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Abstract 

 

Rheumatoid arthritis (RA) is a debilitating disease affecting 5% of the world’s population and 

there is no cure. Copper(II) complexes have been reported to have anti-inflammatory activity 

and alleviate the symptoms associated with the disease. The present study focuses on the design 

of new drugs that could be used to change the bioavailability of copper(II) and hence alleviate 

the inflammation. The tripeptides, glycyl-L-leucyl-L-histidine (GLH), sarcosyl-L-leucyl-L-

histidine (Sar-LH), glycyl-L-phenylalanyl-L-histidine (GFH) and sarcosyl-L-phenylalanyl-L-

histidine (Sar-FH) were designed to resemble the natural in vivo copper(II) transporter, human 

serum albumin, so that they could be selective for copper(II). The preferred route of 

administration is dermal absorption and so sarcosine was added to improve the lipophilicity of 

the drug. This administration method was chosen since it is both nonharmful and convenient 

for patients.  

 

The stability of the complexes was measured using glass electrode potentiometry and their 

solution structure studied using UV-Vis spectrophotometry, CW-EPR spectroscopy, 1H NMR, 

ESI-MS and molecular modelling calculations. The presence of sarcosine did not significantly 

affect the stability of the complexes. Several species were found to exist in solution depending 

on the pH, but at pH 7, the CuLH-2 species predominated for all four tripeptides. In this species, 

the ligand was found to coordinate to copper(II) via the terminal amine-N, the two amide-Ns 

and imidazole-N, in a square planar geometry.  

 

Using a computer model of blood plasma, all four ligands were found to mobilise copper(II), 

without disrupting the homeostasis of nickel(II), zinc(II) or calcium(II) in the order of GFH > 

Sar-FH > GLH > Sar-LH. GFH increased the low molecular mass copper(II) species by 40.7 

times at 0.1 mM. The lipophilicity of the complexes was estimated by measuring their 

octanol/water partition coefficients.  All the complexes were found to be hydrophilic with log 

Poct/aq ranging from -3 to -2. Dermal absorption was estimated using an artificial membrane and 

a Franz cell. Only a moderate increase in membrane permeability of copper(II) was found. 

   

The stability of the copper(II) complexes, their ability to mobilise copper(II) from endogenous 

sources and their improved dermal absorption, justifies further testing of this class of ligand as 

potential, dermally absorbable, anti-inflammatory drugs.  
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1. Introduction 

 

 

1.1 Rheumatoid arthritis 

 

Rheumatoid arthritis (RA) is a chronic inflammatory disease that affects the connective tissue 

of movable joints. Unlike osteoarthritis, which is not an inflammatory disease and is caused by 

gradual softening and degeneration of the articular hyaline cartilage, RA appears to be an 

autoimmune disorder.1,2 The immune system protects the body against foreign elements such 

as bacteria, fungi, viruses and parasites as well as environmental pollutants, preservatives and 

additives in food. A healthy immune system achieves this by first identifying the harmful 

molecules, responding to them by sending immune cells to destroy these molecules and once 

they have been destroyed, initiate a stop order for the immune cells. When there is an 

autoimmune disorder, the immune system acts as if it is constantly fighting against foreign 

elements and in the process damages healthy cells. Inflammation occurs as a natural response 

to the immune system, by bringing immune cells to the infected areas and increasing blood 

flow to these areas. This inflammation then becomes chronic when there is an autoimmune 

disorder.3,4 

 

The synovium is the main area of pathology in RA.5 It is the soft tissue that lines the spaces of 

diarthrodial joints, tendon sheaths and bursae and is also in contact with the intra-articular 

cavity. The synovium has two layers called the intimal layer, which is superficial, and a 

subintimal layer, which consists of the underlying tissue.6,7 The intimal layer produces the 

synovial fluid which fills the intra-articular cavity. It is 1-2 cells or 20-40 mm thick in a cross-

section and consists of fibroblasts and macrophages. The subintimal layer is up to 5 mm thick 

and provides nutrients to the cartilage, since it contains scattered blood vessels, fibroblasts, fat 

cells and macrophages.5 In RA, the synovium undergoes changes which directly play a role in 

activating the disease.8 The intimal layer becomes hypertrophied to 8-10 cells thick and forms 

a “pannus”, which is mainly due to an increase in macrophage.9 This “pannus” acts like tumour 

tissue, which erodes contiguous cartilage and bone.10 The subintimal layer also undergoes 

changes during RA since there is mononuclear infiltration, as well as the formation of blood 
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vessels.6,11 A schematic representation of a healthy joint compared to a joint with RA can be 

seen in Figure 1.1.  

 

 

 

Figure 1.1: A schematic representation comparing the physiological appearance of a healthy 

joint on the left to a joint that has been affected by RA on the right.12,13 

 

The progression of the disease first appears as slight swelling in the knuckle joints, which is 

accompanied by stiffness and pain. Then the swelling increases and degeneration occurs in the 

joint. Other articular structures also undergo inflammation and degeneration as the disease 

progresses, which inevitably leads to immobility and eventually death.14,15 The progression of 

RA in the knuckle joints can be seen in Figure 1.2. 
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Figure 1.2: The progression of RA in the knuckle joints.16  

 

The exact cause of RA is unknown, although the search is still on-going. Triggers such as a 

bacterial or viral infection have been hypothesised, but have not been found to be the single 

cause of RA. However, together with other factors, they could activate immunological and 

inflammatory pathways which could then initiate the disease. Research into a periodontal 

disease, which has bacteria called Porphyromonas gingivalis and causes citrullination of 

proteins, suggests that this type of infection could lead to the development of RA in some 

patients, although further research is still needed. Another factor that could increase the risk of 

developing RA is a genetic factor. A specific amino acid residue sequence that is within the 

hypervariable region of the gene, HLA-DR4, has been associated to have approximately a 30% 

genetic risk for the disease. Other factors such as hormones and age also contribute to the 

susceptibility to RA, since RA is more prevalent in women and elderly people, as well as 

stress.2,10,17,18  

 

1.2 Current treatment for rheumatoid arthritis 

 

1-5 % of the world’s population is affected with RA and since there is no cure, currently it can 

only be controlled with immunosuppressive drugs and the symptoms treated with anti-

inflammatory drugs.14 The treatment of RA consists of three general classes of drugs, which 

are non-steroidal anti-inflammatory drugs (NSAIDs), corticosteroids and disease modifying 

anti-rheumatic drugs (DMARDs).19,20  
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NSAIDs decrease acute inflammation, which will then decrease pain and improve function. 

Together with their anti-inflammatory property, all of these drugs have a mild analgesic 

property which independently treats the pain of the disease. Even though these drugs treat the 

inflammation, they do not prevent joint destruction or change the course of the disease and 

therefore cannot prevent the progression of RA. Most of these drugs can be bought over-the-

counter and can be taken orally. The advantages of NSAIDs, besides their anti-inflammatory 

and analgesic properties, are that they do not cause addiction, sedation or respiratory 

depression.21 However they do cause problems in the upper gastrointestinal tract, where 

patients develop subjective discomfort, ulcers and bleeding. NSAIDs block the cyclooxygenase 

enzymes, COX-1 and COX-2, which then inhibit the production of prostaglandins. This 

decreases inflammation and pain, since they are mediated by prostaglandins. However, 

prostaglandins are also responsible for maintaining body functions such as protection from 

stomach acid, maintaining kidney blood flow and contributing to the stickiness of platelets and 

vascular functions.21–23  

 

While NSAIDs are associated with symptomatic control, DMARDs modify the inflammatory 

and destructive process of RA, which leads to altering the course of the disease and can improve 

the outcome of RA in the long term.24 Unlike NSAIDs, which take hours to have a therapeutic 

effect, DMARDs take several weeks.25 Therefore, administering DMARD drugs early in the 

diagnosis is ideal since it will help to prevent long-term joint damage and disability. However, 

these drugs are toxic and need to be monitored.25–30 Some studies have also shown that taking 

a combination of DMARD drugs early in the diagnosis of RA provides a better clinical 

response and is well tolerated by patients.31  

 

One type of corticosteroid that is used for treating RA is glucocorticoids. Glucocorticoids can 

be taken orally, intravenously, intramuscularly or directly injected into the articular joints and 

are fast-acting agents.19 Like NSAIDs they also provide symptomatic relief and were initially 

given to RA patients in high doses to reduce flares caused by the disease. However, recent 

studies show that administering glucocorticoids in low doses for longer periods of time and 

during the early stages of RA, slow down radiographic progression and therefore have disease-

modifying benefits like DMARD drugs.32–35 Similar to NSAIDs and DMARDs, taking 

glucocorticoids for long periods of time has adverse side effects like diabetes, infection, 

hypertension, cataracts and osteoporosis.36 
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All the mentioned treatments for RA are not ideal since they are either toxic or have side effects. 

Therefore, the search for an effective and easily administrated treatment that has no side effects 

or toxicity has been ongoing. A cure at this stage is not likely, since more about the disease 

needs to be known first. 

 

1.3 Copper(II) as a form of treatment 

 

The role of copper in RA became a topic of interest because of the abnormally high serum 

copper(II) levels in patients who have the disease.37,38 These high levels were then linked to 

the antioxidant activity of serum and hence the bodies protective inflammatory response.39 The 

higher anti-inflammatory activity found for copper(II) complexes40 and the traditional use of 

copper bangles to treat arthritis41 also helped increase the interest. 

 

The anti-inflammatory activity found in copper has a few possible mechanisms:  

• Copper can induce the activity of lysyl oxidase. This is an enzyme (copper dependant) 

that repairs damaged tissue from inflammation.42  

• Copper modulates prostaglandin synthesis so that a decrease in prostaglandin prevents 

inflammation by vasodilation.43  

• Copper induces the activity of superoxide dismutase, which is an enzyme that initiates 

inflammation.44  

• Copper could have a function in stabilizing the lysosomal membrane, so that lysosomal 

proteolytic enzymes do not get released from abnormal lysosomes and degenerate the 

surrounding cartilage.45  

• Copper helps modulate the physiological effects of histamine, since the histamine 

regulating enzyme, diamine oxidase, is dependent on copper.46  

 

Copper is classified as an essential element for all living organisms since it is required in many 

biological processes such as reproduction, haemoglobin synthesis, bone formation and many 

other processes. Biologically active copper has three oxidation states; I, II and III, but for 

biological systems, state I and III are unstable, while state II forms stable copper complexes 

which get transported around the body to specific sites.47 In the blood plasma of a normal adult, 

there is approximately 76 mg of copper(II) with a concentration of about 1.1- 2.0 x 10-5 

mol/dm-3. In the blood plasma, copper(II) can be classified into four categories: (a) non-
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reversibly bound to metaloproteins, (b) reversibly bound to proteins, (c) reversibly bound to 

low molecular weight (L.M.W) ligands and (d) exists as free hydrated copper(II) ions.48,49 Most 

(65-95%) copper(II) ions are bound non-reversibly to ceruloplasmin and the rest are bound 

reversibly to approximately 15% albumin, 10% transcuprein and smaller portions to peptides 

and amino acids as well.50–52 In the blood plasma of adults with RA, the total serum copper(II) 

can be up to two times higher than normal concentrations.41 A correlation between the 

increased serum copper(II) levels and erosion was found and as a result the role of copper(II) 

was questioned.39 A main indication that  the increased copper(II) levels could have a protective 

function, was observing the copper(II) levels in patients with Hodgkin’s disease, which also 

showed elevated levels of copper(II) in the blood plasma. When these patients went into 

remission after being treated with radiotherapy,  the levels of serum copper(II) became normal 

again.39,53   

 

After further looking into the role of copper(II) in RA patients, it was also found that there is a 

correlation between copper(II) and ceruloplasmin, so that an increase in copper(II) also meant 

an increase in ceruloplasmin (Figure 1.3).37 There is another correlation between ceruloplasmin 

and serum antioxidant activity, which suggests that this cuproprotein is the main factor 

governing antioxidant activity as a protective function against tissue damage.38 A study54 found 

that ceruloplasmin releases copper(II) for cell uptake by interacting with the cell surface. 

Another study55 proposed that ceruloplasmin provides a protective shield against the 

production of oxidative stress, which is caused by myeloperoxidase during inflammation. 

These factors could be a part of the mechanism for why the body produces high levels of 

copper(II) complexed to ceruloplasmin in patients with RA. 
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Figure 1.3: Graph showing the correlation between the levels of copper(II) and 

ceruloplasmin.37 

 

As a result of these correlations, a study40 to decipher whether copper(II) chelates have more 

anti-inflammatory activity than copper(II), in the form of copper(II) acetate, and their parent 

chelating compound was carried out. The parent chelating compounds were drugs that are 

clinically used for treating inflammation. After it was shown through subcutaneous injections 

that the copper(II) chelates are indeed more active, it was suggested that it is the formation of 

these metal coordination complexes that is responsible for the anti-inflammatory activity of 

clinical anti-inflammatory drugs. A depiction of how the activation occurs can be seen in Figure 

1.4. However, this statement was difficult to conclude because problems arose with the 

solubility and stability of the complexes in an acidic medium (oral absorption). But during this 

process, it was also discovered that many copper(II) complexes also had anti-ulcer activity.  

 

 

Figure 1.4: Suggested method for activation of anti-arthritic compounds.40 
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Jackson et al.51 took this one step further to decipher whether copper(II) complexes of naturally 

occurring ligands, like amino-acids, instead of already used anti-inflammatory drugs can 

induce an anti-inflammatory response. These tests were done via subcutaneous injections and  

it was found that the decrease in inflammation is proportional to the amount of copper(II) 

administered. It was also found that once in the blood plasma, the complex acts as a supplement 

to the metal and ligand components of blood plasma and that the complex as a whole does not 

undergo cell membrane transmission. Additionally, the mechanism responsible for controlling 

the anti-inflammatory response can accept copper(II) ions irrespective of whether they are 

firmly or weakly complexed. This is because injected low molecular weight (L.M.W) 

complexes dissociate to form an equilibrium with endogenous L.M.W complexes56 and 

therefore, the binding ability of copper(II) to endogenous ligands, which enter the tissues, is 

implied to be powerful.51 The exact method of how copper(II) complexes exhibit their anti-

inflammatory response is not known, but it is thought that copper(II) is needed for both the 

arrest of the inflammation process, as well as the repair of tissue damage.56 Nevertheless, this 

route of administration is therefore increasing the bioavailable pool of copper(II) from 

exogenous sources by releasing copper(II) into the blood plasma.  

 

Besides the protective function from the copper(II) ceruloplasmin complex against 

inflammation, evidence has shown that L.M.W copper(II) complexes also have a function in 

treating the inflammation associated with RA. Walker et al.57 separated plasma according to 

different molecular weight fractions and showed that species with a molecular weight of below 

500 have active chemicals against RA. It was further suggested that these endogenous L.M.W 

complexes cause the release of copper(II) from serum albumin in response to inflammation. 

These L.M.W copper(II) complexes are then in a form which can enter tissues, since they are 

neutral and therefore are soluble in the lipoprotein matrix. Therefore, it was postulated that by 

increasing the concentration of L.M.W copper(II) complexes, it would increase the 

bioavailable pool of copper(II) from endogenous sources like serum albumin.  

 

The question about whether intentionally increasing the copper(II) concentration in vivo will 

bring about a toxic response was raised. The body is able to handle a ten-fold increase of 

copper(II), which means that there are many non-toxic copper(II) complexes present in vivo, 

but not all copper(II) complexes are non-toxic at all dose levels and so the toxicity of the final 

complexes will need to be evaluated. A known disease that is associated with the accumulation 

of copper(II) in the body is Wilson’s disease. This genetic disease brings about the inability to 
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excrete copper(II) and results in life-threatening copper(II) levels. However, there are no 

known chronic degenerative diseases in humans that arise from the exposure of non-industrial 

copper(II), therefore as long as the copper(II) complex is non-toxic, the body will be able to 

excrete any unused copper(II).40,58  

 

An increase of bioavailable copper(II) in vivo can be achieved in three ways. The first is an 

equilibrium competition between serum albumin and exogenous L.M.W species for albumin 

bound copper(II). The second is for copper(II) to be administered topically or orally in the form 

of a neutral, low weight and membrane-penetrable complex. Subcutaneous injections is another 

route, but it is not favourable because it causes irritation at the site of injection and requires 

professional help to administer.59 The third source is from extracting copper(II) from 

ceruloplasmin by breaking the inert bonds in a chemical process. The third method is not 

conducive for therapeutic drug designs and so only the first and second methods were 

considered.51,60 The objective going forward was to develop a ligand that could incorporate 

both the first and second method. A diagram depicting these two methods can be seen in Figure 

1.5. 

 

Figure 1.5: Scheme of the endogenous and exogenous methods for increasing the bioavailable 

pool of copper(II) in vivo.  

 

For oral absorption, the normal daily intake of copper(II) is 2.5-5 mg and about 30 % gets 

absorbed into the small intestine in the form of L.M.W complexes of monomeric and acidic L-

configuration amino acids. The absorption percentage is also lowered by the presence of other 

metals and ligands (Ca2+ or PO4
3- )51. Therefore when orally administering copper(II) salts, 

there will be a high percentage that is not absorbed and this will cause ulcers and oedema.40 A 
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compound thus has to be specifically chosen, so that as a copper(II) complex, it does not irritate 

the stomach lining and it optimises the degree of intestinal absorption. Neutral complexes can 

pass through membranes and enter into tissues, as well as have a protective function against 

ulcer formation at stomach pH levels (pH 2).56 As a result, neutral complexes were suggested 

for the drug design.  

 

1.4 Design of first ligands 

 

To design a ligand that would incorporate the first and second method, in terms of the 

thermodynamics, a strong dianionic chelator that is specific for copper(II) is needed. The donor 

atoms were the first structural considerations for the design of the ligand, and the atoms of 

oxygen, sulphur and nitrogen were looked at. It was found that the order of copper(II) 

mobilization was O < S < N, where nitrogen is 106 times more efficient than sulphur. The size 

was also looked at where three 5-membered rings were 1000 times more efficient at mobilizing 

copper(II) than a complex with one 5-membered and two 6-membered rings. It was also found 

that a straight-chain polyamine mobilizes copper(II) best. For a neutral compound, two anionic 

groups were needed and a comparison between phosphonate, phosphate, carboxylate and 

phenolate showed that the three latter groups were all better than phosphonate.  Overall, it was 

concluded that in order to mobilize copper(II) directly from serum albumin, as well as pass 

through tissues, the ligand should be a linear, dicarboxylate or dialkyl phosphate substituted 

polyamine.60  

 

As a result of these structural findings, the ligands 3,6,9,12-tetra-azatetradecanedioate (ttda) 

and 3,6,9-triazaundecanedioate (dtda) were synthesised (Figure 1.6).14,61,62 The objective to 

increase the L.M.W copper(II) complexes by mobilizing copper(II) from endogenous sources 

was achieved. But as a result of the strong stability and high chelation for copper(II), these 

ligands were unable to become biologically active since they were rapidly excreted, unchanged 

in the urine. Additionally, even though they are neutral, they were too hydrophilic to pass 

through body compartments and so, from these outcomes, were concluded to be ineffective  as 

anti-inflammatory drugs. These results also prompted the realisation that an important 

physiochemical specification for drug design is the hydrophobicity of the ligand as it governs 

transport, distribution and the outcome of the complexes in a biological system.14,61–63 As an 
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additional outcome, the preferred route of administration became the dermal absorption route 

for future studies.  

 

 

Figure 1.6: Structural representations of ttda and dtda.61  

 

To decrease the stability of the complex, it was found that the coordination to amide groups, 

whereby the amide-N becomes deprotonated upon metal ion coordination, lowers the stability 

of the complex compared to a coordination to the amine groups.14 It was also found that using 

a mixture of amino/amido groups in the ligands, improves the lipophilicity of the complex by 

5%.14,63 Using this information, and building onto it, the ligand, 3,5-diaminodiamido-4- 

oxahexacyclododecane (cageL) was derived (Figure 1.7).63 This structure incorporates the 

alternating amino/amido groups, but also has an attached pentacycloundecane derivative, 

which forms a cage moiety and increases the lipophilicity further. Due to the low stability of 

the amide groups, the cage moiety also provided a rigid structure to help copper(II) bind to the 

ligand by forming an ideal conformation. However, when tested, the complex was still largely 

hydrophilic, which may have been due to the overall charge of the complex species, hydrogen 

bonding or the presence of coordinated water molecules.  
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Figure 1.7: Structural representation of cageL.63 

 

An attempt to increase the lipophilicity further was done by designing the ligands, N,N′ -

di(aminoethylene)-2,6-pyridinedicarbonylamine64 (L1), bis-(N,N-dimethylethyl)- 2,6-

pyridinedicarboxamide64 (L2) and N,N′-bis[2(2-pyridyl)-methyl]pyridine-2,6-

dicarboxamide65 (L3) (Figure 1.8). L1 and L2 were still found to be largely hydrophilic and 

preferentially bound to zinc(II) and calcium(II) instead of copper(II) in vivo.64 L3 was found to 

be selective for copper(II) and more lipophilic than cageL, but overall still largely 

hydrophilic.65 L1, L2, and L3 then underwent a bio-distribution study where the route of 

administration was percutaneous and dermal absorption.66 A significant amount of activity was 

absorbed over 24 h when administered via dermal absorption. The amount absorbed via the 

transdermal route will always be less than the intravenous route. However, the interesting 

discovery was that more activity was retained in the body with the dermal absorption route. 

This indicated that the complex was too lipophilic and became trapped in the dermal layer.  
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Figure 1.8: Represented structures of L1, L2 and L3 in the conformation that they will most 

likely adopt when complexed to copper(II).66 

 

1.5 Design of peptides as ligands 

 

The design of the ligand changed focus, where it was based on the structure of human serum 

albumin (Figure 1.9). Serum albumin is a major metal binding protein that transports metals in 

the body, where 40 μg of copper(II) binds to serum albumin in 1 ml of plasma.67,68 Serum 

albumin can be described as a peptide in the form of Asp-Ala-His and copper(II) reversibly 

binds at the C-terminus to the amine, the amide N-donors and the imidazole-N.69,70  

 

Figure 1.9: Binding sites for copper(II) in human serum albumin.68 
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The first few ligands to base their structure on serum albumin are the series of peptides which 

enhanced their hydrophobicity by adding bulky groups within the chelating agent. These 

peptides are, N1-(2-aminoethyl)-N2-(pyridin-2-ylmethyl)ethane-1,2-diamine ([555-N])71,  N-

(2-(2-aminoethylamino)ethyl)picolinamide ([H(555)-N])71, 2-amino-N-(2-oxo-2-(2-(pyridin-

2-yl)ethyl amino)ethyl)acetamide ([H2(556)–N])68 and N,N′-(2,2′-azanediylbis(ethane-2,1-

diyl))dipicolinamide ([H2(5555)-N])72 and can be seen in Figure 1.10.  

 

 

 

Figure 1.10: Structures of [555-N], [H(555)-N], [H2(556)-N] and [H2(5555)-N].71,72 

 

In the blood plasma, all the peptides were more selective for copper(II) rather than for zinc(II) 

and calcium(II) and the order of copper(II) mobility is [555-N] > [H(555)-N] > [H2(556)–N] 

> [H2(5555)-N]. The difference in mobilizing ability between the ligands can be seen in Figure 

1.11. The mobilizing ability is measured in terms of the plasma mobilizing index (P.M.I), 

which is defined as the increase in the total concentration of low molar mass complexes of a 

specific metal ion, caused by a ligand. There is a difference in the mobilizing ability of three 

log units between [555-N] and [H(555)-N] and another three log units between [H(555)-N] and 

[H2(556)–N]. This difference can be attributed to the presence of one electron withdrawing 

CONH-group in [H(555)-N] and two in [H2(556)–N].71,72 
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Figure 1.11: A comparison in mobilizing ability for [555-N], [H(555)-N], [H2(556)-N] and 

[H2(5555)-N].71,72 

 

For a drug to be lipophilic, its octanol/water partition coefficient should be at least log Poct/aq = 

0.6.68 At the physiological pH, [555-N], [H(555)-N] and [H2(556)–N] all have negative values 

of -1.29, -1.39 and -0.30 respectively, but [H2(5555)-N] has a positive value of  0.08, which is 

a result of the hydrophobic groups. The high partition coefficient for [H2(556)–N] and 

especially [H2(5555)-N] warranted a bio-distribution and dermal absorption study on rats. But 

when compared to the activity found from an intravenous administration, a transdermal 

administration showed a reduced activity in major organs along with a reduction of less than 

0.5 % total activity in the blood and less than 7% in the liver after 24 h. However, a high activity 

was found in the head where twice as much copper(II) was absorbed using [H2(5555)-N] than 

[H2(556)–N].  

 

Using the criteria from literature, a set of aims and objectives were compiled, which will be 

used to further the research in finding a treatment for rheumatoid arthritis. 
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1.6 Aims 

 

The focus of this study is to develop a drug that will help treat the inflammation associated 

with rheumatoid arthritis. To do this, the drug must be able to increase the bioavailable pool of 

copper(II) in vivo. To bring about this increase, the drug which will be in the form of a series 

of tripeptides, must first form a stable complex with copper(II) and then be able to undergo 

dermal absorption and consequently release the copper(II) ions into the blood plasma. 

Additionally, the endogenous metal ions must not be disrupted during this process. A secondary 

aim is that once in the blood plasma, the tripeptides need to have a sufficient mobilising 

capacity so that they can release copper(II) from endogenous sources.  

 

1.7 Objectives 

 

In order to achieve the aim of this PhD the following objectives are set: 

1. Design a set of four ligands with the potential to act as copper(II) based anti-

inflammatory drugs. 

2. To measure the stability of these four ligands with H+, Cu2+, Ni2+, and Zn2+, using 

glass electrode potentiometry.  

3. To measure the lipophilicities of the metal ligand complexes using octanol/water 

partition coefficients. 

4. To measure the dermal absorption using an artificial membrane in a modified Franz 

cell by obtaining the permeability coefficients.  

5. To determine the plasma mobilising capacities using ECCLES (Evaluation of 

Constituent Concentrations in Large Equilibrium Systems).  

6. To determine the structure of the metal ligand complexes using ultraviolet-visible 

spectrophotometry, proton nuclear magnetic resonance spectroscopy, mass 

spectrometry and electron paramagnetic resonance spectroscopy.  

7. To crystallise different species from solution and determine their structures using 

single crystal X-ray diffraction methods. 

8. To evaluate the structure and coordination mode of the species formed in solution 

using molecular modelling. 
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2. Design of PhD Ligands 

 

 

As a result of literature findings, different combinations of amino acids with varying degrees 

of lipophilic side chains, were used in order to further improve the lipophilicity, as well as have 

a sufficient endogenous copper(II) mobilizing capacity. Two of these studies, namely Vicatos1 

and Hammouda2 formed the basis of the ligand design that this PhD is based on.  

 

Vicatos1 designed two tripeptides, sarcosyl-L-leucyl-phenylalanine (Sar-Leu-Phe) and glycyl-

L-leucyl-phenylalanine (Gly-Leu-Phe) which can be seen in Figure 2.1. Compared to serum 

albumin, where copper(II) only binds with N-donor groups, for these ligands, copper(II) bound 

to N- and O-donor groups which lowered the stability of the complex compared to serum 

albumin. The idea behind having a lower stability is that once in vivo, the release of copper(II) 

from serum albumin will come from a shift in the equilibrium of free versus bound endogenous 

copper(II). This differs from the way ttda and dtda removed copper directly from serum 

albumin.3,4 However, it was found that once in vivo, the ligands were poor at mobilizing 

copper(II), as they preferred to bind to zinc(II) and therefore were deemed unable to increase 

the bioavailable pool of copper(II) from endogenous sources.  

 

 

Figure 2.1: Structural representation of Gly-Leu-Phe and Sar-Leu-Phe.1 

 

In contrast, the ligands studied by Hammouda2 had good mobilizing capacities and found that 

when histidine is in the third position of a tripeptide, the mobilising capacities are higher as 

opposed to using histidine in the second position, or if histidine is not present in the tripeptide. 

This conclusion arose from the study of five tripeptides; sarcosyl-L- histidyl-L-lysine (Sar-His-

Lys), sarcosyl-L-lysyl-L-histidine (Sar-Lys-His), sarcosyl-L-histidyl-L-histidine (Sar-His-
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His), sarcosyl-L-lysyl-L-lysine (Sar-Lys-Lys) and sarcosyl-L-glycyl-L-histidine (Sar-Gly-

His), which can be seen in Figure 2.2.  

 

 

Figure 2.2: Structural representation of Sar-Lys-His,  Sar-Gly-His, Sar-His-His,  Sar-His-Lys 

and Sar-Lys-Lys.2 

 

The order of the copper(II) mobilising ability was Sar-Lys-His > Sar-Gly-His ≈ Sar-His-His ≈ 

Sar-His-Lys > Sar-Lys-Lys. Sar-Lys-Lys was the only ligand that was more selective for 

zinc(II) rather than for copper(II), which was due to the lack of an imidazole group. The 

mobilizing ability of these ligands can be seen in Figure 2.3. 
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Figure 2.3: A comparison in mobilizing ability for Sar-Lys-His,  Sar-Gly-His, Sar-His-His,  

Sar-His-Lys and Sar-Lys-Lys.2  

 

From the two studies of Hammouda2 and Vicatos1, it was concluded that an imidazole group 

in the third position should be included into the ligand design of this PhD to ensure that the 

ligands would be selective for copper(II).  

 

To study the lipophilicity of the ligands, both Hammouda2 and Vicatos1 measured the partition 

and permeability coefficient values. At the physiological pH, both studies found that all the 

complexes have negative partition coefficient values (Table 2.1), which indicated that the 

complexes are relatively hydrophilic. However, the values from the ligands in Vicatos1 were 

significantly higher and therefore more lipophilic than the ligands in Hammouda2.  

 

Table 2.1: Partition coefficient values at pH 7.4 for the copper(II) complexes of Hammouda2 

and Vicatos1.  

  Complex log Poct\aq at pH 7.4 

Cu-Sar-His-Lys -3.02 ± 0.01 

Cu-Sar-Lys-His -2.05 ± 0.01 

Cu-Sar-His-His -2.96 ± 0.01 

Cu-Sar-Lys-Lys -2.63 ± 0.01 

Cu-Sar-Gly-His -2.40 ± 0.01 

Cu-Gly-Leu-Phe -1.79 ± 0.05 

Cu-Sar-Leu-Phe -1.72 ± 0.05 

 

The permeability coefficient values, which physically measured the lipophilicity of the ligands 

using an artificial membrane, found that the ligand complexes from Vicatos1 were 2.1-8.8 times 
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more permeable than the ligand complexes from Hammouda2. They were also found to have 

the best transdermal absorption rates for recorded tripeptides in literature.2,5 The reason behind 

the higher lipophilicity are the side chains on the amino acids. Leucine has a non-polar, 

aliphatic isobutyl side chain and phenylalanine has a non-polar benzyl side chain, while 

histidine has a polar imidazole functional group and lysine has a polar amine side chain. These 

non-polar groups are what made the overall tripeptides of Vicatos1 more lipophilic.   

 

Thus, the second position of the ligands in this PhD will either be leucine or phenylalanine. 

Even though the third position will have a polar imidazole functional group from histidine, the 

non-polar groups in leucine and phenylalanine should increase the lipophilicity of the complex.   

 

The first position of the ligand will either be glycine or sarcosine and the reason behind this 

choice is that Vicatos1 found no difference in lipophilicity between the ligand with glycine or 

sarcosine. It is predicted that due to the methyl group on sarcosine, the lipophilicity should be 

higher and so this PhD study will make a comparison to verify the results.  

 

Therefore, based on the results from Hammouda2 and Vicatos1, as well as from the results that 

led up to the use of tripeptides, the new ligand design will consist of the following tripeptides, 

as seen in Figure 2.4. 
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glycyl-L-leucyl-L-histidine (GLH) 

 

 

sarcosyl-L-leucyl-L-histidine (Sar-LH) 

 

 

glycyl-L-phenylalanyl-L-histidine (GFH)  

 

sarcosyl-L-phenylalanyl-L-histidine (Sar-FH) 

Figure 2.4: Structural representation of the ligands used in this study, GLH, GFH, Sar-LH and 

Sar-FH.  
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3. Potentiometric Titrations   

 

 

3.1 Introduction 

 

Glass electrode potentiometry is a commonly used method to measure the hydrogen ion 

concentration of acid base solutions.1,2 However, for accurate readings, it has a restriction 

which limits measurements of free hydrogen concentrations to be within the pH range of 2-12.2 

In particular, potentiometry can be used as a very successful technique to measure complex 

stability constants. This application studies how the pH influences a three-component 

equilibrium system, which includes the metal ion, the ligand and the proton.3 The process 

involves the incremental addition of a standard base into an acidic solution that contains the 

ligand with and without a known concentration of the metal ion.4 

 

The stability constant (K), which is also known as the equilibrium constant or the formation 

constant, is a quotient that consists of the multiplication between the activities of the products 

of a reaction raised to an appropriate power, divided by the multiplication between the activities 

of the reactants also raised to an appropriate power. A general stability constant for equilibrium 

3.1 can be seen in equation 3.2. A and B are reactants, C and D are products,  a, b, c and d are 

the stoichiometric coefficients, and the activity, which describes the effective concentration of 

a substance in a reaction mixture is depicted as ‘a’.  

 

aA + bB             cC +dD 

(3.1) 

 

Ka = 
𝑎C

𝑐 𝑎D
𝑑    

𝑎A
𝑎 𝑎B

𝑏    

(3.2) 

The activity can be calculated from the concentration of a substance by using an activity 

coefficient, as seen in equation 3.3, where the concentration of substance ‘C’ is depicted as [C], 

and the activity coefficient is   
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a =  [C]  

(3.3) 

 

Substituting into equation 3.2: 

 

Ka = 
[C]𝑐[D]𝑑

[A]𝑎[B]𝑏

𝛾C
𝑐 𝛾D

𝑑    

𝛾A
𝑎 𝛾B

𝑏   
    

(3.4) 

The activity coefficient measures how much a solution deviates from an ideal solution, and at  

a constant temperature and constant ionic strength the activity coefficient is constant.5,6 This 

means that the stability constant can be represented in terms of the concentrations instead of 

the activities as seen in equations 3.5-3.7.  

 

Kc = 
𝐾𝑎

constant
  

(3.5) 

If 

 constant = 
𝛾C

𝑐 𝛾D
𝑑    

𝛾A
𝑎 𝛾B

𝑏    

(3.6) 

Then 

 Kc = 
[C]𝑐[D]𝑑

[A]𝑎[B]𝑏 

(3.7) 

The advantage of using the concentration of a species instead of the activities, is that it can be 

substituted directly into the mass balance equations, which are used to solve the stability 

constants of the metal ion complexes in the reaction. Additionally, the concentration stability 

constants are very close to the thermodynamic constants of the reaction and therefore the error 

is minimal. This leads to the determination of -ΔG○, -ΔH○, and ΔS○ through the concentration 

stability constants.6 

 

A metal complex can have the general equilibrium equation seen in equation 3.8, where M is 

the metal, L is the ligand and H is the hydrogen ion and p, q, r are the stoichiometric 

coefficients.6 
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pM + qL + rH           MpLqHr                     

    (3.8)      

The accumulative stability constant for this overall reaction (equation 3.9) can be represented 

by the symbol βpqr, where [MpLqHr] is the complex concentration and [M]p, [L]q and [H]r are 

the free metal, free ligand and free hydrogen ion concentrations respectively.7 

 

βpqr = 
[M𝑝L𝑞H𝑟]

[M]𝑝[𝐿]𝑞[𝐻]𝑟 

                                                                                                                             (3.9) 

The overall stability constant can be broken down into individual stepwise stability constants, 

represented by the symbol K. The product of the individual stepwise stability constants yields 

the overall stability constant. An example can be seen in equations 3.10-3.15.6,8–11  

 

M + L          ML 𝐾ML = 
[ML]

[M][L]
 

(3.10) 

ML + L   ML2 𝐾ML2  = 
[ML2 ]

[ML][L]
 

(3.11) 

MLn-1 + L  MLn 𝐾ML𝑛   = 
[MLn ]

[MLn−1 ][L]
 

(3.12) 

Therefore, 

𝛽ML= 𝐾ML  =   
[ML]

[M][L]
 

(3.13) 

𝛽ML2
= 𝐾ML 𝐾ML2  =  

[ML2 ]

[ML][L]2
 

(3.14) 

𝛽ML𝑛
= 𝐾ML 𝐾ML2  ……. 𝐾ML𝑛  =  

[MLn ]

[MLn−1 ][L]n 

(3.15) 

In general these stability constants are usually numerically large and so they are expressed in a 

logarithmic form, as log10 K or log10 β.7  
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If there are protons being dissociated or added to the complex or ligand, then the pKa can be 

used to represent the equilibrium. However, the pKa can be converted to the logarithm of an 

individual stepwise stability constant (log K) and vice versa, due to the definition of both 

entities. The reasoning can be seen in equations 3.16-3.20. 

 

For the deprotonation reaction: 

 

L H          L + H 

(3.16) 

The forward reaction gives rise to: 

 

Ka = 
[L][H]

[LH]
 

(3.17) 

pKa = - log Ka = - log 
[L][H]

[LH]
 

(3.18) 

 

But the protonation reaction yields the stability constant K: 

 

K = 
[LH]

[L][H]
       

(3.19) 

Therefore,                                                                                                                          

Log K = - log Ka = pKa 

(3.20) 

To carry out a potentiometric titration analysis, an electrochemical cell is needed. This cell 

contains the indicator/glass electrode, the reference electrode and a salt bridge. This cell can 

be represented as; 

 

Reference electrode  salt bridge  analyte solution  indicator electrode 

 

An analyte solution surrounds the glass electrode and connects electrically to the reference 

electrode through the salt bridge. The reference electrode (Eref) is a half cell. The Eref potential 

is a set value that remains constant with constant temperature and is not affected by the 
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concentration of the analyte solution. The potential of the glass electrode (Eg) depends on the 

hydrogen ion activity of the analyte.12,13 The salt bridge prevents the contents in the analyte 

solution from mixing with the contents of the reference electrode. As a result, a potential (Ej) 

forms across the liquid junctions of the salt bridge at both ends. However, Ej is small enough 

to be negligible.13  

 

The potential of the electrochemical cell can be represented by equation 3.21. 

 

Ecell = Eref  + Ej + Eg 

(3.21) 

However, since the glass electrode potential has a dependence on the hydrogen ion activity, the 

term Eg can be rewritten to equation 3.22 to express this Nernstian response.13,14 

 

Ecell = Eref  + Ej + E0
g + 

𝑅𝑇ln{H+}

𝐹
 

(3.22) 

E0
g is the standard glass electrode potential of the hydrogen ions at unit activity, R is the 

universal gas constant, T is the absolute temperature, F is the Faraday constant and {H+} is the 

free hydrogen ion activity. The hydrogen ion activity is related to the concentration [H+] via an 

activity coefficient Υ𝐻+,1 so that: 

 

{H+} = Υ𝐻+[H+] 

(3.23) 

Provided the ionic strength of the analyte solution is constant, {H+} can be expressed in terms 

of concentration.13 Then by making, 

 

S = 
2.303 𝑅 𝑇

𝐹
 

(3.24) 

and grouping all the constants, including the hydrogen activity coefficient, the term Econstant,
13,14 

is formed, so that: 

 

Econstant = Eref  + Ej + E0
g + S log Υ𝐻+ 

(3.25) 
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The electrochemical cell equation becomes: 

 

Ecell = Econstant + S log [H+] 

(3.26) 

When calibrating the electrodes, a strong acid-strong base titration is the usual method 

performed to obtain Econstant and S at a set ionic strength.14 

 

To analyse the potentiometric data, the program, Equilibrium Simulations for Titration 

Analysis (ESTA) was used. ESTA provides a tool for investigating chemical interactions in 

solution and for providing the quantitative characterization. Two types of program modules are 

used to compute the main calculations. The simulation module (ESTA1) sets up and solves the 

mass balance equations, which allow it to determine a single value for any parameter that 

characterizes a titration. These results are therefore on a point by point basis. The optimization 

modules (ESTA2A and ESTA2B) determine the “best” values for one or more parameters, 

which are based on a least squares process over the whole titration system. Another module, 

an error-propagation module (ESTA3B), performs a Monte Carlo error-propagation analysis.15  

 

The simulation module (ESTA1) has two categories. The one category calculates the speciation 

distribution calculations and the second calculates the potentiometric titration calculations. The 

potentiometric calculations include the titration simulation, as well as the analysis of the 

formation function, deprotonation function, the estimation of the formation constant values, 

the analytical concentration calculations and the effect of the experimental errors in the data.15 

 

The optimization modules (ESTA2A and ESTA2B) refine combinations of the formation 

constants, vessel and burette concentrations, initial vessel volume, as well as the slope and 

intercept of the electrode. There is a difference in how ESTA2A and ESTA2B implement the 

weighting. ESTA2A recalculates the weights during the optimization cycle by taking the new 

values from the parameters that are being optimized. ESTA2B calculates the weights once from 

the initial estimated values of the parameters that will be optimized. 

For this study, the task function, OBJE, from ESTA2B was used and the task functions, ZBAR, 

QBAR and SPEC from ESTA1 were used.  

 

The task function, OBJE, optimised the titration parameters, which includes calculating the 

weight, objective function value, emf’s and finding the relative error contribution in weight at 
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each titration point. The optimization of parameters was achieved by minimizing the objective 

function, Uobj, which is defined as: 

 

Uobj = (N – np)-1 ∑ ne
−1N

n=1 ∑ wnq
n𝑒
q=1 (ynq

obs- ynq
calc)2 

(3.27) 

N is the total number of experimental titration points, np is the total number of optimized 

points, n𝑒 is the total number of electrodes and wnq represents the weights of the qth residual 

and nth titration point. Ynq
obs and ynq

calc are the observed/experimental and calculated/theoretical 

variables of the qth residual at the nth titration point respectively.16 

 

The most frequent method for minimizing Uobj is to use a Gauss-Newton method, which is the 

approach that ESTA uses. In the method, there is the assumption that Uobj is quadratic. 16 

 

Uobj = 𝑎̅ + 𝑝̅t𝑏̅ + 
𝑝̅t𝐻𝑝̅

2
 

(3.28) 

𝑎̅ and 𝑏̅ are the Gauss-Newton quadratic vector parameters, 𝑝̅ is the optimization vector 

parameter and H is the Hessian which is defined as: 

 

Hsr = 
δ2Uobj

δ𝑝𝑠δ𝑝𝑟
 

(3.29) 

The standard deviations (σ)16 of the parameters are the estimated errors that occur during 

optimization and are calculated by: 

 

σ = (
UobjGrr

N−np
)

1

2
 

(3.30) 

where G = H-1. 
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The Hamiltonian R-factor, RH, verifies the accuracy of the model by measuring the agreement 

between the experimental and theoretical/calculated data.16 It is defined as: 

 

RH = (
𝑈𝑜𝑏𝑗

∑ 𝑛𝑒
−1 ∑ wnq

n𝑒
q=1 (ynq

obs)2N
n=1

)

1

2
 

(3.31) 

RH also has a significant limit, 𝑅lim
H , so that if RH  <  𝑅lim

H , then the model is accurate and 

satisfactory. 𝑅lim
H  is centred around the error in the analytical data and the number of 

variables.16,17 However, the closer the two expressions are to one another, the more accurate 

the agreement is between the experimental and theoretical data. The 𝑅lim
H  is defined as: 

 

𝑅lim
H  = (

N

∑ ne
−1 ∑ wnq

ne
q=1 (ynq

obs)2N
n=1

)

1

2
 

(3.32) 

The task function ZBAR,15 calculates and plots the experimental and theoretical formation 

functions. It defines a stepwise complexation and if no metal ion is present, it will plot a ZH-bar 

curve for the ligand protonation. The definition for the proton formation function is:  

 

ZH−bar =
TH − H + OH

 TL
 

(3.33) 

where TH is the total hydrogen ion concentration, TL is the total ligand concentration and  OH =

Kw

H
. If a metal ion is present, then ZBAR will plot the ZM-bar curve for the complex formation. 

The definition for the complex formation function is: 

 

ZM-bar  =
TL−A(1+∑ βLHnHn)n

 TM
 

(3.34) 

where TM is the total concentration of the metal and ‘A’ can be expressed as: 

 

A =
TH − H + OH

∑ (βLHnHn)n
 

(3.35) 
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To calculate both the experimental and theoretical formation functions, ESTA calculates the 

residual:  

 

Z−barresidual = Zo
−bar − Zc

−bar 

(3.36) 

Where Zo
−bar is the experimental function and Zc

−bar is the theoretical function. There is a 

good agreement when the experimental and theoretical Z-bar curves can be superimposed.  

 

A representation of a ZH-bar is shown in Figure 3.1.18 The ZH-bar curve shows how many 

protons are bound to a ligand by levelling off whenever a proton is dissociated. The curve 

levels at ZH-bar = 1 and then at ZH-bar = 2, indicating two protons were dissociated. The pKa 

values can also be estimated since they correspond to the pH at the half-bar value. In Figure 

3.1, these values are log 𝐾LH= 7.8 and log 𝐾LH2
= 3.4. 

 

 

Figure 3.1: Typical ZH-bar curve.18   

 

A representation of a ZM-bar curve, which is plotted against pL (-log[L]), can be seen in both 

Figures 3.2a and 3.2b.18 If a solution has a simple series of MLn (n=1, 2, 3...n) type species, 

then the curve will level off at a value equivalent to n. In Figure 3.2a, the curve levels off at 1, 

which means that the most predominant species type is ML. If the species type is not MLn, then 

the ZM-bar fails and results in the curve curling upwards and backwards. This curling indicates 

the formation of hydroxyl groups. This can be seen in Figure 3.2b, where the black line 

indicates that the ML species type is dominant, but then at low pL values, the hydroxyl group 

MLH-1 forms. The pink line curls before levelling off, which either indicates that the MLn 
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species is not present or that it is not dominant, since hydroxyl species forms at high pL values, 

before the MLn species can be formed. Therefore, depending on the type of curve presented, 

the complex species types can be predicted.  

 

 

(a) 

 

(b) 

Figure 3.2: Typical ZM-bar curves when (a) ML is the only species present and when (b) ML 

plus hydroxyl species are dominant at different pL values (black), as well as when hydroxyl 

species are dominant at a high pL (pink).18 

 

The deprotonation function, QBAR,15 calculates and plots the experimental and theoretical 

deprotonation functions. It is also defined as a stepwise complexation, which determines the 

average number of protons that are released as a result of complexation. It is defined as: 

 

QM−bar =
TH

∗ − TH

TM
 

(3.37) 

where TH
∗

 is the total calculated concentration of protons present in the solution at a particular 

pH. The mass balance equations 3.38 and 3.39 solve  TH
∗  and TL respectively.  

 

TH
∗

 = H – OH + ∑ r[M𝑝L𝑞Hr]NJ
J=1  

(3.38) 

TL = L + ∑ q[M𝑝L𝑞H𝑟]NJ
J=1  

(3.39) 
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where NJ is the total number of titration points, p = 0 and OH =
𝐾w

H
. 

ESTA plots n-bar, which is the total number of protons that would be bound to a ligand in the 

absence of a metal ion, on the same graph as QM−bar. n-bar is defined as; 

 

n-bar = 
TH

∗ −H+OH

TL
r  

(3.40) 

A representation of QM-bar, which is plotted against pH, can be seen as the blue plot line in 

Figure 3.3.18 The pink line represents n-bar and since it levels off at 1, it shows that one proton 

has been dissociated from the ligand. The n-bar and QM-bar intersect at pH 3.9. The intersection 

at QM-bar = 1, shows that the ligand has lost one proton due to complexation and therefore the 

species type is ML. At the QM-bar peak the difference between QM-bar and n-bar is 1, which 

shows that the ligand has lost another proton to form the MLH-1 species. Between pH 6.4-8.9, 

the QM-bar and n-bar curves are parallel, which shows that no further protons are being 

displaced and hence no new species form. At pH 8.9, QM-bar curves upwards, indicating the 

formation of hydroxyl groups. 

 

 

Figure 3.3: Typical QM-bar (black) and n-bar curves (pink).18 

 

The task function, SPEC, is able to plot speciation graphs from initial concentrations once the 

titration variables have been optimised and have converged. Thus, the task functions, ZBAR, 

QBAR and SPEC produce useful graphical representations of the data which can help identify 

many aspects of speciation.  
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3.2 Experimental 

3.2(a) Solution preparations 

 

The ligands, GLH, Sar-LH, GFH and Sar-FH were purchased from GL Biochem (Shanghai) 

Ltd. The other reagents used were of analytical grade and commercially available.  

 

Boiled Milli-Q water (18.2 MΩ.cm) was used to prepare all the potentiometric titration 

solutions, so that carbon dioxide was removed. The method is outlined in Vogel.19 The 

background electrolyte of the titration solutions was prepared with NaCl to have an ionic 

strength of 0.15 mol.dm-3, so that it matched the ionic strength found in human blood.20  

 

Background electrolyte was used to prepare a solution of HCl (0.01 M), which was then 

standardised against NaOH according to the method by Gran.21 A solution of NaOH (0.1 M) 

was also prepared in background electrolyte, as well as under nitrogen (high purity) to prevent 

ingress of carbon dioxide. The solution of NaOH was then standardised against potassium 

hydrogen phthalate (KHP) according to the method by Gran.21 The standardisation of NaOH 

was performed as an initial preparative setup.  

 

Ligand solutions (0.005 M) were prepared by dissolving weighed samples of GLH, Sar-LH, 

GFH and Sar-FH into a standardised hydrochloric acid solution.  

 

Metal solutions (0.01 M) were prepared using CuCl2·2H2O, NiCl2·6H2O and ZnCl2, according 

to the method outlined in Vogel. The preparation also involved adding background electrolyte 

to make the ionic strength 0.15 mol.dm-3. The metal ion concentration was standardised by 

direct titration with ethylenediaminetetraacetic acid (EDTA) using a Metrohm 765 Dosimat 

automated burette. Murexide was used as an indicator during the standardisation of all metal 

ion concentrations.19 

 

3.2(b) Potentiometric titrations 

 

The potentiometric titrations were performed under an inert atmosphere of purified nitrogen 

gas at 25 oC and at a constant ionic strength of 0.15 mol.dm-3 (NaCl) using a Metrohm 888 

Titrando (Metrohm, Switzerland). The measurements took place in a double walled titration 
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vessel in the pH range from 2-11 and kept at 25 ± 0.1 °C by a Haake thermostat bath. The 

amount of titrant added to the titrated solution was administered by a Metrohm 765 Dosimat 

automated burette (Metrohm, Switzerland) via a capillary tip, which had a non-return valve. 

The amount of added titrant was controlled by a software program that is built into Titrando, 

which also monitored the electromotive force. A magnetic bar stirred the titrated solution 

throughout the titration analysis. Titrando also has a built-in pH meter. A range of Metrohm 

ion analysis pH buffers (pH 4, 7 and 9) were used to calibrate the slope of the electrode, and 

strong acid-strong base titrations (HCl/NaOH) were used to calculate the electrode potential, 

E°, and the dissociation constant of water, pKw.12,22 The Nernstian slope was found to be 58.97. 

The value of E° was 414.77 mV and the value of pKw was 13.62. These measurements were 

performed as an initial preparative setup. The metal ligand ratios were 1:1 and both the 

protonation and metal ligand titrations were titrated against NaOH over a pH range from 2-11. 

The ESTA suite of programs was then used to analyse the data from the potentiometric 

titrations.23 

 

3.3 Results  

 

Once the potentiometric data had been analysed using ESTA, it automatically gave the log βpqr 

values for each species. For comparison purposes with literature, the pKa values were 

calculated. But in order to calculate the pKa values, the log K values had to be determined first. 

An example of how to calculate the log K value can be seen in Figure 3.4, and equations 3.41-

3.43 show how to calculate the pKa value. 

 

 

Log K11-1 = - 3.71 - 4.51  =  -8.22 

Figure 3.4: Example of a log K calculation using stability constants.                                  

 

 

log β11-1 = -3.71 

log β110 = 4.51 
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Since the log of the formation constant K11-1 is: 

 

log K11-1 = log 
[𝑀𝐿𝐻−1][H]

[ML]
  = -8.22 

(3.41) 

and the dissociation constant, 

Ka  =  
[𝑀𝐿𝐻−1][H]

[ML]
  

(3.42) 

Therefore, 

pKa  = - log 
[𝑀𝐿𝐻−1][H]

[ML]
 = 8.22 

(3.43) 

 

3.3.1 Protonation of GLH, Sar-LH, GFH and Sar-FH 

 

In aqueous solution, GLH, Sar-LH, GFH and Sar-FH are zwitterions, which have three 

available sites for protonation. The first is an amine group, which is in both the glycine and 

sarcosine amino acids. The second is the carboxyl group in histidine and the third is the nitrogen 

in the imidazole group of histidine. The amine group in glycine becomes protonated from a 

(NH2) state to a (NH3
+) state, and in sarcosine from a (NH) state to a (NH2

+) state. Since these 

three groups, which undergo reversible proton binding, are all present in each tripeptide, 

protonation and deprotonation of each tripeptide will occur at similar pH values. With 

decreasing pH, the amine (pKa ≈ 9.8) will become protonated first, then the imidazole (pKa ≈

 6.0) and finally, the carboxyl (pKa ≈ 1.8). 

 

3.3.1(a) ZH-bar 

 

The ZH-bar for GLH, Sar-LH, GFH and Sar-FH can be seen in Figure 3.5. For all the graphs, 

at a pH of 11 the ZH-bar curve starts at a value of zero, which indicates that the ligands are 

completely deprotonated. At approximately a pH of 9.0, the curves rise until a value of 2 is 

reached, after which they level off. This suggests that the ligands first became protonated from 

an L to an LH form and then immediately became protonated again to an LH2 form. Between 

a pH of approximately 3.7 to 6.2 an equilibrium between LH and LH2 is established. The high 

pH of this protonation indicates that the amine is protonated first and then the imidazole. At a 
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pH of approximately 3.7 all the curves continue to rise, but since the limit of the pH scale is at 

a value of 2, complete protonation to an LH3 form cannot occur.  The low pH of this protonation 

indicates that the carboxyl group is protonated. The protonation constants of GLH, Sar-LH, 

GFH and Sar-FH can be seen in Table 3.1. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

  

Figure 3.5: ZH-bar as a function of pH for the protonation of (a) GLH, (b) Sar-LH, (c) GFH 

and (d) Sar-FH at 25 oC in 0.15 mol.dm-3 of NaCl.  
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Table 3.1: Stability constants (log βpqr) for GLH, Sar-LH, GFH and Sar-FH at 25 oC and 0.15 

mol.dm-3 NaCl.  

Std is the standard deviation; Rf
H is the Hamilton R-factor and Rlim

H  is its limit; nT is the number 

of titrations and (nP) is the number of titration points; p, q, r are the stoichiometric coefficients 

of a complex with a general formula of MpLqHr; M stands for the metal, L stands for the ligand 

and H stands for a hydrogen atom. 

Ligand Protonation p q r log βpqr Log K std RfH Rlim
H nT(np) 

 

GLH 

LH 

LH2 

LH3 

0 

0 

0 

1 

1 

1 

1 

2 

3 

8.21 

15.10 

17.88 

8.21 

6.89 

2.78 

0.01 

0.01 

0.01 

 

0.003 

 

0.001 

 

3(304) 

 

Sar-LH 

LH 

LH2 

LH3 

0 

0 

0 

1 

1 

1 

1 

2 

3 

8.45 

15.32 

18.05 

8.45 

6.87 

2.73 

0.03 

0.04 

0.05 

 

0.007 

 

0.001 

 

2(202) 

 

GFH 

LH 

LH2 

LH3 

0 

0 

0 

1 

1 

1 

1 

2 

3 

7.95 

14.82 

17.65 

7.95 

6.87 

2.83 

0.02 

0.02 

0.02 

 

0.004 

 

0.001 

 

2(202) 

 

Sar-FH 

LH 

LH2 

LH3 

0 

0 

0 

1 

1 

1 

1 

2 

3 

8.22 

15.09 

17.96 

8.22 

6.87 

2.87 

0.02 

0.02 

0.03 

 

0.004 

 

0.001 

 

2(202) 

 

3.3.1(b) Species distribution curve 

 

The species distribution curve of GLH, Sar-LH, GFH and Sar-FH can be seen in Figure 3.6. 

For all graphs, at a pH of approximately 7.7 the LH species is at a maximum concentration and 

at this point, the LH2 species has already started forming. From a pH of approximately 3.9 to 

5.8, the distributions show that the ligands are protonated with two protons. For all graphs, at 

a pH of approximately 4.0 the LH3 species starts forming, but does not reach a maximum 

concentration in this pH range. This corresponds to the ZH-bar functions in Figure 3.5.  
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 (a) 

 

(b) 

 

(c) 

 

(d) 

  

Figure 3.6: Protonation species distribution curve for (a) GLH, (b) Sar-LH, (c) GFH and (d) 

Sar-FH at 25 oC in 0.15 mol.dm-3 of NaCl. 

 

3.3.2 Copper(II) complexation of GLH, Sar-LH, GFH and Sar-FH 

 

The stability constants (log βpqr) of the Cu-GLH, Cu-Sar-LH, Cu-GFH and Cu-Sar-FH 

complexations had a 1:1 copper(II) ligand ratio and were determined using ESTA suite of 

programs. These stability constants were used to calculate ZM-bar, QM-bar and the species 

distribution functions. In the analysis of the complex titrations, a variety of reasonable models 

were refined successfully for each system.  These models are given in Table 3.2, together with 

their refined statistics. Since each of these models described the experimental data, the problem 

was to decide which model best described the data, and at the same time which model makes 

the most chemical sense. Looking at the different models, the first question that arises, is why 

there is not an additional model for each ligand where all four of the species co-exist. This was 
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attempted, but the model would not converge and so does not exist. The models presented are 

all the possible combinations that converged. Looking at the log βpqr values, there is very little 

difference between the values for the same species in different models (ligand specific). This 

shows that when the potentiometric titrations measured the release of protons, the difference 

between the models could not be distinguished, which is the reason why so many models are 

available. When comparing the standard deviations of the log βpqr values and Hamilton R-

factors, the best potentiometric models for Cu-GLH are models 2 and 3, models 3-5 for Cu-

Sar-LH, model 1 for Cu-GFH and model 1 and 3 for Cu-Sar-FH.  

 

Table 3.2: Stability constants (log βpqr) for the 1:1 complexation between copper(II) and the 

ligands, GLH, Sar-LH, GFH and Sar-FH at 25 oC and 0.15 mol.dm-3 NaCl.  

Std is the standard deviation; Rf
H is the Hamilton R-factor and Rlim

H  is its limit; nT is the number 

of titrations and (np) is the number of titration points; p, q, r are the stoichiometric coefficients 

of a complex with a general formula of MpLqHr; M stands for the metal, L stands for the ligand 

and H stands for a hydrogen atom. 

Complex Model Species p q r log βpqr pKa std Rf Rlim nT(np) 

Cu-GLH 
  1 

MLH-1 

MLH-2 

1 

1 

1 

1 

-1 

-2 

2.76 

-2.57 

5.33 0.02 

0.02 
0.01 0.002 3(125) 

2 

MLH 

MLH-1 

MLH-2 

1 

1 

1 

1 

1 

1 

1 

-1 

-2 

12.71 

2.77 

-2.24 

 

5.01 

0.03 

0.02 

0.01 

 

0.007 

 

0.002 

 

3(125) 

3 

ML 

MLH-1 

MLH-2 

1 

1 

1 

1 

1 

1 

0 

-1 

-2 

7.67 

2.40 

-2.40 

5.27 

4.80 

0.05 

0.08 

0.02 

 

0.009 

 

0.002 

 

3(125) 

4 

MLH 

ML 

MLH-2 

1 

1 

1 

1 

1 

1 

1 

 

-2 

12.14 

7.88 

-2.27 

4.26 0.24 

0.03 

0.03 

 

0.01 

 

0.002 

 

3(125) 

5 
MLH 

MLH-2 

1 

1 

1 

1 

1 

-2 

13.01 

-2.11 

 0.04 

0.02 
0.02 0.002 3(125) 

6 
ML 

MLH-2 

1 

1 

1 

1 

0 

-2 

7.92 

-2.31 

 0.03 

0.02 
0.01 0.003 3(125) 

Cu-Sar-LH 

 

 

 

 

 

 

 

  

1 
MLH-1 

MLH-2 

1 

1 

1 

1 

-1 

-2 

2.23 

-2.91 

5.14 0.03 

0.01 
0.01 0.004 2(64) 

2 

MLH 

MLH-1 

MLH-2 

1 

1 

1 

1 

1 

1 

1 

-1 

-2 

12.66 

2.06 

-2.71 

 

4.77 

0.02 

0.02 

0.01 

 

0.004 

 

0.004 

 

2(64) 

3 

MLH 

ML 

MLH-2 

1 

1 

1 

1 

1 

1 

1 

0 

-2 

12.37 

7.38 

-2.70 

4.99 0.05 

0.02 

0.008 

 

0.004 

 

0.004 

 

2(64) 

4 
MLH 

MLH-2 

1 

1 

1 

1 

1 

-2 

12.89 

-2.59 

 0.03 

0.01 
0.008 0.004 2(64) 

5 
ML 

MLH-2 

1 

1 

1 

1 

0 

-2 

7.47 

-2.77 

 0.01 

0.005 
0.005 0.004 2(64) 
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Cu-GFH 
1 

MLH-1 

MLH-2 

1 

1 

1 

1 

-1 

-2 

3.53 

-1.34 

4.87 0.02 

0.02 
0.009 0.002 2(86) 

2 

MLH 

MLH-1 

MLH-2 

1 

1 

1 

1 

1 

1 

1 

-1 

-2 

11.72 

3.54 

-1.31 

 

4.85 

0.38 

0.03 

0.03 

 

0.009 

 

0.002 

 

2(86) 

3 
MLH 

MLH-2 

1 

1 

1 

1 

1 

-2 

12.76 

-1.03 

 

 

0.11 

0.05 
0.03 0.002 2(86) 

4 
ML 

MLH-2 

1 

1 

1 

1 

0 

-2 

8.22 

-1.14 

 0.06 

0.03 
0.02 0.002 2(86) 

Cu-Sar-FH 
1 

MLH-1 

MLH-2 

1 

1 

1 

1 

-1 

-2 

3.22 

-1.75 

4.97 0.03 

0.01 
0.01 0.002 3(134) 

2 
MLH 

MLH-2 

1 

1 

1 

1 

1 

-2 

12.66 

-1.51 

 0.14 

0.04 
0.03 0.002 3(134) 

3 
ML 

MLH-2 

1 

1 

1 

1 

0 

-2 

7.86 

-1.69 

 0.04 

0.03 
0.02 0.002 3(134) 

 

The pKa for the deprotonation of Cu(H2O) to CuOH is 8.13 and represents the hydrolysis of 

the aqua copper(II) complex.24,25 If the pKa values of the hydroxyl species are found to be 

similar to the pKa of CuOH, then the deprotonation is due to the loss of a proton in water. To 

determine the pKa of deprotonation, two species are required: the protonated species and the 

deprotonated species. Many deprotonated species in various models cannot be analysed, since 

they do not have the preceding species. For the species that can be analysed; in Model 1, for 

all complexes, MLH-1 to MLH-2 has a pKa value between 4.87-5.33 (log β11-1-log β11-2). This is 

much lower than the hydrolysis of copper(II) and so the loss of the second proton is from the 

ligand and not from water. The same argument can be made for Model 2 of Cu-GLH, Cu-Sar-

LH and Cu-GFH where the pKa of MLH-1 to MLH-2 is between 4.77-5.11 (log β11-1-log β11-2). 

For Model 3 of Cu-GLH, the pKa from ML to MLH-1 (log β110-log β11-1) and then to MLH-2 (log 

β11-1-log β11-2) is 5.27 and 4.80 respectively, which means both deprotonations are from the 

ligand. For Model 4 of Cu-GLH and Model 3 of Cu-Sar-LH, the pKa from MLH to ML (log 

β111-log β110) is 4.26 and 4.99 respectively. Again, the deprotonation is from the ligand. All the 

other deprotonated species cannot be analysed and so it is uncertain whether their deprotonation 

is from the ligand or from water.  

 

The first step in the validation of the different models was to compare the experimental and 

theoretical ZM-bar, QM-bar curves. This is done in 3.3.2(a) and 3.3.2(b) below.  
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3.3.2(a) ZM-bar 

 

The complex formation function, ZM-bar, for Cu-GLH, Cu-Sar-LH, Cu-GFH and Cu-Sar-FH 

can be seen in Figures 3.7-3.10 respectively. For all graphs, as the pL decreases (pH increases) 

the ZM-bar curves increase and then before levelling off, curl backwards. This indicates that 

hydroxyl species are formed at a high pL (low pH). When comparing the theoretical curves, 

which are calculated using the refined models, with the experimental curves, all the models 

have the same theoretical curve at a high pH. This is because the predominant species type at 

this pH is MLH-2, which is present in all models.  In model (a) of Figures 3.7 and 3.8, the two 

curves do not agree at low ZM-bar values. This is because this model does not include the MLH 

or ML species, which cause the ZM-bar curve to increase at a low pH. For this reason, this 

model is rejected. For the models that contain an ML species, the ZM-bar curve still curls 

backwards before levelling off, which means that the hydroxyl species start forming at around 

the same pH as the ML species. When comparing the agreement between the theoretical and 

experimental functions for each model of each ligand, some models have a better overlap than 

others. For example, Figure 3.7b, Figures 3.8b, c and e, Figures 3.9a and b and Figure 3.10a 

all have a better overlap compared to the other models for Cu-GLH, Cu-Sar-LH, Cu-GFH and 

Cu-Sar-FH respectively. The more accurate agreement indicates that those models could be the 

more correct choice.  
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3.3.2(a)(i) Cu-GLH 

 

 (a)  

MLH-1, MLH-2

 

(b) 

 MLH, MLH-1, MLH-2

 

(c)  
ML, MLH-1, MLH-2

 

 (d)  
ML, MLH, MLH-2

 

(e) 

 MLH, MLH-2

 

(f)  

ML, MLH-2

 

Figure 3.7: ZM-bar as a function of pH for the 1:1 complexation of copper(II) and GLH (a) 

Model 1 (MLH-1, MLH-2), (b) Model 2 (MLH, MLH-1, MLH-2), (c) Model 3 (ML, MLH-1, 

MLH-2), (d) Model 4 (ML, MLH, MLH-2), (e) Model 5 (MLH, MLH-2) and (f) Model 6 (ML, 

MLH-2) at 25 oC in 0.15 mol.dm-3 NaCl.   
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3.3.2(a)(ii) Cu-Sar-LH 

 

(a)  

MLH-1, MLH-2

 

(b)  

MLH, MLH-1, MLH-2

 

(c)  

MLH, ML, MLH-2

 

(d)  

MLH, MLH-2

 

(e)  

ML, MLH-2

 

 

Figure 3.8: ZM-bar as a function of pH for the 1:1 complexation of copper(II) and Sar-LH (a) 

Model 1 (MLH-1, MLH-2), (b) Model 2 (MLH, MLH-1, MLH-2), (c) Model 3 (MLH, ML, 

MLH-2), (d) Model 4 (MLH, MLH-2) and (e) Model 5 (ML, MLH-2) at 25 oC in 0.15 mol.dm-3 

NaCl.   
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3.3.2(a)(iii) Cu-GFH 

 

(a)  

MLH-1, MLH-2

 

(b)  

MLH, MLH-1, MLH-2

 

(c)  

MLH, MLH-2

 

(d)  

ML, MLH-2

 

Figure 3.9: ZM-bar as a function of pH for the 1:1 complexation of copper(II) and GFH (a) 

Model 1 (MLH-1, MLH-2), (b) Model 2 (MLH, MLH-1, MLH-2), (c) Model 3 (MLH, MLH-2) 

and (d) Model 4 (ML, MLH-2) at 25 oC in 0.15 mol.dm-3 NaCl.   
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3.3.2(a)(iv) Cu-Sar-FH 

 

(a)  

MLH-1, MLH-2

 

(b)  

MLH, MLH-2

 

(c)  

ML, MLH-2

 

 

Figure 3.10: ZM-bar as a function of pH for the 1:1 complexation of copper(II) and Sar-FH (a) 

Model 1 (MLH-1, MLH-2), (b) Model 2 (MLH, MLH-2) and (c) Model 3 (ML, MLH-2) at 25 oC 

in 0.15 mol.dm-3 NaCl.   
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3.3.2(b) QM-bar 

 

The deprotonation function, QM-bar, for Cu-GLH, Cu-Sar-LH, Cu-GFH and Cu-Sar-FH can 

be seen in Figures 3.11-3.14. For all complex graphs, the n-bar plot line reaches a value of 2 

and then levels off between a pH of approximately 3.6 and 5.9. This indicates that the LH2 

species has formed. In each graph, the QM-bar curve rises to a value that is between 1.5-1.9 

units above the n-bar at a pH of approximately 6.0. This indicates that one to two protons are 

lost due to complexation. At high pH values, the n-bar plot line and QM-bar plot line in each 

graph become parallel to one another and the difference between them is 2 units. This means 

that species still form after a pH of approximately 6.0, but once the n-bar plot line and QM-bar 

plot line become parallel, a total of two protons has dissociated and no new species are forming. 

When comparing the overlap between the experimental and theoretical curves, all the figures 

besides Figure 3.11a and e, Figure 3.12a and e, Figure 3.13c and d, Figure 3.14b and c, all have 

an equally ‘best fit’.  
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3.3.2(b)(i) Cu-GLH 

 

(a)  
MLH-1, MLH-2 

 

(b)  

MLH, MLH-1, MLH-2

 

(c)  

ML, MLH-1, MLH-2

 

(d)  

MLH, ML, MLH-2 

 

(e)  

MLH, MLH-2

 

(f)  

ML, MLH-2

 

Figure 3.11: QM-bar as a function of pH for the 1:1 complexation of copper(II) and GLH (a) 

Model 1 (MLH-1, MLH-2), (b) Model 2 (MLH, MLH-1, MLH-2), (c) Model 3 (ML, MLH-1, 

MLH-2), (d) Model 4 (MLH, ML, MLH-2), (e) Model 5 (MLH, MLH-2) and (f) Model 6 (ML, 

MLH-2) at 25 oC in 0.15 mol.dm-3 NaCl.   
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3.3.2(b)(ii) Cu-Sar-LH 

 

(a)  

MLH-1, MLH-2

 

(b)  

MLH, MLH-1, MLH-2

 

(c)  

MLH, ML, MLH-2 

 

(d)  

MLH, MLH-2

 

(e)  

ML, MLH-2

 

 

Figure 3.12: QM-bar as a function of pH for the 1:1 complexation of copper(II) and Sar-LH (a) 

Model 1 (MLH-1, MLH-2), (b) Model 2 (MLH, MLH-1, MLH-2), (c) Model 3 (MLH, ML, 

MLH-2), (d) Model 4 (MLH, MLH-2) and (e) Model 5 (ML, MLH-2) at 25 oC in 0.15 mol.dm-3 

NaCl.   
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3.3.2(b)(iii) Cu-GFH 

 

(a)  

MLH-1, MLH-2 

 

(b)  

MLH, MLH-1, MLH-2 

 

(c)  

MLH, MLH-2 

 

(d)  

ML, MLH-2 

 

Figure 3.13: QM-bar as a function of pH for the 1:1 complexation of copper(II) and GFH (a) 

Model 1 (MLH-1, MLH-2), (b) Model 2 (MLH, MLH-1, MLH-2), (c) Model 3 (MLH, MLH-2) 

and (d) Model 4 (ML, MLH-2) at 25 oC in 0.15 mol.dm-3 NaCl.   

 

 

 

 

 

 

 

 

 

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

2,0 4,0 6,0 8,0 10,0

Q
-b

ar

pH

nbar Experimental Theoretical

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

2,0 4,0 6,0 8,0 10,0

Q
-b

ar
pH

nbar Experimental Theoretical

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

4,5

2,0 4,0 6,0 8,0 10,0

Q
-b

ar

pH

nbar Experimental Theoretical

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

4,5

2,0 4,0 6,0 8,0 10,0

Q
-b

ar

pH

nbar Experimental Theoretical



57 
 

3.3.2(b)(iv) Cu-Sar-FH 

 

(a)  

MLH-1, MLH-2 

 

(b)  

MLH, MLH-2 

 

(c)  

ML, MLH-2 

 

 

Figure 3.14: QM-bar as a function of pH for the 1:1 complexation of copper(II) and Sar-FH (a) 

Model 1 (MLH-1, MLH-2), (b) Model 2 (MLH, MLH-2) and (c) Model 3 (ML, MLH-2) at 25 oC 

in 0.15 mol.dm-3 NaCl.   
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3.3.2(c) Species distribution curve 

 

The species distribution curves for Cu-GLH, Cu-Sar-LH, Cu-GFH and Cu-Sar-FH can be seen 

in Figures 3.15-3.18. The distribution graphs show that the hydroxyl species start forming at 

low pH values. The prevalence of the MLH species is roughly between pH 3.0-6.0, while the 

prevalence of the ML and MLH-1 species is roughly between pH 4.0-6.0 and pH 4.0-7.0 

respectively. The MLH-2 species forms between pH 4.0 to pH 7.0, but after pH 7.0, no new 

species form and MLH-2 reaches a 100 % dominance until pH 11.0. This corresponds to the 

ZM-bar and QM-bar curves seen in Figures 3.7-3.10 and 3.11-3.14 respectively.   
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3.3.2(c)(i) Cu-GLH 

 

(a) 

MLH-1, MLH-2 

 

(b) 

MLH, MLH-1, MLH-2 

 

(c) 

ML, MLH-1, MLH-2 

 

(d) 

MLH, ML, MLH-2 

 

(e) 

MLH, MLH-2 

 

(f)  

ML, MLH-2 

 

Figure 3.15: Complexation species distribution curve for the 1:1 ratio of copper(II) and GLH 

(a) Model 1 (MLH-1, MLH-2), (b) Model 2 (MLH, MLH-1, MLH-2), (c) Model 3 (ML, MLH-1, 

MLH-2), (d) Model 4 (MLH, ML, MLH-2), (e) Model 5 (MLH, MLH-2) and (f) Model 6 (ML, 

MLH-2) at 25 oC in 0.15 mol.dm-3 of NaCl. 
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3.3.2(c)(ii) Cu-Sar-LH 

 

(a) 

MLH-1, MLH-2

 

(b) 

MLH, MLH-1, MLH-2

 

(c) 

MLH, ML, MLH-2

 

(d) 

MLH, MLH-2

 

(e) 

ML, MLH-2

 

 

Figure 3.16: Complexation species distribution curve for the 1:1 ratio of copper(II) and Sar-LH 

(a) Model 1 (MLH-1, MLH-2), (b) Model 2 (MLH, MLH-1, MLH-2), (c) Model 3 (MLH, ML, 

MLH-2), (d) Model 4 (MLH, MLH-2) and (e) Model 5 (ML, MLH-2) at 25 oC in 0.15 mol.dm-3 

of NaCl. 
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3.3.2(c)(iii) Cu-GFH 

 

(a) 

MLH-1, MLH-2 

 

(b) 

MLH, MLH-1, MLH-2 

 

(c) 

MLH, MLH-2 

 

(d) 

ML, MLH-2 

 

Figure 3.17: Complexation species distribution curve for the 1:1 ratio of copper(II) and GFH 

(a) Model 1 (MLH-1, MLH-2), (b) Model 2 (MLH, MLH-1, MLH-2), (c) Model 3 (MLH, MLH-2) 

and (d) Model 4 (ML, MLH-2) at 25 oC in 0.15 mol.dm-3 of NaCl. 
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3.3.2(c)(iv) Cu-Sar-FH 

 

(a) 

MLH-1, MLH-2 

 

(b) 

MLH, MLH-2 

 

(c) 

ML, MLH-2 

 

 

Figure 3.18: Complexation species distribution curve for the 1:1 ratio of copper(II) and Sar-FH 

(a) Model 1 (MLH-1, MLH-2), (b) Model 2 (MLH, MLH-2) and (c) Model 3 (ML, MLH-2) at 25 

oC in 0.15 mol.dm-3 of NaCl. 
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3.3.3 Nickel(II) complexation of GLH, Sar-LH, GFH and Sar-FH 

 

The stability constants (log βpqr) of the Ni-GLH, Ni-Sar-LH, Ni-GFH and Ni-Sar-FH 

complexations had a 1:1 nickel(II) ligand ratio and were determined using the ESTA suite of 

programs. ZM-bar, QM-bar and the species distribution functions were calculated using these 

stability constants. The standard deviations of the log βpqr values and Hamilton R-factors for 

all the nickel(II) ligand complexes can be seen in Table 3.3.  For GLH two models were refined. 

 

Table 3.3: Stability constants (log βpqr) for the 1:1 complexation between nickel(II) and GLH, 

Sar-LH, GFH and Sar-FH at 25 oC and 0.15 mol.dm-3 NaCl.  

Std is the standard deviation; Rf
H is the Hamilton R-factor and Rlim

H  is its limit; nT is the number 

of titrations and (np) is the number of titration points; p, q, r are the stoichiometric coefficients 

of a complex with a general formula of MpLqHr; M stands for the metal, L stands for the ligand 

and H stands for a hydrogen atom. 

Complex Model Species p q r log βpqr pKa std Rf Rlim nT(np) 

Ni-GLH 

 

 

 

1 

ML 

MLH-1 

MLH-2 

1 

1 

1 

1 

1 

1 

0 

-1 

-2 

4.60 

-2.03 

-9.21 

6.63 

7.18 

0.08 

0.04 

0.04 

 

0.007 

 

0.001 

 

3(303) 

 

2 

MLH 

MLH-1 

MLH-2 

1 

1 

1 

1 

1 

1 

1 

-1 

-2 

11.34 

-1.78 

-9.20 

 

7.42 

0.05 

0.02 

0.03 

 

0.007 

 

0.001 

 

3(303) 

Ni-Sar-LH  MLH 

MLH-1 

MLH-2 

1 

1 

1 

1 

1 

1 

1 

-1 

-2 

11.52 

-2.79 

-9.86 

 

7.07 

0.07 

0.06 

0.04 

 

0.01 

 

0.003 

 

2(90) 

Ni-GFH  MLH 

MLH-1 

MLH-2 

1 

1 

1 

1 

1 

1 

1 

-1 

-2 

11.32 

-1.84 

-8.53 

 

6.69 

0.02 

0.02 

0.01 

 

0.004 

 

0.003 

 

2(83) 

Ni-Sar-FH  MLH 

MLH-1 

MLH-2 

1 

1 

1 

1 

1 

1 

1 

-1 

-2 

11.40 

-2.88 

-9.48 

 

6.60 

0.08 

0.09 

0.04 

 

0.01 

 

0.002 

 

2(92) 

 

The pKa for the deprotonation of Ni(H2O) to NiOH is 9.86.26 Similarly to the copper(II) 

complexes, the pKa for some species could not be calculated. For the ones that could be 

calculated, neither the pKa of the ML to MLH-1 species (log β110-log β11-1) for Model 1 of 

Ni-GLH, nor the pKa of the MLH-1 to MLH-2 species (log β11-1-log β11-2) for all the complexes, 

are similar to the nickel(II) hydrolysis pKa. These pKa values are between 6.60-7.18 and so the 

loss of these protons is from the ligand and not from water. When comparing the standard 

deviations of the log βpqr values and Hamilton R-factors, both potentiometric models for Ni-
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GLH are equally good. The values for the other ligands are satisfactory and verify the validity 

of the models.    

 

3.3.3(a) ZM-bar 

 

The complex formation function, ZM-bar, for Ni-GLH, Ni-Sar-LH, Ni-GFH and Ni-Sar-FH can 

be seen in Figure 3.19. In all the graphs, the curves begin to rise at a high pL and curl backwards 

at middling pL values. This shows that the hydroxyl species start forming at low to middling 

pH values. Since Model 1 for Ni-GLH has an ML species and the ZM-bar curve for this model 

curls backwards before levelling off, it means that the hydroxyl species start forming before 

the formation of the ML species reaches a maximum. When comparing the theoretical and 

experimental functions, Model 2 for Ni-GLH has a better fit and therefore signifies it is the 

more correct model. For the other ligands, there is a good agreement which verifies that the 

proposed models for each ligand are accurate. 
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(a)(i)  

Ni-GLH (ML, MLH-1, MLH-2) 

 

(a)(ii)  

Ni-GLH (MLH, MLH-1, MLH-2)

 

(b)  

Ni-Sar-LH (MLH, MLH-1, MLH-2)

 

(c)  

Ni-GFH (MLH, MLH-1, MLH-2)

 

(d)  

Ni-Sar-FH (MLH, MLH-1, MLH-2)

 

 

Figure 3.19: ZM-bar as a function of pH for the 1:1 complexation of nickel(II) and (a)(i) GLH 

(Model 1 with ML, MLH-1, MLH-2), (a)(ii) GLH (Model 2 with MLH, MLH-1, MLH-2), (b) 

Sar-LH (MLH, MLH-1, MLH-2), (c) GFH (MLH, MLH-1, MLH-2) and (d) Sar-FH (MLH,  

MLH-1, MLH-2) at 25 oC in 0.15 mol.dm-3 NaCl.   
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3.3.3(b) QM-bar 

 

The deprotonation function, QM-bar, for Ni-GLH, Ni-Sar-LH, Ni-GFH and Ni-Sar-FH can be 

seen in Figure 3.20. For all the graphs, the n-bar curve levels off at a value of 2 between a pH 

of approximately 3.6 and 6.1, signifying the formation of the LH2 species. For all graphs, the 

QM-bar curve rises 0.6-0.8 units above the n-bar at a pH of approximately 7.4, which shows 

that up to one proton is dissociated at that pH. As the QM-bar curves decrease, the distance 

between QM-bar and n-bar increases to almost 2 units and then remains parallel at that value 

until the end of the titration. This suggests that new species are still forming past the 

approximate pH of 7.4.  It also suggests that by the end of the titration, no new species form 

and two protons are dissociated from the amide groups. When comparing the theoretical and 

experimental functions, both models for Ni-GLH, as well as for Ni-Sar-LH, do not overlap too 

well at high pH values, while the overlap for Ni-GFH and Ni-Sar-FH is good. This suggests 

that the proposed models for Ni-GLH and Ni-Sar-LH are not as accurate as Ni-GFH and Ni-

Sar-FH.   
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(a)(i)  

Ni-GLH (ML, MLH-1, MLH-2)

 

(a)(ii)  

Ni-GLH (MLH, MLH-1, MLH-2)

 

(b)  

Ni-Sar-LH (MLH, MLH-1, MLH-2)

 

(c)  

Ni-GFH (MLH, MLH-1, MLH-2)

 

(d)  

Ni-Sar-FH (MLH, MLH-1, MLH-2)

 

 

Figure 3.20: QM-bar as a function of pH for the 1:1 complexation of nickel(II) and (a)(i) GLH 

(Model 1 with ML, MLH-1, MLH-2), (a)(ii) GLH (Model 2 with MLH, MLH-1, MLH-2), (b) 

Sar-LH (MLH, MLH-1, MLH-2), (c) GFH (MLH, MLH-1, MLH-2) and (d) Sar-FH (MLH, 

MLH-1, MLH-2) at 25 oC in 0.15 mol.dm-3 NaCl.   
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3.3.3(c) Species distribution curve 

 

The species distribution curve for Ni-GLH, Ni-Sar-LH, Ni-GFH and Ni-Sar-FH can be seen in 

Figure 3.21. At low pH values the MLH and ML species begin to form and then at middling 

pH values the other species form. In all graphs, after approximately a pH of 9.0 the formation 

of new species has ended, and the MLH-2 species has reached a 100% dominance. This 

corresponds to the ZM-bar and QM-bar curves seen in Figures 3.19 and 3.20 respectively.  
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(a)(i)  

Ni-GLH (ML, MLH-1, MLH-2)

 

(a)(ii)  

Ni-GLH (MLH, MLH-1, MLH-2)

 

(b)  

Ni-Sar-LH (MLH, MLH-1, MLH-2)

 

(c)  

Ni-GFH (MLH, MLH-1, MLH-2)

 

(d)  

Ni-Sar-FH (MLH, MLH-1, MLH-2)

 

 

Figure 3.21: Complexation species distribution curve for the 1:1 ratio of nickel(II) and (a)(i) 

GLH (Model 1 with ML, MLH-1, MLH-2), (a)(ii) GLH (Model 2 with MLH, MLH-1, MLH-2), 

(b) Sar-LH (MLH, MLH-1, MLH-2), (c) GFH (MLH, MLH-1, MLH-2) and (d) Sar-FH (MLH, 

MLH-1, MLH-2) at 25 oC in 0.15 mol.dm-3 of NaCl. 
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3.3.4 Zinc(II) complexation of GLH, Sar-LH, GFH and Sar-FH 

 

The stability constants (log βpqr) of the Zn-GLH, Zn-Sar-LH, Zn-GFH and Zn-Sar-FH 

complexations had a 1:1 zinc(II) ligand ratio and were determined using ESTA suite of 

programs. These stability constants were used to calculate ZM-bar, QM-bar and the species 

distribution functions. The agreement between the theoretical and experimental functions of 

the ZM-bar and QM-bar curves is good and therefore the potentiometric titrations were 

performed accurately. The low standard deviations of the log βpqr values and Hamilton R-

factors for all the zinc(II) ligand complexes also verify the validity of the models and can be 

seen in Table 3.4.  

 

Table 3.4: Stability constants (log βpqr) for the 1:1 complexation between zinc(II) and GLH, 

Sar-LH, GFH and Sar-FH at 25 oC and 0.15 mol.dm-3 NaCl.  

Std is the standard deviation; Rf
H is the Hamilton R-factor and Rlim

H  is its limit; nT is the number 

of titrations and (np) is the number of titration points; p, q, r are the stoichiometric coefficients 

of a complex with a general formula of MpLqHr; M stands for the metal, L stands for the ligand 

and H stands for a hydrogen atom. 

Complex Species p q r log βpqr pKa std Rf Rlim nT(np) 

Zn-GLH ML 

MLH-1 

MLH-2 

1 

1 

1 

1 

1 

1 

0 

-1 

-2 

4.51 

-3.71 

-13.62 

8.22 

9.91 

0.05 

0.09 

0.09 

 

0.007 

 

0.001 

 

2(202) 

Zn-Sar-LH MLH 

ML 

MLH-1 

MLH-2 

1 

1 

1 

1 

1 

1 

1 

1 

1 

0 

-1 

-2 

10.66 

3.70 

-4.13 

-13.47 

6.96 

7.83 

9.34 

0.06 

0.02 

0.02 

0.02 

 

0.005 

 

0.003 

 

2(86) 

Zn-GFH ML 

MLH-1 

MLH-2 

1 

1 

1 

1 

1 

1 

0 

-1 

-2 

4.23 

-3.34 

-13.44 

7.57 

10.10 

0.03 

0.03 

0.04 

 

0.008 

 

0.003 

 

2(89) 

Zn-Sar-FH ML 

MLH-1 

MLH-2 

1 

1 

1 

1 

1 

1 

0 

-1 

-2 

3.52 

-3.82 

-13.35 

7.34 

9.53 

0.07 

0.04 

0.07 

 

0.01 

 

0.002 

 

2(90) 

 

The pKa for the deprotonation of Zn(H2O) to ZnOH is 8.96.26 Similarly to the copper(II) 

complexes, the pKa for some species could not be calculated. The only pKa values that can be 

compared to the hydrolysis of zinc(II) is the pKa from ML to MLH-1 (log β110-log β11-1) for Zn-

GLH, and the pKa from MLH-1 to MLH-2 (log β11-1-log β11-2) for Zn-Sar-LH. Thus, the first and 

second deprotonation for all the other species are due to the loss of a proton from the ligand. 

When forming both the MLH-1 species of Zn-GLH and the MLH-2 species of Zn-Sar-LH, the 
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deprotonation could have been from either an amide group or from water. When looking at the 

standard deviations of the log βpqr values and Hamilton R-factors, all models for each ligand 

have low values, which are therefore satisfactory and verify the validity of the models.    

 

3.3.4(a) ZM-bar 

 

The complex formation function, ZM-bar, for Zn-GLH, Zn-Sar-LH, Zn-GFH and Zn-Sar-FH 

can be seen in Figure 3.22. The curves rise and curl backwards at middling pL values, which 

shows that hydroxyl species are present at middling pH values and before the ML species 

reaches a maximum. An added observation is that the curve of Zn-Sar-LH begins to rise more 

noticeably at high pL values compared to the curves of the other complexes which do not have 

the MLH species. This is an indication that the MLH species is present and dominant. When 

comparing the theoretical and experimental functions, only the curve belonging to Sar-FH has 

a section in it where the overlap is not too good but is still satisfactory. All the other ligands 

have a good overlap.  
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(a)  

Zn-GLH (ML, MLH-1, MLH-2)

 

(b)  

Zn-Sar-LH (MLH, ML, MLH-1, MLH-2)

 

(c)  

Zn-GFH (ML, MLH-1, MLH-2)

 

(d)  

Zn-Sar-FH (ML, MLH-1, MLH-2)

 

Figure 3.22: ZM-bar as a function of pH for the 1:1 complexation of zinc(II) and (a) GLH (ML, 

MLH-1, MLH-2), (b) Sar-LH (MLH, ML, MLH-1, MLH-2), (c) GFH (ML, MLH-1, MLH-2) and 

(d) Sar-FH (ML, MLH-1, MLH-2) at 25 oC in 0.15 mol.dm-3 NaCl.   

 

3.3.4(b) QM-bar 

 

The deprotonation function, QM-bar, of Zn-GLH, Zn-Sar-LH, Zn-GFH and Zn-Sar-FH can be 

seen in Figure 3.23. For all graphs, n-bar levels off at 2 between a pH of approximately 3.8 and 

5.9, which shows the formation of the LH2 species. For all graphs, the QM-bar curve intersects 

the n-bar curve between a pH of 7.1-7.8, which shows that the ML or MLH species have 

formed. From this pH onwards, the difference between the QM-bar curves and the n-bar curves 

continually increases and at pH 11 the difference between them is 2 units. Unlike both the 

copper(II) and nickel(II) complexes, where the two curves become parallel to one another at 

the end of the titration and show that no new species form, these curves are not yet parallel to 
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each other. This shows that even though two protons have been lost from an amide, species are 

still forming. When comparing the theoretical and experimental functions, only Zn-Sar-LH has 

a good overlap, while the other ligands have sections in the curves where the overlap is not as 

good but still satisfactory.  

 

(a)  

Zn-GLH (ML, MLH-1, MLH-2)

 

(b)  

Zn-Sar-LH (MLH, ML, MLH-1, MLH-2)

 

(c)  

Zn-GFH (ML, MLH-1, MLH-2) 

 

(d)  

Zn-Sar-FH (ML, MLH-1, MLH-2)

 

Figure 3.23: QM-bar as a function of pH for the 1:1 complexation of zinc(II) and (a) GLH (ML, 

MLH-1, MLH-2), (b) Sar-LH (MLH, ML, MLH-1, MLH-2), (c) GFH (ML, MLH-1, MLH-2) and 

(d) Sar-FH (ML, MLH-1, MLH-2) at 25 oC in 0.15 mol.dm-3 NaCl.   
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3.3.4(c) Species distribution curve 

 

The species distribution curve for Zn-GLH, Zn-Sar-LH, Zn-GFH and Zn-Sar-FH can be seen 

in Figure 3.24. In all graphs, the hydroxyl species begin to form before the ML species has 

reached a maximum. The MLH species in the Zn-Sar-LH complex is dominant between the 

pH values of 5.0-7.0. In all graphs, at pH 11 the MLH-2 species has reached approximately a 

90% dominance, which shows these species are still forming at the end of the titration. This 

corresponds to the ZM-bar and QM-bar curves seen in Figures 3.22 and 3.23 respectively. 

 

(a)  

Zn-GLH (ML, MLH-1, MLH-2)

 

(b)  

Zn-Sar-LH (MLH, ML, MLH-1, MLH-2) 

 

(c)  

Zn-GFH (ML, MLH-1, MLH-2) 

 

(d)  

Zn-Sar-FH (ML, MLH-1, MLH-2)

 

Figure 3.24: Complexation species distribution curve for the 1:1 ratio of zinc(II) and (a) GLH 

(ML, MLH-1, MLH-2), (b) Sar-LH (MLH, ML, MLH-1, MLH-2), (c) GFH (ML, MLH-1, MLH-2) 

and (d) Sar-FH (ML, MLH-1, MLH-2) at 25 oC in 0.15 mol.dm-3 of NaCl. 
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3.4 Discussion 

 

To form a copper(II) complex that satisfies the aim of undergoing transdermal absorption and 

releasing copper(II) ions into the blood plasma, means that it is essential to establish whether 

copper(II) can form a stable complex with the four tripeptides. Hence a study on determining 

the stability constants was carried out. However, the complex must not be so stable that 

copper(II) cannot be released once it is in the blood plasma. The stability constants of nickel(II) 

and zinc(II) with the four tripeptides were also measured, since the copper(II) complexes will 

encounter nickel(II) and zinc(II) ions in the blood plasma. The protonation and complexation 

stability constants for the four tripeptides with copper(II), nickel(II) and zinc(II) can be seen in 

Tables 3.5-3.8. Literature values have also been added into each table, because the four 

tripeptides have never been studied before, and so they need to be compared to relatable 

ligands. The dipeptides and tripeptides chosen from literature all have their first amino acid as 

either glycine or sarcosine and their last amino acid as histidine. This was done so that their 

structures and therefore protonation/complexation stability constants are similar to the four 

tripeptides of this study. As can be seen, all the protonation and complexation stability 

constants are indeed similar to literature and therefore verify their validity.  

 

Table 3.5: Protonation constants for GLH, Sar-LH, GFH and Sar-FH, as well as literature 

values. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ligand p q r log βpqr 

GLH 0 1 1 

0 1 2 

0 1 3 

8.21 

15.10 

17.88 

Sar-LH 0 1 1 

0 1 2 

0 1 3 

8.45 

15.32 

18.05 

GFH 0 1 1 

0 1 2 

0 1 3 

7.95 

14.82 

17.65 

Sar-FH 0 1 1 

0 1 2 

0 1 3 

8.22 

15.09 

17.96 

Sar-His-His27,28 (lit) 

 

0 1 1 

0 1 2 

0 1 3 

8.57 

15.74 

21.64 

Sar-Gly-His27 (lit) 

 

0 1 1 

0 1 2 

0 1 3 

8.72 

15.44 

17.79 

Gly-Gly-His29 (lit) 

 

0 1 1 

0 1 2 

0 1 3 

7.96 

14.60 

17.52 
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Table 3.6: Stability constants for the complexes Cu-GLH, Cu-Sar-LH, Cu-GFH and 

Cu-Sar-FH, as well as literature values for Cu-dipeptides and Cu-tripeptides.  

Ligand p q  r log βpqr 

GLH 1 1 -1 

1 1 -2 

 

1 1  1 

1 1 -1 

1 1 -2 

 

1 1  0 

1 1 -1 

1 1 -2 

 

1 1  1 

1 1  0 

1 1 -2 

 

1 1  1 

1 1 -2 

 

1 1  0 

1 1 -2 

2.76 

-2.57 

 

12.71 

2.77 

-2.24 

 

7.67 

2.40 

-2.40 

 

12.14 

7.88 

-2.27 

 

13.01 

-2.11 

 

7.92 

-2.31 

Sar-LH 1 1 -1 

1 1 -2 

 

1 1  1 

1 1 -1 

1 1 -2 

 

1 1  1 

1 1  0 

1 1 -2 

 

1 1  1 

1 1 -2 

 

1 1  0 

1 1 -2 

2.23 

-2.91 

 

12.66 

2.06 

-2.71 

 

12.37 

7.38 

-2.70 

 

12.89 

-2.59 

 

7.47 

-2.77 

GFH 1 1 -1 

1 1 -2 

 

1 1  1 

1 1 -1 

1 1 -2 

 

1 1  1 

1 1 -2 

 

1 1  0 

1 1 -2 

3.53 

-1.34 

 

11.72 

3.54 

-1.31 

 

12.76 

-1.03 

 

8.22 

-1.14 
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Sar-FH 1 1 -1 

1 1 -2 

 

1 1  1 

1 1 -2 

 

1 1  0 

1 1 -2 

3.22 

-1.75 

 

12.66 

-1.51 

 

7.86 

-1.69 

Gly-His30 (lit) 1 1 -1 4.91 

Gly-Gly-His31 (lit) 1 1 -2 -0.74 

Gly-Gly-His29,30 (lit) 1 1 -2 -1.73 

Gly-His-His31 (lit) 1 1 -2 0.86 

Sar-His-His27,28 (lit) 1 1 -1 

1 1 -2 

5.27 

-3.78 

Sar-Gly-His27 (lit) 1 1 -1 

1 1 -2 

3.11 

-2.72 

 

Table 3.7: Stability constants for the complexes Ni-GLH, Ni-Sar-LH, Ni-GFH and Ni-Sar-FH, 

as well as literature values for Ni-dipeptides and Ni-tripeptides.  

Ligand p q  r log βpqr 

GLH 1 1  0 

1 1 -1 

1 1 -2 

 

1 1  1 

1 1 -1 

1 1 -2 

4.60 

-2.03 

-9.21 

 

11.34 

-1.78 

-9.20 

Sar-LH 1 1  1 

1 1 -1 

1 1 -2 

11.52 

-2.79 

-9.86 

GFH 1 1  1 

1 1 -1 

1 1 -2 

11.32 

-1.84 

-8.53 

Sar-FH 1 1  1 

1 1 -1 

1 1 -2 

11.40 

-2.88 

-9.48 

Gly-His30 1 1  0 

1 1 -1 

4.68 

-1.35 

Sar-His-His9 1 1  0 

1 1 -1 

1 1 -2 

6.22 

0.02 

-8.37 

Gly-Gly-His30 1 1 1 

1 1 0 

1 1 -1 

11.34 

4.68 

-1.35 
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Table 3.8: Stability constants for the complexes Zn-GLH, Zn-Sar-LH, Zn-GFH and 

Zn-Sar-FH, as well as literature values for Zn-dipeptides and Zn-tripeptides.  

Ligand p q  r log βpqr 

GLH 1 1  0 

1 1 -1 

1 1 -2 

4.51 

-3.71 

-13.62 

Sar-LH 1 1  1 

1 1  0 

1 1 -1 

1 1 -2 

10.66 

3.70 

-4.13 

-13.47 

GFH 1 1  0 

1 1 -1 

1 1 -2 

4.23 

-3.34 

-13.44 

Sar-FH 1 1  0 

1 1 -1 

1 1 -2 

3.52 

-3.82 

-13.35 

Gly-His30 1 1  1  

1 1  0 

1 1 -1 

1 1 -2 

10.87 

3.98 

-2.75 

-12.66 

Sar-His-His28 1 1  0 

1 1 -1 

1 1 -2 

5.20 

-1.89 

-11.69 

Gly-Gly-His30 1 1  1 

1 1  0 

1 1 -1 

11.30 

4.10 

-3.81 

 

The four tripeptides can be grouped so that the effect of the N-methylated group on sarcosine 

can be analysed.  To do this, constants from GLH will be compared with constants from Sar-

LH and constants from GFH will be compared with constants from Sar-FH. For the protonation 

constants, the species from Sar-LH or Sar-FH, i.e. with the methyl group, are 0.17-0.31 log 

units bigger and more stable than their glycine counterparts. For the copper(II) complexation 

stability constants, the species, ML, MLH-1 and MLH-2 without the methyl group (GLH and 

GFH) are all 0.02-0.80 log units bigger and therefore more stable than the methylated species 

(Sar-LH and Sar-FH). The only exception is the MLH species, where some MLH species with 

the methyl group (Sar-LH and Sar-FH) were up to 0.94 log units bigger than the non-

methylated species (GLH and GFH), and other MLH species without the methyl group (GLH 

and GFH) were up to 0.64 log units bigger than the methylated species (Sar-LH and Sar-FH). 

For the nickel(II) complexes, the MLH species can be considered as equally stable, since the 

difference is only 0.18 log units between the methylated and non-methylated groups. The 

MLH-1 and MLH-2 species without the methyl group (GLH and GFH) are 0.65-1.04 log units 

bigger and more stable than the methylated species (Sar-LH and Sar-FH). The ML species 

could not be compared. For the zinc(II) complexes, the ML and MLH-1 species without the 
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methyl group (GLH and GFH) are 0.42-0.81 log units bigger and more stable than the 

methylated species (Sar-LH and Sar-FH). The MLH-2 species can be considered as equally 

stable since there is only a difference of 0.09-0.15 log units between the methylated and non-

methylated groups. The MLH species could not be compared.   

 

The methyl group has an electron donating inductive effect and so it was expected that the 

ligands/complexes with sarcosine would have larger stability coefficients and thus be more 

stable than the complexes with glycine. This was seen for the protonation constants and 

therefore it is confirmed that the methyl group does affect the stability. However, it was mostly 

found that the complexes without the methyl group were slightly more stable, which leads to 

the suggestion that the methyl group also has steric effects. This finding was also seen in 

literature between the tripeptides of Gly-Leu-Phe and Sar-Leu-Phe.32,33 A steric effect makes 

the inductive effect less prominent. Another reason could be due to the ammonium ions or 

charged amine groups preferentially forming hydrogen bonds with water and thereby 

decreasing available charge. This phenomenon was also reported for solvated alkylamines, 

where the order of base strength was rearranged. The true base strength, in a vacuum, should 

have been NH3 < RNH2 < R2NH < R3N, since the methyl groups increase, which subsequently 

increases the electron density on the nitrogen atom. However, the order for aqueous solutions 

was found to be NH3 < RNH2, R2NH  > R3N, which was explained by the preference of the 

amine to form hydrogen bonds with water.34  

 

The four tripeptides can be split again, so that an analysis of the leucine and phenylalanine 

amino acids can be done to determine how they affect the stability constants. Thus, GLH and 

GFH will be compared, and Sar-LH and Sar-FH will be compared. Starting with the 

protonation constants, the species with leucine (GLH and Sar-LH) are 0.09-0.28 log units 

bigger and more stable than the species with phenylalanine (GFH and Sar-FH). For the 

copper(II) complexes, the ML, MLH-1 and MLH-2 species with phenylalanine (GFH and Sar-

FH) have constants that are between 0.30-1.54 log units bigger than the species with leucine 

(GLH and Sar-LH) and are thus more stable. However, some MLH species with leucine (GLH 

and Sar-LH) were up to 1.29 log units bigger than those with phenylalanine (GFH and Sar-FH) 

and other MLH species with phenylalanine (GFH and Sar-FH) were up to 0.62 log units bigger 

than those with leucine (GLH and Sar-LH). For the nickel(II) complexes, the comparison 

between the MLH species, as well as the comparison between the MLH-1 species, differs so 

slightly that the effect between the compounds with leucine and phenylalanine can be described 
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as negligible. The MLH-2 species with phenylalanine (GFH and Sar-FH) are 0.38-0.68 log units 

bigger and more stable than the species with leucine (GLH and Sar-LH). The ML species could 

not be compared.  For the zinc(II) complexes, the ML species with leucine (GLH and Sar-LH) 

are 0.18-0.28 log units bigger and more stable than the species with phenylalanine (GFH and 

Sar-FH), while the MLH-1 and MLH-2 species with phenylalanine (GFH and Sar-FH) are 0.12-

0.37 log units bigger and more stable than the species with leucine (GLH and Sar-LH). The 

MLH species could not be compared.  

 

The difference between leucine and phenylalanine is that leucine contains an isobutyl group, 

while phenylalanine contains a benzyl group. Both groups should contribute to an inductive 

effect; but the benzyl group will be electron withdrawing, while the isobutyl group will be 

electron donating. Therefore, since the metal ions are positively charged, the isobutyl group is 

expected to stabilize the complex and hence increase the stability constants, while the benzyl 

group is expected to destabilize the complex and lower the stability constants. This was seen 

for the protonation constants. However, when analysing the complexation stability constants, 

a similar scenario is seen as with the comparison between the metal complexes of glycine 

versus sarcosine; where steric effects or charged amine groups preferentially forming hydrogen 

bonds must also be affecting the stability of these complexes.  

 

When comparing the stability constants of the same species from copper(II), nickel(II) and 

zinc(II), the ordering corresponds to the Irving Williams series.35,36 The copper(II) species are 

more stable than the nickel(II) species, which in turn are more stable than the zinc(II) species. 

It is also interesting to note, that the complexation itself seems to influence how well the 

inductive effect of the methyl and isobutyl group can exert a stabilizing result. This can be seen 

when comparing the protonation stability constants to the complexation stability constants. The 

appearance of the stabilizing inductive effect was present in all the protonation constants, 

whereas with the complexation stability constants, the inductive effect was less effective or 

appeared to have minimal impact. When examining the impact of the inductive effect between 

metal ions, the zinc(II) complex species were affected the most, while the copper(II) complex 

species were affected the least. This appears to be in the reverse order of the Irving Williams 

series35,36 and therefore the actual bond between the metal ion and the ligand could influence 

the extent of the inductive effect.   
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The thermodynamics of potentiometry cannot directly give information about how copper(II) 

coordinates to each ligand, but it can give indirect clues. Since there are many models 

associated with each ligand for the copper(II) complexes, only the model which has been 

signalled out as the best model will be discussed. The process of choosing the best model was 

done by combining structural information from a series of structure determining techniques, 

each of which will be discussed in the following chapters. The correct model for Cu-Sar-LH is 

Model 3, which has the MLH, ML and MLH-2 species and the correct model for Cu-GLH is 

Model 2, which has the MLH, MLH-1 and MLH-2 species. The correct models for Cu-GFH and 

Cu-Sar-FH are Model 3 and Model 2 respectively, which both have the MLH and MLH-2 

species. The potentiometric titrations agreed with the choice for Cu-GLH and Cu-Sar-LH, since 

the overlap between the theoretical and experimental ZM-bar and QM-bar curves for Model 2 

and Model 3 respectively were signalled out as the ‘best fit’. Additionally, these models for 

Cu-GLH and Cu-Sar-LH were signalled out as having the lowest standard deviations and 

Hamilton R-factors. 

 

The first step in identifying the coordination mode was comparing the pKa value for the 

hydrolysis of the complex with the hydrolysis of copper(II). This determined if the loss of the 

proton is from the ligand or from water. Going from MLH-1 to MLH-2 for Cu-GLH, the pKa 

value of MLH-1 (log β11-1-log β11-2) is 5.01 and going from MLH to ML for Cu-Sar-LH, the pKa 

value of MLH (log β111-log β110)  is 4.99 (Table 3.2). These values showed that the deprotonation 

is a result of the ligand, and the location where the proton came from will be discussed further 

on. The transitions from MLH to MLH-1 for Cu-GLH; ML to MLH-2 for Cu-Sar-LH; and MLH 

to MLH-2 for Cu-GFH and Cu-Sar-FH, are not stepwise processes and therefore these pKa  

values are not known. 

 

An indication of how the MLH species coordinates, was found by comparing the stability 

constants of this species with the stability constants of other ligands found in literature. The 

MLH species most likely has the copper(II) either coordinated to the amine and neighbouring 

carbonyl-O, or to the imidazole-N and the carboxyl-O. For the former comparison, literature 

compounds glycylglycine (GGOMe) and glycylsarcosine (GSOMe) were selected. They 

coordinate to copper(II) through the amine-N and carbonyl-O.37 Their log K values are 4.11 

and 5.18 respectively. To compare these values with the MLH species of Cu-GLH, Cu-Sar-LH, 

Cu-GFH and Cu-Sar-FH, the corresponding protonation of the imidazole group had to be 

subtracted from the complex stability constant. This gives log K values of 5.82, 5.5, 5.89 and 
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5.71 respectively. These values correspond to the literature values above, suggesting that this 

is the mode of coordination of these ligands. Unfortunately, the comparison could not be made 

for the imidazole-N and carboxyl-O, since literature for this comparison could not be found. 

There is reason to believe that copper(II) also coordinates to the imidazole-N and to the 

carboxyl-O. This will be discussed in the NMR chapter. This ‘double-sided’ coordination was 

also proposed for the MLH species of copper(II) complexes containing peptides with a histidyl 

residue.38  

 

As a result of the MLH species forming at low pH values, the coordination to the imidazole-N 

and to the carboxyl-O is viable, since the charge of the carboxylic acid needs to be neutralised 

at low pH values. As the pH increases, the need for the charge to be neutralised diminishes and 

the charged carboxylic acid can remain uncoordinated. This means that because the ML species 

of Cu-Sar-LH occurs at a higher pH, it is most likely that copper(II) only coordinates via the 

amine route and not via the imidazole. This is due to the higher basicity of the amine than the 

imidazole. Therefore, a possible coordination for the ML species is to the amine and 

neighbouring amide-N with a protonated imidazole-N. The most likely mechanism in going 

from an MLH to ML species is for the sarcosine amide to switch from a carbonyl-O to an 

amide-N coordination, while the imidazole-N remains protonated. The transition from MLH to 

ML gives a pKa value of 4.99, which is a value typical of a metal assisted amide deprotonation. 

The proposed switch has been seen in literature for the species of Cu-di, tri and tetraglycine 

when they go from an ML to MLH-1 species.39,40  These ligands have pKa values of 4.23, 5.41 

and 5.56 respectively and represent the first amide deprotonation. The only difference between 

the transition from ML to MLH-1 for the species of Cu-di, tri and tetraglycine and the proposed 

transition from MLH to ML for Cu-Sar-LH, is that the histidine in the Cu-Sar-LH species is 

still protonated. Therefore, since these pKa values from literature and Cu-Sar-LH are 

comparable, it supports the suggestion that the first metal assisted amide coordination in the 

ML species of Cu-Sar-LH is a result of copper(II) switching from a carbonyl-O to an amide-N 

coordination.  Additionally, literature for a Cu-GGG complex suggests that the binding site is 

not a simple bidentate coordination between the amine and amide-N, since the oxygen donor 

from the carbonyl-O is also involved in the coordination.40 Therefore the coordination mode 

for the ML species could also be a tridentate coordination consisting of the amine, neighbouring 

amide-N and the carbonyl-O belonging to leucine, with a protonated imidazole-N. 

 



83 
 

The pKa
 value of the ML to MLH-2 species of Cu-Sar-LH is not attainable, but it can be 

speculated that the transition happens in one step. This means that another coordination switch 

occurs between the carbonyl-O of leucine and its neighbouring amide-N, as well as the 

coordination to the imidazole-N. Likewise, the pKa
 value from the MLH to MLH-2 species for 

Cu-GFH and Cu-Sar-FH is also not attainable, but it is reasonable to suggest that for this 

transition to occur, the coordination to two amide-Ns and to the imidazole-N all happen in one 

step. Therefore, the proposed coordination mode of the MLH-2 species for all ligands, is to the 

amine, both amide-Ns and to the imidazole-N. This coordination is favourable because it forms 

three fused, very stable, chelate rings, which comprise of two 5-membered and one 6-

membered chelate rings. This 4N-complex has been seen in other copper(II) peptide 

complexes.28,29,38,39,41 In tripeptides without the imidazole, the carboxylic acid becomes the 

fourth coordination site, as seen in Cu-GGG.39,40 The reason why the coordination of the 

charged carboxylic acid is not favoured over the coordination to the imidazole, is because the 

imidazole has a very efficient nitrogen donor, which makes it more basic and therefore the 

coordination is more stable. A flow diagram visually explaining the transition in coordination 

from MLH → ML → MLH-2 of Cu-Sar-LH can be seen in Figure 3.25. This coordination 

mechanism can be transferred to Cu-GFH and Cu-Sar-FH by removing the ML species.  

 

Similar to the ML species of Cu-Sar-LH, for the MLH-1 species of Cu-GLH, copper(II) is also 

thought to only coordinate via the amine route, because the MLH-1 species also occurs at a 

higher pH than the MLH species. Unfortunately, the transition from the MLH to the MLH-1 

species is not stepwise, so the pKa value for the amide deprotonation cannot be compared with 

literature. However, the pKa value for the MLH-1 to MLH-2 transition is known and because 

the value is 5.01, it was originally thought to suggest a second amide deprotonation. This would 

produce an MLH-1 coordination mode where copper(II) is coordinated to the amine, 

neighbouring amide-N and imidazole-N. Transitioning to the MLH-2 species would then just 

include the coordination to the second amide-N. But since the value of 5.01 represents the 

second amide deprotonation, when comparing this value with literature (Cu-GGG: pKa = 

6.86)39,40, it was found that it is not close enough to literature values to confirm a second amide 

deprotonation. Another thought was that the MLH-1 species is coordinated to the amine and 

two amide-Ns with a protonated imidazole-N, or to the amine, two amide-Ns and the 

carboxyl-O with a protonated imidazole-N. The only difference between these two 

coordination modes is the coordination to the carboxyl-O. Transitioning to the MLH-2 species 

would then include a coordination to the imidazole-N. However, the protonation of the 
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imidazole-N has a log K of 6.89, which also is not close enough to the 5.01 pKa value to confirm 

a coordination mode. Since these three coordination modes are the most likely possible modes 

for MLH-1 to transition to MLH-2, one of them should be correct. Várnagy et al.38 also could 

not identify the site of coordination for Cu-GlynHis complexes (n=3,4,5) through the pKa 

values, and so they used other techniques to validate the coordination mode. Therefore, further 

structural analyses are required to distinguish between the three proposed coordination modes. 

  

However, the coordination to the amine, two amide-Ns and the carboxyl-O, yields three stable 

5-membered chelate rings; while the coordination mode to only the amine and two amide-Ns, 

yields two stable 5-membered chelate rings; and the coordination to the amine, neighbouring 

amide-N and imidazole-N, yields one 5-membered chelate ring and one macro chelate ring. 

Therefore, the three 5-membered ring system could be favoured. This coordination mode is 

seen in the MLH-2 species of Cu-GGG where the geometry is square planar, but the protonated 

imidazole-N of Cu-GLH makes it an MLH-1 species.39,40 The other two coordination modes 

were also seen for the MLH-1 species of a Cu-glycylglycylhistamine system.42 A flow diagram 

visually explaining the transitions for Cu-GLH, can be seen in Figure 3.26.  
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Figure 3.25: Visual representation explaining the transition mechanism of the species, MLH, 

ML and MLH-2 from Cu-Sar-LH. 
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Figure 3.26: Visual representation explaining the transition mechanism of the species, MLH, 

MLH-1 and MLH-2 from Cu-GLH. 
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The complexation between nickel(II) and GLH yields two models with either the MLH, MLH-1 

and MLH-2 species or the ML, MLH-1 and MLH-2 species. The standard deviations and 

Hamilton R-factors for these models are similar, and so further investigations are required to 

determine which model is more likely to be present in solution. An Ultraviolet-Visible 

spectrophotometric analysis was used to try and distinguish between the models. However, the 

absorption bands for the MLH, ML and MLH-1 species were not visible and therefore could 

not determine the more likely model. Due to the focus of this thesis, further structural 

investigations for the nickel(II) and zinc(II) complexes were not carried out. But since the 

complexation of copper(II) to GLH yielded an MLH, MLH-1 and MLH-2 species, it is 

reasonable to suggest that the model to represent the complexation between nickel(II) and GLH 

is Model 2 with the species MLH, MLH-1 and MLH-2.  

 

3.5 Conclusion  

 

The first objective to measure the stability of the complex between copper(II) and the ligands, 

GLH, Sar-LH, GFH and Sar-FH was achieved. The stability of complexes between nickel(II) 

and the ligands, as well as with zinc(II), was also measured. The comparison between the 

thermodynamic stability of complexes with a N-methylated group and a non-N-methylated 

group, was carried out. The expected increase in stability for the complexes with the N-

methylated group was not seen, and it was rationalised that the methyl group either has steric 

effects, or that the charged amine group has a preference to bind to water (entropic effect). The 

comparison between the thermodynamic stability of complexes with the leucine group and the 

phenylalanine group was also carried out. The expected increase in stability for the complexes 

with leucine was also not seen, and again the rationalisation was the same as with the N-

methylated and non-N-methylated groups. This could mean that copper(II) complexes with 

glycine and phenylalanine might be able to release copper(II) in vivo more effectively than 

copper(II) complexes with sarcosine and leucine.   

 

In terms of structure determination, the species types associated with each complex were 

identified and proposed coordination modes for each species were made. The MLH species, 

for all ligands, are coordinated to an amine and neighbouring carbonyl-O with a protonated 

imidazole-N. A second coordination mode for the MLH species was suspected to be to the 

imidazole-N and carboxyl-O with a protonated amine, but this is only discussed in the NMR 
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chapter. The ML species of Cu-Sar-LH is coordinated through an amine, the neighbouring 

amide-N and the carbonyl-O of leucine, with a protonated imidazole-N, or to only the amine 

and neighbouring amide-N with a protonated imidazole-N. The MLH-1 species of Cu-GLH has 

three possible coordination modes: the first has a coordination to the amine and two amide-Ns 

with a protonated imidazole-N; the second is to the amine, two amide-Ns and the carboxyl-O 

with a protonated imidazole-N; and the third is to the amine, neighbouring amide-N and 

imidazole-N. The MLH-2 species, for all ligands, is coordinated to the amine, two amide-Ns 

and the imidazole-N.  
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4. Ultraviolet-Visible Spectrophotometry 

 

 

4.1 Introduction 

 

The results from potentiometry found which species formed for each complex over a pH range 

from 2-11. But it gave multiple combinations or models for each ligand, where each model had 

a different set of species. The first challenge is to identify which is the correct model for each 

ligand and the second challenge is to find the correct coordination modes of each species. 

Ultraviolet-visible spectrophotometry (UV-Vis) is useful because it can identify the different 

species and provide information about their geometry. In addition, the coordination modes for 

each species can also be verified. This technique can be used for both the copper(II) and 

nickel(II) species because they both absorb light in the visible region, unlike zinc(II). These 

absorptions arise because electron transitions take place between the electronic energy levels. 

The two types of transitions that can occur and produce absorption bands are d-d transitions 

and charge transfer transitions.1  

 

d-d transitions are specific for transition metal complexes, since electrons can become excited 

and move from the highest occupied molecular d orbital to the lowest unoccupied molecular d 

orbital. The separation between these sets of d orbitals corresponds to the wavelengths of 

visible light. As an electron becomes excited, it produces an absorption band which appears in 

the ultraviolet and visible regions of the electromagnetic spectrum.2–5 The separation between 

d orbitals depends on the geometry of the complex, the type of ligand and the oxidation of the 

metal ion. Thus, by analysing the absorption bands, it is possible to gain information on the 

structural aspects of the complex.4,6 The intensity of the absorption bands are governed by 

selection rules which include the Laporte rule. This states that for a transition to occur there 

must be a change of parity in molecules. This means that only gerade to ungerade (g → u) or 

ungerade to gerade (u → g) transitions are allowed and g → g or u → u transitions are 

forbidden. Another rule states that the multiplicity has to be maintained during a transition, so 

that if an electron changes spin, the transition is labelled as multiplicity forbidden.1 Therefore, 

because of the selection rules, the colouring that is seen as a result of these absorption bands 

can appear as a pale colour. However, the more allowed a d-d transition is, the stronger the 

colouring will become.1,6–8 
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Unlike d-d transitions, charge transfer bands are a result of a change in the electron distribution 

between the metal and the ligand, which means that they are not Laporte forbidden and the 

probability of this transition occurring is high. This results in an intense absorption band and 

thus very intense colouring, such as dyes.1,8 In metal complexes these charge transfer bands 

can either be caused by ligand-centred n - π* or π*- π* transitions, or from the transfer of an 

electron between the metal and the ligand, which can be a ligand-to-metal or metal-to-ligand 

charge transfer.1 

 

Depending on what type of transition is present, the molar absorption extinction coefficient 

values will vary. For spin-forbidden d-d transitions, values below 1 dm3mol-1cm-1 are seen. 

Laporte forbidden, spin-allowed d-d transitions can either originate from a centrosymmetric 

complex, which will produce values between 0-10 dm3mol-1cm-1, or the transitions can 

originate from a non-centrosymmetric complex and produce values between 10-1000 

dm3mol-1cm-1. Charge transfer transitions are fully allowed and so have values between 1000-

50000 dm3mol-1cm-1.  

 

Copper(II) and nickel(II) can both accommodate six donor atoms and form an octahedral 

complex. The d orbitals in octahedral complexes are split into a higher doubly degenerate 𝑒𝑔 

set (𝑑𝑧2, 𝑑𝑥2−𝑦2)  and a lower triply degenerate 𝑡2𝑔 set (𝑑𝑥𝑦, 𝑑𝑥𝑧 , 𝑑𝑦𝑧). An electronic transition 

between these orbitals is spin-allowed but Laporte forbidden, because octahedral complexes 

have a centre of symmetry and therefore should appear as colourless.1,4,9 Each complex 

experiences vibrations, which leads to a breakdown in Laporte selection rules and causes even 

octahedral complexes to have some degree of colour. To add to this, if a complex undergoes 

distortions, then this also adds to the colour.  

 

For example, copper(II) ions have a 𝑑9 configuration which gives rise to Jahn Teller distortion. 

The distortions can result in either an axial or equatorial elongation. This causes a lack of 

symmetry in an octahedrally coordinated copper(II) complex, which allows electron d-d 

transitions to occur and form an absorption band.1 For tetragonally distorted octahedral 

copper(II) complexes, only a single absorption band in the visible region is produced. However, 

there are three spin-allowed transitions, which are 2A1g←2B1g, 
2B2g←2B1g and 2Eg←2B1g.

10,11 

But because these bands are broad and cannot be distinguished, they appear as a single 

absorption band at around 625 nm.  
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In contrast, nickel(II) ions have a d8 configuration and the most common geometry for 

nickel(II), with a d8 configuration, is a square planar diamagnetic derivative. The square planar 

coordination produces three spin-allowed d-d absorption bands with the transitions, 1A1g → 

1A2g, 
1A1g → 1B1g and 1A1g → 1Eg.12 However, when analysing a spectrum in the visible region, 

only a single d-d transition absorption band is usually seen in the 400-555 nm range with an 

intensity of 50-500 dm3mol-1cm-1.  This often gives the complex either a yellow, orange or red  

colour. A second more intense charge transfer absorption band may be seen between 333-434 

nm.11  

 

The theory7,8 behind UV-Vis is that a beam of light with varying wavelength is shone onto a 

solution containing the analyte. The intensity of the different wavelengths emitted by the 

spectrophotometer is modulated by the amount the analyte absorbs, which can be quantified as 

the ratio:  

 

T =  
𝐼

𝐼0
  

(4.1) 

where T is the transmittance, I is the light intensity with the analyte present and I0 is the light 

intensity without the analyte. The ratio is measured as a function of wavelength, and at the 

wavelength where the analyte absorbs the most, the transmittance is the smallest. The 

transmittance can get converted to absorbance A, so that: 

 

A = - log 
𝐼

𝐼0
. 

(4.2) 

The absorbance is proportional to the concentration of the analyte and can be quantified by the 

Beer-Lambert law: 

 

A = εcb 

(4.3) 

Where ε is the molar extinction coefficient or molar absorption coefficient, c is the 

concentration of the analyte and b is the length of the absorbing layer.  

 

More than one species can be present in the solution, which also absorbs light at a specific 

wavelength. The Beer-Lambert law can then be written as:  



96 
 

Aλ = b(𝜀1
𝜆 c1  + 𝜀2

𝜆 c2 + 𝜀3
𝜆 c3 + ……𝜀𝑖

𝜆 ci) 

                                                     = b∑ 𝜀𝑖
𝜆 𝑐𝑖 

 (4.4) 

The superscript 𝜆, is the particular wavelength that each species absorbs and the subscripts 

1,2,3…i are the species which absorb light.13 

 

Since the structure of a species determines the energy at which it absorbs radiation, a correlation 

can be made between the structure and the λmax. Therefore, if the λmax of a particular species is 

known, the structure can be predicted. Billo14 proposed an empirical equation to estimate the 

λmax of copper(II) complexes in solution:  

 

λmax  =  
103

∑ 𝑛𝑖𝑣̅𝑖
4
𝑖=1

 

 (4.5) 

where ni is the number of equatorial donor groups (1 ≤ n ≤ 4) and 𝑣̅𝑖 represents the individual 

contribution from each donor group to the ligand field of the complex. This equation has 

reasonable accuracy, but can only include the equatorial coordinating groups. This means that 

any structures with axial coordinating groups cannot be calculated.15,16  

 

The four investigated ligands each have five possible coordination groups, which will donate 

electrons to a coordinated copper(II) ion. These groups are the amine-N, the carbonyl-O, the 

amide-N, the carboxyl-O and the imidazole-N. Another group which can also donate electrons 

through an oxygen, is water.15 The contribution that these groups give to the ligand field of the 

complex is given in Table 4.1. Sigel and Martin17 then updated  Billo’s correlation14 with a set 

of parameters that are within 2% of Billo’s parameters, which can also be seen in Table 4.1. 

 

Table 4.1: Individual contribution from each donor group to the ligand field of a copper(II) 

complex (𝑣̅𝑖).
15 

 

Electron donor group 
Contribution to ligand field (𝒗̅𝒊) (μm-1) 

Billo14 Sigel and Martin17 

Namino 0.453 0.460 

Npeptide 0.485 0.494 

Nimidazole 0.430 0.434 

Ocarboxylate 0.342 0.346 

Ocarbonyl/water 0.301 0.294 
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4.2 Experimental  

 

The ligand solutions were prepared in the same manner as for the potentiometric titrations, 

where each solution contained a 1:1 copper(II)/nickel(II) to ligand ratio in HCl (0.01 M) and 

background electrolyte (0.15 M). A series of 1.5 ml extracts from each metal ligand solution 

was placed into multiple vials. The pH was then adjusted in increments of pH 0.5 with NaOH 

or HCl, so that a pH ranged from 2-11. All volumes added into each vial were noted. The pH 

of the solution in each vial was measured using a Crison micropH 2000 pH meter (Crison, 

Spain), with an attached Ω Metrohm glass electrode. pH readings were recorded with an 

accuracy of 0.1 and each solution was kept at a constant temperature of 25 °C. 

Spectrophotometric absorbance measurements were performed on a Shimadzu UV-1800 

(Shimadzu, Japan) recording spectrophotometer in the range from 200-800 nm. A blank cell 

containing HCl (0.01 M) and background electrolyte (0.15 M), was used to zero the 

spectrophotometer and a baseline correction was done before the measurements were taken. 

The spectrometer measured the total spectrum of all the species present in solution at the 

different pH values.   

 

4.3 Results and Discussion 

 

Colour changes occurred during the potentiometric titrations for the copper(II) and nickel(II) 

complexes. As the pH of the copper(II) solution increased, its colour changed from a clear to a 

violet-pink colour, while the nickel(II) solution changed from a clear to a yellow colour. This 

colour change showed that different species formed at different pH values.18 As a result of the 

colour change, a UV-Vis analysis could be carried out, which aided in the identification of the 

coordination modes for each species. As zinc(II) is d10, its complexes remained colourless 

throughout the titration and so a UV-Vis analysis could not be done. The colour changes for 

the copper(II) and nickel(II) complexes can be seen in Figure 4.1.  
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(a)(iii) 

 

(a)(iv) 
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(b)(iii) 

 

(b)(iv) 

 

Figure 4.1: Visual observation of the colour change during a pH increase from 2-10, in 

increments of 0.5 from left to right for the copper(II) complexes, (a)(i) Cu-GLH, (a)(ii) 

Cu-Sar-LH, (a)(iii) Cu-GFH and (a)(iv) Cu-Sar-FH, as well as for the nickel(II) complexes 

(b)(i) Ni-GLH, (b)(ii) Ni-Sar-LH, (b)(iii) Ni-GFH and (b)(iv) Ni-Sar-FH. 

 

4.3(a) Copper(II) complexes 

 

The absorption spectra for the copper(II) ligand complexes, Cu-GLH, Cu-Sar-LH, Cu-GFH 

and Cu-Sar-FH can be seen in Figure 4.2 as a function of pH. For all the complexes, at low pH 

values there are absorbance bands that show a wavelength maximum at approximately 800 nm. 

This corresponds to Cu(H2O)6, which has a recorded absorbance band of 600-1000 nm, with a 

maximum at approximately 800 nm.19 The most noticeable peak occurs at a max between 517-

523 nm and appears as the solution reaches pH 4-5. As the pH continues to increase, the  

intensity of these peaks increases. These absorbance bands result from the complexation of 

copper(II), and the increase in intensity, which is brought about by the colour of the solution 

becoming more prominent, could be due to two factors. From the Beer-Lambert Law, the 

intensity increase could either mean that there is a change in the coordination sphere of the 

complex, which increases the extinction coefficients, or that there is an increase in the 

concentration of a particular species.13 From potentiometry, the MLH-2 species predominates 

at a high pH, and thus it is reasonable to assign the peak at ~520 nm to this species. Table 4.2 

tabulates max, as well as the corresponding molar extinction coefficient for MLH-2 and 

Cu(H2O)6 of all four ligands.  
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(c) 

 

(d) 

 

Figure 4.2: Electronic spectra of solutions containing (a) Cu-GLH (3.04 × 10−3 M of GLH 

and 2.69 × 10−3 M of copper(II)), (b) Cu-Sar-LH (2.93 × 10−3 M of Sar-LH and 2.58 × 10−3 

M of copper(II)), (c) Cu-GFH (3.09 × 10−3 M of GFH and 2.55 × 10−3 M of copper(II)) and 

(d) Cu-Sar-FH (3.66 × 10−3 M of Sar-FH and 2.97 × 10−3 M of copper(II)).  
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Table 4.2: The maximum wavelengths and their corresponding molar extinction coefficients of 

the MLH-2 species and Cu(H2O)6, formed from Cu-GLH, Cu-Sar-LH, Cu-GFH and Cu-Sar-FH.   

Complex Species max (nm) ε (dm3mol-1cm-1) 

Cu-GLH 
M(H2O)6 800 18 

MLH-2 518 88 

Cu-Sar-LH 
M(H2O)6 800 11 

MLH-2 523 105 

Cu-GFH 
M(H2O)6 796 18 

MLH-2 517 85 

Cu-Sar-FH 
M(H2O)6 800 23 

MLH-2 521 98 

 

Looking at Table 4.2, the molar extinction coefficients for MLH-2 were calculated by taking 

the absorbance band produced at the highest pH and dividing it by the copper(II) concentration. 

For the Cu(H2O)6 molar extinction coefficients, the absorbance band produced at the lowest 

pH was divided by the copper(II) concentration. Octahedral environments typically have 

extinction coefficients of about 10 dm3mol-1cm-1.1,9 Therefore the low molar extinction 

coefficients for the octahedral Cu(H2O)6 complexes are expected. The higher molar extinction 

coefficients for the MLH-2 species verify that the coordination of the complex is 

unsymmetrical. This is because the larger the coefficient is, the more unsymmetrical the 

coordination of a complex is.20  

 

Each model from the potentiometric section has more than one complex species and so it is 

plausible to reason that when the pH changes and each species forms, there will be a change in 

the absorption maxima wavelengths. This is because each species will have a different 

coordination with copper(II), which will result in a change in the Ligand Field Splitting Energy 

between the 𝑒𝑔 and 𝑡2𝑔 orbitals. The energy change will then cause a shift in the wavelengths 

and result in different absorption maxima.9,18 However, when looking at the absorption spectra 

in Figure 4.2, only one complex species can be seen (max = 517-523 nm). For all the ligands, 

this complex species is the MLH-2 species, since the max peaks follow the MLH-2 formation 

trend. None of the other supposed species can be identified. However, in Figure 4.2a and b at 

approximately 700 nm there seems to be a small wavelength maximum, which could 

correspond to a species, but it is too small to confirm its presence.  
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Based on previous research, the expected geometry for these complexes is a tetragonally 

distorted octahedral geometry.10,21 As mentioned before, the three spin-allowed transitions are 

broad and cannot be distinguished and so appear as a single absorption at around 625 nm.22  

 

Unlike Odisitse et al.,18,21,23 who found copper(II) complexes exhibiting a blue-violet21 colour,  

with a single absorption band in the range of 540-620 nm for the MLH-2 species, all four 

copper(II) ligand complexes displayed a violet-pink colour, with a single absorption band 

between the wavelengths of 517-523 nm. At high pH values, the MLH-2 species is the only 

species present, which confirms that the MLH-2 species forms the violet-pink colour. A square 

planar coordination has a wavelength of 526 nm22 and so the MLH-2 species from all the 

copper(II) complexes most likely have undergone such extensive axial elongation that they 

have lost their axial bonds and become square planar in coordination.1,20  

 

Even though the MLH-1 and MLH-2 species form at similar pH values, which therefore suggests 

the possibility that the MLH-1 species also contributes to the colour change, the presence of 

only one complex absorption band indicates that the colour change is only due to the MLH-2 

species. In the potentiometric section, three possible coordination modes for the MLH-1 species 

were proposed and all could potentially form a square planar coordination. This will make 

distinguishing between the two wavelengths difficult and could be the reason why the MLH-1 

species is not visible in the spectrum. This means that, if this is true, the MLH-1 species also 

contributes to the colour formation. However, other reasons could also be that the concentration 

of the MLH-1 species is too low and therefore cannot be read by the spectrophotometer or that 

another type of geometry forms, such as square pyramidal or octahedral, and since these 

geometries can potentially form wavelengths of a magnitude similar to the absorption band 

belonging to Cu(H2O)6, they could be hidden.11 Possible reasons why the MLH and ML species 

could not be identified could also be due to their low concentration, or that they formed an 

octahedral geometry or another type of geometry, such as square pyramidal which would 

overlap and thus be hidden by the broad absorption band belonging to Cu(H2O)6.  An attempt 

to deconvolute the spectra for each ligand complex was tried, but neither the UVSPEC in-house 

program or SOLVER24 succeeded in solving spectra that potentially contained species other 

than the MLH-2 species. This is presumably because the spectral parameters are so similar 

and/or the concentration is too low. 

 



104 
 

Tripeptides from literature, which also formed the MLH-2 species, reported max values in the 

range of 520-553 nm.25–29 These values are close to the MLH-2 species (517-523 nm) found in 

this study, which firstly verifies the validity of this study’s results and secondly, suggests that 

there is a high probability of finding similar geometries. These literature species coordinated 

in a square planar geometry which corresponds to the proposal that the MLH-2 species of this 

study also forms a square planar geometry.  

 

When using Billo’s equation to help identify the coordination mode and structure of the species, 

the coordination mode that gives a calculated max value that is close to the observed MLH-2 

max values, is a coordination to the amine-N, two amide-Ns and an imidazole-N. This gives a 

calculated  max of 540 nm, which is close to the observed max range of 517-523 nm.15,30 Using 

Sigel and Martin’s17 updated parameters, the calculated max value is 531 nm, which is closer 

to the observed range.16,17 Since both calculated max values correspond so closely to the 

observed max values, it is reasonable to suggest that the geometry is square planar, with 

copper(II) coordinated equatorially to the amine-N, two amide-Ns and an imidazole-N for the 

MLH-2 species. 

 

If the MLH-1 species forms a complex which has planar equatorial coordinating bonds, the one 

possible coordination mode is when copper(II) coordinates to the amine, two amide-Ns and the 

carboxyl-O with the imidazole-N protonated. Using Sigel and Martin’s17 parameters, this gives 

a max of 557 nm. Another possible coordination mode is when copper(II) coordinates to the 

amine, two amide-Ns and a water molecule with the imidazole-N protonated, and the third 

possible coordination mode is when copper(II) coordinates to the amine, neighbouring amide-

N, the imidazole-N and to a water molecule. Using Sigel and Martin’s17 parameters, this gives 

a max of 574 nm and 595 nm respectively. The 557 nm value is close to the calculated max 

(531 nm) of the MLH-2 species and thus the resultant absorption bands could be too close to 

distinguish the one from the other. The 574 nm and 595 nm values are slightly further away, 

but since the absorption band of the MLH-2 species is large, these coordination modes, should 

they exist, could still be hidden by the MLH-2 absorption band.  

 

If the MLH and ML species did form a colourless octahedral complex or another geometry,  

such as square pyramidal, and these geometries overlap with the absorption bands of Cu(H2O)6, 

then their max values would be around 800 nm. For the MLH species, which has the speculated 
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‘double-sided’ coordination, the coordination to the amine-N, carbonyl-O and two water 

molecules with the protonated imidazole-N gives a max of 745 nm, when using Sigel and 

Martin’s updated parameters.17 A coordination to the imidazole-N, carboxyl-O and two water 

molecules with the amine-N protonated gives a calculated max of 731 nm. Similarly, for the 

ML species, a coordination to the amine, neighbouring amide-N and two water molecules with 

a protonated imidazole-N; or a coordination to the amine, neighbouring amide-N, the leucine 

carbonyl-O and one water molecule with a protonated imidazole-N, both give a calculated max 

of 649 nm.17 Since these calculated values are relatively close to 800 nm, it gives credibility to 

the suggestion that the absorption bands of the MLH and ML species are hidden by the broad 

absorption bands of Cu(H2O)6.  

 

4.3(b) Nickel(II) complexes 

 

The absorption spectra for the nickel(II) ligand complexes, Ni-GLH, Ni-Sar-LH, Ni-GFH and 

Ni-Sar-FH can be seen in Figure 4.3 as a function of pH. For all the spectra, at low pH values 

and at a wavelength of approximately 400 nm, there is a small absorbance band. This 

corresponds to Ni(H2O)6, which has a recorded maximum at 410 nm.31 Similarly to the 

copper(II) complexes, as the pH increases, absorption bands appear between the wavelengths 

of 424-428 nm, signalling the complexation of nickel(II). As the pH increases, the intensity of 

the peaks increase, signalling either an increase in extinction coefficients or an increase of a 

particular species concentration.13  

 

As mentioned before, when d8 nickel(II) forms a square planar coordination, it produces three 

spin-allowed d-d absorption bands. But only a single d-d transition absorption band is usually 

seen in the visible region with a 400-555 nm range and a molar extinction coefficient of 50-

500 dm3mol-1cm-1.11 In Figure 4.3 a single absorption band between 424-428 nm can be seen 

for all the nickel(II) complexes, with the exception of Ni-GLH, which has what appears to be 

a second absorption band at 390 nm between pH 7.5-9.3. A possible explanation for this 

appearance could be due to spin-orbit coupling, since it causes transition band peaks to 

split.32,33  The single absorption bands in Figure 4.3, as well as the appearance of a yellow 

colour, verifies a square planar coordination. The max values, as well as the corresponding 

molar extinction coefficient for the MLH-2 species and Ni(H2O)6 of all four ligands, can be seen 

in Table 4.3. The molar extinction coefficients in Table 4.3 for MLH-2 and Ni(H2O)6 were 
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calculated in a similar way to the copper(II) complexes. Similarly, the Ni(H2O)6 complexes 

produced typically low molar extinction coefficients, indicating an octahedral geometry. The 

high coefficients associated with the MLH-2 species suggest unsymmetrical complexes, which 

is expected for a d8 square planar nickel(II) coordination.  
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(c) 

 

(d) 

 

Figure 4.3: Electronic spectra of (a) Ni-GLH (2.95 × 10−3 M of GLH and 2.29 × 10−3 M of 

nickel(II)), (b) Ni-Sar-LH (3.79 × 10−3 M of Sar-LH and 3.41 × 10−3 M of nickel(II)), (c) 

Ni-GFH (2.88 × 10−3 M of GFH and 2.27 × 10−3 M of nickel(II)) and (d) Ni-Sar-FH 

(2.67 × 10−3 M of Sar-FH and 2.42 × 10−3 M of nickel(II)).  
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Table 4.3: The maximum wavelengths and their corresponding molar extinction coefficients of 

the MLH-2 species and Ni(H2O)6, formed from Ni-GLH, Ni-Sar-LH, Ni-GFH and Ni-Sar-FH.   

Complex Species max (nm) ε (dm3mol-1cm-1) 

Ni-GLH 
M(H2O)6 400 10 

MLH-2 424 239 

Ni-Sar-LH 
M(H2O)6 400 15 

MLH-2 427 115 

Ni-GFH 
M(H2O)6 400 10 

MLH-2 425 136 

Ni-Sar-FH 
M(H2O)6 400 8 

MLH-2 428 109 

 

Similar to the copper(II) complexes, the absorption spectra in Figure 4.3 only indicates that 

one species can be seen. From the potentiometric results it was found that all the nickel(II) 

complexes formed the MLH, MLH-1 and MLH-2 species, with the exception of the Ni-GLH 

complex, which formed another model consisting of the ML, MLH-1 and MLH-2 species. 

Nevertheless, both of these models have the MLH-1 and MLH-2 species and since these species 

form at similar pH values, it suggests that the colour change could be attributed to both species. 

However, similar to the copper(II) complexes, the absorption spectra in Figure 4.3 only 

indicates that one species can be seen. This means that only the MLH-2 species can be 

confirmed to contribute to the colour change, since the absorption bands follow the formation 

of the MLH-2 species. From this, it can be deduced that the MLH-2 species is square planar. 

Since the absorption bands of the MLH, ML and MLH-1 species are all not visible, as with the 

copper(II) species, they can be speculated to overlap with either the MLH-2 or Ni(H2O)6 

absorption band. More than likely, the MLH and ML species will have a max value that 

overlaps with the Ni(H2O)6 absorption band and thus could be octahedral or even square 

pyramidal. Furthermore, for Ni-GLH, the transition band splitting appears to start at pH 8.3 

and ends at pH 9.7. Since the splitting occurs at high pH values where only the MLH-2 species 

is present, it is viable to suggest that the spin-orbit coupling only occurs in this particular 

complex species.  

 

Another observation in the absorption spectra of Ni-GLH and Ni-GFH, is that at high pH 

values, where the MLH-1 and MLH-2 species are present, the spectra curves upwards at low 

wavelengths. This could be due to a charge transfer band forming below the measured 

wavelength spectrum.11 The band can be assigned as a ligand to metal charge transfer, since 

nickel(II) would have coordinated to the amide groups to form MLH-1 and MLH-2. Amide 
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groups are negatively charged and thus can donate charge to a positively charged nickel(II) 

ion.  

 

The speciation for the nickel(II) complexes is similar to the speciation for the copper(II) 

complexes and so it is reasonable to suggest that the coordination modes for the nickel(II) 

species are the same as the coordination modes for the copper(II) species. Therefore, following 

the coordination for copper(II), which is discussed in the potentiometric section, for the MLH 

species, nickel(II) is suggested to coordinate to the amine-N and neighbouring carbonyl-O, 

with the imidazole-N still protonated. This proposal was supported by literature which studied 

Ni-glycylhistamine34 and Ni-glycylglycylhistamine35. There is also the possibility that 

nickel(II) coordinates to the imidazole-N and the carboxyl-O, with the amine protonated. For 

the ML species, nickel(II) is suggested to coordinate to the amine, neighbouring amide-N and 

the carbonyl-O from leucine/phenylalanine with the imidazole-N protonated. This proposal 

was also supported by literature.34,35 Another possibility is for nickel(II) to coordinate only to 

the amine and neighbouring amide-N with the imidazole-N protonated. For the MLH-1 species, 

the three possible coordination modes for nickel(II) are either a coordination to the amine and 

two amide-Ns with the imidazole-N protonated; or to the amine, neighbouring amide-N and 

imidazole-N. Both of these coordination modes were suggested for the MLH-1 species of Ni-

glycylglycylhistamine.35 Another possibility could be similar to the MLH-2 species of Ni-GGG, 

where nickel(II) is coordinated to the amine, two amide-Ns and the carboxyl-O, but in the case 

of the four ligands in this study, the imidazole-N is protonated to make it MLH-1.
36 Further 

structure determining techniques are needed to distinguish between which one is more 

probable. Due to the appearance of the yellow colour at high pH values, the MLH-2 species is 

thought to be square planar. This is in agreement with literature, where nickel(II) has 

coordinated to the amine-N, two amide-Ns and the imidazole-N.29,35 The speculation that the 

ML and MLH species for the nickel(II) complexes form an octahedral arrangement, was also 

suggested by literature.16,34,35,37  
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4.4 Conclusion 

 

The UV-Vis analysis found that the MLH-2 species of the copper(II) complexes formed a 

violet-pink colour with a single absorption band that had max values ranging between 517-523 

nm. Due to this, these species are square planar. Sigel and Martin’s17 empirical equation and 

set of parameters verified this geometry, as well as proposed that the MLH-2 species has an 

equatorial CuN4 coordination. Due to the lack of colour and lack of an absorption band for the 

MLH and ML species, these species were speculated to have a max value that overlaps and is 

thus hidden by the broad absorption band belonging to Cu(H2O)6. This was supported by 

calculating the anticipated max values using Sigel and Martin’s17 set of parameters. This 

suggests that possible geometries could be octahedral or square pyramidal. For the MLH-1 

species, Sigel and Martin’s17 set of parameters showed that the calculated  max values of the 

three possible coordination modes were close to the absorption band for the MLH-2 species. 

Therefore, the lack of an absorption band for the MLH-1 species could be due to an overlap 

with the absorption band for the MLH-2 species.  

 

For the UV-Vis analysis of the nickel(II) complexes, the yellow colour and the appearance of 

a single absorption band, which has max values ranging between 424-428 nm for the MLH-2 

species, is an indication that the species is square planar.  
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5. Electron Paramagnetic Resonance Spectroscopy  

 

 

5.1 Introduction 

 

The concept of electron paramagnetic resonance (EPR) spectroscopy is very similar to the 

technique of nuclear magnetic resonance, since they both involve the interaction between the 

electromagnetic radiation and magnetic moments. However, with EPR, the magnetic moments 

come from the electrons instead of the nuclei.1–3 As a result EPR works with paramagnetic 

compounds and therefore makes it useful for studying transition metal complexes such as 

copper(II) complexes.4–7  

 

Currently, it is unknown which model from the potentiometric section is correct for each of the 

four copper(II) complexes. Each model, for a particular ligand, has a different set of species 

that are produced over a pH range from 2-11. The species that were produced are MLH, ML, 

MLH-1 and MLH-2, but no model contains all four species. The possible coordination sites on 

the ligands are the amine, two amide-Ns, two carbonyl-Os, a carboxyl-O and an imidazole-N. 

Due to the nitrogen having a nuclear spin, when using the EPR spectroscopic techniques, it 

should be possible to identify the coordination of copper(II) to the nitrogen and oxygen atoms, 

as well as obtain their geometry at different pH values. This will then confirm which model is 

correct, as well as verify the coordination mode of each species. 

 

5.2 Experimental 

 

A Bruker Elexsys E500 CW-EPR spectrometer (Bruker, United States) driven by a PC running 

XEpr program under Linux and equipped with a Super-X microwave bridge operating at 9.3-

9.9 GHz and a SHQE cavity was used throughout this work. All the frozen solution EPR spectra 

of copper(II) complexes were recorded in quartz tubes at 150 K by means of an ER4131VT 

variable temperature apparatus. The measurements at room temperature (RT) were recorded 

by means of a WG-812-H flat quartz cell and occasionally a glass capillary was inserted into a 

quartz tube. In the case of RT EPR spectra, the isotropic magnetic parameters were evaluated 

from the average distances among the peaks of the experimental spectra recorded in the 2nd 
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derivative mode. Copper(II) complexes with these ligands (charges are often omitted for 

simplicity) were prepared by adding the appropriate amount of isotopically pure 63Cu(NO3)2 

(50 mM) to an aqueous solution containing the pertinent ligand in slight excess. The absolute 

copper(II) concentrations ranged from 1 to 4 mM. The final aqueous solution pH was adjusted 

by means of an Orion 9103SC combined glass microelectrode, which was connected to an 

Orion Star A 211 pH meter. The pH was adjusted by using concentrated NaOH or HNO3 as 

required.  

 

Up to 10 % methanol or glycerin was added to the aqueous solution containing the copper(II) 

complex species in order to increase resolution of the low temperature (LT) frozen solution 

spectra. EPR anisotropic magnetic parameters were obtained directly from the experimental 

EPR spectra, calculating them from the 2nd and the 3rd line to get rid of second order effects.8 

Perpendicular parameters  were obtained by exploiting the appearance of the extra peak due to 

the angular anomaly, whose field can be used in connection with the parallel parameters to 

calculate with a certain accuracy g⊥ and A⊥ as explained in the literature.9,10  

 

Instrumental settings of the frozen solution EPR spectra recording were as follows: number of 

scans 1-5 (In the case of RT spectra, occasionally more than 10 scans were required to collect 

an acceptable signal to noise ratio); microwave frequency 9.46-9.48 GHz; modulation 

frequency 100 kHz; modulation amplitude 0.2-0.6 mT; time constant 164-327 ms; sweep time 

3-6 min; microwave power 10-20 mW; linear receiver gain 1×104 - 1×105. The instrumental 

settings of RT solution EPR spectra were substantially the same, except for the value of the 

microwave frequency. This was in the range of 9.70-9.80 GHz, when using the flat quartz cell 

and the microwave was powered up to 40 mW. 

 

5.3 Results and Discussion 

 

The four copper (II) complexes, Cu-GLH, Cu-Sar-LH, Cu-GFH and Cu-Sar-FH were 

examined at pH 7, and following the species distribution diagrams, only one copper(II) species 

should be found at this pH. RT spectra were first run in a more acidic pH to check the presence 

of prominent complex species in the system, which took into account that all the EPR spectra 

were run in the absence of added ionic strength.  

 



116 
 

An isotropic EPR spectrum is obtained at RT conditions, which is characterised by four lines 

(copper nuclear spin equal to 3/2, and then 2I + 1 lines). In contrast, an anisotropic EPR 

spectrum is obtained at LT conditions, which generally has an axial symmetry, characterized 

by two sets of four transitions occurring at different values of the magnetic field. These two 

sets are either parallel or perpendicular transitions. The parallel transitions of the LT EPR 

spectrum are well separated by the hyperfine coupling constant, whose values together with 

the g parallel values give information on the geometry of the copper(II) complex. By contrast, 

the perpendicular hyperfine coupling constant has a much lower numeric value than the parallel 

one, which is not resolved and presented as a single transition at higher magnetic fields. The 

two sets of transitions can overlap, and because the parallel lines are easily recognizable due 

to their low intensity, two or three of the parallel lines are generally visible. 

 

The RT spectra of the four copper(II) complexes at pH 7 are reported in Figure 5.1. Looking 

at these spectra, it is evident that they all look very similar to each other. This can be a result 

of the MLH-2 complex species since, according to the species distribution diagram, it is present 

in the pH range from approximately 4.5-11. Due to the presence of donor nitrogen atoms on 

the ligand, at a higher magnetic field, it is possible to see that all the RT spectra contain the 

fourth line. This shows a superhyperfine (shf) structure that is coming from the delocalization 

of the spin density of the copper(II) free electron on the nitrogen atoms. Since the nitrogen 

nuclear spin is 1, from the multiplicity of the 2ΣI +1 lines, it is possible to count the number of 

nitrogen atoms bound to copper(II) in the complex equatorial plane. Nine shf lines indicate that 

copper(II) is bound to four quasi-equivalent nitrogen atoms and so the chromophore of this 

species can be considered as CuN4. 
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(a) 

 

(b)  

 

(c)  

 

(d) 

  

Figure 5.1: RT EPR 2nd derivative spectra recorded in aqueous solution for the copper(II) 

complexes, (a) Cu-GLH, (b) Cu-Sar-LH, (c) Cu-GFH and (d) Cu-Sar-FH. 

 

The magnetic parameters from the LT EPR spectrum can be seen in Table 5.1. All the LT 

frozen EPR spectra show g||> g⊥  2.04.11 This suggests that the copper(II) ground state could 

be reasonably assigned to the dx
2

- y
2 orbital in an octahedral, square planar or square based 

pyramidal geometry. The low value of the g|| and the relatively high absolute value of the 

parallel hyperfine constant suggest that these copper(II) complex species have a square planar 

geometry in a probable macrochelate complex. Since only subtle and negligible differences are 

observed among the copper(II) complexes with these ligands, they can be considered to have 

the same stereochemistry. 
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Table 5.1: Spin Hamiltonian parameters of copper(II) complexes with Cu-GLH, Cu-Sar-LH, 

Cu-GFH and Cu-Sar-FH at pH 7.0, which have been drawn out from RT EPR spectra and LT 

frozen aqueous solution EPR spectra. All the hyperfine coupling constants are expressed in 104 

cm-1 units. Presumed errors in the last decimal figure are reported between brackets. 

Complex giso (3) aiso (3) g|| (4) A|| (4) g⊥ (7) A⊥ (7) aiso
N (1) A⊥

N (1) A||
N (1) 

Cu-GLH 2.092 86 2.174 210 2.046 23 14 - 15 

Cu-Sar-LH  2.094 88 2.171 211 2.046 24 14 - 15 

Cu-GFH  2.091 84 2.175 208 2.040 27 14 11 16 

Cu-Sar-FH  2.091 86 2.172 208 2.040 28 14 - 15 

 

When lowering the pH of the aqueous solutions to pH 5, only Cu-Sar-LH displays signals from 

other species that are present in the system. The RT spectrum showing three different complex 

species of Cu-Sar-LH at pH 5.1 can be seen in Figure 5.2.  

 

 

Figure 5.2: RT EPR 2nd derivative spectrum in an aqueous solution of Cu-Sar-LH at pH 5.1. 

Three copper(II) species are found and are designated as a, b and c. 

 

Species c is the same species that was found at higher pH values and is thus the MLH-2 species. 

It can also be noted that it is evident that the MLH-2 species has already formed at pH 5.1. 

Species a and b both occur simultaneously with species c at this pH and give the following  

isotropic magnetic values: where a gives giso = 2.151 ± 0.007 and aiso = 59 ± 0.005 x 10 -4 cm-1  

and b gives giso = 2.111 ± 0.007, aiso = 62 ± 0.005 x 10 -4 cm-1 and aiso
N = 13 ± 0.002 x 10 -4 

cm-1. Species b shows a shf interaction with a pattern of five lines and an approximate intensity 

distribution of 1:2:3:2:1 and thus this indicates a CuN2O2 chromophore. The last two lines of 

species b overlap with the shf lines of species c. Looking at the isotropic magnetic parameters, 

which show a low value of giso and a high value of aiso, it is probable that the pattern (species 
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b) is due to the nitrogen atoms coming from the amine and neighbouring amide-N. At pH 5.1, 

the imidazole-N is still protonated, and therefore the species would be the ML species. Species 

a shows isotropic magnetic parameters, which are compatible with the formation of MLH.  

 

Unfortunately, the RT EPR spectra of Cu-GLH, Cu-GFH and Cu-Sar-FH were not well 

resolved in the pH range of 4.8-5.2. This meant that the detection of other complex species, 

that could be present in the system, could not be found and consequently the determination of 

their isotropic magnetic parameters also could not be found. The low resolution is due to the 

predominant MLH-2 species at low pH values.       

 

For all four complexes, the shf structure at LT is present in all the EPR spectra of the frozen 

solutions (pH 7-8), which can be seen in Figure 5.3. But unfortunately, it is only resolved in 

the parallel part of the spectrum for Cu-GFH (Figure 5.4). This LT spectrum reveals the nine-

line shf structure that was already seen in the RT EPR spectra in Figure 5.1. 
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(a) 

 

(b) 

 

(c) 

  

(d)  

 

Figure 5.3: LT EPR spectra of (a) Cu-GLH, (b) Cu-Sar-LH, (c) Cu-GFH and (d) Cu-Sar-FH in 

frozen aqueous solution at pH 7-8.  

 

 

Figure 5.4: LT EPR 2nd derivative spectrum of the lowest magnetic field feature of Cu-GFH in 

frozen aqueous solution at pH 7-8.  

 

The results from the EPR spectra suggest that for Cu-Sar-LH, Model 3 from the potentiometric 

section is the correct model, since this model contains the MLH, ML and MLH-2 species. The 
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results also confirmed the findings of both the potentiometric and UV-Vis sections that the 

MLH-2 species is present in all four of the copper(II) complexes, with a square planar CuN4 

chromophore.  

 

5.4 Conclusion 

 

At pH 7 all four ligands form a macrochelate with copper(II) by using their nitrogen atoms as 

donor atoms to form an MLH-2 species with a CuN4 chromophore. All the isotropic and 

anisotropic parameters (obtained at pH 7) between the complexes are similar and any 

differences fall within the experimental error. This suggests that all four ligands behave in the 

same manner when forming the MLH-2 species with the copper(II) ions (starting at 

approximately pH 5). Their magnetic parameters suggest the formation of a square planar 

stereochemistry for the MLH-2 species.  

 

At pH 5 only the EPR spectrum of the Cu-Sar-LH system was resolved into a total of three 

species, with the one being the MLH-2 species. Using the isotropic magnetic parameters, the 

other two were suggested to be an ML species with a CuN2O2 chromophore and an MLH 

species. This suggested that Model 3 for Cu-Sar-LH of the potentiometric section is the correct 

model.  
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6. Nuclear Magnetic Resonance Spectroscopy  

 

 

6.1 Introduction 

 

In the present study, there are two issues which proton nuclear magnetic resonance 

spectroscopy (1H NMR) can help to solve. Firstly, the correct model for each Cu-GLH, Cu-

Sar-LH, Cu-GFH and Cu-Sar-FH complex has not been confirmed and secondly, once the 

correct model has been identified, the coordination mode for each species needs to be 

determined.  

 

Copper(II) is a paramagnetic metal ion and can thus affect both the chemical shifts and 

relaxation rates of the ligand nuclei. This is because it will have strong interactions between 

the unpaired electron of copper(II) and the magnetic dipoles of the nuclei of the ligand.1,2 These 

interactions can be described as a through-bond effect and a through-space effect. The through-

bond effect is a Fermi contact interaction, while a through-space effect is a dipolar interaction. 

As copper(II) coordinates to the ligand, the dipolar interaction causes the relaxation rates to 

increase and hence causes the 1H NMR signals to broaden. The increase in the relaxation rates 

are dependent on the distance between the nuclei of the ligand and the copper(II) ion, and so 

the closer the signals are to the binding sites, the more they broaden.3–8  

To be exact, the transverse relaxation time (T2) determines the line width of the peaks, which 

is defined as: 

 

T2 = 
1

𝜋 𝑊1
2

 

(6.1) 

where W1/2 is the line width at half height.9 

 

The technique to view the broadening of the 1H NMR signals is to titrate the ligands with 

copper(II) at a predetermined pH. This will cause the 1H NMR signals to broaden at a slow 

rate, which will make it visually convenient for a structural analysis. This is possible because 

NMR is a relatively slow spectroscopic technique, where the relaxation rates are in minutes, 

while the reactions for copper(II) exchange are fast. This means that the average is seen 
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between the free and bound ligand spectrum, which consequently causes the signals to only 

broaden gradually.5 

 

6.2 Experimental 

 

For the 1H NMR spectra, a 0.005 M solution for all ligands was prepared using 90 % Milli-Q 

water (18.2 MΩ.cm) and 10 % D2O (99.9 % isotopic purity, Sigma-Aldrich). Tertiary butyl 

alcohol was added as an internal reference and the pH was adjusted using NaOH/HCl. The pH 

of each solution was recorded with an accuracy of 0.1 using a Crison micropH 2000 pH meter, 

which is equipped with a Ω metrohm glass electrode.  

 

For the complexes, pH values were chosen in accordance with the species distribution 

diagrams, firstly to verify the existence of an MLH species for each copper(II) complex and 

secondly to correspond to the maximum concentration of each single species. A copper(II) 

solution of 0.05 M was prepared using 90 % Milli-Q water and 10 % D2O. The 0.05 M 

copper(II) solution was titrated in increments of 10 µl into each of the different pH solutions 

for all four ligands. After each titration, the pH of the solution was checked and kept constant. 

The 1H NMR spectra were recorded on a Bruker 300 MHz spectrometer and processed using 

Bruker Topspin software, version 4.0.7. The residual water peak was suppressed using 

excitation sculpting.  

 

For the 1d Total Correlation Spectroscopy (TOCSY) NMR spectra, 0.001 g of GLH was 

weighed out and added to 0.9 ml of Milli-Q water and 0.1 ml of D2O. A phosphate buffer was 

also added, and the pH was adjusted to 4.5 using NaOH/HCl. The TOCSEY spectra were 

recorded on a Bruker 600 MHz spectrometer (Bruker, United States) and processed using 

Bruker Topspin software, version 4.0.7.  
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6.3 Results and Discussion 

6.3.1 Protonation of ligands 

 

Before the ligands are titrated with copper(II), an analysis on the chemical shifts is needed. As 

the pH changes and protonation occurs, the chemical shifts will be affected. Potentiometric 

titrations verified that the available sites for protonation of the four ligands are the amine, the 

imidazole and the carboxyl groups. These chemical shifts are necessary, so that the effect 

copper(II) has on the spectrum can be analysed.  

 

The 1H NMR spectrum for each ligand and its proton assignment can be seen in Figures 6.1-

6.4. The chemical shifts for the protonation of the amine and imidazole groups can be seen, but 

the pH range does not go low enough to detect the protonation of the carboxyl groups. For the 

protonation of the amine, peak j in GLH, peaks j and k in Sar-LH, peaks h and h′ in GFH, as 

well as peaks h, h′ and i in Sar-FH, shifted towards a lower ppm as the pH increased. This 

chemical shift signalled that there is an increase in shielding, which verifies that the amine 

group has been protonated. For the imidazole protonation, peaks a and a′ in all four ligands 

also shift towards a lower ppm as the pH increases, which verifies the imidazole protonation.  
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 (a)  

 

 

(b) 

 

Figure 6.1: (a) 1H NMR spectra of GLH at increasing pH values from 2-11. An arrow has been 

added to indicate the shifting of peaks a, a′ and j over increasing pH values. (b) The proton 

assignments.  
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(a)

 

 

(b) 

 

Figure 6.2: (a) 1H NMR spectra of Sar-LH at increasing pH values from 2-11. An arrow has 

been added to indicate the shifting of peaks, a, a′, j and k over increasing pH values. (b) The 

proton assignments.  
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(a)

 

 

(b) 

 

Figure 6.3: (a) 1H NMR spectra of GFH at increasing pH values from 2-11. An arrow has been 

added to indicate the shifting of peaks a, a′, h and h′ over increasing pH values. (b) The proton 

assignments.  
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(a)

 

 

(b) 

 

Figure 6.4: (a) 1H NMR spectra of Sar-FH at increasing pH values from 2-11. An arrow has 

been added to indicate the shifting of peaks a, a′, h, h′ and i over increasing pH values. (b) The 

proton assignments.  
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Figures 6.5a-d show the change in chemical shifts for selected protons in GLH, Sar-LH, GFH 

and Sar-FH respectively as a function of pH. As expected, the peaks marked with arrows in 

Figures 6.1-6.4 undergo the biggest shift and display inflection points. From the inflection 

points of these curves, the protonation stepwise formation constants can be estimated. These 

estimated stepwise formation constants agree with the potentiometric results and a summary 

can be seen in Table 6.1. 

 

(a) 

 

(b) 
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(c) 

 

(d) 

 

Figure 6.5: The change in 1H chemical shift as a function of pH for (a) GLH, (b) Sar-LH, (c) 

GFH and (d) Sar-FH. 
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Table 6.1: Estimated stepwise formation constants found from the inflection points of the 1H 

chemical shifts in Figure 6.5a-d.  

 

Ligand 

 

Protonation 

Estimated stepwise formation 

constants for each peak  
Potentiometric stepwise 

formation constants 

a,a′ j k h,h′ i 

GLH 
LH 

LH2 

 

6.8 

8.8    8.21 

6.89 

Sar-LH 
LH 

LH2 

 

6.8 

8.8 8.8   8.45 

6.87 

GFH 
LH 

LH2 

 

6.9 

  8.6  

 

7.95 

6.87 

Sar-FH 
LH 

LH2 

 

6.9 

  8.8 8.8 8.22 

6.87 

 

Looking at Figures 6.1-6.4, the exchange rates of the amine protons are fast and therefore these 

protons cannot be seen. In contrast the exchange of amide protons for GLH and Sar-LH (peaks 

d and i)  and for Sar-FH and GFH (peaks d and g) are slower and thus can be seen at low pH 

values. However, as the pH increases the amide protons are lost as the exchange rate increases. 

As an observation, the proton from peak g/i exchanges more quickly with the solvent than the 

proton from peak d, and therefore disappears before peak d. 

 

For all the ligands, the amide proton peaks d and g/i were indistinguishable from each other 

and so a TOCSY NMR was carried out to differentiate between the signals. The proton signals 

with the assignments of c and e were also indistinguishable from each other. Conveniently the 

signal labelled c is next to the histidine amide group and the signal labelled e is next to the 

leucine/phenylalanine amide group. This means that the same 1D TOCSY NMR spectra that 

are used to assign peaks d and g/i, will be able to differentiate between peaks c and e. This 

analysis can be seen in Figure 6.6 and since all the ligands contain both amide groups, as well 

as peaks c and e, the random selection of GLH was chosen for the analysis.  
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(a) 

 

 

(b)  
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(c) 

 

Figure 6.6: 1D selective gradient TOCSY NMR spectra (red) and 1H NMR spectra (blue) of 

GLH at pH 4.5. (a) full spectrum of the irradiated amide-NH peak d at 8.246 ppm, (b) full 

spectrum of the irradiated amide-NH peak i at 8.511 ppm and (c) section of the spectrum of the 

irradiated amide-NH peak i at 8.511 ppm. An arrow has been added to indicate the irradiated 

amide-N. 

 

The 1D spectrum of the TOCSY NMR, which has a mixing time of 120 ms, produces through 

bond correlations via spin-spin coupling and these correlations are seen over the whole 

coupling network. Distant protons, up to 5 or 6 bonds away, can be seen as long as there is 

coupling between each intervening proton and the transfer is not disrupted by zero proton-

proton couplings or hetero-atoms.10 If there is coupling, magnetization will be transferred and 

the intensity of the peaks corresponding to the affected protons will increase. The intensity is 

proportional to the distance travelled, so further protons will produce less intense peaks. If there 

is a disruption in the transfer, then the unaffected protons will produce close to zero intensity 

peaks.  

 

In Figure 6.6a, amide-NH peak d is irradiated which affects peaks b and b′, while peaks j, h, 

f, f′ and g are not affected. Since the magnetic transfer is disrupted by the carbonyl groups, the 

amide that is affected in Figure 6.6a belongs to the histidine amino acid and therefore peak d 

is assigned to this amide. In Figure 6.6b, the amide-NH peak i is irradiated, which should 
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belong to the leucine amino acid. As expected, peaks b, b′ and j disappear and peaks h, f, f′ 

and g are slightly affected, since these protons are further away but still connected to the 

coupling network. In both spectra peaks a and a′ are also slightly affected; this is because they 

overlap the amide peaks and therefore have the same frequency as the amide groups. In Figure 

6.6a, peaks c and e are hidden by the water peak in the TOCSY NMR spectrum, but in Figure 

6.6b they are visible, so an expansion that focuses on this region of the spectrum can be seen 

in Figure 6.6c. Looking at Figure 6.6c, in the TOCSY NMR spectrum the second peak is 

affected, which means that this is peak e. 

 

6.3.2 Titration with copper(II) 

 

All the species distribution diagrams for each model of Cu-Sar-LH, Cu-GLH, Cu-Sar-FH and 

Cu-GFH have been added in Figures 6.7, 6.11, 6.15 and 6.18 respectively for convenience. At 

this point, it has been confirmed by the potentiometric titrations, UV-Vis and EPR that the 

MLH-2 species is present at high pH values for all four copper(II) complexes. EPR has also 

suggested that for Cu-Sar-LH, there is an MLH and ML species. An 1H NMR analysis will try 

to verify and build on this information.  

 

The species involved in the process of identifying the correct model for each complex are the 

MLH, ML and MLH-1 species. The MLH-2 species is not considered for now because it is in 

every model. Looking at the speciation diagrams for each model, the MLH, ML and MLH-1 

species start forming at different pH values. Going from a low to high pH, the MLH species is 

the first to start forming at approximately pH 3.5, then the ML species start forming usually 

just before pH 4, while the MLH-1 species start forming usually just after pH 4. Therefore, the 

method used to try and identify which species are present and hence find the correct model, is 

to lower the pH to a point were only the MLH species is meant to occur. At this pH the ligands 

will be titrated with copper(II) and if signals in the 1H NMR diagram broaden in comparison 

to the respective ligand 1H NMR spectrum, it means that an MLH species is present. The 

coordination mode of the MLH species can also be found from the spectrum.  

 

It is also possible to find the coordination mode of the MLH-2 species since it is the only species 

present at high pH values, but finding the coordination modes of the ML and MLH-1 species, 

should they be present, is not as easy because they overlap with the other species.  
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Since titrating the ligands with copper(II) does not give a 1:1 copper(II) ligand ratio, it is a 

concern that at different ratios other species types besides MLH, ML, MLH-1 and MLH-2 might 

be present or that their distribution will be different. Therefore, for all the 1H NMR data, 

copper(II) was added until it reached a 1:1 copper(II) ligand ratio, so that any change in the 

spectrum could be observed. For all spectra below, besides the expected further broadening of 

peaks, no change was observed and so this analysis can be used to verify the species present in 

this study and their coordination modes. 

 

6.3.2(a) Cu-Sar-LH  

 

Looking at Figure 6.7, only Models 2, 3 and 4 have an MLH species, and at a pH of 3.5 the 

MLH species is the only species present. As a result, the pH of the Sar-LH solution was lowered 

to 3.5 and titrated with copper(II), and the resulting 1H NMR spectrum can be seen in Figure 

6.8. If the 1H NMR spectrum showed signs of broadened peaks, then it would signify that the 

MLH complex species has formed and either Model 2, 3 or 4 is correct. If the 1H NMR 

spectrum had no broadened peaks and simply resembled only the ligand, then it would signify 

that the MLH species is not present and that Model 1 or 5 is correct. Looking at Figure 6.8, 

peaks have broadened, which signifies that the MLH species is present. This agrees with the 

EPR results. More specifically, peaks a, a′, b, b′ and c broaden, which suggests that copper(II) 

is coordinating to the imidazole-N and to the carboxyl-O, while the amine-N is protonated. 

Peaks j and k also broaden more than the reference peak, which suggests that copper(II) is also 

coordinating to the amine-N and carbonyl-O of leucine, while the imidazole-N is protonated. 

This suggests that in MLH, copper(II) coordinates at two different locations of the ligand. As 

was discussed in the potentiometric titrations section, this ‘double-sided’ coordination has been 

suggested in literature.11  

 

The analysis of the MLH-2 
1H NMR spectrum was carried out at the physiological pH of 7.4 

and can be seen in Figure 6.9. All the peaks, besides peak a and a′, do not appear to broaden 

more than the others or do not broaden at all. This observation can be explained by a decrease 

in the exchange rate. At high pH values, the rate of exchange decreases to an extent where the 

individual spectra of the free ligand and the complex are seen. Since the line widths of the 

complex are so broad (457 Hz)12, the spectrum will appear in the baseline. This then results in 

the peaks appearing to sharpen instead of broaden, since only the spectrum of the free ligand 
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is seen.13–15 This means that 1H NMR cannot be used to identify the coordination mode of the 

MLH-2 species. This was also observed in literature.16–19  

 

At pH 5 (Figure 6.10), there is more than one species present in solution and therefore the 

broadening of the peaks is due to all the species present. As expected, in Figure 6.10 all the 

peaks broaden except for f, f′, g and h, which means that copper(II) is potentially coordinating 

to each coordination site. From the information that is already known, this most likely 

represents the ‘double-sided’ coordination of the MLH species, as well as the MLH-2 species.  

 

Analysing and confirming the presence of the ML or MLH-1 species is not possible, because 

ML and MLH-1 overlap with the other species and therefore cannot be analysed as a single 

species. 1H NMR thus cannot further distinguish between Models 2, 3 and 4, but as mentioned 

previously, the EPR data have identified the presence of the MLH, ML and MLH-2 species, 

and so since the 1H NMR data agree with the MLH species, Model 3 can remain as the proposed 

model for Cu-Sar-LH. This also agrees with the potentiometric titrations, since Model 3 was 

signalled out as having the ‘best fit’ between the theoretical and experimental functions, as well 

as having one of the lowest standard deviations and Hamilton R factors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



138 
 

(a) 

MLH-1, MLH-2

 

(b) 

MLH, MLH-1, MLH-2

 

(c) 

MLH, ML, MLH-2

 

(d) 

MLH, MLH-2

 

(e) 

ML, MLH-2

 

 

Figure 6.7: Complexation species distribution curve for the 1:1 ratio of copper(II) and Sar-LH 

(a) Model 1 (MLH-1, MLH-2), (b) Model 2 (MLH, MLH-1, MLH-2), (c) Model 3 (MLH, ML, 

MLH-2), (d) Model 4 (MLH, MLH-2) and (e) Model 5 (ML, MLH-2) at 25 oC in 0.15 mol.dm-3 

of NaCl. 
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Figure 6.8: The 1H NMR spectra (blue) of the ligand Sar-LH and the 1H NMR spectra (red) 

after Sar-LH has been titrated with copper(II) to reach a 5:1 ligand copper(II) ratio at a pH of 

3.5 in 90 % water and 10 % D2O.  

 

 

Figure 6.9: The 1H NMR spectra (blue) of the ligand Sar-LH and the 1H NMR spectra (red) 

after Sar-LH has been titrated with copper(II) to reach a 5:1 ligand copper(II) ratio at a pH of 

7.4 in 90 % water and 10 % D2O. 
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Figure 6.10: The 1H NMR spectra (blue) of the ligand Sar-LH and the 1H NMR spectra (red) 

after Sar-LH has been titrated with copper(II) to reach a 5:1 ligand copper(II) ratio at a pH of 

5 in 90 % water and 10 % D2O.  

 

6.3.2(b) Cu-GLH 

 

Looking at Figure 6.11, if the pH for the 1H NMR spectrum is set to 3.5, then the broadening 

of peaks will indicate that the MLH species is present and thus select between Models 1, 3 and 

6 vs Models 2, 4 and 5. The 1H NMR spectrum in Figure 6.12 shows that at pH 3.5 there is a 

clear broadening of peaks a, a′, b, b′, c, and j, which means that either Model 2, 4 or 5 is correct 

and that there is an MLH species present. As with Cu-Sar-LH, the broadened peaks indicate 

that copper(II) is coordinating to two sites on the ligand. Peaks a, a′, b, b′ and c suggest a 

coordination to the imidazole-N and carboxyl-O, with the amine-N protonated. Broadening of 

peak j suggests coordination to the amine-N and neighbouring carbonyl-O, with the imidazole-

N protonated.  

 

For the analysis of the MLH-2 species, increasing the pH to isolate MLH-2 will cause a decrease 

in the exchange rate, and peak sharpening would occur instead of peak broadening. So, the pH 

was only adjusted to 5 (Figure 6.13) where, according to the species distribution diagrams, an 

overlap of species occurs. All peaks except for f, f′, g and h broaden, which like Cu-Sar-LH, 

could represent both the MLH species and the MLH-2 species.  



141 
 

1H NMR cannot further distinguish between Models 2, 4 and 5, since the presence of a possible 

MLH-1 species overlaps with MLH-2 and thus cannot be analysed as a single species. 

Additionally, the EPR data could only confirm the presence of the MLH-2 species, since the 

species were not well resolved, and the MLH-2 species was predominant at low pH values. 

Therefore, from the potentiometric results, Model 2 has been signalled out as having the ‘best 

fit’ between the theoretical and experimental functions, as well as having the lowest standard 

deviations and Hamilton R factors out of Models 2, 4 and 5, and therefore is the proposed 

model for Cu-GLH. 
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(a) 

MLH-1, MLH-2 

 

(b) 

MLH, MLH-1, MLH-2 

 

(c) 

ML, MLH-1, MLH-2 

 

(d) 

MLH, ML, MLH-2 

 

(e) 

MLH, MLH-2 

 

(f)  

ML, MLH-2 

 

 Figure 6.11: Complexation species distribution curve for the 1:1 ratio of copper(II) and GLH 

(a) Model 1 (MLH-1, MLH-2), (b) Model 2 (MLH, MLH-1, MLH-2), (c) Model 3 (ML, MLH-1, 

MLH-2), (d) Model 4 (MLH, ML, MLH-2), (e) Model 5 (MLH, MLH-2) and (f) Model 6 (ML, 

MLH-2) at 25 oC in 0.15 mol.dm-3 of NaCl. 
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Figure 6.12: The 1H NMR spectra (blue) of the ligand GLH and the 1H NMR spectra (red) after 

GLH has been titrated with copper(II) to reach a 5:1 ligand copper(II) ratio at a pH of 3.5 in 90 

% water and 10 % D2O.  

 

Figure 6.13: The 1H NMR spectra (blue) of the ligand GLH and the 1H NMR spectra (red) after 

GLH has been titrated with copper(II) to reach a 5:1 ligand copper(II) ratio at a pH of 5 in 90 

% water and 10 % D2O.  
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6.3.2(c) Cu-Sar-FH 

 

The ligand Sar-FH has overlapping b, b′, f and f′ peaks and so before an analysis is done to 

determine the correct model, distinguishing between these peaks is necessary. Setting the pH to 

4.8 means that the species present will cause peaks b and b′ to broaden, while peaks f and f′ will 

not broaden. This can be seen in Figure 6.14a, where the 1H NMR spectrum shows that peaks a, 

a′, c, e, h, h′ and i all broaden significantly, as well as either the peaks representing b and b′ or f 

and f′. Thus, to distinguish between b, b′, f and f′, a comparison between Sar-FH, Cu-Sar-FH 

and Sar-LH was made and can be seen in Figure 6.14b. Both Sar-LH and Sar-FH have peaks b 

and b′ positioned at approximately 3 ppm, but only Sar-FH has peaks f and f′ also positioned at 

approximately 3 ppm. Thus, as Sar-FH is titrated with copper(II), the comparison in Figure 6.14b 

shows that only peaks b and b′ broaden significantly. The broadening of a, a′, c, e, h, h′, b, b′ 

and i suggests that copper(II) has potentially coordinated to all the binding sites. The speciation 

diagrams in Figure 6.15 show that at pH 4.8, there is an overlap of species and therefore the 

broadened peaks are a representation of two or more species, where the one is the MLH-2 species. 

Isolating the MLH-2 species at higher pH values is not possible because of slow exchange.  
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(a) 

 

 

 

(b) 

 

Figure 6.14: (a) The 1H NMR spectra (blue) of the ligand Sar-FH and the 1H NMR spectra 

(red) after Sar-FH has been titrated with copper(II) to reach a 5:1 ligand copper(II) ratio at a 

pH of 4.8 in 90 % water and 10 % D2O. (b) 1H NMR spectra with arrows pointing to the 

significant broadening of peaks b and b′, after Sar-FH has been titrated with copper(II) (green). 
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Proceeding on to determine the correct model, if the pH for the 1H NMR spectrum is set to 3.5 

and peak broadening occurs, then the presence of the MLH species will help to decide between 

Models 1 and 3 vs Model 2. These models can be seen in Figure 6.15. At pH 3.5 peak 

broadening can be seen (Figure 6.16), which means that Model 2 is the correct model. 

Similarly, the broadened peaks indicate that copper(II) is coordinating at different locations of 

the ligand for the MLH species. The broadening of peaks a, a′, b, b′ and c, suggest a 

coordination to the imidazole-N and carboxyl-O, with a protonated amine-N, while the 

broadening of peaks e, h, h′ and i, suggest a coordination to the amine-N and neighbouring 

carbonyl-O, with a protonated imidazole-N.  Note, at this pH, the amide proton signals are still 

present, which means that the amide-N cannot be coordinated.   

 

(a) 

MLH-1, MLH-2 

 

(b) 

MLH, MLH-2 

 

(c) 

ML, MLH-2 

 

 

Figure 6.15: Complexation species distribution curve for the 1:1 ratio of copper(II) and Sar-FH 

(a) Model 1 (MLH-1, MLH-2), (b) Model 2 (MLH, MLH-2) and (c) Model 3 (ML, MLH-2) at 25 

oC in 0.15 mol.dm-3 of NaCl. 
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 (a) 

 

Figure 6.16: The 1H NMR spectra (blue) of the ligand Sar-FH and the 1H NMR spectra (red) 

after Sar-FH has been titrated with copper(II) to reach a 5:1 ligand copper(II) ratio at a pH of 

3.5 in 90 % water and 10 % D2O.  

 

6.3.2(d) Cu-GFH 

 

Similar to Sar-FH, GFH has overlapping b, b′, f and f′ peaks, and so again before an analysis 

is done to determine the correct model, these peaks need to be assigned. The pH was also set 

to 4.8 which caused peaks a, a′, c, e, h and h′, as well as either peaks b and b′ or f and f′, to 

broaden (Figure 6.17a). Thus, to distinguish between b, b′, f and f′, a comparison between the 

spectra of GFH, Cu-GFH and GLH was made (Figure 6.17b). The comparison shows that only 

peaks b and b′ broaden significantly. This, as well as the other broadened peaks, indicates that 

copper(II) has potentially coordinated to all the available binding sites. Likewise, this 

represents the combination of two species, where the one is the MLH-2 species, but increasing 

the pH to isolate the MLH-2 species will cause peak sharpening.  

 

 

 

 

 

 



148 
 

(a) 

 

 

(b) 

Figure 6.17: (a) The 1H NMR spectra (blue) of the ligand GFH and the 1H NMR spectra (red) 

after GFH has been titrated with copper(II) to reach a 5:1 ligand copper(II) ratio at a pH of 4.8 

in 90 % water and 10 % D2O. (b) 1H NMR spectra with arrows pointing to the significant 

broadening of peaks b and b′, after GFH has been titrated with copper(II) (green). 
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Proceeding on to determine the correct model, the species distribution diagram in Figure 6.18, 

shows that if the pH for the 1H NMR spectrum is set to 3.5, then the possible presence of an 

MLH species will cause peak broadening, which will help to decide between Models 1 and 4 

vs Models 2 and 3. After setting the pH to 3.5, peak broadening can be seen (Figure 6.19), 

which means that an MLH species is present and either Model 2 or 3 is correct. Similarly, the 

broadening of peaks a, a′, b, b′ and c, suggests a coordination to the imidazole-N and carboxyl-

O, with a protonated amine-N, while the broadening of peaks e, h and h′ suggests a 

coordination to the amine-N and neighbouring carbonyl-O, with a protonated imidazole-N. 

Similar to the Cu-Sar-FH spectrum, the amide proton signals are still present, which means that 

the amide-N cannot be coordinated.  

 

Since 1H NMR cannot further identify between Models 2 or 3 and the EPR data could only 

confirm the presence of the MLH-2 species, the potentiometric results were looked at. 

Comparing Models 2 and 3, Model 3 has lower standard deviations and Hamilton R factors. 

Therefore Model 3 is proposed as the correct model for Cu-GFH.  
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(a) 

MLH-1, MLH-2 

 

(b) 

MLH, MLH-1, MLH-2 

 

(c) 

MLH, MLH-2 

 

(d) 

ML, MLH-2 

 

Figure 6.18: Complexation species distribution curve for the 1:1 ratio of copper(II) and GFH 

(a) Model 1 (MLH-1, MLH-2), (b) Model 2 (MLH, MLH-1, MLH-2), (c) Model 3 (MLH, MLH-2) 

and (d) Model 4 (ML, MLH-2) at 25 oC in 0.15 mol.dm-3 of NaCl. 
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Figure 6.19: The 1H NMR spectra (blue) of the ligand GFH and the 1H NMR spectra (red) after 

GFH has been titrated with copper(II) to reach a 5:1 ligand copper(II) ratio at a pH of 3.5 in 90 

% water and 10 % D2O.  

 

6.4 Conclusion 

 

The proton assignments for each ligand were successfully achieved using a combination of  1H 

NMR and TOCSY spectra. All the models from potentiometry that were found for each 

copper(II) complex were taken into consideration when searching for the correct model using 

1H NMR. As a result of using 1H NMR to narrow the selection of models down, a model for 

each copper(II) complex has been proposed. Cu-Sar-LH has the MLH, ML and MLH-2 species, 

Cu-GLH has the MLH, MLH-1 and MLH-2 species, while Cu-GFH and Cu-Sar-FH only have 

the MLH and MLH-2 species. These models where proposed using a 1:5 copper(II) ligand ratio. 

However, the ratio was increased to 1:1 to verify that the species distribution and species type 

are the same at different ratios.  

 

As copper(II) coordinated to the ligands, signal broadening was expected. This was true for 

low pH values, but at high pH values, peak sharpening instead of peak broadening occurred. 

This meant that only the coordination mode for MLH species was identified and found to 

coordinate at two different locations of the ligand. The one coordination is to the amine-N and 

neighbouring carbonyl-O with a protonated imidazole-N, and the other is to the imidazole-N 

and carboxyl-O with a protonated amine-N.  
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7. Electrospray Ionisation Mass Spectrometry   

 

 

7.1 Introduction  

 

Mass spectrometry (MS) is an analytical technique that gives an analysis on both the qualitative 

and quantitative aspects of a molecule. The general procedure is to introduce the molecules 

into the ionisation source of the mass spectrometer, where they become ionised as either 

positive or negative charges. The ions then travel through the mass analyser, where they are 

separated according to their mass/charge ratio (m/z) and end at different parts of the detector. 

The detector then generates the mass spectrum that shows the relative abundance of signals 

with respect to their m/z ratio.1,2 

 

Mass spectrometry has several ionization methods such as electron ionization and chemical 

ionization, but these methods cannot overcome the tendency for the molecules to fragment. In 

contrast, electrospray ionisation mass spectrometry (ESI-MS) is a soft ionization technique that 

ionizes intact chemical species by multiple charging.3 The ionization is described as “soft” 

because only a small amount of residual energy is retained by the molecule and generally no 

fragmentation occurs when ionized.4 Additionally noncovalent interactions are also preserved 

in the gas phase.5  

 

When detecting the presence of the different species, MLH, ML, MLH-1 and MLH-2, there is 

only a difference of a few mass units, so using a method that does not cause fragmentation is 

ideal. This is the reason why ESI-MS was chosen to analyse the copper(II) complex species, 

as well as the reported successful analyses of literature using ESI-MS to analyse copper(II) 

peptides.6–8 However, exceptions in ESI-MS have been reported where the loss of an electron 

results in radical ions and causes fragmentation.9 Therefore, when analysing the complexes, it 

is probable that a combination of intact and fragmented complexes will be detected.  

 

When analysing the ESI-MS data, the analysis can be done in either a positive ion mode or a 

negative ion mode, depending on the compound’s affinity for protons. Only analytes that have 

at least one positive elementary charge can be analysed in the positive ion mode, whereas the 
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negative ion mode needs at least one negative elementary charge. In general, molecules with 

basic characteristics can be analysed in the positive ion mode, since they can make adducts 

with protons, while molecules that lack basic functional groups but have acidic ones, are 

generally analysed in the negative ion mode spectrum.10 Basically, the optimal selection of an 

ionization mode is based on the Brønsted-Lowry acid-base theory.11  

 

The most common type of ions that are generated in the positive ion mode spectrum usually 

are singly or multiply protonated and are represented as: [molecule + zH]z+. If the compounds 

have multiple sites for protonation, then they are usually multiply-protonated, but also have 

more of a tendency to fragment due to charge repulsion. Depending on the Lewis basicity of 

the compound, the formation of adducts with NH4
+, Na+, K+, Li+ or Ag+ can also occur.12,13 

The ions that are generated in the negative ion mode spectrum usually have lost a proton and 

are in the form of  [molecule - H]1-. Adduct formation is also possible in the negative mode 

spectrum with ions such as Cl−.10 

 

When analysing the species from Cu-GLH, Cu-Sar-LH, Cu-GFH and Cu-Sar-FH, it is likely 

to find both the uncomplexed and complexed ligands existing simultaneously in solution. Thus, 

as a reference, a typical isotopic pattern for copper, the uncomplexed ligand and the complexed 

ligand, can be seen in Figure 7.1a, 7.1b and 7.1c respectively. The random selection of GLH 

and the MLH-2 species of Cu-GLH was chosen, but similar patterns are seen for the other 

ligands and complexes. In particular, the isotopic pattern from the complexed ligand (Figure 

7.1c) is the combination of the peaks from the uncomplexed ligand (Figure 7.1b) and copper 

(Figure 7.1a). Therefore, when assigning complex species which display patterns such as 

Figure 7.1c, it will be certain that the species is a copper species. This is because copper has 

two isotopes, Cu63 (70% abundant) and Cu65 (30% abundant), so any copper containing species 

should have at least two lines of relative intensity 70:30, which reflects these two isotopic 

masses. During the analysis, the first three peaks of the isotopic pattern belonging to an 

uncomplexed ligand will be labelled and the first four peaks belonging to a complex species 

will be labelled.   
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(a) 

 

(b) 

 

(c)  

 

Figure 7.1: Examples of (a) copper isotopic pattern, (b) uncomplexed isotopic pattern and (c) 

complex species isotopic pattern (MLH-2 species). The random selection of GLH was chosen. 
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Key characteristics to remember when assigning a signal, is the mass-to-charge ratio (m/z), 

which is defined as the molecular weight of the molecule divided by the charge. Therefore, if 

the uncomplexed or complexed ligand has a +1 charge either by gaining protons/+ions, or in 

the case of the ML species, already has a +1 charge, then the signal for that ion will appear at 

the molecular weight of the ion. If the ion has a +2 charge, then it will appear at half the mass, 

and so on. Another point about the signals is that if the ion has a +1 charge, then the distance 

between the peaks of the isotopic pattern is 1 m/z, but if the ion has a charge of +2, then the 

distance decreases by 0.5 m/z, and so forth.14  

 

The purpose of this section is to identify and confirm the presence of the different species 

present in solution over a pH range from 2-11 for Cu-GLH, Cu-Sar-LH, Cu-GFH and 

Cu-Sar-FH. Using the potentiometric speciation diagrams (Figures 3.15-3.18), at pH 5 there is 

an overlap of the MLH, MLH-1 and MLH-2 species for Cu-GLH; there is an overlap of the 

MLH, ML and MLH-2 species for Cu-Sar-LH; there is an overlap of the MLH and MLH-2 

species for Cu-GFH and there is an overlap of the MLH and MLH-2 species for Cu-Sar-FH. At 

pH 11 only the MLH-2 species is present for all complexes. Therefore, by adjusting the solution 

to pH 5 and to pH 11, all the species can be identified for all the complexes. Even though the 

MLH-2 species is present at pH 5 and so analysing the solution at pH 11 might seem redundant, 

it is good to reconfirm the presence of the MLH-2 species at pH 11. At pH 5 the species could 

overlap one another and so identifying them could be challenging, but because the MLH-2 

species at pH 11 is the only species present, it is much easier to identify.  

 

7.2 Experimental 

 

Copper(II) complexes for each of the four ligands were prepared as a 1:1 copper(II) ligand ratio 

in 10 ml of Milli-Q water (18.2 MΩ.cm). The concentration of the ligands was 1 mM and the 

concentration of copper(II) was adjusted to a slightly lower concentration of 0.7 mM to prevent 

precipitation. The solution of each complex was divided into two samples so that the pH of the 

one was set to pH 5 and the other to pH 11. The pH was adjusted using NaOH and HCl. ESI-

MS measurement samples were analysed by direct infusion using the sample solvent as a 

carrier. The apparatus was a Thermo TSQ quadrupole with a HESI ion source type and analysed 

with MS1 over a scan range of 100-600 m/z in both the positive and negative mode. The data 

was viewed using the commercial software, Thermos Qual Browser. The capillary temperature 
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was 270 °C and nitrogen was used as a nebulizing gas. The conditions for electrospray 

ionisation are as follows: the spray voltage was set to 3500 V, the flow rate to 5 μl/min, the 

vaporizing temperature to 100 °C, the auxiliary gas pressure to 10 (arbitrary units) and the 

sheath gas pressure to 5 (arbitrary units). 

 

7.3 Results and Discussion 

 

The MLH-2 species is the dominant species for all ligands and therefore the identification of 

this species on the ESI-MS spectrum was expected to be easily visible. This was found for all 

ligands at both pH 5 and pH 11 (section 7.3.1-7.3.4). However, the MLH, ML species of Cu-

Sar-LH and the MLH-1 species of Cu-GLH have lower concentrations and so the identification 

of these species were thought to be more challenging. This proved true for the MLH species of 

all ligands, as well as the ML species of Cu-Sar-LH, since they could not be found. But for the 

MLH-1 species of Cu-GLH, a series of peaks could have represented either MLH-1 or MLH-2 

and so the identification of the MLH-1 species (section 7.3.1) was unconfirmed.  

 

7.3.1 GLH 

 

The proposed structures for the ESI-MS analysis of Cu-GLH at pH 5 and pH 11 can be seen 

in Table 7.1 along with their corresponding base peaks.  

 

At pH 5, the MLH, MLH-1 and MLH-2 species are expected to be present in solution, as well 

as the uncomplexed ligand. In solution the expected form of the uncomplexed ligand at pH 5 

is the LH2 species, where both the amine-N and imidazole-N are protonated. But during the 

electrospray ionization process the ligand may lose and gain protons, which will result in forms 

of the ligand that might not be present in solution at a particular pH. Additionally, the 

negatively charged carboxyl-O is the first expected site of protonation due to the negative 

charge, and so in the following analysis this group is always protonated first.  

 

In the positive mode spectrum (Figure 7.2), the base peaks at 326.24 m/z and 348.08 m/z 

represent the uncomplexed ligand in the form of (LH+H)1+ and (LH+Na)1+ respectively.  

 



159 
 

There are four peaks between 370.06 - 373.07 m/z, which were originally thought to have been 

the complex species. But due to the isotopic pattern, it is more likely to be two sets of 

uncomplexed ligand peaks with a charge of +1 and a difference of one mass unit between them. 

The proposed structure for the base peak at 370.06 m/z is therefore (L+2Na)1+, while the 

proposed structure for the base peak at 371.04 m/z is unclear. This is because it is not possible 

for (L+2Na)1+ to gain a hydrogen ion and remain with a +1 charge.  

 

The peaks between 387.07 - 391.13 m/z look as if two complex species with a +1 charge and 

one mass unit apart are overlapping one another. This was originally thought to show the 

MLH-1 and MLH-2 species, but for both species to obtain a +1 charge, means that they will 

have an equal mass and be displayed within the same set of peaks. Therefore, since there is the 

presence of two sets of complex groups, and since it is not possible for the difference in one 

mass unit to come from the ligand while it retains a charge of +1, this suggests that the 

copper(II) ion is undergoing reduction and becoming copper(I). This phenomenon is seen in 

literature where the relative proportion of copper(II) peptide complexes is a 1:1 ratio for Cu(I)- 

and Cu(II)- peptides, and was produced by the electrospray ionization of copper(II) sulphate 

and Gly-His-Lys.15 This phenomenon has also been reported for the electrospray ionisation of 

copper(II)-glycine and glycylglycine16, as well as with other electrospray ionisation studies17–

19. This reduction observation can be explained by collision-induced processes in the medium 

vacuum area of the source, which causes “inner-sphere” ligand to metal electron transfer, as 

well as the decoordination of odd-electron species.15,20 For simplicity, when copper(II) gets 

reduced to copper(I), the symbol “M” in the complex species will be labelled as MI, while 

copper(II) will remain as “M”. It is therefore reasonable to suggest that the base peak at 387.07 

m/z could represent either the MLH-1 or MLH-2 species, or that the peak is a combination of 

the two species in the form of (MLH-1+H)1+ and (MLH-2+2H)1+ respectively. Then similarly, 

the base peak at 388.05 m/z could represent either the MLH-1 or MLH-2 species, or again a 

combination of both species in the form of MILH-1+2H)1+ and (MILH-2+3H)1+ respectively. 

Note in Table 7.1 the coordination mode for the MLH-1 species has been randomly selected 

from the three possible modes.  
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Figure 7.2: Section of the ESI-MS spectrum (positive mode) for the Cu-GLH complex at a ratio 

of 1:1 and concentration of 1 mM for GLH and 0.7 mM for copper(II) in aqueous solution at 

pH 5. 

 

At pH 11, the only complex species that is expected to be present is the MLH-2 species. The 

uncomplexed ligand is also predicted to be present since the copper(II) concentration was 

slightly less than the ligand concentration to avoid precipitation. In the negative mode spectrum 

(Figure 7.3), the presence of MLH-2 species is confirmed by the base peak at 385.11 m/z, which 

represents the MLH-2 species in the form of (MLH-2)
1-. The species already had a charge of -1, 

which was retained during the ESI-MS ionisation process and therefore could be observed in 

the negative mode spectrum. This is unlike the MLH-2 species of the other ligands, (analysed 

in sections 7.3.2, 7.3.3 and 7.3.4), which could only be viewed in the positive mode spectrum 

after hydrogen ions had been added to the species. The other large base peaks at 112.81 m/z 

and 219.28 m/z represent an isotopic pattern of an uncomplexed ligand and so they are most 

likely a result of fragmentation.  
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Figure 7.3: Section of the ESI-MS spectrum (negative mode) for the Cu-GLH complex at a 

ratio of 1:1 and concentration of 1 mM for GLH and 0.7 mM for copper(II) in aqueous solution 

at pH 11. 

 

Table 7.1: Structural assignments of m/z base peaks that were found in the ESI-MS spectrum 

for Cu-GLH at pH 5 (positive mode) and pH 11 (negative mode) with a 1:1 ratio and 

concentration of 1 mM for GLH and 0.7 mM for copper(II) in aqueous solution. 

 

m/z 
pH 

prevalence   

 

Assignment 

 

Structure 

326.24 pH 5 (LH+H)1+ 
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348.08 pH 5 (LH+Na)1+ 

 

 
370.06 pH 5 (L+2Na)1+ 

 
371.04 pH 5 uncomplexed 

ligand unclear 

387.07 pH 5 (MLH-2+2H)1+ 

 
(MLH-1+H)1+ 
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388.05 pH 5 (MILH-2+3H)1+ 

 
(MILH-1+2H)1+ 

 
385.11 pH 11 (MLH-2)1- 

 
112.81 pH 11 fragmented 

uncomplexed 

ligand 

 

unclear 

219.28 pH 11 fragmented 

uncomplexed 

ligand 

 

unclear 
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7.3.2 Sar-LH 

 

The proposed structures for the ESI-MS analysis of Cu-Sar-LH at pH 5 and pH 11 can be seen 

in Table 7.2 along with their corresponding base peaks.  

 

At pH 5, the MLH, ML and MLH-2 species of Cu-Sar-LH, as well as the uncomplexed ligand, 

are expected to be present in solution. In the positive mode spectrum (Figure 7.4), the base 

peaks 340.10 m/z, 362.08 m/z and 378.11 m/z represent the uncomplexed ligand in the form 

of (LH+H)1+, (LH+Na)1+ and (LH+K)1+ respectively. K+ ions were not added during the 

preparation of the complex and so they most likely come from residual salts in the injector or 

tubing of the mass spectrometer. The 4N coordination of the MLH-2 species is verified by the 

peaks between 401.00 - 405.13 m/z. These peaks represent the overlap of the two different 

forms of the MLH-2 species, namely where copper is in the Cu(II) form and where it gets 

reduced from Cu(II)→Cu(I). The base peak at 401.00 m/z represents the MLH-2 species in the 

(MLH-2+2H)1+ form and the base peak at 402.05 m/z represents the (MILH-2+3H)1+ form. The 

base peak at 355.08 m/z also could represent the MLH-2 species, but after it has undergone 

fragmentation. A suggestion for the fragmentation is, (MLH-2 - carboxyl group)1+.   

 

 

Figure 7.4: Section of the ESI-MS spectrum (positive mode) for the Cu-Sar-LH complex at a 

ratio of 1:1 and concentration of 1 mM for Sar-LH and 0.7 mM for copper(II) in aqueous 

solution at pH 5. 
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At pH 11, the only complex species present in solution is the MLH-2 species, but the 

uncomplexed ligand is also expected to be present. The presence of the MLH-2 species was 

verified in the positive mode spectrum (Figure 7.5), since the base peaks at 400.93 m/z and 

423.05 m/z represent this species in the form of (MLH-2+2H)1+ and (MLH-2+H+Na)1+ 

respectively. The presence of the uncomplexed ligand was seen in the base peaks at 340.17 

m/z, 362.15 m/z, 378.04 m/z and 383.99 m/z, which represent the uncomplexed ligand in the 

form of (LH+H)1+, (LH+Na)1+, (LH+K)1+ and (L+2Na)1+ respectively.  

 

 

Figure 7.5: Section of the ESI-MS spectrum (positive mode) for the Cu-Sar-LH complex at a 

ratio of 1:1 and concentration of 1 mM for Sar-LH and 0.7 mM for copper(II) in aqueous 

solution at pH 11. 
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Table 7.2: Structural assignments of m/z base peaks that were found in the ESI-MS spectrum 

for Cu-Sar-LH at pH 5 (positive mode) and pH 11 (positive mode) with a 1:1 ratio and 

concentration of 1 mM for Sar-LH and 0.7 mM for copper(II) in aqueous solution. 

 

m/z 
pH 

prevalence   

 

Assignment 

 

Structure 

340.10 pH 5 (LH+H)1+ 

 

340.17 pH 11 

355.08 pH 5 (MLH-2 - carboxyl 

group)1+ 

 

 

 
362.08 pH 5 (LH+Na)1+ 

 

 
 

362.15 pH 11 

 

 

 

 



167 
 

378.11 pH 5 (LH+K)1+ 

 

378.04 pH 11 

 

383.99 pH 11 (L+2Na)1+ 

 
401.00  pH 5 (MLH-2+2H)1+ 

 

400.93 pH 11 

402.05 pH 5 (MILH-2+3H)1+ 
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423.05  pH 11 (MLH-2+H+Na)1+ 

 

 

7.3.3 GFH 

 

The proposed structures for the ESI-MS analysis of Cu-GFH at pH 5 and pH 11 can be seen in 

Table 7.3 along with their corresponding base peaks.  

 

At pH 5, the MLH and MLH-2 species, as well as the uncomplexed ligand, are expected to be 

present in solution. In the positive mode spectrum (Figure 7.6), the base peaks at 360.19 m/z, 

382.10 m/z and 404.15 m/z represent the uncomplexed ligand in the form of (LH+H)1+, 

(LH+Na)1+ and  (L+2Na)1+ respectively. The peaks between 421.02 - 424.17 m/z represent the 

overlap of two different forms of the MLH-2 species, namely where copper is Cu(II) and where 

copper gets reduced from Cu(II)→Cu(I). The base peak at 421.02 m/z represents the 

(MLH-2+2H)1+ form and the base peak at 422.07 m/z represents the (MILH-2+3H)1+ form. The 

spectrum also displays base peaks at 354.94 m/z and 370.97 m/z which could first represent 

the fragmentation of the imidazole group, (MLH-2+H-imidazole)1+,  and then the addition of 

water, (MLH-2+H-imidazole+H2O)1+. 
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Figure 7.6: Section of the ESI-MS spectrum (positive mode) for the Cu-GFH complex at a ratio 

of 1:1 and concentration of 1 mM for GFH and 0.7 mM for copper(II) in aqueous solution at 

pH 5. 

 

At pH 11, the only complex species present in solution is the MLH-2 species, but the 

uncomplexed ligand is also expected to be present. Looking at the positive mode spectrum 

(Figure 7.7), the MLH-2 species is verified by the presence of the base peak at 465.12 m/z, 

which represents the (MLH-2+2Na)1+ form. Besides this peak, the other peaks representing this 

species show fragmentation. The base peaks at 355.01 m/z and 371.04 m/z could be due to the 

loss of the imidazole group, (MLH-2+H-imidazole)1+,  and then the subsequent gain of a water 

molecule, (MLH-2+H-imidazole+H2O)1+, respectively. At high m/z values there is what 

appears to be the presence of the complex species with a base peak at 523.08 m/z, but the exact 

form of the species could not be identified. This is also observed for what appears to be the 

uncomplexed ligand with a base peak at 540.16 m/z. The largest base peak at 404.08 m/z is the 

result of the uncomplexed ligand gaining two Na+ ions in the form of (L+2Na)1+.  
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Figure 7.7: Section of the ESI-MS spectrum (positive mode) for the Cu-GFH complex at a ratio 

of 1:1 and concentration of 1 mM for GFH and 0.7 mM for copper(II) in aqueous solution at 

pH 11. 

 

Table 7.3: Structural assignments of m/z base peaks that were found in the ESI-MS spectrum 

for Cu-GFH at pH 5 (positive mode) and pH 11 (positive mode) with a 1:1 ratio and 

concentration of 1 mM for GFH and 0.7 mM for copper(II) in aqueous solution. 

 

m/z 
pH 

prevalence   

 

Assignment 

 

Structure 

354.94  pH 5 (MLH-2+H-

imidazole)1+ 

 

355.01  pH 11 
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360.19 pH 5 (LH+H)1+ 

 

 
370.97 pH 5 (MLH-2+H-

imidazole+H2O)1+ 

 

371.04 pH 11 

382.10 pH 5 (LH+Na)1+ 

 

 
404.15 pH 5 (L+2Na)1+ 

 

 

 

404.08 pH 11 
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421.02 pH 5 (MLH-2+2H)1+ 

 
422.07 pH 5 (MILH-2+3H)1+ 

 
465.12 pH 11 (MLH-2+2Na)1+ 

 
523.08 pH 11 complex unclear 

540.16 pH 11 uncomplexed ligand 
unclear 
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7.3.4 Sar-FH 

 

The proposed structures for the ESI-MS analysis of Cu-Sar-FH at pH 5 and pH 11 can be seen 

in Table 7.4 along with their corresponding base peaks.  

 

At pH 5, the MLH and MLH-2 species, as well as the uncomplexed ligand, are expected to be 

present in solution. In the positive mode (Figure 7.8), the base peaks representing the 

uncomplexed ligand dominate the spectrum, whereby  374.12 m/z, 396.10 m/z and 418.22 m/z 

represent (LH+H)1+,  (LH+Na)1+ and (L+2Na)1+ respectively. The base peak at 368.03 m/z also 

represents the uncomplexed ligand, but after it has undergone fragmentation. A suggestion for 

how the ligand has undergone fragmentation involves the decomposition of the benzene ring. 

The decomposition of the benzene ring has been seen in literature where tropone first loses CO 

to yield a benzene cation radical, which then leads on to the decomposition of the benzene 

structure.21 The presence of the MLH-2 species is verified by the peaks between 435.02 - 439.01 

m/z. These peaks represent the overlap of two different forms of the MLH-2 species, namely 

where copper is Cu(II) and where copper gets reduced from Cu(II)→Cu(I). The base peak at 

435.02 m/z represents the (MLH-2+2H)1+ form and the base peak at 436.07 m/z represents the 

(MILH-2+3H)1+ form. The base peaks at 408.00 m/z and 430.12 m/z also represent the complex 

after it has undergone fragmentation, as well as a reduction from Cu(II)→Cu(I). The 

fragmentation again is suggested to be the decomposition of the benzene ring, and so the 

suggested forms of the complex are (MILH-2+2H-benzene ring decomposition)1+  and  (MILH-

2+H+Na-benzene ring decomposition)1+ respectively.  
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Figure 7.8: Section of the ESI-MS spectrum (positive mode) for the Cu-Sar-FH complex at a 

ratio of 1:1 and concentration of 1 mM for Sar-LH and 0.7 mM for copper(II) in aqueous 

solution at pH 5. 

 

At pH 11, the MLH-2 species, as well as the uncomplexed ligand, are expected to be present. 

The MLH-2 species is verified in the positive mode spectrum (Figure 7.9), since the base peaks 

at 434.95 m/z and 457.07 m/z represent this species in the form of (MLH-2+2H)1+ and 

(MLH-2+H+Na)1+ respectively. The uncomplexed ligand dominates the spectrum with the 

presence of the base peaks at 187.64 m/z, 374.05 m/z and 396.03 m/z, which represent the 

ligand in the form of (LH2+H)2+, (LH+H)1+ and (LH+Na)1+ respectively. The base peak at 

303.07 m/z also represents the uncomplexed ligand after it has fragmented. A suggestion for 

the fragmentation is the loss of sarcosine during the cleavage of the amide bond.   
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Figure 7.9: Sections of the ESI-MS spectrum (positive mode) for the Cu-Sar-FH complex at a 

ratio of 1:1 and concentration of 1 mM for Sar-FH and 0.7 mM for copper(II) in aqueous 

solution at pH 11. 

 

Table 7.4: Structural assignments of m/z base peaks that were found in the ESI-MS spectrum 

for Cu-Sar-FH at pH 5 (positive mode) and pH 11 (positive mode) with a 1:1 ratio and 

concentration of 1 mM for Sar-FH and 0.7 mM for copper(II) in aqueous solution. 

 

m/z 
pH 

prevalence   

 

Assignment 

 

Structure 

187.64 pH 11 (LH2+H)2+ 
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303.07 pH 11 (uncomplexed ligand 

fragmentation)1+ 

 

 

 
368.03 pH 5 (L+Na-benzene ring 

decomposition)1+ 

 
374.12 pH 5 (LH+H)1+ 

 

 

374.05 pH 11 

396.10 pH 5 (LH+Na)1+ 

 

 

 

396.03 pH 11 
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408.00 pH 5 (MILH-2+2H-benzene 

ring decomposition)1+ 

 
418.22 pH 5 (L+2Na)1+ 

 

 

 
430.12 pH 5 (MILH-2+H+Na-

benzene ring 

decomposition)1+ 

 
435.02 pH 5 (MLH-2+2H)1+ 

 
 

434.95 pH 11 



178 
 

436.07 pH 5 (MILH-2+3H)1+ 

 
457.07 pH 11 (MLH-2+H+Na)1+ 

 
 

7.4 Conclusion 

 

The identification of the MLH-2 species was found for all ligand complexes at both pH 5 and 

11, which verifies the existence of the species. Due to the nature of electrospray ionisation, the 

MLH-2 species was mainly found in the form of (MLH-2+2H)1+ for the positive mode and 

(MLH-2)
1- for the negative mode, but other ionised adducts were also found. These ionised 

adducts allow an intact complex to be analysed. Collision-induced processes also occurred, 

which caused the complex to become fragmented at varying regions of the ligands. They also 

caused the reduction of Cu(II)→Cu(I). For all the ligands, the MLH species was not identified 

due to its low concentration.  Similarly, the ML species of Cu-Sar-LH, could not be found. The 

MLH-1 species of Cu-GLH was speculated to overlap with the peaks of MLH-2, which 

prevented the confirmation of the MLH-1 species.  
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8. Molecular Modelling  

 

 

8.1 Introduction 

 

Computational chemistry/molecular modelling has three broad classes that use different 

techniques to investigate chemical problems at molecular levels: molecular mechanics (MM), 

quantum mechanics (QM), and molecular dynamics (MD). QM can be split into three more 

methods, which are ab initio (Hartree–Fock and Post-Hartree–Fock methods) calculations, 

semi-empirical (SE) calculations and density functional theory (DFT). A brief explanation of 

the theory behind each of these methods is given below.  

 

1. MM calculations uses a balls-and-springs system to model molecules. By knowing the spring 

lengths and angles between them, as well as the energy it takes to bend and stretch the springs, 

the energy of the whole system can then be calculated.  MM is a fast method, whereby a desktop 

computer can optimize a large molecule, like a steroid, in seconds.  

 

2. Ab initio calculations solve the Schrödinger equation for a molecule to give the molecule 

wavefunction and energy. However, approximations must be made because the equation cannot 

be solved exactly for a molecule that has more than one electron. These calculations are 

relatively slow,  where a steroid molecule could take weeks on a Pentium-type machine.  

 

3. SE calculations are also based on the Schrödinger equation, but more approximations are 

made to solve it. It also makes use of parameterization, which plugs experimental values into 

a mathematical procedure to get the best calculated values. This mixing of theory and 

experimental values is why it is called “semi-empirical”. SE calculations are about 100 times 

slower than MM, but about 100-1000 times faster than ab initio calculations.   

 

4. DFT calculations are also based on the Schrödinger equation, but unlike the ab initio and SE 

calculations, DFT does not calculate a wavefunction. Instead, it derives the electron distribution 

directly. In terms of the speed, these calculations are faster than ab initio, but slower than SE.   

 



182 
 

5. MD calculations simulate the motion of molecules, as they change shape by applying the 

laws of motion.1  

 

Due to limitations of computational resources in the past, many PhD theses2–5, as well as 

journals6,7 which have studied copper(II) peptide complexes, have used an MM approach. This 

approach can only provide details on the molecular structure (bond length, bond angle etc) and 

atomic charges. Presently, an MM approach is only used in the modelling of large systems such 

as proteins, oligosaccharides and polymers, since QM modelling is more computationally 

intensive for these systems. For smaller systems, higher QM techniques i.e. SE, HF, and DFT 

provide more accurate electronic properties since the transition states, excited states and 

electronic contributions are all included into the calculations, all of which are not included into 

MM.8–11  

 

Among QM modelling, DFT is one of the most commonly and successfully used QM methods 

to calculate the electronic structure of atoms and molecules in gas, solution and solids states.12–

15 One of the biggest attractions is the favourable price/performance ratio compared to electron-

correlated wave function-based methods. This meant that larger molecular systems could be 

studied with adequate accuracy, and is computationally simpler.14,15 For this reason, as well as 

its ability to calculate the electronic transition within the molecule, DFT was the chosen method 

to study the copper(II) complexes (Cu-GLH, Cu-Sar-LH, Cu-GFH and Cu-Sar-FH).  

 

The theory behind DFT is that the energy of an electronic system can be defined in terms of its 

electron probability density, F. If a system has n number of electrons, then F(r) is the total 

electron density at a point in space, r. From the DFT formalism, there is a one-to-one 

correspondence between the electron density and the energy of a system, such that the energy 

E is considered as the functional of the electron density E(F). This means that for a given 

function F(r), it parallels as a single energy. This advantage can be illustrated by considering a 

system which has n electrons. The wave function would have three coordinates for every 

electron, plus another coordinate for each electron to include the spin, and thus would have a 

total of 4n coordinates. In comparison, electron density only depends on three coordinates and 

is independent of the number of electrons that make up the system. Therefore, as the wave 

function complexity increases with the increasing number of  electrons, the number of variables 

for the electron density remains the same.12 Thus, determining the electron density functional 

will give the total energy of the system.  
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There are many types of functionals in DFT simulations that determine the total energy of the 

system. The approaches range from using a pure method, which uses only the electron density 

(local methods), or the electron density combined with the gradients (gradient corrected 

methods), to a hybrid method which mixes DFT and Hartree-Fock exchange energies. The idea 

behind hybrid functionals is that the performance improves when the exchange energies are 

mixed. B3LYP is the most commonly used hybrid density functional due to the good 

compromise between the computational cost, coverage and accuracy of results.12,16,17 The 

(B3)18,19 term is Becke’s three-parameter hybrid functional, which is a combination of local 

and nonlocal treatments of exchange and correlation with Hartree–Fock exchange. The (LYP)20 

term is the Lee Yang and Parr correlation functional; the combination between the (B3) scheme 

and the (LYP) functional led to the a hybrid function which had more accurate results compared 

to using only a pure (B) function.21,22 As a result of the popularity and reported accuracy, this 

hybrid functional was chosen to perform the calculations of the four complexes in this study.  

 

When choosing the basis set for the ligands, which are a set of functions that describe the shape 

of atomic orbitals, the basis set that other studies have used when working with copper(II) 

complexes was considered. A study which looked at transition metals and amide side chains 

with the B3LYP method, specifically used the basis set, 6-31G, for the first and second row of 

atoms on the periodic table, as well as for the first row of transition metals.23 Another study24, 

which also focused on copper(II) complexes with the B3LYP method, also used the 6-31G 

basis set and it is for this reason that the copper(II) complexes of this study used the 6-31G 

basis set.  

 

Once the basis set was chosen, the polarization and diffuse functions were also added. Adding 

these functions helps to improve the accuracy of the results. The polarization function allows 

the orbitals to change shape by adding orbitals with angular momentum to atoms. This addition 

of orbitals goes beyond what is described for their ground state, which means that for an atom 

like carbon the polarized basis set adds a d function. The notation is a * or (d) to symbolise a 

d-type polarization function on heavy atoms or f-type polarization on transition metals; and a 

** or (d,p) to symbolise an additional polarization function on hydrogen. The diffuse functions 

are larger versions of s- and p-type functions regarding size, in comparison to the standard 

valence functions. This gives more space for the orbitals to occupy and is crucial for molecules 

that have lone pairs, anions, negative charges, excited states or any system where the electrons 
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are relatively far from the nucleus. The notation is a + for the diffuse function on all atoms 

except hydrogens (i.e. heavy atoms) and a ++ for an additional diffuse function on hydrogen 

atoms. In general, the higher the polarization and diffuse functions are, the more accurate the 

results. However, there is usually very little significant difference between + and ++.25 For this 

study the functions, ++ and ** were used. These functions are not the highest, but in terms of 

accuracy and the timeframe for the calculations, they were adequate to be compared with the 

experimental data.   

 

The procedure for finding the minimum energy of a molecule is called geometry optimization. 

This involves the calculation of the wave function and energy at a starting geometry and then 

searching to find a new geometry with a lower energy. This process is repeated until the 

geometry with the lowest energy is found. To achieve this, the force on each atom is calculated 

by finding the gradient of the energy with respect to the atomic positions. Then for each 

subsequent step, algorithms are used to select a new geometry with the aim of converging the 

structure to the lowest energy. As soon as convergence occurs, the calculation stops. The force 

on each atom at the final, minimum energy geometry will be zero. If the system is stable, then 

the energy will either be a local or global minimum. If the system is not stable, then the energy 

will be a saddle point. To check the stability, the frequency of each structure can be evaluated. 

If negative frequencies are present, then the structure has reached a saddle point and is unstable. 

If all the frequencies are positive, then this indicates that the structure is stable and has reached 

a local or global minimum.26 

 

Computational methods have been used in this study for multiple reasons. The first is to verify 

the coordination modes of the MLH-2 and MLH species of Cu-GLH, Cu-Sar-LH, Cu-GFH and 

Cu-Sar-FH. The second is to help determine the correct coordination mode for the ML species 

of Cu-Sar-LH and the MLH-1 species of Cu-GLH. Another reason is DFT calculations can 

calculate the electron transition of the complexes, which is used to explain why the MLH, ML 

and MLH-1 species did not produce an observed UV-Vis absorption band.  
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8.2 Methodology 

 

All calculations were performed using facilities provided by the University of Cape Town’s 

High-Performance Computing team (hpc.uct.ac.za) using Gaussian 09 software.27 The 

coordination modes for the MLH, ML, MLH-1 and MLH-2 species of Cu-GLH, Cu-Sar-LH, 

Cu-GFH and Cu-Sar-FH were built using the trial GaussView 6.0.1628 software with the 

appropriate multiplicity and charge of each structure. The starting geometry of copper(II) was 

also realigned to an octahedral geometry. The multiplicity for all structures is a doublet, since 

copper(II) has an unpaired electron, and the charge for the MLH, ML, MLH-1 and MLH-2 

species is +2, +1, 0 and -1 respectively. Each structure was then optimized at a B3LYP/6-

31++G** level using water as a solvent. The solvent effect was implemented using the 

Solvation Model Density (SMD).29 All optimised structures were found to be a minima with 

no imaginary frequency and were viewed in the demo Chemcraft program30. Time dependent 

density functional theory (TD-DFT) calculations were conducted at the same level and solvent 

to obtain the electronic transitions of the copper(II) complexes. Only the first three excited 

states were considered for these calculations. 

 

8.3 Results and Discussion  

 

For simplicity, the amine-N, amide-N of leucine/phenylalanine, amide-N of histidine and the 

imidazole-N will be referred to as N1, N2, N3 and N4 respectively. Similarly, the carbonyl-O 

of glycine/sarcosine, the carbonyl-O of leucine/phenylalanine and the carboxyl-O will be 

referred to as O1, O2 and O3 respectively. The selected labelling is illustrated in Figure 8.1; 

GLH was randomly chosen, but it is applicable to all ligands. 

 

Figure 8.1: Labelling specifications for bonding sites of copper(II). GLH was randomly chosen.   
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8.3.1 The MLH-2 species  

 

Throughout all the structure determining techniques, (potentiometry, UV-Vis, EPR, 1H NMR 

and mass spectrometry) the MLH-2 species for all ligands was confirmed to be present at high 

pH values. UV-Vis, EPR and mass spectrometry then suggested that copper(II) coordinated as 

a CuN4 chromophore to the amine (N1), two amide-Ns (N2, N3) and the imidazole-N (N4). 

Molecular modelling using DFT was used to validate this structure. The starting structure had 

copper(II) coordinate in an octahedral manner, where axial bonds were water molecules. After 

optimization, the axial waters were lost, and all four complexes became square planar. The 

resulting structures became a benchmark for an additional optimization, so that the structures 

could be optimized with no water molecules present. These results can be seen in Figure 8.2. 

A square planar complex was suggested by UV-Vis and EPR spectroscopy. The high extinction 

coefficient, the low g|| and high A||, as well as the high value of the superhyperfine nitrogen 

constant, are all in agreement with the outcome of this molecular modelling.  
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(a) 

 
(b) 

 

 
(c) 

 

 
(d) 

Figure 8.2: Optimized structures of the MLH-2 species of (a) Cu-GLH, (b) Cu-Sar-LH, (c) Cu-

GFH and (d) Cu-Sar-FH at B3LYP/6-31++G**.  

 

TD-DFT is able to report the electron transition of the complexes, so that the max associated 

with the complex can be calculated. Since the MLH-2 species is the only species in this study 

where the experimental max values are known, this species was used mainly to verify that the 

correct DFT levels of theory and solvent effect were chosen. The rationale is that if the correct 

choice is made for the MLH-2 species, then it should be the correct choice for the MLH, ML 

and MLH-1 species. The calculated and experimental max of MLH-2 can be compared to verify 
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that they agree with one another and this comparison can be seen in Table 8.1. The difference 

between the calculated and experimental max is 2-18 nm, which is close enough to verify that 

the two values agree with one another and therefore signify that the selected DFT levels 

(B3LYP/6-31++G**) and solvent effect (SMD) are valid for this system. 

 

Table 8.1: The calculated and experimental max of the MLH-2 species from Cu-GLH, 

Cu-Sar-LH, Cu-GFH and Cu-Sar-FH. 

Complex 
max (nm) 

B3LYP/6-31++G** experimental 

Cu-GLH 516 518 

Cu-Sar-LH 541 523 

Cu-GFH 527 517 

Cu-Sar-FH 534 521 

 

To verify the validity of the DFT outputs, the obtained bond lengths and bond angles for the 

MLH-2 species were compared to the previously reported X-ray structures of similar complexes 

and can be seen in Table 8.2 and Table 8.3 respectively. 

 

Table 8.2: Bond lengths from the MLH-2 coordination mode of Cu-GLH, Cu-Sar-LH, Cu-GFH 

and Cu-Sar-FH. 

Labelled bond length Complex 
Bond length (Å) 

B3LYP/6-31++G** 

Bond length (Å) 

literature 

Cu-N1 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

2.086 

2.136 

2.092 

2.109 

1.883 - 2.04331–34 

Cu-N2 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

1.933 

1.932 

1.931 

1.932 

 

 

1.907 - 2.0531,33,35,36 

 

 Cu-N3 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

1.991 

2.000 

2.000 

1.997 

Cu-N4 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

1.991 

1.997 

1.991 

2.000 

1.883 - 2.0031–33 
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Table 8.3: Bond angles from the MLH-2 coordination mode of Cu-GLH, Cu-Sar-LH, Cu-GFH 

and Cu-Sar-FH. 

Labelled bond angle Complex 
Bond angle (°), 

B3LYP/6-31++G** 

Bond angle (°)      

literature 

N1-Cu-N2 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

82.0 

82.0 

82.2 

82.4 

80.8 - 99.632,33,37–39 

N2-Cu-N3 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

82.5 

82.4 

82.6 

82.6 

N3-Cu-N4 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

95.1 

94.0 

95.3 

94.6 

N4-Cu-N1 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

100.5 

103.8 

101.0 

101.7 

N1-Cu-N3 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

164.3 

156.1 

163.0 

163.3 
164.2 - 177.532,33,37–39 

N2-Cu-N4 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

176.3 

171.2 

169.9 

166.1 

 

The bond lengths of Cu-N1 were found to be the longest for each ligand complex and were 

slightly longer than literature values, which means that this bond is experiencing slight 

torsional strain. The Cu-N2 bonds were found to be the shortest for each ligand complex, which 

means that this bond type experiences the least amount of torsional strain. The Cu-N3 bonds 

are of a similar length to the Cu-N4 bonds. The Cu-N2, Cu-N3 and Cu-N4 bond lengths are 

within literature values.  

 

For the bond angles, the MLH-2 species has four main angles that should be close to 90°; the 

N1-Cu-N2 angle, the N2-Cu-N3 angle, the N3-Cu-N4 angle and the N4-Cu-N1 angle. For all 

the MLH-2 species these angles deviated from the optimum angle as a result of torsional strain, 

which makes the square planar geometry slightly distorted. The N4-Cu-N1 angle was found to 

be the most strained. The deviations are either within the literature range, or in the case of the 

N4-Cu-N1 angle, slightly larger but still comparable. Another factor to consider for planar 

complexes, is to check if the structure is indeed planar. The bond angles that will verify the 

planar aspect of the complex is the angle between N1-Cu-N3, as well as the angle between N2-
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Cu-N4. These angles ideally should be 180°, but all the MLH-2 species were found to deviate 

from this angle. The deviation of the N1-Cu-N3 angle is more significant and the angle is 

slightly smaller than the literature values, while the deviation of N2-Cu-N4 is within literature 

values. The planar aspect can also be checked by measuring the dihedral angle of the plane 

created from N1-N2-N3-N4 (Table 8.4). For a planar geometry the dihedral angle should be 

0°, so looking at Table 8.4, all the complexes deviate from planarity with the Cu-GLH deviating 

the least and Cu-Sar-LH deviating the most. Additionally, the methyl group on the amine 

reduces the planarity of the complex by 15.834° when comparing Cu-GLH and Cu-Sar-LH, 

and by 2.512° when comparing Cu-GFH and Cu-Sar-FH.  

 

Table 8.4: Dihedral angles from the MLH-2 coordination mode of Cu-GLH, Cu-Sar-LH, 

Cu-GFH and Cu-Sar-FH. 

Complex 
N1-N2-N3-N4 dihedral angle, 

B3LYP/6-31++G** 

Cu-GLH -4.102 
Cu-Sar-LH -19.936 

Cu-GFH -12.698 
Cu-Sar-FH -15.210 

 

Overall, all the bond angle deviations are comparable to literature and along with the bond 

lengths, also verify that the B3LYP/6-31++G** level is valid for this system.  

 

8.3.2 The MLH species 

 

1H-NMR was the main contributing structure determining technique that identified the MLH 

species for all ligands. EPR also found the MLH species, but only for the Sar-LH ligand. 

1H-NMR identified that copper(II) coordinates to each ligand at two different locations to form 

the MLH species. The one location is on the amine (N1) and neighbouring carbonyl-O (O1) 

with the imidazole-N protonated, and the other location is on the imidazole-N (N4) and 

carboxyl-O (O3) with the amine protonated. Molecular modelling using DFT was used to 

validate these coordination modes and then obtain the max values from the DFT output. By 

obtaining the max values a reason can be proposed as to why this species could not be detected 

on the UV-Vis spectra.   
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Each structure started with copper(II) in an octahedral environment with water molecules 

taking up vacant sites. After optimization, all coordination modes, except for coordination 

mode (b) of GLH and coordination mode (b) of Sar-LH, lost an axially coordinated water 

molecule and became square pyramidal. Coordination mode (b) of GLH and Sar-LH became 

tetragonally distorted octahedral. The square pyramidal geometries became a starting point for 

an additional optimization without the non-bonding water molecule. The optimized structures 

with their relative energy differences can be seen in Figures 8.3-8.6. Each coordination mode 

has been represented in both a face down view (Figures 8.3-8.6 (i)), as well as a side view 

(Figures 8.3-8.6 (ii)). The face down view shows the coordination sites, as well as the overall 

structure of the species, while the side view shows the square pyramidal or tetragonally 

distorted octahedral geometry. The axial water molecules were omitted from the face down 

view so that they did not obstruct the view of the coordination bonds. When comparing the 

ground state energy difference between coordination modes (a) and (b) for each ligand, 

coordination mode (b) of GLH and Sar-LH have one more water molecule than their respective 

coordination mode (a) structures. Therefore, to compare the energy of these structures the 

ground state energy of water under the same conditions (B3LYP/6-31++G**) was added to the 

energy of coordination mode (a). Note that in these calculations, entropy changes were not 

taken into account. The energy difference between the two coordination modes for all ligands 

is between 1.79-10.86 kJ/mol. This small energy difference means that there is an almost equal 

probability of both coordination modes forming, which agrees with the proposal that two 

coordination modes for MLH occur simultaneously.  
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(i) 
 

(ii) 

(a) 

0.00 kJ/mol 

 

 
(i) 

 

 
(ii) 

(b) 

1.79 kJ/mol 

Figure 8.3: Optimized structures of the MLH species from Cu-GLH at B3LYP/6-31++G**. 

Coordination mode (a) has an amine (N1) and neighbouring carbonyl-O (O1) coordination and 

coordination mode (b) has an imidazole-N (N4) and carboxyl-O (O3) coordination. (ai) and 

(bi) represent the coordination modes at a face down angle with removed axial water bonds, 

and (aii) and (bii) represent the coordination modes at a side angle.  
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(i) 

 
(ii) 

(a) 

4.74 kJ/mol 
 

 
 

(i) 

 

 
(ii) 

(b) 

0.00 kJ/mol 

Figure 8.4: Optimized structures of the MLH species from Cu-Sar-LH at B3LYP/6-31++G**. 

Coordination mode (a) has an amine (N1) and neighbouring carbonyl-O (O1) coordination and 

coordination mode (b) has an imidazole-N (N4) and carboxyl-O (O3) coordination. (ai) and 

(bi) represent the coordination modes at a face down angle with removed axial water bonds, 

and (aii) and (bii) represent the coordination modes at a side angle.  
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(i) 

 
(ii) 

(a) 

0.00 kJ/mol 

 

 

 

 
 

 

(i) 

 

 
 

(ii) 

(b) 

10.86 kJ/mol 

Figure 8.5: Optimized structures of the MLH species from Cu-GFH at B3LYP/6-31++G**. 

Coordination mode (a) has an amine (N1) and neighbouring carbonyl-O (O1) coordination and 

coordination mode (b) has an imidazole-N (N4) and carboxyl-O (O3) coordination. (ai) and 

(bi) represent the coordination modes at a face down angle with removed axial water bonds, 

and (aii) and (bii) represent the coordination modes at a side angle.  
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(i) 
 

(ii) 

(a) 

7.10 kJ/mol 

 

 
(i) 

 

 
 

 

(ii) 

(b) 

0.00 kJ/mol 

Figure 8.6: Optimized structures of the MLH species from Cu-Sar-FH at B3LYP/6-31++G**. 

Coordination mode (a) has an amine (N1) and neighbouring carbonyl-O (O1) coordination and 

coordination mode (b) has an imidazole-N (N4) and carboxyl-O (O3) coordination. (ai) and 

(bi) represent the coordination modes at a face down angle with removed axial water bonds, 

and (aii) and (bii) represent the coordination modes at a side angle.  
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The resulting structures produced electronic transitions with calculated max values to be 

between 699-889 nm (Table 8.5). The measured range of the experimental UV-Vis spectrum 

is 200-800 nm, and so the coordination modes that have experimental max values above this 

range, means that the spectrophotometer will not be able to detect them, since they will appear 

in the near-infrared region. Nevertheless, besides the spectrophotometer not being able to 

detect the max values above 800 nm, Cu(H2O)6 produces a broad absorption band with a max  

value at 800 nm. This means that any compound with a max occurring at approximately 700-

800 nm, will overlap with the absorption band of Cu(H2O)6. It also means that the max values 

occurring just beyond the measured range will also overlap, since the Cu(H2O)6 absorption 

band extends into the near-infrared region. Therefore, since the MLH species have a low 

concentration prevalence (according to the potentiometric speciation diagrams), the MLH 

absorption band for all the coordination modes will be concealed by the absorption band of 

Cu(H2O)6.  This provides a plausible explanation for why the MLH species could not be 

detected on the UV-Vis spectrum. It also agrees with the suggestion made in the UV-Vis 

section that the MLH species is being hidden by the absorption band of Cu(H2O)6.  

 

Table 8.5: The calculated max at B3LYP/6-31++G** of coordination modes (a) and (b) of the 

MLH species from Cu-GLH, Cu-Sar-LH, Cu-GFH and Cu-Sar-FH.  

Complex Coordination mode Calculated max (nm) 

Cu-GLH (a) 710 

(b) 882 

Cu-Sar-LH (a) 699 

(b) 889 

Cu-GFH (a) 837 

(b) 875 

Cu-Sar-FH (a) 707 

(b) 868 

 

Again, to verify the DFT calculations, the bond lengths and bond angles of MLH were 

compared to literature and can be seen in Table 8.6 and Table 8.7 respectively. Since there are 

water molecules bonded in each species, the labelling for each atom of interest in both 

coordination modes (a) and (b) can be seen in Figure 8.7. The random selection of coordination 

mode (a) from GLH was chosen to represent the labelling for all coordination mode (a) species. 

For the coordination mode (b) species, GLH was randomly chosen to represent the labelling of 

the tetragonally distorted octahedral geometries and GFH was randomly chosen to represent 

the square pyramidal geometries.  
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(a)  

 

(bi)  
 

(bii) 

Figure 8.7: Labelling specifications for MLH coordination mode (a), where GLH was 

randomly chosen. Labelling specifications for MLH coordination mode (b), where GLH was 

randomly chosen to represent the tetragonally distorted octahedral geometries (bi)  and GFH 

was randomly chosen to represent the square pyramidal geometries (bii). 
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Table 8.6: Bond lengths of coordination modes (a) and (b) for the MLH species of Cu-GLH, 

Cu-Sar-LH, Cu-GFH and Cu-Sar-FH. 

Coordination 

mode 

Labelled bond 

length 
Complex 

Bond length (Å) 

B3LYP/6-31++G** 

Bond length (Å )    

literature 

(a) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cu-N1 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

2.027 

2.038 

2.022 

2.031 

 

1.883 - 2.04331–34 

Cu-O1 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

2.002 

2.007 

2.006 

1.997 

 

1.902 - 1.97439 

Cu-W1 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

2.003 

2.007 

1.985 

2.038 
1.95 - 1.9834,40 

Cu-W2 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

2.054 

2.053 

2.052 

2.038 

Cu-W3 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

3.061 

3.059 

3.242 

3.405 

2.225 - 2.94331,34,41,42 

(b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cu-N4 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

1.978 

1.979 

2.011 

2.011 

1.883 - 2.0031–33 

Cu-O3 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

1.969 

1.969 

1.958 

1.959 

1.902 - 1.97439 

Cu-W1 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

2.074 

2.074 

2.047 

2.049 
1.95 - 1.9834,40 

 

Cu-W2 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

2.080 

2.086 

2.071 

2.070 

Cu-W3 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

3.068 

3.417 

3.068 

3.082 

 

 

 

2.225 - 2.94331,34,41,42 

Cu-W4 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

3.401 

3.368 

- 

- 
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Table 8.7: Bond angles of coordination modes (a) and (b) for the MLH species of Cu-GLH, 

Cu-Sar-LH, Cu-GFH and Cu-Sar-FH. 

Coordination 

mode 

Labelled bond 

angle 
Complex 

Bond angle (°), 

B3LYP/6-31++G** 

Bond angle (°)        

literature 

(a) 

 

 

 

 

 

 

 

N1-Cu-O1 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

82.9 

82.9 

82.7 

83.0 

80.8° - 99.6°32,33,37–39 

O1-Cu-W1 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

94.4 

93.9 

92.4 

91.3 

W1-Cu-W2 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

92.9 

92.8 

93.8 

94.9 

W2-Cu-N1 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

89.8 

90.2 

91.0 

92.2 

N1-Cu-W1 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

174.2 

173.8 

174.7 

164.7 

164.2° - 177.5°32,33,37–39 

O1-Cu-W2 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

172.7 

173.0 

173.4 

172.0 

N1-Cu-W3 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

93.6 

94.0 

87.8 

102.9 

84.7° - 111.2°32,34,41 

O1-Cu-W3 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

105.5 

107.1 

101.7 

77.3 

W1-Cu-W3 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

92.1 

92.1 

91.2 

89.6 

W2-Cu-W3 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

75.0 

74.3 

76.3 

97.6 

(b) 
N4-Cu-O3 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

101.1 

101.6 

98.2 

97.6 

80.8° - 99.6°32,33,37–39 

O3-Cu-W1 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

82.6 

82.1 

85.0 

85.5 

W1-Cu-W2 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

 

89.2 

88.9 

82.0 

82.2 
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W2-Cu-N4 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

88.4 

88.6 

95.7 

95.4 

N4-Cu-W1 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

170.4 

170.9 

172.8 

173.3 

164.2° - 177.5°32,33,37–39 

O3-Cu-W2 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

168.5 

167.8 

164.5 

165.8 

N1-Cu-W3 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

89.2 

87.2 

101.9 

99.8 

84.7° - 111.2°32,34,41 

O1-Cu-W3 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

105.7 

105.4 

81.9 

83.7 

W1-Cu-W3 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

81.3 

83.8 

84.9 

86.4 

W2-Cu-W3 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

80.8 

81.7 

88.5 

88.4 

N1-Cu-W4 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

93.9 

93.6 

- 

- 

O1-Cu-W4 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

90.6 

90.3 

- 

- 

W1-Cu-W4 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

94.9 

94.8 

- 

- 

W2-Cu-W4 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

82.1 

82.2 

- 

- 

 

Looking at Table 8.6, the bond lengths of the equatorial bonds in coordination mode (a) are all 

relatively the same magnitude, which means that all the bonds are experiencing a similar or 

symmetrical torsional strain. While in coordination mode (b), for GLH and Sar-LH, N4-Cu and 

Cu-O3 are the shortest equatorial bond lengths and Cu-W1 and Cu-W2 the longest; and for 

GFH and Sar-FH, Cu-O3 is the shortest equatorial bond length and Cu-W1 and Cu-W2 are the 

longest. This means that the bonds coordinating copper(II) to the ligand are experiencing less 

strain than the bonds between copper(II) and water. All the equatorial bond lengths from both 

coordination modes (a) and (b) are comparable to literature. The axial bonds, Cu-W3 and Cu-
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W4, are recorded to be relatively longer than literature values for both coordination mode (a) 

and (b). This raised the question regarding whether the bond is present or not and resulted in 

the bond being removed and the structures reoptimized. The resultant max values for these 

reoptimized structures were still between approximately 700-850 nm. Since these reoptimized 

structures were then square planar, a max value of 700-850 nm is not possible as square planar 

geometries have max values of about 526 nm43. This therefore showed that the axial bond was 

significant and should be included. Cu(H2O)6 was optimised under the same conditions 

(B3LYP/6-31++G**) as the complexes, so that the axial bond lengths could be measured. The 

two axial bond lengths were recorded to be 3.048 Å and 3.129 Å. These bond lengths are also 

relatively long compared to literature and so justifies that the axial water bonds in a complex 

are expected to be of a similar length or slightly longer, which is what is seen in the MLH 

coordination modes.  

 

All the bond angles in a square pyramidal or octahedral geometry should be close to 90° and 

the planar aspect should be close to 180°. Looking at Table 8.7, the equatorial bond angles of 

coordination mode (a) are all relatively close to the optimum 90° and fall within literature 

ranges. The N1-Cu-O1 angle deviates the most, while the other three angles are approximately 

equal in magnitude and are only a few degrees deviated from the optimum 90°. This is 

expected, since these three angles are formed from non-bound water molecules and therefore 

the water molecules can form angles close to the optimum angle more easily than bite angles. 

For the planar aspect, both N1-Cu-W1 and O1-Cu-W2 deviated by a similar amount for GLH, 

Sar-LH and GFH and all values are less than 10° away from the optimum 180°. For Sar-FH, 

N1-Cu-W1 deviated slightly more than O1-Cu-W2, but is still within literature ranges and only 

deviated 15.3° away from the optimum 180°. The axial water bonds should also have an angle 

of 90° with respect to the N1-O1-W1-W2 plane. The deviation of the axial bonds is greater 

compared to the deviation of the equatorial bonds, but these deviations are still comparable to 

literature. 

 

Similarly, the bond angles of coordination mode (b) are also all relatively close to the optimum 

90° and comparable to literature values, except for N4-Cu-O3 and O1-Cu-W3 of GLH and Sar-

LH which have deviated to a larger degree compared to the other angles. Nevertheless, all these 

angles are still close to the optimum angle. For the planar aspect, O3-Cu-W2 deviated more 

from 180° than N4-Cu-W1, but again all angles representing the planar aspect of the ligands 
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are within literature ranges and the biggest deviation is 15.5°. Similarly, the deviation of axial 

bonds in coordination mode (b) are also higher than the deviation of the equatorial bonds, but 

again they are still comparable to literature. 

 

The similar bond lengths and similar deviated bond angles between coordination mode (a) and 

coordination mode (b) of each ligand show why the two coordination modes have similar 

ground state energies. To verify this further, the dihedral angles that are created from the plane 

of N1-O1-W1-W2 in coordination mode (a) and the plane of N4-O3-W1-W2 in coordination 

mode (b) were compared and can be seen in Table 8.8. The deviation from planarity is relatively 

similar and therefore adds to the verification of the similar ground state energies.  

 

Table 8.8: Dihedral angles from the MLH species of Cu-GLH, Cu-Sar-LH, Cu-GFH and 

Cu-Sar-FH. 

Complex 
N1-O1-W1-W2 dihedral angle, 

B3LYP/6-31++G**   

Coordination mode (a) 

N4-O3-W1-W2 dihedral angle, 

B3LYP/6-31++G**   

Coordination mode (b) 

Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

3.351 

2.852 

-0.243 

-14.182 

-11.421 

-11.290 

10.729 

9.417 

 

Overall, the bond lengths and slight deviations from the optimum angles in the equatorial plane 

for coordination modes (a) and (b) also verify that the coordination modes are experiencing 

minimal strain. The deviation of the axial bonds adds a slight distortion to the geometry, but 

still reflects a geometry of a typical tetragonally distorted octahedral or square pyramidal 

coordination. This verifies that the selected DFT levels (B3LYP/6-31++G**) are valid for this 

system. 

 

8.3.3 The MLH-1 species  

 

The MLH-1 species from Cu-GLH has three different possible coordination modes that were 

proposed in the potentiometric section. The first is to the amine (N1) and two amide-Ns (N2, 

N3) with a protonated imidazole-N; the second is to the amine (N1), neighbouring amide-N 

(N2) and to the imidazole-N (N4); and the third is to the amine (N1), two amide-Ns (N2, N3) 

and the carboxyl-O (O3) with a protonated imidazole-N. Potentiometry suggested that the third 

coordination mode is the most likely to form because it forms three stable 5-membered chelate 
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rings. In comparison, the first and second coordination modes only form two and one 5-

membered chelate rings respectively. Molecular modelling using DFT can firstly help to 

determine which of these coordination modes is most likely to form by comparing the ground 

state energies. Secondly, DFT can calculate the max of each complex, which will help to 

explain why an absorption band for this complex species cannot be detected on the UV-Vis 

spectrum.  

 

Similarly, the starting structure for each coordination mode placed copper(II) in an octahedral 

environment and then each structure was optimized. Coordination modes (a) and (c) resulted 

in a square planar geometry, whereas coordination mode (b) resulted in a distorted square 

pyramidal geometry with an elongated axial water bond. These three coordination modes then 

became a benchmark for an additional optimization which excluded non-bonding water 

molecules. Similarly, the energy difference between the coordination modes is taken relative 

to the most stable coordination mode. These three coordination modes with their relative 

energy differences can be seen in Figure 8.8. Coordination mode (b) has been represented in 

both a face down view in Figure 8.8 (b)(i) and a side view in Figure 8.8 (b)(ii). The face down 

view shows the coordination sites and overall structure of the species, while the side view 

shows the distorted square pyramidal geometry. Coordination mode (b) has one more water 

molecule than coordination mode (a) and two more water molecules than coordination mode 

(c). Therefore, to compare the ground state energies, the ground state energy of water under 

the same conditions (B3LYP/6-31++G**) was added to the ground state energy of coordination 

mode (a) and added twice to the ground state energy of coordination mode (c). Note that in 

these calculations, entropy changes were not taken into account. The biggest difference in 

energy between the three coordination modes is 37.40 kJ/mol, which is not significant enough 

to say that the one coordination mode will form more likely in solution over the other. 

Therefore, in terms of energy, all three coordination modes could potentially be found in 

solution.  
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(a) 

37.40 kJ/mol 

 
(c) 

0.00 kJ/mol 

 

 
(i) 

 

 
 

(ii) 

(b) 

27.75 kJ/mol 

Figure 8.8: Proposed structures of the MLH-1 species of Cu-GLH. Coordination mode (a) has 

an amine (N1) and two amide-Ns (N2, N3) coordination; coordination mode (b) has an amine 

(N1), neighbouring amide-N (N2) and imidazole-N (N4) coordination; and coordination mode 

(c) has an amine (N1), two amide-Ns (N2, N3) and a carboxyl-O (O3) coordination. (bi) 

represents coordination mode (b) at a face down angle with a removed axial water bond and 

(bii) represents coordination mode (b) at a side angle.  

 

The calculated max values of all three coordination modes can be seen in Table 8.9. 

Coordination modes (a) and (c) produce electronic transitions which correspond to a calculated 

max of 569 nm and 592 nm respectively. The max  of the MLH-2 species occurs between 517-
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523 nm for all ligands, which means that the max  of coordination modes (a) and (c) will be 

hidden by the large absorption band of the MLH-2 species. According to the potentiometry 

speciation diagrams, the concentration of the MLH-1 species is low in comparison to the MLH-2 

species and therefore even though the max values do not overlap exactly, they are still close 

enough for the absorption band of MLH-2 to dominate over the absorption band of coordination 

modes (a) and (c). Coordination mode (b) produces an electronic transition which corresponds 

to a calculated max of 763 nm. Similar to the MLH species, the max  of coordination mode (b) 

overlaps with the broad absorption band of Cu(H2O)6, and since the concentration of the MLH-1 

species is low, the absorption  of coordination mode (b) will be hidden. This provides a credible 

explanation for why the absorption band for the MLH-1 species was not seen. It also suggests 

that coordination modes (a) and (c) contribute to the violet-pink colour change of the complex 

solution as the pH is increased from 2-11. Interestingly, UV-Vis suggested that coordination 

mode (b) should also be hidden by the MLH-2 absorption band as a result of calculating the 

max values using Sigel and Martin’s44 parameters. This suggests that because the calculated 

(TD-DFT calculations) max  value from coordination mode (b) is much higher than the max  

value (595 nm) using Sigel and Martin’s44 parameters, the distortion of the square pyramidal 

geometry is significant and results in the vast difference.  

 

Table 8.9: The calculated max of the coordination modes (a), (b) and (c) of the MLH-1 species 

from Cu-GLH.  

Coordination mode max (nm) calculated 

(a) 569 
(b) 763 
(c) 592 

 

The bond lengths and bond angles of coordination modes (a), (b) and (c) can be seen in Table 

8.10 and 8.11 respectively. The labelling for each atom of interest can be seen in Figure 8.9. 

Looking at Table 8.10, the bond lengths of the equatorial bonds for all the coordination modes 

are all comparable to literature. For all coordination modes, the Cu-N2 bond length is the 

shortest and least strained. The Cu-W1 bond is the longest and most strained bond for 

coordination modes (a) and (b), while the Cu-N1 bond is the longest and most strained bond 

for coordination mode (c). Similar to the MLH species, the Cu-W2 axial bond of coordination 

mode (b) is relatively long, but still significant.  
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(a) 

 
(b) 

 

 
(c) 

Figure 8.9: Labelling specifications for the MLH-1 coordination modes (a), (b) and (c) of 

Cu-GLH. 

 

A square planar and square pyramidal geometry should have bond angles close to 90° and the 

planar aspect should be close to 180°. For coordination mode (a), all the angles are close to the 

optimum 90° and comparable to literature. For the planar aspect, N1-Cu-N3 deviates more 

from the optimum 180° than N2-Cu-W1, but the deviation is still within literature ranges. The 

planar dihedral angle that is produced from the plane created from N1-N2-N3-W1, is -8.325°, 

and shows that the planar aspect is indeed planar.  
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For coordination mode (c) the O3-Cu-N1 angle has deviated quite significantly from the 

optimum 90°, but this is due to the formation of a three 5-membered chelate ring system, which 

causes the greatest strain in the non-bite angle. The bite angles are all close to the optimum 90° 

and the angles that measure the planar aspect deviate away from the optimum 180° to a similar 

degree. These angles are also within literature ranges. The planar dihedral angle that is 

produced from the plane created from N1-N2-N3-O3, is 6.948°, and again shows that the planar 

aspect is planar.  

 

Since coordination mode (b) was found to have a distorted square pyramidal geometry, these 

angles are expected to deviate significantly. The bond angles, N4-Cu-W1 and W1-Cu-N1 were 

found to be the closest angles to 90° and this is due to the ability of the water molecule to freely 

move and find an optimum position in space. The N1-Cu-N2 angle is also relatively close to 

90° and falls within the literature range, but the N2-Cu-N4 angle has significantly deviated and 

falls outside of the literature range. For the planar aspect, both the N1-Cu-N4 and N2-Cu-W1 

angles have significantly deviated to an extent that the angles could represent a geometry that 

is between a planar and a tetrahedral angle (tetrahedral angles are typically 109.5°). This 

deviation is also confirmed with the planar dihedral angle that is produced from the plane 

created from N1-N2-N4-W1, which is -39.646°. The axial water bond should also have an 

optimum angle of 90° with respect to the plane of N1-N2-N4-W1, but since the plane is 

distorted, the axial bond will also deviate from the ideal angle. The deviation from angles 

N1-Cu-W2 and N2-Cu-W2 is within the literature range, while the deviation from angles 

N4-Cu-W2 and W1-Cu-W2 is outside of the literature range. All these deviations therefore 

confirm that coordination mode (b) is experiencing high distortion.  

 

Nevertheless, the bond lengths and bond angles of all three coordination modes are reasonable 

and verify that the selected DFT levels (B3LYP/6-31++G**) are valid for this system. 
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Table 8.10: Bond lengths from the MLH-1 coordination modes (a), (b) and (c) of Cu-GLH.  

Coordination 

mode 
 Labelled bond length 

Bond length (Å) 

B3LYP/6-31++ G** 

Bond length (Å )        

literature 

 

(a) 

Cu-N1 2.064 1.883 - 2.04331–34 

Cu-N2 1.921 
1.907 - 2.0531,33,35,36 

Cu-N3 1.992 

Cu-W1 2.087 1.95 - 1.9834,40 

 

 

(b) 

Cu-N1 2.032 1.883 - 2.04331–34 

Cu-N2 1.990 1.907 - 2.0531,33,35,36 

Cu-N4 2.066 1.883 - 2.0031–33 

Cu-W1 2.101 1.95 - 1.9834,40 

Cu-W2 3.700 2.225 - 2.94331,34,41,42 

 

(c) 

Cu-N1 2.067 1.883 - 2.04331–34 

Cu-N2 1.934 
1.907 - 2.0531,33,35,36 

Cu-N3 1.956 

Cu-O3 2.012 1.902 - 1.97439 

 

Table 8.11: Bond angles from the MLH-1 coordination modes (a), (b) and (c) of Cu-GLH.  

Coordination 

mode 
Labelled bond angle 

Bond angle (°), 

B3LYP/6-31++ G** 

Bond angle (°) 

literature 

 

 

(a) 

N1-Cu-N2 83.0  

80.8° - 99.6°32,33,37–39 
N2-Cu-N3 83.0 

N3-Cu-W1 100.2 

W1-Cu-N1 94.3 

N1-Cu-N3 164.5 
164.2° - 177.5°32,33,37–39 

N2-Cu-W1 174.4 

 

 

 

 

(b) 

N1-Cu-N2 82.0  

80.8° - 99.6°32,33,37–39 
N2-Cu-N4 108.2 

N4-Cu-W1 91.4 

W1-Cu-N1 92.8 

N1-Cu-N4 144.4 
164.2° - 177.5°32,33,37–39 

N2-Cu-W1 153.1 

N1-Cu-W2 100.4  

84.7° - 111.2°32,34,41 
N2-Cu-W2 80.8 

N4-Cu-W2 114.7 

W1-Cu-W2 74.2 

 

 

(c) 

N1-Cu-N2 83.3  

80.8° - 99.6°32,33,37–39 
N2-Cu-N3 83.3 

N3-Cu-O3 82.9 

O3-Cu-N1 110.6 

N1-Cu-N3 166.5 
164.2° - 177.5°32,33,37–39 

N2-Cu-O3 164.3 
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8.3.4 The ML species  

 

The ML species of Cu-Sar-LH has two possible coordination modes that were proposed in the 

potentiometric section. The one (coordination mode (a)), is coordinated to the amine (N1), 

neighbouring amide-N (N2) and the carbonyl-O (O2) of leucine with the imidazole-N 

protonated. The other (coordination mode (b)), is coordinated to the amine (N1) and 

neighbouring amide-N (N2) with the imidazole-N protonated. DFT calculations were used to 

determine which one is more likely to form and then propose a reason why the species was not 

visible in the UV-Vis spectrum.  

 

Both coordination modes were set to have copper(II) in an octahedral environment. The 

resultant geometry for coordination modes (a) and (b) is square planar and tetragonally 

distorted octahedral respectively. The non-bonding water molecule in coordination mode (a) 

was then removed and this resultant structure was benchmarked for an additional optimization. 

Both coordination modes can be seen in Figure 8.10. The energy difference between the 

coordination modes is taken relative to the most stable coordination mode. Coordination mode 

(b) has been represented in both a face down view in Figure 8.10 (b)(i) and a side view in 

Figure 8.10 (b)(ii). The face down view shows the coordination sites and overall structure of 

the species, while the side view shows the tetragonally distorted octahedral geometry. 

Coordination mode (a) has three less water  molecules than coordination mode (b) and so when 

comparing the ground state energies, the ground state energy of a water molecule under the 

same conditions (B3LYP/6-31++G**) was added thrice to the energy of coordination mode 

(a). Note that in these calculations, entropy changes were not taken into account. By comparing 

the energies, coordination mode (b) is only 22.84 kJ/mol more stable than coordination mode 

(a) and therefore both coordination modes have the potential to form in solution.    
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(a) 

22.84 kJ/mol 
 

 
 

(i) 

 

 
 

(ii) 

(b) 

0.00 kJ/mol 

Figure 8.10: Proposed structures of the ML species of Cu-Sar-LH. Coordination mode (a) has 

an amine (N1), neighbouring amide-N (N2) and carbonyl-O (O2) of leucine coordination and 

coordination mode (b) has an amine (N1) and neighbouring amide-N (N2) coordination. (bi) 

represents coordination mode (b) at a face down angle with a removed axial water bond and 

(bii) represents coordination mode (b) at a side angle.  

 

A table containing the calculated max values can be seen in Table 8.12. Coordination mode (a) 

produces an electronic transition which corresponds to a max of 586 nm and coordination mode 

(b) produces an electronic transition which corresponds to a max of 719 nm. This means that 

the absorption band of coordination mode (a) will overlap with the large absorption band of 

the MLH-2 species (max = 517-523 nm) and coordination mode (b) will overlap with the broad 
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absorption band of Cu(H2O)6 (max = 800 nm). Since both species have a low concentration, 

they will be hidden by either the MLH-2 or Cu(H2O)6 absorption band. This also suggests that 

coordination mode (a) could contribute towards the violet-pink colour change of the complex 

solution as the pH is increased from 2-11.  

 

This outcome for the ML species is consistent with the room temperature EPR superhyperfine 

lines that suggested a CuN2O2 chromophore. Coordination mode (b) agrees with UV-Vis, since 

it was suggested that a possible reason for not detecting the ML species is because the ML 

absorption band is hidden by the Cu(H2O)6  absorption band. In potentiometry, literature 

suggested that the coordination for the ML species will tend towards the more stable tridentate 

formation (coordination mode (a)). Therefore, the outcome from DFT calculations agrees that 

coordination mode (a) will form, but does not agree that it is the more stable form.  

 

Table 8.12: The calculated max  of the coordination modes (a) and (b) of the ML species from 

Cu-Sar-LH.  

Coordination mode max (nm) calculated 

(a) 586 

(b) 719 

 

The labelling for each atom of interest in each coordination mode can be seen in Figure 8.11. 

 

 

 
 (a)  (b) 

Figure 8.11: Labelling specifications for ML coordination modes (a) and (b) of Cu-Sar-LH.  
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When looking at the equatorial bond lengths in Table 8.13, Cu-N2 is the shortest in both 

coordination modes and therefore the least strained, while the other bond lengths in both 

coordination modes are longer, and all have similar values to one another. All these equatorial 

bond lengths are comparable to literature. In comparison, the axial water bonds for coordination 

mode (b) are substantially longer than literature values, but as mentioned previously, the bonds 

are still significant. 

 

As stated before, the optimum bond angles for square planar or octahedral geometries are 90°. 

When looking at Table 8.14, for coordination mode (a), all the bond angles deviate away from 

the optimum 90° to a similar degree and are within literature ranges. For the planar aspect, 

N1-Cu-O2 deviated more from the optimum 180° than N2-Cu-W1, but the deviation is still 

comparable to literature. The dihedral angle that is produced as a result of the plane created 

from N1-N2-O2-W1 is -5.658, which shows the geometry is typically square planar. 

 

For coordination mode (b) all the bond angles for both the plane and the angles for the axial 

water molecule are all close to 90° and comparable with literature. When checking the planar 

aspect of the geometry, both N1-Cu-W1 and N2-Cu-W2 are firstly close in value and secondly 

close to the optimum 180°. The dihedral angle that is produced as a result of the plane created 

from N1-N2-W1-W2 is 3.075. This slight deviation, as well as the relatively small deviations 

from the optimum angles, verifies that overall the coordination mode is experiencing minimal 

strain, except for the axial bond lengths. This therefore reflects a typical tetragonally distorted 

octahedral geometry, which along with the bond lengths and angles of coordination mode (a), 

verifies that the selected DFT levels (B3LYP/6-31++G**) are valid for this system.  

 

Table 8.13: Bond lengths from the ML coordination modes (a) and (b) of Cu-Sar-LH.  

Coordination 

mode 
Labelled bond length 

Bond length (Å) 

B3LYP/6-31++ G** 

Bond length (Å)    

literature 

 

(a) 

Cu-N1 2.050 1.883 - 2.04331–34 

Cu-N2 1.923 1.907 - 2.0531,33,35,36 

Cu-O2 2.040 1.902 - 1.97439 

Cu-W1 2.038 1.95 - 1.9834,40 

 

 

(b) 

Cu-N1 2.047 1.883 - 2.04331–34 

Cu-N2 1.983 1.907 - 2.0531,33,35,36 

Cu-W1 2.039 
1.95 - 1.9834,40 

Cu-W2 2.093 

Cu-W3 3.336 
2.225 - 2.94331,34,41,42 

Cu-W4 3.379 

 



213 
 

 

Table 8.14: Bond angles from the ML coordination modes (a) and (b) of Cu-Sar-LH.   

Coordination 

mode 
Labelled bond angle 

Bond angle (°), 

B3LYP/6-31++ G** 

Bond angle (°)        

literature 

 

 

(a) 

N1-Cu-N2 84.0  

80.8° - 99.6°32,33,37–39 
N2-Cu-O2 81.9 

O2-Cu-W1 97.5 

W1-Cu-N1 96.5 

N1-Cu-O2 163.6 
164.2° - 177.5°32,33,37–39 

N2-Cu-W1 178.7 

 

 

 

 

 

 

(b) 

N1-Cu-N2 82.8  

80.8° - 99.6°32,33,37–39 
N2-Cu-W1 98.4 

W1-Cu-W2 83.0 

W2-Cu-N1 95.8 

N1-Cu-W1 175.2 
164.2° - 177.5°32,33,37–39 

N2-Cu-W2 178.5 

N1-Cu-W3 84.4  

 

84.7° - 111.2°32,34,41 

N2-Cu-W3 101.1 

W1-Cu-W3 90.8 

W2-Cu-W3 78.2 

N1-Cu-W4 89.2 

N2-Cu-W4 97.9 

W1-Cu-W4 95.3 

W2-Cu-W4 82.6 

 

8.4 Conclusion  

 

The coordination modes and square planar geometry of the MLH-2 species for all ligands were 

verified with DFT calculations. The two MLH coordination modes for each ligand were already 

known, but the geometry was unknown. DFT verified these coordination modes, where 

coordination mode (a) has an amine and neighbouring carbonyl-O coordination with a 

protonated imidazole-N, and coordination mode (b) has an imidazole-N and carboxyl-O 

coordination with a protonated amine. DFT also found the geometry to be square pyramidal  

for coordination modes (a) and (b) of GFH and Sar-FH, as well as coordination mode (a) of 

GLH and Sar-LH. Coordination mode (b) of GLH and Sar-LH was found to be tetragonally 

distorted octahedral.  

 

From three possible coordination modes for the MLH-1 species of Cu-GLH, all three 

coordination modes have the same potential to form in solution. Coordination mode (a), where 

copper(II) coordinates to the amine and two amide-Ns with a protonated imidazole-N, and 

coordination mode (c), where copper(II) coordinates to the amine, two amide-Ns and a 

carboxyl-O with a protonated imidazole-N, were both found to be square planar. Coordination 
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mode (b), where copper(II) coordinates to the amine, the neighbouring amide-N and the 

imidazole-N, was found to be a distorted square pyramid.  

 

The two possible coordination modes for the ML species of Cu-Sar-LH were both found to 

have the same potential for forming in solution. Coordination mode (a), where copper(II) has 

coordinated to the amine, neighbouring amide-N and the carbonyl-O of leucine with the 

imidazole-N protonated, was found to be square planar. Coordination mode (b), where 

copper(II) has coordinated to the amine and neighbouring amide-N with the imidazole-N 

protonated, was found to be a tetragonally distorted octahedral geometry.   

 

DFT calculations also provided a reason for the lack of a visible UV-Vis absorption peak in 

the experimental UV-Vis section for the MLH, ML and MLH-1 species. The absorption band 

for both the coordination modes of the MLH species is concealed behind the broad absorption 

band of Cu(H2O)6.  For the MLH-1 species of Cu-GLH, coordination modes (a) and (c) are 

concealed behind the large absorption band of the MLH-2 species and coordination mode (b) is 

concealed behind the broad absorption band of Cu(H2O)6. For the ML species of Cu-Sar-LH, 

coordination mode (a) is concealed behind the large absorption band of the MLH-2 species and 

coordination mode (b) is concealed behind the broad absorption band of Cu(H2O)6.  
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9. Dermal Absorption 

 

 

9.1 Introduction 

 

The administration of copper(II) into the body has two convenient routes; via an oral or a 

transdermal route. A third route is via subcutaneous/parenteral administration.1,2 However, a 

subcutaneous administration means that patients have to seek professional help to administer 

the copper(II) and irritation can occur at the site of the injection, so this route is not favoured.3 

Parenteral administration has been beneficial in showing that simple copper(II) salts, such as 

copper(II) chloride, do reduce inflammation by an amount that is proportional to the amount 

of copper(II) injected.1 Jackson et al.1 also found that once in vivo, the copper(II) complexes 

will protect against oedema, which is also proportional to the amount administered.  

 

For oral administration, the copper(II) complex has to withstand low stomach pH and be 

absorbed through a variety of body compartments. The normal dietary intake of copper(II) is 

2.5-5.0 mg, of which only approximately 30% is absorbed by the small intestine. Copper(II) is 

also naturally absorbed as low molecular weight complexes, which are monomeric, acidic 

amino acids in the L-configuration. However, this absorption is suppressed by other metals and 

ligands like Ca2+ and PO4
3-.1,2 Non-absorbed copper(II) salts are irritants which cause ulceration 

and oedema.4 Therefore administering copper(II) orally could be harmful. Additionally, if 

absorption does occur, copper(II) will be exposed to protein binding in the plasma and this will 

decrease the bioavailability of copper(II) even further.1,2 Thus an oral administrative pathway 

is also not favoured.  

 

The transdermal absorption route requires the copper(II) complex to diffuse passively across 

the skin barrier and enter the blood plasma. This route is limited by the diffusion ability of the 

copper(II) complex, which is essentially governed by its lipophilicity and protein binding 

properties.5,6 Besides the limitations associated with the dermal permeability of the copper(II) 

complex, this route is nonharmful and convenient for patients. Therefore, it is the aim of this 

study to develop a copper(II) complex that can be administered topically. 
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Skin is a multi-layered organ that consists of three layers, namely the epidermis, the dermis 

and the subcutis. The epidermis is the outermost layer which is separated into five layers, with 

the stratum corneum being the outermost layer of the epidermis and therefore of the skin.7 It is 

the stratum corneum that can be considered as the rate-limiting barrier for skin permeation of 

drugs.8,9 It is usually 15-20 μm thick and consists of two alternating amorphous lipophilic and 

hydrophilic layers.10 The hydrophilic layer has keratinized corneocytes and in between these 

cells is the lipophilic lipid layer, called the lamellar membrane. The lamellar membrane is 

arranged in bilayers and essentially fills the space between the hydrophilic keratinized 

corneocytes.7,11–13 Permeation of drugs through the skin is a passive diffusion process, which 

can be defined by Fick’s first law of diffusion.14,15 Depending on the nature of the chemicals, 

there are three pathways for drugs to pass through the stratum corneum. The major pathway is 

an intercellular pathway that goes through the lipid bilayer. The second pathway is an 

intracellular route through the corneocytes and a smaller portion of the lipid bilayer when 

travelling from cell to cell.16,17 The third pathway is through the skin appendages, which 

includes sweat and sebaceous glands, and hair follicles. However, the total flux through these 

appendages is 0.1-1 % for total skin coverage and so this is not a favourable route.7,11,18 A 

diagram that shows the layers of the skin, the structure of the stratum corneum and the three 

different pathways for drug penetration through the skin can be seen in Figure 9.1.  

 

 

Figure 9.1: An illustration showing the different layers of the skin, the structure of the stratum 

corneum and the different pathways a drug can take to diffuse through the skin.17 
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The major intercellular pathway is the ideal route for the copper(II) complexes and therefore 

to pass through a lipophilic layer, they essentially need to be non-polar and lipophilic 

themselves. However, assuming a lipophilic complex is found, once diffused through the 

stratum corneum, the complex will have to enter an aqueous medium. If the lipophilic complex 

is too lipophilic, it will remain in the stratum corneum and so a balance between lipophilicity 

and hydrophilicity has to be achieved.7  

 

Other factors that affect the permeability of a drug are the molecular size and hydrogen 

bonding.  Molecule size could affect the pathway the drug takes, while hydrogen bonding can 

affect non-covalent interactions with proteins in the skin.7 Once the complexes have diffused 

through the stratum corneum and the other layers of the epidermis, they will diffuse through 

the dermis and enter blood capillaries. The dermis consists of collagen and elastin that has been 

embedded in a mix of mucopolysaccharides.7 It also consists of  mast cells, macrophages, 

lymphocytes and melanocytes, as well as blood vessels, nerves and skin appendages. Due to 

the structural composition, the dermis is less of a diffusion barrier compared to the stratum 

corneum, but lipophilic drugs may experience a reduction in permeation.19 Since blood 

capillaries are situated in the dermis layer, the complexes will not reach the subcutis layer.7,11   

 

To determine how effective the copper(II) complexes are at undergoing transdermal 

absorption, two methods were used. The one is the Flask Shake method, which gives the 

partition coefficients and the second is the Franz cell diffusion method, which gives the 

permeability coefficients. 

 

9.2 Octanol/Water Partition Coefficient 

9.2.1 Flask Shake method 

 

Octanol/water partition coefficients are seen as a reference parameter for lipophilicity, which 

can give an estimation for the transdermal transport of a drug. The most common method of 

measuring octanol/water partition coefficients is using the Flask Shake method, which adds a 

known concentration of analyte to water. An organic solvent is then added which extracts the 

analyte. The amount of analyte in the organic solvent and the amount of analyte remaining in 

the water is measured and the ratio is used to determine the partition coefficient. For metal 

complexes the partition coefficient is defined as: 
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log Poct/aq  = log (
[Cu(II)]oct

[Cu(II)]aq
) 

(9.1) 

where [Cu(II)]oct is the copper(II) concentration that is extracted into the organic phase and 

[Cu(II)]aq is the copper(II) concentration that remains in the aqueous phase.7 The separation of 

the two phases is assumed to be complete when two distinct layers can be seen.  

 

9.2.2 Experimental  

 

Each complex was prepared with a 1:1 copper(II) ligand ratio in 50 ml of HCl (0.01 M) and 

background electrolyte (0.15 M). The concentration of the ligands was 0.004 M and the 

concentration of copper(II) was adjusted to be slightly lower at 0.0035 M to prevent the 

precipitation of Cu(OH)2, but still maintain an approximate 1:1 ratio. 1.4 ml of copper(II) 

ligand solution was added to 20 glass vials for each ligand. The pH was adjusted using NaOH, 

so that it was increased in increments of 0.3-0.5, starting at pH 2 and ending at pH 11. After 

this, 5 ml of water-saturated 1-octanol solution was added to each glass vial. The glass vials 

where then shaken for 1 min and then left to stand for another 10 min to allow the two phases 

to separate.  

 

1 ml of organic layer from each vial was withdrawn and placed into separate vials. 7 ml of 5 

% HNO3 was added to each withdrawn organic phase. The vials were again shaken for 1 min 

and left to stand for 10 min. This allows the copper(II) to extract back into the aqueous phase. 

5 ml of the 5 % HNO3 solution, containing the aqueous phase, was withdrawn and placed into 

another vial. These vials were then used to determine the copper(II) concentration of the 

organic phase.   

 

For the aqueous phase, 0.5 ml was extracted from each vial after the two phases had separated 

and placed into separate vials. Then 24.9 ml of 5 % HNO3 solution was added into each vial so 

that a total volume of 25.4 ml was obtained. From this, 5 ml of aqueous solution was withdrawn 

from each vial and placed into another vial, so that the copper(II) concentration of the aqueous 

phase could be determined. These volumes were specifically calculated because a final 

copper(II) concentration of between 1-2 ppm for the aqueous phase was required.  
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The copper(II) concentrations were analysed using an Agilent 4100 Microwave Plasma Atomic 

Emission Spectrometer (4100 MP-AES) from Agilent technologies and the data were analysed 

using MP Expert, Microwave Plasma Instrument software, version 1.1.1.45895. For the 

organic phase, standard solutions of 0.02, 0.05, 0.2, 0.5, 0.8, 1, 1.6, 2, 3, and 5 ppm were 

prepared using 5 % HNO3. For the aqueous phase, standard solutions of 0.5, 1, 2, 2.5, 3, 4, 5 

ppm were prepared using 5 % HNO3 solution. The MP-AES was set to a wavelength of 324.795 

nm.    

 

A flow diagram that outlines the method can be seen in Figure 9.2.  

 

 

Figure 9.2: Flow diagram that depicts the flask shake method.  
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9.2.3 Results and Discussion 

 

The partition coefficients (log Poct/aq) were plotted against pH for each copper(II) complex and 

then overlaid onto the corresponding speciation diagrams, so that it is easy to identify which 

species are contributing to the trends seen in the partition coefficient curves. These overlaid 

graphs can be seen in Figures 9.3-9.6. A general similarity for Figures 9.3-9.6 is that over the 

pH range from 2-11, all the partition coefficient values are negative. At low pH values, only 

hydrated copper(II), [Cu(OH2)6]
2+, is present, which means the log Poct/aq values of -3.30 

to -3.45, are due to hydrated copper(II). Other studies from literature have also found that 

before complexation occurs, in the acidic region, the low partition coefficient values are due to 

hydrated copper(II).5,30–32 For all graphs, as the pH increases, the partition coefficient curves 

increase to reach a peak between approximately pH 4.6-5.5, after which they decrease and 

plateau with log Poct/aq values of approximately -3.10 to -3.27. By overlaying the partition 

coefficient values with the corresponding speciation diagram, it shows that the MLH and 

MLH-1 species for Cu-GLH, the MLH and ML species for Cu-Sar-LH and the MLH species 

for both Cu-GFH and Cu-Sar-FH, are responsible for the peak in each partition coefficient 

curve.  

 

 

Figure 9.3: Species distribution curve for Cu-GLH at 25 °C in 0.15 mol.dm-3 of NaCl overlaid 

with the partition coefficient values of Cu-GLH (1:1) over a pH range from 2-10. Error bars 

have been included, but they are small and hidden behind the data points. 
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Figure 9.4: Species distribution curve for Cu-Sar-LH at 25 °C in 0.15 mol.dm-3 of NaCl 

overlaid with the partition coefficient values of Cu-Sar-LH (1:1) over a pH range from 2-10. 

 

 

Figure 9.5: Species distribution curve for Cu-GFH at 25 °C in 0.15 mol.dm-3 of NaCl overlaid 

with the partition coefficient values of Cu-GFH (1:1) over a pH range from 2-10. Error bars 

have been included, but they are small and hidden behind the data points. 
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Figure 9.6: Species distribution curve for Cu-Sar-FH at 25 °C in 0.15 mol.dm-3 of NaCl overlaid 

with the partition coefficient values of Cu-Sar-FH (1:1) over a pH range from 2-10. Error bars 

have been included, but they are small and hidden behind the data points. 

 

Octanol is an aliphatic alcohol, and so the more lipophilic a compound is, the more soluble it 

will be in the octanol phase. The lipophilicity of a complex or drug can be separated into four 

distinct areas. log Poct\aq = 0-2.5 is a low lipophilicity, log Poct\aq = 2.5-5 is an intermediate 

lipophilicity, log Poct\aq = 5-7 is a high lipophilicity and log Poct\aq ≥ 7 is a very high 

lipophilicity.33 However, for transdermal absorption, a drug can be too lipophilic and instead 

of being absorbed through the skin, it gets trapped in the dermal layer.34 Therefore, Zvimba et 

al.35 suggests that for transdermal absorption to take place, the lipophilicity of a drug needs to 

be log Poct\aq = 0.6.  Following these definitions, the negative partition coefficients found in all 

four copper(II) complexes make them hydrophilic. However, as can be seen in Figures 9.3-9.6, 

the different species for each copper(II) complex have varying degrees of hydrophilicity and 

therefore depending on the pH, each complex has some lipophilic character. This makes a 

particular species able to dissolve into the octanol phase more readily than another species at a 

specific pH.  

 

The types of species found between the four copper(II) complexes are the [MLH]2+, [ML]+ 

[MLH-1] and [MLH-2]
- species, each of which has a different charge. The charge of a complex 

affects its ability to move into the octanol phase, since the less charged a complex is, the more 

lipophilic it is and thus the more easily it can dissolve into the octanol phase. This is because 
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in the aqueous phase, the polar nature of water stabilizes the charge which causes the charged 

complex to preferentially remain in the aqueous phase. Other factors that also contribute to the 

hydrophilicity of the complexes are the formation of hydrogen bonds between the carbonyl and 

water molecules, as well as the bonding between charged groups within each species and NaCl. 

To calculate the charge of each complex, the ligands GLH, Sar-LH, GFH and Sar-FH are 

viewed in the state where the carboxyl group has lost a hydrogen, and the amine and imidazole 

groups are not protonated; this gives an overall ligand charge of -1. Copper(II) has a charge of 

+2, and therefore the MLH species has a charge of +2, the ML species has a charge of +1, the 

MLH-1 species has a charge of 0 and the MLH-2 species has a charge of -1. Thus, the expected 

order of lipophilicity is MLH-1 > ML = MLH-2 > MLH.     

 

A physiological pH of 7.4 only refers to the blood plasma. The surface of the skin has a fine 

film called the mantle, which is slightly acidic with an average pH of 4.5-6.7. This mantle is a 

natural protection against infectious pathogens and therefore topical creams should be within 

this pH range or be pH-neutral (7) so that the mantle is not disrupted.36 As a result of this pH 

requirement, the partition coefficient results will be analysed at the physiological pH of 7.4, as 

well as between pH 4.6-5.5.  

 

At pH 7.4, the MLH-2 species is the only species present for all four copper(II) complexes and 

so the partition coefficient value at this pH is solely due to MLH-2. The pH range of 4.6-5.5 

firstly falls within the pH requirement for topical skin products and secondly it is where there 

is a maximum peak for all the partition coefficient curves. Specifically, the maximum peak for 

Cu-GLH, Cu-Sar-LH, Cu-GFH and Cu-Sar-FH occurs at approximately pH 5.5, pH 5.2, pH 

4.6 and pH 4.9 respectively. These log Poct\aq values, as well as the log Poct\aq values for 

copper(II) chloride at pH 3 have been tabulated in Table 9.1. It is noted that at pH 7.4, the log 

Poct\aq values are essentially the same as the log Poct\aq values for copper(II) chloride. 

Furthermore, the amount of copper(II) that has been extracted into the octanol phase, is only 

0.06%, 0.05%, 0.08% and 0.05% for Cu-GLH, Cu-Sar-LH, Cu-GFH and Cu-Sar-FH 

respectively, which is negligible. Since the copper(II) complexes have similar partition 

coefficient results to copper(II) chloride at pH 7.4, it is expected that the permeability of the 

complexes and thus their effectiveness to undergo transdermal absorption, will be similar to 

copper(II) chloride. Conversely, between pH 4.6-5.5 the complexes form an MLH and MLH-1 

species for Cu-GLH, an MLH and ML species for Cu-Sar-LH and an MLH species for Cu-GFH 

and Cu-Sar-FH, which cause the complexes to become more lipophilic than copper(II) 
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chloride. It is interesting to note that even though the MLH species and the ML species are 

expected to be less or equal to the lipophilicity of the MLH-2 species, they both appear to be 

more lipophilic than the MLH-2 species. The copper(II) extraction into the octanol phase at the 

maximum of each curve, between pH 4.6-5.5,  is 1%, 0.1%, 1.2% and 0.8% for Cu-GLH, Cu-

Sar-LH, Cu-GFH and Cu-Sar-FH respectively.  

 

Table 9.1: Comparison of the partition coefficient values at pH 7.4, pH 4.6-5.5 and pH 3.0 for 

Cu-GLH, Cu-Sar-LH, Cu-GFH and Cu-Sar-FH. The experimental error was calculated using 

the method outlined by Gardiner.37 

Complex log Poct\aq at pH 7.4 log Poct\aq at pH 4.6-5.5 log Poct\aq at pH 3.0 

Cu-GLH -3.25 ± 0.03 -2.08 ± 0.03 -3.33 ± 0.03 

Cu-Sar-LH -3.27 ± 0.03 -3.01 ± 0.03 -3.30 ± 0.03 

Cu-GFH -3.10 ± 0.03 -1.89 ± 0.03 -3.32 ± 0.03 

Cu-Sar-FH -3.26 ± 0.04 -2.07 ± 0.04 -3.45 ± 0.04 

 

A Student’s t-test was performed to compare the complex partition coefficient values at a 

particular pH in order to determine how similar they are to one another.  In the Student’s t-test, 

each complex was paired with another and the resulting t-values can be seen in Table 9.2.  

 

Table 9.2: Student’s t-test of a two-tailed t-distribution performed between copper(II) 

complexes at pH 7.4, pH 4.6-5.5 and pH 3.0 with a significance level, a = 0.05, 4 degrees of 

freedom and a critical value (t1-a/2,v) = 2.776. 

Copper(II) Complex Pair pH 7.4 pH 4.6-5.5 pH 3.0 

Cu-GLH and Cu-Sar-LH 0.82 37.97 -1.22 

Cu-GLH and Cu-GFH -6.12 -7.76 -0.41 

Cu-GLH and Cu-Sar-FH 0.35 -0.35 4.16 

Cu-Sar-LH and Cu-GFH -6.94 -45.72 0.82 

Cu-Sar-LH and Cu-Sar-FH -0.35 -32.56 5.20 

Cu-GFH and Cu-Sar-FH 5.54 6.24 4.50 

 

When comparing the maximum recorded log Poct\aq values between each complex at pH 4.6-

5.5 (Table 9.1), the non-N-methylated groups appear to be more lipophilic than the N-

methylated groups. The difference between the N-methylated and non-N-methylated 

complexes was confirmed to be significant by comparing the t-values in Table 9.2, which were 

found to be larger than the critical value. It was initially thought that since N-methylated groups 

would be more lipophilic than non-N-methylated groups, the complexes which have sarcosine 

would have higher partition coefficient values. However, Vicatos38 found that there was no 
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difference between the lipophilicity between the non-N-methylated and N-methylated groups 

of Gly-Leu-Phe and Sar-Leu-Phe (t-value < critical value). As a result, this study was 

structured to verify this finding. Since this study also found a deviation from the expected 

result, there must be other factors that affect the lipophilicity of the complex. A possible factor 

could be similar to the factor that caused the non-N-methylated complexes to be unexpectedly 

more stable than the N-methylated complexes. If the amine groups preferentially form 

hydrogen bonds with water, which causes the stability of the complexes with sarcosine to 

decrease in comparison to the complexes with glycine, then it is possible that the redistribution 

of charge causes the complexes with sarcosine to become more polar and thus decreases their 

lipophilic nature. Additionally, when comparing the complexes with leucine to the complexes 

with phenylalanine, the complexes with phenylalanine are more lipophilic. Similarly, the 

difference was found to be significant when looking at the t-values in Table 9.2. Both leucine 

and phenylalanine are lipophilic groups with either an isobutyl or benzyl group respectively. A 

possible reason for the complexes with phenylalanine being more lipophilic, could be due to 

the same suggestion for why the phenylalanine complexes were found to be more stable than 

the leucine complexes. This again is possibly due to the preferential bonding of the amine 

groups with water, and the subsequent redistribution of charge.  

 

At pH 7.4, as mentioned previously, the only species present in solution is MLH-2 and even 

though the partition coefficient values of all complexes were found to be similar to copper(II) 

chloride, an analysis to determine if methylation has an effect on the partition coefficient can 

be carried out. Looking at Table 9.1, when comparing the N-methylated to non-N-methylated 

complexes, there is no consistency in the results to suggest that methylation contributes to the 

lipophilicity. The same conclusion can be drawn when comparing the complexes with leucine 

to the complexes with phenylalanine. The t-values in Table 9.2 confirm that there is no 

consistency in either of the comparisons. Moreover, the partition coefficient values of GLH, 

Sar-LH and Sar-FH appear to have similar values to one another, while GFH appears to be 

significantly more lipophilic. This is confirmed with the t-values in Table 9.2.  

 

At pH 3.0, it is expected that all the complex partition coefficient values will be similar because 

complexation is minimal at pH 3.0, and so the partition coefficient will be due to copper(II) 

chloride. When comparing the partition coefficient values, GLH, Sar-LH and GFH all appear 

to have similar values, while Sar-FH appears to deviate significantly from expected values. The 

t-values in Table 9.2 confirm this.  
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The design of the ligands GLH, Sar-LH, GFH and Sar-FH were based on the results from 

Vicatos38 and Hammouda34,39. Vicatos38 found the complexes Cu-Gly-Leu-Phe and 

Cu-Sar-Leu-Phe produced the highest transdermal absorption rates for tripeptides and the main 

contributing factors were the lipophilic leucine and phenylalanine amino acids. It was mainly 

because of these permeability results that leucine and phenylalanine were incorporated into 

GLH, Sar-LH, GFH and Sar-FH. The complexes studied by Hammouda34,39 did not have as 

high transdermal absorption rates. But the complexes did have good mobilizing capacities, 

where the histidine amino acid was the main contributing factor and so histidine was also 

incorporated into the design. Therefore, because these literature studies are so closely linked to 

the design of GLH, Sar-LH, GFH and Sar-FH, a comparison between the partition coefficient 

values can be made to determine any similarities (Table 9.3). To make the comparison, the log 

Poct\aq value at pH 7.4 was used to compare the complexes of this study to literature complexes. 

The pH range of 4.6-5.5 represents the maximum log Poct\aq value of Cu-GLH, Cu-Sar-LH, 

Cu-GFH and Cu-Sar-FH at pH 5.5, pH 5.2, pH 4.6 and pH 4.9 respectively. Therefore, for 

simplicity, when comparing the complexes of this study to the complexes of literature, the log 

Poct\aq value at pH 5.0 for each literature complex will be used. Similarly, a Student’s t-test 

(Table 9.4) was done to assess if there is a significant difference between the complexes of this 

study and the literature complexes at pH 7.4 and pH 4.6-5.5. The outcome of this Student’s t-

test is that every comparison at each pH is significantly different. 

 

Table 9.3: Comparison of the partition coefficient values at pH 7.4 and pH 4.6-5.5 between the 

complexes, Cu-GLH, Cu-Sar-LH, Cu-GFH, Cu-Sar-FH and literature.34,38,39 Literature log 

Poct\aq  values have been taken at pH 5.0 for the comparison at pH 4.6-5.5. The experimental 

error was calculated using the method outlined by Gardiner.37 

Complex log Poct\aq at pH 7.4 log Poct\aq at pH 4.6-5.5 

Cu-GLH -3.25 ± 0.03 -2.08 ± 0.03 

Cu-Sar-LH -3.27 ± 0.03 -3.01 ± 0.03 

Cu-GFH -3.10 ± 0.03 -1.89 ± 0.03 

Cu-Sar-FH -3.26 ± 0.04 -2.07 ± 0.04 

Cu-Sar-His-Lys34,39  -3.02 ± 0.01 -3.30 ± 0.05 

Cu-Sar-Lys-His34,39  -2.05 ± 0.01 -2.40 ± 0.05 

Cu-Sar-His-His34,39  -2.96 ± 0.01 -2.90 ± 0.05 

Cu-Sar-Lys-Lys34,39 -2.63 ± 0.01 -3.60 ± 0.05 

Cu-Sar-Gly-His34,39 -2.40 ± 0.01 -3.20 ± 0.05 

Cu-Gly-Leu-Phe38 -1.79 ± 0.05 -2.25 ± 0.05 

Cu-Sar-Leu-Phe38 -1.72 ± 0.05 -2.75 ± 0.05 
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Table 9.4: Student’s t-test of a two-tailed t-distribution performed between the copper(II) 

complexes, Cu-GLH, Cu-Sar-LH, Cu-GFH, Cu-Sar-FH and literature34,38,39, at pH 7.4 and pH 

4.6-5.5 with a significance level, a = 0.05, 4 degrees of freedom and a critical value (t1-a/2,v) = 

2.776. 

Copper(II) Complex Pair pH 7.4 pH 4.6-5.5 

 

Cu-GLH  

Cu-Sar-His-Lys34,39 -12.60  36.24 

Cu-Sar-Lys-His34,39 -65.73 9.51 

Cu-Sar-His-His34,39 -15.88 24.36 

Cu-Sar-Lys-Lys34,39 -33.96 45.15 

Cu-Sar-Gly-His34,39 -46.56 33.27 

Cu-Gly-Leu-Phe38 -43.37 5.05 

Cu-Sar-Leu-Phe38 -45.45 18.12 

 

Cu-Sar-LH 

Cu-Sar-His-Lys34,39 -13.69 8.61 

Cu-Sar-Lys-His34,39 -66.82 -18.12 

Cu-Sar-His-His34,39 -16.98 -3.27 

Cu-Sar-Lys-Lys34,39 -35.05 17.53 

Cu-Sar-Gly-His34,39 -47.65 5.64 

Cu-Gly-Leu-Phe38 -43.96 -22.58 

Cu-Sar-Leu-Phe38 -45.74 -7.72 

 

Cu-GFH 

Cu-Sar-His-Lys34,39 -4.38 41.88 

Cu-Sar-Lys-His34,39 -57.51 15.15 

Cu-Sar-His-His34,39 -7.67 30.00 

Cu-Sar-Lys-Lys34,39 -25.74 50.79 

Cu-Sar-Gly-His34,39 -38.34 38.91 

Cu-Gly-Leu-Phe38 -38.91 10.69 

Cu-Sar-Leu-Phe38 -40.99 25.55 

 

Cu-Sar-FH 

Cu-Sar-His-Lys34,39 -10.08 33.27 

Cu-Sar-Lys-His34,39 -50.83 8.93 

Cu-Sar-His-His34,39 -12.60 22.45 

Cu-Sar-Lys-Lys34,39 -26.47 41.39 

Cu-Sar-Gly-His34,39 -36.13 30.57 

Cu-Gly-Leu-Phe38 -39.76 4.87 

Cu-Sar-Leu-Phe38 -41.66 18.39 

 

Looking at Table 9.3, the partition coefficient values of this study’s complexes at pH 7.4 are 

closer to the partition coefficient values of Hammouda34,39 in comparison to the partition 

coefficient values of Vicatos38. This could be due to the presence of the histidine amino acid. 

But it could also be due to the types of species and their varying charges present at pH 7.4. To 

make a proper comparison, the contribution of the MLH-2 species towards the partition 

coefficient values, must be compared. However, this is not possible, since the log Poct\aq values 

from Hammouda34,39 and Vicatos38 are a result from a combination of species, while the values 

from Cu-GLH, Cu-Sar-LH, Cu-GFH and Cu-Sar-FH are a result from only MLH-2. In the pH 

range of 4.6-5.5, the peak partition coefficient values of Cu-GLH, Cu-Sar-LH, Cu-GFH and 

Cu-Sar-FH are neither closer to the partition coefficient values of  Vicatos38 nor of 

Hammouda34,39. 
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Other studies which analysed the partition coefficient values of copper(II) complexes for the 

purpose of transdermal absorption have found log Poct\aq values in the range of -1.65 to 0.08.5,30–

32,35 These values are higher than the values found for Cu-GLH, Cu-Sar-LH, Cu-GFH and 

Cu-Sar-FH, but  the partition coefficient peak values (pH 4.6-5.5) are closer to the bottom value 

of this range. Therefore, the four ligands should be adjusted to this pH range to allow for 

transdermal absorption to occur.  

 

9.2.4 Conclusion 

 

The partition coefficients for the copper(II) complexes were found to be hydrophilic over the 

pH range from 2-10, but had varying degrees of hydrophilicity depending on the species 

present. For all copper(II) complexes, at pH 7.4, the only species present was the MLH-2 

species. This species gave partition coefficient values that were similar to the partition 

coefficient values of copper(II) chloride, which meant that only 0.05-0.08 % of copper(II) was 

extracted into the octanol phase. The most lipophilic value over the pH range from 2-10, for 

each copper(II) complex, occurred between  pH 4.6-5.5 and caused 0.8-1.2 % of copper(II) to 

be extracted into the octanol phase. The species that were responsible for bringing about this 

peak in partition coefficients, were the MLH and MLH-1 species for Cu-GLH, the MLH and 

ML species for Cu-Sar-LH and the MLH species for both Cu-GFH and Cu-Sar-FH. For the 

partition coefficient values between pH 4.6-5.5, the non-N-methylated ligands were found to 

be more lipophilic than the N-methylated ligands, and the ligands with phenylalanine were 

found to be more lipophilic than the ligands with leucine. Overall, the pH range of 4.6-5.5 is 

within the pH requirement for topical skin creams and it is also the range where the complexes, 

Cu-GLH, Cu-Sar-LH, Cu-GFH and Cu-Sar-FH have a peak log Poct\aq value. This means that 

the pH of the ligands needs to be adjusted to this pH range when undergoing transdermal 

absorption.  
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9.3 Modified Franz Cell: Permeability Coefficient 

9.3.1 Franz cell diffusion method  

 

While the octanol/water partition coefficient values predict the lipophilicity of complexes, the 

permeability coefficient values physically measure how well complexes can undergo 

transdermal absorption via the intercellular pathway of the stratum corneum.20,21 To measure 

the permeability coefficients, a modified Franz cell can be used.22 This apparatus is essentially 

two chambers which are separated by a membrane. In this case it is an artificial membrane. 

Copper(II) diffuses passively from the one chamber into the other through the membrane, and 

by monitoring this movement, the permeability coefficients can be calculated.14 A diagram of 

the modified Franz cell setup can be seen in Figure 9.7.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.7: Diagram of a modified Franz cell.23 

 

The permeability coefficient is related to the steady state of flux of the copper(II) complexes 

as they passively diffuse through the membrane via the equation: 

 

Kp  = 
𝐽

𝐶𝑖
 

(9.2) 

1. Donor chamber  

2. Receiver chamber 

3.  Artificial membrane. 

4.  Passive diffusion direction 

5.  Clamp 

6.  Stirrer bar 

7.  Magnetic stirrer 

8.  Burette stand with clamp.  
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where, Kp is the permeability coefficient (cm/h),  J is the steady state of flux, which is the mass 

that crosses through a unit area of the membrane in a unit time (mg/cm2h), and Ci is the initial 

concentration of the solution in the donor chamber.13,22 The relationship between the 

permeability and the steady state of flux is possible because of Fick’s first law, which relates 

the flux (J) to the concentration gradient of a solute.24,25 (equation 9.3) 

 

J = - D 
𝑑𝐶

𝑑𝑋
 

(9.3) 

where, D is the diffusion coefficient of the solute (cm2/h), dC is the change in concentration of 

the solute (mg/cm3) and dX is the change in position of the solute (cm). The negative sign 

shows that the flux is positive when the movement of the solute is down the gradient.   

When mass is involved, the steady state of flux, J, can also be expressed as:  

 

J = 
1

𝑆

𝑑𝑀

𝑑𝑡
 

(9.4) 

where, 𝑑𝑀 is the change in mass (mg), dt is the change in time (h) and S (cm2) is the surface 

area available for the mass to move through.10,24,26 In this case, S is the surface area of the 

artificial membrane. 

 

From equation 9.4, the steady state of flux can thus be calculated when the gradient of the linear 

region, in an accumulative diffusion-time curve, is divided by the surface area of the artificial 

membrane. From equation 9.2, the permeability coefficient can then be calculated when the 

steady state of flux is divided by the initial concentration of copper(II) in the donor 

chamber.27,28 

 

At the beginning of an accumulative diffusion-time curve, the diffusion rate is not constant and 

therefore the system has not yet achieved a steady state of flux. The time the system takes to 

reach a steady state of flux is called the lag time and it is a result of the solutes reaching an 

equilibrium between the solution in the donor phase and the membrane. Translated to an in 

vivo environment, the lag time is a function of how long it takes for the drug to enter the stratum 

corneum and dermis, the thickness of the skin and the diffusivity. The lag time (τ) can be 

expressed as: 
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τ = 
𝑥2

6𝐷
 

(9.5) 

where, x is the thickness of the membrane and D is the diffusion coefficient.25,29  

 

9.3.2 Experimental  

 

Each copper(II) complex was prepared as a 1:1 copper(II) ligand ratio in 20 ml of Milli-Q water 

(18.2 MΩ.cm) and set to the physiological pH of 7.4. Each copper(II) complex was again 

prepared as a 1:1 copper(II) ligand ratio in 20 ml of Milli-Q water, except with a different pH 

setting. Cu-GLH was set to pH 5.5, Cu-Sar-LH was set to pH 5.2, Cu-GFH was set to pH 4.6 

and Cu-Sar-FH was set to pH 4.9. These pH values correspond to the pH where the maximum 

partition coefficient occurred for each ligand (pH 4.6-5.5). The concentration of the ligands 

was 0.005 M and the concentration of copper(II) was adjusted to be slightly lower at 0.004 M 

to prevent the precipitation of  Cu(OH)2, but still maintain an approximate 1:1 ratio. A 

copper(II) chloride solution with the same concentration as the copper(II) added to the ligands, 

was prepared in 20 ml of Milli-Q water and set to a pH of 4.2. The adjusted lower pH was to 

prevent the precipitation of Cu(OH)2. All solutions were prepared with no background 

electrolyte. The experiment was set up into two groups; the first group measured the 

permeability at pH 7.4 and the second group measured the permeability at the pH where each 

ligand showed a maximum partition coefficient (pH 4.6-5.5). The diameter opening for each 

chamber was measured and the available area where diffusion can take place for the first group 

(pH 7.4) was measured to be 0.617, 0.570, 0.617, 0.570 and 0.570 cm2 for Cu-GFH, 

Cu-Sar-LH, Cu-GLH, Cu-Sar-FH and copper(II) chloride respectively. For the second group 

(pH 4.6-5.5), the available area was measured to be 0.617 cm2 for all ligands. The artificial 

membrane was made using Whatman International Ltd filter paper, which has a thickness of 

0.0012 cm and a diffusion area of 0.709 cm2. The lipid membrane solution was prepared by 

mixing 70 % silicone and 30 % isopropyl myristate (IPM)40. The filter paper was then soaked 

in the lipid membrane solution and any excess solution was shaken off. The amount of lipid 

absorbed by the filter paper was determined by the mass difference between the lipid-absorbed 

filter paper and the non-lipid-absorbed filter paper. This was between 0.026-0.037 g for all 

setups. 
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Each of the nine solutions was added to the donor chamber of the Franz cells and 20 ml of 

Milli-Q water was added simultaneously to the receiver chamber of the Franz cells. Before the 

Milli-Q water was added to the receiver chambers, the Milli-Q water that was paired with the 

complex solutions was adjusted to mimic the pH in the donor phase and the Milli-Q water that 

was paired with the copper(II) chloride solution was adjusted to pH 4.2. Magnetic stirrer bars 

were added to each chamber and the whole Franz cell setup was kept in a temperature-

controlled environment of 25 °C. The opening of each chamber was covered to help minimise 

evaporation. At time zero and after every subsequent reading, 0.5 ml samples were extracted 

from both the donor and receiver chambers. The intervals between each reading were kept to 

1-1.5 hourly intervals for the first 10 hours and then randomly thereafter until approximately 

35-50 hours had passed. 4.5 ml of 5 % nitric acid solution was added to each collected receiver 

phase sample to make a total volume of 5 ml. 84 ml of 5 % nitric acid solution was added to 

the first donor phase sample (0 h), so that the concentration became approximately 2 ppm. The 

copper(II) concentrations from each sample were analysed using an Agilent 4100 Microwave 

Plasma Atomic Emission Spectrometer (4100 MP-AES) from Agilent technologies and the 

data were analysed using MP Expert, Microwave Plasma Instrument software, version 

1.1.1.45895. Standard solutions of 0.5, 1, 2, 4, 6, 8 and 10 ppm of copper(II) were prepared 

using 5 % nitric acid solution. The MP-AES was set to a wavelength of 324.795 nm.  

 

9.3.3 Results and Discussion 

 

Before performing the Franz cell diffusion experiments, the validity of the membrane first had 

to be verified. This was done by repeating an experiment from literature with the aim of 

reproducing a similar permeability coefficient. This was achieved by reproducing the 

permeability coefficient of salicylic acid, which experimentally was found to have a 

permeability coefficient of -4.03, while in literature it is -4.26.40 This similarity meant that the 

Franz cell experiments would give accurate results.  

 

The concentration of copper(II) measured in the receiver phase for all the complexes at pH 7.4, 

as well as for copper(II) chloride can be seen in Table 9.5. The time intervals for Cu-GLH and 

Cu-Sar-FH are slightly different to the time intervals for Cu-Sar-LH, Cu-GFH and 

CuCl2.2H2O. This is due to having a limited number of Franz cell apparatuses and having to 

repeat the process twice.  
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Table 9.5: Copper(II) concentration measured in the receiver phase as a function of time after 

each copper(II) complex (pH 7.4) and copper(II) chloride (4.2) had diffused through the 

artificial membrane. The experimental errors were calculated by following the method outlined 

by Gardiner.37 

Time (h) Cu-GLH 

(ppm) 

Cu-Sar-FH 

(ppm) 
Time (h) Cu-GFH 

(ppm) 

Cu-Sar-LH 

(ppm) 

CuCl2.2H2O 

(ppm) 

0.0 0.14 ± 0.05 0.08 ± 0.05 0.0 0.00 ± 0.04 0.00 ± 0.04 0.00 ± 0.04 

1.0 0.19 ± 0.05 0.22 ± 0.05 1.0 0.13 ± 0.04 0.04 ± 0.04 0.22 ± 0.04 

2.0 0.41 ± 0.05 0.27 ± 0.05 2.0 0.41 ± 0.04 0.17 ± 0.04 0.65 ± 0.04 

3.0 0.64 ± 0.05 0.42 ± 0.05 3.0 0.56 ± 0.04 0.33 ± 0.04 1.09 ± 0.04 

4.0 1.33 ± 0.05 0.55 ± 0.05 4.3 0.78 ± 0.04 0.38 ± 0.04 1.49 ± 0.04 

5.0 1.08 ± 0.05 0.70 ± 0.05 5.3 0.94 ± 0.04 0.69 ± 0.04 1.76 ± 0.04 

6.0 1.30 ± 0.05 0.88 ± 0.05 6.6 1.17 ± 0.04 1.03 ± 0.04 2.16 ± 0.04 

8.0 1.51 ± 0.05 1.07 ± 0.05 7.8 1.36 ± 0.04 1.28 ± 0.04 2.42 ± 0.04 

9.0 1.76 ± 0.05 1.22 ± 0.05 9.3 1.63 ± 0.04 1.39 ± 0.04 2.73 ± 0.04 

10.3 2.29 ± 0.04 1.60 ± 0.05 11.1 1.98 ± 0.04 1.47 ± 0.04 3.39 ± 0.04 

13.1 2.64 ± 0.04 2.00 ± 0.05 14.2 2.37 ± 0.04 1.77 ± 0.04 3.93 ± 0.04 

16.1 3.27 ± 0.04 2.43 ± 0.04 16.8 2.87 ± 0.04 2.71 ± 0.04 4.64 ± 0.04 

23.3 4.51 ± 0.04 3.36 ± 0.04 19.1 3.21 ± 0.04 3.09 ± 0.04 5.01 ± 0.04 

25.9 4.83 ± 0.04 3.66 ± 0.04 26.7 4.10 ± 0.04 4.38 ± 0.04 6.50 ± 0.04 

28.1 6.37 ± 0.05 4.00 ± 0.04 29.5 4.76 ± 0.04 4.64 ± 0.04 7.03 ± 0.04 

29.9 5.26 ± 0.04 4.10 ± 0.04 32.1 5.07 ± 0.04 4.94 ± 0.04 7.27 ± 0.04 

32.2 5.55 ± 0.04 5.28 ± 0.04 33.9 5.65 ± 0.04 5.47 ± 0.04 7.82 ± 0.04 

34.9 5.84 ± 0.05 4.72 ± 0.04 36.7 5.93 ± 0.04 5.87 ± 0.04 8.16 ± 0.04 

38.0 6.41 ± 0.05 5.21 ± 0.04 39.2 6.27 ± 0.04 6.26 ± 0.04 8.61 ± 0.05 

40.3 6.70 ± 0.05 5.58 ± 0.04 41.5 6.57 ± 0.04 6.09 ± 0.04 8.87 ± 0.05 

49.3 7.54 ± 0.05 6.50 ± 0.05 43.8 6.87 ± 0.04 6.93 ± 0.04 9.22 ± 0.05 

52.1 7.84 ± 0.05 5.81 ± 0.05 54.3 8.17 ± 0.04 8.01 ± 0.04 10.14 ± 0.05 

 

A graphical representation of Table 9.5 is plotted in Figure 9.8 and shows the measured 

copper(II) concentration found in the receiver cells over time. For the first two hours (0-2 hr), 

the system seems to be establishing an equilibrium between the solutions and the membrane. 

Another equilibrium is reached between the solutes of the donor phase and the receiver phase 

after approximately 20.0 hours for Cu-Sar-LH and Cu-GFH, 24.0 hours for Cu-GLH and 

Cu-Sar-FH, and 30.0 hours for CuCl2.2H2O. A steady state of flux can therefore be seen in the 

linear regions between 2.0-19.1 hours, 2.0-23.3 hours and 2.0-30.0 hours respectively.  
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Figure 9.8: Graphical representation of the copper(II) concentration measured in the receiver 

phase as a function of time after each copper(II) complex (pH 7.4) and copper(II) chloride (pH 

4.2) had diffused through the artificial membrane. Also known as the accumulative absorption-

time curve. Error bars ranging from ± 0.0004-0.001 mg of copper(II) were omitted for 

simplicity. 

 

By calculating the gradient of the linear portion in the accumulative absorption-time curve in 

Figure 9.8, the steady state of flux, J, can be calculated using equation 9.4 and then the 

permeability coefficients, Kp, can be calculated from equation 9.2. Figure 9.9 shows the 

gradients of each linear portion, which is 0.0026, 0.0022, 0.0022, 0.002 and 0.0024 for 

Cu-GLH, Cu-Sar-LH, Cu-GFH, Cu-Sar-FH and CuCl2.H2O respectively. The calculated steady 

states of flux, J, and the permeability coefficients, Kp, can be seen in Table 9.6.  
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Figure 9.9: The calculated gradients from the linear region in the accumulative absorption-time 

curve for the measured copper(II) concentration in each receiver phase at pH 7.4. 

 

Table 9.6: The calculated steady state of flux, J, and permeability coefficient, Kp for copper(II) 

complexes at pH 7.4 and copper(II) chloride at pH 4.2 after each had diffused through the 

artificial membrane. The experimental errors were calculated by following the method outlined 

by Gardiner.37 

Complexes J (mg/cm2 h) Kp  (cm/h) 

Cu-GLH 0.0042 ± 0.0003 0.0162 ± 0.0003 

Cu-Sar-LH 0.0035 ± 0.0003 0.0136 ± 0.0003 

Cu-GFH 0.0035 ± 0.0002 0.0135 ± 0.0003 

Cu-Sar-FH 0.0035 ± 0.0002 0.0152 ± 0.0003 

CuCl2.H2O 0.0042 ± 0.0003 0.0146 ± 0.0003 

 

Looking at the steady states of flux and permeability coefficients (Table 9.6), the values for all 

the complexes, as well as for copper(II) chloride, are essentially  the same, since they are within 

or close to the experimental error of each other. The initial thought is that the membrane of the 

Franz cell is not able to differentiate between the complexes and copper(II) chloride. However, 

it can differentiate, because firstly the validity of the membrane was verified and secondly, the 

partition coefficients suggested that the permeability of the copper(II) complexes and 

copper(II) chloride would be similar, since the partition coefficient values were similar.  
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Therefore, following the results from the flask shake method, the partition coefficient values 

of each ligand were at a maximum between pH 4.6-5.5, and so for the Franz cell, each ligand 

was set to a pH that corresponded to their maximum partition coefficient value. For Cu-GLH 

this is pH 5.5, for Cu-Sar-LH this is pH 5.2, for Cu-GFH this is pH 4.6 and for Cu-Sar-FH this 

is pH 4.9. The concentration of copper(II) measured in the receiver phase for all the ligands 

between pH 4.6-5.5 can be seen in Table 9.7. Additionally, as mentioned before, at the surface 

of the skin, the mantle is slightly acidic with a pH of 4.5-6.7 and so the optimum goal is to 

develop a topical cream that has a pH range within 4.5-6.7 or a neutral pH (7), so that the 

mantle is not disrupted.36 Conveniently the pH where the maximum partition coefficient values 

occur, is also within the optimum pH range to develop a topical cream, so obtaining the 

permeability of the ligands between pH 4.5-6.7 is ideal from all aspects.  

 

Table 9.7: Copper(II) concentration measured in the receiver phase as a function of time after 

each copper(II) complex (pH 4.6-5.5) had diffused through the artificial membrane. The 

experimental errors were calculated by following the method outlined by Gardiner.37 

Time 

(h) 

Cu-GLH 

(ppm) 

Time 

(h) 

Cu-Sar-LH 

(ppm) 

Time 

(h) 

Cu-GFH 

(ppm) 

Time 

(h) 

Cu-Sar-FH 

(ppm) 

0.0 -0.06 ± 0.07 0.0 0.00 ± 0.05 0.0 0.14 ± 0.04 0.0 -0.01 ± 0.05 

1.0 0.06 ± 0.07 1.0 0.17 ± 0.04 1.0 0.45 ± 0.04 1.0 0.09 ± 0.05 

3.0 0.20 ± 0.07 2.1 0.34 ± 0.04 2.0 0.61 ± 0.04 2.0 0.15 ± 0.04 

4.0 0.42 ± 0.07 3.1 0.55 ± 0.04 3.0 0.85 ± 0.04 3.3 0.27 ± 0.04 

5.0 0.71 ± 0.07 4.1 0.93 ± 0.04 4.0 1.09 ± 0.04 4.3 0.29 ± 0.04 

6.0 0.84 ± 0.07 5.1 0.76 ± 0.04 5.0 1.34 ± 0.04 5.3 0.43 ± 0.04 

7.0 1.07 ± 0.07 6.3 1.22 ± 0.04 6.0 1.51 ± 0.04 6.0 0.64 ± 0.04 

8.0 1.55 ± 0.06 7.4 1.46 ± 0.04 7.0 1.96 ± 0.04 7.1 0.84 ± 0.04 

9.0 1.81 ± 0.06 8.5 1.67 ± 0.04 8.0 2.19 ± 0.04 8.1 1.24 ± 0.04 

10.1 1.97 ± 0.06 10.3 1.91 ± 0.04 10.0 2.41 ± 0.04 9.1 1.52 ± 0.04 

11.0 2.33 ± 0.06 12.5 2.28 ± 0.04 12.0 2.83 ± 0.04 10.1 1.96 ± 0.04 

13.0 2.62 ± 0.06 14.5 2.61 ± 0.04 14.0 3.41 ± 0.04 12.2 2.19 ± 0.04 

14.9 2.99 ± 0.06 16.5 2.72 ± 0.04 16.0 3.78 ± 0.04 14.0 2.47 ± 0.04 

16.3 3.38 ± 0.06 20.9 3.36 ± 0.04 18.3 4.34 ± 0.04 15.9 2.84 ± 0.04 

20.3 4.05 ± 0.06 23.0 3.70 ± 0.04 22.0 4.81 ± 0.04 17.3 3.16 ± 0.04 

23.0 4.52 ± 0.06 24.5 3.84 ± 0.04 24.0 5.42 ± 0.04 18.9 3.63 ± 0.04 

25.1 5.00 ± 0.06 27.5 4.41 ± 0.04 28.0 6.00 ± 0.04 22.3 4.34 ± 0.04 

26.0 5.28 ± 0.06 30.5 4.97 ± 0.04 30.2 6.40 ± 0.04 25.5 4.95 ± 0.04 

28.1 5.57 ± 0.06 33.3 5.37 ± 0.04 33.2 6.81 ± 0.04 27.5 5.38 ± 0.04 

30.5 5.93 ± 0.06 36.0 5.76 ± 0.04   30.8 6.01 ± 0.04 

33.1 6.41 ± 0.06     33.8 6.20 ± 0.04 

35.0 6.68 ± 0.06     37.0 7.09 ± 0.04 

 

Similarly, a graphical representation of Table 9.7 is plotted in Figure 9.10. The graph of 

copper(II) chloride used in Figure 9.8 has been added as well. Unlike Figure 9.8, these 

complexes take up to 10 hours to establish an equilibrium between the solutions and the 
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membrane. Another difference is that they do not reach an equilibrium between the solutes of 

the donor phase and the receiver phase in the time lapse of the experiment. A steady state of 

flux for the complexes can therefore be seen between approximately 10-35 hours.  

 

 

Figure 9.10: Graphical representation of the copper(II) concentration measured in the receiver 

phase as a function of time after each copper(II) complex (pH 4.6-5.5) and copper(II) chloride 

(pH 4.2) had diffused through the artificial membrane. Error bars ranging from ± 0.0004-0.001 

mg of copper(II) were omitted for simplicity. 

 

Similarly, the gradient of the linear portion in the accumulative absorption-time curve in Figure 

9.10 was used to calculate the steady state of flux, J, and then the permeability coefficients, Kp, 

which can be seen in Table 9.8. Figure 9.11 shows the gradients of the linear portions, which 

are 0.0039, 0.0030, 0.0040, 0.0041 and 0.0024 for Cu-GLH, Cu-Sar-LH, Cu-GFH, Cu-Sar-FH 

and CuCl2.H2O respectively.   
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Figure 9.11: The calculated gradients from the linear region in the accumulative absorption-

time curve for the measured copper(II) concentration in each receiver phase at pH 4.6-5.5. 

 

Table 9.8: The calculated steady state of flux, J, and permeability coefficient, Kp, for copper(II) 

complexes at pH 4.6-5.5 and copper(II) chloride at pH 4.2 after each had diffused through the 

artificial membrane. The experimental errors were calculated by following the method outlined 

by Gardiner.37 

Complexes J (mg/cm2 h) Kp  (cm/h) 

Cu-GLH 0.0063 ± 0.0003 0.0253 ± 0.0005 

Cu-Sar-LH 0.0049 ± 0.0004 0.0203 ± 0.0004 

Cu-GFH 0.0065 ± 0.0003 0.0276 ± 0.0006 

Cu-Sar-FH 0.0067 ± 0.0003 0.0287 ± 0.0006 

CuCl2.H2O 0.0042 ± 0.0003 0.0146 ± 0.0003 

 

Table 9.8, as well as Figures 9.10 and 9.11, show that the copper(II) complexes between a pH 

of 4.6-5.5 have a higher steady state of flux and permeability coefficient than copper(II) 

chloride. This observation corresponds to the results from the partition coefficient values, 

where it was expected that the ligands would have a higher permeability coefficient than 

copper(II) chloride at pH values between 4.6-5.5. It also shows that out of the four ligands, 

Sar-LH has the lowest permeability coefficient, which corresponds to Sar-LH having the lowest 

partition coefficient at approximately pH 5.2. Additionally, no increase in permeability 
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coefficients was found for the non-N-methylated ligands or for the ligands with phenylalanine, 

even though an increase was found in their lipophilicity.   

 

This means that the aim of finding a ligand that can increase the permeation rate of copper(II) 

by forming a complex with copper(II) and undergoing transdermal absorption, particularly via 

a passive diffusion through the stratum corneum, has been achieved with Cu-GLH, Cu-Sar-LH, 

Cu-GFH and Cu-Sar-FH. These ligands can therefore be considered as therapeutic drugs for 

rheumatoid arthritis. 

 

For the purpose of comparison, it is interesting to see the permeability results of other drugs, 

which have been designed for anti-inflammatory purposes. To compare permeability results 

between different studies, the direct values of Kp cannot be used. This is because the 

permeability coefficient is dependent on the concentration and because the concentration has 

an influence on the liquid compounds in percutaneous absorption, which cannot be 

quantified.28  Thus, to compare the permeability between complexes, each copper(II) complex 

permeability result will first be calculated as a percentage of copper(II) that permeates through 

the membrane per cm.h-1. Then the percentage of permeated copper(II) chloride will be 

subtracted from the percentage of permeated copper(II) complex from the same study. These 

resultant values can then be seen as the effective percentage per cm.h-1 of copper(II) that 

permeates through the artificial membrane as a result of complexation. A table comparing the 

ability of literature tripeptides to permeate through an artificial membrane, compared to 

Cu-GLH, Cu-Sar-LH, Cu-GFH and Cu-Sar-FH, can be seen in Table 9.9.  
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Table 9.9:  A comparison between the permeability of Cu-GLH, Cu-Sar-LH, Cu-GFH and 

Cu-Sar-FH with the copper(II) tripeptide complexes from Hammouda39, Vicatos38 and 

Mazurowska and Mojski10 is done by calculating the effective amount of permeated copper(II) 

as a result of the complex.  

Complex 
% of permeated 

copper(II) chloride 

per cm.h-1 

% of permeated 

copper(II) complex per 

cm.h-1 

Effective amount of 

permeated copper(II) as a 

result of the complex ( % 

per cm.h-1) 

Cu-GLH 1.5 % 2.5 %  1.0 % 

Cu-Sar-LH 1.5 % 2.0 % 0.5 % 

Cu-GFH 1.5 % 2.8 % 1.3 % 

Cu-Sar-FH 1.5 % 2.9 % 1.4 % 

Cu-Gly-Leu-Phe38 13.7 % 22.5 % 8.8 % 

Cu-Sar-Leu-Phe38 13.7 % 20.6 % 6.9 % 

Cu-Gly-His-Lys10 0.1 % 2.2 % 1.3 % 

Cu-Sar-His-Lys39 2.8 % 4.9 % 2.1 % 

Cu-Sar-Lys-His39 2.8 % 4.7 % 1.9 % 

Cu-Sar-His-His39 2.8 % 4.1 % 1.3 % 

Cu-Sar-Lys-Lys39 2.8 % 3.8 % 1.0 % 

Cu-Sar-Gly-His39 2.8 % 6.1 % 3.3 % 

 

From Table 9.9, it can be seen that Cu-GLH, Cu-Sar-LH, Cu-GFH and Cu-Sar-FH are 

comparable to the tripeptides studied by Hammouda39, as well as by Mazurowska and Mojski10, 

since they have similar permeated percentage values. The tripeptides Gly-Leu-Phe and 

Sar-Leu-Phe38 have significantly higher permeated percentage values. This high permeability 

was suggested38 to be due to the amino acids, leucine and phenylalanine, which have non-polar 

side chains, and thus make the overall tripeptides lipophilic. In comparison, histidine and lysine 

have polar functional groups which create an overall hydrophilic effect. The initial thought in 

creating the tripeptides, GLH, Sar-LH, GFH and Sar-FH was that by adding either leucine or 

phenylalanine together with histidine, leucine and phenylalanine will combat the polar effect 

of histidine to a degree. However, since the permeability of the four tripeptides in this study 

are similar in value to the tripeptides studied by Hammouda39 and by Mazurowska and 

Mojski10, it suggests that the polar effect of the imidazole functional group in histidine is 

stronger than the non-polar effect of leucine or phenylalanine.  

 

The artificial membrane of the Franz cell represents the intercellular pathway through the lipid 

bilayer. It does not consider the intracellular pathway which goes primarily through the 

corneocytes and a smaller portion of the lipid bilayer when travelling from cell to cell. Since 

only polar, hydrophilic substances can diffuse through the corneocytes, this route could also be 

a potential pathway for the copper(II) complexes.7,11,16 The other possible pathway that needs 
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to be considered is through the hair follicle appendages. Even though the exact process of how 

particles pass through the hair follicles is not well understood,16,41 it seems to be the main route 

for hydrophilic drugs and therefore could also be a potential pathway for Cu-GLH, Cu-Sar-LH, 

Cu-GFH and Cu-Sar-FH.18,42 However, the 0.1-1 %11,17 prevalence of follicles on total skin 

coverage area is not favourable. Needless to say, these alternative considerations and pathways 

could also increase the amount of drug that undergoes transdermal absorption.  

 

9.3.4 Conclusion 

 

The permeability coefficients at pH 7.4, for all the copper(II) complexes were the same as that 

of copper(II) chloride. This means that these complexes, at pH 7.4, cannot increase the 

bioavailable pool of copper(II) in vivo by using exogenous sources and undergoing an   

intercellular route. However, the permeability of the copper(II) complexes was increased when 

the pH was set to correspond to each ligand’s maximum partition coefficient value, between 

pH 4.6-5.5. In this pH range the permeation rate of copper(II) increased by 1.0 % for Cu-GLH, 

0.5 % for Cu-Sar-LH, 1.3 % for Cu-GFH and 1.4 % for Cu-Sar-FH. This pH range also 

conveniently overlaps with the optimum pH range of topical cream. This, as well as the 

increased permeation rates, signifies that between pH 4.6-5.5, the copper(II) complexes can be 

considered as a possible therapeutic drug for rheumatoid arthritis.  
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10. Blood Plasma Model 

 

 

10.1 Introduction 

 

In the blood plasma, copper(II) exists as a metal that is bound to a variety of species and the 

exact ratio of how copper(II) is divided up between the variety of species varies within 

literature.1,2 For instance, one report says that 65% of copper(II) is bound irreversibly to 

caeruloplasmin, 15% to the N-terminal end of serum albumin, 15% to transcuprein and 5% to 

low molecular mass complexes.3 Another report says that 71% of copper(II) is bound to 

caeruloplasmin, 19% to serum albumin, 7% to transcuprein, and 2% to amino acids.4 

Overlooking the slight discrepancies, what is commonly evident is that a large portion of 

endogenous copper(II) is not available, as it is irreversibly bound to caeruloplasmin. The 

exchangeable copper(II), which is the copper(II) that is bound to the other species, is less 

prevalent, but can become mobile if needed. 

 

Therefore, the secondary aim of this study is to design a drug that, once in the blood plasma, 

will increase the concentration of low molecular mass complexes. In doing so, it will increase 

the bioavailable pool of copper(II), provided that the homeostasis of the other endogenous 

metal ions is not affected. The rationale behind this attempt is led by a shift in the equilibrium 

of free vs bound endogenous copper(II), i.e. the ligand will form a complex with free 

copper(II), which in turn will cause proteins such as albumin to release copper(II) so that a new 

equilibrium is established. This was achieved with the ligands 3,6,9,12-tetra-

azatetradecanedioic acid (ttda) and 3,6,9-triazaundecanedioate (dtda).5,6 However, they were 

such powerful chelators of copper(II) that their complexes became biologically inactive and 

were excreted, unchanged in the urine.6,7 Thus, the aim is to develop a ligand that is selective 

for copper(II), but less competitive than serum albumin.  

 

A computer model can be used to analyse all the low molar mass complexes of the blood 

plasma along with the ligands GLH, Sar-LH, GFH and Sar-FH, provided that there is the 

assumption that all components of the blood are at equilibrium. The program, Evaluation of 

Constituent Concentrations in Large Equilibrium Systems, (ECCLES) was used to perform the 

analysis.8 This program has a list of metals and ligands that are found in the blood plasma, as 
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well as a list of the complex species, with their stability constants, that are formed between the 

metals and ligands. From these lists, the program generates 5000 complexes that are found in 

the blood plasma from 7 metal ions and 40 ligands. The program is then able to calculate the 

speciation of the metals and ligands, which includes the competition from other species, as well 

as estimates the equilibrium concentration of individual species.8–12 

 

The results are presented in terms of a plasma mobilizing index (P.M.I), which represents the 

movement of metal ions from a protein bound form to a low molar mass complex. A definition 

for the P.M.I is the increase in the total concentration of low molecular weight complexes of a 

specific metal ion, which is caused by a ligand. The better the ligands are at specifically binding 

to endogenous copper(II), the higher the P.M.I value is. The value of P.M.I is calculated using 

equation 10.1.11,13  

 

P.M.I = 
Total concentration of low molecular weight metal complex species in plasma in presence of the ligand

Total concentration of low molecular weight metal complex species in normal plasma
 

                                                                                                                                              

(10.1) 

However, as mentioned previously, a very high P.M.I will indicate a biologically inactive 

complex, which will not be beneficial as a treatment for rheumatoid arthritis. Therefore a P.M.I 

value that is not too large (relative to previous literature values5) and which is produced from 

a ligand with a low, biologically suitable concentration, is required.  

 

In the blood plasma, copper(II) has to compete with other metal ions to form a complex with 

the ligands. In particular, zinc(II), nickel(II) and calcium(II) are of concern, since they have 

higher concentrations than copper(II) and therefore could interfere with the complexation of 

copper(II). The concentration of free zinc(II), nickel(II) and calcium ions is 10-11-10-8 mol.dm-

3, 10-11 mol.dm-3  and 10-3 mol.dm-3 respectively, while the concentration of free copper(II) ions 

is 10-18-10-11 mol.dm-3.8,14,15 This means that the ligands have to preferentially bind to 

copper(II) to overcome the higher concentration of the other metal ions. The stability constants 

of nickel(II) and zinc(II) were determined during the potentiometric titrations and so these 

values can be inserted into ECCLES. However, the stability constants for calcium(II) were not 

determined during the potentiometric titrations, but they can be estimated from a linear free 

energy relationship.16,17 A graph showing the linear free energy relationship between copper(II) 

and calcium(II) was constructed by Hammouda18 and can be seen in Figure 10.1. From the 
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equation of the graph, the stability constants for the ML and MLH species of calcium(II) were 

found. The MLH-1 and MLH-2 species were not calculated, since calcium(II) only coordinates 

to the oxygen donors of peptides.19,20  

 

 

Figure 10.1: The linear free energy relationship between log β Cu(II) and log β Ca(II) 

constructed from amino acid and peptide complex species which have the same ionic strength 

and temperature.18 

 

10.2 Methodology  

 

The program ECCLES was used to model the speciation of copper(II), nickel(II), zinc(II) and 

calcium(II) with GLH, Sar-LH, GFH and Sar-FH in the blood plasma. The protonation and 

stability constants that were determined in the potentiometric titration section for copper(II), 

nickel(II) and zinc(II) were inserted into ECCLES. These protonation and stability constants 

can be seen in Table 10.1 and Table 10.2 respectively. The calculated stability constants for 

calcium(II) that were obtained from the linear free energy relationship between log β Cu(II) 

and log β Ca(II) in Figure 10.1, were also inserted into ECCLES.  From this, ECCLES was 

able to calculate the P.M.I indices. The comparison between the P.M.I indices of copper(II) 

with nickel(II), zinc(II) and calcium(II) can determine whether the complexes can favour 

binding specifically to copper(II) in the presence of free nickel(II), zinc(II) and calcium(II).  
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Table 10.1: Potentiometric protonation constants that were used to calculate the P.M.I indices. 

 

Ligand 
Protonation 

LH LH2 LH3 

GLH 8.21 15.10 17.88 

Sar-LH 8.45 15.32 18.05 

GFH 7.95 14.82 17.65 

Sar-FH 8.22 15.09 17.96 

 

Table 10.2: Potentiometric stability constants that were used to calculate the P.M.I indices. 

 

Metal 

 

Ligand 
Species 

MLH ML MLH-1 MLH-2 

 

Copper(II) 

GLH 12.71  2.77 -2.24 

Sar-LH 12.37 7.38  -2.70 

GFH 12.76   -1.03 

Sar-FH 12.66   -1.51 

 

Nickel(II) 

GLH 11.34  -1.78 -9.20 

Sar-LH 11.52  -2.79 -9.86 

GFH 11.32  -1.84 -8.53 

Sar-FH 11.40  -2.88 -9.48 

 

Zinc(II) 

GLH  4.51 -3.71 -13.62 

Sar-LH 10.66 3.70 -4.13 -13.47 

GFH  4.23 -3.34 -13.44 

Sar-FH  3.52 -3.82 -13.35 

 

Calcium(II) 

GLH 5.50    

Sar-LH 5.22 1.11   

GFH 5.54    

Sar-FH 5.46    

 

 

10.3 Results  

 

Figures 10.2-10.5 show the P.M.I curves for copper(II), nickel(II), zinc(II) and calcium(II) as 

a function of ligand concentration. For all complexes, nickel(II), zinc(II) and calcium(II) are 

not competitors against copper(II) and thus the ligands can effectively mobilise copper(II) in 

the blood plasma. For topical application, a realistic ligand concentration would be 0.1 mM. If 

this concentration is used, then the increase in low molecular mass metal species would be 2.4 

times for GLH, 1.3 times for Sar-LH, 40.7 times for GFH and 8.7 times for Sar-FH.  
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Figure 10.2: The log P.M.I curves for copper(II), calcium(II), zinc(II) and nickel(II) with 

GLH and plotted against –log[GLH]. 

 

 

Figure 10.3: The log P.M.I curves for copper(II), calcium(II), zinc(II) and nickel(II) with 

Sar-LH and plotted against –log[Sar-LH]. 
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Figure 10.4: The log P.M.I curves for copper(II), calcium(II), zinc(II) and nickel(II) with GFH 

and plotted against –log[GFH]. 

 

 

Figure 10.5: The log P.M.I curves for copper(II), calcium(II), zinc(II) and nickel(II) with 

Sar-FH and plotted against –log[Sar-FH]. 

 

10.4 Discussion 

 

The ligand order for the mobilising of copper(II) is GFH > Sar-FH > GLH > Sar-LH. Figure 

10.6 visually compares the mobilizing efficiency of copper(II) between these ligands. Two 
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higher mobilizing capacities than the ligands with leucine, and the second is that the ligands 

with glycine are higher than the ligands with sarcosine. Notably, Jackson et al.10 found that the 

ligands with a methyl group increased the mobilizing efficiency by 10-fold and this was 

rationalized as a result from an inductive effect, but in this case the non-methylated tripeptides 

are more efficient.  

 

 

Figure 10.6: A comparison of the mobilizing efficiency of copper(II) between GLH, Sar-LH, 

GFH and Sar-FH.  

 

Hammouda18 found that despite a report10 which says that ligands containing histidine are not 

good at mobilising copper(II) in vivo, tripeptides with histidine actually do help to increase the 

mobilization of copper(II). More specifically, histidine in the third position of the tripeptide 

increased the mobilizing capacity more than if it were in the second position. It was for this 

reason that all the ligands, GLH, Sar-LH, GFH and Sar-FH, contained histidine in the third 

position. In comparison, the mobilizing capacities of GLH, Sar-LH, GFH and Sar-FH are in 

general much better than the ligands studied by Hammouda18. This is due to the amino acids, 

leucine and phenylalanine. Like histidine, leucine and phenylalanine were specifically chosen 

because Mohajane21 studied a series of dipeptides and found that Gly-Phe and Gly-Leu had the  

highest mobilizing capacities. 

 

When comparing the P.M.I values of other drugs that have been designed for anti-inflammatory 
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increase in low molecular mass metal species is obtained, N1-(2-aminoethyl)-N2-(pyridine-2-

ylmethyl)ethane-1,2-diamine11 ((555)-N) is  2.5-4.5 orders of magnitude better at mobilizing 

copper(II); ttda and dtda5,6 are approximately 2-4 orders of magnitude better at mobilizing 

copper(II); and N-(2-(2-aminoethylamino)ethyl)picolinamide11 (H(555)-N) is 0.5-2.5 orders of 

magnitude better at mobilizing copper(II). Then there are other anti-inflammatory drugs where 

GLH, Sar-LH, GFH and Sar-FH are much better at mobilizing copper(II) in vivo. This includes 

N,N′-(2,2′-azanediylbis(ethane-2,1-diyl))dipicolinamide ([H2(5555)-N])22 and [H2(556)-N]22, 

which are both  less efficient at mobilizing copper(II) by approximately 1-3 orders of 

magnitude and by approximately 0.5-2.5 orders of magnitude respectively. A graph visually 

showing how the ligand with the highest copper(II) mobilizing capacity (GFH) compares to 

literature, can be seen in Figure 10.7.   

 

 

Figure 10.7: A comparison of the P.M.I curves between literature and GFH. 

 

These results show that GLH, Sar-LH, GFH and Sar-FH all satisfy the aim of being able to 
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is unlike EDTA, which was found to form strong complexes with zinc(II) and calcium(II) and 

therefore rendered as ineffective at copper(II) plasma mobilization.6  Additionally, the fact that 

the mobilizing capacities of GLH, Sar-LH, GFH and Sar-FH are not equivalent to the 
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10.5 Conclusion 

 

The ligands, GLH, Sar-LH, GFH and Sar-FH can mobilize copper(II) in vivo in the presence 

of nickel(II), zinc(II) and calcium(II) at realistic ligand concentrations of 0.1 mM. The ligand 

order for the mobilising of copper(II) is GFH > Sar-FH > GLH > Sar-LH. GFH has the highest 

ability to increase low molecular mass metal species by 40.7 times at 0.1 mM and Sar-LH has 

the lowest ability to cause an increase, by only a factor of 1.3 times at 0.1 mM. These results 

show that all the ligands, and especially GFH, will be realistic drugs to use as a therapeutic 

treatment for rheumatoid arthritis once the complexes are in vivo.  
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11. General Concluding Remarks 

 

 

 

The aim of this study was to develop a drug that will help treat the inflammation associated 

with rheumatoid arthritis. To do this, the drug had to increase the bioavailable pool of 

copper(II) in vivo using exogenous and/or endogenous sources. At the same time the drug must 

not disrupt the homeostasis of endogenous metal ions. The preferred route of administration is 

via dermal absorption and so the drug had to be designed specifically to be able to form a stable 

complex with copper(II) and then be lipophilic enough to undergo transdermal absorption. 

Once in the blood plasma, the design of the drug had to have a high enough mobility in order 

to mobilize copper(II) from endogenous sources. 

 

The design of the drug resembles the structure of human serum albumin (HSA), where HSA 

binds copper(II) to an amine, two amide-N donors and an imidazole-N. HSA is a primary, 

reversable carrier for copper(II) in the body in the form of Asp-Ala-His, so basing the structure 

on this protein was ideal.1,2 The drug for this study was therefore made up of three amino acids 

and the combination of amino acids was based on the research from Hammouda3 and Vicatos4. 

Hammouda3 found that histidine in the third position increased the mobility of the ligand, while 

Vicatos4 found that leucine and phenylalanine increased the lipophilicity of the complex due 

to the non-polar side chains. These three amino acids and their positions were the main 

important factors in the design of the drugs. Vicatos4 also unexpectedly found no difference in 

the lipophilicity between glycine and sarcosine and so these two amino acids were also used to 

verify this claim. Therefore, four ligands were designed to incorporate these amino acids, 

namely, GLH, Sar-LH, GFH and Sar-FH. 

 

To determine how well the copper(II) complexes could undergo transdermal absorption, two 

methods were used. The first was the Flask Shake method, which determined the octanol/water 

partition coefficient values and the second was the Franz cell which determined the 

permeability coefficients. Specifically, the partition coefficients measure the lipophilicity of 

the complex, and the permeability coefficients physically measure how well the copper(II) 

complexes can undergo transdermal absorption. For both methods, the initial thought was that 

pH 7.4 is important, since it is the physiological pH, and that as a result these complexes should 

be analysed at this pH. However, on the skin surface, the pH is slightly acidic with an average 
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range of pH 4.5-6.7. Therefore, the complexes should ideally be analysed within this pH range 

or at a neutral pH 7, so that a topical cream containing these complexes can be applied to the 

skin, and due to their adjusted pH, not disrupt the mantel.5 As a result, an analysis for the 

partition and permeability coefficients were analysed at both the physiological pH and within 

the pH range of 4.5-6.7. The outcome from these methods showed that at the physiological pH, 

the copper(II) complexes did not display any increase in lipophilicity or permeability when 

compared to the control (copper(II) chloride), and therefore were deemed unable to increase 

the bioavailable pool of copper(II) in vivo using external sources at pH 7.4. However, when 

analysing the results between pH 4.6-5.5, there was an increase in both the lipophilicity and 

permeability compared to the control, and thus in this pH range these copper(II) complexes can 

undergo dermal absorption and satisfy the aim. 

 

In particular, even though an increase in the lipophilicity was found between pH 4.6-5.5, 

overall the partition coefficient values were negative over the pH range from 2-11, which 

means the species are inherently hydrophilic. The varying degrees of lipophilicity were 

attributed to the different species present in solution at particular pH values. The MLH-2 

species, which occurred at high pH values, had a similar partition coefficient value to copper(II) 

chloride, which meant that only 0.05-0.08 % of copper(II) was extracted into the octanol phase. 

The increase in lipophilicity between pH 4.6-5.5 was due to the MLH and MLH-1 species for 

Cu-GLH, the MLH and ML species for Cu-Sar-LH and the MLH species for both Cu-GFH and 

Cu-Sar-FH. These species caused 0.1-1.2 % of copper(II) to be extracted into the octanol phase. 

Therefore, even though these species are fundamentally hydrophilic, this increase in percentage 

of extracted copper(II) qualitatively shows how much copper(II) is expected to undergo dermal 

absorption. Additionally, the non-N-methylated groups (GLH, GFH), instead of the expected 

N-methylated groups (Sar-LH, Sar-FH), appeared to be more lipophilic. Therefore, since this 

study and the study by Vicatos4 found a deviation from the norm, other factors such as 

hydrogen bonding and the redistribution of charge could affect the lipophilicity of the complex. 

A similar suggestion can be made for why the ligands with phenylalanine (GFH, Sar-FH) were 

found to be more lipophilic than the ligands with leucine (GLH, Sar-LH). 

 

The permeability coefficients correlated with the outcome of the partition coefficient values. 

At a pH of 7.4, where only the MLH-2 species is present in solution, like the partition coefficient 

values, the permeability of the complex was the same as that of copper(II) chloride. But when 

the pH was set to correspond to each ligand’s maximum partition coefficient value, the 
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permeation rate increased. With respect to the permeation rate of copper(II) chloride, the 

permeation rate of Cu-GLH, Cu-Sar-LH, Cu-GFH and Cu-Sar-FH was respectively 1%, 0.5 %, 

1.3 % and 1.4 % more than the permeation rate of copper(II) chloride. Since these ligands 

incorporated amino acids from both Vicatos4 and Hammouda3, and since the amino acids taken 

from Vicatos4 have non-polar side chains while the amino acid taken from Hammouda3 has a 

polar side chain, it is logical to expect that the permeability results from GLH, Sar-LH, GFH 

and Sar-FH should be in between the results from Hammouda3 and Vicatos4. However, the 

results were found to be closer to the results from Hammouda3, which suggests that the polar 

effect of histidine is stronger than the non-polar effect of leucine and phenylalanine. An 

illustration of this comparison between the effective permeation rates as a result of the complex 

can be seen in Figure 11.1. (The effective permeation rate was calculated by subtracting the 

percentage of permeated copper(II) chloride from the percentage of permeated copper(II) 

complex from the same study) 

 

 

Figure 11.1: An illustrated comparison on the effective permeated rate of copper(II) as a result 

of the complex between the ligands in this study (orange) with the ligands of Hammouda3 

(blue) and Vicatos4 (green). 

 

The expected increase in the lipophilicity and permeability rates for the methyl group on the 

complexes with sarcosine, compared to the complexes with glycine, was not seen. This 

suggests that for future research, instead of including glycine or sarcosine as the first position 
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amino acid, it might be more beneficial to add another amino acid that has a non-polar side 

chain. This could then have an accumulative effect on the overall lipophilicity of the complex, 

since there will be at least two amino acids instead of one that will have non-polar side chains 

to help overcome the polar effect of the imidazole group in histidine. 

 

As indicated above, depending on the pH of the solution, the speciation of each ligand changes. 

To determine the species present in solution over a pH range from 2-11, glass electrode 

potentiometry was used to study the thermodynamics of the copper(II) complexes at 25 °C and 

0.15 M ionic strength (NaCl). From this an issue arose where potentiometry identified multiple 

models for each ligand instead of identifying only one. The reason for this was that the 

potentiometric titrations could not distinguish between the different models when it measured 

the release of protons. Each of these models had a different set of possible species and the 

challenge going forward was to identify which of these models was the correct one. In order to 

do this a series of structure determining techniques were carried out, which included UV-Vis, 

EPR, 1H NMR, mass spectrometry and molecular modelling. X-ray crystallography was also 

attempted as a structure determining technique.  

 

The first clue was a visual observation where, as the pH of the solution increased, a colour 

change from clear to violet-pink occurred. The violet-pink colour occurs in the pH range where 

the MLH-2 species predominates. Thus, the violet-pink max value is assigned to this species. 

All the ligands had max values between 517-523 nm, which is typical of a square planar 

geometry with a CuN4 chromophore. No other species could be identified using the UV-Vis 

technique, but there was the speculation that they were hidden behind the MLH-2 and/or 

Cu(H2O)6 absorption bands. EPR was also able to identify and confirm the presence of an 

MLH-2 species for all ligands, and that this species had a CuN4 chromophore and occurred from 

pH 7. EPR also managed to resolve the Cu-Sar-LH system, which consisted of an MLH species, 

an ML species with a CuN2O2 chromophore and an MLH-2 species. As a result, the correct 

model with its corresponding stability constants for Cu-Sar-LH was selected in potentiometry. 

1H NMR identified the MLH species for all ligands. 1H NMR also showed that the MLH 

species has two different coordination modes, one where the coordination is to the amine-N 

and neighbouring carbonyl-O with a protonated imidazole-N, and the other where the 

imidazole-N and carboxyl-O are coordinated and the amine-N is protonated. As a result of 

identifying the MLH species in all ligands, as well as combining it with the information from 
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UV-Vis and EPR spectroscopy, the model choice for Sar-FH and Sar-LH was identified, while 

the models for GLH and GFH were narrowed down. The model choice for GLH and GFH was 

chosen by using the standard deviations, Hamilton R-factors and observing the “best fit” 

between the theoretical and experimental functions from potentiometry.  

 

The model choices for each ligand consisted of the following species: GLH (MLH, MLH-1, 

MLH-2), Sar-LH (MLH, ML, MLH-2), GFH (MLH, MLH-2), Sar-FH (MLH, MLH-2). The 

formation of these species is a result of the loss of protons. Mass spectrometry was used to try 

and identify all the species present in solution. However, again only the MLH-2 species was 

confirmed to be present for all ligands. An interesting discovery, while analysing the mass 

spectrometry data was that copper was found in both the II and I oxidation state. The conclusion 

for not identifying the other species was that their concentrations were too low for detection. 

A summary of the process that took place to determine the correct model for each ligand, can 

be seen in Table 11.1. Only the structure determining techniques which contributed information 

that narrowed down the selection for each ligand, are displayed.   
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Table 11.1: Summary of process to determine correct model for each ligand.  

Cu-GLH 

 

Cu-Sar-FH 

 

 

 

 
 

 

 

Cu-GFH 

 

 

 
 

Cu-Sar-LH 

 

 

Another structure determining technique that was attempted, was to use single-crystal X-ray 

diffraction. X-ray crystallography can be used for studying the structures of copper(II)-peptide 

complexes, because it gives precise structural information at the atomic resolution level.6,7 

However, the most challenging step, particularly for peptides, is growing a crystal that is able 

to diffract at a high resolution. This is because peptides are sensitive to changes in the crystal 

growing environment and therefore finding the correct combination to create a viable 

environment is difficult.7 Despite having attempted multiple methods to crystallise the 

complexes, which included slow evaporation and vapour diffusion methods as described in 

literature8–12, a crystal with diffracting properties was not attained. As a result of not obtaining 
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a single crystal, powder X-ray diffraction (PXRD) was performed to identify whether the four 

ligands had crystalline properties (Figure 11.2). All the crystallographic experimental 

methodologies that were used can be seen in Section 1 of the appendix.  

 

 
(a) 

 

 
(b) 

 
(c) 

 
(d) 

  

Figure 11.2: PXRD patterns of the complexes (green) and their starting materials, CuCl2.2H2O 

(blue) and ligands (orange), for the ligands (a) GLH, (b) Sar-LH, (c) GFH and (d) Sar-FH. 

 

Figure 11.2 shows that all of the ligands used were amorphous. When complexed to copper(II), 

the resulting complexes were also amorphous, with very little long-range order, or crystallinity.  

This may provide an explanation for the difficulty in preparing large enough single crystals for 

full structural elucidation.  
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Molecular modelling using DFT calculations was beneficial for two reasons. The first was that 

it validated the proposed structures for the MLH-2 and MLH species, as well as indicated which 

coordination modes would most likely form in solution for the MLH, ML and MLH-1 species. 

The second was that by using DFT to calculate the max of species, a suggestion was made for 

why the absorption bands of the MLH, ML and MLH-1 species were not visible in the UV-Vis 

spectrum. Interestingly, all the possible coordination modes for each MLH, ML and MLH-1 

species were found to have similar ground state energies and therefore, all coordination modes 

have an equal probability of forming in solution. Therefore, all coordination modes for each 

species have been proposed as final structures. The visual representation of the final proposed 

optimized structures for each coordination mode of each species can be seen in Table 11.2. 

Additionally, a summary regarding the geometry, DFT calculated max values, experimental 

max values for the MLH-2 species and a suggestion for why the MLH, ML and MLH-1 species 

did not appear in the UV-Vis spectrum, has also been included.   

 

Table 11.2: Visual representation of the proposed final structures for the MLH, ML, MLH-1 

and MLH-2 species, as well as a summary of their geometry, DFT calculated max, experimental 

max for the MLH-2 species and a suggestion for why the MLH, ML and MLH-1 species did not 

appear in the UV-Vis spectrum.  

 

Ligand: GLH 

Species: MLH 

Coordination mode (a) 

Geometry: square pyramidal 

B3LYP/6-31++G** max : 710 

Experimental max: not seen due to concealment from 

broad absorption band of Cu(H2O)6 

 

 

 

 

 

Ligand: GLH 

Species: MLH 

Coordination mode (b) 

Geometry: tetragonally distorted octahedral 

B3LYP/6-31++G** max : 882 

Experimental max: not seen due to concealment 

from broad absorption band of Cu(H2O)6 
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Ligand: Sar-LH 

Species: MLH 

Coordination mode (a) 

Geometry: square pyramidal 

B3LYP/6-31++G** max : 699 

Experimental max: not seen due to concealment from 

broad absorption band of Cu(H2O)6 

 

 

 
Ligand: Sar-LH 

Species: MLH 

Coordination mode (b) 

Geometry: tetragonally distorted octahedral 

B3LYP/6-31++G** max : 889 

Experimental max: not seen due to concealment 

from broad absorption band of Cu(H2O)6 

 

 

Ligand: GFH 

Species: MLH 

Coordination mode (a) 

Geometry: square pyramidal 

B3LYP/6-31++G** max : 837 

Experimental max: not seen due to concealment from 

broad absorption band of Cu(H2O)6 

 

 

Ligand: GFH 

Species: MLH 

Coordination mode (b) 

Geometry: square pyramidal 

B3LYP/6-31++G** max : 875 

Experimental max: not seen due to concealment 

from broad absorption band of Cu(H2O)6 
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Ligand: Sar-FH 

Species: MLH 

Coordination mode (a) 

Geometry: square pyramidal 

B3LYP/6-31++G** max : 707 

Experimental max: not seen due to concealment from 

broad absorption band of Cu(H2O)6 

 

 

Ligand: Sar-FH 

Species: MLH 

Coordination mode (b) 

Geometry: square pyramidal 

B3LYP/6-31++G** max : 868 

Experimental max: not seen due to concealment 

from broad absorption band of Cu(H2O)6 

 
 

Ligand: Sar-LH 

Species: ML 

Coordination mode (a) 

Geometry: square planar 

B3LYP/6-31++G** max : 586 

Experimental max: not seen due to concealment from 

large absorption band of the MLH-2 species  
 

 

 

 
 

Ligand: Sar-LH 

Species: ML 

Coordination mode (b) 

Geometry: tetragonally distorted octahedral 

B3LYP/6-31++G** max : 719 

Experimental max: not seen due to concealment 

from broad absorption band of Cu(H2O)6 
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Ligand: GLH 

Species: MLH-1 

Coordination mode (a) 

Geometry: square planar 

B3LYP/6-31++G** max : 569 

Experimental max: not seen due to concealment from 

large absorption band of the MLH-2 species  
 

 
Ligand: GLH 

Species: MLH-1 

Coordination mode (b) 

Geometry: distorted square pyramidal 

B3LYP/6-31++G** max : 763 

Experimental max: not seen due to concealment 

from broad absorption band of Cu(H2O)6 

 
Ligand: GLH 

Species: MLH-1 

Coordination mode (c) 

Geometry: square planar 

B3LYP/6-31++G** max : 592 

Experimental max: not seen due to concealment from large absorption band of the MLH-2 species  
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Ligand:GLH 

Species: MLH-2 

Geometry: square planar 

B3LYP/6-31++G** max : 516 

Experimental max: 518 

 

 
Ligand:Sar-LH 

Species: MLH-2 

Geometry: square planar 

B3LYP/6-31++G** max : 541 

Experimental max: 523 

 
Ligand: GFH 

Species: MLH-2 

Geometry: square planar 

B3LYP/6-31++G** max : 527 

Experimental max: 517 

 

 
Ligand: Sar-FH 

Species: MLH-2 

Geometry: square planar 

B3LYP/6-31++G** max : 534 

Experimental max: 521 

 

Having established the species present in solution for each copper(II) ligand complex and 

having determined the coordination modes for each species, it is evident that stable species 

form. However, the question that arises is whether these complex species will be biologically 

active in vivo. It is possible that the stability of the complex is too high, as seen with 3,6,9,12-

tetra-azatetradecanedioic acid (ttda) and 3,6,9-triazaundecanedioic acid (dtda), which resulted 

in their copper(II) complexes being excreted, unchanged, in the urine.13–15 Therefore, by 

comparing the stability constants of Cu-GLH, Cu-Sar-LH, Cu-GFH and Cu-Sar-FH with the 
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stability constants of Cu-ttda and Cu-dtda, it can give an indication whether the ligands are 

likely to be excreted, intact or not.  The comparison can be seen in Table 11.3. 

 

Table 11.3: Comparison of the complex stability constants between Cu-GLH, Cu-Sar-LH, 

Cu-GFH and Cu-Sar-FH with Cu-ttda and Cu-dtda.13 

Species type ligands log β 

MLH Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

Cu-ttda 

Cu-dtda 

12.71 

12.37 

12.76 

12.66 

24.92 

21.35 

ML Cu-Sar-LH 

Cu-ttda 

Cu-dtda 

7.38 

21.34 

19.16 

MLH-1 Cu-GLH 

Cu-dtda 

2.77 

8.24 

MLH-2 Cu-GLH 

Cu-Sar-LH 

Cu-GFH 

Cu-Sar-FH 

-2.24 

-2.70 

-1.03 

-1.51 

MLH2 Cu-ttda 26.67 

 

It can be seen from Table 11.3 that the stability constants of Cu-ttda and Cu-dtda are 

considerably larger than the stability constants of Cu-GLH, Cu-Sar-LH, Cu-GFH and 

Cu-Sar-FH. This large difference suggests that the four ligands are a lot less stable and thus 

will be able to release copper(II) in vivo and not get excreted. The main structural difference 

between the four ligands and ttda/dtda that accounts for the difference in the stability constants 

is due to the number of amine nitrogens. In ttda, copper(II) binds to four amine nitrogens and 

in dtda to three, while in GLH, Sar-LH, GFH and Sar-FH, copper(II) only binds to one. 

Additionally, for GLH, Sar-LH, GFH and Sar-FH, besides the one amine coordination, 

copper(II) is also bound to amide-Ns, which upon complexation have to deprotonate, which in 

turn helps to lower the stability of the complex.15 Copper(II) also binds to O-donor groups, 

which as a result of their higher electronegativity, generally form less stable bonds to copper(II) 

compared to N-donor groups, and so help to lower the stability of the complex in relation to 

ttda and dtda. When comparing the stability between the ligands, the expected increase in 

stability for the complexes with the methyl group from sarcosine compared to glycine, as well 

as the complexes with leucine compared to phenylalanine, was not seen.  
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The ligands have demonstrated that even though they are still overall hydrophilic, they will 

undergo dermal absorption and satisfy the aim of increasing the bioavailable pool of copper(II) 

from exogenous sources. The secondary aim for the ligands to mobilise and release copper(II) 

from endogenous sources was achieved by using the program, Evaluation of Constituent 

Concentrations in Large Equilibrium Systems (ECCLES) to determine the mobility capacity 

of copper(II) complexes in vivo. The results showed that all four ligands in the order of GFH 

> Sar-FH > GLH > Sar-LH were able to mobilize copper(II) in vivo at realistic ligand 

concentrations of 0.1 mM, while not disrupting the homeostasis of nickel(II), zinc(II) and 

calcium(II). GFH was found to have the highest mobilizing capacity, which increased the low 

molecular mass metal species by 40.7 times at 0.1 mM, and was thus proposed as the best 

choice to use as a therapeutic treatment once the complexes are in vivo. Since the mobilizing 

capacity of ttda and dtda were so high13–15, they became a marker to indicate whether the 

mobilising capacities of GLH, Sar-LH, GFH and Sar-FH were low enough to warrant 

biological activity. Since the four ligands were found to be 2-4 orders of magnitude less 

effective at mobilising copper(II) than ttda and dtda, it suggests that these ligands could be 

biologically active in vivo. 

 

The suggestion by Hammouda3 to place histidine in the third position to increase the mobilizing 

capacity evidently was a success. For future work, the ligand should keep histidine in the third 

position, but as mentioned before, to improve the overall lipophilicity of the complex, two 

amino acids with non-polar side chains should also be used. A suggestion could be to use both 

leucine and phenylalanine in the same tripeptide, so that the two possibilities are Leu-Phe-His 

and Phe-Leu-His. 

 

Overall, the ligands GLH, Sar-LH, GFH and Sar-FH have been shown to be successful 

transporters of copper(II), which are able to increase the bioavailable pool of copper(II) from 

both exogenous and endogenous sources without disrupting the homeostasis of other 

endogenous metal ions. As a result, these ligands should undergo animal testing where the bio-

distribution is studied. The complex ligand will be radio-labelled using 64Cu(II) as a radiotracer. 

The bio-distribution study will trace the efficiency of the ligands to transport copper(II) through 

the body and deliver copper(II) to the sites of inflammation. This will also determine the 

stability of the complexes in vivo. The ideal form of treatment would be in the form of a topical 

cream, but intravenous and percutaneous administration methods can both be used to compare 

the ability of the ligands to undergo dermal absorption. Additionally, further animal studies 
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can be done to determine the anti-inflammatory activity by topically applying the radio-labelled 

complex. In previous research, copper(II) concentrations of 1 mmol.dm-3 were prepared in 

sterile saline solutions of pH 7.4.15,16 Therefore, a copper(II) ligand solution containing this 

concentration can be prepared for both the intravenous and percutaneous administration 

methods.  
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Appendix 

 

 

Section 1 

1.1 Crystallographic experimental 

1.1.1 Solution preparation 

 

An aqueous solution that contained a 1:1 copper(II) ligand ratio was prepared for each of the 

four ligands, GLH, Sar-LH, GFH and Sar-FH. The concentration of the ligands was 0.1 M and 

the concentration of CuCl2·2H2O was adjusted lower at 0.08 M to prevent the precipitation of 

Cu(OH)2, but still maintain an approximate 1:1 ratio. The pH of each solution was adjusted to 

pH 11 using NaOH and filtered into a vial with a nylon 0.45 μm microfilter.  

 

1.1.2 Slow diffusion 

 

Slow diffusion was used as a crystal growth method and two types of setups were used. The 

first used 0.5 ml of each ligand solution mixed with 0.5 ml of dimethylformamide (DMF) to 

make a 50/50 vol/vol DMF/water solution. The solution was kept under an enclosed ethanol 

atmosphere at room temperature for three weeks, but no crystals formed. The second setup 

used 0.5 ml of each ligand solution and mixed with 0.5 ml of aqueous ethanol to make a 50/50 

vol/vol ethanol/water solution. This mixture was kept under an enclosed acetone atmosphere 

at room temperature and after 7 days small clusters of blue block-like crystals formed. 

 

1.1.3 Slow evaporation 

 

For the slow evaporation method, all the following mixtures were left to dry in a vial in the 

open air at room temperature: 0.25 ml of each ligand solution mixed with 0.25 ml of aqueous 

ethanol; 0.25 ml of each ligand solution mixed with 0.25 ml of DMF; 0.25 ml of each ligand 

solution mixed with 0.25 ml of ethanol, as well as 0.25 ml of chloroform; and 0.25 ml of each 

ligand solution only. The solution that contained only 0.25 ml of ligand solution produced small 

clusters of blue crystals.  
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1.1.4 Single Crystal X-ray Diffraction (SCXRD) 

 

Crystals that formed from the slow diffusion and slow evaporation methods were analysed 

using a single crystal four-circle X-ray diffractometer to determine the structural properties of 

the crystals. These crystals were extracted from their immediate environment and coated in 

Paratone oil1 to prevent the loss of water molecules that could be included in the crystal 

structure. The crystals were separated from their clusters and placed in the diffractometer. The 

resulting diffraction was not sufficient for further SCXRD to take place.  

 

1.1.5 Powder X-ray Diffraction (PXRD) 

 

PXRD patterns were recorded for the starting materials (GLH, Sar-LH, GFH, Sar-FH and 

CuCl2·2H2O) and the resulting copper(II) ligand complexes. This analysis was performed at 

room temperature using a Bruker D2 Phaser diffractometer (Bruker, United States) using 

CuK1 radiation (λ = 1.5406 Å) with an X-ray generator set at 30 kV and 50 mA. The sample 

preparation involved co-grinding the products from an evaporated sample that contained only 

0.25 ml of copper(II) ligand solution to minimise the effect of preferred orientation. 

CuCl2·2H2O was also co-ground, but the ligands were hydroscopic and so these were added to 

the PXRD without co-grinding. All these samples were separately placed onto a silicon zero 

background sample holder, where the scanning range was 4o – 40o 2 with a step size of 0.0164o 

and a primary beam path slit of 0.6 mm. 

 

1.2 Reference  

1 Paratone N oil, Exxon Chemical Co., Texas, USA. 

 

 

 

 

 

 




