclei. The 

relation between the induction time and nucleation rate is an inverse one, meaning 

that if the induction time increases homogenous nucleation rates are decreasing.  
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Figure 3. 16: Absorbance versus time curves for barium sulfate crystallization in the 
presence of different concentrations of the resorcinarenes derivatives 
(a) 10, (b) 11, (c) 12, (d) 13, (e) 14. 

Figure 3.16 shows the results of the impact of resorcinarene additives on barium 

sulfate nucleation. Figure 3.16a illustrates the induction time has increased with 

increasing concentrations of 10. The presence of 11, 12, 13 and 14 induce 

different behaviour at low concentration but the induction time increases at high 

concentrations of these additives. Therefore, these resorcinarene derivatives 

inhibit homogenous nucleation rates significantly at high concentration. At low 

concentration, some of these molecules appear to promote homogenous 

nucleation. This suggests that these molecules are interacting with the critical 

nuclei and changing the surface free energy of these nuclei.173 Clearly, all the 

resorcinarene molecules are nucleation inhibitors at high concentrations and 

compound 10 appears to be the most active inhibitor at low concentrations. 
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3.10.5  Infrared study  

The purpose of this part of the study was to investigate whether the additives 

adsorbed onto the barium sulfate surface using infrared spectroscopy. The results in 

Figure 3.17 show that the expected CH stretching peaks of the resorcinarenes 

molecules can be found at 2900 cm. After mixing pure barium sulfate in the presence 

of resorcinarenes molecules (710 µM of 10, 610 µM of 11,12 and 540 µM of 13,14) 

for 3 days, the infrared spectrum was taken. Figure 3.17a presents the IR spectrum of 

compound 10 and it shows that the C-H stretch bands are found at ~ 3000 cm-1. After 

the spectrum of the barite solids was subtracted from the obtained spectrum of the 

barite plus obsorbed organics spectrum, a small absorption is observed in this region 

(~ 3000 cm-1) which suggests that compound 10 is absorbed on the barium sulfate 

surface albeit at low levels. Also, the absorption of the diastereoisomers of heptyl 

resorcinarenes derivatives (11, 12) on barium sulfate surface was studied and the 

results shown in Figures 3.17b-c. The spectra show that the isomer 11 has a tiny 

absorption band in the ~ 3000 cm-1 region, while isomer 12 has not absorption on the 

barium sulfate surface. This in turn means that isomer 11 is interacting with the 

barium sulfate surface while isomer 12 is not interacting with the barium sulfate 

surface strongly. Figures 3.17d-e, displays the spectra of the di- stereoisomers 

undecyl resorcinarenes derivatives (13, 14). Both show a multiple band formed and 

this is suggesting that they are absorbed on the barium sulfate surface.  
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Figure 3. 17: The IR spectrum after subtraction of barium sulfate to determine any 
absorbed species and the spectrum of resorcinarenes derivatives (a) 
10, (b) 11, (c) 12, (d) 13, (e) 14. 

  

3.11 Conclusions 
The amino acid functionalized resorcinarenes (10-14) had an impact on the 

crystallization of model mineral systems, calcium carbonate, barium sulfate and 

calcium oxalate. All the amino acid functionalized resorcinarenes have affected the 

morphology of calcium carbonate and the mixture of diastereoisomers of propyl 

resorcinarenes (10) is appeared to be the more effective than the others. The amino 

acid undecyl resorcinarenes (13, 14) required a higher additive level to impact on the 

calcium carbonate morphology. A comparative study between the stereoisomers (13, 

14) and the alkyl amide (18) resulted in the compound 13 and 14 having more effect 

on the calcite morphology. The growth of barium sulfate in the presence of the 

diferent isomers 11 and 12 gave similar effect on the barite morphology. Also, the 

presence of 13 and 14 gave similar effect on the barium sulfate morphology. The 
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comparative study between the stereoisomers (13, 14) and the alkyl amide (18) 

showed that the alkyl amide 18 is more effective in impacting on the barite 

morphology. The aspartic acid functionalized resorcinarenes 10 affected the calcium 

oxalate morphology more than the others. Whilst isomer 12 has less impact on 

calcium oxalate morphology than isomer 11, the isomer 14 has greater impact on 

calcium oxalate morphology than isomer 13 and the comparative study between them 

and the alkyl amide (18) showed that the stereoisomers have more effect on calcium 

oxalate morphology. 

 The induction time analysis of barium sulfate crystallization shows that all the 

amino acid resorcinarenes derivatives adsorbed onto the critical nuclei and inhibited 

homogenous nucleation at high concentrations. Compound 10 appeared the more 

potent crystal growth inhibitor.  

The IR results show that the undecyl aspartic acid resorcinene (13, 14) are absorbed 

on the barium sulfate surface more than the aspartic acid functionalized 

resorcinarenes (10-12).   
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4.0 Corrosion inhibition 

4.1 Outline 

This chapter will present the overview introduction of corrosion processes and focus 

on corrosion in a CO2 environment. Electrochemical techniques are described and 

used to determine the corrosion rates and corrosion inhibition efficiency. A scoping 

study has also been conducted to evaluate the impact of the resorcinarene derivatives 

as corrosion inhibitors for carbon steel in CO2-saturated brine. 

4.2 Introduction  

Corrosion is the reaction between a metal and its environment and can lead to 

destruction or compromise of the original characteristics of the metal.174 Corrosion in 

metallic materials can be classified into two types, localized and uniform (general) 

corrosion. Localized corrosion occurs for example when a passive surface film 

breaks down in aggressive environments, such as in media containing chloride ions. 

Various types of localised corrosion exist, such as corrosion fatigue, stress corrosion 

cracking, pitting and crevice corrosion. Uniform or general corrosion is a type of 

corrosion where the metal exposed to the corrosive environment is uniformly 

corroded across its surface. This type of corrosion can be easily recognized by 

increased roughness of the metal surface and by the presence of corrosion products 

on the metal surface.174-177 Corrosion has also been defined as an electrochemical 

process because of the presence of anodic and cathodic active points on the material 

surfaces.178 The presence of an electrolyte is fundamental for electrochemical 

reactions to occur. Moreover, the bulk solution and the metallic surface present a 

corrosion system, involving anodic and cathodic sites at the metal. Corrosive species 

can be found in diferent forms, including aqueous solutions and acids or in gaseous 

forms such as hydrogen sulfide (sour corrosion)179 and carbon dioxide (sweet 

corrosion)180. The extent of corrosion of the metal is dependent on the properties of 

the corrosive media. 

There are different types of metals that have been used for industrial assets. Metallic 

material which is highly used as a construction material, particularly in the oil and 

gas industry is carbon steel. Carbon steel is preferred for engineering applications 

including water pipelines, cooling water systems, oil pipelines etc.181-182 due to its 
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characteristics and low cost. The major elements in carbon steel are carbon and iron. 

Carbon steel also contains trace elements such as manganese, silicon, sulfur, and 

phosphorus. Carbon steel can be classified into three types, namely high carbon 

steels with <0.70-1.05% C, medium carbon steels with 0.25-0.70% C, and low 

carbon steels with <0.25% C.183 The components in carbon steel contribute to the 

physical characteristics exhibited by carbon steel,183-184 therefore, further divided into 

certain grades for example; grade 1008 with 0.08% C characterized by good 

ductility, grade 1018 with 0.18% C good for welding and is used in general 

applications, grade 1030 with 0.30% C is characterized by low hardness.183 

In the oil and gas production and transportation facilities, carbon dioxide (CO2) 

corrosion is a major problem. Dissolved CO2 in aqueous solutions causes severe 

corrosion issues for carbon steel pipelines and equipment utilised in the production, 

extraction and transportation of oil and gas in the oil and gas industry.185 CO2 

corrosion can be affected by a variety of factors including temperature, pH, CO2 

partial pressure, flow conditions, concentration of corrosion inhibitors and liquid 

compositions.186-187  

4.3 CO2 corrosion 

Carbon dioxide (CO2) corrosion or ‘sweet corrosion’ has been studied by numerous 

researchers in the past to understand its mechanism and to clarify the influential 

factors involved.188-191 Aqueous CO2 corrosion of carbon steel is an electrochemical 

process involving anodic dissolution of iron and cathodic evolution of hydrogen. 

Several processes occur simultaneously in this system, including chemical reactions 

in the bulk solution, electrochemical reactions at the surface and transport of species 

to and from the bulk solution to the steel surface.180, 192   

4.3.1 CO2 corrosion mechanism 

Waard and Williams were first to publish the mechanism of general CO2 corrosion, 

by direct reduction of carbonic acid,193 and the understanding of CO2 corrosion has 

been addressed by many researchers.186, 189, 194-196 Nesic, et al.,186, 195 studied the 

dissolution of steel in CO2 saturated brine. While, Nordsveen, et al.,196 studied the 

corrosion rate with respect of number of variables (temperature, pH, the CO2 partial 

pressure). Another mechanistic model studied the effect of CO2 diffusion, hydration, 
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carbonic acid (H2CO3) dissolution, iron carbonate (FeCO3) precipitation on CO2 

corrosion.189  

Carbon steel is the most widely used material in oil and gas production. Carbon steel 

can be rapidly corroded when exposed to CO2 in aqueous environments. The overall 

reaction is present in the following equation:197  

 

This overall reaction can be described by the following equations:180, 186  

 

Carbon dioxide (CO2) is dissolved in water (eq. 4.2), and then is hydrated to form 

carbonic acid (eq. 4.3). The carbonic acid then dissociates partly into bicarbonate and 

carbonate in two steps (eqs. 4.4 and 4.5).198 Aqueous CO2 corrosion is considered as 

acid corrosion type due to the formation of carbonic acid.199  

Anode is a positively charged electrode, therefore, the anodic corrosion reaction is 

oxidation reaction where the metal is being oxidized and loses electrons.200 The 

anodic reaction is the dissolution of iron (eq. 4.6): 

 

Bockris201 pointed out that the anodic dissolution of iron in CO2 aqueous solution is a 

pH-dependent process. During these corrosion processes, the presence of carbonates 

in the electrolyte and ferrous ions can form a scale on the carbon steel surface and 

reduce the corrosion rate.190, 202 The following equation represents the formation of 

corrosion product layer of iron carbonate: 
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Based on the reaction above (eq. 4.7), the precipitation of FeCO3 will occur if its 

solubility limit is exceeded. The FeCO3 corrosion product layer is formed on the 

steel surface and is acting as a barrier to prevent corrosive species reaching the steel 

surface. 

Cathode is a negatively charged electrode where a reduction reaction occurs. 

Electrons produced in an oxidation reaction are consumed in reduction reaction.203-204 

The main cathodic reaction that occurs in CO2 corrosion at pH<7, involves reduction 

of hydrogen ions (eq. 4.8) and carbonic acid (eq. 4.9).204  

 

In cathodic reactions, hydrogen evolution is generated and is dependent on pH. 

Bicarbonate (HCO3
-) undergoes reduction at pH>7 and forms carbonate (eq.4.10). 

This reaction is accepted to be slow compared to other cathodic reactions (eq. 4.8 

and eq. 4.9).205-206  

 

CO2 corrosion can be affected by several parameters such as temperature or pH. 

Changes in the temperature and pH affect the solubility and the kinetics of the 

formation of iron carbonate (FeCO3) and the corrosion rate.207-210 For example, Sun, 

et al.211 found that the solubility of FeCO3 as corrosion product decreased with 

temperature in temperature range of 20qC - 80qC and the corrosion rate decreased. 

Waard and Lotz pointed out that at temperatures between 70qC - 80qC, dense 

precipitation of iron carbonate (FeCO3) occurs and reduces corrosion.212 Solution pH 

can also affect the kinetics of formation of the protective FeCO3 layer. At low pH, 

the concentration of corrosive species (H+) and the corrosion rate increased, as the 

kinetics of precipitation of the protective layer reduced.213 Changes in pH also affect 

the concentration of species (H2CO3, HCO3-, CO3
2-) in an electrolyte.196 Therefore, 

the CO2 corrosion process can be significantly affected by temperature and solution 

pH.  
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To conclude, carbon dioxide corrosion significantly affects oil and gas pipelines. For 

this reason, numerus studies have been conducted to understand the mechanisms of 

CO2 corrosion. There are many factors that can impact CO2 corrosion process such 

as the temperature and solution pH. In oil and gas industry, CO2 corrosion is one of 

the challenging concerns due to the hydration of CO2 in the liquid phase (water) that 

can lead to an internal corrosion in the pipeline.214 To prevent destruction or 

degradation of metal surface various strategies have been applied. Chemical 

corrosion inhibition is one of the most applied strategies in the industry due to its the 

low cost and practical application.215-217  

4.3.2 CO2 corrosion inhibition 

Corrosion processes can be reduced by addition of small amounts of chemicals to a 

corrosive environment. This is a preventative process known as chemical inhibition 

and the chemicals used to reduce the corrosion process are called corrosion 

inhibitors. These inhibitors can adsorb at the metal surface and form a protective 

film. Therefore, corrosion inhibitors can affect the anodic or cathodic reactions and 

increase the electrical resistance of the metallic surface.218-220 There are many factors 

that influence the adsorption of the inhibitor molecule such as the solution chemistry, 

state of the metal surface, chemical structure of the inhibitor molecule, and the 

electrochemical potential at the interface.221 Inhibitors can be classified as anodic 

inhibitors (reducing anodic reactions), cathodic inhibitors (reducing cathodic 

reactions), and mixed inhibitors (reducing both anodic and cathodic reactions).222 

Corrosion inhibitors can also be classified according to their chemical nature as 

organic and inorganic substances. Organic inhibitors have electron delocalization and 

amphiphilic characteristics. The electron delocalization characteristics mean that the 

organic compound has S electrons whether in double, triple bounds, aromatic ring or 

has electronegative groups. The amphiphilic characteristics mean the organic 

compound has both the hydrophobic and hydrophilic parts in its molecule.223-225 

Numerous compounds with these chemical structures have been widely used as CO2 

corrosion inhibitors. These include imidazoline derivatives,226-231 quaternary 

ammonium compounds232-234 and sodium thiosulfate as a corrosion inhibition 

enhancer.235-238 Imidazoline derivatives and quaternary ammonium compounds are 

surfactant molecules that typically have two functionalities: a head group is 

hydrophilic and a tail group which is hydrophobic (Figure 4.1).239-241  In aqueous 
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solutions, the inhibition efficiency of these molecules increased with increasing the 

length of the alkyl chain.231, 242 

 

Figure 4.1: Sturcture of some organic inhibitors: (a) imidazoline.230 (b) quaternary 
ammonium compound.238 

In oil and gas production lines, CO2 corrosion has been mitigated by using film 

forming corrosion inhibitors (FFCls). These inhibitors are organic compounds and 

usually contain nitrogen, oxygen and sulfur atoms in their structure.243-245 The 

performance of organic inhibitors is related to the magnitude to which they adsorb 

and cover the metal surface. They are linked with the metallic surface through two 

common types of binding interactions: physical adsorption or chemisorption. The 

physical adsorption or physisorption process is a weak interaction between the 

molecules and the surface. For instance, van der Waals forces of interaction between 

gas or liquid molecules and electrically charged metal surface.246 The chemical 

adsorption or chemisorption can occur in two ways: ionic interaction due to a charge 

transfer, where the adsorbed species must have a dipole in the molecule.221 Covalent 

bonds form due to electrons transfer between atoms. For example, molecules with 

functional groups that contain atoms such as O, N, S, P can donate electrons from the 

binding species to the vacant d-orbital of the transition metals (substrate), or π- 

electrons in aromatic rings.247 When the inhibitor molecules adsorb on the steel 

surface, a stable film can be formed that protects the steel surface against corrosion.  

Calixarenes and resorcinarenes are macrocyclic compounds that can be readily 

functionalized on the upper or lower rims, thus, they are used in different fields (see 

Chapter 2 for more details). There are examples in the published literature involving 

calixarenes and resorcinarenes as corrosion inhibitors.49-50, 248-251 Kaddouri et al.250 

synthesized calix[8]arene derivatives which are shown in Figure 4.2, and tested as 
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corrosion inhibitors at concentrations (10-3 – 10-6 M) in HCl solution at 308 K by 

weight loss method and electrochemical measurements. They found that the 

efficiency of the calixarene derivatives was higher at low concentrations. The 

corrosion inhibitors were shown to reduce anodic dissolution of the metal and 

retarded the hydrogen evolution reaction. 

 

Figure 4.2: An example of calix[8]arene derivatives used as a corrosion inhibitors.250 

Tan et al.,49 used  wire beam electrode (WBE) to investigate the corrosion inhibition 

properties of resorcinarene acid (Figure 4.3). They found that it was an effective 

corrosion inhibitor which minimized localized corrosion by promoting a random 

distribution of insignificant anodic currents. Also, this study of Tan et al. showed 

that the resorcinarene acid effectively inhibited steel exposed to CO2 saturated brine 

solution. 

 

Figure 4. 3: An example of resorcinarene derivatives used as a corrosion inhibitors.49 

This chapter aims to investigate corrosion inhibition efficiency of resorcinarene 

derivatives that contain nitrogen and oxygen atoms in their chemical structures, but 

differ by the length of their aliphatic chains. All compounds are studied in CO2-

saturated brine that simulates conditions encountered in the oil and gas operations.  
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4.4 Electrochemical techniques 

In corrosion science, the application of electrochemical techniques makes it possible 

to measure the parameters of corrosion processes, particularly the corrosion rates. 

Electrochemical techniques can provide information about instantaneous corrosion 

rates and advance our understanding about corrosion reaction mechanisms. In 

corrosion inhibition studies, the corrosion rate measurements allow for comparison 

and ranking of corrosion inhibitor compounds for their efficiency to inhibit corrosion 

processes. The next section explains the electrochemical methods applied in this 

study. 

4.4.1 Liner polarization resistance (LPR)  

Linear polarization resistance technique is a common corrosion monitoring technique 

used in assessment of CO2 corrosion of carbon steel. Linear polarization resistance 

technique has proven to be a rapid response technique that determines the general 

corrosion rates of steel by measuring polarization resistance 105.252 The measurements 

in this work were conducted according to the ASTM G59 standard.253  

In this method, the test setup comprises a test cell fitted with three electrodes that are 

electrically isolated from each other. The electrodes are a working electrode (tested 

steel sample), a counter electrode and a reference electrode. A small potential is 

applied in a range of ±5 mV to ±20 mV (±10 mV used in this work) from the open 

circuit potential (OCP) between the counter and working electrode. The current 

response is measured and it is assumed to be linear in the given narrow potential 

range. A typical plot showing current density vs. potential is shown in Figure 4.4.253 

It shows that the current density is linearly proportional to the applied potential. 



 

 93 

 

Figure 4.4: Hypothetical linear polarization resistance plot.253 

The ratio (∆E/∆i) which forms the basis of the linear polarization theory, is the ratio 

of the applied potential to the produced current density. This ratio is known as the 

polarization resistance (Rp, unit ohm) at a free corrosion potential (open circuit 

potential). According to the Stern–Geary equation, the curve defines the slope 

polarization resistance Rp as follows:254 

𝑖corr =
𝐵
𝑅p

                    4.11 

where, icorr is corrosion current density in A/cm2, B is the Stern-Geary coefficient or 

empirical polarization resistance constant in V, Rp is polarization resistance of the 

corroding electrode in ohm.cm2. 

The constant B value can be determined by the following equation: 

𝐵 =  𝑏𝑎𝑏𝑐
2.303(𝑏𝑎+𝑏𝑐)

          4.12 

where ba and bc are the anodic and cathodic Tafel constants.  

The corrosion rate can be calculated by the following equation: 

CR = K1 icorr 
𝐸𝑊
𝜌

              4.13 
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where, 𝐶𝑅 is the corrosion rate in mm/y, 𝐾1 is a constant with the value of 3.27 x 10-3 

in mm.g/µA.cm, and 𝑖corr is current density in µA/cm2, 𝜌 is steel density in g/cm3, 

and EW is the equivalent weight of carbon steel.253 

4.4.2 Potentiodynamic polarization (Tafel extrapolation) 

Potentiodynamic polarization is a commonly used technique applied to measure 

corrosion current icorr and to calculate corrosion rate of metals. This technique is 

based on the relationship between the logarithm of the current density and the 

applied over potential. The relationship can be linear at large potential scale.255 An 

example of potentiodynamic measurement is presented in Figure 4.5. This plot is 

known as Tafel plot.256 

 

Figure 4.5: Typical potentiodynamic polarization scan.256 

The electrochemical polarization can be mathematically expressed as follows:256 

𝑖 = 𝑖𝑐𝑜𝑟𝑟[(exp {
2.303(𝐸−𝐸𝑐𝑜𝑟𝑟)

𝛽𝑎
} − exp  {− 2.303(𝐸−𝐸𝑐𝑜𝑟𝑟)

𝛽𝑐
}]       4.14 

where, i is the current in µA/cm2, icorr is the corrosion current in µA/cm2, Ecorr is the 

corrosion potential in mV, 𝛽𝑎 is the anodic Tafel slope constant in V/decade, 𝛽𝑐 is 

the cathodic Tafel slope constant in V/decade. The value of (E – Ecorr) is named 

overpotential and is symbolized by 𝜂. So, the rearranged equation 4.14 becomes: 

𝜂𝑎 = 𝛽𝑎 log
𝑖

𝑖𝑐𝑜𝑟𝑟
            4.15 

𝜂𝑐 = 𝛽𝑐 log
𝑖

𝑖𝑐𝑜𝑟𝑟
              4.16 
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where, 𝜂𝑎 and 𝜂𝑐 is sufficiently larger values of 𝜂 in the anodic or cathodic direction 

respectively.256 The Stern-Geary constant (B) is calculated from the Tafel slope 

constants (𝛽𝑎, 𝛽𝑐). The corrosion current density (icorr) is determined from the 

Stern-Geary constant (B) and the polarization resistance 105.253 

The inhibition efficiency (IE %) can be calculated from the icorr values obtained from 

potentiodynamic measurements using the following equation:  

IE% =(
𝑖corr(brine)−𝑖corr(inhibitor)

𝑖corr(brine)
)             4.17 

where icorr(brine) is the corrosion current density in μA/cm2 from the non-inhibited test 

solution, icorr(inhibitor) is the corrosion current density in µA/cm2 from the inhibited test 

solution. 

4.4.3 Electrochemical impedance spectroscopy (EIS) 

Electrochemical Impedance Spectroscopy (EIS) was applied to evaluate the 

corrosion inhibition efficiency of the corrosion inhibitors. It is an alternating current 

(AC) electrochemical technique that has been used to evaluate corrosion rates. It has 

been used to investigate the mechanisms of electrochemical reactions, to measure the 

dielectric and transport properties of materials, to explore the properties of porous 

electrodes, and to investigate passive surfaces.257  

The impedance result can be presented in a graphical format as Nyquist, Bode phase 

or Bode magnitude plots (Fig. 4.6), which are typically used to report the 

electrochemical impedance data. In this thesis will report the electrochemical 

impedance data in the form of Nyquist plot. The Nyquist plots display the impedance 

in the form of semicircle with an in-phase (real Z(t)) in positive values at x-axis and 

out-of-phase (imaginary j Z(t)) in negative values at y-axis.  Bode plots report the 

corresponding phase angle and impedance magnitude vs. the frequency of the 

applied signal as is shown in Figs.4.4a-b.255-256  

The inhibition efficiency (IE%) can be calculated from the EIS data using the 

following equation:  
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IE% =(
𝑅ct(inhibitor)−𝑅ct(brine)

𝑅ct(inhibitor)
)             4.18 

where Rct(brine) is the charge transfer resistance in : cm2 from the non-inhibited test 

solution, Rct(inhibitor) is the charge transfer resistance in : cm2 from the inhibited test 

solution. 

 

Figure 4.6:The three graphical formats commonly used to report electrochemical 
impedance spectroscopy data; (a) Nyquist plot, (b) Bode phase plot, 
(c) Bode magnitude plot.255 

To evaluate the rate of the corrosion an electronic equivalent circuit model needs to 

be used. The equivalent circuit consists of resistors including charge transfer 

resistance (Rct) and solution resistance (Rs), capacitors (a constant phase element).258 

The values of these parameters are calculated from the fitting data. Figure 4.7 shows 

the two types of the electrical equivalent circuit that are used to analyse the 

impedance data in this work. 
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Figure 4. 7: The electrical equivalent circuits used to fit the impedance spectra. 

Figure 4.7a shows the first type of the equivalent circuit and it is named a Randles 

circuit model. This model is composed of the solution resistance (Rs), the charge 

transfer resistance (Rct), and the pure double layer capacitance (CdI). The impedance 

of the CPE (ZCPE) is defined as: 

ZCPE = [Y(jZ)n ]-1                4.19 

where, Y is the CPE constant proportional to the CdI of the system, j is the imaginary 

number (j2 = -1), Z is the angular frequency and n is the coefficient which reflects the 

extent of phase shift.259 

The double layer capacitor (CdI) is calculated as follows: 

CdI = Y0 (2πfmax) n-1              4.20 

where, fmax is the frequency at which the imaginary component of the impedance is 

maximal.260 

Figure 4.7b shows the second type of the equivalent circuit used in this thesis. This 

model is composed of the solution resistance (Rs), the charge transfer resistance 

(Rcoat), the capacitance of double electric layer (Ccoat), the pure double layer capacitor 

(Cdl), and the capacitance of adsorbed layer (Rcorr).261 

In this thesis, the resistance value (R) is extracted after the impedance data is fitted 

with the equivalent circuit model. When the first type is used (Figure 4.7a), the R 

value is referring to the charge transfer resistance value (Rct), while when the second 

type model is used (Figure 4.7b), the resistance value (R) is equal to summation of 

the values of Rcoat and Rcorr. 
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4.5 Experimental 

4.5.1 Materials 

The test material is a 1030 carbon steel with the following composition (wt.%): C 

(0.30%), Si (0.25%), Mn (0.75%), P (0.04%), S (0.04%) and Fe balance. The sample 

was gradually wet polished with silicon carbide abrasive paper up to 600 grit, 

cleaned with ethanol and rinsed with DI water (18.2 M: cm), then dried with high-

purity (99.9%) nitrogen gas. 

 A standard brine was used as the test solution to which corrosion inhibitors were 

added in specific tests. The standard brine was prepared by dilution of 3 wt.% 

sodium chloride (NaCl; Ajax Finechem, analytical reagent, 99.9%) and 0.01 wt.% 

sodium bicarbonate (NaHCO3; Merck, 99.5%) in ultra-pure water (Milli-Q system) 

with a resistivity of 18.2 MΩ cm. 

Table 4.1 shows chemical data of the organic synthetic compounds that were used in 

this study and they are the crown conformation. These compounds are tetramethoxy 

resorcinarene derivatives with different aliphatic chains, compounds 10 and 20 are 

used as mixture of diastereoisomers. These organic compounds contain heteroatoms 

such as N and O in their molecules, which can adsorb on the metal surface. These 

organic compounds have both polar functional groups (methoxy with amino acid) 

and a non-polar group (alkyl chain). The effectiveness of these molecules can be 

ascribed to the presence of the polar groups, which are the reaction centres for the 

adsorption process, and the length of the aliphatic chain that can affect the corrosion 

inhibitor performance. 
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Table  4.1: Chemicals Data. 

 

4.5.2 Electrochemical measurements  

The electrochemical measurements were performed using a three-electrode test 

setup. The working electrode (WE) was the 1030 carbon steel cylindrical electrode 

that was rotated at 1000 rpm during the test. Hastelloy C was used as counter 

electrode (CE) and a double junction silver-silver chloride electrode was used as 

reference electrode (RE). The glass cell (1L) was filled with standard brine test 

solution (700 mL) and the test solution was sparged with high-purity CO2 gas 

(99.99%) to remove oxygen and saturate the solution with CO2. The CO2 sparging 

was started at least two hours prior to the immersion of the WE into the test solution 

and continued for the duration of the experiment. The sample was immersed in the 

Compound 
group 

Compound 
code 

Chemical structure Molecular 
weight (g 

/mol) 

Concentration 

Molar (M) Part per 
million (ppm) 

 
I 

 
10 

 

 
1406 

3.5 x 10-3 5 

5.6 x 10-2 80 

 
20 

 

 
1630 

3.0 x 10-3 5 

4.9 x 10-2 80 

 
II 

 
15 a 

 

 
1340 

3.7 x 10-3 5 

5.9 x 10-2 80 

 
15 b 

 

 
1564 

3.1 x 10-3 5 

5.1 x 10-2 80 

 
III 

 
18 

 

 
315.5 

0.25 

 

80 

19 

 

 
299 

0.26 80 
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test solution and the open circuit potential (OCP) was recorded for 1 h followed by 

the other electrochemical measurements. Linear polarization resistance (LPR) was 

conducted at a potential range of ± 10 mV vs OCP. Electrochemical impedance 

spectroscopy (EIS) measurements were performed within the frequency range from 

10 kHz to 0.01 Hz. The Nyquist representations of the impedance data were analysed 

with Z-View software (Scribner Associates). The polarization resistance 105 was 

obtained from fitting the Nyquist plot using the software. Finally, potentiodynamic 

polarization measurements (PD) were conducted over the potential range from -0.250 

V to +0.250 V vs. OCP at scan rate of 0.1667 mV/s. All the electrochemical 

measurements have been conducted by potentiostat that controlled by EC-Lab 

software. All tests were performed at 30°C. The LPR and EIS data were recorded 

every hour for 24 hours followed by potentiodynamic polarization measurement. 

Each electrochemical experiment was repeated at least two times to ensure that 

reproducible results were obtained. Figure 4.8 shows examples of the software fitting 

for the three types of the electrochemical measurements (LPR, EIS, and PD) that 

were used to determine the corrosion rates and efficiency of the corrosion inhibitors. 
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Figure 4.8: The fitting for analysing the results of: (a) LPR, (b) PD, (c) EIS data and 
the fitted data with the equivalent circuit model a (Figure 4.7a), and 
(d) EIS data and fitted data with the equivalent circuit model b (Figure 
4.7b). 

4.6 Results and discussion  

Chemical compounds that have been studied as corrosion inhibitors in this thesis are 

presented in Table 4.1. In this section, the inhibition performance of these 

resorcinarenes derivatives (see Table 4.1) to mitigate corrosion of carbon steel in 

CO2-saturated brine has been investigated. The compounds were tested at 

concentrations of 5 and 80 ppm at 30°C. The target was to compare the effectiveness 

of the different alkyl resorcinarenes under corrosive conditions simulating oil and gas 

corrosion system.  
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4.6.1 Comparison between L-aspartic acid tetramethoxy resorcinarenes 
derivatives 

 
Figure 4.9: Compound 10 is the diasteromeric mixture of the propyl-L-aspartic acid 

resorcinarene derivatives. Compound 20 is the diasteromeric mixture 
of the heptyl-L-aspartic acid resorcinarene derivatives.  

The first group of compounds the L-aspartic acid derivative of alkyl tetramethoxy 

resorcinarenes, were synthesised for a preliminary investigation of their effectiveness 

in the corrosion inhibition process related to the length of the aliphatic chains in their 

structures. The electrochemical methods described earlier in this chapter, namely 

LPR, EIS and PD were applied and the two compounds were used at two 

concentrations. 

4.6.1.1 Corrosion inhibitor evaluation at concentration of 5 ppm 

Figure 4.10 shows corrosion rates obtained from LPR measurements of carbon steels 

exposed to tetramethoxy resorcinarenes derivatives at 5 ppm at 30°C during 24 h. 

The corrosion rates from the inhibited steels are compared to corrosion rates from the 

brine solution (non-inhibited), under the same experimental conditions. The results 

show that the corrosion rate of the blank solution increases to 3.11 mm y-1 at 24 h. In 

the presence of compound 10, the corrosion rate decreased to 0.92 mm y-1 after 24 h. 

In the presence of compound 20, the corrosion rate dropped to 0.76 mm y-1 at the 

time of 24 h immersion. This suggested that both the tetramethoxy resorcinarenes 

derivatives can reduce the corrosion rate and that the efficiency of compound 20 to 

inhibit corrosion is higher than of compound 10. The observed corrosion mitigation 

is likely due to formation of a surface inhibitor film which covered the steel 

surface.262-263  
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Figure 4.10: Corrosion rates derived from linear polarization resistance (LPR) 
measurements for 24 h, at steels surface without and with 5 ppm of the 
L-aspartic acid tetramethoxy resorcinarenes derivatives in CO2 -
saturated brine solution at 30°C. 

Figure 4.11 illustrates the Nyquist plots from electrochemical impedance 

spectroscopy (EIS) from mild steel in CO2 saturated brine without and with 5 ppm of 

the L-aspartic acid tetramethoxy resorcinarenes derivatives after 24 h. Each EIS 

spectrum shows two loops, a small capacitive loop at high frequency region followed 

by a larger capacitive loop at low frequency region which could be attributed to the 

double layer capacitance and the charge transfer resistance at the corroding surface in 

the corrosion process.264 The EIS measurements were fitted to equivalent circuits 

presented in Figure 4.7. The derived EIS parameters are shown in table 4.2. The 

impedance data were fitted with the equivalent circuit model a (Figure 4.7a) when 

analysing the non-inhibited solution data, and with the equivalent circuit model b 

(Figure 4.7b) when analysing the data from inhibited solution. The table 4.2 contains 

the following elements: (Rs) is the solution resistance, (R) is the resistance, (icorr) is 

the corrosion current density calculated by eq.4.11, (CR) is the corrosion rate 

calculated by eq.4.13, and (IE) is the inhibition efficiency calculated by eq.4.18.  It is 

observed from Table 4.2 that adding an inhibitor (10 or 20) into solution increases 

the resistance (R) and solution resistance (Rs) values resulting in decrease of 

corrosion rates compared to the blank solution. The EIS data are in good agreement 

with the relevant LPR measurements. In the presence of the inhibitor (10 or 20), the 

corrosion rate has dropped from 2.46 mm y-1 of the non-inhibited solution to 1.02 or 
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0.06 mm y-1 for the inhibited solution that contains the compounds 10 and 20, 
respectively. These data are in agreement with those obtained from the LPR results 

where the corrosion rate had decreased from 3.11 mm y-1 of the non-inhibited 

solution to 0.92 or 0.76 mm y-1 of the inhibited solution containing the compounds 

10 and 20 respectively. 

 
Figure 4.11: Nyquist plots for mild steel in CO2 saturated brine solution at 30°C with 

5 ppm of tetramethoxy resorcinarenes 10 and 20 after 24 h.  

Table 4.1: EIS parameters obtained from Nyquist plot fitting with equivalent 

circuits after 24 h. 

Test 
solution 

C 
ppm 

RS 
Ωcm2 

R 
Ωcm2 

icorr. 
µAcm-2 

CR 
mm.y-1 

Err 
% 

IE 
% 

Blank - 2.74 44.61 2.12x10-4 2.46 1.48 - 
10 5 12.06 100.19 8.84 x10-5 1.02 0.23 55.47 
20 5 12.49 199.35 5.59 x10-6 0.06 2.03 77.62 

 

Figure 4.12 shows the potentiodynamic polarisation curves of carbon steel in brine 

solution containing CO2 at 30°C without or with 5 ppm of two different tetramethoxy 

resorcinarenes derivatives (10 and 20). Electrochemical parameters such as corrosion 

potential (Ecorr), corrosion current density (icorr), Tafel slope constants (𝛽𝑎,𝛽𝑐), 

corrosion rate (CR), and inhibition efficiency (IE) were calculated and are listed in 

Table 4.3.  It can be seen that the addition of inhibitors reduces the corrosion 

potential Ecorr which was shifted towards more positive values in respect to the brine 

solution, indicating that the inhibition of corrosion of carbon steel was under anodic 



 

 105 

control. Also, the value of icorr was reduced when the compound 10 or 20 was added 

into the solution compared to the blank solution, meaning that the steel was inhibited 

by these resorcinarenes compounds. From the inhibition efficiency data, it is 

apparent that the compound 20 is more effected than the compound 10. This trend is 

consistent with the results obtained by the LPR and EIS methods.  

 
Figure 4.12: Potentiodynamic polarisation curves measured for mild steel in CO2 

saturated without and with 5 ppm of L-aspartic acid tetramethoxy 
resorcinarenes 10 and 20 at 30°C after 24 h. 

Table 4.2: Electrochemical parameters and inhibition efficiency obtained from 
potentiodynamic polarization measurements at steel surface in brine with and 
without corrosion inhibitors. 

Test 
Solution 

C 

Ppm 

-Ecorr. 

mV 

icorr. 
µAcm-2 

βa 

V decade-1 

 

βb 

V decade-1 

CR 

mm y-1 

Err 

% 

IE 

% 

Blank - 837.13 5.07 185.5 220.8 2.14 0.23 - 
10 

 

5 658.32
4 

3.30 193.6 332.7 

 

1.31 0.01 34.91 

 
20 

 

 

 

5 708.96 1.38 128.7 233.8 0.55 0.01 

 

 

72.62 
 

4.6.1.2 Corrosion inhibitor evaluation at concentration of 80 ppm 

The L-aspartic acid tetramethoxy resorcinarenes derivatives have been evaluated as 

corrosion inhibitors at concentrations of 80 ppm by LPR method compared to the 

blank solution (Figure 4.10). The results of the LPR measurements of compounds 10 

and 20 at 80 ppm are shown in Figure 4.13. The corrosion rate decreased to 0.08 mm 

y-1 in the presence of the inhibitor 10 and to 1.29 mm y-1 in the presence of inhibitor 
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20 at 24 h. This decrease in corrosion rates can be attributed to the inhibitor 

molecules forming a film on the steel surface and have affected the corrosion 

process.263 It can be seen that both compounds inhibited the corrosion process and 

that compound 10 is more protective to the steel than compound 20 at 80 ppm.  

 

Figure 4.13: Corrosion rates derived from linear polarization resistance (LPR) 
measurements for 24 h, at the steel surface without and with 80 ppm 
of the L-aspartic acid tetramethoxy resorcinarene derivatives in CO2-
saturated brine solution at 30°C. 

  

Figure 4.14 shows the EIS spectra for these tetramethoxy resorcinarenes compared to 

the blank solution. The EIS data show increase in resistivity after adding inhibitors in 

the test solution compared to the blank solution. The calculated parameters which 

resulted from fitting the EIS data to Randle's circuit, for both measurements from the 

non-inhibited and inhibited solutions. The measured parameters are shown in Table 

4.4. The results show that adding the inhibitor into the solution causes a significant 

increase in R to 111.4 Ωcm2 in the presence of (10) and increase to 62.21 Ωcm2
 in the 

presence of (20). Also, the icorr value decreases to 7.45 x10-5 µAcm-2 in the presence 

of compound 10 and to 1.38 x10-4 µAcm-2 in the presence compound 20 at 24 h. This 

indicates that these inhibitors can retard the corrosion process in the corrosive system 

with compound 10 being the more effective corrosion inhibitor compared to 

compound 20 at the studied concentrations. Results obtained from the EIS 

measurements are in good agreement with those obtained from the LPR 

measurements. 
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Figure 4.14: Nyquist plots for mild steel in CO2 saturated brine solution at 30°C with 

80 ppm of tetramethoxy resorcinarenes 10 and 20 after 24 h.  

Table 4.3: EIS parameters obtained from Nyquist plot fitting with equivalent circuit 

after 24 h. 

Test 
solution 

C 
ppm 

RS 
Ωcm2 

R 
Ωcm2 

icorr. 
µAcm-2 

CR 
mm.y-1 

Err 
% 

IE 
% 

Blank - 2.74 44.61 2.12x10-4 2.46 1.48 - 
10 80 20.11 111.4 7.45 x10-5 0.86 1.75 59.95 
20 80 18.73 62.21 1.38 x10-4 1.61 1.05 28.29 

 

The potentiodynamic polarization curves from carbon steel in brine solution 

containing CO2 at 30°C without or with the L-aspartic acid resorcinarenes derivatives 

at 80 ppm and after 24 h are presented in Figure 4.15. Table 4.5 summaries the 

electrochemical parameters derived from the potentiodynamic measurements. The 

results show increase in Ecorr values towards positive values in the presence of the 

corrosion inhibitors 10 and 20 compared to the blank solution. Also, the values of 

icorr decrease in the presence of compound 10 to 1.73 µAcm-2 and to 4.55 µAcm-2 in 

the presence of compound 20 in respect of the non-inhibited solution. This suggests 

that compound 10 has a more significant effect on the corrosion process due to the 

high decrease in icorr value compared to compound 20. This trend is similar to those 

obtained from LPR and EIS measurements. 
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Figure 4.15: Potentiodynamic polarisation curves measured for mild steel in CO2 

saturated without and with 80 ppm of L-aspartic acid tetramethoxy 
resorcinarenes 10 and 20 at 30°C after 24 h.  

Table 4.4: Electrochemical parameters and inhibition efficiency obtained from 

potentiodynamic polarization measurements at steel surface in brine with and without 

corrosion inhibitors. 

Test 
Solution 

C 

ppm 

-Ecorr. 

mV 

icorr. 
µAcm-2 

βa 

V decade-1 

 

βb 

V decade-1 

CR 

mm y-1 

Err 

% 

IE 

% 

Blank - 837.13 5.07 185.5 220.8 2.14 0.23 - 
10 

 

80 638.36 1.73 138.2 223.5 

 

0.45 0.17 65.87 

 
20 

 

 

80 686.51 4.55 161.2 664.3 1.75 0.26 

 

 

10.25 
 

4.6.2 Comparison between diethyl diamine tetramethoxy resorcinarenes 
derivatives 

 
Figure 4.16: Chemical structures of propyl (15a) and heptyl (15b) diethyl diamine 

tetramethoxy resorcinarenes derivatives. 

This second group of compounds studied as corrosion inhibitors is similar to that 

studied in the previous section (compounds 10 and 20) except that the aspartic acid 
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has been replaced with an N, N-diethylethyleneamine group. The capacity of these 

compounds, 15a and 15b, to act as corrosion inhibitors has been studied and the 

results are discussed below. 

4.6.2.1 Corrosion inhibitor evaluation at concentration of 5 ppm  

Figure 4.17 shows corrosion rates of carbon steel in brine saturated solution without 

and with 5 ppm of the diethyl diamine resorcinarenes derivatives (15a) or (15b) at 

30qC obtained from LPR measurements. The corrosion rate values in the presence of 

compound 15a or 15b were lower than those measured in the blank solution over 24 

h. After the addition of 5 ppm of 15a, the corrosion rate dropped and remained 

relatively constant over the 24 h period with an average rate of approximately 1.1 

mm y-1
.  The presence of inhibitor 15b decreased the corrosion rate to 2.23 mm y-1 

after 24 h and the results show that compound 15a is a more effective corrosion 

inhibitor compared to compound 15b. However, the overall decrease in corrosion 

rates in the presence of these compounds is not significant, compared to the brine 

solution, and the corrosion rates remain high. 

 
Figure 4.17: Corrosion rates derived from linear polarization resistance (LPR) 

measurements for 24 h, at the steel surface without and with 5 ppm of 
diethyl diamine tetramethoxy resorcinarene derivatives in CO2-
saturated brine solution at 30°C.  

Figure 4.18 presents the Nyquist plots recorded in the presence of compounds 

15a and 15b in the test solutions, and in brine solution. Table 4.6 summarizes 

the EIS parameters that resulted from the fitting with the equivalent circuit 
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model a (Figure 4.7a) for analysing the non-inhibited solution data and the 

equivalent circuit model b (Figure 4.7b) for analysing the inhibited solution data. 

The increase in R and the decrease in icorr when compounds 15 a and 15 b were 

added showed that both inhibitors 15a and 15b can affect the corrosion process, 

with compound 15a being more effective. This trend is in agreement with that 

obtained from LPR measurements. 

 
Figure 4.18:  Nyquist plots for mild steel in CO2 saturated brine solution at 30°C 

with 5 ppm of diethyldiethylenediamine tetramethoxy resorcinarenes 
15a and 15b after 24 h.  

Table 4.5 Table 4.6: EIS parameters obtained from Nyquist plot fitting with equivalent 

circuit after 24 h. 

Test 
Solution 

C 
ppm 

RS 
Ωcm2 

R 
Ωcm2 

icorr. 
µAcm-2 

CR 
mm.y-1 

Err 
% 

IE 
% 

Blank - 2.74 44.61 2.12x10-4 2.46 1.48 - 
15 a 5 8.72 73.24 1.16 x10-4 1.35 2.03 39.09 
15 b 5 5.17 46.21 1.94 x10-4 2.25 1.04 3.46 

 

Figure 4.19 and Table 4.7 introduce the potentiodynamic polarization curves and the 

electrochemical parameters respectively without and with 15a or 15b at 30qC after 

24 h. The table shows decrease in both Ecorr and icorr values in the presence of 

corrosion inhibitors compared to the blank solution. Accordingly, the corrosion rates 

decreased in the presence of the inhibitors (15a, 15b) showing their inhibiting 

properties. Results obtained from PD measurements are in good agreement with 

those obtained from LPR and EIS measurements. 
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Figure 4.19: Potentiodynamic polarisation curves measured for mild steel in CO2 

saturated without and with 5 ppm of diethyldiethylenediamine 
tetramethoxyresorcinarenes (15a, 15b) at 30°C after 24 h.  

Table 4.6: Electrochemical parameters and inhibition efficiency obtained from 

potentiodynamic polarization measurements at steel surface in brine with and without 

corrosion inhibitors. 

Test 
Solution 

C 

ppm 

-Ecorr. 

mV 

icorr. 
µAcm-2 

βa 

V decade-1 

 

βb 

V decade-1 

CR 

mm y-1 

Err 

% 

IE 

% 

Blank - 837.13 5.07 185.5 220.8 2.14 0.23 - 
15 a 

 

5 729.04 3.54 96.0 673.3 1.35 0.01 30.18 

 
15 b 5 738.61 4.30 106.7 888.7 1.72 0.26 15.19 

 

4.6.2.2 Corrosion inhibitor evaluation at concentration of 80 ppm 

The LPR measurements were conducted at carbon steel over 24 h in the presence of 

80 ppm of propyl (15a) and heptyl diethyl (15b) diethylethylenediamine 

resorcinarene derivatives. The results are shown in Figure 4.20. At 80 ppm, 

compared to corrosion rate value of the blank solution, the corrosion rate in the 

presence of compound 15a decreased to 0.90 mm y-1
. The corrosion rate in the 

presence of compound 15b decreased to 1.76 mm y-1 after 24 h. The corrosion rates 

were found to decrease with increasing inhibitor concentration, which might be 

attributed to the increase in the adsorption and surface coverage.265  It should 

however be pointed out that the corrosion rates remain high and do not provide 

adequate corrosion inhibition to the carbon steel. 
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Figure 4.20: Corrosion rates derived from linear polarization resistance (LPR) 

measurements for 24 h, at the steel surface without and with 80 ppm 
of diethylethylenediamine tetramethoxyresorcinarene derivatives in 
CO2-saturated brine solution at 30°C. 

  

The Nyquist plots from corrosion measurements with inhibitors 15a and 15b are 

shown in Figure 4.21. Table 4.8 summarises the EIS parameters determined 

from fitting the impedance data with the equivalent circuit model a (Figure 4.7a) 

for the non-inhibited solution and equivalent circuit model b (Figure 4.7b) for 

the inhibited solution. The presence of compound 15a increased the R values and 

the icorr values, the corrosion rate decreased to 0.51 mm y-1. The presence of 15b 

resulted in increased R value compared to the blank solution and decreased icorr, 

the corrosion rate decreased to 1.81 mm y-1. It can be seen that the two inhibitors 

have only moderately impacted on the corrosion process with the compound 15a 

being the more effective one. The trend is in agreement with the results obtained 

from LPR measurements. 
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Figure 4.21:  Nyquist plots for mild steel in CO2 saturated brine solution at 30°C 

with 80 ppm of the diethylethylenediamine tetramethoxyresorcinarene 
15a and 15b after 24 h.  

Table 4.7: EIS parameters obtained from Nyquist plot fitting with equivalent circuit 

after 24 h. 

Test 
solution 

C 
ppm 

RS 
Ωcm2 

R 
Ωcm2 

icorr. 
 µAcm-2 

CR 
mm.y-1 

Err 
% 

IE 
% 

Blank - 2.74 44.61 2.12x10-4 2.46 1.48 - 
15 a 80 14.29 189.91 4.41 x10-5 0.51 0.81 76.51 
15 b 80 8.45 55.21 1.56 x10-4 1.81 1.57 19.19 

 

The potentiodynamic polarisation measurements were conducted in the absence or 

presence of compounds (15a or 15b) at 80 ppm in brine solution saturated with CO2 

at 30°C after 24 h (Figure 4.22). Table 4.9 summarises the electrochemical 

parameters estimated from potentiodynamic measurements. It shows that there is a 

decrease in icorr and Ecorr compared to the blank solution, and the associated decrease 

in corrosion rates. The anodic and cathodic Tafel slopes (βa and βc) respectively have 

been increased compared to the blank solution after adding the inhibitors to solution 

and the corrosion rate has decreased, meaning that the steel corrosion is affected by 

these compounds. The corrosion rate value of compound 15a is less than that of 

compound 15b which means that compound 15a inhibits the corrosion process more 

effectively. Slightly higher corrosion efficiency is achieved with increasing 

concentration of the inhibitors (15a, 15b) and compound 15a is more effective than 
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compound 15b. This trend is in good agreement with those obtained from LPR and 

EIS measurements. 

 
Figure 4.22: Potentiodynamic polarisation curves measured for mild steel in CO2 

saturated without and with 80 ppm different diethyldiethylenediamine 
tetramethoxy resorcinarenes (15a, 15b) at 30°C.  

Table 4.8: Electrochemical parameters and inhibition efficiency obtained from 

potentiodynamic polarization measurements at steel surface in brine with and without 

corrosion inhibitors. 

Test 
Solution 

C 

Ppm 

-Ecorr. 

mV 

icorr. 
µAcm-2 

βa 

V decade-1 

 

βb 

V decade-1 

CR 

mm y-1 

Err 

% 

IE 

% 

Blank - 837.13 5.07 185.5 220.8 2.14 0.23 - 
15 a 

 

80 735.86 1.96 61.6 168.1 0.73 0.01 61.34 

 15 b 80 765.31 4.58 165.5 466.5 1.76 0.26 9.66 

 

4.6.3 Comparison between the undecyl L-aspartic acid and the undecyl 
diethyl diamine derivatives 

 
Figure 4.23: Chemical structures of two model compounds, the undecyl amide 

derivatives of L-aspartic acid 18 and of N, N- diethylethylenediamine 
tetramethoxy 19. 
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The third group of compounds used in the corrosion study was synthesised to 

investigate the effect of the macrocycle present in the previous set of compounds. 

These are the dodecyl amide derivatives of L-aspartic acid or 

diethylethylenediamine. The efficiency of these compounds (18 and 19) to inhibit 

carbon steel corrosion is discussed below. To compare compounds (18 and 19) with 

those used in the previous sections, the concentration of 80 ppm was selected as it 

corresponds with the higher corrosion inhibition efficiencies obtained from 

measurements in the previous section. 

4.6.3.1 Corrosion inhibition at concentration of 80 ppm 

Figure 4.24 shows the corrosion rates from steel surfaces with and without inhibitors 

18 or 19 in CO2 saturated brine solution at 30°C. The addition of compound 18 to the 

brine solution decreased the corrosion rate to below 0.01 mm y-1 after 24 h. The 

addition of compound 19 decreased the corrosion rate to 0.10 mm y-1 after 24 h 

compared to non-inhibited solution. This can be attributed to the formation of a film 

on the steel surface by the inhibitor molecules.263 A rapid decrease in corrosion rate 

was observed upon the addition of the inhibitors (18 or 19) at the concentration of 80 

ppm. This suggests that 1 h and 2 h are sufficient times for significant deposition of 

the respective compounds 18 and 19 on the steel surface and formation of a 

protective layer. 

 
Figure 4.24: Corrosion rates derived from linear polarization resistance (LPR) 

measurements for 24 h, at steels surface without and with 80 ppm of 
undecyl L-aspartic acid and undecyl diethylethyleneamine derivatives 
in CO2- saturated brine solution at 30 °C. 
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EIS measurements were recorded without and with 80 ppm of inhibitors 18 or 19 at 

the steel sample in CO2 saturated brine solution at 30°C after 24 h. Figure 4.25 

shows the Nyquist plots from carbon steel without inhibitor that fits the equivalent 

circuit model a (Figure 4.7a) and the Nyquist plots from carbon steel with the 

inhibitors (18, 19) that fit the equivalent circuit model b (Figure 4.7b), the double 

depressed semicircle equivalent to charge transfer resistance (Rct) has been observed. 

This indicates that the corrosion processes in the non-inhibited and inhibited 

solutions are charge transfer controlled. Table 4.10 shows the calculated parameters 

from the fitted EIS data. It can be seen that the solution resistance (Rs) and (R) 

increased in the presence of corrosion inhibitors compared to the non-inhibited 

solution. Consequently, the corrosion current (icorr) decreased dramatically compared 

to the non-inhibited solution. The results show high efficiency of the corrosion 

inhibitors (18, 19) at the studied concentration. 

 
Figure 4.25:  Nyquist plots for mild steel in CO2 saturated brine solution at 30°C 

without and with 80 ppm of undecyl L-aspartic acid 18 and undecyl 
diethylethyleneamine 19 after 24 h.  

Table  4.9: EIS parameters obtained from Nyquist plot fitting with equivalent circuit 

after 24 h. 

Test 
Solution 

C 
Ppm 

RS 
Ωcm2 

R 
Ωcm2 

icorr. 
 µAcm-2 

CR 
mm.y-1 

Err 
% 

IE 
% 

Blank - 2.74 44.61 2.12x10-4 2.46 1.48 - 
18 80 9.77 8581.52 8.64 x10-7 0.01 1.11 99.48 
19 80 1091 189.6 4.53 x10-5 0.53 1.45 76.52 
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The potentiodynamic polarization curves from carbon steel without and with 80 

ppm of inhibitors (18 or 19) in CO2-saturated brine solution at 30°C and at 80 

ppm after 24 h are shown in Figure 4.26. Table 4.11 shows the values of the 

associated electrochemical parameters. From the results, it can be concluded that 

the corrosion potential (Ecorr) value shifts toward more positive values and the 

values of current density (icorr) decrease sharply in the presence of the inhibitors 

(18 or 19) in respect to the non-inhibited solution showing that these inhibitors 

mitigate the corrosion process. The trend is in good agreement with the results 

obtained from the LPR and EIS measurements. 

 
Figure 4. 26: Potentiodynamic polarisation curves measured for mild steel in CO2 

saturated without and with 80 ppm of undecyl L-aspartic acid 18 and 
undecyl diethylethyleneamine 19 at 30°C. 

  

Table 4.10: Electrochemical parameters and inhibition efficiency obtained from 

potentiodynamic polarization measurements at steel surface in brine with and without 

corrosion inhibitors. 

Test 
Solution 

C 

ppm 

-Ecorr. 

mV 

icorr. 
µAcm-2 

βa 

V decade-1 

 

βb 

V decade-1 

CR 

mm y-1 

Err 

% 

IE 

% 

Blank - 837.13 5.07 185.5 220.8 2.14 0.23 - 
18 

 

80 554.95 0.06 197.3 252.4 0.03 0.01 98.81 

 
19 

 

 

80 749.51 0.39 191.1 198.3 0.15 0.26 

 

 

81.65 
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4.7 Conclusions 

 The inhibition performance of the studied compounds at steel surface exposed to 

CO2 saturated brine solution at concentration of 5 ppm is in sequence 20 ˃ 10 ˃ 15a 

˃ 15b, and at 80 ppm is in sequence 18 ˃ 19 ˃ 10 ˃ 20 ˃ 15a ˃ 15b. The comparison 

of the three corrosion inhibitor groups of synthesized compounds shows that the 

resistance offered by group III (dodecyl amide derivatives of L-aspartic acid 18 and 

of N, N- diethyldiamine tetramethoxy 19) is significantly higher than that obtained 

from the other groups. It can be concluded that the synthesized compounds (18, 19) 

provide sufficient corrosion inhibition to carbon steel (CS1030) in CO2 environment 

at the tested concentration.  

The trends in corrosion rates obtained from the variety of corrosion measurements, 

namely LPR, EIS and PD, provided good agreement and allowed for evaluation of 

the synthesized compounds as corrosion inhibitors. 

 

 

  



 

 119 

5.0 Summary and future work 
In conclusion, this research is concerned with the synthesis of novel 

tetramethoxy resorcinarenes derivatives and these compounds were 

investigated for crystal growth modification and corrosion inhibition. 

Several compounds were successfully synthesized. L-aspartic acid and 

diethylethylenediamine were attached to resorcinarenes by an amide linkage. 

For the desired compounds first step was synthesis resorcinarene skeleton by 

reaction of 3-methoxyphenol with an aldehyde (butanal, octanal or 

dodecanal) in the system DCM/BF3Et2O. This resorcinarene was alkylated 

with ethyl bromoacetate to give the resorcinarene ester derivatives. This 

ester was hydrolysed by reaction with sodium hydroxide in methanol then 

acidified with hydrochloric acid to give resorcinarene acid. The acid 

coupling with the amino acid (dimethyl L-aspartate hydrochloride) in 

presence of triethylamine and N, N, N′, N′-Tetramethyl-O-(benzotriazol-1-

yl) uronium tetrafluoroborate (TBTU) gave the amino acid resorcinarenes 

derivatives. These amino acid resorcinarenes were isolated by fractional 

crystallization. The first isomer was pure while the second isomer has trace 

of the first isomer and the optical rotation was measured of these amides to 

distinguish between the absolute C4 dissymmetric resorcinarene 

enantiomers. However, the propyl amino acid resorcinarenes (10) could not 

separate and were used as a diasteroisomeric mixture in the applications.  

Alkyl amino acid ester resorcinarenes were hydrolysed to give tetra-L-

aspartic acid tetramethoxyresorcinarenes. Also, the resorcinarene acid was 

reacted with N-N- diethylethylenediamine to give tetraalkyl tetra-

diethylethylenediamine tetramethoxyresorcinarenes.  

Novel alkyl amino acid amide was also synthesised by reaction of dimethyl 

L-aspartic acid with dodecanoyl chloride in the presence of triethylamine to 

give the dimethyl N-dodecanoyl-L-aspartate which, after hydrolysis with 

sodium hydroxide, gave N-dodecanoyl-L-aspartic acid (18). Also, N-N- 

diethylethylenediamine was reacted with dodecanoyl chloride to give N-(2-

diethylaminoethyl)dodecanamide. These compounds were prepared to 
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compare their impact on the crystallization or corrosion process with the 

amino acid functionalized resorcinarenes. 

These compounds have been investigated as inhibitors on calcium carbonate, barium 

sulfate and calcium oxalate crystallization and carbon steel corrosion in CO- 

saturated brine media. The resulted showed that all the amino acid functionalized 

resorcinarenes could alter the morphology of the model systems (calcium carbonate, 

barium sulfate and calcium oxalate) and resorcinarene 10 appears to be the most 

effective. Moreover, these resorcinarenes derivatives were able to influence the 

growth kinetic of barium sulfate. The comparative study showed that alkyl amino 

acid amid 18 has less impact on the calcium carbonate and calcium oxalate 

morphology and high impact on barium sulfate morphology. The initial investigation 

of these derivatives as corrosion inhibitors showed that they inhibited the CO2 

corrosion in brine media by reducing the corrosion rate compared to the non-

inhibited solution and the comparative study showed the alkyl amide L-aspartic acid 

(18) inhibited the carbon steel corrosion better than the resorcinarene derivatives.  

This research can be further extended. Isolation of the two diastereoisomers of the 

propyl L-aspartic acid resorcinene (10) should be attempted. This could be performed 

by the using amino acid with different esters and this may allow easier separation. 

Also, it would be useful to determine the absolute configuration of the 

diastereoisomers. The application of amino acid functionalized resorcinarenes as 

crystallization modification can be extended by using the atomic force microscopy 

(AFM) technique to study the growth process. In addition, kinetic studies would be 

useful and determination of the critical micelle concentration would aid in the 

understanding of their impact. Amino acid functionalized resorcinarenes can also be 

further investigated as corrosion inhibitors by using more concentration ranges and it 

would be useful to conduct a comparison study between dodecyl amide 19 with 

undecyl resorcinarene. Moreover, an AFM study to investigate any surface coating 

that forms would aid in the mechanistic understanding of how the resorcinarene 

protects against corrosion. 
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196. Nordsveen, M.; Nešic, S.; Nyborg, R.; Stangeland, A., A Mechanistic Model 

for Carbon Dioxide Corrosion of Mild Steel in the Presence of Protective Iron 

Carbonate Films-Part 1: Theory and Verification. Corrosion Journal 2003, 59 (5), 

443-456. 



 

 140 

197. Revie, R. W., Carbon Dioxide Corrosion of Mild Steel In Uhlig's corrosion 

handbook 3 rd ed.; Nesic, S., Ed. John Wiley & Sons, Inc.: New Jersey-Canada, 

2011; p 229. 

198. Nesic, S.; Lee, L., A Mechanistic Model for CO2 Corrosion with Protective 

Iron Carbonate Films. Corrosion 2003, 59, 616-628. 

199. Moiseeva, L. S., Carbon dioxide corrosion of oil and gas field equipment. 

Protection of Metals 2005, 41 (1), 76-83. 

200. Callister, W. D., Materials science and engineering : an introduction. 7th ed.; 

Hoboken, NJ : John Wiley & Sons: 2007. 

201. Bockris, J. M.; Drazic, D.; Despic, A. R., The electrode kinetics of the 

deposition and dissolution of iron. Electrochimica Acta 1961, 4 (2), 325-361. 

202. Perez, T. E., Corrosion in the Oil and Gas Industry: An Increasing Challenge 

for Materials. The Journal of Minerals, Metals and Materials Society (TMS), 2013, 
65 (8), 033-1041. 

203. van Hunnik, E. W. J.; Pots, B. F. M.; Hendriksen, E. L. J. A., The Formation 

of Protective FeCO3 Corrosion Product Layers in CO2 Corrosion. corrosion 

(Houston, TX: NACE) 1996. 

204. Tanupabrungsun, T.; Brown, B.; Nešić, S., Effect of CO2 Corrosion of Mild 
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The nuclear magnetic resonance (1HNMR, 13CNMR) and 
Infrared (IR) spectroscopies of (3a-c) 
 

 

Appendix A1. 1: 1HNMR (A), 13CNMR (B) and IR (C) of 3a. 
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Appendix A1. 2: 1HNMR (A), 13CNMR (B) and IR (C) of 3b. 
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Appendix A1. 3: 1HNMR (A), 13CNMR (B) and IR (C) of 3c. 
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The nuclear magnetic resonance (1HNMR, 13CNMR) and 
Infrared (IR) spectroscopies of (4a-c) 

 
Appendix A2. 1: 1HNMR (A), 13CNMR (B) and IR (C) of 4a. 
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Appendix A2. 2: 1HNMR (A), 13CNMR (B) and IR (C) of 4b. 
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Appendix A2. 3: 1HNMR (A), 13CNMR (B) and IR (C) of 4c. 
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The nuclear magnetic resonance (1HNMR, 13CNMR) and 
Infrared (IR) spectroscopies of (5a,6-9) 

 
 

Appendix A3. 1: 13CNMR (A) and IR (B) of 5a. 
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Appendix A3. 2: 1HNMR (A) 13CNMR (B) and IR (C) of 6. 
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Appendix A3. 3:  1HNMR (A) 13CNMR (B) and IR (C) of 7. 
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Appendix A3. 4:  1HNMR (A) 13CNMR (B) and IR (C) of 8. 
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Appendix A3. 5:  1HNMR (A) 13CNMR (B) and IR (C) of 9. 
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The nuclear magnetic resonance (1HNMR, 13CNMR) and 
Infrared (IR) spectroscopies of (10-14) 

 
 

Appendix A4. 1: 13CNMR (A) and IR (B) of 10. 
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Appendix A4. 2: 1HNMR (A) 13CNMR (B) and IR (C) of 11. 

  



 

 162 

 

Appendix A4. 3: 1HNMR (A) 13CNMR (B) and IR (C) of 12. 
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Appendix A4. 4: 1HNMR (A) 13CNMR (B) and IR (C) of 13. 
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Appendix A4. 5: 1HNMR (A) 13CNMR (B) and IR (C) of 14. 
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The nuclear magnetic resonance (1HNMR, 13CNMR) and 
Infrared (IR) spectroscopies of (15a-b) 

 
 

AppendixA5. 1: 13CNMR (A) and IR (B) of 15a. 
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AppendixA5. 2: 13CNMR (A) and IR (B) of 15b. 
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The nuclear magnetic resonance (1HNMR, 13CNMR) and 
Infrared (IR) spectroscopies of (17-18) 

 

 
AppendixA6. 1: 1HNMR (A) 13CNMR (B) and IR (C) of 17. 
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AppendixA6. 2: 13CNMR (A) and IR (B) of 18. 

  



 

 169 

The nuclear magnetic resonance (1HNMR, 13CNMR) and 
Infrared (IR) spectroscopies of 19 

 

 

Appendix 7. 1: 1HNMR (A) 13CNMR (B) and IR (C) of 19. 
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