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Unlocking the Stability of Multi-Component 

Pharmaceutical Forms 

Robert Fox 

Abstract 
The field of computational chemistry is constantly developing new predictive 

methods to guide experiments. Co-crystals are a promising development for 

improving the properties of active molecules, which is an exciting prospect 

specifically for the pharmaceutical field in formulating active pharmaceutical 

ingredients (API). To minimise computational cost, quantum mechanical models 

based on density functional theory (DFT) can be supported where appropriate with 

faster semi-empirical density functional tight binding (DFTB). These types of models 

can be used to predict the enthalpy of formation of the co-crystal structures. My 

results show that the full DFT methodologies predict the enthalpy of formation well 

for a broad range of co-crystals, with the DFTB methods giving high-throughput 

predictions for simple co-crystals but failing for larger, more complex APIs.  

Another area of intensive research in multi-component pharmaceutical forms is the 

development of anti-cancer artificial metallonucleases (AMNs) that can be used to 

recognise and damage nucleic acids. This is aided by the metal centre which 

promotes oxidative processes chiefly responsible for cleavage activity. Thus, 

ensuring coordination of the metals in their parent AMN scaffolds is imperative for 

them to function correctly. Click chemistry is a recently discovered modular process 

to produce various AMNs with differing terminal groups. The goal here is to produce 

various polynuclear AMN structures, as these have previously been found to have 

a greater activity than mononuclear congeners, resulting in greater DNA damaging 

effects. This thesis aims to predict metal ion binding properties based on a wide 

range of scaffolds. The pendant groups can influence the strength of the metal to 

scaffold binding. DFT calculations are used to predict the effect of a broad range of 

molecular groups in place of the hetero-aromatic donors and explore how this can 

improve the metal binding in molecular scaffolds. 
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Chapter 1 Introduction 
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1.1 An Introduction to molecular solids 

 

Molecular solids are uncharged structures with a broad array of properties, allowing 

them to be used in many fields, such as applications in pharmaceuticals, inks and 

insecticides.1–3 Generally, they have a low melting point, are soluble in water or 

organic solvents, and are soft and easily mailable.4 One prominent use of molecular 

solids is within the pharmaceutical sector, and a few examples of these include 

Ritonavir®, used for the treatment of HIV,5 Tegretol®,6 used for the treatment of 

bipolar disorder and epilepsy,6 along with more household medications such as 

paracetamol7 and aspirin.6 Their widespread use demonstrates an ability to have 

predictable and controllable material properties such as solubility, dissolution rate, 

morphology, and tabletting characteristics.8 These properties can be influenced 

through the intermolecular interactions, and solid forms can be chosen or 

engineered depending on the applications for which they are used.9  

The solid form packing is how the molecules are organised within the solid. The 

crystal packing plays a factor in the properties of the solid form as different 

intermolecular interaction mapping will influence the physical properties.5 The 

supramolecular packing in the crystal is governed by non-covalent interactions. 

These could be van der Waals interactions, dipole-dipole interactions or hydrogen 

bonds.10  

Molecular solids may be packed in either an amorphous or crystalline manner.11 

These packing arrangements are defined through the repeating arrangement of the 

molecules within the solid form, known as the long-range order or periodicity.10 

Crystalline materials show high long-range order,12,13 whereas amorphous materials 

do not. Amorphous materials may exhibit structural order locally, however not 

enough to have crystalline properties.14,15 One example of how these material 

properties differ is the melting point, with amorphous materials having a broad glass 

transition temperature, Tg, where the material melting will spread through a broad 

temperature range. In contrast, a crystalline material has a sharp melting point.11 

Within the crystalline form, these large repeating units are broken down into smaller 

sections called the unit cell, which, when pieced together, can fill the solid's entire 

space, leaving no gaps.11 These unit cells can be broken down into 14 distinct 
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classes of Bravais lattice.11,16 The method with which the material is crystalised 

alters the crystalline size and shape by directing the crystallisation pathway.16 This 

is particularly important when there are multiple ways the molecules can be 

arranged within the unit cell, recognised as polymorphism. This phenomenon is 

critical due to the role of the crystal structure on the physical properties of the 

material, as it could alter these properties, reducing the efficacy of the resulting 

product with the potential to reduce the bioavailability and reactivity of the crystal 

structure along with other physical  properties, solubility, stability, dissolution rate, 

bioavailability, and tabletability.10,17 The bioavailability is the rate that the body can 

absorb a drug substance,18 while tabletability represents the ability of a powdered 

material to be transformed into a tablet of a specific strength under the effect of 

compaction pressure.19 

Amorphous materials, as previously stated, do not have long-range order.11 These 

materials may have crystal structures which have the potential to form despite not 

being energetically favourable due to these crystal structures not resulting in a 

significant energetic saving.11 Amorphous packing arrangements results from 

molecules with poor packing abilities, or molecules possessing many internal 

degrees of freedom which reduce their ability to pack in a crystalline manner.15 

Along with these molecular features, these systems can also be produced by drying 

hydrate crystals. Here, the amorphous materials may form through water inclusions, 

and where water is removed from a hydrate structure, holes which form around the 

water molecule are left.20 Due to the amorphous packing being higher energy, this 

allows for the material to have a higher solubility.3 Amorphous materials are also 

known to flow and deform through plastic deformation. The ability to flow and deform 

allows amorphous materials to have better tabletting abilities.3 Conformational 

flexibility is the ease at which the molecule can rotate into different orientations. 

When a molecule has a high level of conformational flexibility, it becomes easier to 

form amorphous solid forms as it is easier to produce different molecular 

orientations so that it is harder to crystallise.15 Below the Tg, the material may have 

a brittle state, and above this, the material will be in a rubbery state due to the 

molecular mobility being increased as the glass temperature is reached.12  

Materials may be also classified as semi-crystalline, whereby structures show 

repetition within one or two dimensions within the unit cell with repetition not shown 
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in all three dimensions.11 Some polymers show long-range order in two dimensions, 

and most fibrous materials demonstrate long-range order in one dimension along 

the fibrous axis.11 This is due to the long chains' inability to move close enough to 

form these periodic arrangements; examples of such semi-crystalline materials 

include poly(lactic acid) and polyethene glycol.11 

1.2 Intermolecular interactions 

 

Crystalline structures form due to strong intermolecular interactions, such as 

hydrogen bonding, dipole–dipole and van der Waals interactions. Through the 

rational modulation of these interactions, these intermolecular forces can be used 

to develop the properties of the solid form so that it may have, for example, a higher 

solubility or more mechanically stable structure.21 Crystalline materials are used in 

many fields due to their controllable and predictable nature, with uses in 

adhesives,22 pharmaceuticals,20 agriculture23 and dyes.1 These structures have a 

long shelf life due to the highly stable nature of the crystalline. 

Intermolecular interactions depend on electronegativity.10 Electronegativity is the 

ability of an element or species to attract electrons towards itself. The highly 

electronegative atoms can form partial charges, which are the basis of 

intermolecular interactions. Hydrogen bonds form strong intermolecular interactions 

between two dipoles due to the high electronegativity.24 Highly electronegative 

atoms which are used to form hydrogen bonds are oxygen, nitrogen and fluorine 

commonly used within functional groups such as aldehydes, ketones, amines and 

amides.24 These are complimented by electropositive atoms which have a tendency 

to donate electrons and form cations which form hydrogen bonds with the more 

electronegative atoms due to the charge difference examples of highly 

electropositive elements are the alkali metals with the heaviest being cesium.25 

Thus, hydrogen bonding can be broken down into 'structural units within a molecule 

that can be assembled using known synthetic operations',26 which can be either 

hydrogen bond donor/acceptor regions. These regions have a high or low electron 

density. Functional groups containing both, such as amines and carboxylic acid, can 

be homosynthons, which allow for self-association with the formation of hydrogen 

bonds between two identical functional groups.27 
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Van der Waals interactions are the weakest intermolecular interactions formed 

through the induction of partial charges due to the polarisability of atoms within the 

molecule.28 Polarisability is defined through the ease with which the electron 

distribution is distorted; the polarisability increases with a greater quantity of 

electrons and larger molecules due to the electrons being less localised due to the 

nucleus not holding the electron density as firmly.4 These interactions can be 

attractive or repulsive forces, thus influencing the packing of the material.  

The differences in strength between the hydrogen bonds and van der Waals 

interactions makes hydrogen bonds the primary director of crystal packing, with 

hydrogen bonding having the strongest interactions with a typical binding strength 

of 20 kJ mol-1, while van der Waals interactions occur with a typical binding strength 

of 2 kJ mol-1.29 For comparison, ionic bonds that form between charged species are 

stronger than covalent bonds, with typical strength of ~250 kJ mol-1.29 

There are crystalline-packed systems with more than one distinct species known as 

multi-component solid forms.30 These multi-component crystal structures are used 

in many fields, such as fertilisers,23 pigments1 and medicines.31 The versatility of 

these multi-component solid forms is due to the ability to improve the properties of 

the parent molecule. The multi-component solid forms can be divided into three 

subclasses: solvates, hydrates and co-crystals.30 These co-crystal structures show 

development in the improvement of the physical properties of the active molecule 

however are believed to have a higher propensity of polymorphism.32 

As previously mentioned, the packing of solid forms is vital for the properties of solid 

forms. The intermolecular interactions may form in multiple ways, meaning that 

different packing arrangements produce stable crystal structures, known as 

polymorphism. These packing arrangements may have different physical properties, 

affecting the crystal structure’s final use.33 Abbott Laboratories initially released the 

drug Ritonavir® in 1996.5 A second polymorph was crystallised in 1998 with a lower 

lattice energy polymorph than the marketed form meaning this was a more stable 

crystal structure as a result of the hydrogen bond formation whereas the form I uses 

a β-sheet structure.34 This second polymorph had a significantly lower solubility 

reported to be <50% compared to the initial marketed form.5 Identification of this 

new polymorph halted the production of the drug, which was expensive and time-
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consuming with an estimated loss of $250 million after its reintroduction in 1999.34 

The initial form was unable to be isolated as a result of the seeding of the second 

form.6 

The subclass of co-crystals contains two or more uncharged molecules that are solid 

at ambient conditions; these molecules comprise the co-crystal and are known as 

the co-formers.30 Co-crystals are used in various areas depending on how the active 

ingredient. Solvates and hydrates are multicomponent crystals where one co-former 

is not solid under ambient conditions, and within the hydrate form, water is 

incorporated into the crystal structure. These solvates and hydrates form hydrogen 

bonds within the crystal structure. Co-formers with a low molecular weight tend to 

form these solvates and hydrates readily due to the small molecular weight allowing 

for the incorporation of the solvent within the crystal structure.7  

Molecules can also display chirality, where the molecules are the same within 2D 

space; however, they are nonsuperimposable as they are mirror images of 

themselves; separately, these are known as enantiomers. Chirality is important 

within the pharmaceutical chemistry due to the one enantiomer potentially having 

little to no physiological effects.35 Another side effect maybe undesired or toxic effect 

within the body as the racemate maybe metabolised differently.35 A historical 

example taken from 1950s is that of thalidomide, a molecule initially intended as a 

morning sickness treatment and a sedative.36 However, it was later removed from 

the market when it was found that one enantiomer is a teratogen causing severe 

congenital disabilities. The drug has since been repurposed where one of the 

enantiomers is now used to treat leprosy.36 It is now essential to identify all 

enantiomers that are produced and characterise their biological activity. 

1.3 Properties of solid forms 
 

Solid forms have important influences on physical properties, including stability and 

solubility. The physical properties are highly dependent upon the packing of the solid 

form. 

The stability of the solid forms is dependent upon how it is packed. The packing of 

polymorphs can be thermodynamically unfavourable compared to other packing 

arrangements.37 Thermodynamically unfavourable packing means the crystal 
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structure can convert to the more thermodynamically favourable packing 

arrangement. The potential for thermodynamically unfavourable packing means that 

if all crystal forms are not identified, there may be unexpected crystal structures 

which have unseen physical properties. As was shown in the drug Ritonavir® where 

the initially crystallised form produced by Abbott laboratory received a patent. 

However, when form-II was crystallised, this was found to be a more stable form 

with the originally patented form was unable to be formed. With ongoing work still 

discovering yet more polymorphs of this drug being found with a third anhydrous 

Ritonavir® polymorph being reported in 2022 as confirmed through thermal 

methods.38 These structures had drastically different solubility and bioavailability. 

Other examples include Rotigotine®, this is the active ingredient in Neupro®, that is 

used in the treatment of Parkinson’s disease. However, in 2008 identified a second 

polymorph was identified with a solubility 8 times lower than the initially marketed 

form. Later, crystal structure prediction work identified a third polymorph with a lower 

relative stability than the initially marketed form.39  

The conformational changes within the molecule can cause alterations in the 

intermolecular forces, which result in dislocations; these are linear defects that result 

in long-range weaknesses in the crystal structure.40,41 The dislocations can 

potentially cause crystallisation to occur with different conformational isomers, 

referred to as conformational polymorphism.33 The differing conformational isomers 

will have different stabilities due to the different intramolecular forces acting upon 

the molecule; one prominent example is cyclohexane, which typically crystallises in 

the ‘chair’ form to minimise the ring strain.33  

The solid form also governs the solubility of the final product. The solubility varies 

depending upon the polymorph produced. The change in the solubility will differ due 

to changes to the intermolecular interactions that must be broken to separate the 

material into discrete molecules to dissolve the material.42 The use of different 

solvents can adjust the polymorph produced.43 Within the pharmaceutical sector, 

solubility is important with a large proportion of potential drug products failing clinical 

trials as a result of the poor aqueous solubility.44  
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1.4 Co-crystals  
 

Since multicomponent solid forms comprise one or more materials under ambient 

conditions (either solid or liquid), it is due to this classification that hydrates and 

solvates lie in the multicomponent crystal classification. These are two common 

examples of multi-component solid forms that are typically formed with smaller 

molecules.27 These hydrates and solvates contain active ingredients and co-

formers, which may be water or other solvents called pseudo-polymorphic forms. 

27,45 Some hydrates can form quickly, such as with the molecule carbamazepine, 

which converts from the anhydrous crystalline form to the dihydrate crystalline form 

within one hour of being suspended in water. 46 

In contrast to form co-crystals, all components must be solids under ambient 

conditions. From a structural perspective, co-crystal design is highly focused on 

hydrogen bonding, so they rely on functional groups such as carboxylic acid and 

amine as hydrogen-bonding synthons. 9 The multiple molecules that make up a co-

crystal aid the thermodynamic stability of the co-crystal through intermolecular 

interactions. The added stability will alter and adapt the physicochemical and 

pharmacokinetic properties such as the dissolution rate, 47 density and melting point. 

16 These co-crystals have often shown to have an apparent improvement in solubility 

from the single molecule forms. In some cases, the solubility is up to 1000 times 

more soluble than the single molecule, as reported with danazol-4-hydroxybenzoic 

acid and danazol-vanillin co-crystal. 48 This is especially important as 40% of 

approved drug substances and 90% of developmental drugs have poor solubility.49 

One example of a phenomenon that pharmacokinetics can exhibit is referred to as 

'springs and parachutes'; 50 this is where the 'springs' are a higher energy drug form 

to take the drug solubility past its solubility limit where no further drug substance can 

be dissolved. Then, agents such as surfactants are used to maintain the high 

concentration.50 Co-crystals can be used for various applications, from use in 

pharmaceuticals improving the solubility and bioavailability of the active 

pharmaceutical ingredient (API),6 to use in semiconductors used to tune the band 

gap.51 

There are a few co-crystal pharmaceuticals, such as the marketed drug Suglat®, 

which is a co-crystal of ipragliflozin and L-proline that is used as a treatment for type 
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2 diabetes; this co-crystallisation prevents the formation of the hydrate form of the 

ipragliflozin which can form during storage and reduce the solubility of the 

ipragliflozin.52 These co-crystals have also been shown to be more photostable with 

a variety of drug products being brought to market, such as progesterone co-

crystallised with Phloroglucinol53 and vitamin D3 co-crystallised with vitamin D2,54 

resulting in a stable crystal structure not easily degraded during storage by exposure 

to light. Co-crystallisation can also improve bioavailability whereby the active 

pharmaceutical ingredient is absorbed by the body at an improved rate. An elegant 

example of this effect was demonstrated by the co-crystallisation of baicalein with 

caffeine where a four-fold improvement in the bioavailability of baicalein compared 

to the single component crystal form was achieved.55  

Co-crystals can affect the conduction ability of a crystal structure this is achieved by 

changes to the band gap this is the difference between valence band and 

conduction band. The valence band is the build-up of occupied orbitals when 

sufficient energy is provided an electron can move up to the higher energy 

conduction band, this conduction band is the build-up of unoccupied orbitals 

allowing for the movement of charge through a material.51 This band gap defines 

the conductivity of a material; this means that if there is a substantial gap, this 

material is an insulator, and if this gap is low enough, the material can be considered 

a conductor. In contrast, semiconductors are structures which the electrons can 

move into the conduction band from the valence band but a higher energy 

requirement is needed.  A band gap between 1-5 eV is considered a semiconductor 

as if a sufficient electric field is imparted, the electron may move up to the conduction 

band.56 With the use of co-formers it can be possible to create a reduced band gap.51 

Co-crystals can also be used to produce piezoelectric and ferroelectric 

compounds.57,58 Piezoelectric compounds produce an electric current when stress 

is applied,57 and ferroelectrics produce spontaneous electric currents above a 

specific temperature, referred to as the Curie temperature.58 The Curie temperature 

can be raised through co-crystallisation – for example an elevated Curie 

temperature of 68˚C was reported for a co-crystal of acenaphthene and 2,3,5,6-

tetrafluoro-7,7,8,8-tetracyanoquinodimethane.58 
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1.5 Computational work on co-crystal forms  
 

Crystal structure prediction (CSP) can be used to predict the packing of the 

molecules within the crystal structure to get the lowest energy structures that match 

with stable and metastable polymorphs.59 These ultimately become significantly 

more challenging when predicting structures of multicomponent crystals due to the 

need to predict the component orientation and the increased number of potential 

structures that need to be considered.60  

Blind CSP tests are carried out approximately every 5 years to identify progress 

within the CSP field, as the latest modelling codes are tasked with predicting the 

crystal structure just from the molecular structures. In the last three blind tests three 

multicomponent structures have been incorporated, two co-crystal structures and 

one salt structure,61–63 with the current blind test incorporating a further co-crystal 

structure with two different stoichiometries along with an organic, multi-component 

salt system. In the sixth blind test, the co-crystal studied was a multi component 

system of 3,5-dinitrobenzoic acid and 2,8-dimethyl-6H,12H-5,11-

methanodibenzo[b,f][1,5]diazocine, and showed similar structural comparison result 

to the previous blind tests where the difference between the experimental structure 

and the predicted structures measured using root mean squared deviation (RMSD) 

ranged from 0.124 Å to 0.464 Å.62 In the fourth blind test, the RMSD ranged from 

0.075 Å to 0.536 Å.64 

There have been attempts to model co-crystal stability using the lattice enthalpies 

to predict how stable these structures are. One density functional theory model 

predicted that most co-crystals would be thermodynamically stable, predicting 95% 

of co-crystals to be a thermodynamically favourable process.65 However, this model 

only used a single basis set (see section 3.3 below). a larger range of basis sets 

may predict the formation of co-crystal structures more accurately and correctly 

identify all observed crystal structures as physically plausible. When studying co-

crystals, it is important to consider dispersive forces and the role that these play in 

co-crystal stability.66 Free-energy calculations including entropic temperature effects 

may help identify co-crystal structures that potentially show kinetic stability as 

opposed to thermodynamic stability. Along with this, there have been attempts to 
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produce neural networks that inform the formation of co-crystals; one method 

reported ≥97% accuracy67.  

All these methods will struggle with a broader co-crystal set due to the primary focus 

within the crystal engineering field being biased towards hydrogen bonding. Models 

are generally based on, or trained, using structures available in the CCDC; however, 

these will undergo the same biases that purely experimental trial and error and/or 

“pen and paper” design approach entails in that these experimental structures will 

be more hydrogen bonding focused with the training set not having the co-crystal 

structures that failed to be produced. Hence, these models based purely on known 

structures will not have the diversity of the knowledge that is necessary to produce 

a machine learning to predict the formation of co-crystals accurately purely from 

scratch, purely from just libraries of single molecules.67 
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Chapter 2 Research Objectives 
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A primary goal of this work is to predict co-crystals stability using computational 

models with equations that underpin the calculation of the dispersive forces and 

further computational models presented within this thesis described in Chapter 3. 

Presented in Chapter 4 is the foundational work which assesses the ability of the 

current computational models to predict the enthalpy of the formation of co-crystal 

structures. The large computational dataset expands significantly on previous work 

that only incorporated a single exchange functional and dispersion correction 

combination.65 The work presented here incorporates three exchange functional 

and dispersion correction combinations, one uncorrected method and three high 

throughput computational methods. The survey of multiple methods establishes the 

robustness of the computational method and informs model choices for future 

studies, highlighting the importance of including dispersion effects, relative 

insensitivity of results to functional, and prudent choice of fast semi-empirical 

methods for simple crystals but a necessity for full density functional theory (DFT) 

models for more complex systems.  

Within Chapter 5, the strength of short-range metal–ligand interactions were 

established within metal complexes, initially utilising simple model complexes 

building up to larger artificial metallonucleases (AMNs) with multiple copper centres. 

The metal–ligand interactions play an essential role in the geometry of these 

complexes through the influence of the ligand field between the metal ion and the 

terminal thiophene donor. The strength with which the metal ion is bound to the 

organic ligand plays a vital role in stability prediction to avoid loss of the metal centre 

which is vital for the DNA damage. The non-covalent binding of these molecules to 

the DNA structure was then predicted using classical models, which were validated 

using biophysical analytical methods, with the aim to determine the site specificity 

of binding influences the potential DNA damaging ability of the molecules.   

Chapter 6 builds on the methodology developed in Chapter 5 with the more further 

copper AMN structures. This work expands the range of terminal donor groups 

within the AMN structure to assess the influence of the specific metal ion donors on 

the binding affinity between the ligand and the copper ion. This aims to identify key 

structural features which promote copper binding to the organic scaffold and 

enhance the drug-DNA interactions. To test the AMN potential, the models identify 
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the region with which the AMN binds to the DNA using molecular dynamics 

methodology, which is validated using biophysical methods to probe the mechanism 

through which the series of AMNs damage DNA. 
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Chapter 3 Computational 

Methodology 
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3.1 Schrödinger equation  
 

The solution of the time-independent Schrödinger equation (Equation 3-1) is the 

lowest energy structure of a system, but it becomes a Many Body Problem that is 

impossible to solve analytically for systems more complex than a single-electron 

system, for example, hydrogenic atom H2
+. However, iterative solutions become 

possible following several approximations, including the Born-Oppenheimer 

approximation and Hartree approximation, along with the anti-symmetry principle.68  

The Born-Oppenheimer approximation separates the electronic and nuclear motion. 

Due to the nucleus being significantly heavier than the electrons, the nucleus can 

be viewed as stationary. This approximation calculates the total energy for a fixed 

set of atomic positions by separating electronic and nuclear wavefunctions.69  

Ĥ𝛹(𝑟𝑁) = 𝐸𝛹(𝑟𝑁) 

Equation 3-1 Time independent Schrödinger equation 

The functionals connect the total energy, 𝐸, for a molecule or solid to the electron 

density. In an 𝑁 electron system, the wavefunction, 𝛹, has 3𝑁 coordinates; these 

are in the -𝑥, −𝑦 and −𝑧 axis.  

Subsequently, the Hartree approximation assumes that the electrons are not 

interacting and that the wave function of multiple electrons is a product of the wave 

function of one electron.70 The electrons are assumed to have a smooth distribution 

of negative charge density, 𝜌(𝑟′). So, the potential energy of an electron in the field 

would be referred to as within Equation 3-268 with 𝑟 and 𝑟′ is the two electron 

position. 

𝑉𝑒𝑙𝑒𝑐(𝑟) = −𝑒 ∫ 𝑑𝑟′𝜌(𝑟′)
1

|𝑟 − 𝑟′|
 

Equation 3-2 Potential energy of an electron in a field 

Finally, the anti-symmetry principle states that a multi-electron must be 

antisymmetric with respect to the interchange of the coordinate 𝑥 (both space and 

spin) of any two electrons so no two electrons may not occupy the same spin 

orbital.71 
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3.1.1 Hartree-Fock 

 

The Hartree-Fock method is a way to calculate the ground state energy of a 

structure with complex wave functions.72 These electrons are described within a 

matrix where the total electron wavefunction is derived from Equation 3-3 through 

the anti-symmetrised product.73 Within this matrix each electron is 

indistinguishable.73 Here each component within the matrix is a single particle spin 

orbital where each component is a function of the electron spatial orbital, 𝜓𝑖
𝜎(𝑟𝑗), 

and the spin variable, 𝛼𝑖(𝜎𝑗).74 This determinant is later normalised for the number 

of electrons within the matrix, Equation 3-3. Within this method, the average 

electronic repulsion between the electrons is found leading to it being, somewhat 

neglected.75 Thus, the electrons are assumed to be non-interacting.74 The 

determinant of this matrix gets the one-electron wave function, which allows for 

energy minimisation of the system.76 The orbitals used are ‘guessed’ through an 

iterative process using this method; the ‘guessed’ orbital is used to find the next until 

these orbital energy levels until these orbital energy levels change by less than a 

predetermined threshold.73  

Φ =
1

(𝑁!)
1
2

|
|

𝜙1(𝑟1, 𝜎1) 𝜙1(𝑟2, 𝜎2) 𝜙1(𝑟3, 𝜎3) ⋯ 𝜙1(𝑟𝑁, 𝜎𝑁)
𝜙2(𝑟1, 𝜎1) 𝜙2(𝑟2, 𝜎2) 𝜙2(𝑟3, 𝜎3) ⋯ 𝜙2(𝑟𝑁, 𝜎𝑁)
𝜙3(𝑟1, 𝜎1) 𝜙3(𝑟2, 𝜎2) 𝜙3(𝑟3, 𝜎3) ⋯ 𝜙2(𝑟𝑁, 𝜎𝑁)

⋮ ⋮ ⋮ ⋱
𝜙𝑁(𝑟1, 𝜎1) 𝜙𝑁(𝑟2, 𝜎2) 𝜙𝑁(𝑟3, 𝜎3) 𝜙𝑁(𝑟𝑁, 𝜎𝑁)

|
|
 

Equation 3-3 Matrix used to calculate Slater determinant 

3.2 Density Functional Theory 

 

While the Hartree-Fock method utilises the electrons wave functions to allow for the 

energy minimisation calculations, this still limits the size of possible systems that 

can be ran due to the scale of the calculations required. However, in 1964, the 

Hohenberg and Kohn theorems were published.77 This theorem states that the 

electron density determines the ground state electrical energy.77 Density functional 

theory views the electron cloud as a function of the density as opposed to previous 

methods, which utilise the wavefunctions, though this method narrows the 
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calculation into a one-body density for the entire system.78 The total energy 

calculation can be broken down into Equation 3-4,79 where the kinetic energy is 

expressed in 𝐸𝐾, the electron-nucleus potential is expressed in 𝐸𝑒𝑁, the electron-

electron potential is expressed, as 𝐸𝑒𝑒, finally the spin-effects are taken into account 

using the exchange-correlation functional, 𝐸𝑋𝐶[𝜌]. 

𝐸[𝜌] = 𝐸𝐾 + 𝐸𝑒𝑁 + 𝐸𝑒𝑒 + 𝐸𝑋𝐶[𝜌] 

Equation 3-4 Equation for calculation of the total energy 

The density is constructed using orbitals, calculated with the Kohn-Sham 

equations,79 which contain the exchange-correlation functional. These equations 

are solved iteratively. The exchange-correlation functional can take multiple forms, 

ranging from local density approximations (the first developed in 1965)77 to 

generalised gradient approximations and hybrid functionals. These have undergone 

multiple developments, allowing for increased computational power and more 

physically realistic calculations.  

3.2.1 Local density approximations  
 

The local density approximation (LDA) approach to modelling the electron density 

assumes that the electron density is spatially uniform with equal exchange-

correlation energy within the electron gas; this is expected to be a good 

approximation with a slow variation in the electron density.78  

This model tends to perform well with covalent, metallic and ionic bonds, with the 

predicted energies being similar to the experimental values with a tendency to 

predict over-binding, however, LDA’s do not accurately predict long-range forces 

such as hydrogen bonding and van der Waals interactions as a result of density 

fluctuations not being properly accounted for within this approximation.80  

 

3.2.2 Generalised gradient approximations   
 

The generalised gradient approximation (GGA) method of modelling the electron 

density expands on the LDA by clarifying that the electron density will not be 

homogeneous and will have a gradient. This assumption has shown improvements 

in the total energies, atomization energies, energy barriers and structural energy 
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differences.81 Illustrated as the LDA functional has a mean absolute deviation of 20 

kJ/mol, whereas the GGA functionals have been shown to have a mean absolute 

deviation of 10 kJ/mol.82 Expanding on this meta-GGA’s further incorporate kinetic 

energy along with the electron density and density gradient,83 and are reasonably 

accurate for near-equilibrium and compressed ground-state properties of matter.83 

Despite improvements to the bonding and long-range forces, this method still does 

not fully describe the long-range forces close to chemical accuracy.  

Commonly used GGA exchange-correlation functionals include the functional 

devised by Perdew-Burke-Ernzerhof (PBE),81 Becke-Lee-Yang-Parr (BLYP),84 Lee-

Yang-Parr functional incorporating OPTX (OLYP)85,86 and BP86.87 

3.2.3 Hybrid functionals  

 

The hybrid functionals improve on the chemical accuracy of both the GGA and meta-

GGA functionals through the inclusion of exact exchange terms; these may be 

through the inclusion of empirical data as in the case with the B3LYP term which is 

a development of the BLYP exchange-correlation function and includes three 

parameters fitted by experimental data. An alternative hybrid functional is the PBE0 

model, a development on the PBE generalised gradient approximation that mixes 

75% of the PBE energy with 25% of the Hartree-Fock energy.88 

3.3 Geometry counterpoise correction with basis set  
 

Basis set superposition error can occur when a complex’s energy is not consistent 

with the experimental data, often because the van der Waals interactions are 

predicted to be overbound.89 The basis set superposition error involves artificially 

shortening the intermolecular distances, followed by the artificial strengthening of 

the intermolecular interactions.9 This means that the bond strength is artificially 

inflated, this becomes more prominent for smaller basis sets due to the energy of 

each unit within the associated complex being lowered by the basis set of the 

monomer unit being less converged than the basis set for the complex unit, this 

artificially increases the stability of the complex unit.90 This error is not to be 

confused with the error produced when the basis set is incomplete, known as “Basis 

set Incompleteness error” (BSIE).91 Basis set superposition error (BSSE) can be 
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corrected using Boys and Bernardi counterpoise correction (CP).92,93 The 

uncorrected interaction between monomers would be computed as (for dimers): 

𝛥𝐸𝑖𝑛𝑡 = 𝐸𝐴𝐵
𝐴𝐵(𝐴𝐵) − 𝐸𝐴

𝐴(𝐴) − 𝐸𝐵
𝐵(𝐵) 

Equation 3-5 Equation for uncorrected dimer interactions 

Where the basis used is denoted by the superscript, and the subscript denotes the 

geometry. There is an approximation for the calculations that the geometries do not 

change as the monomers approach. However, these CP corrections have not been 

applied to transition states despite presumably the transition state still undergoing 

these BSSE. The correction is not applied because the CP correction was initially 

intended for molecules in fixed geometries and was intended as a single-point 

correction.90 These CP-corrected surfaces significantly improved the geometry-

optimised transition state for smaller basis sets, producing comparable results to the 

larger ones.90  

3.4 Plane-wave DFT 

 

Plane-wave DFT is a commonplace method for calculations with solid-state 

applications, with crystal structures being an ideal candidate for these applications 

due to the periodic boundary resulting from the unit cell.94 Plane-wave DFT utilises 

the Kohn-Sham equations; these can be divided into valance and core electrons. 

These core electrons are viewed as frozen due to the strength of the attractive force 

applied by the nucleus, these electrons only impart 2% of the structural energy so 

these calculations can be simplified to reduce the computational resources required 

for these calculations.95 These core electrons are not involved in bonding whereas 

the valence electrons are modelled using pseudopotentials, these are simplified 

descriptions of electronic nuclear interactions, this reduces the computational cost 

while maintaining accuracy.96 These valence electrons can be modelled in two 

different ways using pseudopotentials these being ultra-soft 97 and norm-conserving 

pseudopotentials.98 These allow for lower-cost calculations as the core electrons 

are pre-calculated, while preserving the accuracy of the calculations.99  

Pseudopotentials are used to model the valence electron wavefunction. The goal of 

these is to create pseudopotentials which are both smooth and accurate. When 

applying a ultrasoft pseudo potential this aims to maximise the smoothness this 
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minimises the Fourier space used to describe the valence properties of the 

wavefunction this increase in smoothness allows for fewer planewaves which are 

necessary.97 Whereas the norm-conserving pseudo potentials achieve a higher 

accuracy by sacrificing the smoothness of the pseudopotential.100 When using the 

hybrid exchange functionals ultrasoft pseudo potentials are unable to be 

implemented due to mismatched accuracy between the ultrasoft pseudopotential 

and the hybrid exchange correlation energies.101  

These plane-wave DFT calculations utilise Bloch’s theorem to allow for energetic 

calculation of crystalline structure. Bloch’s theorem states that when nuclei are 

arranged in a periodic manner, the resulting potential must also be periodic, leading 

to a periodic electron density. As a result, the magnitude of the wavefunction should 

be periodic with the phase being unknown making it quasi-periodic.102 This theorem 

enables the study of electronic behaviour in reciprocal space, where these periodic 

structures. The magnitude and phase of the wave function is measured within 

reciprocal space with the spacing of these measurements denoted using k-point 

sampling.72 Through the use of specific symmetry elements these calculations can 

be simplified as this reduces the number; these can further simplify the 

calculations.103  

These methods might not be implemented correctly, so projector augmented waves 

(PAW) pseudopotentials are implemented for heavier atoms. These transform the 

wave function and reconstruct the all-electron orbitals from the pseudo orbitals.104  

3.5 Density Functional Tight binding  

 

Due to the computational expense of DFT models, calculating energies for large, 

chemically complex structures quickly become unfeasible. To bridge the gap 

between semi-empirical models and density functional theory (DFT) models a tight 

binding form of the Kohn-Sham operator can be implemented which offers a lower 

memory DFT method.105 The Density Functional Tight Binding (DFTB) model allows 

for the energetic calculation of larger crystal structures and the modelling of 

quantum mechanical and molecular mechanical methods to be applied over longer 

time scales. DFTB treats valence electrons using a linear combination of atomic 

orbital (LCAO).105–107 Additionally, these LCAO’s treat the electrons with a minimal 
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atomic basis set with a two-centre approximation of the Hamiltonian operator 

represented in a LCAO basis and overlap matrix elements for each atomic pair.108  

The most recent model, DFTB3+ is formed by expanding the energy functional in a 

Taylor series up to the third order.105 This expansion is centred around the density 

fluctuations, calculated through density fluctuations taken through the reference 

density and how the density fluctuations alter the reference density.105,109  

These methods can be parameterised to describe various bonding elements better, 

including Becke-Johnson, the Boese and the H5 parameterisation. The dampening 

parameters determine the proportion of dispersion correction included in the total 

energy at a short range.110  

The Boese parameterisation method prioritises the unit cell geometry by minimising 

the cell volume's mean absolute error (MAE) over the default Becke-Johnson 

parameterisation. This reported improvements when using the Boese 

parameterisation when testing against the X23 benchmark set. This test set 

incorporates 23 experimentally generated organic single component crystal 

structures which were either bound with a broad range of binding mode ranging from 

mostly van der Waals bonded systems, such as Adamantane and Anthracene 

crystal structure, to mostly Hydrogen bonded systems, such as Oxalic acid and 

Acetic acid.111,112 Initially the experimental lattice energy was compared against DFT 

generated lattice energy these showed comparable energies between the 

experimental and computational energetics. Later testing the experimental 

structures against structures generated through the implementation of DFTB with 

the Becke-Johnson parameterisation indicating a MAE of 48.0 Å3, whereas the 

Boese parameterisation indicated a closer similarity to the experimentally generated 

geometries with a MAE of 24.5 Å3.108 However, when looking at the lattice energies 

the Becke-Johnson has closer resemblance to the experimental values with a MAE 

of 12.8 kJ/mol whereas when implementing the Boese parameterisation this 

indicated a MAE of 33.4 kJ/mol.108  

The H5 method aims to improve the description of hydrogen bonding by the DFTB 

method due to the DFTB method typically underestimate the hydrogen bonding 

strength due to lower interaction energy between the electron donor and a hydrogen 

within a hydrogen bond as a result of limited atom polarizability and monopole 
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approximation within the DFTB method.113 This is important due to the prevalence 

of hydrogen bonds within the crystal structure. This H5 correction is only applied at 

distances where hydrogen bonding can occur with the polarizability and multipolar 

components becoming important in the short range.113 This parameterisation 

showed energetic improvements to the studied benchmark set with a Root mean 

Squared Error (RMSE) of 3.52 kJ/mol when ran with a geometry optimisation 

whereas compared against DFTB-D3 with comparable methods which showed a 

RMSE of 4.94 kJ/mol.113  

 

3.6 Dispersion correction 
 

Dispersion correction within DFT is important as exchange functionals have difficulty 

reproducing long-range behaviour, even those parameterised for long-range 

behaviour.114 This is because approximations such as the generalized gradient 

approximation within the exchange functionals,115 meaning the potential energy 

surface without these dispersion corrections could lack the crystal packing 

effects.116 These are affected by the Van der Waals forces that are better estimated 

through the dispersion correction as this follows a simple formula where the 

displacement energy is added to the exchange-correlation function so as not to be 

included in the initial DFT calculations. 

A vital aspect of the dispersion correction is the dampening, with methods lacking 

adequate dampening failing to give consistent results.117 The dampening function 

within the dispersion correction determines the range at which the dispersion 

correction acts118 and the steepness of the cut-off of the dispersion correction.119 

The dampening function means that the dispersion effects approach one at long 

distances, meaning it is purely dispersion. However, as the distance between the 

dipoles shortens, the dispersion correction gets dampened, eventually reaching 

zero.120 This means there is no dispersion at the shorter distances as this is where 

the exchange functionals are optimised. The dampening effects are intended to 

reduce the double counting effects.121  

The dispersion correction can be calculated in several ways; this tends to be a 

pairwise, three-body, or many-body approach. The pairwise approach, which is 
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taken with dispersion corrections schemes, such as Grimme -D2122,123 and 

Tkatchenko-Scheffler (TS)124, these methods summate over the C6R-6 potential 

where R is the atomic distance and the C6 is the dispersion coefficient. For the 

Grimme –D2 method, these are multiplied by a global scaling factor.122 where the 

TS scheme calculates the pairwise dispersion energy using this formula:125,126 

𝐸𝑑𝑖𝑠𝑝 = −
1

2
∑ 𝑓𝑑𝑎𝑚𝑝

(𝑅𝑖𝑗 , 𝑅𝑖𝑗
0 )𝐶6𝑖𝑗

𝑅𝑖𝑗
6

𝑖≠𝑗

 

Equation 3-6 Pairwise dispersion correction calculation 

In this case, fdamp is the dampening function, Rij is the distance between atoms i and 

j, and 𝑅𝑖𝑗
0  is the sum of the Van der Waals equilibrium radii. These methods diverge 

as the DFT-D2 method developed by Grimme utilises the atom-type model, whereas 

the TS model utilises the atomic volume, this use of the atomic volume allows the 

rough approximation of the many-body effects.127 An example of the three-bodied 

approach used in Grimme’s- D3 correction scheme. The simplest way to employ a 

three-body approach is to utilise a non-additive third-order Axilrod-Teller-Muto 

(ATM) term:128 

𝐸𝑑𝑖𝑠𝑝 =
𝐶9

𝐴𝐵𝐶(3 𝑐𝑜𝑠 𝑐𝑜𝑠 𝜃𝑎𝑐𝑜𝑠 𝜃𝑏𝑐𝑜𝑠𝜃𝑐 + 1)

(𝑅𝐴𝐵𝑅𝐵𝐶𝑅𝐶𝐴)3
 

Equation 3-7 Non-additive third order ATM term 

Where θ are the internal angles formed by RAB, RBC and RCA, this uses a C9 triple 

dipole constant that can be approximated in two possible ways, either through 

integrating the average dipole polarizability at an imaginary frequency for all three 

atoms dispersion coefficient.129  This three-body treatment has been found to 

contribute minimally to the overall dispersion energy, with one paper saying that the 

three-body treatment contributes <5-10% of the dispersion energy,130 and another 

paper stating that the three-body effect contributes 7.2% of the lattice energy131.  

As used in the many-body dispersion scheme (MBD), which builds on the pairwise 

TS approach and addresses the nature of long-range energy, it is many-bodied in 

nature.125 The main drawback of the MBD scheme is the higher computational 

cost,127 which is because this method involves having to calculate both pairwise and 

three-body dispersion energy utilising the formula:117 
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𝐸𝑑𝑖𝑠𝑝 =
1

2
∑ 𝐸(2)(𝑅𝐼 , 𝑅𝐽) +

1

6
∑ 𝐸(3)(𝑅𝐼 , 𝑅𝐽, 𝑅𝐾) + ⋯

𝑎𝑡𝑜𝑚

𝐼𝐽𝐾

𝑎𝑡𝑜𝑚𝑠

𝐼𝐽

 

Equation 3-8 Equation for three-bodied dispersion correction 

 

E(2) is a pairwise, and E(3) is three body energies. These were covered earlier in both 

pairwise and triple-body dispersion coefficients. Which is extended up to N atoms 

up to the Nth order, coupled with a self-consistent screening to reduce the error.132 
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4.1 Introduction 

 

Co-crystals are formed when two or more neutral molecules co-assemble in a single 

lattice.65 Typically, a functional molecule and a second non-solvent molecule, 

termed the co-former, are crystallised in a stoichiometric ratio, with ordered 

supramolecular packing of the two components.21,30 Other separate classes of 

multicomponent solid forms include hydrates with water, solvates with organic 

solvents, salts with charged compounds,133 and racemic mixtures of chiral 

enantiomers.31 Originally discovered by Wöhler in 1844 when quinhydrone was 

crystallised with quinone,134 known co-crystals have experienced significant and 

rapid growth over the last 30 years.134 This growth in the number of co-crystals is 

due to their ability to improve solubility, mechanical properties, density and 

bioavailability135 by molecular and crystal engineering. Co-crystals have provided 

useful materials solutions in fields ranging from pharmaceuticals50 to 

semiconductors51 and other value-added chemicals.23 The potential to improve the 

solubility of active pharmaceutical ingredients (API) using co-crystals significantly 

impacts the pharmaceutical sector because 40% of approved APIs and 90% of 

developmental drugs have poor solubility.49 Another important issue for the 

(bio)pharma sector is the poor permeability of APIs.136 For example, co-crystals 

formulated with permeation enhancing co-formers enable the delivery of peptides 

and related small molecule drugs.137 

Molecules in a crystal structure can be arranged in multiple ways within the lattice, 

creating polymorphism. Polymorphism complicates the rational engineering of co-

crystals, especially when polymorphs are near iso-energetic but have different 

properties, meaning multiple polymorphs can be produced under standard synthesis 

conditions. A well-known example is the HIV drug ritonavir, marketed under the 

brand name Norvir®, which morphed into a lower solubility structure over time. This 

was discovered two years after its release to the market when Norvir® capsules 

started failing dissolution tests, and the drug was removed from the market.5 

Previous work has shown that co-crystals are thermodynamically stable, with 95% 

of the co-crystals studied having favourable negative lattice enthalpy.65 This was 

established through dispersion-inclusive density functional theory (DFT-D) 
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calculations incorporating a van der Waals correction to the main exchange-

correlation function to predict the lattice enthalpy. Uncorrected DFT can accurately 

predict simple salts, hydrates and solvates, and hydrogen-bonded assemblies but 

becomes less useful for co-crystals and crystals with significant van der Waals 

(vdW) contacts. Previous work predicted the mean absolute percentage error 

(MAPE) ranging from 97% presented by the B3LYP to 49% by the B971 exchange 

functional for crystals with significant vdW contacts in contrast to the much lower 

values for hydrogen bonded systems ranging from 18% using the HCTH407 

exchange functional to 3% with B971.138 The difference between the measured and 

calculated lattice energies emphasises the importance of incorporating dispersion 

corrections for more accurate description of the interactions between non-polar and 

weakly polar molecular groups.127 Another example of the importance of dispersion 

corrections was the discovery of the previously unknown polymorph of aspirin, which 

was found using computational models with dispersion interactions and 

experiments.139  

Dispersion corrections can scale to progressively longer-range and computationally 

more demanding calculations, with options to calculate over pairwise, three-body or 

many-body interactions.112,117,127,129,140,141 Here, we have assessed the predictive 

power of different DFT-based methods to identify and quantify the stabilities of a 

broad range of co-crystals spanning four different functional molecules, namely, 

oxalic acid, 4,4’-bipyridine, aspirin and paracetamol, with multiple co-formers. Oxalic 

acid and 4,4’-bipyridine were selected due to the simplicity of their molecular 

structures, with primarily hydrogen bonding or van der Waals intermolecular 

interaction in their single crystal form, respectively. The more complex co-crystals 

containing the well-known active pharmaceutical ingredients (APIs), aspirin or 

paracetamol as the functional molecule were selected to test the limits of the 

predictive power of the various dispersion correction methods, including the pairwise 

Tkatchenko-Scheffler (TS)124 dispersion correction and the Many-Body dispersion 

(MBD) schemes.132,142 

One way to reduce the computational cost of DFT calculations and develop high 

throughput screens is to introduce approximations to the Kohn-Sham DFT model, 

and one of these approximations is density functional based tight binding (DFTB).143 

In DFTB, a minimal atomic basis set is used, and the exchange correlation energy 
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derived from the Kohn-sham DFT is expanded to a third-order Taylor series to 

calculate the total energy.105 This allows faster calculations on more complex 

crystals but comes with reduced accuracy that may or may not significantly reduce 

the predictive power of the calculations. 

4.2 Methods 

4.2.1 Co-crystal selection  
 

We systematically survey organic co-crystals of four selected molecules (oxalic 

acid, 4,4’-bipyridine, paracetamol, and aspirin) of increasing complexity to 

benchmark the computational methods, where paracetamol and aspirin are two 

well-characterised single component crystals. The co-crystal sets and their 

individual component crystals were mined from the Cambridge Structural Database 

(CSD)144 using the ConQuest code, limiting the atom list to C, H, N, O, F, S and Cl. 

When duplicate structures were available, the lowest temperature structure was 

selected to better complement the 0 K DFT calculation. A limitation on the number 

of atoms in the unit cell was used to make the calculations feasible for the PBE0 

hybrid exchange-correlation functional145 that mixes the Perdew–Burke–Ernzerhof 

(PBE)81 exchange energy and Hartree–Fock exchange energy in a set 3:1 ratio, 

along with the full PBE correlation energy. We investigate five oxalic acid co-

crystals, thirteen 4,4’-bipyridine co-crystals, six paracetamol co-crystals and four 

aspirin co-crystals, with a broad range of commonly used, readily available co-

formers (Tables 4-1 and 4-2) more information on the Conquest search on the 

supplementary information (Appendix A).  

4.2.2 Computational methods 
 

All the selected experimental co-crystal and single component crystal structures 

were optimised using planewave DFT as implemented in the CASTEP (CAmbridge 

Serial Total Energy Package) code.146 The PBE exchange-correlation functional81 

was used for both standard DFT and dispersion-inclusive DFT, along with the PBE0 

variant, and we compared the predictive power of DFT122 utilising two different 

dispersion corrections, the Tkatchenko-Scheffler (TS)124 and the Many-Body 

dispersion (MBD) schemes.132,142  
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In general, the dispersion interactions are incorporated in a second step following 

calculation of the base exchange-correlation functional energy.127 The popular TS 

dispersion correction method uses a simple pairwise summation of the dispersion 

energy (Equation 4-1):147  

𝐸𝑑𝑖𝑠𝑝 = −
1

2
∑

𝐶6𝐴𝐵

𝑟𝐴𝐵
6𝐴,𝐵 𝑓𝑑𝑎𝑚𝑝(𝑟𝐴𝐵)   

Equation 4-1 Summation of dispersion energy using popular TS dispersion correction 

 

Where 𝑟𝐴𝐵
6  is the interatomic distance between atoms A and B, and 𝑓𝑑𝑎𝑚𝑝(𝑟𝐴𝐵) is the 

dampening function. With this method, the 𝐶6𝐴𝐵 uses the relationship between 

polarizability and volume, allowing it to factor in the chemical environment. 

The many-body dispersion method attempts to calculate the many-body effects 

beyond two-body effects. This many-body energy is included within the long-range 

correlation energy.127 This method has previously reported an improvement in the 

MAPE from 9% with PBE-TS to 5% with the PBE-MBD when using the S22 

database.132 The MBD model reduces the computational expense through the 

incorporation of the random phase approximation this enables the computational 

cost of both dispersion corrections being negligible in comparison to the exchange 

functional contributions.125 

The unit cells were optimised with a cut-off energy of 900 eV, using an electronic 

energy tolerance of 1x10-7 eV per atom and geometry energy tolerance of 5x10-7 eV 

per atom to generate final structures with all forces below 5x10-3 eV Å-1. A tight k-

point spacing of 0.06 Å-1 was used together with ultra-soft pseudopotentials (USP) 

to describe the electronic structure.97  

To test the effect of the functional choice apart from the dispersion corrections, we 

performed some high-level single point energy PBE0-MBD calculations on the 

optimised PBE-MBD structures.  

The crystal structures were also optimised using the DFTB3+105 method to gauge 

the balance between model cost and accuracy. The DFTB calculations were run 

with the Grimme D3 dispersion correction130and three different dampening methods, 

standard Becke-Johnson, the H5 and Boese148 models. The reduced computational 

cost of the DFTB method comes with minimal basis sets105 that generally require 
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corrections, such as the H5 method that improves the description of hydrogen 

bonded systems.113 The DFTB method can also be improved by fitting the 

geometries with the Boese method, aiming to capture dispersion effects.148 These 

different methods of improving the predictive power of the DFTB method can be 

incorporated along with the dispersion corrections as described above (in this case, 

DFTB-D), while keeping the computational overhead at a fraction of that of full DFT. 

Further details on the DFT and DFTB optimisation methods are provided in the 

supplementary information (Appendix A).  

4.2.3 Estimation of co-crystal stability 
 

Assuming that the entropic contribution to the free energy is negligible going from 

the single component crystals to the co-crystal, which is reasonable for many sets 

of similarly sized, neutral molecules, the driving force for the co-crystal formation 

can be approximated using Equation 4-2.65  

 

∆𝐸𝑐𝑜−𝑐𝑟𝑦𝑠𝑡(𝐴𝑛𝐵𝑚) = 𝐸𝑡𝑜𝑡(𝐴𝑛𝐵𝑚) − [𝑚𝐸𝑡𝑜𝑡(𝐴) + 𝑛𝐸𝑡𝑜𝑡(𝐵)] 

Equation 4-2 Calculation of lattice enthalpy change of co-crystal structures 

Here, Etot(AnBm) is the calculated enthalpy of the co-crystal, and Etot(A) and Etot(B) 

are the enthalpies of the single-component crystal structures of functional molecule 

A alone and co-former B alone, respectively, with m and n defining the stoichiometric 

ratio of A and B in the co-crystal. Table 4-1 shows the list of co-crystals used in this 

study, including their CSD reference codes, molecular composition in the co-crystal, 

and the indication of the presence or absence of H-bonds in the co-crystal structure. 

Meanwhile, Table 4-2 has the complete list of the single component crystals, which 

are included in Table 4-1 with their CSD code, chemical name, chemical structure, 

and presence or absence of H-bonds in the crystal structure.  
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Table 4-1 The calculated co-crystal compositions 

CSD reference code composition AmBn H-bonding in 
the crystal 
structure 

Co-crystal Co-former A Co-former B m (A)  n (B) 

GUDSUV OXALAC05 BACKAU 
1 1 

yes 

UMINAF OXALAC05 EVESIJ04 
1 1 

yes 

UROXAM01 OXALAC05 UREAXX12 
1 1 

yes 

XAPMIK OXALAC05 PHENAZ11 
1 1 

yes 

XEJWUF OXALAC05 BAPLOT04 
1 2 

yes 

GIPQEB01 HIQWEJ03 FUMAAC01 
1 1 

yes 

GOKCEQ HIQWEJ03 FORMAC01 
1 2 

yes 

LOYRIC HIQWEJ03 BENZDC11 
1 2 

yes 

MEWNUA HIQWEJ03 ADOGUW 
1 2 

yes 

NUJFEF HIQWEJ03 HOPHAL11 
1 1 

yes 

PAVXAN HIQWEJ03 TEPHTH14 
1 1 

yes 

ROQYED HIQWEJ03 ROQXUS 
1 2 

yes 

RUXMAZ HIQWEJ03 ETYNBZ01 
1 1 

no 

SITDIJ HIQWEJ03 ACETAC03 
1 2 

no 

SOVFOY01 HIQWEJ03 TGLYCL01 
1 1 

yes 

UCEXIJ HIQWEJ03 PAXNIL 
1 1 

yes 

VEXQOE HIQWEJ03 CYURAC14 
1 2 

yes 

XOWKEB01 HIQWEJ03 XYANAC06 
1 2 

yes 

KIGLUI01 HXACAN13 BAPLOT04   
1 1 

yes 

LUJSOZ HXACAN13 PHENAZ11   
1 2 

yes 

CUQKAC HXACAN13 WEMWEQ15  
1 1 

yes 

LUJSIT HXACAN13 NAPHTA15   
2 1 

yes 

LUJTAM HXACAN13 OXALAC05   
1 1 

yes 

LUJTAM HXACAN13 OXALAC11 
1 1 

yes 

DIPJAQ ACSALA05 BAPLOT04 
1 1 

yes 

HUNJEH ACSALA05 JAKGEH 
1 1 

yes 

SIBYUA ACSALA05 HIQWEJ03 
2 1 

yes 

TAZRAO ACSALA05 CBMZPN21 
1 1 

yes 
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Table 4-2 The reference single component crystals 

CSD reference 
code 

Name 
H-

bonding* 
Chemical 
structure 

CSD 
reference 

code 
Name 

H-
bonding* 

Chemical 
structure 

ACETAC03 Acetic acid yes 
 

HXACAN13 Paracetamol yes 

 

ACSALA05 Aspirin yes 

 

JAKGEH Pentoxifylline no 

 

ADOGUW 
O-Isopropyl N-

phenyl 
thiocarbamate 

no 

 

NAPHTA15 Naphthalene no 

 

BACKJAU Pyrazine no 

 

OXALAC05 
Oxalic acid 

alpha 
polymorph 

yes 

 

BAPLOT04 Theophylline yes 

 

OXALAC11 
Oxalic acid 

beta 
polymorph 

yes 

 

BENZDC11 Isophthalic acid yes 

 

 

PAXNIL 
Cyclo-

diaspartic acid 
yes 

 

CBMZPN21 Carbamazepine yes 

 

PHENAZ11 β-Phenazine no 
 

 

CYURAC14 
1,3,5-triazinane-

2,4,6-trione 
yes 

 

ROQXUS 
Succinamic 

acid 
yes 

 

 

ETYNBZ01 
1,4-

Diethynylbenze
ne 

no 
 

TEPHTH14 
Terephthalic 

acid 
yes 

 

EVESIJ04 Azapyridine no 

 

TGLYCL01 
Thiodiglycolic 

acid 
yes  

 

FORMAC01 Formic acid yes 

 

UREAXX12 Urea yes 

 

FUMAAC01 Fumaric acid yes 

 

WEMWEQ15 Betaine no 

 

HIQWEJ03 4,4'-bipyridine no 

 

 

XYANAC06 

2-[(2,3-
dimethylphenyl

) amino] 
benzoic acid 

yes 

 

HOPHAL11 
2-

(Carboxymethyl
) benzoic acid 

yes 

 
* Presence of H-bonds in the crystal structure 
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4.3 Results and discussion  

4.3.1 Density functional theory (DFT) results 
 

We start our study with the alpha polymorph of oxalic acid (OXALAC05) co-crystals, 

including five different common co-formers from small molecules of urea and 

pyrazine to larger molecules including phenazine, theophylline and azapyridine 

(Table 4-1 and Table 4-2). From Table 4-1, it can be noted that all oxalic acid co-

crystals have hydrogen bond interactions.  

The predicted lattice enthalpies of the oxalic acid co-crystals are presented in 

Figure 4-1. All four methods, PBE, PBE-TS, PBE-MBD and PBE0-MBD, rank the 

azapyridine co-crystal (UMINAF) as the most stable co-crystal with the pyrazine co-

crystal (GUDSUV) being the 2nd most stable and identify the co-crystal with 

theophylline (XEJWUF) as the least stable. The stability rank of the remaining two 

oxalic acid co-crystals, with phenazine (XAPMIK) and urea (UROXAM01), depends 

on the method implemented. All the DFT computational methods used show 

negative values for the enthalpy of oxalic acid co-crystal. As shown in Figure 4-1, 

the four different DFT computational methods provide similar values for the enthalpy 

of co-crystal for each oxalic acid co-crystal. A clear message from Figure 4-1 is the 

lack of dependence on the dispersion method used on the ∆𝐸𝑐𝑜−𝑐𝑟𝑦𝑠𝑡(𝐴𝑛𝐵𝑚) 

estimation for oxalic acid co-crystal. This lack of dependence on the dispersion 

method is expected due to the presence of hydrogen bond interactions in all the 

oxalic acid co-crystals (Table 4-1), as hydrogen bond interactions are well described 

by the exchange correlation functionals.125  
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Figure 4-1 Predicted relative stabilities of five oxalic acid-based co-crystals lattice enthalpy, ΔEco-

crystal, calculated using three dispersion-inclusive DFT models and one uncorrected DFT model. 

Table 4-3 List of 4,4'-bipyridine co-formers 

 Co-former name 
Co-former CSD reference 

code 

Co-crystal CSD reference 

code 
1 1,3,5-triazinane-2,4,6-trione CYURAC14 VEXQOE 

2 fumaric acid FUMAAC01 GIPQEB01 

3 thiodiglycolic acid TGLYCL01 SOVFOY01 

4 O-isopropyl N-phenylthiocarbamate ADOGUW MEWNUA 

5 1,4-diethynylbenzene ETYNBZ01 RUXMAZ 

6 acetic acid ACETAC03 SITDIJ 

7 isophthalic acid BENZDC11 LOYRIC 

8 terephthalic acid TEPHTH14 PAVXAN 

9 2-(carboxymethyl)benzoic acid HOPHAL11 NUJFEF 

10 formic acid FORMAC01 GOKCEQ 

11 cyclo-diaspartic acid PAXNIL UCEXIJ 

12 succinamic acid ROQXUS ROQYED 

13 
2-[(2,3-

dimethylphenyl)amino]benzoic acid 
XYANAC06 XOWKEB01 
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The next subset of co-crystals studied are for 4,4’-bipyridine. The stability of the 

single component crystal of 4,4’-bipyridine (HIQWEJ03) is primarily driven by 

dispersive interactions, as the molecule does not have any H bond donor group, 

and two nitrogen atom H bond acceptor groups (Table 4-2). These Hydrogen bond 

acceptor nitrogen atoms have potential for strong Hydrogen bond interactions in co-

crystals with co-formers with Hydrogen bond donor groups. Figure 4-2 shows the 

calculated lattice enthalpy of the co-crystals for 4,4’-bipyridine. 

 

 

Figure 4-2 Predicted relative stability for thirteen 4,4’-bipyridine-based co-crystals lattice enthalpy, 
ΔEco-crystal, calculated using three DFT-D models and uncorrected DFT model. Co-formers 1-13 on 

the horizontal axis are identified in Table 4-3 
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For all but two of the 13 co-crystals (Table 4-3), the four DFT computational methods 

agree on large negative values for the co-crystals formation energy (Figure 4-2). 

The two co-crystals where the co-crystal enthalpy is dependent upon the 

computational DFT method are O-Isopropyl N-phenylthiocarbamate (no. 4, 

MEWNUA) and 2-[(2,3-dimethylphenyl)amino]benzoic acid (no. 13, XOWKEB01). 

The discrepancy between the small negative values with uncorrected PBE and PBE-

TS and the small positive values with PBE-MBD and PBE0-MBD in the case of 

MEWNUA may be numerical noise but nevertheless this co-crystal is predicted to 

be weak. For no. 13, the near-zero prediction for uncorrected PBE and PBE0-MBD 

but modest negative values for PBE-TS and PBE-MBD is difficult to rationalise, 

though we note that PBE-MBD predicts the largest negative enthalpy for eight of the 

co-crystals, consistent with more complete treatment of dispersive interactions by 

MBD.149 The co-crystal with 1,4-diethnylbenzene (no. 5, RUXMAZ) is the only co-

crystal where there are no Hydrogen bond interactions in the co-crystal nor in their 

single component crystals, as reflected in the most significant and consistent 

percentage increase in magnitude of negative lattice enthalpy on switching from 

uncorrected PBE to the three dispersion-inclusive models. 

The degree of dependence of results on the choice of model is increased as the 

complexity of the functional molecule is increased, as demonstrated by the 

calculated stabilities of co-crystals for aspirin or paracetamol. Both APIs engage in 

both hydrogen bonding and π–π stacking with van der Waals stabilisation. Previous 

calculations on aspirin have shown that the crystal packing relies heavily on 

dispersive interactions.150 The paracetamol results, in general, show favourable, 

negative values for the formation of the six available co-crystals (Table 4-1 and 

Figure 4-3). Only the naphthalene (LUJSIT) and phenazine (LUJSOZ) co-crystals 

are predicted as unfavourable in some cases by two out of four models. 

Paracetamol oxalic acid (LUJTAM) is the most stable co-crystal, reflecting the strong 

Hydrogen bonding character of the co-former, which may also influence its 

compressibility in paracetamol tabletting.7 
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Figure 4-3 Predicted relative stabilities for six paracetamol-based co-crystals lattice enthalpy, ΔEco-

crystal, calculated using three DFT-D models and uncorrected DFT model. 

The final co-crystal dataset studied using the full DFT methodology are the aspirin 

co-crystals. The predicted enthalpy of formation for the aspirin co-crystals using 

uncorrected and dispersion-inclusive DFT is presented in Figure 4-4. Aspirin co-

crystals are clearly challenging to predict, with some enthalpies of co-crystals 

predicted as positive, some negative and some close to zero. Uncorrected PBE 

performs best and only fails for the co-crystal with theophylline. This result highlights 

the challenge of predicting the stability using DFT models for these complex co-

crystals with mixed hydrogen bonding and van der Waals contacts, with dispersion 

corrections likely overestimated and leading to unphysical co-crystal structures.  
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Figure 4-4 Predicted relative stabilities for four aspirin-based co-crystals lattice enthalpy, ΔEco-crystal, 
calculated using three DFT-D models and uncorrected DFT model. 

Overall, the DFT results show that the enthalpy of co-crystallisation is negative and 

so thermodynamically favourable for the majority of the co-crystals. The PBE-TS 

method predicts 93% of co-crystals with negative enthalpy. When PBE-MBD and 

PBE0-MBD methods are used, negative enthalpy is predicted for 83% of the co-

crystals. It is important to highlight that the entropy contribution to the free energy 

was not calculated in our study, therefore co-crystals structures with positive values 

of enthalpy of formation may be stabilised through entropic contributions. 

4.3.2 Density functional tight binding (DFTB) results 

 

Full DFT calculations represent a medium to low throughput method of predicting 

co-crystal stability for assemblies of low to moderate complexity in terms of crystal 

size and molecular weights. Faster high-throughput methods more suitable for large 

datasets and/or large crystals, may be in principle obtained using DFTB methods. 



40 
 

Here, to directly compare with full DFT, we test the predictive power of DFTB 

methods for the same set of co-crystals. We compared the effectiveness of three 

methods of DFTB-D, one with standard Becke-Johnson (BJ) dampening and two 

using the Boese method and H5 parametrisation. 

Compared with DFT, the computationally more expedient but approximate DFTB-D 

method showed significantly less predictive power. For co-crystals with oxalic acid 

(Figure 4-5), the assemblies formed with pyrazine or urea are predicted to be stable. 

Note the very large absolute values of the energies in some cases, reflecting 

numerical instability and poor quantitative power of DFTB-D to predict energies. Of 

the three DFTB methods tested, H5 parameterisation performed best, predicting 

stable co-crystals for all but the with co-crystal phenazine, reflecting its ability to 

model hydrogen bonding more effectively than the alternative schemes.  

 

Figure 4-5 Predicted relative stabilities for five oxalic acid-based co-crystals lattice enthalpy, ΔEco-

crystal, calculated using three DFTB+ parameterisations. 
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One limitation of the DFTB-D method is the possibility of large errors in the 

calculation of weak  dispersive interactions, such as van der Waals packing, as a 

result of the semi-local origins of the DFTB approximation.105  

The limitations of the approximations made in the DFTB-D methods are clearly 

evident for the 4,4’-bipyridine co-crystal dataset (Figure 4-6), for which DFTB-D 

fails. Note that when the DFTB-D3 H5 parameterisation was used for the fumaric 

acid (no. 2, GIPQEB01) co-crystal and DFTB-D3 BJ for the formic acid co-crystal 

(and no. 10, GOKCEQ), numerical instabilities prevented the successful completion 

of the calculation. 

 

 

Figure 4-6 Predicted relative stabilities for thirteen 4,4’-bipyridine-based co-crystals lattice 
enthalpy, ΔEco-crystal, calculated using three DFTB+ parameterisations. 
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Not surprisingly then, DFTB-D also fails for the more complex co-crystals with APIs 

paracetamol or aspirin. For paracetamol co-crystals (Figure 4-7), DFTB-D3 BJ 

performs better than the others but is still unreliable, erroneously predicting unstable 

structures for two out of the six co-crystal lattices. Aspirin co-crystals, which also 

challenged DFT to some extent (Figure 4-4) cannot be predicted by DFTB (Figure 

4-8). 

Overall, the DFTB-D method does not predict stable lattice energies for these 

known, synthesised co-crystals, highlighting the poor predictability of these putative 

high-throughput methods for co-crystal design. 

  

Figure 4-7 Predicted relative stabilities for six paracetamol-based co-crystals lattice enthalpy, ΔEco-

crystal, calculated using three alternative DFTB+ parameterisations. 
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Figure 4-8 Predicted relative stabilities for four aspirin-based co-crystals lattice enthalpy, ΔEco-crystal, 
calculated using three DFTB+ parameterisations. 

4.4 Conclusions 
 

Our results show that the prediction of co-crystal stability is heavily dependent upon 

the computational model used. For simple co-crystals such as the oxalic acid and 

4,4’-bipyridine datasets, the different DFT models largely agreed. However, for more 

complex co-crystals, such as the paracetamol and aspirin datasets with more 

diverse interactions, the enthalpy of formation depends on the DFT model, as seen 

most dramatically in the case of aspirin-based co-crystals.  

Implementation of the computationally more demanding PBE0-MBD calculations did 

not significantly change the predicted lattice enthalpy of formation of the chosen co-

crystals, relative to the less computationally demanding PBE functional. The 

dispersion corrections TS and MBD performed similarly well overall. 

Our dataset confirms previous findings that co-crystallisation is a thermodynamically 

favourable process, with the PBE-TS method predicting favourable assemblies for 

93% of co-crystals. The alternative PBE-MBD and PBE0-MBD methods predict 83% 
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to be favourable. Structures with predicted positive values of enthalpy of formation 

may be stabilised through entropic contributions in crystallisation experiments. 

By contrast, the computationally lighter DFTB-D method predicts a high population 

of unstable co-crystals with large positive and values of enthalpy. This failure of 

prediction is particularly prominent for the more complex systems such as the aspirin 

co-crystals. The difficulty in predicting these systems could be due to the semi-local 

origins of this method, resulting in the lack of dispersion forces,146 which are only 

marginally compensated by dampening corrections. Hence, using DFTB-D for co-

crystal research at a significantly lower computational cost, which would allow for 

the study of larger crystal structures, requires careful pre-parametrisation and 

testing. Any such pre-parametrisation will need benchmarking against full DFT to 

ensure that the DFTB-D model is used only in cases where it can overcome, or be 

improved to overcome, the semi-local approximation. Perhaps the development of 

more advanced dispersion/dampening schemes that do not carry prohibitive 

computational overhead could achieve the required balance between accuracy and 

computational cost, with integration of AI methods also promising high predictive 

power for large, complex datasets.67,151–153  
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Chapter 5 Computational 

analysis of the binding energies 

of thiophene-based copper 

complexes. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

The work from this chapter has been published in Angewandte Chemie (DOI: 

https://doi.org/10.1002/anie.202305759) 

A. Gibney, R. E. F. de Paiva, V. Singh, R. Fox, D. Thompson, J. Hennessy, C. Slator, C. J. 

McKenzie, P. Johansson, V. McKee, F. Westerlund, and A. Kellett, Angewandte Chemie, 

2023, 135, e202305759 

The computational calculations of the simple thiophene based copper complexes and 

complex Tri-Click structures was performed by me with the DNA biophysical analysis being 

conducted by Dr Alex Gibney from the Andrew Kellett group in Dublin City University. 
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5.1 Introduction 
 

Metallodrugs represent an exciting new development in chemotherapeutic 

treatment of cancerous cells through damage to the genetic sequence preventing 

the loss of genetic integrity or overactivation of DNA damage repair mechanisms 

which ultimately results in cell death.154 The damage mechanism to the DNA 

structure is influenced by the choice of metal with commonly used metals being 

platinum, copper, iron and ruthenium each with distinct modes of action.155 With the 

platinum metal preventing the transcription of the DNA sequence through the 

coordinative bonding to the nucleobase residue blocking the RNA polymerase 

enzyme.156 Whereas the copper and iron induces DNA damage by generating 

reactive oxygen species (ROS) through the biologically available redox potential of 

the metal ion. Meanwhile, ruthenium structures are photoactive, cleaving the DNA 

upon irradiation due to the production of ROS when the electrons are moved to the 

excited state and an intersystem crossing takes place. These generation of ROS 

must be done proximally to the target cleavage site.157 The central metal ions used 

are chiefly responsible for the drug properties by identifying the biological pathway 

together with the metal of choice, the safest administration route can be identified, 

thereby minimising interference with other biological processes and damage to non-

target structures.158 Metallodrug-DNA binding modes are often sequence-selective, 

so the binding mode depends upon the DNA sequence context.159 In general, the 

metal complex structure is vital for the application. Copper is an emerging 

metallodrug due to its biologically accessible redox properties, bioavailability, and 

broad adaptability to hard and soft ligands.160  

Click chemistry is a general term for a reliable modular mechanism for producing 

more complex structures.161 Among the most commonly used click reaction 

mechanisms is the Cu(I)-catalysed azide-alkyne cycloaddition (CuAAC) and strain-

promoted azide-alkyne cycloaddition (SPAAC) reaction. The CuAAC reaction was 

developed by both Sharpless and Meldal separately in 2001,161,162 and exploits the 

electronic resonance within the azide functionality and allows for a greater 

regioselectivity, over thermal Huisgen [3+2] cycloaddition (Figure 5-1a-b). SPAAC 

was developed later in 2006 by Bertozzi and aimed to reduce the use of the Cu(I) 

catalyst by exploiting the bond strain of the alkyne within the cyclooctyne structure 
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(Figure 5-1c).163 The impact of this seminal work was acknowledged with Morten 

P. Meldal, K. Barry Sharpless and Carolyn R. Bertozzi being awarded the Nobel 

prize in Chemistry in 2022 for “the development of click chemistry and biorthogonal 

chemistry”.164  

 

 

Figure 5-1(a) Thermal Huisgen [3+2] cycloaddition (b) General CuAAC reaction scheme (c) 
General SPAAC reaction scheme (d) General CuAAC reaction to generate the 1,2,3-triazole 

structures 

 

In 2021 McStay et. al. used the CuAAC reaction to introduce modularity to the 

development of new artificial metallonuclease (AMN), resulting in a new lead Tri-

Click ligand called TC-1 (Figure 5-1d) where R1 was a methylamine group.165 The 
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modular approach allowed for identification of key terminal groups that along with 

the 1,2,3-triazole could coordinate the copper ions in solution and catalyse DNA 

cleavage through the reduction of Cu(II) to generate ROS. The Tri-Click ligand 

produced within this chapter exchanges terminal methylamine group within the TC-

1 ligand for a thiophene ring which could provide enhanced coordination to both 

Cu(II) and Cu(I) metal centres through the incorporation of both hard and soft Lewis 

acid and Lewis bases thereby stabilising the redox pair required for DNA damage 

mediation. 

Dispersive forces are formed through the induction of charges. The formation and 

strength of these forces depend upon the molecules' polarizability,166 defined as the 

ease at which the electron cloud is distorted, when a neighbouring molecule has an 

opposing partial charge. When this electron cloud is distorted, it is said to be an 

induced dipole. Generally, the higher the electron density and the more diffuse the 

electron cloud is, the greater the polarizability of the molecule. The more diffuse the 

electron cloud resulting in weaker attractive forces to the nucleus.166 The dispersive 

forces are typically viewed as weaker interactions, with the bond strength 

approximately 2 kJ mol-1.29 These dispersive forces can be influenced by the 

electronegativity of the atoms that molecule this influences the size of the dipoles 

partial charges the more significant the difference between temporary dipoles; the 

stronger the influence of the long range forces. The influence of these dispersive 

forces is limited by the van der Waals radii of the atoms which is the maximum 

distance that these long range forces can be felt this could influence the final 

structure of the TC molecule this structural change will alter the downstream efficacy 

of the ligand.159 

Both the binding strength and dispersive forces can be modelled using Density 

Functional Theory (DFT). Calculating these energies is possible through the 

implementation of high-level exchange correlation functionals coupled with a high-

level basis set. The average ionisation energy for transition metals has previously 

been calculated with both 6-31G** and triple zeta valence potential (TZVP) basis 

sets coupled with a range of exchange functionals such as generalised gradient 

approximation (GGA), hybrid-GGA’s, meta-GGA’s and hybrid-meta-GGA.167 One 

study compared the experimental ionisation energy to the predicted ionisation 

energy using TZVP and 6-31G** basis sets. Within this work the TZVP basis set 
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performed better than the 6-31G** basis set giving an potential error ranging from 

0.64 to 0.37 eV, whereas the 6-31G** gave a potential error ranging between 1.12 

to 0.79 eV.167  

In this chapter the aim is to develop a polynuclear AMN that, due to their high 

potency, do not require reduction agents, such as ascorbate or peroxide, and can 

undergo unattended reduction. This work originated with simple copper structures 

incorporating a thiophene based organic structure that informed the optimum 

computational methodology for calculating the binding energy for a more complex 

thiophene TC scaffold. To assess the suitability of the thiophene TC structure as 

DNA damaging agent this was synthesized and further biophysical characterization 

applied. 

5.2 Methods  
 

All the experimental generated thiophene ring metallic complexes are reported 

crystal structures on the Cambridge Crystallographic datacentre (CCDC) this search 

returned 11 structures. These initial structures used simple organic molecules with 

a single coordination site for the metallic component to bind to. These simple 

structures could be broken down into four classes each of which increases in 

complexity with different counter ion that makes up the metallic component changing 

within the class of organic component. 

The complexes were optimised utilising the ORCA 5.0.4 software with an implicit 

water solvent imparted using the Conductor-like Polarizable Continuum Model 

(CPCM). These were run with tight self-consistent field (SCF) criteria and the def2-

TZVP basis set with the auxiliary basis set being def2/J. The complexes were 

modelled using progressively higher order exchange coefficients incorporating 

Purdew-Burke- Ernzerhof (PBE), Becke 3-parameter Lee-Yang-Parr (B3LYP) and 

the PBE0 exchange coefficients paired with the Grimme D3 dispersion correction 

using a Becke-Johnson dampening. This enables the minimisation of the molecule’s 

energetics, EAB, through the optimisation of the molecule’s geometry. The optimised 

geometry was then taken, and these were subsequently separated into their singular 

organic ligand and their metal ion component, and the energies of the organic and 

metallic components were subsequently calculated, EA and EB respectively. 
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Following these calculations, the geometries were treated with a geometry 

counterpoise correction (gCP) to mitigate the effect of minimal basis sets.  

This method was then scaled up to incorporate structures with multiple coordination 

sites using the synthesised TC-Thio ligand. Initially, the structure was treated as 

binding solely to a single counter ion this was then built up to incorporate a single 

water ligand from the water sphere surrounding the molecule to each metal unit. 

This process also entailed a visual analysis method to ensure the structures 

produced were experimentally feasible. Later, incorporating multiple ligand types to 

generate more experimentally feasible geometries for complex TC-Thio complex.  

The optimised geometries were subsequently used to model the binding within the 

Dickerson-Drew dodecamer (DDD) using Autodock vina software. The Cu3TC-Thio 

complex was treated as a flexible ligand allowing for the rotation of the bonds to 

allow for the docking of the TC-Thio complex the explicit solvent ligands were 

removed from the copper complex with the DDD structure was treated as a rigid 

body preventing the flexing of the DDD structures with the atomic charges assigned 

and any missing hydrogen bonds added. The entire DDD fragment was 

incorporated. To enable the Cu3TC-Thio to dock within the entire DDD fragment the 

grid boxes were sized to incorporate the full fragment the 10 docking conformations 

were tested and ranking in accordance with their stability utilising AutoDock Vina’s 

scoring function.168 

5.3 Results and discussion  

5.3.1 Binding energy of simple structures 
 

To calculate the binding energies (B.E.) the energies with the gCP correction were 

inputted into the formula: 

𝐵. 𝐸. = 𝐸𝐴𝐵 − 2𝐸𝐴 − 𝐸𝐵 

Equation 5-1 Equation for the calculation of the binding energy 

The CCDC search showed four different classes of organic compounds these 

differ due to the counter ion being used. These classes are shown in Table 5-1 

increasing in complexity as further down Table 5-1. 
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Initially the PBE exchange correlation functional was used to calculate the binding 

energy with the experimental structures later incorporating the B3LYP and PBE0 

exchange functionals. The hybrid B3LYP and PBE0 show consistent binding 

energies however the PBE exchange functional shows larger differences from these 

hybrid functionals.  

Class 3 contains the broadest range of counter ions with 4 counter ions 

incorporating nitrate, chloride, azide bridging and iodine bridging counter ions. Both 

hybrid functionals predicted the nitrate and azide counterions the strongest bound 

metal structures and the iodine being the weakest bound metal, Figure 5-3 and 

Figure 5-4. Whereas the PBE predict the nitrate to be the weakest bound metal with 

the iodine and the azide being the strongest bound metals, Figure 5-2. Which is 

repeated in the class 2 which contains fewer counter ions these being chloride, 

nitrate and iodine bridging counter ions. Whereas the B3LYP and PBE0 exchange 

functional predict the complex incorporating chloride counter ions to be the strongest 

Table 5-1 Table of different classes of organic components 

class  

1 

 

2 

 

3 

 

4 
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bound with the iodine bridging structure being the weakest bound structure, Figure 

5-3 and Figure 5-4. In comparison when using the PBE exchange functional the 

iodine bridging complex is the strongest bound complex with the nitrate complex 

being the weakest bound, Figure 5-2 This might be a result of the PBE reduced 

complexity not reflecting the binding energy correctly, as the PBE exchange 

correlation functional does not include the Hartree-Fock energies. The PBE 

exchange functional might not fully reflect the chemical complexity within the metal 

structures and the secondary interactions that take place within these structures 

with a more accurate view represented within the hybrid functionals giving a more 

complete view of the interactions between the molecules. However, the B3LYP 

maybe exhibiting some over binding that could be a result of the empirical 

parameterisation of the functional which focus on the thermochemistry of the 

experimental training set with the training set not incorporating transition metal in 

the parameterisation of this functional.84  

 

 

Figure 5-2 Binding energy of experimental copper structures using the PBE exchange functional. 
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Interactions between the copper and the thiophene ring have been discussed in 

previous experimental papers169 due to the moderate distance between the 

thiophene ring and the metal centre, allowing for secondary interactions. The 

experimental structures used shows, the distance between the copper and sulphur 

atom ranges from 3.02 Å through to 4.71 Å, Table B-5 and Table B-3. This distance 

is within the range for the formation of Cu-S interactions with this being previously 

cited by S.S. Batsanov to be 3.2 Å.169 Within the experimental structures 4 of the 8 

experimental structures have the thiophene ring within the 3.2 Å radius when 

optimised (Table B-1, Table B-3 and Table B-5). These secondary interaction will 

improve the energy of the complex through additional bonding to minimise the 

energy.  

When using the B3LYP exchange-correlation function, the predicted binding energy 

for some structures is over-estimated. When looking at structure 3 with the nitrate 

counter ions as when using the PBE and PBE0 exchange functional, the binding 

energy is predicted to be -1.84 eV and -2.59 eV when compared against the B3LYP, 

which predicts a binding energy of -4.13 eV which is 2.30 eV larger than PBE and 

1.55 eV larger than PBE0, Table B-1- Table B-6. The B3LYP exchange functional 

energy is much greater than those of the comparable structures, indicating that this 

binding energy is predicted to be unreasonably high; this may be a result of the 

empirical parameterisation of the B3LYP exchange functional. B3LYP was 

parameterised on organic molecules;84 this could be why the binding energy 

produces differing results from the parameter-free PBE and PBE0 functionals. This 

difference is not due to the added sophistication due to the addition of Hartree-Fock 

methods, as both the PBE and PBE0 have more reasonable, and mutually agreeing, 

energies. The DFT screen could describe the binding energies more completely as 

there is a greater variation in the binding energies through changing the counter 

ions involved in the copper binding as the Iodine bridging structure has a much 

weaker binding energy.  
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Figure 5-3 Binding energy of experimental copper structures using the B3LYP exchange 
functional. 

 

 

Figure 5-4 Binding energy of experimental copper structures using the PBE0 exchange functional. 
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5.3.2 Tri-Click thiophene structures 
 

The simple thiophenes classes examined can be used as a structural basis for the 

more complex TC molecule prepared in this study. This work is built upon the 

synthesis of a thiophene TC structure through a ‘click’ reaction between 2-

ethynylthiophene and a tris(azidomethyl)mesitylene (triazide) core (Figure 5-5).  

The use of electrospray ionization mass spectroscopy (ESI-MS) within a 50:50 DMF: 

water solution containing TC-Thio and three molar equivalents of Cu(NO3)2 showed 

the TC-Thio ligand can bind to up to three copper atoms with the presence of the 

tri-, di- and mono nuclear species identified (Figure 5-6). Each fragment was 

generated through the loss of a single nitrate ion with [Cu(TC-Thio)-(NO3)]+ at 

734.07 m/z, [Cu2(TC-Thio)(NO3)3]+ at 920.98 m/z and [Cu3(TC-Thio)(DMF)(NO3)]+ 

at 1182.916 m/z with the tri-copper adduct being viewed as the active component.  

 

Figure 5-5 Synthesis of the thiophene Tri-Click ligand (TC-Thio) 
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Figure 5-6 Mass spectrum of Cu3TC-Thio compounds. 

Following the production of the trinuclear Cu3TC-thio complex arising from its 

exposure to Cu(II) ions, it is possible to reduce Cu(II) to Cu(I) with sodium-L-

ascorbate to promote oxidative DNA-damaging effects. The strength with which the 

Cu centre is bound to the Cu3TC-Thio molecule provides vital knowledge to ensure 

that the Cu(II) is not lost before DNA binding due to the Cu(II) promoting the binding 

of the Cu3TC-thio to the DNA.  

The presented work is incorporating the TC-Thio system which was ran with various 

exchange functionals to obtain a broad view of how these structures are modelled, 

along with the incorporation of nitrate and water ligands. These various exchange 

functionals were incorporated to ensure the geometry of the TC-Thio is modelled 

accurately. Initially, these incorporated one ligand type using nitrate or water ligands 

with three Cu(II) ions (Figure B-1-B-4). However, the optimised geometries do not 

correspond to the identified comparable experimental crystal structures (Figure 

5-7). Thus, further water molecules were incorporated to replicate experimental 

conditions as a complete coordination sphere of 5 ligands can bind to the copper 

structure to achieve experimentally consistent geometries.  

Implementing these additional water molecules aided the prediction of 

experimentally consistent geometries particularly for the Cu(I) structures (Figure 



57 
 

5-7). However, due to the limitation of the PBE exchange functionals having a limited 

description of electronic effects, this is shown through the optimised Cu(I) structure 

(Figure B-8, Table B-15), which has a much-reduced distance between the side-

arms with a 7.135 Å distance between the thiophene rings with a 108.49° bond angle 

so this will incorporate a large amount of bond strain. When compared to the PBE0 

geometries (Figure B-10, Table B-17), this has 7.327 Å between the thiophene 

rings and a bond angle of 111.72° between the side-arm and the central ring, so 

through the implementation of higher-level exchange functionals such as B3LYP 

and PBE0 (Figure B-9, Table-B16, Figure B-10, Table B-17), these achieved a 

structure that is more consistent with experiment.  

 

 

Figure 5-7 Existing experimentally synthesised crystal structures used to refence the input 
structure of the Cu(I)-TC-Thio from left to right CCDC IDs: QEYTEM, POFQIN and WAPFOM. 

 

When optimising the geometries using the more computationally demanding 

exchange functional, B3LYP, this model predicted a Cu(II) coordination geometry 

more akin to square pyramidal than trigonal pyramidal structure. The optimised 

modelled geometry also shows Cu(I) within the counterion plane, at odds with the 

known experimental structures. 

Subsequently, the PBE0 exchange functional was used test whether the optimised 

complex geometry achieves better structural similarity to the experimental structures 

to ensure that the optimised structures can reliably predict the coordination 

structures. The PBE0 exchange functional is rooted in a parameter free framework. 

As a result, the optimised geometries with both Cu(II) and Cu(I) showed similarity to 

the experimental structures (Figure 5-7). In particular, the Cu(I) side arms show 

more experimentally consistent bond angles between the neighbouring side arms. 
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These angles measured 111.87° and 111.72° between the central benzene ring and 

the side arm, effectively minimising bond strain. The PBE0 model showed further 

potential interactions between the Cu(I) ion and the thiophene ring with predicted 

distances of 2.922 Å, 2.911 Å, and 2.875 Å between the Cu and S atoms. Notably, 

the experimentally anticipated distorted tetrahedral coordination geometry is 

maintained through the PBE0 exchange functional. This depiction was absent when 

employing the B3LYP exchange functional. This is presumably a result of the 

physical properties not reflecting the geometry of the complex along with the 

parameterisation set not including transition metals so may not correctly reflect the 

properties of this parametrisation set.84 

Each exchange functional shows the expected weakening in binding energy when 

Cu(II) is reduced to Cu(I). When looking closer into how the difference between the 

binding energies is affected through the choice of exchange functional, there is a 

clear distinction between the PBE functional and both hybrid functionals, PBE0 and 

B3LYP. With a much smaller gap predicted by the PBE functional of 2.8291 eV. In 

contrast, the B3LYP and PBE0 exchange functionals predict binding energy 

difference of 3.8268 and 4.2178 eV respectively. This underestimation of the 

difference between Cu(II) and Cu(I) complex stability for PBE might result from the 

lower complexity of the PBE not accounting for further electronic effects that could 

indicate that the Cu(I) is weaker bound within the complex. This is due to the PBE 

functional predicting a binding energy of -2.1323 eV for the Cu(I), which is 0.9034 

eV stronger than the binding energy predicted by PBE0 and 0.6727 eV stronger 

than the B3LYP predicted binging energy (Table B-7 and Figure B-11).   

The PBE0 model predicts weaker binding of Cu(I) to the TC-Thio scaffold than does 

the B3LYP model. The PBE0 structure has a binding energy of -1.2288 eV per 

copper unit as opposed to the B3LYP, which has a binding energy of -1.4596 eV 

per copper unit. This improvement in the binding energy could result from the 

bridging nitrate ligand within the B3LYP optimised geometry.  
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5.3.3 Biophysical analysis 
Biophysical assays can be used to identify various qualities about the binding of a 

metallodrug to the DNA structure. These can be analysed using competitive 

displacement assays, fluorescence melting, circular dichroism spectroscopy (CD), 

and microscale thermophoresis (MST).159 The displacement assays identify the 

affinity and region that the metallodrug binds to the DNA with the use of fluorescent 

binding agents which only fluoresce when bound to DNA. The intercalating agent 

ethidium bromide (EtBr) has a well-documented binding affinity, allowing for the 

calculation of the apparent binding of the metallodrug through reduction in the 

fluorescence because of the EtBr being displaced. Other fluorescent binding agents 

can indicate the region with which the metallodrug binds to the DNA through the 

displacement of the fluorophore. To identify the region which the metallodrug is 

bound two commonly used binding agents are used these being, Hoechst 34580 

and methyl green, which bind within the minor groove and major groove, 

respectively. When these molecules are displaced, the fluorescence diminishes due 

to metallodrug binding within this region.159 Another technique is fluorescent melting 

which utilises hairpin DNA sequences containing terminal fluorophore and quencher 

tags that fluoresce when separated due to thermal denaturation. When a 

metallodrug binds to this hairpin, this alters the temperature with which the DNA 

structure unzips due to changes on the intrinsic DNA stability.159 CD spectroscopy 

measures the helicity of DNA using circular polarised UV light. The technique 

measures the difference between the absorption intensities between the right and 

left circularly polarised UV light.170 B-DNA has two key regions; one positive at ~270 

nm and one negative at ~250 nm.171 These are generated as a result of the 

asymmetry of the DNA environment.159 Here the peak at ~250 nm is the signal 

associated with the helicity of the DNA structure and the peak at ~270 nm is 

indicative of the base pair stacking interactions.159 When there is an increase in 

helicity, this means that the DNA structure has changed, meaning that the DNA 

structure has wound tighter.172 A decrease in intensity indicates a loss in helicity so 

the DNA structure has unwound. Similarly, an increase in the peak at ~270 nm 

indicates stronger π-π interactions between the base pairs, whereas when these 

interactions are weaker, the π-π interactions lead to a weaker intensity peak.159 

Microscale thermophoresis (MST) analysis identifies the interactions between a 

molecule and the DNA structure with this method measuring the time taken for the 
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DNA structure to be displaced by an infrared laser. When bound, the metallodrug 

will extend the time a biomolecule takes to migrate from the laser shone on the 

sample. MST assesses the mobility of the DNA structure along a temperature 

gradient when bound the metallodrug reduces the mobility of the DNA structure as 

the mobility is based upon the size, charge and hydration shell of the DNA 

structure.173 This means when the metallodrug is bound the detected fluorescence 

will be reduced allowing for the calculation of the metallodrugs binding affinity to the 

DNA structure.174  

The fluorescence quenching shows enhancement to the displacement of ethidium 

bromide (EtBr) by TC-Thio with increasing concentration of Cu(II) ions. In the 

presence of three equivalents of Cu(II) ions, Cu3TC-Thio was identified to have an 

apparent DNA binding constant of 1.1 x 107 M-1 (Figure 5-8b). This binding constant 

was additionally calculated using fluorescence melting experiments, which identified 

that the binding constant, Kb, is 5.8 x 107 M-1.  This high binding constant shows that 

the Cu3TC-Thio tightly binds to DNA with consistency between both Kapp and the Kb 

values. 

Next, fluorescence melting showed binding within the DNA due to the increase in 

the thermal melting point (Tm) of the DNA where the unbound DNA has a Tm of 79°C 

(Figure 5-8c), which increased dependent upon the dose of the Cu3TC-Thio that is 

indicative of the Cu3TC-Thio binding to the DNA structure promoting the stability of 

the DNA structure enabling higher temperatures to be reached before degrading.  

The competitive fluorescence displacement method indicates the site where Cu3TC-

Thio potentially occupies within the DNA duplex. This was shown to be the minor 

groove due to greater displacement of Hoechst 34580 compared to methyl green 

(Figure 5-8b). This shows the minor groove residency since Hoechst 34580 is a 

known fluorescent minor groove binder whereas methyl green is a known 

fluorescent major groove binder.  

CD data indicates that there are both reductions in the π-π stacking interactions of 

the nucleic acid bases and the helicity of the Dickerson-Drew Dodecamer (DDD) 

hairpin. This shows potential DNA condensation effects associated with exposure 

to Cu3TC-Thio with reductions at 250 nm and 280 nm (Figure 5-8e) demonstrating 

non-intercalative interactions consistent with minor groove recognition by the 
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complex. These non-intercalative and minor groove recognition result in the loss of 

helicity hence the reduced intensity at 250 and 280 nm.  

Finally, MST measurements were conducted to enable the quantification of 

molecular interactions based upon the movement of the molecule within a 

temperature gradient induced by a laser. For Cu3TC-Thio exposed to the DDD 

hairpin sequence, the point at which half of the effective concentration, EC50, was 

calculated to be ~70 μM (Figure 5-8f). Experiments also showed characteristics of 

DNA condensation earlier identified with both CD and competitive fluorescence 

melting experiments. This was later confirmed through analysis of the initial MST 

fluorescence signal with a dose dependant signal decrease. 
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Figure 5-8a. Displacement assay of Ethidium bromide (EtBr) from DNA by TC-Thio in 2 and 3 

equivalent of Cu(II) nitrate (the graph of 3 equivalents was used to calculate Kapp=1.1×107Mbp). b. 

Competitive displacement of minor groove binder Hoechst 34580 and major groove binder methyl 

green from DNA. c. Fluorescence melting of DNA with increasing Cu3TC-Thio loading, Tm is taken 

as the midpoint of the normalised melting curve d. Fitting of Bard equation with the fluorescence 

melting data obtained in c. e. CD analysis of DNA in the presence of 0.0, 0.1 and 1.0 equivalents of 

Cu3TC-Thio. f. Normalised data and initial intensity data obtained from MST experiments 

conducted with DNA. 
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5.3.4 Modelling complex-DNA Binding 
 

To confirm the binding mode that has been assumed through the biophysical 

analysis, we modelled the binding of the molecules to DNA using the AutoDock Vina 

molecular docking program utilising the synthetic DNA Dickerson-Drew dodecamer, 

DDD. Using the AutoDock tools the atomic tools, and rotatable bonds were defined 

within the flexible Cu3-TC-Thio. The rigid DNA receptor was treated through removal 

of the solvent molecules, incorporating missing hydrogen atoms and assigning 

atomic charges. To enable the Cu3TC-Thio to dock within the entire DNA fragment 

the grid boxes were sized to incorporate the full fragment. This grid box model 

enables the prediction of the strongest binding poses.  Though scoring ligand-

receptor binding affinity which are added through the implementation of Gasteiger–

Marsili atomic charges175 these consider the orbital electronegativity and the 

hybridisation to generate a electrostatic potential through the summation of all 

atomic electronic densities within the molecule.176 These binding predictions are 

calculated through the summation of the interaction functions over all atomic pairing 

excluding 1-4 interactions which are atoms separated by 3 covalent bonds which 

allow the movement of these atoms relative to each other. This enables the 

calculation of both intermolecular interactions and intramolecular interactions this 

allows for the binding affinity and rank confirmations to be determined.168 These are 

calculated through the implementation of van der Waals like potentials defined 

through two Gaussian functionals and a repulsive term along with nondirectional 

hydrogen bonding and hydrophobic terms and a conformational entropy penalty.177 

Ten docking conformations were produced and ranked in accordance with their 

stability utilising AutoDock Vina’s scoring function. 

Of these ten docking conformations, all show minor groove recognition with no major 

groove residency within the most stable configurations. The computed structures 

(Figure 5-9) indicate the Cu1 binds within the minor groove between the initial 

cytosine and guanine on strand A, binding to the cytosine groups carbonyl group 

and the oxygen group of the guanine group. The second copper is bound to the 

phosphate chain, binding to the phosphate group and the subsequent bridging 

oxygen. The third copper binds within the minor groove, binding to the cyclic oxygen 
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group within the sugar group and the bridging oxygen group on the phosphate 

backbone between the fifth and sixth base pairs. Both the first and third copper 

groups expose the sugar groups through rotation of these groups with the DNA 

receptor treated as a rigid structure. This Cu3TC-Thio interaction could initiate 

condensation through the Cu binding to the phosphate group.  
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Figure 5-9 Best ranked pose of docking simulations conducted using the Dickerson–Drew 
dodecamer (PDB:1BNA) as the receptor and Cu3TC-Thio (in space-filling representation) as the 

ligand. 
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5.4 Conclusion  

 

The PBE method is a reliable initial step that allows for the quick generation of 

starting models for new complexes. Calculations enable a geometry close to the 

experimentally seen geometries for metal complex structures, with the binding 

energies being predicted close to the PBE0 energies that include Hartree Fock 

energies. By contrast, the B3LYP functional produced a broad variation in the 

binding energies. These energies might be artificially inflated through the over 

binding that appears to present within the copper systems.  

This work confirms weak interactions between the copper and the thiophene ring in 

the computed structures. For the more complex systems with multiple copper ions, 

the structures are generally predicted close to experiment when using the Cu(II) for 

the metal centres. However, the reduced Cu(I) provided a significantly greater 

challenge with two of the three models predicting unreasonable geometries. It was 

shown there is systematic weakening of the binding strength of Cu(I) when 

compared to Cu(II) metal ion coordination strength. 

The biophysical analysis validates the computational model that predicted the 

binding within the minor groove of duplex DNA. This was further validated using 

various biophysical analytical methods displaying the minor groove binding 

properties of Cu3TC-Thio. Overall, it appears that the computational methods 

employed here provide reliable predictions of artificial metallonuclease binding to 

DNA. 
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Chapter 6 Binding energy of an 

extended series of Tri-Click 

structures 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The density functional theory work on all extended series of Tri-Click structures was 

performed by me. The synthesis of the Tri-Click pyridine structure was performed by Dr 

Alex Gibney from the Kellett group in Dublin City University. Molecular dynamics work was 

performed by Dr Lilly Arrué and Dr Shayon Bhattacharya from University of Limerick  
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6.1 Introduction  
 

Metallodrugs can be used in a broad range of applications such as anti-cancer, 

antitumor, antibacterial, antimicrobial, and malarial treatments.178–181 When applied 

to a pharmaceutical context these metallodrugs operate through the targeting and 

damage of the DNA sequence.182 These drug-DNA interactions are typically initiated 

by a pre-associative electrostatic attraction between the cationic metallodrug and 

the anionic DNA phosphate backbone. Following pre-association, the drug-DNA 

binding can take place through one of three distinct non-covalent modes of: groove 

binding; intercalation (including semi-intercalation); and insertion.159,183 Groove 

binding occurs when the drug sits between the phosphate chains in either the major 

or minor groove. Insertion and intercalation binding modes differ to groove binding 

as they involve hydrophobic interactions between planar, heteroaromatic, ligands 

within the metal complex and the nucleobases present within DNA. The insertion 

and intercalation binding modes are different as insertion binding mode ejects one 

base pair which is replaced by the incoming complex, whereas the intercalation 

binding mode promotes the unwinding of the DNA’s helical structure and inserting 

the ligand between the nucleotide base pairs without displacing the base pairs from 

the core helical axis.159 

One prominent example of a commonly used metallodrug is the active form of the 

glycopeptide, bleomycin. Bleomycin chelates Fe(II) in the presence of oxygen and 

a one-electron reductant to form the active bleomycin-Fe(II)-OOH that then 

catalyses DNA cleavage.184 Activated-bleomycin has shown clear clinical success 

with applications for the treatment of both testicular cancer and non-Hodgkin’s 

lymphoma when treated with a number of combination therapy chemotherapy 

protocols. when used in combination with cisplatin and etoposide, the treatment of 

testicular cancer can be 90% curative showing an improvement from the 25% cure 

rate of cisplatin and etoposide alone.184,185 Activated-bleomycin typically binds in a 

multi-modal fashion with intercalation from the minor groove, and subsequent 

production of reactive oxygen species that ultimately causes cleavage of the 

phosphodiester backbone.184,186 Bleomycin induces both single and double strand 

breaks - single strand breakages are promoted by H2O2 whereas the double strand 

breakages are promoted by O2. Here there has been previous work showing 
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preferential single strand breakages by activated-bleomycin with the ratio of single 

strand to double strand breaks between 6:1 and 20:1.184,186  

Activated Bleomycin is an example of an artificial metallonuclease (AMN). AMNs 

target and cleave the DNA backbone through two distinct mechanisms: hydrolytic 

and oxidative.187 Hydrolytic AMNs act via Lewis acid activation of water, promoting 

nucleophilic attack to the phosphodiester.188 As hydrolytic AMNs mimic the 

mechanism of enzymatic AMNs, so too do the cleavage products which can be 

repaired by ligase enzymes.188 Oxidative AMNs, however, act via activation of 

oxygen species which produce radical oxygen species allowing for the generation 

of reactive oxygen species (ROS) which then damages the DNA structure. Many 

oxidative lesions can be formed, but hydrogen atom abstraction from the C4’ on the 

ribose ring can trigger radical formation and through a series of reactions ultimately 

results in cleavage of the backbone. The exact site of oxidation is highly reliant on 

the proximity of the redox-active metal involved, which is directed by the associated 

ligand.157,187,189 Oxidative AMNs can undergo several mechanisms to generate 

suitable ROS for oxidative damage that resemble Fenton and superoxide dismutase 

(SOD) activity,165 but differ in that they react using metal-oxo intermediates rather 

than diffusible ROS. It has been found that molecules incorporating multiple metal 

centres have greater oxidative damage efficiency than comparable scaffolds 

incorporating a single metal centre.190  

When designing AMNs, the metal centre can be selected based on its biologically 

accessible redox properties combined with low toxicity and high bioavailability. 

Commonly used metals found within AMNs include iron, copper, magnesium and 

zinc.191,192 These metals are chosen to increase the likelihood of being absorbed by 

the body due to the presence of these metals within nature while minimising the 

effects on off-target biological pathways.158 While the metal centre serves to partake 

in the redox cycling required for AMN activity, the ligand carrying the metal centre 

plays a key role in ensuring ROS production occurs in the vicinity of DNA. As such, 

the literature contains an abundance of highly varied and complex ligand structures 

used in AMN design. Most recently, AMN design has been simplified with the use 

of click chemistry as outlined in section 5.1.165,193 
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The strength that the metal centre is bound to the Tri-Click scaffold can be explored 

using density functional theory (DFT) as described in Chapter 5. The stability of the 

complexes will be influenced through alterations to the terminal group which in 

combination with the 1,2,3-triazole group generated within the click mechanism will 

bind the metal centre to the Tri-Click AMN scaffold. Previous modelling studies have 

explored the electronic structures and properties of both tri-copper structures193 and 

di-copper structures.194 The molecular DFT models use basis sets to model the 

valence electronic structure, typically double-hybrid basis sets, such as PWPB95, 

ꞷB97M(2), revDSD-PBEP86-D4.195 Relativistic corrections196 can be used for 

heavier elements starting from ruthenium.197 The Ahlrichs basis sets second default-

triple zeta valence potential (def2-TZVP) basis set has been shown to have very 

small mean errors and standard deviation at approximately 0.02 eV atom-1 up to 

second-row transition metals, indicating that it is suited for predictive DFT 

modelling.198 Exchange-correlation functionals are used together with the basis set 

to implement and iteratively solve the Kohn-Sham equations. The PBE functional 

typically gives good accuracy for organic structures,199 with the higher level hybrid 

PBE0 functional suitable for metal-organic molecules.193 One of the most used 

functionals, B3LYP, has been shown in previous work to underestimate the energies 

of polynuclear complexes.194 

In this chapter, the aim is to expand upon the previously reported work on click 

chemistry based AMNs, including TC-1 and TC-Thio, as DNA damaging agents,193 

and to predict the structures of AMNs with a wider range of alternative terminal 

groups. These predictive models aim to identify the scaffold that provides the 

strongest binding between the scaffold and the metal centre. This extended series 

of Tri-Click structures includes carboxylate, pyridine, and pyrimidine terminal 

groups, which allows us to identify key structural features that promote the binding 

of the metal center to the scaffold. To assess the suitability of the extended series 

of these Tri-Click structures as DNA damaging agents these were synthesized and 

further biophysical characterization applied with molecular dynamics simulations 

used to support the experimental binding properties. 
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6.2 Methods  

6.2.1 Binding energy calculations  
 

Six Tri-Click complexes were modelled using the ORCA 5.0.4 software, with the 

structures optimised in implicit water using the conductor-like polarizable continuum 

model (CPCM).200–202 The electronic structure calculations were performed with tight 

self-consistent field (SCF) convergence criteria of 2.7x10-7 eV and the geometry 

convergence tolerance energy change tolerance being 1.4x10-4 eV and root mean 

squared (RMS) convergence gradient being 5x10-3 eV/Å. The molecular orbitals 

were built from the def2-TZVP basis set, with the def2/J auxiliary basis set used for 

density fitting. The DFT calculations used the PBE0 exchange coefficient 

functional88 with the Grimme D3 dispersion correction and Becke-Johnson 

dampening.118 This enables the calculation of the energy of the full complex, EAB. 

The optimised geometry was then separated into the scaffold and their metallic 

components. The energies of the ligand and metallic components, EA and EB, 

respectively, were subsequently taken using single-point calculations. Following 

these calculations, the geometries were treated with a geometry counterpoise 

correction (gCP) to reduce the effect of basis set superposition error.89,90 To confirm 

that the structures generated were experimentally viable, the Cambridge 

Crystallographic Datacentre (CCDC) mogul search tool was used. This identified if 

the computed geometry is within the range of previously reported experimental 

structures. 

6.2.2 DNA Binding by Fluorescence Displacement 
 

Competitive ethidium bromide displacement was conducted as previously 

reported.203 Using a triplicate serial dilution of test compound prepared on a 96 well 

plate to a volume of 50 µL. 50 μL of a working solution of EtBr (25.2 μM) and ctDNA 

(25 µM) was then added to give a final volume of 100 μL, 12.5 µM EtBr, 12.5μM 

ctDNA. All solutions were prepared in 80mM HEPES, 25 mM NaCl, 5% DMSO. 

Control wells contained EtBr and ctDNA at equivalent concentration to the test. 

Blank wells contained EtBr only in the same buffer. The binding apparent binding 

strength was calculated with Equation 6-1. 
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𝐾𝑎𝑝𝑝 = (8.8 × 106𝑀−1) (
12.5

𝐶50
) 

Equation 6-1 Calculation of the apparent binding constant  

Within Equation 6-1 is calculated as the is the EtBr binding constant is 8.8x106 and 

the concentration of the EtBr is 12.5 and the C50 is the micromolar concentration of 

copper Tri-Click complex to reduce the EtBr fluorescence by 50% with the Kapp being 

the apparent binding constant. Experiments conducted with Hoechst 34580 and 

Methyl green (MG) were conducted under equivalent conditions but with 5 µM 

fluorophore. Data was collected on a TECAN® Spark microplate reader. 

Fluorescence quenching of MG and Hoechst 34580 were conducted in an 

equivalent manner but with final fluorophore concentrations of 5 µM. Excitation 

emission wavelengths used were 530/590 nm for EtBr, 350/450 nm for Hoechst 

34580 and 630/670 for MG. 

6.2.3 DNA Cleavage Experiments 

 

Cleavage reactions were prepared to a final volume of 20 μL in 100 μL Eppendorf 

tubes and contained 400 ng supercoiled pUC19 DNA, 1 mM Na-L-ascorbate (where 

indicated) and 25 mM NaCl in 80 mM HEPES buffer (pH = 7.4). Cleavage reactions 

with ROS scavengers were prepared to contain 10 mM of the ROS scavenger by 

addition of 1 μL of a 200 mM stock solution prior to DNA addition. Reactions probing 

the cleavage site were prepared by preparing reaction mixtures to contain 16 μM 

and 8 μM MG and netropsin respectively from stock solutions prepared in 80 mM 

HEPES buffer (pH = 7.4). Upon addition of pUC19 the samples were incubated for 

30 minutes at 37 °C, quenched with 6x loading dye (Thermo Fisher R0611) and 

loaded on to a 1.3 % agarose gel, prepared using 1x TAE buffer and run at 70 v for 

90 min.  

6.2.4 Molecular Dynamics 

 

Molecular dynamics (MD) simulations were performed using the GROMACS-2018.4 

code.204,205 The topology and parameters for the DNA model was defined by the 

CHARMM36m classical mechanics force field.206 The topology and parameters for 

Cu3-TC-Pyridine (Cu3-TC-Pyr) were obtained from Density Functional Theory (DFT) 
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calculations using the Gaussian 16 package followed by charge fitting with 

Antechamber7 using Restrained Electrostatic Potential (RESP) calculations.207  

The Cu3-TC-Pyr DNA complex was solvated in a large cuboid of TIP3P water 

molecules with counterions added to balance any formal charge. 0.15 M NaCl was 

added to model physiological salt concentration. Energy minimisation was followed 

by thermalisation at 298 K and equilibration under constant volume (NVT) and then 

constant pressure (NPT) of 1 bar of pressure these enable the calculations to be 

ran at physiological conditions to allow for the maintenance of physically realistic 

DNA structures. Production MD simulations were carried out for 4 µs for each 

complex, starting with Cu3-TC-Pyr in the minor groove or Cu3-TC-Pyr in the major 

groove, for a total of 8 µs of free dynamics. 

 

6.3 Results and Discussion 

6.3.1 Extended Tri-Click structures  
 

A small library of TC ligands was studied to evaluate the binding efficiency of copper 

ions to the organic scaffold, Figure 6-1. These ligands were experimentally 

produced and were rationally designed AMNs that aim to enhance the metal binding 

from the previously established polynuclear AMNs, such as the TC-1 and TC-Thio 

scaffolds, Figure 6-1a.165 The AMNs were designed with various terminal groups 

that can be easily attached to a central 1,3,5-tris(azidomethyl)-2,4,6-

trimethylbenzene (tri-azide) group through a click chemistry mechanism. The 

terminal groups bind copper ions with differing strengths to the organic scaffold. This 

strength can be calculated using Equation 6-2: 

𝐵. 𝐸. = 𝐸𝐴𝐵 − 𝐸𝐴 − 𝐸𝐵 

Equation 6-2 Equation for the calculation of binding energy 

This expression evaluates the stability of the complete optimised complex EAB 

relative to the isolated metal-free organic scaffold, EA, and the isolated metal, EB. 

The charge and spin multiplicity of each complex is carefully set to account for 

different metal redox states. To compensate for basis set superposition error, a final 
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geometry counterpoise correction, gCP, is included. These were modelled 

incorporating the solvent through the through the incorporation of CPCM water and 

explicit nitrate and water molecules as within the previous work that is incorporated 

within this thesis this aided in obtaining experimental consistent geometries. 

 

Figure 6-1 Structures of Tri-Click ligands synthesised using CuAAC click chemistry. 
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6.3.2 Extended series geometries 
 

The computationally generated Cu(II) complexes show close similarity to earlier 

reported experimental structures. Previously reported structures indicated bond 

angles ranging between 105.00 and 118.73° for the C-C-N bond angle between the 

central mesitylene ring and the triazole group, as measured from 720 structures 

retrieved from a Mogul search on the CCDC. All our computed geometries fall within 

this range of C-C-N bond angles, indicating formation of physically realistic 

structures (Table 6-1). These structures correspond to the structures depicted within 

Figure 6-1 with explicit solvent molecules included as shown in Figure 6-2. The Cu-

--N triazole coordination contacts in the Cu(II) complexes range between 1.96 and 

2.00 Å, and were extended by 0.07 ± 0.15 Å in the corresponding weaker-bound 

Cu(I) complexes.  

 

Table 6-1 C-C-N bond angle 

Extended TC structures bond angles for Cu(II) (°) bond angles for Cu(I) (°) 

TC-1  110.0 110.7 112.3 111.0 111.0 108.6 

TC-Benzothiazole  107.9 111.1 111.3 108.2 109.6 109.3 

TC-Pyridine  110.8 112.6 107.5 110.5 106.3 108.3 

TC-Pyrimidine  110.7 111.2 111.3 108.7 108.7 109.7 

TC-Carboxylate (O-Cu-O 

binding) 112.2 111.4 114.1 109.5 109.0 111.3 

TC-Carboxylate (N-Cu-O binding) 110.9 110.2 110.9 109.9 108.8 110.3 
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Figure 6-2 (a) Optimised TC-1 structure (Table C-1, Table C-2). (b) Optimised TC-Benzothiazole 
structure (Table C-3, Table C-4). (c) Optimised TC-Pyridine structure (Table C-5, Table C-6) (d) 

Optimised TC-Pyrimidine structure (Table C-7, Table C-8). (e) Optimised TC-Carboxylate structure 
with O-Cu-O binding (Table C-9, Table C-10) (f) Optimised TC-Carboxylate structure with N-Cu-O 

binding (Table C-11, Table C-12).  
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6.3.3 Extended series binding energy  
 

 

Figure 6-3 Calculated binding energy of the extended series of Tri-Click structures.  

 

Each Tri-Click ligand showed comparable binding within ± 0.76 eV of the parent Tri-

Click structure (TC-1) (Figure 6-1a). The TC-1 scaffold binds copper to the ligand 

with -2.89 eV per Cu and the extended series examined here demonstrate an 

average binding energy of -2.55 ± 0.53 eV per Cu, with the weakest binding energy 

being the TC-Benzothiazole (Figure 6-1b) of -2.12 eV per Cu (Figure 6-3). This 

lower binding energy could be attributed to the electron-withdrawing nature of the 

ligand resulting in weaker binding to the metal ion. Differences in electron density 

are illustrated in Figure 6-4 and show the pyrimidine group has a lower electron 

density compared to the pyridine group upon binding to copper. This is reflected by 

the darker shading on the binding amine group of TC-Pyridine (Figure 6-4a), while 

the TC-Pyrimidine group shows lighter shading on the amine (Figure 6-4b). The 

lighter shading indicates that the electron density in TC-Pyrimidine is more evenly 

distributed across both amine groups. As a result, the binding strength of the 

pyrimidine is reduced. 
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Figure 6-4(a) Electrostatic potential of TC-Pyridine generated using Avogadro (Iso value 0.1)208,209. 

(b) Electrostatic potential of TC-Pyrimidine generated using Avogadro (Iso value 0.1).208,209 

There is a clear energetic preference for the TC-Pyridine scaffold over the TC-

Pyrimidine scaffold (Figure 6-3), of 1.18 eV per Cu ion. This could be due to the 

electron density localised on a singular nitrogen group within the TC-Pyridine group 

instead of the TC-Pyrimidine group, which will distribute the electron density across 

both amine groups (Figure 6-4). This would mean that within the pyridine donor, the 

charge within this group would be concentrated on this amine group, allowing for a 

greater charge differential with the metal group, enhancing the binding. 

Within the TC-carboxylate scaffold there is two possible binding regions. One is to 

both oxygens on the carboxylate group (Figure 6-1e) and the other is chelated 

between the N-triazole group and a carboxylate oxygen (Figure 6-1f). Of these two 

possibilities, our data predicts a preference of 0.58 eV per Cu for binding between 

the triazole and carboxylate. The Cu binding energy is weakened by 0.62 ± 0.38 eV 

per Cu when the metal is reduced from Cu(II) to Cu(I). We note that the weakest 

bound Cu(I) metal ion in the TC-Carboxylate scaffold retains a significant binding 

strength of -1.23 eV per Cu ion, indicating that the metal can be reduced to generate 

DNA damaging reactive oxygen species without dissociation. 
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6.3.4 DNA binding of the extended Tri-Click series  
 

Fluorescent displacement assays were performed as they provide a simple and 

rapid method to assess the binding properties of the Tri-Click complexes. These 

assays measure the reduction in emission spectrum when the complex is 

introduced, displacing the fluorophore. This reduction in emission occurs due to the 

fluorophore, only able to fluoresce when bound, being ejected by the complex. This 

study involved well established fluorophores, ethidium bromide (EtBr), Hoechst-

34580 (Hoechst), and Methyl Green (MG), to evaluate the affinity and 

regioselectivity of Cu(II) Tri-Click complexes. Here the major groove is occupied by 

Hoechst-34580 and the minor groove is occupied by MG this is further outlined in 

Section 5.3.3. 

Fluorescent displacement assays using Hoechst and MG showed that the Hoechst 

34580 was more efficiently displaced than MG. The Cu3-TC-Pyr complex showed 

the most efficient displacement of both Hoechst 34580 and MG fluorophores of the 

extended TC series (Figure 6-5). These fluorophore displacement assays show that 

with the entire class of extended Tri-Click structures preferentially displaced the 

Hoechst 34580 over the MG this showing selectivity for the minor groove (Figure 

6-5). Here, the apparent binding constant ranges from 3.6 x 106 to 5.8 x 107 M-1 with 

Cu3-TC-Pyr having the strongest DNA binding constant. Due to Cu3-TC-Pyr having 

an exceptionally high DNA binding strength with groove binding capabilities, the 

complex was subsequently modelled with both molecular docking and molecular 

dynamics methods to identify its binding mode to DNA.  

 

 

Figure 6-5 Fluorescence quenching experiment results. C50, QHoechst and QMG are the 
concentrations of Cu-TC needed to reduce fluorescence of EtBr, Hoechst and MG respectively 
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As a result of the fluorescence displacement experiments indicating the standout 

DNA binding agent of this series is Cu3-TC-Pyr, molecular docking studies were 

undertaken on a Cu3-TC-Pyr model complex with the Dickerson-Drew dodecamer 

(DDD) using AutoDock Vina.168 Cu3-TC-Pyr was prepared by first removing solvent 

from the DFT structure. Atomic charges and rotatable bonds within Cu3-TC-Pyr with 

the copper being a Cu(II) to characterise binding the initial binding to the DDD-DNA 

structure were defined in Autodock tools (version 1.5.7). The DNA receptor was 

prepared by removing water molecules, building in missing hydrogen atoms, and 

assigning atomic charges. Subsequently the grid boxes were sized to incorporate 

the entire DNA fragment as the rigid body and run in AutoDock Vina.168 Here, Cu3-

TC-Pyr was found to bind predominantly in the minor groove with eight of the 

docking output poses showing binding within the minor groove and one pose 

showing major groove binding. Figure 6-6a shows that the binding of the Cu3-TC-

Pyr is highly dependent upon the minor groove dimensions of the target DNA 

structure. 

Molecular dynamics simulations were run using the GROMACS-2018.4 code to 

allow for the flexing of the DNA structure as displacement assays indicate that the 

Cu3-TC-Pyr has both minor and major groove these molecular dynamic simulations 

allow for structural changes within the DNA such as axial rise, pitch, helical diameter 

in addition to short-lived base flipping and total molecule kinking. Structural changes 

can be influenced by sequence composition, buffer environment, temperature and 

binding within the DNA. These structural changes can influence the dimensions of 

the grooves which could influence the binding strength of the Cu3-TC-Pyr. Here, the 

starting positions were taken from the highest ranked major and minor groove 

generated through the Autodock Vina molecular docking poses. The still frames 

shown in Figure 6-6b and c indicate the minor and major groove simulations 

respectively. Here, the Cu3-TC-Pyr remains bound within the starting groove of the 

duplex. Two arms of the complex remaining bound within the groove while the third 

arm is ejected and binds to the phosphate backbone. Alongside this analysis, Figure 

6-6b and c, shows Cu3-TC-Pyr causes kinking of the DNA groove to allow for 

stronger complex-DNA interactions, showing a major limitation of the rigid body 

molecular docking method which does not allow for flexing of the DNA structure. 
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When looking at the energetic contribution within the simulation, it is shown that 

most of the binding comes from Coulombic interactions (Figure 6-6d and e) this 

could be a result of the complex being highly cationic in nature and the anionic 

nature of the DNA structure. Here the total energies are increased when bound 

within the minor groove due to the van der Waals contribution increasing when 

bound within the minor groove, supporting the experimental findings that Cu3-TC-

Pyr has minor groove selectivity.  
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Figure 6-6(a) Nine output poses from docking studies of DNA (PDB: 1BNA) with modelled Cu3TC-
Pyr. (b) Still frames from molecular dynamics simulations of Cu3TC-Pyr bound in the minor groove 

of duplex DNA (PDB: 1BNA) (c) still frames from molecular dynamics simulations of Cu3TC-Pyr 
bound in the major groove duplex DNA (PDB: 1BNA) (d) Interaction energies over the course of 

molecular dynamics simulation of Cu3TC-Pyr bound in the minor groove shown in (b).(e) Interaction 
energies over the course of molecular dynamics simulation of Cu3-TC-Pyr bound in the major 

groove shown in (c).   
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6.3.5 AMN activity of Cu3-TC-Pyr  
Electrophoretic mobility shift assays (EMSAs) offer a simple and convenient method 

of analysing the activity and damage mechanism of the Cu3-TC-Pyr. In these 

experiments, supercoiled pUC19 DNA is damaged and visualised using agarose 

gels. The initial form I supercoiled pUC19 can move quickly through the gel due to 

its compact shape and high charge density. When a single strand break (SSB) 

occurs this produces form II the open circular form of DNA which has reduced gel 

mobility due to its larger size and flexibility. When two proximal SSBs occur on 

opposite strands of the duplex this further relaxes the DNA structure producing the 

form III which is the linearised form which has less resistance than the open circular 

form allowing for greater migration through the agarose.159 Each of these forms 

produce distinct diffusion profiles within the gel due to the different forms migrating 

through the gel differently. pUC19 plasmid DNA when treated with increasing Cu3-

TC-Pyr concentrations with sodium-L-ascorbate (to allow for redox cycling). Using 

band densitometry, Figure 6-7, shows that the Cu3TC-Pyr gradually coverts the 

supercoiled pUC19 from Form I to Form II finally converting to Form III. Figure 6-7 

confirms the AMN activity of Cu3TC-Pyr is consistent with prior click and cut 

AMNs.165,193 Along with this it can be seen the formation of linear form III prior to the 

complete degradation of the supercoiled form I indicating the Cu3-TC-Pyr is initiating 

independent double strand breakages.  

 

 

Figure 6-7 Plots of band densitometry values obtained from pUC19 cleavage experiments. 
Individual values shown as dots. 
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To identify the cleavage mechanism through cleavage experiments in the presence 

of DNA binding agents and antioxidants (Figure 6-8). Cleavage experiments in the 

presence of the major groove binding agents, MG showed a significant increase in 

the cleavage activity of Cu3-TC-Pyr while cleavage was completely inhibited by 

netropsin, a known minor groove binding agent, Figure 6-8a. Antioxidant 

experiments, Figure 6-8b, next showed that cleavage was maximally inhibited by 

tiron, a superoxide stabiliser (O2
•-) and N,N-dimethyl thiourea (DMTU) a peroxide 

scavenger (H2O2). There was minimal inhibition by L-methionine and the 

hypochlorous acid (HOCl) scavenger, sodium azide (NaN3) which protects against 

singlet oxygen (1O2) and D-mannitol a hydroxyl radical (•OH) scavenger. These 

cleavage experiments indicate that Cu3-TC-Pyr mediated DNA damage occurs 

predominantly within the minor groove involving a Fenton/Haber-Weiss catalytic 

cycle.  

 

 

 

Figure 6-8 (a) Cleavage experiments in the presence of groove blocking agents, methyl green (16 
µM) and netropsin (8 μM). Wedges above gels indicate increasing Cu3TC-Pyr concentrations of 4, 

6, 8 and 10 µM. Lane 1 contained pUC19 DNA only. Control ramp contained pUC19 DNA and 
Cu3TC-Pyr only with no groove blocking agent. (b) DNA cleavage experiment in the presence of 
antioxidants (10mM). Each wedge indicates increasing Cu3TC-Pyr concentration at 2, 4, 6, 8, 10 
μM. Lane 1 contained pUC19 DNA only. The control gradient contained Cu3TC-Pyr and pUC19 

with no antioxidant. All experiments contained 1 mM Na-L-ascorbate. 
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6.4 Conclusion  
 

An extended series of Tri-Click scaffolds beyond TC-1 was rationally designed with 

various terminal donor groups capable of coordinating copper. Cu(II) complexes 

were invariably more stable than their corresponding Cu(I) analogues. The Tri-Click 

pyridine ligand (TC-Pyr) when exposed to Cu(II) gave the most stable complexes, 

and this design rule was further extended to exclude carboxylate terminal groups, 

thiophene, and additional pyridyl sites in the scaffold. In collaborative testing using 

fluorescence displacement assays Cu3-TC-Pyr showed the strongest DNA binding 

of the extended structures. Cu3-TC-Pyr demonstrated some minor groove selectivity 

with some binding within the major groove validated through the use of classical 

molecular dynamics. The DNA damage mechanism was assessed to be oxidative 

as a result of using ROS scavenger agents, with a primary single-strand breaking 

mechanism linked to the production of superoxide. ROS inhibition studies through 

specific scavengers indicates a Fenton/Haber-Weiss chemistry-type mechanism. 

Overall, this chapter illustrates the growing ability to reliably predict stable metal 

complexes, specifically here AMN structures through electronic structure 

calculations, and pass these predicted stable structures to downstream classical 

molecular dynamics models to predict target binding, specifically DNA minor groove 

binding, and experimental tests of stability, binding and drug action. 
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Chapter 7 Conclusion & Outlook 
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The work presented within this thesis attempts to fill the knowledge gap on co-

crystals with the use of density functional theory (DFT) and density functional tight 

binding models (DFTB) to predict the enthalpy of the co-crystal structures using a 

variety of dispersion corrections, showing that the DFT can predict the 

thermodynamics of co-crystal structures accurately. Along with DFTB models 

unable to predict the thermodynamics of co-crystals accurately, with large 

discrepancies between the expected thermodynamics of the experimental co-crystal 

structures; these have large structural differences between the experimental and 

the DFTB output geometries. This showed that the dispersion correction and 

exchange-correlation is essential to identify molecular features that aid co-crystal 

stability. 

The co-crystal work shown within this thesis indicated that dispersion corrected DFT 

models can reliably predict the formation of co-crystal structures using lattice 

enthalpies. This work showed that the PBE-TS method showed the most accurate 

prediction of co-crystal formation with the smallest change from the initial 

experimental structures and the majority of the co-crystal’s structures having a 

favourable negative lattice enthalpy. However, within this work only binary co-crystal 

structures were incorporated, these binary co-crystals feature only two different 

constituent chemical structures, because of limited computational time and 

resources. The inclusion of higher order co-crystals would be useful to identify how 

these different structures stability is altered when further chemical structures are 

incorporated within the crystal structure.210 This should allow for further hydrogen 

bonding synthons when incorporating further chemical structures within the more 

co-crystal structures which together with stronger van der Waals interactions within 

the crystal structure may improve the lattice enthalpy. 

The calculations presented in this thesis indicate that many co-crystal structures are 

thermodynamically stable. However, at present, the contribution of kinetics in co-

crystal structures remains unknown. Some structures predicted to be unstable by 

the methods used here may be in the future corrected through free-energy 

calculations incorporating thermal effects as these are optimised at 0 K. The free-

energy calculations could be calculated using the phonon calculations available 

within CASTEP, or other less resource intense programs, such as PHONOPY. 

These calculations can give the entropic contributions for the co-crystal structure 
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and the single component crystals to gain a perspective on the Gibbs free energy 

of the crystal structure to establish if the co-crystal structure forms spontaneously at 

non-zero temperatures, inferring if the co-crystal structure is thermodynamically 

stable or kinetically stable.  

Within this work the structure of metal complexes was identified; this was done as 

these structures could not be experimentally crystallised. Along with the models 

showing that they can be applied to an already synthesised extended series of Tri-

Click systems with both Cu(II) and Cu(I) coordination spheres. This enables a gain 

in the energetic perspective of how strongly the metal binds to the Tri-Click ligand. 

Here the ESI-MS suggests that the Tri-Click thiophene forms the mono- and di- 

copper structures along with the tri-copper structure. To enable understanding of 

how the interaction between the metals centres affects the binding of the copper 

metal through spin-orbit coupling. These metal-metal interactions along with 

structural features of the ligand could affect the binding of the metal to the ligand. 

These binding energy calculations will give an idea of the strength that the metal is 

bound to the ligand showing the extent with which these influence the binding 

properties. Further this should allow for future engineering of alternative artificial 

metallonuclease drugs that will benefit from the enhanced binding developed within 

this work. 

This work has also identified key structural features within the Tri-Click model which 

aid in the coordination of the Cu(II) metal centre. This knowledge will prevent the 

loss of the metal centre promoting the DNA damage effects of the artificial 

metallonuclease (AMN) structures within the body. The generation of experimentally 

comparable structures using computational models allows for the accurate 

modelling of the DNA-drug interactions and identifying the region which the AMN 

binds to. This work should be expanded to include the experimental generation of 

all the structures modelled. This will allow for confirmation of the modelled 

geometries and the modelled drug-DNA interaction. This modelling work will allow 

for the identification of influence of the terminal group on the DNA binding strength 

and the DNA binding region. This could be further expanded to incorporate further 

terminal groups that will aid in the backbone binding of the Tri-Click structure, as 

predicted through the molecular dynamics simulations showing that longer terminal 
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groups can provide stronger DNA binding to the AMN scaffold through more 

extensive contacts with the phosphate backbone. 
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Appendix A  
1. Conquest search 

Using the ConQuest software provided by the Cambridge Crystallographic Data Centre, CCDC, we 

searched for systems that included the oxalic acid, 4,4’-bipyridine, aspirin and paracetamol 

structures. We used crystal structure database version 5.41. The selected structures met the 

following criteria including: 

• Structures must not contain water or other common solvents 

• All atomic coordinates must be resolved 

• The structures must have low disorder  

• All hydrogen atom positions must be determined 

• Structures could only contain C, H, N, O, S or Cl  

• The database must also contain the single component form of each constituent molecule 

of the co-crystal being experimentally reported 

• Only binary structures with two different types of molecules 

This was then further narrowed by limiting the unit cell size to 140 atoms to make PBE0 calculations 

feasible. This procedure generated the dataset with four aspirin, six paracetamol, five oxalic acid 

and thirteen 4,4’-bipyridine co-crystals.  

2. DFT Optimisation procedure  
The calculations were performed using the CASTEP code. The PBE exchange functional was 

employed with the TS or MBD dispersion correction. A plane wave cut-off of 900 eV was used, and 

a k-point spacing of 0.06 Å. These values were established through convergence tests. The starting 

experimental structures were minimised using the PBE-TS and PBE-MBD methods. The geometry 

optimisation was done using the default optimisation method for CASTEP of LBFGS, which utilised 

the on-the-fly pseudopotentials generated by CASTEP.  

The PBE0 calculations were carried out as single-point calculations using the optimised geometry 

from the PBE-MBD calculation using the Rappe-Bennett norm-conserving GGA pseudopotential.211  

3. Density functional tight binding optimisation  
The Density functional tight binding calculations utilised the DFTB3+ method, which used Slater-

Koster pseudopotentials109,212–214 and the QuasiNewton method of optimisation with conjugate 

gradients.  

The Boese108 and H5113,215 calculations were parameterised using the parameters in Table S1 : 

Table A-1: Parameterisation of the DFTB3+ dampening parameters 

parameter Boese H5 

Sr6  1.25 
S6 1.0 1.0 
S8 0.5883 0.49 
α6  26.61 
a1 1.3719  
a2 3.7017  
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RMSD analysis 

Table A-2a- RMSD20 values (Å) for oxalic acid based co-crystal structures 

CSD code 
(co-crystal) 

Co-former PBE PBE-TS PBE-MBD DFTB-D3 
DFTB-D3 

Boese 
DFTB-
D3(H5) 

GUDSUV pyrazine 0.526 0.061 0.078 0.262 0.234 0.287 

UMINAF Azapyridine 0.813 0.09 0.096 0.416 0.684 0.735 

UROXAM01 urea 0.449 0.074 0.077 0.381 0.178 0.48 

XEJWUF theophylline 0.587 0.102 0.128 0.394 0.365 0.425 

XAPMIK phenazine 0.617 0.088 0.063 0.367 0.254 0.764 

 

Table A-2b- RMSD20 values (Å) of oxalic acid based co-crystal structures co-formers single component 
crystal 

CSD code 
(single 

component) 
Co-former PBE PBE-TS PBE-MBD DFTB-D3 

DFTB-D3 
Boese 

DFTB-
D3(H5) 

BACJUN pyrazine 0.519 0.177 0.124 0.515 0.694 0.673 

EVESIJ04 Azapyridine 0.601 0.088 0.185 0.341 1.17 0.476 

UREAXX12 urea 0.197 0.025 0.014 0.168 0.036 0.043 

BAPLOT04 theophylline 1.204 0.061 0.193 0.274 0.507 0.369 

PHENAZ11 Phenazine 0.811 0.17 0.227 0.629 0.293 0.663 

OXALAC05 Oxalic acid 0.343 0.17 0.147 0.356 0.245 0.87 
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Table A-3a- RMSD20 values (Å) for 4,4’-bipyridine based co-crystal structures 

CSD code (co-
crystal) 

Co-former PBE PBE-TS PBE-MBD DFTB-D3 
DFTB-D3 

Boese 
DFTB-

D3(H5) 

VEXQOE 
1,3,5-triazinane-

2,4,6-trione 
0.526 0.355 0.24 0.503 0.937 0.659 

GIPQEB01 fumaric acid 0.869 0.084 

(12 out of 
20 

matches) 
1.102 

0.406 0.374 N/A 

SOVFOY01 
thiodiglycolic 

acid 
1.148 0.155 0.173 0.355 0.336 0.431 

MEWNUA 
O-isopropyl N-

phenylthiocarba
mate 

0.91 0.07 0.714 0.723 0.422 0.359 

RUXMAZ 
1,4-

diethynylbenzen
e 

0.715 0.129 0.338 0.56 0.596 0.676 

SITDIJ acetic acid 0.427 0.133 0.115 

(16 out of 
20 

matches) 
0.578 

(8 out of 20 
matches) 

0.837 
0.789 

LOYRIC isophthalic acid 0.671 0.21 0.125 0.545 0.335 
(7 out of 20 

matches) 
0.527 

PAVXAN 
terephthalic 

acid 
0.605 0.159 0.251 0.708 0.514 0.487 

NUJFEF 
2-

(carboxymethyl)
benzoic acid 

0.633 0.191 0.675 1.165 

(19 out of 
20 

matches) 
0.868 

(12 out of 
20 

matches) 
0.919 

XOWKEB01 

2-[(2,3-
dimethylphenyl)
amino]benzoic 

acid 

0.842 0.336 0.491 0.505 0.472 0.466 

UCEXIJ 
cyclo-diaspartic 

acid 
0.603 0.158 0.347 0.522 0.225 0.414 

ROQYED succinamic acid 0.855 0.108 

(16 out of 
20 

matches) 
0.743 

0.366 

(18 out of 
20 

matches) 
0.778 

0.413 

GOKCEQ Formic acid 
(4 out of 20 

matches) 
1.347 

0.149 0.243 N/A 

(15 out of 
20 

matches) 
0.359 

(15 out of 
20 

matches) 
0.775 
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Table A-3b- RMSD20 values (Å) for 4,4’-bipyridine based co-crystal structures co-formers single component crystal 

CSD code 
(single 

component) 
Co-former PBE PBE-TS PBE-MBD DFTB-D3 

DFTB-D3 
Boese 

DFTB-D3 
(H5) 

CYURAC14 
1,3,5-triazinane-

2,4,6-trione 
0.324 0.08 0.091 0.418 0.416 0.436 

FUMAAC01 fumaric acid 0.425 0.247 0.205 0.455 0.363 0.559 

TGLYCL01 
thiodiglycolic 

acid 

(11 out of 
20 

matches) 
0.547 

0.082 0.086 0.477 0.388 0.736 

ADOGUW 
O-isopropyl N-

phenylthiocarba
mate 

0.784 0.135 0.231 0.73 0.944 0.687 

ETYNBZ01 
1,4-

diethynylbenzen
e 

0.846 0.104 0.162 0.395 0.18 0.288 

ACETAC03 acetic acid 

(14 out of 
20 

matches) 
0.609 

0.065 0.1 0.395 0.209 0.325 

BENZDC11 isophthalic acid 0.638 0.04 0.131 0.345 0.298 0.403 

TEPHTH14 
terephthalic 

acid 
0.622 0.102 0.21 0.486 0.161 0.349 

HOPHAL11 
2-

(carboxymethyl)
benzoic acid 

0.867 0.118 0.262 0.55 0.485 0.558 

XYANAC06 

2-[(2,3-
dimethylphenyl)
amino]benzoic 

acid 

0.978 0.15 0.383 0.897 1.173 0.909 

PAXNIL 
cyclo-diaspartic 

acid 

(14 out of 
20 

matches) 
1.221 

0.184 0.174 0.452 0.243 0.487 

ROQXUS succinamic acid 0.197 0.15 0.109 
(6 out of 20 

matches) 
1.174 

0.651 
(3 out of 20 

matches) 
0.352 

FORMAC01 Formic acid 0.893 0.069 0.347 0.276 0.736 0.35 

HIQWEJ03 4,4’-bipyridine 0.522 0.171 

(16 out of 
20 

matches) 
0.687 

0.442 0.33 0.33 
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Table A-4a- RMSD20 values (Å) for paracetamol based co-crystal structures 

CSD code (co-
crystal) 

Co-former PBE PBE-TS PBE-MBD DFTB-D3 
DFTB-D3 

Boese 
DFTB-

D3(H5) 

KIGLUI01 Theophylline 0.639 0.1 0.131 0.36 0.327 0.345 

LUJSOZ β-phenazine 0.66 0.144 0.344 0.479 0.366 0.34 

LUJTAM Oxalic acid 0.478 0.1 0.1 0.37 0.273 0.377 

CUQKAC Betaine 0.54 0.075 0.085 0.556 0.411 0.562 

LUJSIT Naphthalene 0.623 0.115 0.125 0.657 0.36 0.523 

 

 

Table A-4b- RMSD20 values (Å) for paracetamol based co-crystal structures co-formers single component crystal 

CSD code 
(single 

component) 
Co-former PBE PBE-TS PBE-MBD DFTB-D3 

DFTB-D3 
Boese 

DFTB-
D3(H5) 

BAPLOT04 Theophylline 1.204 0.061 0.193 0.274 0.507 0.369 

PHENAZ11 β-phenazine 0.811 0.17 0.227 0.629 0.293 0.663 

OXALAC05 Oxalic acid 0.343 0.17 0.147 0.356 0.245 0.87 

WEMWEQ15 Betaine 0.639 0.10 0.186 0.37 0.209 0.302 

NAPHTA15 Naphthalene 0.673 0.06 0.066 0.313 0.832 1.162 

HXACAN13 Paracetamol 0.731 0.16 0.116 0.786 0.675 1.169 
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Table A-5a - RMSD20 values (Å) for aspirin based co-crystal structures 

CSD code (co-
crystal) 

Co-former PBE PBE-TS 
PBE-
MBD 

DFTB-D3 
DFTB-D3 

Boese 
DFTB-D3(H5) 

DIPJAQ theophylline 0.793 0.123 0.207 0.415 0.193 0.396 

HUNJEH pentoxifylline 0.556 0.244 0.324 0.577 0.399 0.701 

SIBYUA 4,4'-bipyridine 0.561 0.375 0.261 1.054 0.627 0.9 

TAZRAO carbamazepine 0.652 0.111 0.138 0.673 0.549 0.579 

 

Table A-5b- RMSD20 values (Å) for aspirin based co-crystal structures co-formers single component crystal 

CSD code (single 
component) 

Co-former PBE PBE-TS PBE-MBD DFTB-D3 
DFTB-D3 

Boese 
DFTB-D3(H5) 

BAPLOT04 theophylline 1.204 0.061 0.193 0.274 0.507 0.369 

JAKGEH pentoxifylline 0.656 0.388 0.217 0.555 0.307 0.509 

HIQWEJ03 4,4'-bipyridine 0.522 0.171 

(16 out of 
20 

matches) 
0.687 

0.442 0.33 0.33 

CBMZPN21 carbamazepine 

(10 out 
of 20 

matches) 
1.392 

0.093 0.118 0.54 0.376 0.533 

ACSALA05 Aspirin 0.736 0.11 0.065 0.433 0.29 0.693 
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Appendix B 
 

Table B-1 Copper sulphur and copper nitrogen distance in structure 1 

  experimental  PBE  B3LYP  PBE0  

Counter 
ions 

CSD 
code Cu-N (Å) 

Cu-
S(Å) 

Cu-N 
(Å) 

Cu-S 
(Å) 

Cu-N 
(Å) 

Cu-S 
(Å) 

Cu-N 
(Å) Cu-S (Å) 

Chloride KUYXUZ 1.949 3.042 1.975 3.101 1.983 3.168 1.978 3.131 

 

Table B-2 Structure 1 binding energies for the three exchange functionals used 

  PBE B3LYP PBE0 

Counter ions CSD code 
Binding energy 
(eV) 

Binding energy 
(eV) 

Binding energy 
(eV) 

Chloride KUYXUZ -2.2178 -2.5695 -2.4299 

 

Table B-3 Copper sulphur and copper nitrogen distance in structure 2 

  experimental  PBE  B3LYP  PBE0  

Counter 
ions CSD code Cu-N (Å) Cu-S (Å) Cu-N (Å) Cu-S (Å) Cu-N (Å) Cu-S (Å) Cu-N (Å) Cu-S (Å) 

Nitrate XOVTOT 1.973 3.470 1.993 3.497 1.992 3.523 1.988 3.554 

Iodine 
bridging XOWHUO 1.981 3.226 1.927 2.962 1.993 3.097 1.981 2.966 

Chloride XOWJAW 1.958 4.711 1.974 4.8 1.977 4.718 1.973 4.695 

 

Table B-4 Structure 2 binding energies for the three exchange functionals used 

  PBE B3LYP PBE0 

Counter ions CSD code 
Binding energy 
(eV) 

Binding energy 
(eV) 

Binding energy 
(eV) 

Nitrate XOVTOT -1.7756 -2.6721 -2.4915 

Iodine bridging XOWHUO -2.7527 -2.2633 -2.2164 

Chloride XOWJAW -2.3401 -2.7606 -2.5623 
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Table B-5 Copper sulphur and copper nitrogen distance in structure 3 

  experimental  PBE  B3LYP  PBE0  

Counter ion CSD code Cu-N (Å) 
Cu-S 
(Å) 

Cu-N 
(Å) 

Cu-S 
(Å) 

Cu-N 
(Å) 

Cu-S 
(Å) 

Cu-N 
(Å) Cu-S (Å) 

Nitrate DOLPID 1.97 4.653 1.98 4.769 1.981 4.686 1.976 4.671 

Chloride KEBMIQ 1.993 3.305 1.993 1.949 1.992 3.293 1.989 3.246 

Azide 
bridging KEBMOW 1.979 3.22 1.974 3.077 1.982 3.216 1.974 3.176 

Iodine 
bridging  HOHJAP 1.967 3.02 1.971 2.805 1.993 1.998 1.984 2.932 

 

Table B-6 Structure 3 binding energies for the three exchange functionals used 

  PBE B3LYP PBE0 

Counter ion CSD code 
Binding energy 
(eV) 

Binding energy 
(eV) 

Binding energy 
(eV) 

Nitrate DOLPID -1.8359 -4.1344 -2.5872 

Chloride KEBMIQ -2.3145 -2.6781 -2.4581 

Azide bridging KEBMOW -2.8439 -2.9728 -2.8187 

Iodine bridging  HOHJAP -2.4458 -1.3172 -2.1346 

 

 

Table B-7 Structure 4 binding energies for the three exchange functionals used 

  PBE B3LYP PBE0 

Counter ions CSD code 
Binding energy 
(eV) 

Binding energy 
(eV) 

Binding energy 
(eV) 

Chloride BALCIC -8.5676 -6.0494 -5.3772 
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Figure B-1 Image of Cu(II) TC-Thio with exclusively water ligands using PBE-D3(BJ) 

Table B-8-XYZ atomic coordinates for Cu(II)- TC-Thio with exclusively water ligands using PBE-
D3(BJ) with a charge of 6 and multiplicity of 4 

  C   8.84455482316027      7.18001316986460      1.78552027595866 

  C   9.99651681508709      7.84442476745242      2.25380318122224 

  C   9.90946133157709      8.83794192487366      3.24607030993517 

  C   8.63683964058460      9.17155458673460      3.75802802744730 

  C   8.99150118195186      6.08417302780952      0.76140107855296 

  H   8.09083131584628      5.47433112028913      0.65188823398213 

  H   9.23462852618258      6.49908884720176     -0.23038566856622 

  H   9.80182241845922      5.39425384183796      1.03102425459669 

  C   11.13837090767922      9.54298478714230      3.75676661785524 

  H   12.04817111815036      8.95069433474385      3.62071175104147 

  H   11.06518603905930      9.75911211827699      4.83032633312480 

  H   11.28476029575036     10.50526173398823      3.23963438206307 

  C   11.33335028942203      7.49262703957593      1.64466676126650 

  H   11.23911323016912      7.21743297339146      0.58889892556364 
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  H   12.04337836953153      8.32544560423653      1.70560139113043 

  N   11.96986286018449      6.33483042024084      2.30583702123108 

  N   11.98502949718589      6.25758853021134      3.64621912694686 

  N   12.61023543589409      5.14033918477958      3.94208982424972 

  C   12.57066323577325      5.28001007267663      1.72745250067821 

  H   12.65215036608249      5.16127978189115      0.65244183082294 

  C   13.00267866555936      4.48242845643803      2.78930994248265 

  C   13.70412066136404      3.24248875656475      2.78638302863623 

  C   14.32831978803509      2.61394000142530      1.70282848677012 

  H   14.32119267417830      3.02961128687924      0.69617957761387 

  C   14.97182500227325      1.42482532083488      2.07028065386676 

  H   15.51457180600399      0.77962314516595      1.38164870197982 

  C   14.83306521951510      1.13559532500932      3.42471463980378 

  H   15.21879765430110      0.27791429528233      3.97119237514880 

  S   13.90319981942932      2.31003181696238      4.24872889795939 

  C   8.52948109942467     10.22327302142952      4.83436896019076 

  H   7.53754394192550     10.24495731128240      5.29609296062590 

  N   8.78083508109624     11.57644712794359      4.30474872430852 

  N   8.14288247747548     11.97951584031533      3.19263171022758 

  N   8.51916027946125     13.22091269536768      2.98773111335105 

  C   9.56319087515410     12.53914757446960      4.82291547711203 

  H   10.15810780207327     12.40129381994502      5.71918384007791 

  C   11.08932972233704     15.35727320631198      4.75558385239766 

  H   11.63493607366294     14.69918732601588      5.43017568405807 

  C   11.41820341602900     16.69755683504895      4.50684071180231 

  H   12.24085475402896     17.22814800119333      4.98331781130421 

  C   10.56498252329214     17.29853280068485      3.58645100080037 

  H   10.58227680260415     18.32358475902425      3.22327768259324 

  S   9.34914482105041     16.23143623828568      3.03500828174070 

  C   7.57955009987537      7.55970273950019      2.28195624195874 

  C   7.46423501255980      8.54138010937575      3.28641645262963 

  C   6.13255617265254      8.91600376918749      3.88636720931936 
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  H   5.29446789635637      8.34790340880989      3.47436693214517 

  H   6.13257220031169      8.72741293669402      4.97040338014125 

  H   5.91461023146783      9.98430284296097      3.73852803167956 

  C   6.34253238716555      6.92920801247470      1.69147078131566 

  H   6.47477198989956      6.67808145377488      0.63417894631535 

  H   5.47647962768287      7.59825507436647      1.75462714856639 

  N   5.96193487544457      5.67018131534488      2.36667206017577 

  N   6.18172909698589      5.52157137995816      3.68332242541426 

  N   5.73518576997375      4.32635375918326      3.99692375147352 

  C   5.38014530751827      4.58814249724018      1.82074748781212 

  H   5.13043111654417      4.51826102178964      0.76750740179667 

  C   5.21938575953001      3.69161298925745      2.87911801179138 

  C   4.65378074038022      2.38493572359625      2.90045597692619 

  C   3.90117751947909      1.76370029191081      1.89555498887439 

  H   3.68196031292954      2.24292205102179      0.94242830792712 

  C   3.45123566445778      0.49231763834830      2.27141338110863 

  H   2.85269108142728     -0.16162264767080      1.63965740809392 

  C   3.86572360915166      0.13302002476345      3.55165950881620 

  H   3.67077154903441     -0.79493059595599      4.08479490628455 

  S   4.81740669488210      1.34366207769063      4.29333519550720 

  H   9.26186189852015     10.07483318587993      5.63692792073320 

  C   9.40623436032869     13.63024174553183      3.96781275590909 

  C   9.98705303117532     14.93062822216422      4.00933472453826 

  Cu  13.21746221448130      4.85880554497837      5.73133762617277 

  Cu  5.55475662632668      3.84045737530576      5.83234848278663 

  Cu  8.10910182309508     14.08837815272549      1.33851194093348 

  O   13.19712634006502      4.27449792402642      7.60764559395491 

  H   13.62680761722520      4.91167343450545      8.21266493381393 

  H   13.66464641371276      3.42603209031296      7.74409471172566 

  O   14.99949975332024      5.90641935456956      5.84962407095396 

  H   15.73749000737192      5.27768860635017      5.98028562283777 

  H   15.19611627834463      6.35358796239073      5.00249720119988 
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  O   9.60843248861872     13.59566459624123     -0.01925338729727 

  H   10.30127638046445     13.05805724745260      0.41236264209612 

  H   9.24816591752120     13.02262849614559     -0.72515185515976 

  O   7.12633653247364     15.06005358700833     -0.06793773505096 

  H   6.39172476147484     15.59953271507439      0.28672353521835 

  H   7.70486791183653     15.68959834354893     -0.54304489319214 

  O   3.69666247871571      4.47062039021531      6.52108185715336 

  H   3.74733935536409      5.41231737653846      6.78086303458688 

  H   3.04339457281570      4.44529291019561      5.79387806626808 

  O   6.02280753501993      3.16794798108191      7.61797451416599 

  H   6.64906742044431      2.41741979319185      7.59273861352428 

  H   5.24030490756242      2.84366226183957      8.10682381209785 

 

Figure B-2 Image of Cu(II) TC- Thio with exclusively nitrate ligands using PBE-D3(BJ) 
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Table B-9-XYZ atomic coordinates for Cu(II)- TC-Thio with exclusively nitrate ligands using PBE-
D3(BJ) with a neutral charge and multiplicity of 4 

C   8.22849914077916      7.56881524866250      1.90241408617415 

  C   9.36948718181196      8.25957826554406      2.35274858054057 

  C   9.26683325003855      9.25986717119646      3.33756859023323 

  C   7.99005719224373      9.63252018958642      3.79921663367443 

  C   8.37359354603627      6.43673496400409      0.91842566567001 

  H   7.51076198101455      6.35169904234923      0.24770490145446 

  H   9.26093291007013      6.54575933875968      0.28514176021304 

  H   8.47375718011493      5.47441437078732      1.44662192640689 

  C   10.50580341078265      9.92666156550143      3.87974890300216 

  H   11.33098206554548      9.21130496991461      3.98691795321688 

  H   10.33700848988503     10.36379416586243      4.87004601279880 

  H   10.85341368574787     10.73786206838010      3.21913324468474 

  C   10.71912839523213      7.93468904942874      1.76849178022400 

  H   10.67708242377487      7.85296351823931      0.67509147822434 

  H   11.45783450730327      8.70888966838520      1.99964965161734 

  N   11.26412438084992      6.65358436225367      2.26099564515229 

  N   10.80337027088206      6.09590074624681      3.37798049874307 

  N   11.51805674753152      5.00147675581292      3.56660111144555 

  C   12.27147845748921      5.93299836243325      1.71592268944721 

  H   12.76127402011688      6.21763669804911      0.79181500907218 

  C   12.44894840810143      4.85029350856495      2.56714122106530 

  C   13.42034295134038      3.78137917877995      2.46232596715627 

  C   14.68295045185466      3.87716396063772      1.90137818470671 

  H   15.08168158248421      4.81165334478549      1.50748699494698 

  C   15.39281815131896      2.65006330597706      1.92234010110520 

  H   16.40398688060072      2.52295598236160      1.53806669962541 

  C   14.66552848756934      1.63000867093653      2.49385202472051 

  H   14.95345838386197      0.59325483820341      2.64853165243807 

  S   13.11268464173240      2.15958952459421      3.00102996434645 

  C   7.86861193100575     10.78963200456617      4.76285344259603 

  H   6.83845180320540     10.94788386777495      5.09530678249659 

  N   8.32971126929557     12.04711494586870      4.14142524058247 

  N   8.18736081087637     12.22814101161483      2.83113707810392 
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  N   8.71856192399014     13.40570188280342      2.56533793720306 

  C   8.93841561405477     13.10073931350560      4.73620088952190 

  H   9.14705734222865     13.13279620751499      5.79939563433280 

  C   10.50640033505436     15.88360552870471      4.79721612710176 

  H   10.58750401026450     15.41991425644398      5.77982951888456 

  C   11.05571843752474     17.14777911945709      4.46369238005756 

  H   11.60415410384640     17.77751000160858      5.16288390586467 

  C   10.82383960805713     17.50108971607708      3.15359185896135 

  H   11.12138014863710     18.40340341168247      2.62582893860700 

  S   9.92121143065729     16.29505008045848      2.32395476480342 

  C   6.96429820694165      7.90572379750109      2.43572761894023 

  C   6.82955218606173      8.95835877083002      3.36547759901870 

  C   5.49093288188055      9.37163899899750      3.92735762745524 

  H   4.65379742004900      8.80400282151306      3.51482644810994 

  H   5.46297245663511      9.23370330738101      5.01862517730432 

  H   5.29284697258113     10.43477334492608      3.72530165509493 

  C   5.77415128842888      7.06100353413407      2.04690226689432 

  H   5.79200404918343      6.76975007948590      0.99211870469541 

  H   4.81664503539361      7.55705593639769      2.22818364893663 

  N   5.77259630933205      5.79871539231813      2.81328721379985 

  N   5.90767823828252      5.83757765936898      4.13679026234229 

  N   5.93783604073570      4.58117948575773      4.53603919698731 

  C   5.72082202941188      4.52887447804969      2.34464066278306 

  H   5.64589293422059      4.29474035700288      1.28896513815472 

  C   5.83500005472537      3.72261188931111      3.46928920437692 

  C   5.89639046018900      2.28405487483585      3.58617142827300 

  C   5.28545891153567      1.32994894056025      2.79233254650591 

  H   4.63258477002510      1.58572481619665      1.95838606860371 

  C   5.58376054045171      0.00483156484881      3.20178634505922 

  H   5.19597819223632     -0.88678727379027      2.71080586890831 

  C   6.41792878801181     -0.03930753186820      4.29713677575127 

  H   6.80911383014797     -0.90798072436517      4.82029364681343 

  S   6.86001945105531      1.53514414955788      4.82080439019852 

  H   8.48606558223606     10.64949939408823      5.66011045348086 
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  C   9.20086428699110     13.99668240479846      3.70615809104739 

  C   9.85621568768588     15.28213613537292      3.73335302034011 

  Cu  11.21405635267381      4.02616241309781      5.25849417916377 

  Cu  6.10782167522018      4.21426631523285      6.44425023747046 

  Cu  9.03841774702687     13.80777239383343      0.67060397108757 

  O   10.86878943532141      2.55783044933823      6.67505830393437 

  O   12.18016295051596      5.32904803324838      6.39452303912891 

  O   10.76280519285901     12.82627448871987      0.59673803148216 

  O   9.00353954795155     14.50768032105497     -1.24795524550681 

  O   7.34159351040908      5.68605011938747      6.88914090952743 

  O   5.92820797079146      3.52061062556316      8.33134708012565 

  N   4.88678716775553      2.80837562621634      8.03712465853564 

  O   4.31190205080932      2.11730899133971      8.85010423928420 

  O   4.52753679093609      2.90255977896320      6.80528843948795 

  N   8.54988911296725      5.63689438474127      6.38481235671099 

  O   9.28064764441737      6.60854443700363      6.57197208863932 

  O   8.88386857344273      4.60993653041000      5.75099773402933 

  N   10.33854070110943      1.78097777613215      5.79581575198184 

  N   13.41775097831980      4.92441147975275      6.59462157891907 

  O   10.29601522559238      2.27928853882709      4.60898195176305 

  O   9.91329529909308      0.67267003487710      6.06223661480476 

  O   14.14760874072000      5.65267175691234      7.27363591933570 

  O   13.77369416915842      3.84407396216967      6.09043349712076 

  N   7.88038545533151     15.11345884404695     -1.04986191930417 

  O   7.41363355736793     14.96512603720951      0.14425791299220 

  O   7.31726035862823     15.76130619773111     -1.90614448525181 

  N   10.49776704927239     11.61416000215208      0.15536176373425 

  O   11.43555590863829     10.82118438946168      0.06152478215464 

  O   9.31501228441872     11.35027528503888     -0.13929788245399 
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Figure B-3 Image of Cu(I) TC- Thio with exclusively water ligands using PBE-D3(BJ) 

Table B-10-XYZ atomic coordinates for Cu(I)- TC-Thio with exclusively water ligands using PBE-
D3(BJ) with a charge of 3 and multiplicity of 3 

  C   9.17010110795333      7.62585180095830      1.80123977912325 

  C   10.31130202120660      8.12548273423474      2.45254429064973 

  C   10.22147559156448      9.22876460797060      3.32396275939827 

  C   8.95942841963703      9.81518068351108      3.54981432933948 

  C   9.29984622964790      6.53356461158889      0.77145129104457 

  H   9.28038686015345      5.52684868506692      1.21522756658837 

  H   8.48714054697765      6.57878398536535      0.03667148103436 

  H   10.24332351375261      6.62547758724403      0.21911993875061 

  C   11.47180732632932      9.76617505004940      3.97684839319482 

  H   11.90488746872374      9.02786297457126      4.66970882055583 

  H   11.29925026489347     10.68421024992729      4.54457102432733 

  H   12.24045698485938      9.99735736019422      3.22547011606260 

  C   11.62405559102084      7.39515596418772      2.27976382576589 

  H   11.96270733277641      7.36999194629214      1.23534056122973 
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  H   12.42510676180162      7.84200736810327      2.87660559847488 

  N   11.49842342428672      5.98363508824829      2.69771412644715 

  N   10.91861538458600      5.67693712238751      3.86089378040192 

  N   10.88577965248130      4.35223995582569      3.91442600263507 

  C   11.85016299771437      4.87925856836086      1.99812426004014 

  H   12.32593763386576      4.92964823048799      1.02560505256535 

  C   11.44817341658090      3.80819417293435      2.78301817344160 

  C   11.52737058737397      2.38911157620959      2.53398835296651 

  C   11.77123257236741      1.74903305736674      1.33176676897889 

  H   11.93827858983309      2.28623852074774      0.39860051976903 

  C   11.75515477025112      0.33475793317904      1.44694435638410 

  H   11.91839363330578     -0.34579040758428      0.61215677810891 

  C   11.50194498401414     -0.09088028480074      2.73040374506498 

  H   11.42388477806451     -1.10583829233892      3.11096294502858 

  S   11.28573501878082      1.23497663379454      3.81010434840296 

  C   8.83956094165560     10.99471518697893      4.48667123243410 

  H   7.81532316595870     11.10846521126987      4.85970378722098 

  N   9.20971789927513     12.26871007926643      3.84247001742584 

  N   8.85876165082815     12.48983891145973      2.56226826087893 

  N   9.29868727369925     13.72298612662089      2.26574677635321 

  C   9.86566725233176     13.30243967589524      4.39432166934983 

  H   10.21457441906811     13.28862181958882      5.42075357543396 

  C   10.69835339171478     16.56229230373501      4.34870696574847 

  H   10.91855715257777     16.27572237039066      5.37543810328114 

  C   10.63071576006616     17.86571836499125      3.88530703466248 

  H   10.85018119104761     18.73825226831133      4.50161126733529 

  C   10.28003838435396     17.99619033737406      2.51773978233416 

  H   10.20570112430456     18.90204270476863      1.92447907722546 

  S   10.11599858434976     16.44982344899252      1.75678007872318 

  C   7.90421480304826      8.14247672940118      2.14341363709308 

  C   7.78957428559565      9.27353589521515      2.97286768532995 

  C   6.44349144211718      9.90443423579947      3.23887796321725 

  H   5.72217004507067      9.68099817581578      2.44571653353708 

  H   6.01152521137859      9.55897009487593      4.19190209724333 
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  H   6.52166574960624     10.99772860918977      3.28619858950639 

  C   6.68563047814970      7.32680380421147      1.76539101867638 

  H   6.62623065641865      7.08116014342868      0.69892809102157 

  H   5.74711742874074      7.80807798795104      2.05366953030131 

  N   6.75731674467108      6.03774990925828      2.48565990764650 

  N   6.91274040247576      6.04756283707305      3.81319226010453 

  N   7.11813573873539      4.78931538079934      4.16876546900962 

  C   6.85005248818174      4.78676469109464      1.97521814814674 

  H   6.75319687887290      4.57871002788272      0.91612427447245 

  C   7.09138331501140      3.96517574339951      3.06856656179268 

  C   7.31913973664283      2.54322761211436      3.14487358876048 

  C   7.64801448389525      1.66858445954967      2.12501148087150 

  H   7.78475860473985      1.98878818667785      1.09244875013674 

  C   7.80696146939804      0.33172314373863      2.57398291475015 

  H   8.08042790519828     -0.49912665788130      1.92504065519549 

  C   7.59683378429849      0.19545266437257      3.92632841387436 

  H   7.66078407845501     -0.69859826148223      4.54076974873333 

  S   7.20106707961126      1.70267972149803      4.66380378089294 

  H   9.49036139589624     10.89049643618049      5.36161014799950 

  C   9.92963244823490     14.28602902364967      3.38946964193650 

  C   10.35579174340224     15.61123067310807      3.34327522238240 

  Cu  10.27074283260376      3.39075881494837      5.40793255022093 

  Cu  7.37847783249349      4.33212859308703      5.97493820329107 

  Cu  8.28483008559692     14.90528550826038      1.10549244456445 

  O   9.98385083181024      2.38126717724563      7.04425794605363 

  H   10.87379615834522      2.22273257218851      7.55309726202365 

  H   9.60838473126729      1.49976688140963      6.85134202487169 

  O   12.18209740722888      1.98955102294343      8.30836741010501 

  H   12.91480666071015      1.89116971068020      7.67124486013388 

  H   12.41492088383239      2.77718153641973      8.83554212375822 

  O   7.33374171222898     16.11065846875938     -0.21228837825015 

  H   7.87997852014269     16.86468939942582     -0.50731035583294 

  H   7.08253481471250     15.63797817852894     -1.03008742137915 

  O   6.84320207726433     13.33866473490021      0.73004508571363 
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  H   7.18391893519457     12.65842476162742      1.35719487891012 

  H   5.96459717128355     13.58678229659158      1.07629008468991 

  O   5.22840078104597      4.05141483426156      6.96607206466259 

  H   4.72553665443780      4.87267578903941      6.81276804918109 

  H   4.77629127210893      3.38589472626184      6.41495613385054 

  O   7.97955203863949      4.04178336472526      7.81619737577863 

  H   8.70683691929622      3.36338246620536      7.78842091187077 

  H   7.23208162586591      3.63733160183426      8.29901401896487 

 

Figure B-4 Image of Cu(I) TC-Thio with exclusively nitrate ligands using PBE-D3(BJ) 
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Table B-11-XYZ atomic coordinates for Cu(I)- TC-Thio with exclusively nitrate ligands using PBE-
D3(BJ) with a charge of -3 and multiplicity of 3 

C   8.55785576048353      7.29162568002953      1.54400004939262 

  C   9.66532673943527      8.03919096110645      1.98208630935664 

  C   9.52983318470168      8.99682006649542      3.00682597165549 

  C   8.25659234421830      9.24540834286147      3.55055324982081 

  C   8.70375577964513      6.19669690039660      0.51574706077044 

  H   8.24346695546692      5.26560692321554      0.87593730541711 

  H   8.21067655041413      6.46330105869328     -0.43228840742047 

  H   9.74814407140442      5.96280710636057      0.29111207797843 

  C   10.74011631153864      9.74506222564299      3.50511390795283 

  H   11.63858825259713      9.11620747651570      3.49681293126133 

  H   10.61034223285002     10.09822421422775      4.53439909381076 

  H   10.95001772549884     10.62897203521191      2.88021300330178 

  C   11.02370513967626      7.81947762083372      1.36504919429979 

  H   10.94309013835880      7.50111068632666      0.31822314522314 

  H   11.62502258061227      8.73555297455231      1.37515914599104 

  N   11.80562284241244      6.79459942304119      2.08532250042717 

  N   11.19050347800375      5.86446146550456      2.82794227425355 

  N   12.14330765424023      5.06816285889501      3.28937883131284 

  C   13.14676819287465      6.60936196564649      2.05371322809513 

  H   13.81267565175982      7.26265110366914      1.50171243737160 

  C   13.37401687995851      5.48582706841726      2.83736399128151 

  C   14.59211656714972      4.79931213943712      3.18673346614844 

  C   15.89784179478177      5.12225220039903      2.86258515309169 

  H   16.16092293344202      5.99764351861943      2.26930162993671 

  C   16.84099726574324      4.19955675475088      3.38600940322614 

  H   17.91783240881987      4.28363783502657      3.24218606200287 

  C   16.25052075666358      3.18227885718960      4.09991110406633 

  H   16.71952457699522      2.34474774093086      4.60969124381905 

  S   14.52981186320169      3.34518960514132      4.14246482727646 

  C   8.09432426336041     10.33046921599398      4.58891681237781 

  H   7.07381044982820     10.37358622477034      4.98168125415399 

  N   8.40961694424029     11.65499162386485      4.02240507327301 

  N   8.06440178024886     11.93647406755272      2.76502250112157 
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  N   8.51053064436647     13.15353745864334      2.52230983669838 

  C   9.06630250156462     12.68437025827279      4.60772946146474 

  H   9.42881054324986     12.64284399147293      5.62847021369919 

  C   10.59329865525270     15.49633498918460      4.62839124531769 

  H   10.91255215615674     14.92930010393347      5.50240850902043 

  C   11.00989258985581     16.82212389806361      4.34239079627874 

  H   11.68244943148124     17.39920172781111      4.97575122534728 

  C   10.47559212056359     17.30572898317100      3.16986905565019 

  H   10.61759135169413     18.27798490085677      2.70537526415008 

  S   9.45161941503241     16.14752078472536      2.41292746537022 

  C   7.29456758311816      7.53805380223021      2.12156410713628 

  C   7.13139328038602      8.50924161977600      3.12733266636808 

  C   5.79278729038761      8.74837907878299      3.78306635949391 

  H   5.00542694809587      8.09253337158857      3.40116996803671 

  H   5.85406986799942      8.57314729740672      4.86754139178444 

  H   5.45731233843150      9.78650164308348      3.63758255091244 

  C   6.11772137003290      6.71101270772219      1.66749916836629 

  H   6.28039529323946      6.30252173804587      0.66323956186949 

  H   5.18743843027532      7.28892041245899      1.63396075056474 

  N   5.87553955201091      5.57068824385385      2.57343622627469 

  N   6.87204137297312      5.08481256292072      3.31774518023160 

  N   6.37691951487138      4.04819938312511      3.97614133576716 

  C   4.73433107264439      4.86001152679592      2.73241225984538 

  H   3.81683196226799      5.10464633096045      2.20948592504161 

  C   5.05566013371902      3.86326765243796      3.64664682698271 

  C   4.23701647304361      2.80525086053620      4.18879627756985 

  C   2.90219554982971      2.54960877494245      3.92370329219307 

  H   2.30450236726571      3.16352901971978      3.25030143231821 

  C   2.40721538285656      1.41477546539994      4.61645355972476 

  H   1.38230957502988      1.05332047499090      4.53860202452038 

  C   3.36622736340477      0.81729017489963      5.40155431449021 

  H   3.27439114017699     -0.05918436119086      6.03803695069670 

  S   4.88371720449675      1.63540588449674      5.30326983390476 

  H   8.76999673195458     10.19313669981590      5.44336319033277 
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  C   9.13623442134263     13.66865377474060      3.62913264402333 

  C   9.74203122465121     14.97937621467045      3.66753545157008 

  Cu  11.78544561449303      3.59134561551845      4.44325428050456 

  Cu  7.48858547527461      3.18333152782689      5.26230230874223 

  Cu  8.54283507522159     13.80276670183869      0.63853670405329 

  O   11.23525637524092      1.62214650571916      3.82481113184061 

  O   11.62186064909401      3.09460795671510      6.38025352780317 

  O   10.51386463450015     13.28580129168148      0.43474826921763 

  O   8.29599781657806     14.59261425209822     -1.13070318988071 

  O   8.68741989101795      4.89136623125153      6.11348603829245 

  O   8.29490285862175      1.75536087550704      6.32845806810117 

  N   8.01078639784746      1.74846286587929      7.60200188522400 

  O   8.59221128918422      0.91351214268567      8.32242873276495 

  O   7.17520687252646      2.56467896663437      8.04711945309015 

  N   8.13822879023102      6.02315806790990      6.36010938909120 

  O   6.90928830319167      6.08048115701978      6.62236945730200 

  O   8.84965499631853      7.06149614857936      6.33874494247160 

  N   9.98333535115322      1.69278260984305      3.52868766568551 

  N   11.76010429168934      4.03136890047070      7.27559836436977 

  O   9.40950691951190      2.81838343842198      3.62363810194136 

  O   9.37367166490797      0.66995446984704      3.16259910335606 

  O   11.50456427860509      3.74181345670370      8.46253198449922 

  O   12.13885865468226      5.16954880669235      6.92764629730399 

  N   7.01668431873648     15.04569406327301     -0.81297895143082 

  O   6.69975582681232     14.47340338508662      0.41562287285181 

  O   6.13624008438108     15.05073501581998     -1.72024568034718 

  N   10.60528417818914     12.02476669616268      0.11412005203136 

  O   11.73632588482036     11.51369409500251      0.06137011755759 

  O   9.55427058281121     11.38985936413745     -0.12501308150482 
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Figure B-5 Cu(II) TC-Thio structure optimised with PBE-D3(BJ) 

Table B-12-XYZ atomic coordinates for Cu(II)- TC-Thio with both nitrate and water ligands using 
PBE-D3(BJ) with a neutral charge and multiplicity of 4 

  C   8.83348670856095      7.01525005194863      1.43356043238303 

  C   9.82123346942877      7.80482907747068      2.05468585584117 

  C   9.49002077027498      8.68247546430130      3.10474950482761 

  C   8.13621371976016      8.84355466449969      3.46180555591581 

  C   9.20656330772409      5.95601387163665      0.42556455294324 

  H   8.75461038047137      4.99041978383126      0.69530826656461 

  H   8.85364922808893      6.21146111063764     -0.58551058871595 

  H   10.28642048750507      5.79062370230331      0.36711736450388 

  C   10.56758754188101      9.45157253359283      3.82567212151520 

  H   11.51455776564497      8.90098181829821      3.85877040282115 

  H   10.29142789629753      9.66323302534061      4.86556789733767 

  H   10.76117433799516     10.42073981704062      3.33653696086559 

  C   11.24971996920525      7.73671395079927      1.57676054509199 

  H   11.30868945272127      7.55059872651850      0.49882535137761 

  H   11.77779727927878      8.67855631131986      1.76906130746480 

  N   12.03092416018365      6.66102319385792      2.22398469007135 
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  N   11.70245834136446      6.21736847808577      3.43222497955349 

  N   12.61065086949854      5.31873349064160      3.76788418906942 

  C   13.14982392688053      6.05692205323677      1.76122372849316 

  H   13.56680437737569      6.27282648289208      0.78411652001520 

  C   13.53594992607204      5.17640838089861      2.76707816832890 

  C   14.66627857736462      4.27623776521992      2.80300122910206 

  C   15.84467491644697      4.39134593140586      2.08423410466912 

  H   16.04715133384253      5.22470459374355      1.41188042034626 

  C   16.75032573876225      3.33076983844627      2.33780609141159 

  H   17.73321783855216      3.24423462405577      1.87675389500107 

  C   16.25490730034706      2.41730258617055      3.24179037245359 

  H   16.72455304629887      1.51431270026200      3.62340330913078 

  S   14.68091602127807      2.84214420995249      3.78118913216002 

  C   7.77901913961742      9.78406661710953      4.58710495345008 

  H   6.72320072845872      9.71572231900958      4.86728601885606 

  N   8.06303198546271     11.18546481829895      4.22617335933541 

  N   7.87747969504069     11.59066699382084      2.97229499034409 

  N   8.26377090536837     12.85003474436001      2.93361856774298 

  C   8.55602144884735     12.17313690468168      5.01008181562734 

  H   8.77718755389711     12.02978809855082      6.06155564945542 

  C   9.84021114701147     15.02218136325950      5.60041559908057 

  H   10.02858153854589     14.36868955661450      6.45176024840052 

  C   10.22465118742217     16.38587378974570      5.54223531254511 

  H   10.73761722126533     16.90934264933685      6.34790251124113 

  C   9.88245911768561     16.98519005464127      4.35125253194633 

  H   10.04829033322763     18.00985196612493      4.02924449650093 

  S   9.07908297603792     15.88834841162211      3.29887897892251 

  C   7.48559152927051      7.20791500959465      1.79234941659169 

  C   7.12091576978433      8.14785753241760      2.77814123517671 

  C   5.67064822221850      8.37822705968706      3.12123289601803 

  H   4.99979331678685      8.08262764730615      2.30748105682190 

  H   5.37423466738261      7.80737601631255      4.01664723088572 

  H   5.47104583640623      9.43786167121596      3.32465798532477 

  C   6.41439412206789      6.35173496882105      1.15829731055299 
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  H   6.80253840566901      5.74354331678331      0.33534649498337 

  H   5.57888779787659      6.94361963009653      0.76479563038344 

  N   5.83368935499490      5.43509508034132      2.16056545087906 

  N   6.61470343073275      4.94390215085744      3.11482603959419 

  N   5.84145203730032      4.22153803505628      3.90614968489652 

  C   4.55142087924763      5.02529810498498      2.30571564018435 

  H   3.76314376979497      5.31498741811061      1.62013274146314 

  C   4.54833224019054      4.23089206287624      3.44852603903707 

  C   3.45123488882186      3.52914325253298      4.07357842976838 

  C   2.10112760566391      3.81869910683251      3.97112150250611 

  H   1.72065624262716      4.66598729188733      3.40123250848841 

  C   1.28793732621345      2.91418245179740      4.69948222471012 

  H   0.20185042034594      2.97621698437302      4.75214167664580 

  C   2.02274297195983      1.94368003085536      5.34440974293862 

  H   1.66975825186565      1.12837208892069      5.97068180013354 

  S   3.70689299892318      2.12589717428067      5.06295885137522 

  H   8.36802328739767      9.57770108849370      5.48993261152898 

  C   8.69533649964685     13.26996272576238      4.16666739639952 

  C   9.20460554846961     14.59171022824540      4.44815680790558 

  Cu  12.41518686043862      4.60533668756293      5.61706660988292 

  Cu  6.71984165806440      3.91480713404937      5.67140127188645 

  Cu  8.49237032560411     13.63383750878942      1.11908326383601 

  O   11.68798333265753      2.71374418042086      5.26528790938222 

  O   13.08874303006404      6.23110386486456      6.51902134090631 

  O   10.28811655311574     12.74061807889169      0.98517538690667 

  O   9.05836261285105     14.66224277766035     -0.51622293609829 

  O   5.15540820481588      4.72813059553476      6.66480972507806 

  O   7.62975993464834      3.51681795920973      7.39857819666040 

  N   7.57868183439659      2.21407486101519      7.55014395843454 

  O   8.10562420298139      1.72387146159800      8.55057573725436 

  O   6.99329588595154      1.55175229228010      6.66647256652891 

  N   5.40559566969254      6.01357370480555      6.74313263843818 

  O   4.55155358867144      6.73808794751862      7.26190587040022 

  O   6.49255697216984      6.42832614627181      6.28521748112254 
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  N   11.61763239771171      2.46471454118536      6.52975231963451 

  N   14.33945984464966      6.05795064799844      6.89390461381024 

  O   12.02399246950488      3.43260685281607      7.27569624885539 

  O   11.20437069239209      1.41165468571701      6.97203837997620 

  O   14.89288168051504      6.99522085071984      7.47461331197499 

  O   14.88071906594517      4.96634334133383      6.64069439986350 

  N   8.51819082407594     15.74690278234582     -0.99821725571689 

  O   7.39979277716936     16.14567187815995     -0.57327338332920 

  O   9.13604513186576     16.35031681886624     -1.87393485393714 

  N   10.08761591751051     11.61637068534126      0.33762140001871 

  O   11.04573722057367     10.85377377183982      0.19447368343707 

  O   8.93722406989423     11.39077970648261     -0.09165507615932 

  H   6.72740209497798     15.08383051333596      0.43835238931412 

  H   6.24621506105760     14.54000705851702      1.86641153990678 

  O   6.58979811118292     14.25070259553480      0.99900536198205 

  O   10.18420785873681      5.55790526349519      5.63486091231380 

  H   9.90366946112147      6.11682540658266      6.38284490409755 

  H   10.36652746996277      6.16548430707081      4.87796460564234 

  O   8.51782742928649      3.66806858859156      4.71254672795831 

  H   8.34142398939959      4.02906688525322      3.81518125362433 

  H   9.14028467768816      4.34506496431009      5.12158669692719 
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Figure B-6 Cu(II) TC-Thio structure optimised with B3LYP-D3(BJ) 

Table B-13-XYZ atomic coordinates for Cu(II)- TC-Thio with both nitrate and water ligands using 
B3LYP-D3(BJ) with a neutral charge and multiplicity of 4 

  C   8.75699155501537      7.20926745463780      1.52771988344629 

  C   9.72743434393238      7.98113187115152      2.18042401328057 

  C   9.37232524992469      8.84561257639500      3.22331774955421 

  C   8.01700914223135      9.01187551216135      3.54194270876484 

  C   9.14971600866200      6.16516191226347      0.51059092636348 

  H   8.70933961526323      5.19956955868814      0.76417521366826 

  H   8.80480592360917      6.43052529484325     -0.49157775882383 

  H   10.22250158217670      6.01330597663990      0.45904414685882 

  C   10.43345769486361      9.59629083905786      3.98782284458322 

  H   11.36485689151073      9.03874202046886      4.03847524943183 

  H   10.12905134053185      9.78770942709043      5.01425002481895 

  H   10.64946293921951     10.56296310758690      3.52478448855937 

  C   11.16709227279887      7.90872359152578      1.74000084965204 

  H   11.24984262501391      7.77499507918856      0.66544754978944 

  H   11.70540680218845      8.81872356137371      1.98962636401302 

  N   11.90337824150679      6.78198527591541      2.34779799105155 

  N   11.62389837185175      6.36993142068594      3.56848107723595 

  N   12.46742890177312      5.40397345817000      3.84448104022895 

  C   12.92901109455591      6.08761504402802      1.81491890777134 
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  H   13.29221437597043      6.26026686305080      0.81749605870156 

  C   13.30165481047138      5.18238412029388      2.78903492157956 

  C   14.35063676174891      4.18532956947680      2.74305138489091 

  C   15.56890818391314      4.31387661798757      2.12262471413822 

  H   15.88212908904506      5.22375766361763      1.62998209121059 

  C   16.36476001519926      3.14412589608119      2.21976199738395 

  H   17.35821194377141      3.05409111687584      1.80437367386022 

  C   15.74027456516025      2.14059801700241      2.90631014161709 

  H   16.10995728536143      1.15347404196651      3.13440448522200 

  S   14.17597981545433      2.60573351662220      3.43713264064453 

  C   7.63428509180128      9.97976632942415      4.63459116879361 

  H   6.57333416525819      9.95767114268860      4.85589461032034 

  N   7.98770597690216     11.36157874108701      4.26263855145165 

  N   7.83235675813478     11.76559797341775      3.01651034591160 

  N   8.30031132326197     12.98720421237135      2.96095192196725 

  C   8.53875129618378     12.32147174486492      5.03384047680720 

  H   8.74059632941855     12.18219917394185      6.08076667111372 

  C   10.23256657728082     14.98107785515521      5.46404697972669 

  H   10.59469881220921     14.24641349380615      6.16963367435892 

  C   10.62577839778541     16.34371826213490      5.46054196012781 

  H   11.31726677268769     16.77341634118903      6.17105935321709 

  C   10.04127775374622     17.05859274445746      4.45306312694935 

  H   10.16122388789112     18.10300066348133      4.21327568492327 

  S   8.99239775496341     16.08240163961279      3.50609053581703 

  C   7.40823203157858      7.39183344510088      1.85913246523592 

  C   7.02356139631630      8.31173912190646      2.84566692098797 

  C   5.56775572479103      8.51109749721716      3.18998501889165 

  H   4.90299600762880      8.13295065068870      2.41980414532895 

  H   5.31210184339492      7.99840513845659      4.12166044326685 

  H   5.33175903785796      9.56685746548418      3.31765018170160 

  C   6.35894391776910      6.53057227693719      1.20040115873047 

  H   6.74883695905148      5.98166127914628      0.35018944101725 
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  H   5.50150128230778      7.10155092927202      0.85503710898449 

  N   5.83986206722673      5.54134841111379      2.16717968516276 

  N   6.63992360433665      5.07698114663177      3.10222420783284 

  N   5.93693611543412      4.25096248925171      3.83858747412467 

  C   4.60460610556325      5.00899692057320      2.26885307062988 

  H   3.80747302820321      5.25054760526185      1.58848669014859 

  C   4.66228007459043      4.16334652876040      3.36117311529179 

  C   3.62544001773745      3.32568585780038      3.92303195214252 

  C   2.28419559156943      3.60779162056538      3.99726590164779 

  H   1.86249401546024      4.54456326166860      3.66052563009318 

  C   1.53233453602280      2.55576396190256      4.58037452334670 

  H   0.46347016905124      2.59174112416792      4.73514492096744 

  C   2.30981187855122      1.48834143337467      4.93505726915344 

  H   2.00471024556729      0.56265208140596      5.39661559163448 

  S   3.96372929627128      1.74951814905262      4.55811840998570 

  H   8.16451110201170      9.77425121906785      5.56194195076304 

  C   8.75201130477708     13.38893761079025      4.18422092566446 

  C   9.35021327595812     14.67619609027344      4.45687550838195 

  Cu  12.35645808116735      4.68595051885119      5.70191871407451 

  Cu  6.85557842239120      3.91846528241989      5.59539808940808 

  Cu  8.60269831580078     13.67068764445562      1.10567938789161 

  O   11.51907512161552      2.85236225279817      5.38140229492759 

  O   13.23494166715314      6.22322140229181      6.56315475271214 

  O   10.52650017670750     13.17308626553524      1.26420655767037 

  O   9.10327372977578     14.38812038536021     -0.69759335339465 

  O   5.16190774087921      4.11447979967711      6.62984872160587 

  O   7.87385863296916      3.69407218426924      7.29198220259600 

  N   7.87743151608509      2.42342525595435      7.55318051025160 

  O   8.39519057308500      2.03871538827724      8.59050380076133 

  O   7.34559649733576      1.66782182867616      6.72303010959252 

  N   4.92866157411276      5.38129850892142      6.77976998058091 

  O   3.89096364091891      5.71953398837546      7.33409434624748 
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  O   5.77147551716911      6.18258844511977      6.34747825590494 

  N   11.60790914837893      2.55277616225352      6.62187692999683 

  N   14.51664043334204      6.02400215246895      6.67109519441208 

  O   12.12008278200228      3.47659593236172      7.34254392805377 

  O   11.24228526359843      1.49648378097802      7.06667559559986 

  O   15.19520977926669      6.91285176576355      7.16802576731810 

  O   14.97317402613190      4.94895360533431      6.26642073602986 

  N   8.40117923224773     15.04518521017375     -1.55764663510608 

  O   7.20048522471094     15.29769402340065     -1.32934625120633 

  O   8.95144787385220     15.40255503517519     -2.58742317480623 

  N   10.66383138321949     11.95489482539190      0.83315251180598 

  O   11.76537071073108     11.42945423304845      0.92052322524016 

  O   9.66697513575440     11.39366672159377      0.35961126344555 

  H   6.63857579816396     14.60973842777726      0.07949978078855 

  H   6.27921378613152     14.50630909889904      1.62529135441158 

  O   6.66467628032207     14.02249581052471      0.88040140721757 

  O   10.26365332279824      5.71984186131811      5.93812160714594 

  H   9.98611683846049      6.04715711129314      6.80473526408215 

  H   10.32538861673172      6.48559249054447      5.34323228599389 

  O   8.62401172714327      3.99138041117709      4.63505224221464 

  H   8.46420389300617      4.46614091327281      3.79972925217518 

  H   9.24342856755861      4.56158923791265      5.15256619225642 
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Figure B-7 Cu(II)TC-Thio structure optimised with PBE0-D3(BJ) 

 

Table B-14-XYZ atomic coordinates for Cu(II)- TC-Thio with both nitrate and water ligands using 
PBE0-D3(BJ) with a neutral charge and multiplicity of 4 

  C   8.49971845113424      7.20085910678705      1.68710565909226 

  C   9.54275613261994      7.95744103828905      2.22531058421974 

  C   9.30843827918301      8.87061010041495      3.25622395122409 

  C   7.99578992909500      9.09651102758817      3.67971295041099 

  C   8.77621096067888      6.12595208579973      0.67532061094721 

  H   8.22185140812945      5.21662774515957      0.91330328405168 

  H   8.48530134992313      6.43566080913568     -0.33306375104970 

  H   9.82744358696749      5.84912804516184      0.64546293585364 

  C   10.45638546515083      9.59722762345199      3.89320771209732 

  H   11.36234506083096      8.99321333414927      3.89647359876432 

  H   10.24556212216389      9.84745360762923      4.93205578748823 

  H   10.68539118237271     10.53111292615484      3.37002937466828 

  C   10.92466394785501      7.84458640193975      1.65187891263685 

  H   10.89522440357020      7.60933266317855      0.58984916221403 

  H   11.46575762616366      8.78453503180200      1.75609367379930 

  N   11.74019743978558      6.80492407269195      2.28720190741451 

  N   11.42649768728305      6.31644758945305      3.45970558124369 

  N   12.36264085998489      5.46977723206890      3.78257357896463 
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  C   12.88696318439200      6.28114447630251      1.82450083856217 

  H   13.30432057815793      6.54600924134743      0.86737684199593 

  C   13.30004073013001      5.40439627474241      2.80269897966603 

  C   14.48694488812405      4.57861281740041      2.83510495982439 

  C   15.72679738974352      4.91867629754924      2.35831789651139 

  H   15.94270443077506      5.88576076623265      1.92234176728132 

  C   16.67708603782620      3.88601231268462      2.52410258314155 

  H   17.71347200543823      3.96179229276256      2.22296922498317 

  C   16.14443347364480      2.77816412975688      3.11860080801178 

  H   16.63487084167410      1.84911281438641      3.36939195824999 

  S   14.49045300936830      2.98144772076283      3.46943182926283 

  C   7.73324272190081     10.14334497254785      4.72740425424472 

  H   6.68106054367336     10.20373604270105      4.99170563794629 

  N   8.15348216109813     11.46620990181792      4.26322917281152 

  N   7.95847283078936     11.81539812521161      3.01566878988465 

  N   8.49255891287166     12.99235806761913      2.87232174140944 

  C   8.80075006058573     12.41957785615660      4.95524910545771 

  H   9.04854084474109     12.31814749949979      5.99854738459871 

  C   10.77618438835631     14.95152965131566      5.03548801781020 

  H   11.20243996264114     14.21416722870045      5.70362256757478 

  C   11.24351750598678     16.27996784980602      4.91002289487254 

  H   12.06392785925016     16.69016921661471      5.48385126316896 

  C   10.55161125700392     16.99331259957764      3.97446899000691 

  H   10.69163344148994     18.02067004433276      3.67234548052703 

  S   9.31765586673624     16.06128339168692      3.25829361018631 

  C   7.19267092931238      7.43971826044954      2.12474790945778 

  C   6.92738722983671      8.39265686096254      3.11397062264399 

  C   5.52827478261887      8.64297022198229      3.59896495766839 

  H   4.78003047750971      8.08693237003631      3.04143977446678 

  H   5.42427973547848      8.35569157577940      4.64887066025374 

  H   5.26710603482725      9.70088160694012      3.52122027391713 

  C   6.06670010868216      6.65441433952896      1.51500457450430 
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  H   6.36233634761507      6.19175173074881      0.57590225556615 

  H   5.19782071701208      7.27622090008097      1.30684377906505 

  N   5.61007017720239      5.58448739433078      2.40733758246770 

  N   6.41832315309083      5.09462448231321      3.30988934237940 

  N   5.76809189946635      4.15801692753970      3.94090554248795 

  C   4.41890778750146      4.96280720853296      2.42220773368278 

  H   3.62145928173942      5.21008931787541      1.74157033385446 

  C   4.51839953072720      4.02473939880456      3.42692457389826 

  C   3.53513994483373      3.06393653438588      3.87308958567149 

  C   2.17807779310116      3.24593690637534      3.93758296453622 

  H   1.69859291662245      4.18350196143266      3.68642941047105 

  C   1.49458399491197      2.09248774365036      4.38478648982194 

  H   0.42182416126216      2.03478430565000      4.51307167996913 

  C   2.34108498499733      1.05350083387110      4.64763185226116 

  H   2.09743886407569      0.06287414474074      5.00243385337944 

  S   3.96525446486614      1.46937297441465      4.34716652889320 

  H   8.29037034098322      9.95388592329465      5.64542011331077 

  C   9.03142250811729     13.42312410797278      4.04220131283416 

  C   9.73142874998200     14.67693876028449      4.19230185724686 

  Cu  12.22766714805067      4.72154689862243      5.62151832303607 

  Cu  6.69300981262858      3.62987682718552      5.63112392890139 

  Cu  8.77122733066567     13.63056382220512      1.01320269562345 

  O   11.61926422343367      2.83465799120835      5.25875669212872 

  O   12.90338109719941      6.32776280044129      6.51431749935980 

  O   10.67333505689077     13.08074905145233      1.13335231214287 

  O   9.25033387839777     14.41596131856593     -0.75204523559880 

  O   5.00954913670962      3.71325536816477      6.68135364673459 

  O   7.71233523549122      3.19732746737615      7.28271303188037 

  N   7.66213043989672      1.91824442639503      7.36065409317157 

  O   8.18860784948876      1.36149999478843      8.30093686789493 

  O   7.06769509517596      1.32165205448360      6.45669805064279 

  N   4.84280568546383      4.94381817672451      7.00453302003892 
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  O   3.84653292439480      5.25370443866357      7.62707250416341 

  O   5.71014668065782      5.74988965141255      6.65879463695430 

  N   11.62415277759389      2.55268350801906      6.49696666493928 

  N   14.15828255401637      6.15883617101977      6.74889965887756 

  O   11.97209757486291      3.51400813348935      7.24366621054658 

  O   11.32606810295452      1.47299221652080      6.91560921333100 

  O   14.76989995310932      7.05354670997305      7.29545744363259 

  O   14.66391095119852      5.09213311025500      6.40245447072876 

  N   8.68158523109348     15.38809661530833     -1.35580136128068 

  O   7.57274259464575     15.79050498229170     -0.97430322777609 

  O   9.25544201834596     15.88746857978407     -2.29904503229776 

  N   10.70619908825246     11.89227449568802      0.64879446653008 

  O   11.76017615161289     11.29126743287750      0.64021184386908 

  O   9.64737328990736     11.42817904013987      0.21746022332762 

  H   6.89132008499699     14.75527760097653      0.11312750176757 

  H   6.39504523967268     14.27230626029692      1.53686031612495 

  O   6.85541418050949     13.98437448761453      0.73869409361535 

  O   10.05529538409813      5.57697446593307      5.77367834738920 

  H   9.79606242465312      5.98718542634811      6.60743834808912 

  H   10.08636058694360      6.28318676867021      5.10785379958239 

  O   8.43917240757103      3.73386299580915      4.67271384462509 

  H   8.28566909144132      4.16720364973255      3.81923087435149 

  H   9.04474098230786      4.34771023721040      5.15582955621056 
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Figure B-8 Cu(I) TC-Thio structure optimised with PBE-D3(BJ) 

Table B-15-XYZ atomic coordinates for Cu(I)- TC-Thio with both nitrate and water ligands using 
PBE-D3(BJ) with a neutral charge and multiplicity of 3 

  C   7.24942596986855      2.51859346812595      3.42792437880937 

  C   8.27104380351905      1.80049843816234      2.82736758543578 

  H   8.89776967054430      2.21318940603362      2.03691012504230 

  C   8.42512370077084      0.49981284625146      3.37615231754384 

  H   9.18453159599417     -0.20922716189920      3.04963704587199 

  C   7.52400845578060      0.23984412758981      4.38322087580696 

  H   7.41866716964668     -0.65936024682742      4.98480325780396 

  S   6.47616734795538      1.57771267666741      4.67201557769552 

  H   9.38819532114266     10.24930691129547      5.43827590629230 

  C   9.02787713917288     13.98169066109691      4.22482374625689 

  C   9.36543268662947     15.36298123662982      4.46718143388179 

  Cu  11.60926252524881      3.89025192785706      5.28678499020798 

  Cu  5.89806865712497      4.25036528453371      5.89262112445251 

  Cu  8.01286932249940     14.54898980201963      1.53457844692360 

  H   7.87667521323308     15.35740174121216     -0.69476722852877 

  O   12.21416987926628      3.36625952994252      7.07241276385932 

  O   9.93533894755842     14.24253452570748      0.11863859279505 

  O   8.07196748003502      5.36758943187894      6.61733716821005 

  O   5.41254100965997      3.62719034513235      7.64030063941529 
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  H   8.13579030013494      5.59766115949954      7.56275321477518 

  N   9.90576705867037     14.29390908388981     -1.14833963787725 

  O   10.79809898102593     13.76188489867741     -1.83208606296053 

  H   8.21742302333688      6.20469825911155      6.13829793615826 

  N   4.92422379291268      4.59565107032233      8.38445061349786 

  O   4.60668033292472      4.32601409594285      9.55053902114592 

  O   4.80346508877944      5.73244632000918      7.87863000213703 

  O   7.25867128527200     15.60778309184208      0.09216969052656 

  N   13.50394049611103      3.32657828968199      7.30048089274931 

  O   9.55821332897789      3.22702688129610      5.75275718364288 

  H   6.35978113669765     15.31887342273152     -0.14990363215156 

  O   13.87525222279103      2.98430976379610      8.43786926859534 

  O   14.29861588845710      3.62395269769667      6.38563145225179 

  O   8.93923798768200     14.90563219119800     -1.73489718764198 

  H   9.14032323322518      2.96696421691699      4.90833197992654 

  H   9.03353525486060      4.01561676741420      6.05986275866130 

  C   8.94946397733806      7.57620198504233      1.45197521562505 

  C   10.10161358474980      8.15197262153086      2.02292728690310 

  C   10.00191690367931      9.10322552664448      3.05707350415604 

  C   8.72527352051960      9.45688371773068      3.53340485144461 

  C   9.09535363989944      6.60438703135527      0.30855403246415 

  H   8.19181333274826      6.54027967086050     -0.30664322074373 

  H   9.91476329919434      6.89813557802853     -0.35960352170953 

  H   9.32265480933376      5.58658406665898      0.66070667003704 

  C   11.25305569788291      9.72441388050689      3.62887043576461 

  H   11.86511506164984      8.97439828124734      4.15265538400421 

  H   11.04437379947807     10.53301974169761      4.33451773870601 

  H   11.87586313317242     10.15472822838385      2.83150578210884 

  C   11.46465585921132      7.64783821461830      1.60043157160390 

  H   11.57849403726714      7.58425160744095      0.51231053830594 

  H   12.27393322056876      8.27724341125288      1.98172732155492 

  N   11.68503525635930      6.28479860735371      2.11958157821620 
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  N   11.60795775674620      6.06279531596808      3.43867612860595 

  N   11.74013768572432      4.75504589403070      3.60147809068907 

  C   11.86966860629101      5.13730893310844      1.42458953184897 

  H   11.95339755848227      5.11606040051054      0.34425538407701 

  C   11.89917992095583      4.13428539100738      2.38365451319142 

  C   12.01701069671527      2.70306931469159      2.25679290076215 

  C   11.97930645989691      1.92815335256078      1.11146722233629 

  H   11.86844102116500      2.35208722557690      0.11381012684442 

  C   12.08192582035718      0.53827494669154      1.38238496401621 

  H   12.06767953173006     -0.23379053991939      0.61378802983999 

  C   12.19680404120731      0.26462514113617      2.72566380559803 

  H   12.28844924439826     -0.69823619597624      3.22120087469103 

  S   12.18452370509670      1.70808016558283      3.67413355076917 

  C   8.60165443158166     10.41573016637053      4.69345967064403 

  H   7.64240525527817     10.29716925000931      5.21011547937645 

  N   8.71288497210268     11.82862530228690      4.28877926350432 

  N   8.24380235493753     12.23232985553532      3.10596963408549 

  N   8.43472007792550     13.54437497191415      3.06418294849697 

  C   9.20524102169039     12.85676531011736      5.01924397709465 

  H   9.63642131615858     12.71948009411600      6.00421934572684 

  C   9.87117068400511     15.93097020071083      5.62332843701931 

  H   10.07576646305339     15.35479966207469      6.52531060534427 

  C   10.08210241318016     17.32918153188494      5.50516583780887 

  H   10.47113259990037     17.95570082076797      6.30704398356944 

  C   9.73918424281616     17.81544518642241      4.26471052688463 

  H   9.79172938585528     18.83514703696876      3.89223315576193 

  S   9.15546763134847     16.56487977719175      3.22810586550037 

  C   7.68089495074640      7.90698204845458      1.97778318659330 

  C   7.55663279333427      8.87495180454309      2.99683603139132 

  C   6.20919544064811      9.30470444793827      3.52537771902998 

  H   5.39365474291546      9.08247504547470      2.83099684803240 

  H   5.97021201502844      8.80253414184143      4.47597077289516 
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  H   6.18607173063716     10.38755202478523      3.70276611821054 

  C   6.47366026108055      7.09934940347648      1.54720117381821 

  H   6.49942670079349      6.81283087495728      0.49203833642910 

  H   5.52700370913541      7.61436199824632      1.72648054210198 

  N   6.42527424032910      5.84602489606345      2.32382415632619 

  N   5.97959984050804      5.87376999247433      3.58455223717633 

  N   6.22153921746258      4.67362148892843      4.08796240917339 

  C   6.95134764476000      4.63860523408998      2.00128550526110 

  H   7.34340626332008      4.40932512971514      1.01829379005664 

  C   6.82671511012890      3.87200562587351      3.14925890975957 

 

 

 

Figure B-9 Cu(I) TC-Thio structure optimised with B3LYP-D3(BJ) 

Table B-16-XYZ atomic coordinates for Cu(I)- TC-Thio with both nitrate and water ligands using 
B3LYP-D3(BJ) with a neutral charge and multiplicity of 3 

  C   5.98164303712297      2.24239611868983      3.18382384293351 

  C   6.33440562472619      1.33011751147851      2.22222736176824 

  H   6.86663479242059      1.60458909371805      1.32223264485875 

  C   5.95237017811034      0.00366211961840      2.55269859645422 

  H   6.15150295037088     -0.85467790098544      1.92698845958956 

  C   5.31138488249373     -0.07506548566913      3.75730170885816 

  H   4.91982505322565     -0.94930794621426      4.25244820846140 
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  S   5.15751200342972      1.46743131492325      4.49901036461845 

  H   9.08500603446806     10.77185193745275      5.59066329958707 

  C   9.51876875544574     14.13868442366595      3.65122453906622 

  C   10.13161827559428     15.44687407485133      3.66745953358824 

  Cu  11.09119252578881      3.82724916586429      5.25720372338468 

  Cu  6.84045017281848      3.77915271210633      6.08262890951408 

  Cu  8.47374543267617     14.47211558979567      0.87236898807713 

  H   6.54517637496395     15.52701594939191     -0.22625839844110 

  O   10.51690709121152      2.89117647747395      6.87074770691676 

  O   9.18490879630969     14.90089839944733     -0.93952928438843 

  O   8.19058617433146      1.83432315272777      5.96774510308159 

  O   6.88536825199280      3.59792410261032      8.02946802498104 

  H   7.76821437433384      1.00911149269695      6.23638408605535 

  N   8.59779433752187     15.55489207368418     -1.87071004995446 

  O   9.22481648647843     15.79593211196204     -2.90158494789927 

  H   8.95190494015017      1.98907282708508      6.56249031755169 

  N   6.59471226103069      4.63530781524746      8.74206541400027 

  O   6.62722916208424      4.51914633758156      9.97042652626085 

  O   6.29874665145625      5.69715191136149      8.17894507225522 

  O   6.40326719715121     15.26436683382527      0.70827713629742 

  N   10.80801393164385      3.36978593385199      8.04594758023970 

  O   9.67396314467557      2.64249169975986      3.80956013536712 

  H   5.76605980823818     14.53849210470012      0.69283602677443 

  O   10.34456836256451      2.78886492781248      9.02603904477154 

  O   11.52383617701664      4.36879278718076      8.12243361672551 

  O   7.41565270628048     15.93414480967114     -1.72609406442206 

  H   9.22226602848980      3.30065143062239      3.26589970261972 

  H   8.99113767680701      2.26859539461755      4.40337178740408 

  C   8.92085514354627      7.55354600939334      2.00128507337926 

  C   10.03692783701574      8.27139105844489      2.44820404140722 

  C   9.89353074053613      9.32687145572402      3.35851890833173 

  C   8.60741838589951      9.69405496645167      3.77481100335032 
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  C   9.10333436010532      6.35799031409364      1.10092655264400 

  H   8.25927747102228      6.20738908285694      0.43288956919307 

  H   9.98845881364084      6.44331603745816      0.47590876987488 

  H   9.21314506059988      5.44621785180278      1.69633909333297 

  C   11.10666635807893     10.05488743126902      3.88395252321686 

  H   11.93928057293528      9.37431137949783      4.05053954922174 

  H   10.91060255741148     10.54356471375589      4.83370173440623 

  H   11.44120115114516     10.82595812777075      3.18428053842855 

  C   11.40874535932596      7.87403815563289      1.96591500088537 

  H   11.43856810629761      7.76231106179826      0.88420709472846 

  H   12.16523602185363      8.60417880572376      2.23182617781600 

  N   11.82097506799954      6.57501420137597      2.52596834493463 

  N   11.32888583805578      6.15471443048759      3.68174262925246 

  N   11.85397196466462      4.97338393237847      3.90626512055920 

  C   12.68031153715086      5.68085088434862      1.99576880991648 

  H   13.18799305030303      5.84438695445790      1.06193638526006 

  C   12.70593270741095      4.63367552440956      2.89419870763882 

  C   13.43544073216498      3.38662978980430      2.85885485072674 

  C   13.99952768438088      2.77084198010345      1.76988145037892 

  H   13.93854281377942      3.17487904731013      0.76902661946717 

  C   14.64493589678033      1.54971577344303      2.09702073610536 

  H   15.14041011862613      0.91774651917410      1.37377961350868 

  C   14.56595588065287      1.25183173772089      3.42793657990152 

  H   14.95989123199619      0.39348828462951      3.94837788825684 

  S   13.70868761636323      2.46024599956512      4.30218817426642 

  C   8.44345285577746     10.86234442550440      4.71722922038196 

  H   7.42544512745682     10.95841052655839      5.07617368681517 

  N   8.80207770591309     12.14203331551824      4.08348999041492 

  N   8.40068730644634     12.42235185065512      2.85129114010000 

  N   8.83727836386980     13.63227898311747      2.58093077419592 

  C   9.48993893949852     13.16423355894403      4.62838361715640 

  H   9.89349122044559     13.12788669487104      5.62437546975930 
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  C   11.07087337766268     15.92144494377099      4.54982259289425 

  H   11.47381542406452     15.32628319399745      5.35732027244062 

  C   11.46253758261162     17.25741829506081      4.27668634585178 

  H   12.19440049404524     17.80069575512939      4.85746682238774 

  C   10.81927656316166     17.78547563751366      3.19305952356900 

  H   10.92311767475128     18.76798967804537      2.76126523694150 

  S   9.71875296455012     16.66014235941641      2.49695943585785 

  C   7.64168090624212      7.91017224794319      2.45959747581395 

  C   7.47253269628669      8.98964631866743      3.34005286661921 

  C   6.11492242040466      9.40578811068100      3.85617126114558 

  H   5.30085308570567      8.82407168970879      3.44168640874593 

  H   6.06240106113591      9.29540830253380      4.94118901295337 

  H   5.91521545624160     10.45314115240938      3.62294311553243 

  C   6.46769760409795      7.07854950877605      2.00813198011651 

  H   6.50631045342193      6.86802615975093      0.94334222785338 

  H   5.51389707710199      7.55545379332388      2.19934126010709 

  N   6.44019714164334      5.76507975475094      2.67602459184159 

  N   6.64151290546259      5.66920508257421      3.98282284844952 

  N   6.50842374889040      4.39869668637916      4.29128566393610 

  C   6.16409079072519      4.56618110318485      2.12557787895292 

  H   5.95812290535038      4.43946953141535      1.07786355520804 

  C   6.20543041385715      3.67192052629953      3.17367646660733 
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Figure B-10 Cu(I) TC-Thio structure optimised with PBE0-D3(BJ) 

Table B-17-XYZ atomic coordinates for Cu(I)- TC-Thio with both nitrate and water ligands using 
PBE0-D3(BJ) with a neutral charge and multiplicity of 3 

C   6.06542595300402      2.30088275340364      3.25203986040392 

C   6.15652142722502      1.37700258914670      2.24312482824134 

H   6.26467825559540      1.64865722662423      1.20077433595850 

C   6.09237627843148      0.04497220133300      2.71297517994165 

H   6.14357017132789     -0.82527154361993      2.07183159839378 

C   5.95673566777183     -0.02678971303421      4.06870942264564 

H   5.88030500141185     -0.90418041100426      4.69355231285115 

S   5.90659754584788      1.52590061732810      4.78027170455609 

H   9.33521895556375     10.41593435113937      5.49321635926395 

C   9.52111003148094     13.92691299997782      3.79481525595325 

C   10.02305045039265     15.27640406098053      3.87431039906382 

Cu  11.46459724079227      3.78073177369631      5.25271833237986 

Cu  5.65723621416314      4.14205077285666      6.03214339871970 

Cu  8.49852865645574     14.38488534571751      1.06236459709146 

H   6.73380700645557     15.72831306654578      0.10351680473359 

O   11.32117307963221      3.02844639016012      7.04842355092960 

O   9.22238658859410     14.84766913168637     -0.73687479262948 

O   7.92353006608696      4.26330198366084      6.82850559057639 

O   4.93383559814528      3.57272038747449      7.75822366929683 
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H   8.03260433798021      3.81962774238823      7.67789805793463 

N   8.77131402537063     15.74612747132916     -1.50914916668946 

O   9.39471244620334     16.01067984661700     -2.52564044507459 

H   8.19692681772807      5.17586781858034      6.97930391838581 

N   4.63613641580222      4.59036324210155      8.47083665117183 

O   4.19508958101230      4.41019091767823      9.59615540068023 

O   4.80619704669463      5.71363653300710      7.99095504760961 

O   6.51189659516498     15.29219905833953      0.95252451736350 

N   12.35758372372140      3.05863018939369      7.79617065002647 

O   9.36754736834432      3.09450642659368      4.76576879725562 

H   5.84516303238887     14.62863917843362      0.74539392330657 

O   12.26753442476349      2.58490278113581      8.92273850359184 

O   13.39643261930819      3.55415609992600      7.36657330220175 

O   7.71793954146317     16.33822320676108     -1.22672167944405 

H   9.08355328409209      3.49125805766315      3.93598016472593 

H   8.80360357829529      3.49699624657462      5.45640981350055 

C   8.97386727330157      7.39099940628927      1.78627441379975 

C   10.11527165951165      8.05143871193351      2.24787441122652 

C   10.01962085441997      9.07913093887516      3.19097926603918 

C   8.75635405169589      9.46443860750841      3.64497743748909 

C   9.11876751831587      6.23321438349235      0.84337992151967 

H   8.26088062118941      6.11644915047988      0.18491317034237 

H   9.99371154369127      6.33196496463916      0.20325060998381 

H   9.23087075496838      5.29734582471344      1.40089190695867 

C   11.26597279905823      9.74809848851736      3.69551569147501 

H   12.01453110511721      9.01083146629668      3.99141918118427 

H   11.08572126653385     10.38195085142851      4.55889659270827 

H   11.71293823796467     10.37811129282573      2.92072233868480 

C   11.46773870615101      7.63120397192312      1.74717115097434 

H   11.48771579717629      7.53551848511044      0.66207625854999 

H   12.23899089428377      8.34822925429838      2.01755165823565 

N   11.86310823087502      6.32948825313571      2.28391067729088 
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N   11.46793841315398      5.95664884724393      3.48091463548156 

N   11.98248267899653      4.77797711494527      3.69729475942781 

C   12.64183883548170      5.40254678102753      1.70307205738858 

H   13.05194818129899      5.52277394480065      0.71443553881115 

C   12.72202069287550      4.38412043143273      2.62731089323316 

C   13.40850337845418      3.11754047034879      2.56883497741889 

C   14.30786196221973      2.68628986092496      1.62824495852626 

H   14.61667986138320      3.29070101251897      0.78488445877049 

C   14.78971001506084      1.38260920041650      1.88857872157777 

H   15.50859920728101      0.86797004554361      1.26456223000970 

C   14.25139336823636      0.84017588412558      3.01899030511973 

H   14.43689149421468     -0.12970984180825      3.45608805825308 

S   13.15386431516400      1.91220465550573      3.77085755462302 

C   8.64041434650269     10.56103508997673      4.66697630189260 

H   7.64299978005955     10.60765180207971      5.09600016172620 

N   8.93693739505207     11.87831465834856      4.10697984639347 

N   8.53799887730169     12.19567507181652      2.89411489139176 

N   8.89316504327146     13.43445758018012      2.69400471708674 

C   9.54815775409007     12.90630780919203      4.71780102184194 

H   9.93728953748345     12.84175682852760      5.72003691470999 

C   10.91880904014713     15.79896883188502      4.77019726646364 

H   11.37895349939483     15.21208165162594      5.55478504460105 

C   11.18044188801782     17.17045509178958      4.54426580355397 

H   11.86199885409393     17.76219838239695      5.14121497644417 

C   10.48233479200512     17.67155908568601      3.48409719565850 

H   10.48801265619946     18.67529519048392      3.08589977067782 

S   9.49609774600014     16.47879535040585      2.76132722732555 

C   7.71274605679468      7.78694986899667      2.25676911144069 

C   7.59390022540036      8.83412285045141      3.17926795145868 

C   6.26243721429916      9.29936338025517      3.69922950173964 

H   5.41902846704216      8.83236996478677      3.20215353218713 

H   6.16183636525635      9.07853394027064      4.76521767008262 
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H   6.15399624361921     10.37890823030996      3.57465573069378 

C   6.49500673912868      7.04080642522313      1.78126455735459 

H   6.56785571971067      6.76475544242582      0.73296527591727 

H   5.58361283008009      7.62020817406131      1.88798295589990 

N   6.30008759992911      5.79192533618379      2.51616625419598 

N   6.06735691749238      5.81855846534021      3.81013865248955 

N   5.95090171897229      4.57737855072725      4.19549378070800 

C   6.34137196137175      4.53686592418677      2.04080912707113 

H   6.52587359895027      4.31267719582685      1.00395116720715 

C   6.11399838753702      3.73765456746221      3.13967289176170 

 

Table B-18- Binding energies of the Cu3-TC-Thio 

 PBE B3LYP PBE0 

 
Binding energy 
(eV) per Cu 

Binding energy 
(eV) per Cu 

Binding energy 
(eV) per Cu 

[Cu3(TC-Thio)(NO3)6(H2O)3] -4.9613 -5.2864 -5.4466 

[Cu3(TC-Thio)(NO3)3(H2O)3] -2.1323 -1.4596 -1.2288 
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Figure B-11- Binding energies of the Cu3-TC-Thio 
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Appendix C 
 

Table C-1 XYZ atomic coordinates for Cu(II)-TC-1 with PBE0-D3(BJ) with a neutral charge and 
multiplicity of 4 

  C   1.61277509019483      2.25867183051856     -2.49872451621217 

  C   0.63134175441824      1.16021770693301     -2.20000654965898 

  C   0.96194379667061     -0.18822720432304     -2.40893593096106 

  C   0.05747304640722     -1.20316014770971     -2.07872827896472 

  C   -1.20321430861673     -0.85567655452120     -1.57429100081744 

  C   -1.56002634951825      0.48009556012785     -1.38132368958438 

  C   -0.62043074410834      1.47814950388933     -1.66799254153763 

  C   -0.94738811314444      2.90842622938029     -1.34365446092223 

  N   -1.11196749451276      3.12934799954049      0.09485006193221 

  N   -0.30912897488406      2.56443318264049      0.96847601978273 

  N   -0.69082188528243      2.99505430935448      2.13495215403045 

  C   -1.73666483780400      3.83695405803358      2.02406977743793 

  C   -2.01999459386112      3.92936707982647      0.68737197539932 

  C   -2.28939943720902      4.44406060458297      3.26231618140705 

  N   -1.81325638366493      3.66063762530679      4.41159028373186 

  C   -2.89815551592416      0.85212176770292     -0.81529948087573 

  C   -2.12681923885424     -1.95681705865120     -1.13676814337618 

  N   -1.78790879648262     -2.40985042106107      0.21585882049324 

  N   -1.43673251629503     -1.53922311783425      1.13450613632372 

  N   -1.19919192990006     -2.22764056676640      2.20663912714062 

  C   -1.38962027330981     -3.54500651613043      1.99656241625643 

  C   -1.77820030551010     -3.67402581207420      0.68846519781408 

  C   -1.16523756254433     -4.46652288936566      3.14179089999255 

  N   -0.33712736886854     -3.76225942907360      4.13569341810893 

  C   0.39358290698235     -2.66196785690946     -2.21337024112656 

  C   2.34914107909415     -0.52622551040229     -2.88259102771806 

  N   3.30159142371852     -0.38859090066428     -1.78019135260426 

  N   4.38526074043525      0.34055310076927     -1.91309913875600 

  N   4.98680556133622      0.29764635911453     -0.76191056626839 
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  C   4.30144351018166     -0.45451114743542      0.12142257835379 

  C   3.19219360877431     -0.90953995377936     -0.54005519955308 

  C   4.82391135320243     -0.56431794544021      1.50878949065794 

  N   6.18065131342708      0.00890236945690      1.53973027445463 

  H   2.48040046531182      1.91502528925289     -3.05249674852735 

  H   1.15266316053244      3.05099350892885     -3.09115193671272 

  H   1.97985749152990      2.70465234316864     -1.56963698586177 

  H   -0.17002947022025      3.58874773631838     -1.67928575998150 

  H   -1.88179041164937      3.23148932324103     -1.80224641913035 

  H   -2.50972973819462      2.96954348075202      4.67544356580335 

  H   2.36410855411332     -1.52625825264032     -0.23507281896203 

  H   -2.87021667338544      0.85192405410629      0.27877703661281 

  H   -3.21585934093141      1.84269249027981     -1.13725240945680 

  H   -3.68049251823287      0.16032367792426     -1.12079170583987 

  H   -3.16922985739180     -1.64846841763653     -1.12650104938964 

  H   -2.05337583322284     -2.83385084001890     -1.77547992736300 

  H   -2.76787950992820      4.46857414451245      0.13057000826748 

  H   6.88179161325804     -0.72567725285051      1.53613337460164 

  H   6.33534456445772      0.56250024438576      2.37647359854172 

  H   0.25420608011409     -3.18353424062687     -1.26415167997829 

  H   -0.25596997696690     -3.14570610907023     -2.94803013768775 

  H   1.41837181320832     -2.84695369471692     -2.51861686062019 

  H   2.42585028254108     -1.53898257236378     -3.26641918742511 

  H   2.70048560602418      0.13645391921952     -3.66899962816788 

  H   -2.02657046949931     -4.52342279894795      0.07437516493196 

  H   4.18756966984753      0.00863471088688      2.18497303666221 

  H   -1.62060136141414      4.25223341145489      5.21268888161246 

  H   4.82512204105942     -1.60126166079439      1.84760527636629 

  H   -3.37919484644685      4.48223322254109      3.22785040779264 

  H   -1.92434420285784      5.46812171803509      3.36213439665700 

  H   1.63997496552612     -0.19531367799041      3.28761838447963 

  H   1.60016271993153     -1.37606973298131      2.29801428892499 

  O   1.52321944767467     -1.16374085032062      3.23379105608706 

  O   7.04117157931059      2.11770749188480     -1.77462126278082 
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  Cu  6.58570734300087      1.19127035513485     -0.04628699180809 

  Cu  -0.54802572706929     -1.72997305627532      4.00491244052157 

  Cu  -0.16755790199310      2.57277363257234      3.99285876141575 

  N   0.33609713250850      2.98808114421094      6.78917520061468 

  O   0.17956586217110      4.17326917909918      6.51222106389120 

  O   0.62271103188798      2.59941300210407      7.90952715382229 

  O   0.19667146653922      2.09918358629849      5.87500954488120 

  N   5.83774507737609      4.32689544766380      0.23776898028086 

  O   5.47921948795655      5.28177858644041      0.90960318497462 

  O   6.69306978203653      4.46903652115409     -0.66381748563726 

  O   5.34552263620873      3.18748313532181      0.44062544827020 

  N   -0.50194061539487     -1.74619187071578      6.82025897769493 

  O   -0.09397230191327     -1.41324296098205      7.92100128782447 

  O   -1.51675119571060     -2.41518507005047      6.65268128339280 

  O   0.17735879952150     -1.37623721446960      5.79753386849378 

  O   8.33857693905322      1.85227445226313      0.56754418060227 

  N   8.57445274657806      2.29495493984572      1.74991150832824 

  O   2.31559692833932      3.49501855641990      4.02302570954558 

  O   1.49588914951447      1.58378888632102      3.47478843588851 

  N   2.52157976957076      2.33916446383405      3.67494303117414 

  O   -3.09329268499732     -0.90929796731291      4.13017993497392 

  O   -1.26320696010701      0.19381339061730      3.85053027469748 

  N   -2.54665308062112      0.15552581250639      3.87333023017521 

  O   -3.16775070345543      1.18156611887359      3.63418166639964 

  O   3.62961088951006      1.86778163570545      3.50466111868181 

  O   9.69637757763239      2.71835529998118      1.97260956499333 

  O   7.68577022356785      2.28058126119939      2.59418466526362 

  H   6.92669899629123      3.06761821791299     -1.48729203774964 

  H   6.37331789288995      1.95590318585434     -2.45251173540530 

  O   2.51050164505356      3.74309397774089      0.57537696444833 

  H   3.42005797731684      3.41974963655108      0.67185380686807 

  H   1.93643995094215      2.98875164779917      0.74859221726015 

  H   -2.12172420122137     -4.71493302901609      3.60614042814807 

  H   -0.70216733126156     -5.39881940929734      2.81524934730141 
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  H   -0.57207513338469     -4.06473021055458      5.07486973222141 

  H   0.64666413301537     -3.96735020572172      3.98976258371357 

 

Table C-2 XYZ atomic coordinates for Cu(I)-TC-1 with PBE0-D3(BJ) with a neutral charge and 
multiplicity of 3 

C   0.58776524864190      2.82435006777453     -2.44820247910277 

  C   -0.09800221885163      1.53798784808172     -2.08750621972026 

  C   0.64583473969033      0.35187284876860     -2.16303388097221 

  C   0.04249076033081     -0.88406660815568     -1.93133188043318 

  C   -1.30004036176701     -0.92900465863831     -1.52315541953226 

  C   -2.02320088690879      0.25151091419988     -1.32973896153784 

  C   -1.42242034820059      1.48164613178047     -1.64778392235400 

  C   -2.18863199455240      2.75477265811247     -1.38945035879310 

  N   -1.91405795152675      3.26924855634181     -0.04533513670774 

  N   -0.68148686421479      3.58237122947280      0.29920940997387 

  N   -0.71100378251664      3.90746290515647      1.55614593302496 

  C   -1.96935757535315      3.80082917523156      2.04054257455691 

  C   -2.76141702693883      3.38793401771387      1.00012104804440 

  C   -2.22243606638980      4.09435263674330      3.48094487814648 

  N   -1.01519275531646      3.78318300695298      4.26092642282819 

  C   -3.41116475856582      0.25145879558006     -0.75440557397795 

  C   -1.89821149743574     -2.26920921785544     -1.19399676215416 

  N   -1.32133244644844     -2.81417768108875      0.03647469527898 

  N   -1.04472226539952     -2.02083450685176      1.05034605704446 

  N   -0.53889554119489     -2.76068312319352      1.99028994134484 

  C   -0.48746006152888     -4.04710357170976      1.59123021345471 

  C   -1.00111066850030     -4.09168861381340      0.31793897118281 

  C   0.11640517011725     -5.07560876899402      2.48727971960304 

  N   0.17947490805413     -4.56659962212261      3.86702459650983 

  C   0.85262088826478     -2.14467822214214     -2.03760876838045 

  C   2.14007062752101      0.44440419255945     -2.29402789459965 

  N   2.70334871500680      0.77707955564168     -0.98601683763275 

  N   4.10252630048774      0.78208362432208     -0.93015131488152 

  N   4.38886141702591      0.41953978459219      0.35020273465826 

  C   3.26492982191304      0.07933076811552      1.02685968260006 
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  C   2.20111939109927      0.23693246533209      0.20901648301758 

  C   3.44921055924597     -0.28198207851897      2.45951628180269 

  N   4.86558997107823     -0.65927974291985      2.66078983800258 

  H   0.98018207261879      2.76630914153496     -3.46684498250229 

  H   -0.06288232389831      3.69034654810143     -2.38882832744125 

  H   1.43309021765015      3.00661064537784     -1.78178199971007 

  H   -1.93607304266953      3.53710630616460     -2.10123206839940 

  H   -3.26323123366229      2.60469239844128     -1.44370472958348 

  H   -1.03200862218340      2.81924583253301      4.58667073410268 

  H   1.14640296473804      0.13754761616671      0.39487141752671 

  H   -3.46608158973693      0.90637250876793      0.11666394160290 

  H   -4.14627518950370      0.61153636408572     -1.47954629705127 

  H   -3.73694476910256     -0.72818997510779     -0.41982948997815 

  H   -2.97619106260014     -2.22770425910364     -1.06891352668127 

  H   -1.70148480873606     -3.00205812004812     -1.97472413082449 

  H   -3.81407156621521      3.17302090049900      0.92108262660114 

  H   4.98833523155075     -1.66171758210045      2.55057375334073 

  H   5.16889679497697     -0.42969227341287      3.60055348840741 

  H   1.45832507384625     -2.29126406957773     -1.13722625659671 

  H   0.23597851027241     -3.03103579978759     -2.16468311471202 

  H   1.53660138042847     -2.10790758261671     -2.88465886417867 

  H   2.57749293728760     -0.49123399016101     -2.65221955853829 

  H   2.44024714202467      1.22683051381121     -2.99213752933711 

  H   -1.14726723923450     -4.89154992697122     -0.38891557556216 

  H   3.24628566929264      0.58112741086654      3.09716983843439 

  H   -0.98174143726251      4.36436928744612      5.08923925426250 

  H   2.77558268255333     -1.08379561608711      2.76950494845948 

  H   -3.10042185628414      3.54448639541212      3.82793649575841 

  H   -2.43769575875693      5.15889205973528      3.60077395920129 

  H   2.81496407174344      2.47102851816461      4.77699962011626 

  O   9.38915156854428      0.69449706752097      3.14985025715917 

  H   1.83170278906570      1.51819558251812      5.46778693259373 

  O   6.94284208466985      1.01355595238470     -0.42350915840002 

  Cu  6.03734820968172      0.19931450593992      1.23147047794470 
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  Cu  0.22934507473879     -2.51100748389094      3.89616089460408 

  Cu  0.68116509235511      3.88671751961809      3.01960460274958 

  H   6.18317766027365      1.27641959561144     -0.97520615144882 

  H   7.40330727052249      1.82706606258594     -0.17959225779184 

  O   7.89499518643375      1.93182064236290      2.21213210795993 

  O   2.74411252755555      1.84746421798785      5.51675945280258 

  H   -0.66651292635677     -4.82204008506327      4.36683022768097 

  H   -0.44001660568271     -6.01333896562685      2.41977031436092 

  H   1.13698743557803     -5.28036444398021      2.15597968059923 

  H   0.94344651242660     -5.01439654312680      4.35834519317391 

  N   -0.26918778627248     -0.09719497060276      5.10244668306300 

  O   -0.04053466921641      1.06232478758594      5.47222457453349 

  O   -1.40600569048121     -0.55259014466522      5.05823606152952 

  O   0.71551611270047     -0.82093624328237      4.77107252350739 

  O   7.71486160817367     -0.21894862152138      2.16401882276383 

  N   8.35691778194770      0.83329815854021      2.52138366356549 

  O   2.98591753398195      3.87926963364607      1.21312661420401 

  O   2.59623485211884      3.67693557272375      3.33482486628604 

  N   3.40732763157371      3.63901574373920      2.33759030033862 

  O   4.57822181897441      3.36764873769975      2.56846569314235 

  O   -0.81367347566359      0.66213559601916      2.00262736252992 

  H   -1.01432588463042     -0.19268748883562      1.58273559523706 

  H   -1.66993340901692      1.07937559550786      2.13164396829877 

Table C-3 XYZ atomic coordinates for Cu(II)- TC- Benzothiazole using PBE0-D3(BJ) with a neutral 
charge and multiplicity of 4 

  C   1.53089831222184      2.36412966122466     -3.90860450291327 

  C   0.74537046634029      1.08406667990264     -3.92488199339616 

  C   1.44042470326566     -0.13351249150427     -3.91524388349929 

  C   0.76387854425052     -1.35494964330865     -3.87306013346336 

  C   -0.63627255622913     -1.35248616085892     -3.93962765911620 

  C   -1.34806205130462     -0.15088936260378     -4.00578806184561 

  C   -0.65195752764046      1.06421815838357     -3.92833498957877 

  C   -1.43182219564707      2.32640235747383     -3.65439933532592 

  N   -1.55500224123073      2.47222976725616     -2.20011486840879 

  N   -0.48506162564582      2.80477324908793     -1.50036344722529 
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  N   -0.79635997059673      2.65195242918741     -0.26175200978445 

  C   -2.07103280549574      2.21483865632603     -0.13826068079452 

  C   -2.57800104706957      2.09704673272120     -1.40674599724769 

  C   -2.47458645343370      1.89128155657135      1.20298581229153 

  S   -3.96161977234993      1.20788826424597      1.68937359242649 

  C   -3.37300306215652      1.13311694635863      3.31376719957286 

  C   -2.05828519168137      1.62846738840522      3.37340327757599 

  N   -1.58856340420982      2.05955327855526      2.15358592300453 

  C   -1.36823558948885      1.62905993841625      4.58443514948948 

  C   -2.01697250812640      1.15032191596146      5.70440553216014 

  C   -3.33252567994750      0.67784864034641      5.63838211794989 

  C   -4.02662688707701      0.66234422146295      4.44449649297912 

  C   -2.84283371189707     -0.15715428007040     -4.13894306557360 

  C   -1.39086348825764     -2.65586766360661     -3.86063547756030 

  N   -2.10362306515624     -2.77699176040201     -2.58547969385127 

  N   -3.42559580384858     -2.76467205516957     -2.55492754123347 

  N   -3.76013083205384     -2.78565019634530     -1.31060883075825 

  C   -2.66203249299147     -2.81148443957012     -0.51924400353495 

  C   -1.57209948459389     -2.80577014386354     -1.34950421806083 

  C   -2.92255360077294     -2.78515665461463      0.89595712058727 

  S   -1.77547760926038     -2.93386695090049      2.15008935983228 

  C   -3.05224786712057     -2.82914095362815      3.30808357594213 

  C   -4.28757698626980     -2.67732893302145      2.65290675682163 

  N   -4.17124428149497     -2.65307416864860      1.27948070001410 

  C   -5.45906027841940     -2.58607941264594      3.40389029077850 

  C   -5.36441616639679     -2.66324110017344      4.77823295335530 

  C   -4.12984360323717     -2.81666023614907      5.41816586250240 

  C   -2.95804479110035     -2.89532926012045      4.69239466635443 

  C   1.50854461661773     -2.65469929887662     -3.75265678739159 

  C   2.94013740503850     -0.09829144468513     -3.84926940536372 

  N   3.41392729482024     -0.14539441039766     -2.45764412279161 

  N   2.59064623750200      0.11068707590518     -1.45880003717923 

  N   3.28334253883381      0.01393238097738     -0.37812866571324 

  C   4.56740714669981     -0.30759751932896     -0.65986207869962 
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  C   4.66170241022133     -0.41006261138702     -2.02527311475707 

  C   5.41476364477274     -0.46092067085014      0.49503605288567 

  S   7.10321516778423     -0.70664073239055      0.51487363250920 

  C   7.07342147281472     -0.66731091412944      2.24346553181350 

  C   5.75833952956502     -0.46313194193242      2.69557440021449 

  N   4.84485783162889     -0.36732659607692      1.67292064376961 

  C   5.49930078247714     -0.35375741930001      4.06073763063528 

  C   6.55791946466088     -0.46979835386929      4.93695354525437 

  C   7.86258260812254     -0.68987752534231      4.47800247322571 

  C   8.13843646254677     -0.78718305542748      3.12805206693827 

  H   2.17622623928572      2.42584590689185     -4.78847000276045 

  H   0.90616498077101      3.25019951294331     -3.90523910796791 

  H   2.16935140664357      2.42310949472337     -3.02381790249311 

  H   -0.95579825311365      3.22596054590089     -4.03095375464619 

  H   -2.44228935833726      2.29992527835039     -4.04887560614499 

  H   -3.53501107085074      1.77333118033762     -1.78209638562131 

  H   -0.35022047499951      1.99139490973903      4.62642985723158 

  H   -1.49563522365675      1.13832979443122      6.65413657759985 

  H   -3.81321013331740      0.30603981015804      6.53508067959007 

  H   -5.03840416695889      0.28279303835632      4.38751519936957 

  H   -3.34080965413048     -0.09135829430242     -3.16837796764779 

  H   -3.19211993118636      0.67582318856991     -4.74712629415242 

  H   -3.20287625941221     -1.06597607752882     -4.61451538910778 

  H   -2.15215986365614     -2.74852473009399     -4.63285261258285 

  H   -0.73252076071341     -3.51548139710206     -3.94716239129599 

  H   -0.51394760525428     -2.78326912620552     -1.15083580840725 

  H   -6.41227065206372     -2.45292739379955      2.91202424414943 

  H   -6.26661898365312     -2.59714372009800      5.37452599463545 

  H   -4.09001574184772     -2.86689057848036      6.49957135590403 

  H   -1.99788155587416     -3.00618384730678      5.18071983760675 

  H   1.15081449537647     -3.24086712221394     -2.90404927297912 

  H   1.37622208855290     -3.26754592355238     -4.64836715771644 

  H   2.57590363541388     -2.51948023335101     -3.60516213082951 

  H   3.40196237513836     -0.93750411711672     -4.36401125394995 
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  H   3.34126789042977      0.81117019715692     -4.29133129269425 

  H   5.47409455082546     -0.64834490183610     -2.69194975469822 

  H   4.49425327919658     -0.16306522013891      4.41128220100564 

  H   6.37733990092503     -0.38448970576542      6.00175365835604 

  H   8.67220182887564     -0.77655468674142      5.19260265938325 

  H   9.14793380881033     -0.94428606267566      2.76932005207266 

  Cu  0.18723486605317      2.79277980858625      1.47341233921198 

  Cu  2.84003664159028     -0.12638026576025      1.59362835132887 

  Cu  -5.43326661031505     -2.38917129965309     -0.30951981534051 

  N   1.87353188981604     -0.69894312470937      4.18818647520036 

  O   1.33087899629919     -1.43045058559457      5.00065285142601 

  O   1.94138601401729      0.51604644728131      4.31104582084040 

  O   2.41481526997765     -1.24948640326425      3.16005144288512 

  O   0.94453922774052      0.33249898834876      1.28587447547843 

  N   0.32350560055473     -0.60622782457167      0.65332241940502 

  O   0.90401863579519     -1.67166177557232      0.48799452456530 

  O   -0.80252911061344     -0.38312172034161      0.26055356423804 

  O   -7.24881588360059     -4.06615367472025     -0.03793799491256 

  O   -5.37385607762360     -0.07444119313965     -1.28470796625280 

  N   -7.77100836035891     -3.14136936349102      0.59026645048188 

  O   -8.87580212089422     -3.20172193138371      1.08644074699961 

  N   -6.06832446414717     -0.60956009131161     -2.15723315299458 

  O   -6.37631279588129     -1.84107909237265     -1.99299916625859 

  O   -7.08698937771419     -2.06141508144934      0.72182842022444 

  O   -6.46062630334328     -0.02817498605875     -3.14863180904549 

  O   0.80070272290774      3.51729293640947      3.21661917210666 

  O   1.82537501293469      3.36283095295654      0.51817570021340 

  N   0.28593114608715      4.68922672652777      3.31102668660644 

  O   0.49405955577365      5.33803183280589      4.31673152496187 

  N   2.96977327819680      2.95722583988670      0.91108004193470 

  O   3.03271641208594      2.19266721221534      1.88049846760473 

  O   -0.39531731231742      5.09363708494108      2.36632048028528 

  O   3.95401434777773      3.34038592661512      0.31101396178096 
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Table C-4 XYZ atomic coordinates for Cu(I)- TC- Benzothiazole using PBE0-D3(BJ) with a neutral 
charge and multiplicity of 3 

  C   1.98885367611244      2.06036896840755     -4.04825445031497 

  C   1.08336338833794      0.86910852781847     -4.18639142108629 

  C   1.60095735668296     -0.43375670526414     -4.23142765447710 

  C   0.74290896773912     -1.54012165821145     -4.29576325608805 

  C   -0.63382683712803     -1.31712058992082     -4.36591298930645 

  C   -1.16722011402746     -0.02550310119151     -4.38861237731603 

  C   -0.30461523841126      1.06282139763877     -4.23240138796818 

  C   -0.86842233376410      2.42378439532083     -3.90835762516871 

  N   -1.13900669594111      2.50717350503339     -2.47161225779405 

  N   -0.27592121084159      3.10458651544627     -1.64799816510673 

  N   -0.69841151018483      2.93316499531453     -0.44034176393604 

  C   -1.84518411303955      2.20660803733856     -0.47063884212522 

  C   -2.13541350144005      1.92996770291460     -1.78496607379140 

  C   -2.53179428729541      1.86754652265669      0.74855908633221 

  S   -3.94112871611301      0.88092480594446      0.79133056526072 

  C   -4.00106686992395      1.05896877895726      2.50830431683704 

  C   -2.92971524254922      1.85777835229676      2.93649530235086 

  N   -2.11770917096942      2.29815479780018      1.91246533875813 

  C   -2.76590806631387      2.13941912122704      4.29019948550838 

  C   -3.67861502082379      1.61635323898636      5.18388156890780 

  C   -4.74431069939953      0.82100188659268      4.74740528440335 

  C   -4.91995955269093      0.53280787417073      3.40732831666728 

  C   -2.65293063313021      0.13548318392845     -4.53997732140549 

  C   -1.58524315751611     -2.46501178016963     -4.17398856662746 

  N   -2.00802652381461     -2.48200445087211     -2.76541411847516 

  N   -1.15080900119793     -2.12355891090682     -1.81856180498450 

  N   -1.77187773867948     -2.20340479214136     -0.69066050396618 

  C   -3.04833173467300     -2.62546236574396     -0.89505455575914 

  C   -3.20645372890949     -2.80254788254336     -2.24897957466528 

  C   -3.87436075305458     -2.78458603883167      0.27735953362785 

  S   -5.58603674413304     -2.99129578043062      0.28205201033505 

  C   -5.55930164478103     -2.98666403800933      2.01185674486364 

  C   -4.23546561350075     -2.82904138729950      2.46004978273590 
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  N   -3.31094512261120     -2.71363258900337      1.45201108305665 

  C   -3.95977881236074     -2.79447659379748      3.82585254390793 

  C   -5.01135769195871     -2.90768756935772      4.71128707898767 

  C   -6.32727375161600     -3.05381781450527      4.25611479753571 

  C   -6.61875403047210     -3.09777250880556      2.90475774047964 

  C   1.23620148149647     -2.95750113756650     -4.22731423684676 

  C   3.07780817771190     -0.63801577118168     -4.01602152400047 

  N   3.38749127949624     -0.51316675657152     -2.59114187370772 

  N   2.78327879316055     -1.30994725955499     -1.72012994390540 

  N   3.14179715199131     -0.92547761559339     -0.54081385841993 

  C   3.98736821618802      0.13471653541671     -0.63886971885639 

  C   4.15166572870456      0.40364809302163     -1.97568963922635 

  C   4.43714677217902      0.73879261562067      0.59114147163666 

  S   5.55891834927057      2.04101006792844      0.71305272513169 

  C   5.36885765396473      2.01263377996791      2.43093115540393 

  C   4.46111375716645      0.99862655504238      2.78633456657176 

  N   3.95722208110631      0.29702932862639      1.71976710418171 

  C   4.13822617865684      0.79063740875770      4.12640377174043 

  C   4.72638272735658      1.59939620110847      5.07752594578888 

  C   5.62942843008596      2.60571952519560      4.71333519595606 

  C   5.96233554467505      2.82520574419678      3.38936872604853 

  H   3.01638170495319      1.84126846965565     -4.32341656088208 

  H   1.66428974305154      2.87834290629297     -4.69180547561719 

  H   1.99296662775487      2.43688465024066     -3.02164467631349 

  H   -0.17687350583924      3.23115686190231     -4.12607958981692 

  H   -1.79738550588092      2.64092607756141     -4.42856883818878 

  H   -2.94914136917697      1.40110889742545     -2.24963757382937 

  H   -1.93410630677385      2.75387052771795      4.61470115585340 

  H   -3.56792819984995      1.82339660666285      6.24162729786270 

  H   -5.44232861711321      0.41758209079812      5.47109710860440 

  H   -5.73977567694808     -0.08965211067192      3.07146808017277 

  H   -3.19890172772195     -0.23435874112305     -3.66786663850472 

  H   -2.95602092862590      1.16566336030611     -4.70382517796474 

  H   -3.00500927872354     -0.43982011566598     -5.39876109282597 



lix 
 

  H   -2.49208128297242     -2.37069492089839     -4.76736161890625 

  H   -1.13749092455878     -3.42930346454857     -4.40075712180275 

  H   -4.03934979756730     -3.11586436256834     -2.85688175672051 

  H   -2.93832234328340     -2.66889072729930      4.16516758423992 

  H   -4.81911374754846     -2.87436947761807      5.77704427436537 

  H   -7.13448463377535     -3.13322650695767      4.97459762898916 

  H   -7.63745774325699     -3.21115005513148      2.55514621958971 

  H   0.89222689090349     -3.43247974985230     -3.30486607848112 

  H   0.85226421265623     -3.54451169989896     -5.06425507257512 

  H   2.31736533797608     -3.04294538424955     -4.24418695893570 

  H   3.41955714413108     -1.61441617586157     -4.34387436469460 

  H   3.68801642061424      0.09802228243077     -4.53124928180714 

  H   4.71474226304512      1.15053647147065     -2.51055752933149 

  H   3.43452967096559      0.01168278267934      4.39501944609761 

  H   4.48567302761150      1.45566355259924      6.12419745023551 

  H   6.07485746014058      3.22631877326536      5.48181531490965 

  H   6.65865694881929      3.60587818390191      3.10911695081730 

  Cu  -0.52036825954744      3.36537296421231      2.07374278148521 

  Cu  2.57571579645325     -1.31381660023669      1.36033213726838 

  Cu  -1.31954658863043     -1.93057405682231      1.26488342018240 

  N   1.99874016431044      4.42136260908958      2.27361462963037 

  O   2.21214358208179      3.48826461456229      1.50429678899311 

  O   2.87628690534363      5.18486464528086      2.65435364793930 

  O   0.50490592604378      0.90545170286332      3.35839555301786 

  O   2.05063167393675     -2.64706071139924      2.73960421460915 

  N   1.05855651713102     -3.39538340447542      2.49271737664144 

  O   0.49278686963583     -3.30127419426122      1.38853036706109 

  O   0.68237281671990     -4.18752705734467      3.34494976166406 

  O   -0.78572102513049     -0.70617350740024      2.76274481567006 

  O   0.66618062857464      0.08185228755774      1.37226893391804 

  N   0.14472134015250      0.10950361486178      2.49915928594567 

  O   0.80753594110162      4.61295972574391      2.70462944374423 

 

 



lx 
 

Table C-5 XYZ atomic coordinates for Cu(II)- TC-Pyridine structure using PBE0-D3(BJ) with a 
neutral charge and multiplicity of 4 

  C   1.80072680667022      2.16794469397453     -2.84025355023605 

  C   1.03914168174667      0.87657944417740     -2.92390794569591 

  C   1.75166637909105     -0.33190152683923     -3.01634289539926 

  C   1.09140968375015     -1.56345238162857     -2.96679046150405 

  C   -0.30670292388774     -1.57325406439083     -2.88406664829623 

  C   -1.03872014052085     -0.38567087340053     -2.93043740028619 

  C   -0.35799014004070      0.83955634450589     -2.89382907520337 

  C   -1.16653904653781      2.09552924304350     -2.70864194676731 

  N   -1.51642248951576      2.28778454208648     -1.29778560651725 

  N   -0.57571697412141      2.56418815238846     -0.41507300485434 

  N   -1.16631425457514      2.64225568349695      0.73061887624513 

  C   -2.49340919709640      2.41757831169935      0.60810315198897 

  C   -2.73023528073310      2.18470921508506     -0.72332438588438 

  C   -3.29032911518648      2.48836152238528      1.81808473087855 

  N   -2.58855019332919      2.87067653846926      2.89849804417038 

  C   -3.19384224898682      2.95118632942500      4.07893150957984 

  C   -4.53811602436760      2.66413885172137      4.23314030983592 

  C   -5.26941483289612      2.28069766485601      3.12024452331498 

  C   -4.63865702781524      2.18565419968314      1.89138352662320 

  C   -2.53836704681863     -0.41715018814446     -2.98530179837284 

  C   -1.02636442060813     -2.85551564710855     -2.54502665368832 

  N   -1.53362426356198     -2.72830731626253     -1.17348673560755 

  N   -0.68560287536985     -2.42224005575173     -0.21031492957210 

  N   -1.40049611188570     -2.14621076751635      0.82639701472901 

  C   -2.71993057221376     -2.26888075019924      0.55263069615238 

  C   -2.81241520102636     -2.66056560516505     -0.75884468589739 

  C   -3.64954700372503     -1.90057492977483      1.60104950394956 

  N   -3.04578881968583     -1.43357091401980      2.70910484243636 

  C   -3.78659273524839     -1.04930056307400      3.74461733113440 

  C   -5.16837756934671     -1.11223398762496      3.71931439865009 

  C   -5.79511797060969     -1.58639215226269      2.57898580170688 

  C   -5.02625031193398     -1.98791618731623      1.49915609907825 

  C   1.82609169592786     -2.87366144007796     -2.97134949897175 
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  C   3.25385352878439     -0.28107278033443     -3.11135385406754 

  N   3.90118795818105     -0.27713600771716     -1.79881551954730 

  N   3.81989485133342     -1.33639393220062     -1.01566485475246 

  N   4.46920966194435     -1.04124627936126      0.05804505748625 

  C   4.97374452011736      0.20940208939743     -0.00603887541810 

  C   4.60779775806638      0.71655028817015     -1.22755860343050 

  C   5.71528468268799      0.67969104208476      1.14731911903005 

  N   5.83605746451913     -0.24113188897235      2.12046433178471 

  C   6.49543831200221      0.06599381173028      3.23324729484563 

  C   7.06081039131111      1.31344474331153      3.42999995087124 

  C   6.93227044551007      2.26831899810485      2.43418457537064 

  C   6.25076693660959      1.94933527929718      1.27159049777862 

  H   2.48983377571138      2.28003515389014     -3.67997681208685 

  H   1.16182576380422      3.04438272424130     -2.83429028379175 

  H   2.39000474322660      2.21024759226370     -1.92102596823000 

  H   -0.64751245731689      2.99115735005532     -3.03378475542744 

  H   -2.11068312755545      2.06335110934349     -3.24555956019569 

  H   -3.62593480713914      1.97668973782914     -1.28400083787367 

  H   -2.99381841946666     -0.26771565891794     -2.00287379930231 

  H   -2.92457573009638      0.36198783492710     -3.64236170476407 

  H   -2.90890616515855     -1.36264234197822     -3.37516418336356 

  H   -1.88650570559169     -3.06161332644087     -3.17841884129677 

  H   -0.37413338512833     -3.72239542597340     -2.57650993419620 

  H   -3.64788326745373     -2.85992787923133     -1.40875362631888 

  H   1.75473816517290     -3.35602666920628     -1.99265194596145 

  H   1.40148329387379     -3.55555791174714     -3.71052610123481 

  H   2.88331663969376     -2.76993771098994     -3.19156237723756 

  H   3.65683406597168     -1.12543949995751     -3.66435112059072 

  H   3.59674177676806      0.61999136367790     -3.61148322350219 

  H   4.79105362121785      1.65858495913834     -1.71657816429287 

  Cu  -0.61438840466794      3.21473078718082      2.56119694702146 

  Cu  4.86101623741107     -1.98054831638670      1.76894504508131 

  Cu  -1.02048508609955     -1.40990795743345      2.61998027325887 

  H   -2.57749365680151      3.24928133914723      4.91791340276752 



lxii 
 

  H   -4.99491915139623      2.73969125109783      5.21085399153291 

  H   -6.32325820657509      2.04641406812281      3.20895559182416 

  H   -5.17430854420894      1.87520563333378      1.00342960784238 

  H   6.57122406630409     -0.71502376216976      3.97860539811479 

  H   -6.87569152217828     -1.64298117883723      2.52733279202774 

  H   6.12833009115335      2.66882918298570      0.47218910946949 

  H   -5.47950003975599     -2.36461422425671      0.59112554762556 

  H   -3.25151483280301     -0.68255170260736      4.61065092397210 

  O   0.94375392127636     -1.57394126034704      2.60774558427584 

  N   -0.74085773029030      5.31632237352587      4.36934393174769 

  O   -0.23264238481601      4.13994095852860      4.25923365237383 

  N   1.69169947759290      4.20297478176495      1.46923079949613 

  O   0.87066301308446      5.09241192784948      1.26228793500584 

  O   -0.46968750728764      5.95793089210992      5.37053344139604 

  O   2.84388590336809      4.24630215774828      1.07068439043291 

  O   -1.47015998713864      5.73242879387404      3.47703422104712 

  O   1.32117487745061      3.17436905889673      2.13819665649965 

  N   5.10440095574946     -3.16314367882900      4.29221157968701 

  O   5.63846045298778     -3.81863242903293      5.17123059452825 

  N   4.23801124987790     -4.33812374963369      0.57527782919875 

  O   3.59558022969059     -5.30389953106833      0.20270188451892 

  O   3.97091704657547     -2.71123652915767      4.37659398890692 

  O   5.39713183987097     -4.12036887670214      0.22989012983873 

  O   3.67326969611043     -3.50560902970518      1.37170450718418 

  O   5.78517974601367     -2.93228472546836      3.22475452610447 

  N   -0.51840489760362      0.43905531258829      4.49083080063218 

  N   1.62700497457060     -0.70794258372465      1.95007280935389 

  O   2.77496139484962     -0.50005764572026      2.32889247371066 

  O   1.12553295984955     -0.13521155788191      0.99922338679355 

  O   -0.35887884322197      1.02724005672194      5.53513783718416 

  O   -0.34638345031998      0.95654558070730      3.37647255874016 

  O   -0.88409437586412     -0.78486357287570      4.50722571697356 

  H   -5.73400043196292     -0.78563933873634      4.58165134403852 

  H   7.58852716681662      1.52376122894808      4.35072149457340 



lxiii 
 

  H   7.35896400524607      3.25605811456842      2.55988327721511 

Table C-6 XYZ atomic coordinates for Cu(I)- TC-Pyridine structure using PBE0-D3(BJ) with a 
neutral charge and multiplicity of 3 

  C   2.24258321614870      1.94000723778580     -3.93827043574361 

  C   1.12614209622996      0.97558259280599     -3.64593246447327 

  C   1.34180208819068     -0.40570998556755     -3.58239239185710 

  C   0.27437238324930     -1.28595800289364     -3.34376660282032 

  C   -0.99995536421706     -0.76371504124551     -3.12435970209541 

  C   -1.24107988559616      0.61498311973785     -3.20020722345268 

  C   -0.16586324171383      1.47933014407362     -3.41700927315245 

  C   -0.35316683581623      2.96876250329003     -3.23946328784348 

  N   -0.37387256572248      3.31680383847410     -1.81509983828944 

  N   0.75961628361873      3.56862418542223     -1.16510123103035 

  N   0.46051948943046      3.73815102947129      0.08236415651912 

  C   -0.87310086348300      3.58502726870953      0.25844195203442 

  C   -1.42101576342700      3.32182743152645     -0.97534863354342 

  C   -1.47994830954193      3.68092501490050      1.57776586935559 

  N   -0.64476554212279      3.84932433594419      2.61429735889836 

  C   -1.13859566903842      3.95677648196075      3.84672673598486 

  C   -2.49392779610953      3.90601326598546      4.10854421821695 

  C   -3.36378893040120      3.71311145987625      3.04666986374170 

  C   -2.85331453715576      3.59847680562100      1.76677179366539 

  C   -2.64842392791418      1.11693389370566     -3.04159366543426 

  C   -2.07809094857065     -1.65556744323940     -2.56655358683658 

  N   -1.80816059851891     -1.86737594577163     -1.14096350915716 

  N   -1.81071988267609     -0.83587708467354     -0.31167889714461 

  N   -1.44351534940774     -1.28465496561945      0.84733382951745 

  C   -1.19589805463130     -2.61818497258945      0.77576216604903 

  C   -1.43410376062891     -2.99923066911641     -0.52229190705887 

  C   -0.77099084798816     -3.34066940800015      1.96681741897940 

  N   -0.66399807275024     -2.59274099611396      3.07088648535821 

  C   -0.28327272559191     -3.15374101263757      4.21025080875224 

  C   0.00861518918190     -4.51249005005319      4.32652497326640 

  C   -0.12144098338980     -5.22614986437930      3.16887475151517 

  C   -0.49882910529915     -4.71050917948306      1.96317084441242 



lxiv 
 

  C   0.52509348222857     -2.76486693499450     -3.27963755714715 

  C   2.74317319578165     -0.95893897356696     -3.44814478984085 

  N   3.02832339851984     -1.00979328660453     -2.01122180925530 

  N   3.17067868790538     -2.15508884640709     -1.34426335723759 

  N   3.10316746041056     -1.87771796222847     -0.07779472039789 

  C   2.90119419363334     -0.54653344388424      0.07984596353857 

  C   2.86841548743078      0.01804840592687     -1.16847031927869 

  C   2.58484692718046      0.09017490560922      1.34704642676181 

  N   2.44196758733052     -0.68471802225717      2.43312769394084 

  C   2.02344368752458     -0.09787295084046      3.56331137308184 

  C   1.70214705165671      1.24633073722475      3.64282483885860 

  C   1.84129114602191      2.06795815173325      2.52307070182772 

  C   2.32546233190546      1.45173069715851      1.37892894504457 

  H   3.16841748954563      1.44442837726370     -4.21439377236684 

  H   1.96927154927027      2.58919992089454     -4.77312633547139 

  H   2.45468847116746      2.59091891589926     -3.08622572021636 

  H   0.45701717783989      3.54135266659457     -3.67943400380588 

  H   -1.28125237567961      3.33500830430599     -3.67065387024117 

  H   -2.43270418898599      3.15368833386343     -1.29879743705885 

  H   -2.99337646916284      1.03038184155660     -2.00845117910097 

  H   -2.76322879935915      2.15250795256854     -3.34965965651764 

  H   -3.33015044299102      0.53121861814850     -3.66065488720803 

  H   -3.06813618253571     -1.21737325948799     -2.64649419584715 

  H   -2.11557271130359     -2.63972839432493     -3.02496887116361 

  H   -1.36892096365925     -3.94552322250553     -1.03272108796929 

  H   0.95673302891198     -3.06034157523940     -2.31967226363716 

  H   -0.38243865312346     -3.34499052342354     -3.42713451172636 

  H   1.22589267460449     -3.07549222935172     -4.05485449394510 

  H   2.84679386129415     -1.97388868089206     -3.81988442888769 

  H   3.50263973393306     -0.34977398503937     -3.92912899342017 

  H   2.70143524562870      1.02514260200965     -1.50387729347623 

  Cu  1.34300494266621      3.93697923011660      2.26285550584215 

  Cu  2.78108846115448     -2.57398783309969      2.25566030429921 

  Cu  -1.28435481168644     -0.50026598077934      2.63240990669261 



lxv 
 

  H   -0.41546171759424      4.08541675738258      4.64338503295601 

  H   -2.85073675132297      3.99999048098025      5.12482520807830 

  H   -4.43260980567406      3.65360400886362      3.21323989992426 

  H   -3.50846021211923      3.45283952034813      0.91755301175426 

  H   1.92377059758692     -0.74598729886979      4.42603067044599 

  H   1.32254986961790      1.62407422630476      4.58487401792397 

  H   2.46263326644290      2.02024964290875      0.46707762717866 

  H   -0.58565089601624     -5.29954053034879      1.05783568762253 

  H   -0.20656882398073     -2.49920500064360      5.07294159690490 

  H   0.31696214036529     -4.93749400576456      5.27333594952783 

  N   2.71667238440674      5.99594091494266      2.00482981228388 

  O   1.46959563818761      6.03740335649594      2.18923277991163 

  O   -2.76804198623722      1.14484173001207      5.81923768216010 

  O   -3.48988798680423      0.03592164794576      4.11780909040735 

  O   3.38313866739609      6.99147414347400      1.86433354885179 

  N   -2.58428697784865      0.59682800714322      4.73977237714943 

  O   3.21997461625944      4.83793817608058      1.97668820783836 

  O   -1.41155341014246      0.61023758579816      4.24122126732752 

  N   3.28292622047679     -5.00617525018033      3.43990105151755 

  O   3.36087408012366     -6.22671656317682      3.49752302903825 

  O   3.06841530873930     -4.47359109151827      2.29636233609142 

  O   3.40126991874092     -4.28528400203224      4.42760443410160 

Table C-7 XYZ atomic coordinates for Cu(II)- TC-Pyrimidine structure using PBE0-D3(BJ) with a 
neutral charge and multiplicity of 4 

C   1.94988226356492      2.17078353183254     -3.06538240330399 

  C   0.90408095095021      1.09391565145676     -3.04942586159999 

  C   1.31372492223912     -0.24185082447409     -2.98355589685518 

  C   0.38249212309089     -1.28200352361083     -2.91028231880603 

  C   -0.97837580835686     -0.96216435256490     -2.85647396659926 

  C   -1.41289804296841      0.36550303200649     -2.92801527753860 

  C   -0.46433383655214      1.38659098156805     -3.06150955487941 

  C   -0.92388212886766      2.81480410469625     -3.14178920152231 

  N   -1.16419912897713      3.35846881411767     -1.80243703046705 

  N   -0.36252606346157      3.01592108758670     -0.80994738553106 

  N   -0.80188842035407      3.62333162180109      0.23449248708022 



lxvi 
 

  C   -1.89095983897634      4.36492782617904     -0.05874225648722 

  C   -2.13357669784622      4.19943667629213     -1.39932767408646 

  C   -2.51833547925333      5.06745913179058      1.04517984767655 

  N   -1.93222792046292      4.83441927283179      2.23051668393767 

  C   -2.44306397949104      5.42955770742393      3.30311962338408 

  C   -3.53881912238301      6.26395075229351      3.19369849933076 

  C   -4.07285180996260      6.43876304794055      1.92815737724949 

  N   -3.56865246129914      5.84163204563461      0.84996737140537 

  C   -2.88140897190531      0.66672779124750     -2.82096641307986 

  C   -1.99040867903538     -2.05582008981697     -2.65433544377345 

  N   -1.94821490870916     -2.57112983654415     -1.28363355890686 

  N   -2.08429019178748     -1.74186045283281     -0.26422931982979 

  N   -1.99717229093960     -2.46275157754880      0.80154851889672 

  C   -1.80576050191874     -3.76253828441648      0.48664542796093 

  C   -1.77269862458660     -3.84160550592946     -0.88118854391535 

  C   -1.67597743750065     -4.69915336042672      1.58444210390120 

  N   -1.77515405099393     -4.12529966757197      2.79311710368293 

  C   -1.64822165141111     -4.90367809753242      3.86354894394143 

  C   -1.42318048473468     -6.25910473155062      3.72556696549752 

  C   -1.35510543482816     -6.75854382339490      2.43581593945777 

  N   -1.48326499277081     -5.98401963364567      1.36103189007867 

  C   0.84191161217196     -2.70794707065718     -2.82824538486617 

  C   2.78429321020136     -0.54387021828977     -2.93983185137398 

  N   3.32251632960394     -0.44596563702624     -1.57928645113340 

  N   2.68743995836983     -1.00385962772516     -0.56486308908583 

  N   3.41267244252068     -0.78159263916612      0.47878191497712 

  C   4.52002947449475     -0.08110432333308      0.15503980239845 

  C   4.46982803751874      0.14160583570386     -1.19613044775078 

  C   5.42704960214608      0.25775755129376      1.23341955868544 

  N   5.04403849188383     -0.21844381990748      2.42838063954101 

  C   5.81733644576698      0.04226536042502      3.47785950068069 

  C   6.97266830280376      0.78565922212730      3.33577656290700 

  C   7.28112297229466      1.23291499016677      2.06194676091077 

  N   6.51400904350498      0.96934574956416      1.00609436397680 



lxvii 
 

  H   2.53849876556370      2.13744911350165     -3.98679351338020 

  H   1.53684764466011      3.17022361509563     -2.97375377146322 

  H   2.64281398638793      2.04965025306319     -2.23046421552149 

  H   -0.19574379061278      3.45352655997154     -3.63625964249429 

  H   -1.85628235319462      2.91810021754373     -3.69008391711435 

  H   -2.89049162155572      4.58341858042255     -2.06271434501987 

  H   -3.28710320886418      0.26556105781386     -1.88947411421868 

  H   -3.10390404566447      1.72897681988976     -2.82805084198770 

  H   -3.43997418829589      0.21532740761193     -3.64491534036094 

  H   -3.00486916791354     -1.71223961679419     -2.83545239107132 

  H   -1.81883243267481     -2.91054398637564     -3.30507390179848 

  H   -1.63749604606175     -4.66231678897113     -1.56554029288990 

  H   1.17972666488230     -2.94717480330291     -1.81589787698200 

  H   0.05972906429257     -3.41500459162029     -3.09253824211014 

  H   1.67474206021865     -2.90225467261065     -3.50365426545186 

  H   3.01073814322086     -1.54453516123911     -3.29958522189653 

  H   3.36325382051518      0.15698870529401     -3.53660290180644 

  H   5.12423300641153      0.65374994689458     -1.88134282865572 

  Cu  -0.31799314990963      3.56917225134085      2.15296413163344 

  Cu  3.29363017436623     -1.27135001770713      2.39580124846715 

  Cu  -2.10235045262710     -2.12338499967626      2.76178812107059 

  N   0.72587599251472      4.15626561250600      4.62969948469978 

  O   -0.16655859332316      3.39356825708276      4.10176700156998 

  N   2.30379122057095      3.28203964410076      1.27266840935468 

  O   2.06505274365989      4.42211689296072      0.89470927726417 

  O   0.99231335627287      3.99005598606804      5.80653683291265 

  O   3.37326434246365      2.72274161975018      1.08069580019089 

  O   1.25260548097461      5.01082034387284      3.92678854222506 

  O   1.39749033578358      2.62717784369235      1.90274712224743 

  N   2.69732179285092     -0.66117156623246      4.88945185215473 

  O   2.54069593147473     -0.65919261812966      6.09165382572907 

  N   2.13790822218135     -3.58977885585625      1.95222929918287 

  O   1.36373410664919     -4.50581817178599      1.75766216690782 

  O   2.31072915637194      0.24030586564944      4.14331911471479 



lxviii 
 

  O   3.36475281753841     -3.72947723842753      1.97104350671785 

  O   1.67465383438505     -2.41196737698718      2.14797903889459 

  O   3.31038911965880     -1.65106106366506      4.34184320369086 

  N   -1.47131392799254     -1.56523013389676      5.29937249023648 

  N   -1.71173061370399      0.59567223824192      2.28496736207878 

  O   -1.97526149768181      1.79505173365497      2.37558388807584 

  O   -2.61693429288451     -0.22225891041567      2.67035581818659 

  O   -1.53577829109054     -1.38247404511137      6.49823002763922 

  O   -0.49037996254242     -1.28537334244308      4.61369023296546 

  O   -2.48369083135108     -2.08774565357012      4.70105006505722 

  O   -0.65477574355816      0.17180033568065      1.85745400911204 

  H   5.50095913112475     -0.35742609990163      4.43356708990729 

  H   8.17390188202394      1.82155354009631      1.87763556009215 

  H   7.60562376173513      1.00363305445959      4.18453034427067 

  H   -1.19365026385162     -7.81607993410374      2.25442590696510 

  H   -1.31486931015169     -6.89850472324658      4.59037460569390 

  H   -1.73627952001509     -4.42523771426816      4.83076163912838 

  H   -1.96497854263743      5.22278671255588      4.25276044224811 

  H   -4.93514133919958      7.07798960374268      1.76906478817678 

  H   -3.95884259418814      6.75330458576588      4.06124481859402 

Table C-8 XYZ atomic coordinates for Cu(I)- TC-Pyrimidine structure using PBE0-D3(BJ) with a 
neutral charge and multiplicity of 3 

  C   2.06200830494492      1.95389522636884     -3.67136458929564 

  C   0.97331117122861      0.92898389886664     -3.52038649088995 

  C   1.26512961018591     -0.42519865074440     -3.32739311803377 

  C   0.23609509466897     -1.37306515731178     -3.24734481939299 

  C   -1.08972993617288     -0.93885776563869     -3.28007352993727 

  C   -1.40811774844606      0.41133340453750     -3.46383306404306 

  C   -0.36852167717052      1.34105834724824     -3.56343353450718 

  C   -0.66311270199801      2.81932628605019     -3.51214688518007 

  N   -0.69792152076823      3.25999424819792     -2.11523188688212 

  N   0.34332749386246      3.88973056115573     -1.58546475339458 

  N   0.09122021418168      4.04165412786724     -0.32486725596060 

  C   -1.11823404871420      3.50754082643052     -0.02803964898339 

  C   -1.63640392415028      2.99732593591106     -1.18932777639258 



lxix 
 

  C   -1.60772487480293      3.55215150434494      1.34141163880625 

  N   -0.78354298921995      4.14346668403046      2.21179718488169 

  C   -1.18253989914320      4.20766428421772      3.47728800639806 

  C   -2.40125616541875      3.68737600408233      3.87402676470170 

  C   -3.17529312935459      3.08989998699320      2.89416485021455 

  N   -2.78681852346803      3.01828430456114      1.62321466723014 

  C   -2.85502828059083      0.81488991745764     -3.52384432503939 

  C   -2.16977055777625     -1.90752765608688     -2.88455731497081 

  N   -1.98773089035428     -2.26515403353145     -1.47287594920810 

  N   -1.57699140413336     -1.34870524721736     -0.62363547000782 

  N   -1.47647138795337     -1.95543586964741      0.53181064677853 

  C   -1.82671419964555     -3.27526617046217      0.43038989463290 

  C   -2.16451607855156     -3.46831952235279     -0.90040674076572 

  C   -1.73196285250759     -4.04502612897484      1.61669129981710 

  N   -1.28536457744912     -3.29734015943135      2.71118608793197 

  C   -1.15217538908097     -3.95345100021702      3.87880561392711 

  C   -1.44025003211241     -5.28149683075651      3.99780329931348 

  C   -1.88428482586342     -5.96080742143631      2.82746364856236 

  N   -2.02227308534331     -5.34690613469366      1.67338071095622 

  C   0.54261280475282     -2.83214495730790     -3.07264808123105 

  C   2.66644208847298     -0.85435456361913     -2.97191285193061 

  N   2.85285608468785     -0.69934838211974     -1.52717581664490 

  N   2.46005160763651     -1.66208293933098     -0.70304279320457 

  N   2.59870390606812     -1.20780821253566      0.50026515511670 

  C   3.07854440676419      0.05864452859851      0.46510545086022 

  C   3.24628148247128      0.39531561174270     -0.85428144353728 

  C   3.33143481709025      0.76117358876810      1.71328697640985 

  N   3.05708600289939      0.05883758543852      2.81873079416272 

  C   3.28718189996178      0.65193154552554      3.98568889471830 

  C   3.79250697531966      1.93817629303628      4.05217518660520 

  C   4.03937820833684      2.57614740904754      2.84906077655648 

  N   3.80878772025932      1.99611214145822      1.67362938874460 

  H   3.03715802193721      1.50809691250368     -3.84453339454328 

  H   1.85934853791617      2.60215682097426     -4.52595791861839 



lxx 
 

  H   2.13830614236781      2.59911208646892     -2.79315165046193 

  H   0.10536024996456      3.41750802816874     -3.99178320695698 

  H   -1.61427270732525      3.08619183996590     -3.96322523637512 

  H   -2.56177646713309      2.49357130609480     -1.40531839894787 

  H   -3.35129430086972      0.67270764129257     -2.55926364835561 

  H   -2.99760143863962      1.85196773130457     -3.81419306292508 

  H   -3.39203843509914      0.20575064119896     -4.25335098725316 

  H   -3.16460199830197     -1.48436787064209     -2.99234268169551 

  H   -2.14686643757755     -2.83969724672009     -3.44658386154593 

  H   -2.48422262364198     -4.33150212466275     -1.45834135857463 

  H   0.74075268233721     -3.07672388844038     -2.02637205554453 

  H   -0.27880167270396     -3.45858095468362     -3.41349928371369 

  H   1.42168381828726     -3.12645510243863     -3.64526429585648 

  H   2.85519109059706     -1.89961872630788     -3.19475069396005 

  H   3.44150033105459     -0.26908266624431     -3.45695035440246 

  H   3.60543015661970      1.28794637853604     -1.33634468749449 

  Cu  1.04375647774539      4.78967147852893      1.25987327608392 

  Cu  2.37807819300524     -1.94586843545278      2.33724925692002 

  Cu  -0.87349650370397     -1.46504904685350      2.30114415009617 

  N   2.72688035708016      5.80300871105390      3.21375226842135 

  O   1.86422466233373      5.30231792483595      3.93191740474072 

  H   -4.13963985570295      2.65236600111842      3.13262271449026 

  H   -0.80077457966404     -3.36813912442122      4.72228116735745 

  O   3.70506509575951      6.38597556783490      3.66505225368682 

  H   -0.50130711167995      4.68131273829217      4.17437359832798 

  O   2.61530289530345      5.71194107917235      1.94268385964169 

  H   -2.72842401520197      3.73857836566667      4.90350361165869 

  N   2.30259768414230     -3.44804216095119      4.68026361769783 

  O   2.19825967896759     -4.46511163371829      5.35585170190721 

  H   3.05970829052564      0.07263773188148      4.87310447198428 

  O   -0.37053433033218     -0.61475457438998      4.06673203845739 

  O   2.52337566570026     -2.34493863688150      5.17515203309949 

  O   -0.31934586165259      0.47999941139021      2.24186728796152 

  H   -1.32862969014434     -5.79363905544446      4.94315274050673 



lxxi 
 

  O   2.17500221567795     -3.55462012211468      3.41288984433482 

  N   -0.12761631601579      0.49138046182663      3.49554594900088 

  H   -2.12329099366318     -7.01932744871000      2.85631783453628 

  H   4.44232075791607      3.58330185515662      2.82083967488722 

  H   3.98274729326939      2.42198763645331      5.00034113503621 

  O   0.25441584694105      1.45870302083650      4.08936608849742 

Table C-9 XYZ atomic coordinates for Cu(II)- TC-Carboxylate structure with O-Cu-O binding using 
PBE0-D3(BJ) with a neutral charge and multiplicity of 4 

  C   0.62614964903308      2.52988857690239     -2.39608447354061 

  C   0.21730649883402      1.13299549118990     -2.03614987672470 

  C   1.06988534543809      0.05873634615797     -2.32216752562351 

  C   0.69845241925998     -1.25289842063114     -2.01168141030176 

  C   -0.58185790712881     -1.48756159094341     -1.49287498739088 

  C   -1.41831355654179     -0.42461183532215     -1.13925898444097 

  C   -0.99771819345574      0.88639483421877     -1.39099502083004 

  C   -1.85368759946743      2.04202646396501     -0.94248028148656 

  N   -1.28282119282123      2.70371134163633      0.22725663595996 

  N   -1.21577052165523      2.05723042606166      1.39833294025361 

  N   -0.62573814451931      2.82692179951943      2.24574066068506 

  C   -0.29861628019239      3.98928347214712      1.62557312560740 

  C   -0.72495505911166      3.91249184251975      0.31854916514365 

  C   0.44027172360731      5.06526575074335      2.27004185775056 

  O   0.79469474580478      4.99101140214972      3.48456670237280 

  C   -2.74858664093201     -0.66780585886320     -0.48430840452850 

  C   -1.08411524259550     -2.89963342619024     -1.37249445792166 

  N   -1.09184462017095     -3.41509711544078     -0.00607211136732 

  N   -0.15178027732204     -3.07157073498158      0.88078365721091 

  N   -0.38790270085727     -3.70764786408979      1.97750775527699 

  C   -1.49195579382376     -4.47772110917277      1.80584597856630 

  C   -1.94926765807358     -4.29163836831863      0.52151911516320 

  C   -2.04867631314997     -5.33540722400249      2.84328412227337 

  O   -1.53869280127898     -5.39892093601042      3.99840542446223 

  C   1.65889796948586     -2.39036376310065     -2.22120383215546 

  C   2.39288396213904      0.33410909406664     -2.98385308431127 

  N   3.27300443970468      1.13883915654694     -2.14416810507928 



lxxii 
 

  N   3.90524266009548      2.20338126887960     -2.65169166809407 

  N   4.56241993723402      2.76882515126999     -1.69962243856209 

  C   4.36959874044718      2.06024620954854     -0.55815107885104 

  C   3.53655412742015      1.00163072094412     -0.84250996766238 

  C   4.94305691790922      2.45125369968753      0.72143841307722 

  O   5.42494712603946      3.60743815014901      0.89981011774898 

  H   1.23510050201554      2.55100604732570     -3.29848935257854 

  H   -0.23410080965456      3.17110501636203     -2.57847843083522 

  H   1.21708582257348      2.99241855181969     -1.59933710493403 

  H   -1.95596767885570      2.80597350122610     -1.71076376321158 

  H   -2.85540621466741      1.72194398720116     -0.67114415823428 

  H   -0.66830760461221      4.60108644266087     -0.50756904629290 

  H   -2.78755188404900     -0.18019333145462      0.49248769273037 

  H   -3.56668764526031     -0.26200772097847     -1.08483202594025 

  H   -2.95699706549923     -1.72111949151950     -0.32397108406312 

  H   -2.11087502606516     -2.96987151511701     -1.72919116680764 

  H   -0.49319359961995     -3.58014137900425     -1.98234373160954 

  H   -2.78635456411786     -4.69652785181056     -0.02288260623460 

  H   1.42979396127512     -3.23564571081566     -1.57548255251456 

  H   1.65267543279384     -2.74667235493218     -3.25587786158553 

  H   2.67963418361141     -2.09077684315308     -1.98309326320125 

  H   2.91579651424439     -0.58193849514786     -3.24552052168340 

  H   2.26647803235695      0.90464120198859     -3.90418701065238 

  H   3.11731983075142      0.21704978661743     -0.23456259019594 

  Cu  5.73291073155404      3.09896907011656      2.80262769760974 

  Cu  -2.96636421235279     -6.71755603648313      4.46920869829342 

  Cu  1.81727170867784      6.67798846628244      3.22711460645965 

  N   3.65122510841075      7.97646691409886      1.82948556765159 

  O   3.91401046116236      6.77776244073208      1.73540981089008 

  O   4.27831629467271      8.85240989238390      1.27173648482923 

  O   2.65008778116912      8.31182531752112      2.56679631037302 

  N   5.17075268459560      5.26790537505700      4.14167694518853 

  O   5.17893874903046      6.37954169283242      4.65588480500415 

  O   6.23364927395682      4.84776505504753      3.57560690355864 



lxxiii 
 

  O   4.18553800961956      4.53496649226159      4.14476426722601 

  N   -3.43139057838974     -8.58651296853659      5.91769964300301 

  O   -3.64922507554900     -9.50847737407841      6.64791172373703 

  O   -4.03915970037525     -8.41384255007230      4.82102851474603 

  O   -2.56710054410908     -7.69174305234078      6.17741987176313 

  O   0.77883554835513      6.09209096273038      1.61028778896861 

  O   4.95204764227351      1.64437920547598      1.70110081157810 

  O   -3.07006578665774     -6.04692463560533      2.59756903807641 

  O   -4.48166121311566     -5.32942454804915      5.32013190822596 

  H   -5.23948845351216     -5.22766236685577      4.73270224763243 

  H   -4.85164071660848     -5.61380449133174      6.16391490937178 

  O   2.53888476732887      6.96479781588740      5.04741133791901 

  H   2.17529963366399      6.32949107638698      5.67766005651110 

  H   3.51021442234841      6.79173879281004      5.02205785617004 

  O   6.21169145109326      2.05622404023604      4.42178794498104 

  H   5.68763768146814      1.25146572056024      4.52901481858996 

  H   6.16317638471334      2.52438690042733      5.26533004680575 

Table C-10 XYZ atomic coordinates for Cu(I)- TC-Carboxylate structure with O-Cu-O binding using 
PBE0-D3(BJ) with a neutral charge and multiplicity of 3 

C   0.16859536100654      2.60905865539566     -2.22259895294446 

C   -0.05849759331263      1.12627026816099     -2.22391193689145 

C   0.99402545660812      0.27632556678434     -2.58733434348146 

C   0.81402080439138     -1.10600406739661     -2.64913801620555 

C   -0.45823152588867     -1.63713054983193     -2.38860905733714 

C   -1.49513874101375     -0.81399021585137     -1.93393658555549 

C   -1.27526705462685      0.56674154312669     -1.82737282511432 

C   -2.30627529289107      1.43213082117202     -1.14526938033432 

N   -1.86889928772043      1.73152951308247      0.21855507225882 

N   -1.91675106810655      0.79294927889315      1.16410816800653 

N   -1.33249250462344      1.26625957663045      2.21735571843414 

C   -0.88425717775339      2.51855886034436      1.95751660501145 

C   -1.23791732030495      2.82254909749405      0.66395824104637 

C   -0.07168843694568      3.37193011347300      2.84880234782657 

O   0.06775346597361      3.02108844980380      4.07162485978356 
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C   -2.82430407444172     -1.37747706772429     -1.51260676087751 

C   -0.67336861488950     -3.11957866563437     -2.51748590682201 

N   -0.33150494238825     -3.81506472815098     -1.28121268050496 

N   0.16261972168333     -5.05513513991751     -1.30909419193792 

N   0.35842308511472     -5.43044267761650     -0.08510875245472 

C   -0.01962719365027     -4.43247398081928      0.75115196821835 

C   -0.46487237751507     -3.38522725033354     -0.02093691164033 

C   0.08474163667293     -4.47925299709106      2.23627481731111 

O   0.67237620774813     -5.41072458772703      2.78289277727167 

C   1.98518366359824     -1.99841388221370     -2.95334725993763 

C   2.36501553812015      0.87234135984531     -2.75530596440034 

N   2.86341786493732      1.29790008473696     -1.44834869849417 

N   3.57309584483317      2.42019425127694     -1.29597407892801 

N   3.81932359813632      2.56487358249368     -0.03359604757191 

C   3.26870161021837      1.52616379241748      0.64232379760709 

C   2.65119019123518      0.70489484638819     -0.27028985149368 

C   3.27414921128899      1.33632994196280      2.10532288356465 

O   3.75328631795201      2.28017061643519      2.81997333231752 

H   0.74762077313219      2.91092486039764     -3.09604100699789 

H   -0.76167624198469      3.17109851229500     -2.25093167206529 

H   0.72720857502049      2.93710162200991     -1.34169200331282 

H   -2.46003663184195      2.38626147542467     -1.64422789877482 

H   -3.27342960521657      0.94507072123697     -1.07292816337711 

H   -1.08999093372754      3.70586022492969      0.06880218141596 

H   -3.01139661218401     -1.16518407218226     -0.45749376068308 

H   -3.64127592500843     -0.93087249172683     -2.08446021792007 

H   -2.89260246791936     -2.45410524181355     -1.63759738564228 

H   -1.70537714620092     -3.35322049553972     -2.77256852371099 

H   -0.05298535720866     -3.55337005046115     -3.29759323204974 

H   -0.82957073974853     -2.40700933783842      0.23811746789241 

H   2.83638022269038     -1.75312058913736     -2.31494415448189 

H   1.76864404851664     -3.04937888529031     -2.78607631813783 



lxxv 
 

H   2.31380570081219     -1.88732129262470     -3.99044932860115 

H   3.07265024594306      0.16609429930471     -3.18315790207319 

H   2.36516842679983      1.75931634618673     -3.38672974947293 

H   2.08441946015624     -0.20308860274369     -0.15681664123621 

Cu  3.43767332435006      2.10550629784029      4.67754289421399 

Cu  0.35511339226646     -2.11645726495706      3.77597765375429 

Cu  1.41800667226676      4.14600685625647      4.84390964380450 

H   3.24053831785616      5.33296011184893      4.16607583796294 

O   2.91177752638031      5.35002880246401      5.10917016113573 

H   3.61298355641780      4.98392098639001      5.66149703039872 

O   3.22064381262506      5.01276513134829      2.49947880673675 

H   2.02022662390560      1.61071883385925      6.52610697759298 

O   2.96893745148233      1.89097793668640      6.53270141278641 

H   3.46651391101543      1.18701473735838      6.96644771638755 

O   0.42577087333626      1.14091051095231      6.03964913250598 

H   -1.38706603587570     -0.33332679124790      5.06784072798084 

H   -1.42259155845969      0.03648057641015      3.57154812044176 

O   -1.53010332896622     -0.71601301679098      4.19637187594223 

O   1.63672396396541     -0.90470179219838      4.59545557925673 

O   0.44457772191030      4.37898699953609      2.34668636367730 

O   2.79863227420951      0.27743522671162      2.53606570827084 

O   -0.49594124662434     -3.49532413926587      2.81849465286807 

H   3.55158038528476      4.09600557864704      2.43878788918946 

H   2.26327503709296      4.90696663596764      2.34261572170888 

H   0.11045588537308      1.75169937898962      5.34171160625824 

H   -0.24367460102047      1.13116780255711      6.73241189363457 

H   2.11774678151430     -0.38612989590337      3.90415756756977 

H   1.18320809421640     -0.24882991549725      5.15943894941861  

Table C-11 XYZ atomic coordinates for Cu(II)- TC-Carboxylate structure with N-Cu-O binding using 
PBE0-D3(BJ) with a neutral charge and multiplicity of 4 

  C   0.90899306227197      2.55268603410098     -1.95643229607737 

  C   0.40784677415261      1.14175098227540     -1.86166922373465 

  C   1.30149484225072      0.06109763570345     -1.89578815642417 
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  C   0.83497330975229     -1.25459531237975     -1.79476273772457 

  C   -0.54362171939048     -1.47590591850045     -1.67179856697264 

  C   -1.44699763862545     -0.41124287879707     -1.61765528520340 

  C   -0.95584131152624      0.89600368288463     -1.68792204452616 

  C   -1.89036233814147      2.05501097066735     -1.47653905025384 

  N   -1.54048990119973      2.79449515996272     -0.25997767060387 

  N   -1.01509690864002      2.16667234400806      0.77573743753613 

  N   -0.78991656804616      3.07777626156910      1.66279261163193 

  C   -1.16569390835164      4.29565708587688      1.22344599310013 

  C   -1.66349578433053      4.11653576964800     -0.04043263641119 

  C   -0.89910522592646      5.44392936919817      2.13082190935026 

  O   -0.25607115247737      5.09865234726386      3.19276247142671 

  C   -2.91885412782526     -0.65223132467941     -1.44161554939725 

  C   -1.05150539439679     -2.87907094697818     -1.47269765596461 

  N   -1.46657047355038     -3.07367112660858     -0.08073068277780 

  N   -0.68177210997422     -2.65229005529992      0.89532803525765 

  N   -1.31667432069181     -2.90205747404957      1.98973262788060 

  C   -2.51079368630427     -3.48135210426373      1.74711889295832 

  C   -2.61254615769938     -3.60179094739303      0.38548785899804 

  C   -3.37566072480808     -3.75593262583623      2.92686441369398 

  O   -2.86737459998676     -3.32380370418402      4.03083145683951 

  C   1.76443172121538     -2.43642360798359     -1.78159781664565 

  C   2.77639625263761      0.35624006105221     -1.93374194738879 

  N   3.27852802396456      0.68524645507312     -0.59741812134769 

  N   3.82560369097332      1.86625888981077     -0.36381681599294 

  N   4.16008439704509      1.86225597886731      0.88393232917892 

  C   3.83809604888083      0.69132427520127      1.47183546589988 

  C   3.25419021377405     -0.08491501187978      0.50752121843673 

  C   4.18879703909951      0.53888377203344      2.90860574014299 

  O   4.75714241325904      1.58454415432486      3.39528534985394 

  H   1.74906946053448      2.64113303483562     -2.64348964413760 

  H   0.13823756737489      3.23269365922517     -2.31356649560290 

  H   1.24971682051702      2.92212419910821     -0.98397791528562 

  H   -1.85441697971954      2.77807204361625     -2.29195795281628 
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  H   -2.92257164092795      1.73419830267094     -1.37000737963795 

  H   -2.05717396552839      4.79563142539685     -0.77813694868931 

  H   -3.23080726939036     -0.44047733012474     -0.41385379352472 

  H   -3.50817976600982     -0.01674986341950     -2.10293591757168 

  H   -3.20502344180620     -1.67635422923426     -1.66363230705644 

  H   -1.92164884350734     -3.10137581439920     -2.08728365629824 

  H   -0.29851990177940     -3.62872908010308     -1.69881998992158 

  H   -3.38369326003500     -3.98537659424133     -0.26176984640534 

  H   1.63659515196751     -3.01643271843095     -0.86432192350697 

  H   1.56083083206125     -3.10364891926851     -2.62245531343775 

  H   2.81340161002750     -2.16364275231194     -1.83987134069947 

  H   3.36509913702496     -0.47517247802338     -2.30967903562219 

  H   3.01161066273523      1.21834210506415     -2.55117591192251 

  H   2.84334002794618     -1.07977863587642      0.52785960815113 

  Cu  4.92702494594696      3.11871364274074      2.20034509115946 

  Cu  -1.12658469229896     -2.50240063840902      3.89231258979642 

  Cu  0.23657636793910      3.22562971584457      3.33234189338366 

  N   2.55079386649035      3.86070421577489      4.45560492981009 

  O   1.39977943131284      3.58755118161729      4.91560005377205 

  O   3.45689223235241      4.10888068171463      5.23711548511374 

  O   2.69996352663849      3.86033271318659      3.22820062259409 

  N   5.41790222304082      5.75404501637718      0.92767804696754 

  O   5.39218128200126      6.44331459046938     -0.07094234188623 

  O   5.70326662859604      6.21941720938371      2.03817724786758 

  O   5.14132006324856      4.51259421295261      0.80374817506360 

  N   0.53417953354373     -1.83462941830822      5.50520625912771 

  O   1.35082415311343     -1.47546253964749      6.30132829826585 

  O   -0.64669465499725     -2.16646057234174      5.82821184082825 

  O   0.76941421510228     -1.91240954054544      4.26116241188558 

  O   -1.26612961914592      6.57443547424340      1.85372241937708 

  O   3.94998184246778     -0.49349699964964      3.51613350129668 

  O   -4.44874773308399     -4.32455139546868      2.81128800566000 

  O   -1.64190579636143     -0.18739498380873      3.53065478841199 

  H   -2.09552816916076     -0.07506348009763      2.68486573036770 
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  H   -2.25391128401965      0.15192046883324      4.19640404836611 

  O   0.62216902727285      1.28930935038461      3.47193356711345 

  H   -0.19591063709360      0.73396607576097      3.50661811317038 

  H   1.15607062850620      1.04824525679199      4.23889833270474 

  O   5.73129842604779      4.16134780167894      3.66387372995515 

  H   5.78515734620689      5.05926438126430      3.25652325032621 

  H   5.03766690746387      4.20775303408503      4.35534211874686 

 

Table C-12 XYZ atomic coordinates for Cu(I)- TC-Carboxylate structure with N-Cu-O binding using 
PBE0-D3(BJ) with a neutral charge and multiplicity of 3 

C   0.87326596230623      2.49069687047325     -2.47346463442329 

  C   0.34621908655193      1.11224696501766     -2.19969289805348 

  C   1.22305326479639      0.01784408705598     -2.14700549473654 

  C   0.73389863129644     -1.27876259957456     -1.96266584770508 

  C   -0.64122948312183     -1.45949397238009     -1.74985730437397 

  C   -1.51841900063386     -0.37115093680417     -1.72622177496140 

  C   -1.01309424628631      0.91622741633899     -1.95060208256832 

  C   -1.89899532619644      2.12262682673290     -1.73116161822995 

  N   -1.47592894745509      2.83723126263899     -0.54199926921332 

  N   -1.24645092875103      2.10703961599946      0.60190094080404 

  N   -0.61384665104986      2.98276998071814      1.43854671951282 

  C   -0.45218472359707      4.20131490730103      0.80371137799784 

  C   -1.00040727564452      4.08929616653794     -0.44209336799980 

  C   0.31682465802763      5.20640571177658      1.50190769941423 

  O   0.77899453839756      4.76032184110136      2.65810857238818 

  C   -2.97819931130261     -0.55085052028154     -1.41795196874295 

  C   -1.13793282499903     -2.83230914086462     -1.38061902691736 

  N   -1.25794979529694     -2.95536818782127      0.07431843110020 

  N   -0.24693327951720     -2.58991120854524      0.84694344729914 

  N   -0.62941203045170     -2.78344452520949      2.07007401653422 

  C   -1.88859411202639     -3.27365634114152      2.10592991355731 

  C   -2.30163006520505     -3.39047237909574      0.80197125895470 

  C   -2.54578473036931     -3.52659646758281      3.42889751176436 

  O   -1.84606287830364     -3.20868137636690      4.43041802473160 
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  C   1.63959324534892     -2.47987708955849     -1.95650418517289 

  C   2.70283065420036      0.29766011222950     -2.07646054159253 

  N   3.05705812579219      0.62127104787613     -0.69178694778053 

  N   3.40299347086011      1.85824791686273     -0.35725493880842 

  N   3.53291044236478      1.87485932582572      0.93386145961934 

  C   3.27417324557772      0.64648476174671      1.44650756354527 

  C   2.96113804036672     -0.16872050200785      0.38915657385160 

  C   3.29788276823554      0.37995123210157      2.90978246144294 

  O   3.50555335347754      1.37222152359383      3.65492328457049 

  H   1.68159421434371      2.46879225956513     -3.20393520803544 

  H   0.10013630219338      3.14098068938613     -2.87679797429564 

  H   1.26415854718667      2.96460989148041     -1.56897844386451 

  H   -1.86302520973101      2.82851111933032     -2.56086920555069 

  H   -2.93866609809360      1.82666545515272     -1.60662605816142 

  H   -1.05709621007037      4.78855157460761     -1.26071497300525 

  H   -3.21616907571762     -0.15013649402104     -0.42846809959150 

  H   -3.60310699627240     -0.02596620455153     -2.14223396430800 

  H   -3.28816358394219     -1.59164177827981     -1.42978195732593 

  H   -2.11861272524182     -3.05578894334234     -1.79203244709707 

  H   -0.46267289305276     -3.61313860576293     -1.72083061426477 

  H   -3.22204455483100     -3.72562140628184      0.35385589176294 

  H   1.61228502984533     -2.98952991400261     -0.99043952190157 

  H   1.32517845179333     -3.20109286644743     -2.71469569021482 

  H   2.67593875023011     -2.23540706569838     -2.16742282020203 

  H   3.31889540565900     -0.53957527636817     -2.38934391619218 

  H   3.00204269865988      1.16008392884245     -2.66441004547869 

  H   2.67634133373590     -1.20557591020956      0.34195269173151 

  Cu  3.91965949329925      3.35757925865150      2.09859016451857 

  Cu  0.15859884625068     -2.37976912695030      3.79056350766514 

  Cu  0.37071999080663      2.87855951984119      3.05185103693852 

  H   -0.10449804525148      0.80482280916748      4.43935952474367 

  O   -0.10424246680267      1.00111188157981      3.49611469334223 

  H   -0.98122259131560      0.68831124878717      3.11572857224428 

  O   1.58294781944321      2.80946978452157      4.62699638675557 
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  H   -3.09623542733853      0.61325804053997      2.66637860139769 

  O   -2.28148901359087      0.30769683840650      2.25535657465978 

  H   -2.08239774897190      0.95214139215798      1.51561836989083 

  O   3.34547805342195      5.07396148490511      2.97617293337279 

  H   6.42472496309398      2.78309175303281      2.98513851173757 

  H   5.99717158012051      4.08161426063166      3.66912045394450 

  O   6.01600111808198      3.63856158807705      2.81338983588956 

  O   1.52163875436257     -1.77117882666402      5.04369796900394 

  O   0.55322324057794      6.34244079532061      1.08788327367149 

  O   3.10879009026443     -0.79910600577958      3.26624623708237 

  O   -3.68848223652139     -4.00508456377250      3.42674038032179 

  H   1.94074989535708      3.66848567711484      4.87957690822638 

  H   2.35582878489362      5.11387754712248      2.85663421707128 

  H   3.70909723982568      5.86351008035468      2.56188324350424 

  H   2.36183702243899      2.24800292615036      4.34162773131699 

  H   2.20262591526286     -1.29055853902261      4.48669013045603 

  H   1.20427645820394     -1.15252660226754      5.70986474243094 


