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Abstract 

This study has investigated the nucleation and growth mechanisms of calcium oxalate in 

aqueous solution through the use of atomistic computer simulation based on both force fields 

and Density Functional Theory (DFT). Given that the first step to study the pre-nucleation 

regime for the aqueous calcium oxalate systems is the development of an accurate and reliable 

force field, which essentially should be able to capture the thermodynamic properties of the 

systems, a new force field model has been developed starting from an accurate and well-

characterised existing water model SPC/Fw. The development of the new force field included 

studying the oxalate ion in the gas phase, parameterising the oxalate-water interactions to 

reproduce the free energy of solvation of the oxalate ion, investigating the solubility and 

solid-state properties for calcium oxalate, and so on. Next the force field model has been 

applied to the problem of the aggregation of calcium and oxalate ions in aqueous solution. 

The association free energy for the formation of a neutral CaC2O4 ion pair in water has been 

calculated based on both force fields and Ab Initio Molecular Dynamics (AIMD), as a 

function of collective variables. In all cases, four main free energy minima were identified 

corresponding to the bidentate and monodentate CaC2O4 Contact Ion Pair (CIP), the Solvent 

SHared Ion Pair (SSHIP) and the Solvent Separated Ion Pair (SSIP) state. The bidentate 

CaC2O4 CIP corresponds to the most stable configuration for the calcium-oxalate ion pair 

system. The observation of a few discrepancies between two simulation techniques has 

suggested that these differences could be a failing of the DFT functional (PBE-D3) used in 

the AIMD simulation or an aspect where the force field model for the aqueous calcium 

oxalate systems could be improved in future work. Further applying the force field model to 

study other aqueous calcium oxalate systems, investigations of neutral and charged calcium 

oxalate clusters in water have been performed in two ensembles (NPT and NVT) by different 

simulation techniques. Simulation results indicate that the calcium oxalate critical nucleus 

(Nnucleus) most likely includes a very small number of ions, with the range of 5 ≤Nnucleus≤7. In 

addition, beyond aqueous systems, an examination of possible candidate atomic 

configurations of calcium oxalate anhydrous (COA) by ab initio quantum mechanical 

methods has been performed. A comparison between three hypothetical COA models and 

synchrotron in situ variable temperature X-ray diffraction experiments has indicated that the 

structure of the unknown α-COA is very close to one of the proposed models. As a result, this 

study has shed light on the initial speciation and cluster formation of calcium oxalate in water, 

as well as on the structures and stability of the solid anhydrous phase. 
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Chapter 1 Background  

1.1 Introduction  
In this chapter, firstly, an introduction to biomineralisation will be presented. This is then 

followed by a brief literature overview of the specific case of calcium oxalate as a 

(bio)mineral. Subsequently, in Section 1.4, theories of mineral nucleation will be briefly 

discussed. Finally, in Section 1.5, a brief overview of computational studies on the nucleation 

and growth of mineral crystals will be presented.  

1.2 Biomineralisation  
Biomineralisation (biological mineralisation) is the process where living organisms (i.e. 

plants, animals, etc.) play an important role in directing the formation of biominerals, and it is 

widespread in nature.1-8 In general, there are two main kinds of biomineralisation: One is 

biologically-induced mineralisation where the biominerals are formed as byproducts, and the 

other is biologically-controlled mineralisation where the formation of biominerals is regulated 

by organisms. The biominerals yielded from induced biomineralisation always have similar 

properties to the corresponding minerals producing in non-biological systems, while 

controlled biomineralisation quite often results in unique functional biominerals. For instance, 

many living organisms precipitate mineral phases for tissues such as bones, teeth, shells, etc., 

and can also utilise these functional biominerals to strengthen/support the tissues. The organic 

matrix can control the nucleation and growth of the biominerals. For such cases, nucleation of 

biominerals during a biomineralisation process may occur with relatively complex 

mechanisms, as well as the crystal growth being quite often a multi-stage process.9-14 

Moreover, there is increasing evidence that shows that many mechanisms of biomineralisation 

cannot be easily explained by classical crystallisation theory. In particular, the recent 

discovery of dense liquid phases15-20 and stable prenucleation clusters12,21-26 has not only 

considerably advanced our understanding of the very early stages of biomineralisation, but 

also indicates that the non-classical nucleation pathways may occur. 

Research into biomineralisation has attracted significant attention during the past century 

for various reasons.3,4,8,27-29 Firstly, as stated above, complex molecular mechanisms are 

involved in biomineralisation and much remains uncertain; for instance, where and how the 

biomineral nucleation occurs, how the crystal growth mechanisms change under various 

conditions, what affects the generation/selection of polymorphs for a certain biomineral in the 

biological systems, and so on. Secondly, the biominerals produced from the controlled 

biomineralisation typically have functional structures, complex morphologies and unique 
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properties, such that the information from the formation of these biominerals may be 

applicable to design new classes of novel materials. Meanwhile, the knowledge of the self-

assembly processes in biomineralisation paves the way for applications in nanotechnology. 

Thirdly, understanding the process of biomineralisation can have implications for global 

problems, such as ocean acidification. Oceans have the ability to absorb carbon dioxide (CO2) 

from the atmosphere, and increasing CO2 uptake leads to increasing ocean acidification.29 

When CO2 enters the oceans, it can react with seawater to form carbonic acid (H2CO3) 

(equation 1.1). H2CO3 is very unstable, and it can dissociate to form bicarbonate (HCO3
-) 

(equation 1.2) and further dissociate to carbonate (CO3
2-) (equation 1.3), resulting in a 

decrease of the pH in the oceans. At the same time, the increasing hydrogen ion concentration 

can lead to the formation of HCO3
- through consuming calcium carbonate (CaCO3) (equation 

1.4), which may threaten the ocean organisms that depend on the protective shells made of 

calcium carbonate minerals. Last, but not least important, the imbalance of ion levels can 

result in insoluble precipitates where mineralisation is undesirable. Understanding the 

mechanisms of pathological mineralisation would undoubtedly shed light on finding more 

effective therapies for treatments.28,30   

 

                         CO2(g) +H2O(l) *) H2CO3(aq) (1.1)  

                            
H2CO3(aq) *) H+

(aq) +HCO�
3(aq) (1.2)

 

                                   
HCO�

3(aq)
*) H+

(aq) + CO2�
3(aq) (1.3)

 

              
CaCO3(s) +H+

(aq)
*) Ca2+(aq) +HCO�

3(aq) (1.4)
 

 
Biomineralisation yields different kinds of biominerals, since they can be present in the 

form of crystalline or amorphous materials in biological systems. Due to the presence of an 

organic matrix, a very close relationship exists between inorganic and organic components 

during the formation of biominerals. Typically, the function of biominerals depends on their 

morphology, size, chemical composition, and so on. In nature, one important class of 

biominerals is silica-based.31 The process of creating silica-based biominerals is called 

silicification, and it is of widespread occurrence. For instance, diatoms convert soluble silicic 

acid to amorphous silica, as well as using biomineralisation to create silica cell walls for 

protection, etc.. Beyond the silica-based family, biominerals can also be carbonates, oxalates, 

sulphates, phosphates, oxides, hydroxides, chlorides, fluorides, and so on, coupled with a 

number of metal ions, i.e., Ca2+, Mg2+, Ba2+, Na+, K+, Fe3+/Fe2+, Mn2+, Cu2+, etc..3 Among 

these families of biominerals, there is no doubt that the calcium ion is the most frequent 
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inorganic element. The predominance of calcium-based biominerals might be associated with 

the relatively high concentration of calcium in organisms.1,4 Similar to the case in 

silicification, the phenomenon of formation of calcium-based biominerals is referred to as 

calcification.  

For calcification, firstly, take the extensively studied and the most prominent biomineral, 

calcium carbonate, for example, which forms in most organisms and is a major component of 

marble, shells, limestone, and so on. A number of studies have evidenced that the non-

crystalline phase amorphous calcium carbonate (ACC) exists and exhibits 

polyamorphism.24,32-36 Moreover, ACC has also been found to be critical to calcium storage or 

structural construction in organisms,37-39 in which it can exist in the form of either transient or 

stable biogenic ACC phases, depending on the particular organisms, water content, and 

whether it is in cooperation with the other components such as the magnesium ion, phosphate, 

and so on. Meanwhile, a number of X-ray studies have shown that ACC exhibits 

characteristic short-range order.37,38,40,41 In addition, Raman and infrared spectroscopy has 

shown that there are significant structural differences between transient and stable biogenic 

ACC phases, as the stable ACC phase is hydrated while the transient one is, in general, 

anhydrous.42 Furthermore, ACC has also been suggested as a possible precursor phase before 

the formation of other calcium carbonate crystalline phases during biomineralisation.40,41,43-45 

According to the reported studies,14,46,47 crystalline phases of calcium carbonate (CaCO3) can 

exist as three different polymorphs, namely trigonal calcite, orthorhombic aragonite and, 

much more rarely, hexagonal vaterite, adopting many different morphologies. One recent 

study has also reported that multiple nucleation pathways are observed from ACC to other 

crystalline phases.48  

Apart from calcium carbonate, particular attention has been paid to another common 

family of calcium-based biominerals, calcium phosphates, which typically occur as 

principally inorganic composites in biological hard tissues like bones and teeth.30,49-51 

Depending on the conditions, a number of calcium phosphates might be formed ranging from 

the thermodynamically unstable amorphous calcium phosphate (ACP), to monocalcium 

phosphate (MCP), dicalcium phosphate (DCP), dicalcium phosphate dihydrate (DCPD), 

tricalcium phosphate (TCP), octacalcium phosphate (OCP), to the most stable crystalline 

phase, hydroxyapatite (HAP). As in the case of calcium carbonate, the role of ACP has also 

been suggested as a possible precursor to other crystalline phases, particularly to HAP in 

aqueous environments.52-59 Calcium phosphates have attracted much attention not only due to 

their structural functions in organisms, but also their medical significance.30,60-62 There are 

pathological occasions, in which inappropriate calcium phosphate (often together with other 

compositions) forms in biological systems (e.g. humans, mammals) resulting in serious 

problems, such as arteriosclerosis, dental and urinary calculus, and so on.30,60,61,63-66 Typically 
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the process of uncontrolled formation of inappropriate biominerals in organisms is called 

pathological mineralisation. Undoubtedly pathological mineralisation is a result of the 

imbalance of ion levels leading to insoluble precipitates where mineralisation is undesirable, 

and in fact it can occur in both hard and soft tissues.  

In addition to calcium phosphates, another very important example for pathological 

mineralisation in humans is kidney stones, which affect many people worldwide nowadays 

and even has high potential risk of recurrence.28,67-73 Although kidney stones have been found 

to be of various types, approximately more than 70% are most common associated with the 

precipitation of calcium and oxalate, in the form of calcium oxalate monohydrate (COM) and 

calcium oxalate dihydrate (COD). Despite many kidney stones containing both calcium 

oxalate phases, a study has showed that COM occurs much more frequently compared to 

COD.74 Typically kidney stones are formed as a mixture of calcium oxalate (primary 

component) and calcium/magnesium/ammonium phosphates, etc.. Apart from these inorganic 

composites, in some cases, kidney stones are also composed of a very small fraction of 

organic matrix (i.e., proteins). Moreover, a number of studies have been suggested that the 

organic matrix may also play an important role in controlling/inducing kidney stones 

formation, either promoting or inhibiting it.68,75-82 Some might even exhibit dual roles, 

depending on the environment (i.e., concentration, pH, temperature, etc.) at the time of 

crystallisation.83-85 A pathway for the precipitation of calcium and oxalate in the present of 

urinary proteins is shown in Figure 1.1, which suggests the possible mechanism for kidney 

stone formation.28  

 

 
Figure 1.1 A possible pathway for the precipitation of calcium and oxalate during the kidney stones 
formation in humans, reproduced with permission from the work of Wesson et al..28 Copyright © 
(2007) Mineralogical Society of America.  
 

Although much progress has been made in understanding pathological mineralisation, to 

date problems are still encountered in designing effective medical methods to implement a 

permanent cure for kidney stones, as the actual mechanisms that controlling the formation are 
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still poorly understood. Hence, many efforts have been devoted to this field. A number of 

studies have been carried out to investigate the effects of additives on kidney stone formation, 

particularly in finding the various effective inhibitors to control the nucleation and growth of 

calcium oxalate, as it is the major phase in kidney stones. Indeed, many inhibitors, either 

natural or synthetic, for calcium oxalate crystallisation have been identified over the years. 

For instance, with the goal of investigating calcium oxalate/organic interactions, Wesson et al. 

studied the effect of a series of natural urinary molecules on calcium oxalate crystal growth.86-

88 These results suggested that some macromolecules, i.e., osteopontin (OPN), urinary 

prothrombin fragment 1 (UPTF1), nephrocalcin (NC), poly-L-aspartic (PA) etc., favoured 

COD formation in preference to COM, while others like human serum albumin (HSA) 

showed little effect. Later, more direct studies by Wesson et al. through real-time in situ 

atomic force microscopy (AFM) further showed that synthetic macromolecules, such as poly-

aspartic acid (polyD), poly-glutamic acid (polyE), poly-acrylic acid (polyAA), etc., exhibited 

strong inhibition on COM crystal growth and dissolution (Figure 1.2).89-91 Further support for 

the role of poly-acrylic acid (PAA) and its inhibition effect on COD crystallisation was given 

by the study of Thomas et al., using both microscopy techniques and atomic simulations. As 

presented in Figure 1.3, the results showed that with increasing concentration of PAA, 

stronger inhibition of the growth rate of COD was observed, and PAA was also found 

incorporated into the COD crystals. Meanwhile, COD exhibited various shapes with varying 

PAA concentration, ranging from bipyramidal-like, to dumbbell-like, to rod-like.92  

In addition to macromolecules, the role of citrate in the inhibition of calcium oxalate 

crystallisation has also been extensively studied over the years.93-99 Compared to 

macromolecules, studies indicate that citrate inhibits the formation of kidney stones 

moderately. However, due to citrate being a natural molecule known to exist in the urinary 

system, it has been widely used in the treatment for kidney stones. Apart from these organic 

additives, metal ions, i.e., Mg2+, Na+, K+, Fe3+, Al3+, Cr3+, etc., have also been suggested as 

growth inhibitors for calcium oxalate.97,100-102 
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Figure 1.2 AFM images of the (010) and (100) faces of calcium oxalate monohydrate (COM), and the 
inhibition of the step velocity along the [021], [12 ] and [001] directions, in the presence of polyAA, 
polyD and polyE, as well as COM morphology viewed along (010) face both experimentally and 
computationally. Adapted with permission from the work of Jung et al..91 Copyright © (2004) 
American Chemical Society.  

 

 
                                          (A)                                                                 (B) 
Figure 1.3 Effect of poly-acrylic acid (PAA) on calcium oxalate dihydrate (COD) crystallisation, with 
increasing PAA concentrations: (A) SEM (left) and TEM (right) images of COD crystals; (B) 
illustration of the COD morphology changes with different amounts of PAA within the crystals. 
Reproduced with permission from the work of Thomas et al..92 Copyright © (2012) WILEY-VCH 
Verlag GmbH & Co. kGaA, Weinheim.  
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Beyond single inhibitors, more recently the cooperative growth inhibition effect of 

natural inhibitors, containing a high percentage of anionic functional groups, has been studied 

for the COM crystallisation process.76 Four inhibitors, chondroitin sulfate A (C4S), bovine 

serum albumin (BSA), citrate, and transferrin (Tf), were used, with the inhibition order of 

C4S>BSA>citrate≥Tf (Figure 1.4(A)). However, combinations of different pairs of inhibitors 

exhibited different levels of inhibition, as shown in Figure 1.4(B). Some pairs like C4S-BSA 

were synergistic, which generated a stronger inhibition than either individual one, while some 

even exhibited antagonistic behaviour, such as the combination of BSA and citrate. More 

interestingly, the combination of a very effective inhibitor, C4S, with a much weaker one, Tf, 

resulted in an enhanced inhibition effect greater than for the C4S-citrate pair, and even had a 

similar inhibition effect to the C4S-BSA pair (Figure 1.4(B)). However, this was not the case 

for BSA and Tf. Moreover, the combination of two effective inhibitors, namely BSA and 

citrate, led to no significant improvement in inhibition of COM crystallisation. If we consider 

the earlier study of Qiu et al.,77 here an OPN and citrate paired inhibitor was used during 

COM crystallisation. This study demonstrated that an enhanced inhibition effect was observed, 

compared to the situation in which only OPN acts. Therefore, in order to achieve a better 

inhibition effect, it is important to select suitably paired inhibitors to act cooperatively, as not 

all combinations can work well. In general, different inhibitors may affect the calcium oxalate 

crystallisation in either a similar or unique way.  

 

 
Figure 1.4 Growth inhibition effect of natural inhibitors for the COM crystallisation process: (A) 
single inhibitors; (B) paired inhibitors. Adapted with permission from the work of Farmanesh et al..76 
Copyright © (2014) American Chemical Society. 

1.3 Calcium Oxalate   
Research into the phases of calcium oxalate has attracted significant attention during the 

past few decades for various reasons;28,103-107 Firstly, as already mentioned in Section 1.2, 

calcium oxalate exhibits pathological mineralisation, as it is the major component in kidney 
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stones. Secondly, calcium oxalate is an insoluble organic calcium salt that is abundant in 

organisms. It particularly has a widespread occurrence in many species of plants such as 

spinach, rhubarb, fungi, lichens, cactus, and plays various functions. Thirdly, the molecular 

mechanisms of the formation of calcium oxalate, particularly the nucleation and growth, the 

phase transformations, the polymorphism, etc., are still poorly understood. To date calcium 

oxalate phases, ranging from amorphous,108-110 to anhydrous,111-115 to hydrates,116-121 have been 

identified experimentally and computationally. For hydrates,116-121 similar to other biominerals, 

crystalline phases of calcium oxalate occur in a variety of morphologies and have varied 

properties. In nature, there are three types of calcium oxalate crystals with various levels of 

solubility and hydration, namely whewellite (calcium oxalate monohydrate), weddellite 

(calcium oxalate dihydrate), and more rarely caoxite (calcium oxalate trihydrate), caused by 

the natural environments in which each species grows.   

The monohydrate form of mineral calcium oxalate, whewellite, occurs as the most stable 

form of calcium oxalate in nature.13,103,104,106,122 According to the reported studies, whewellite 

has three polymorphs. Two of them, which have monoclinic structures, were labelled by 

Deganello as the basic structure and derivative structure (found below 318 K).118,121 Studies 

also showed that the transition between these two polymorphs was reversible in the 

temperature range from 293 K to 425 K. The basic structure belongs to space group I2/m, 

with a=9.978 Å, b=7.295 Å, c=6.692 Å, β=107.07°, while the low temperature derivative one, 

loses the 2/m symmetry and has a doubled unit cell parameter b (14.588 Å), causing the space 

group to change from I2/m to P21/c. Subsequently, Tazzoli et al. reexamined the derivative 

structure by further locating the positions of some hydrogen atoms, and refined the unit cell 

parameters to a=6.290 Å, b=14.583 Å, c=10.116 Å, β=109.46°, but using a different unit cell 

choice compared to Deganello’s definition.116 Later, in order to locate all the hydrogen atoms 

within the derivative structure, another investigation was performed at 123 K by Echigo et 

al..120 The derivative structure was then refined to a=6.250 Å, b=14.471 Å, c=10.114 Å, 

β=109.98°, following Tazzoli’s unit cell choice.  

In addition to the basic and derivative structures, a third phase was only produced from 

the dehydration of mineral weddellite, having the orthorhombic structure with a=12.088 Å, 

b=10.112 Å, c=14.634 Å, and α=β=γ=90°.123 Compared to the other two COM polymorphs, 

this phase exhibited structural similarity to weddellite, largely indicating that a topotactic 

reaction might occur during the dehydration process. Moreover, depending on the conditions 

at the time of crystallisation, crystals of mineral whewellite exhibit a variety of morphologies 

such as needle-like, prismatic-like, tetrahedron-like (Figure 1.5), as well as occurring 

commonly as twins.124-132 In terms of the structural characteristic, whewellite exhibits a sheet 

framework, as shown in Figure 1.6.   
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Figure 1.5 Some SEM images of mineral whewellite crystal shapes: (a) seed coat of bean; (b) sugar 
beet leaf tissues; (c-d) Pistia tissues; (e) Peperomia tissues. Reproduced with permission from the work 
of Stephen.104 Copyright © (2012) Blackwell Publishing Ltd., The Geologists Association & The 
Geological Society of London.  
 

 
Figure 1.6 Crystal structure of whewellite viewed along x-axis (assumes that x-axis is normal to the 
page). Green spheres represent Ca2+, silver and red spheres represent carbon and oxygen in oxalate 
groups, respectively. Crystalline water molecules are represented by light blue spheres.  
 

The dihydrate form of mineral calcium oxalate, weddellite, was reported to crystallise in 

the tetragonal space group I4/m.117 Although weddellite is a metastable form of calcium 

oxalate, it commonly occurs in nature.13,103,133-139 In terms of the structural features, weddellite 

exhibits a distinctive channel structure (Figure 1.7), rather than the sheet structure in 

whewellite (Figure 1.6). In most cases, there is zeolitic-like water in the channel (shown as 

magenta spheres without hydrogen atoms in Figure 1.7), with the suggested formula as 
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CaC2O4 � (2+x)H2O (0≤x≤0.5). Earlier work by Sterling indicated that the maximum 

occupancy of zeolitic-like water (x) should be no more than 0.5.117 Subsequently, Tazzoli et 

al. measured that x was possibly equal to 0.37,116 followed by the work of Izatulina et al., 

where they rescaled the x values ranging from 0.13 to 0.37.140 However, in the most recent 

study, the formula has been argued to be CaC2O4�(2.5-x)H2O (0≤x≤0.25) where the mineral 

weddellite has been reported to be in a coral reef for the first time, and had x=0.25.135 In 

general, according to the reported studies, there is no doubt that these additional zeolitic-like 

water molecules in weddellite are mobile, coordinating with other crystalline water molecules 

to stabilise the crystal framework. In such a way, the zeolitic-like water is able to leave 

weddellite when the crystal is dried, then it has the chemical composition CaC2O4⋅2H2O.141 

Meanwhile, weddellite can occur together with the more thermodynamically stable phase, 

whewellite, which may be associated with the fact that whewellite can be easily produced 

from weddellite as a result of dehydration.13,104,139,140 Tetragonal weddellite and monoclinic 

whewellite not only differ in stability and structure, but also crystal morphology and 

properties. Take cepalocereus cells for example; as the SEM images shown in Figure 1.8, 

weddellite exhibits a number of morphologies, i.e., spherical, plate-like, prismatic, and so on, 

different from those in whewellite (Figure 1.5).133 Compared to whewellite, studies also have 

shown that weddellite exhibits unique optical properties. This phenomenon was not only 

observed from plant tissues (Figure 1.9(a)),133 but also from kidney stone samples (Figure 

1.9(b)).140   

 

 
Figure 1.7 Crystal structure of weddellite with zeolitic-like water viewed along z-axis (assumes that z-
axis is normal to the page). Colours are defined as in Figure 1.6 for calcium, oxalate, and crystalline 
water molecules. Oxygen atoms in additional zeolitic-like water molecules in the channel are 
highlighted in magenta. 
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Figure 1.8 SEM images of mineral weddellite crystal morphologies: (A-C, E-I) Cephalocereus 
nizandensis; (D, J-L) Cephalocereus totolapensis. Reproduced with permission from the work of 
Bárcenas-Argüello et al..133 Copyright © (2015) Elsevier Ltd.  
 

       
(a)                                                                              (b) 

Figure 1.9 Optical property of weddellite, using polarized light: (a) Cephalocereus apicicephalium cell, 
reproduced with permission from the work of Bárcenas-Argüello et al..133 Copyright © (2015) Elsevier 
Ltd., (b) kidney stones sample, reproduced with permission from the work of Izatulina et al..140 
Copyright © (2014) Mineralogical Society of America. 
 

The trihydrate form of mineral calcium oxalate, caoxite, was found to crystallise in the 

triclinic space group P .119,142 Caoxite is another metastable form of calcium oxalate, and 

actually it is much less stable than weddellite, with the thermodynamically stability order of 

whewellite > weddellite ≥ caoxite. Due to the instability, the occurrence of caoxite is much 

less than the other two hydrates in nature, so it is no wonder that caoxite is rarely found. The 

first natural caoxite was found in Italy many years after the synthetic one was reported, 

occurring together with other minerals such as barite, manganese oxide, quartz, etc..119 The 

colourless and transparent mineral caoxite exhibited plate-like morphology as isolated or 

spherical aggregation, as shown in Figure 1.10, with a=6.097 Å, b=7.145 Å, c=8.434 Å, and 

α=76.54°, β=70.30°, γ=70.75°. In terms of the structural characteristics, caoxite exhibits a 
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similar sheet structure to whewellite (Figure 1.11; Figure 1.6), but with the adjacent calcium-

oxalate chains connected by the interlayer water molecules instead, rather than intralayer 

water in whewellite. Clearly, the weak hydrogen bonds play a key role in constructing the 

framework of the unstable trihydrate form. Therefore, once there are external conditions, i.e., 

high temperature, the hydrogen bonds network would easily break, as some interlayer water 

molecules would leave the crystal, leading to a transformation to other possible structures. 

Based on this consideration, caoxite was long speculated as a precursor to the formation of 

both whewellite and weddellite, especially for the precipitation of kidney stones,143-145 

whereas some of the studies argued for a direct phase transformation between caoxite and 

weddellite.120,146 Nevertheless, until now, whether there is phase transformation between 

weddellite and caoxite is still poorly understood, as the actual mechanism is unclear. 

Furthermore, one of the most recent studies of synthetic calcium oxalate trihydrate showed a 

high degree of crystal aggregation, occurring together with monohydrate and dihydrate forms 

(Figure 1.12(c)).147 The separated trihydrate crystals exhibit distinctive morphologies such as 

elongated sword-like (Figure 1.12(a)) and hexagonal-like (Figure 1.12(d)). Meanwhile, the 

microscopy measurements also confirmed the instability of calcium oxalate trihydrate, as the 

crystals quickly decayed under the electron beam within a few minutes (Figure 1.12(b)).    

 

      
(a)                                                                                   (b) 

Figure 1.10 SEM images of natural caoxite: (a) elongated plate-like; (b) spherical aggregate. 
Reproduced with permission from the work of Basso et al..119 Copyright © (1997) E. 
Schweizerbart'sche Verlagsbuchhandlung. 
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Figure 1.11 Crystal structure of caoxite viewed along z-axis (assumes that z-axis is normal to the 
page). Colours are defined as in Figure 1.6 for calcium, oxalate, and crystalline water molecules. 
 

 
Figure 1.12 SEM images of (a) elongated sword-like synthetic calcium oxalate trihydrate crystals; (b) 
synthetic calcium oxalate trihydrate crystals decayed after a few minutes under the electron beam; (c) 
aggregation of calcium oxalate monohydrate and dihydrate on the surface of trihydrate crystals; (d) 
hexagonal-like synthetic calcium oxalate trihydrate crystals. Reproduced with permission from the 
work of Conti et al..147 Copyright © (2015) Elsevier B.V.  
 

Considering the anhydrous phase, it readily adsorbs water molecules from the 

atmosphere, so it is no wonder that it does not exist in nature. At present, reported structural 

information for the phases of anhydrous calcium oxalate (COA) is extremely limited. 

According to the reported studies in the 1960s by Walter-Lévy and Watelle-Marion et al., 

three temperature-dependent COA polymorphs were suggested from the dehydration of the 
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minerals whewellite and weddellite, and labelled as α-, β-, and γ-COA.111-115 However, the 

crystal structures of α-COA and γ-COA are still unknown, while that of β-COA has only been 

reported recently through a combination of computer simulations and Rietveld refinement of 

XRD data.115 This form of calcium oxalate, β-COA, has been assigned to the monoclinic 

space group P2/m, and has the possible structure as shown in Figure 1.13.  

 

 
Figure 1.13 Crystal structure of β-COA viewed along y-axis (assumes that y-axis is normal to the 
page). Colours are defined as in Figure 1.6 for calcium and oxalate. 
 

Amorphous calcium oxalate (ACO) has only been observed experimentally in the past 

decade, and has also been suggested as a possible precursor for the other crystalline phases, as 

in the cases of amorphous calcium carbonate and calcium phosphate (Section 1.2). ACO was 

reported that it could be synthesised in either anhydrous or hydrated forms. The earlier SEM 

study by Hajir et al.108 showed that transparent gel-like stable anhydrous ACO nanoparticles 

could be generated from an ethanol system in the absence of additives at ambient temperature 

(Figure 1.14), with a size of approximately 10 nm and spherical shape. Subsequently, using 

an ionic liquid to replace ethanol, Gehl et al.109 synthesised approximately 15-20 nm stable 

anhydrous ACO spherical nanoparticles, as shown in Figure 1.15. The amorphous feature of 

the obtained particles was further confirmed by electron diffraction (Figure 1.15(e)). 

Anhydrous ACO, either from ethanol or ionic liquid could exist stably under dry conditions, 

however, in the presence of water, it finally transformed into one of the stable crystalline 

phases, calcium oxalate monohydrate. Apart from anhydrous ACO, hydrated ACO, with a 

size ranging from 10 nm to 50 nm, was reported to precipitate in aqueous systems (Figure 

1.16).110 In the presence of poly-acrylic acid (PAA), ACO always precipitated together with 

other calcium oxalate crystalline phases and could not easily be isolated, while when used 

confined volumes, pure ACO could form in solution with a suggested formula of 

CaC2O4⋅H2O.  
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Figure 1.14 (a) precipitation of calcium and oxalate in water (H2O) and in ethanol (EtOH), respectively; 
(b) gel-like amorphous calcium oxalate generated from ethanol system; (c-d) SEM images of 
amorphous calcium oxalate. Reproduced with permission from the work of Hajir et al..108 Copyright © 
(2014) Royal Society of Chemistry.  
 

 
Figure 1.15 (a-f) TEM images of amorphous calcium oxalate. Reproduced with permission from the 
work of Gehl et al..109 Copyright © (2015) WILEY-VCH Verlag GmbH & Co. kGaA, Weinheim. 
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Figure 1.16 (a-b) SEM and TEM images of amorphous calcium oxalate yielded within confined 
volumes; (c) the electron diffraction pattern of amorphous calcium oxalate. Adapted with permission 
from the work of Ihli et al..110 Copyright © (2015) American Chemical Society. 

1.4 Theories of mineral nucleation 

1.4.1 Introduction 

In this section, we will turn our attention to the mineral nucleation. Firstly, classical 

nucleation theory will be briefly discussed, as it is the conventional theory to understand the 

nucleation of crystals. Subsequently, a few specific mineral examples beyond classical 

nucleation theory will be presented, since other nucleation behaviours have been observed 

from both experiments and computer simulations in the past few decades, and new ideas of 

nucleation of crystals has been proposed. 

1.4.2 Classical nucleation theory 

Classical nucleation theory (CNT) was originally proposed in 1930s148 on the basis of 

Gibbs nucleation theory for the formation of small liquid droplets in gases,149,150 and it has 

since become the most common theory to understand the nucleation of crystals, i.e., from 

species in solution to solids. CNT is an approximate theory and was built on several 

assumptions: i) the nucleus has the same macroscopic properties, i.e., composition, density, 

structure as the final stable bulk phase; ii) the nucleus is of spherical shape, and there is sharp 

boundary between the nucleus and the solution; iii) the liquid interface is treated as planar, 

and independent of the critical nucleus size (also known as the capillary assumption).  

For the homogeneous crystallisation process from solution, there is no doubt that 

nucleation is one of the most fundamental steps, occurring as the generation of a new 

thermodynamic phase from the initial solution phase; in other words, the new emerging phase 

has a lower free energy than the old solution phase, resulting in the transformation from one 

phase to the other. From a classical point of view, the free energy change (ΔG) in 

homogeneous nucleation is associated with the formation of nucleus, arising from two key 

energy contributions. One is the negative contribution from the bulk (Gb) that acts to promote 
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the formation of crystal (green curve in Figure 1.17), and the other is the positive 

contribution from the interfacial term (Gi) that disfavours the growth of nucleus instead (red 

curve in Figure 1.17). The interfacial energy scales with the surface area (A) of the emerging 

nucleus, while the bulk energy is proportional to the volume (V) of the forming nucleus. 

Taking the simplest case, for example assuming there is a spherical nucleus with radius r in 

such a way that the free energy change ΔG of creating a nucleus can be expressed as;  

 

�G = Gb(V ) +Gi(A) =
4⇡

3
r3
✓
�µ

V

◆
+ 4⇡r2↵ (1.5)

 

where V is the volume per molecule, Δµ is the change in chemical potential, and α is the 

interfacial energy. In equation 1.5, it can be seen that bulk energy and interfacial energy vary 

with the cube and the square of r, respectively. However, note that in the real cases, the shape 

of nucleus is not limited to a sphere; it can also be a cubic, prismatic, polyhedral, and so on. 

 

 
Figure 1.17 An illustration of free energy change as a function of nucleus radius. In the figure, rcrit 
corresponds to the critical nucleus size, and ΔGex is the maximum free energy barrier of nucleation. 
Reproduced with permission from the work of Gebauer et al..21 Copyright © (2014) The Royal Society 
of Chemistry.  
 

The application of CNT indicates that the occurrence of nucleation actually needs to 

overcome a free energy barrier by random fluctuations. In principle, this free energy barrier 

should be associated with both kinetic and thermodynamic contributions. However, within the 

framework of CNT, the capillary assumption is widely applied, which actually ignores the 

kinetic barrier to the nucleation. Therefore, based on the capillary approximation, the rate of 
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nucleation (J) is approximately considered as only associated with thermodynamic barrier and 

is given by;  

 

J = Aexp
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ex
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B

T

◆
(1.6)

 
 

where A is a pre-factor that depends on many parameters and varies from system to system, kB 

is the Boltzmann constant, and T is the absolute temperature. ΔGex is referred to as the 

thermodynamic nucleation barrier shown in Figure 1.17. The nucleation barrier also 

corresponds to a critical nucleus size (rcrit in Figure 1.17), where the first derivative of the 

free energy change equals to zero, and the system is actually in an unstable state. For a 

nucleus size under rcrit, the free energy is lowered by dissolution. Whereas for the nucleus size 

above rcrit, further crystal growth becomes energetically favourable, as the addition of more 

molecules actually lowers the free energy of the system instead. The nucleation barrier is 

significant to the situation where the nucleation occurs at low supersaturation. However, for 

cases at high supersaturation, this nucleation barrier vanishes, leading to the nucleation being 

affected by other factors such as density, the rate of transport of energy or mass.151,152  

Beyond homogeneous nucleation, another common mechanism is heterogeneous 

nucleation, in which similar principles of CNT are applied. For heterogeneous nucleation 

from solution an additional phase is added into the system, and is used as the preferential 

nucleation site. This additional phase typically lowers the nucleation barrier and in turn 

increases the nucleation rate. Meanwhile, the nucleation event can occur at lower 

supersaturation. Given that the nucleation barrier is reduced, it is also possible that the 

additional phase alters the dynamics and pathways of crystals formation. Compared to 

homogeneous nucleation from solution, heterogeneous nucleation is might associated with 

three kinds of interfacial free energy. One is the interfacial energy between the new phase and 

the initial solution phase, which is the same definition as in homogeneous nucleation, while 

another two are: the interfacial energy between the new phase and the additional phase; the 

interfacial energy between the additional phase and the solution.  

In general, the nucleation of crystals is described well by CNT. However, there are 

several situations where simplistic CNT fails, i.e., more recently the observations of the multi-

stage nucleation pathways,48,153,154 the discovery of the dense liquid phases15-20 and stable 

prenucleation clusters12,21,25,26. There is no doubt that CNT provides one of the possible 

pathways available to nucleation of crystals, however, these new nucleation phenomena have 

increasingly challenged the classical point of view, indicating that non-classical nucleation 

pathways may occur, and have continuing led to the consideration of extensions to the 

conventional CNT. In the following section, as an example for the new ideas of the nucleation 
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of crystals, the discovery of the stable prenucleation clusters for some minerals will be 

presented.  

1.4.3 Stable prenucleation clusters 

In recent years, much attention has also been paid to the very early stages of calcium 

carbonate growth. For instance, Gebauer et al.26 has reported the discovery of prenucleation 

calcium carbonate clusters, and has proposed possible pathways for the association of calcium 

and carbonate in the prenucleation stages (Figure 1.18). The study has shown that stable 

prenucleation calcium carbonate clusters are pH dependent. More importantly, there is no 

phase boundary detected for these clusters. However, the cluster structure remains unknown 

from experiment. Later, Demichelis et al.25 used molecular dynamics simulations to explore 

the possible prenucleation calcium carbonate clusters structure in solution. The simulation 

results showed that these clusters are dynamically ordered liquid-like ionic polymers, and 

they can frequently break and reform to explore various configurations with similar free 

energy (Figure 1.19). These observations from both experiments and computer simulations 

shed new light on the knowledge of the nucleation pathways, as favourable ion association 

occurs before nucleation, and without the formation of a phase boundary. Meanwhile, the 

formation of stable prenucleation calcium carbonate clusters in the early stages also implies 

that non-classical nucleation mechanisms can occur, and leads to the reconsideration of the 

nucleation pathways of calcium carbonate. 

 

 
Figure 1.18 Possible pathways for the process of calcium carbonate precipitation, reproduced with 
permission from the work of Gebauer et al..26 Copyright © (2008) American Association for the 
Advancement of Science.  
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Figure 1.19 Configurations of stable prenucleation calcium carbonate clusters observed from 
molecular dynamics simulations. Calcium ions are represented by green spheres, while carbon and 
oxygen atoms within the carbonate groups are represented by cyan and red spheres, respectively. 
Reproduced with permission from the work of Demichelis et al..25 Copyright © (2011) Nature 
Publishing Group.  
 

In addition, Dey et al.12 have recently reported finding prenucleation calcium phosphate 

clusters in solution through a surface-controlled process. According to this work, calcium 

phosphate crystallisation experiences five stages in solution (as shown in Figure 1.20). This 

starts from calcium and phosphate ions→ion aggregation to form prenucleation calcium 

phosphate clusters (stage 1)→prenucleation calcium phosphate clusters are observed in the 

presence of the monolayer (stage 2)→further ion aggregation and packing of assemblies of 

prenucleation calcium phosphate clusters near the monolayer (stage 3)→nucleation of the 

ACP phase at the monolayer surface (stage 4)→surface-controlled calcium phosphate 

crystallisation (stage 5). Similar to the case of calcium carbonate, the aggregation-based non-

classical nucleation mechanisms seem likely to also apply for the calcium phosphate surface-

induced crystallisation in solution, which actually further supports the role of non-classical 

nucleation in biomineralisation.  
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Figure 1.20 Illustration of the different stages of surface-controlled calcium phosphate crystallisation 
in solution, reproduced with permission from the work of Dey et al..12 Copyright © (2010) Nature 
Publishing Group. 

1.5 A brief overview of computational studies on the 

nucleation and growth of mineral crystals  
The knowledge of the nucleation and growth of mineral crystals is of considerable 

importance to understand biomineralisation processes. Undoubtedly we can control and 

observe nucleation and growth of crystals through experiments, however, we cannot easily 

fully understand the nucleation process at an atomistic level. For such situations, computer 

simulation is a very powerful approach that can potentially understand nucleation, and the 

very early stages of crystal growth, in a way that complements experimental methods. To 

capture the important phenomena involved in biomineralisation, methods ranging from ab 

initio calculations to force field simulations have been applied. Currently, computational 

techniques, such as molecular dynamics (MD) and Monte Carlo (MC), have been quite often 

used to study nucleation phenomena.155-162  

In the past decades, a number of studies have proved that MD simulation using a force 

field is typically a powerful method to study the nucleation and early stages of crystals growth 

in aqueous solution, particularly when coupled with related enhanced sampling techniques 

such as umbrella sampling,163 metadynamics164, transition path sampling165, and so on. Some 

examples are: Demichelis et al.25 investigated the early stages of calcium and carbonate 

association, and reported prenucleation calcium carbonate clusters were found to be in the 

form of dynamically ordered liquid-like oxyanion polymer in water. These dynamic 

prenucleation clusters were held together by ionic interactions, and explored a number of 

different configurations via frequently breaking and reforming during the simulations. Ma et 

al.166 used different phosphate ion systems, namely hydrogen phosphate ions and a 

combination of phosphate and hydroxyl ions, to study the very early stages of calcium 
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phosphate formation in water. The observation of the interactions between the hydroxyl ions 

and the calcium ions suggested the important role the hydroxyl ion played in the formation of 

hydroxyapatite. Quigley et al. showed that the relative stability between an ACC nanoparticle 

of 75 CaCO3 formula units and calcite depended on the simulation conditions,167,168 as at 

constant density the amorphous phase is more favourable, while at constant pressure 

crystalline calcite is the most stable structure. However, this phenomenon was not observed 

for larger ACC nanoparticles of 192 and 300 CaCO3 formula units, since it always presented 

as a metastable phase during the simulations. Based on Quigley et al.’s studies, Freeman et al. 

proposed the potential nucleation mechanism that protein ovocleidin-17 favoured the 

transition from ACC to a calcite crystallite as a catalyst.169 The presence of ovocleidin-17 

changed the free energy landscape of ACC dramatically, as well as the nucleation pathway. 

Meanwhile, the simulations also indicated that ovocleidin-17 absorbed on to ACC to 

influence the nucleation, but desorbed from calcite when it grew. Moreover, Raiteri et al.24 

also investigated ACC nanoparticles of various sizes, ranging from 18 to 864 CaCO3 formula 

units. Their study showed that the hydration level of ACC was dependent on the size of the 

nanoparticle. More importantly, the simulations demonstrated that ACC nanoparticles are 

more stable than calcite nanoparticles of the same size up to 4 nm, and water was found to 

play a very important role in the non-classical nucleation pathway of ACC. Piana et al.170 

reported an investigation of the crystal growth mechanism of barite, suggesting that the 

desolvation of the barium sulfate surface or Ba2+ can be a key kinetic step in the crystal 

growth of barite. The difference in the nucleation rate of barite was found to be associated 

with the rate of the adsorption barium on the crystal surface. Similar kinetic mechanisms of 

crystal growth were also reported in the earlier study on calcite/water interface.171 

There are various mechanisms that have been studied in terms of controlling nucleation 

and crystal growth via organic molecules. Some examples of this by the application of MD 

simulations are: Pan et al.172 investigated the control of glutamic amino acids on 

hydroxyapatite morphology. Acidic glutamic acid exhibited inhibition of the growth of 

hydroxyapatite, and attached strongly to its (001) face, finally resulting in a plate-like 

morphology. Hernandez et al.173 studied the role of water on the adsorption of 

glycosaminoglycan saccharides to hydroxyapatite surfaces. For some adsorption sites, it was 

observed that water not only solvated the biomolecules, but also competed strongly with the 

biomolecules, forming a layer of water between the crystal surface and the organic molecules. 

Sand et al.174 used ethanol as an example to study the potential growth mechanisms of calcite 

being affected by OH-containing organic molecules. Ethanol was found to be favoured over 

water on the calcite surface in a low water environment, as a hydrophobic layer of highly 

ordered ethanol could form at the interface limiting the access of water. However, for the sites 

such as steps, the ordered structure of the ethanol layer was broken. Hug et al.175 reported the 
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interaction between osteopontin phosphopeptide with the COM surfaces, suggesting the 

inhibition of the further crystal growth could occur at either the terraces or the risers of 

growth hillocks. However, the preferred adsorption sites are on the more cationic calcium 

oxalate monohydrate surfaces, with the order of (100) > (121) > (010). Similarly, the (100) 

face of COM was also observed to be the most favourable adsorption site for inhibitors, such 

as citrate and glutamic acid.176,177  

Beyond force field-based MD approaches, more recently there is growing evidence 

showing that ab initio MD techniques would be another powerful method to study the 

nucleation and growth of mineral crystals. For instance, Di Tommaso et al.178 investigated the 

structure and hydration properties of calcium carbonate and calcium bicarbonate ion pairs in 

aqueous solution. The preferred number of water molecules accommodated in the first 

hydration shell of both CaCO3 and [Ca(HCO3)-] ion pair was five using the PBE functional. 

Hug et al.179 investigated the interactions of aspartic acid and phophoserine with COM 

surfaces using the BLYP functional. Without phophoserine, the attachment of aspartic acid to 

the crystal (100) surface was observed to be unstable, which actually further confirmed the 

importance of the presence of the phosphate functional group on the strong adsorption of the 

carboxyl group with the COM surface. These simulation results also validated the similar 

phenomenon observed for the interaction of osteopontin with COM using classical MD 

simulation.175 Moreover, Parvaneh et al.180 used PBE-D3 to investigate the growth 

mechanisms of COD in aqueous solution, in the presence of acetate. Although both (100) and 

(101) surfaces exhibited hydrophilic behaviour, strong binding with acetate was only 

observed for the (100) surface, no matter with or without adding Na+ ions. The simulation 

results indicated that, acetate could potentially inhibit the further crystal growth of COD 

through preferential absorption on the (100) surface. Furthermore, Motta et al.181 used PBE-

D2 to study the properties of water at the boehmite (101) surface, as well as the potential 

proton transfer mechanisms at the interface. The simulation results showed that approximately 

60% the interfacial water acted as hydrogen bond donors to the hydroxyl groups on the 

boehmite surface, while the rest of the interfacial waters were identified as hydrogen bond 

acceptors. The role of the interfacial water was also suggested to assist the proton transfers in 

the study.  

In summary, as the brief literature review above shows, computer simulations 

undoubtedly advance our understanding of the nucleation and growth of mineral crystals, 

which not only can shed light on the knowledge of biomineralisation processes at an atomistic 

level, but also lead to the development of new approaches in material sciences and new 

treatments for pathological mineralisation. Next, in Chapter 2, the focus is on the main 

computational methods involved in this study.  
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Chapter 2 Computational Methodology  

2.1 Introduction 
The primary methodology used in this study is that of atomistic computer simulation. 

Due to there being many computational methods available, it is impossible for a thesis chapter 

like this one to include all the computational methods in this field. So in this chapter the focus 

will be on the methods used in this study. The main computational methods involved are: i) 

quantum mechanics, ii) force fields.  

2.2 Quantum mechanics 

2.2.1 Schrödinger equation 

The starting point for quantum mechanics is that electrons are treated in terms of 

wavefunctions that relate to the probability distribution. For the evolution of a wavefunction 

with time, the full time-dependent Schrödinger equation is given as follows; 
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Here ħ is equal to Planck’s constant (h) divided by 2π, m is the mass of the electron, x, y and z 

are the coordinates in three-dimensional space, V is the potential energy term, and Ψ is the 

wavefunction, which contains information that various properties can be calculated from. Ĥ is 

defined as the Hamiltonian operator and takes the form as shown in equation 2.2.  

In cases where the potential is independent of time, the time-independent Schrödinger 

equation is given by: 
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If one combines equation 2.2 with equation 2.4, then the simplest form of time-independent 

Schrödinger equation is as follows; 
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bH (~r) = E (~r) (2.5)

m
(Energy operator) (~r) = (Energy) (~r) [EigenvalueEquation]  

 
Here Ĥ accounts for the kinetic and potential energy contributions to the total energy (E). 

From an eigenvalue equation point of view (equation 2.5), when Ĥ (energy operator) operates 

on Ψ, it returns to the same Ψ multiplied by the value of the total energy, E. Clearly, Ψ and E 

are the eigenfunction and eigenvalue of operator Ĥ, respectively. In other words, to solve the 

time-independent Schrödinger equation, one has to attempt to find the corresponding E and Ψ 

of the Hamiltonian. To determine E of a given system, one can calculate it from a given Ψ 

(equation 2.6): 

 

E =

R
 ⇤ bH d⌧R
 ⇤ d⌧

; d⌧ = dxdydz (2.6)
 

 
To obtain a suitable Ψ, as a first step, one has to guess an initial form of Ψ, then 

secondly, one attempts to find whether this proposed Ψ is better than others by using the 

variational principle.1,2 The key idea of the variational principle is that if E is calculated from 

the guessed wavefunction, then E is always overestimated relative to the true energy. So a 

better Ψ should give a lower energy. To obtain the lowest E, one needs to find a Ψ that 

minimises the value of E for a given system. Moreover, the Born interpretation of the 

electronic wavefunction (Ψ) suggests that a product of Ψ and Ψ* (Ψ*Ψ) corresponds to the 

electron density (ρ), which provides the probability of finding an electron at a single point. 

Electron density plays a key role in density functional theory, which will be discussed in 

Section 2.2.6. 

For the simplest one-electron systems, the Schrödinger equation can be solved exactly. 

For other systems, the solution to the Schrödinger equation is usually only an approximation 

to the real Ψ using the Born-Oppenheimer (BO) approximation.1,3 The key idea of the well-

known BO approximation is that the total molecular wavefunction (Ψtotal) can be separated 

into a product of two wavefunctions (equation 2.7); the nuclear wavefunction (Ψnuclei) and the 

electronic wavefunction (Ψelectron); 

 

 (total;BO) =  (nuclei) (electron) (2.7)  
 

In principle, the validity of the BO approximation depends on; i) the velocities of the 

nuclei being slow enough to permit the electrons to adjust completely to the motion of the 

nuclei instantaneously, ii) the motion of nuclei and electrons being decoupled or the coupling 
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between them is extremely small, and iii) energy should be well separated in terms of 

different electronic states of a given system.    

Starting from the Schrödinger equation, there are two major categories of quantum 

mechanical calculations, ab initio (first principles)4-13 and semi-empirical methods14-22. In the 

ab initio methods, one attempts to calculate all the integrals involved in the Hamiltonian. At 

the same time, no empirical parameters are used. In semi-empirical methods, many of the 

complicated integrals are commonly ignored or simplified, and empirical parameters are 

introduced to compensate for the ignored or simplified integrals.  

2.2.2 The Hartree-Fock method 

For an N-electron closed-shell molecular system, the one-electron wavefunctions can be 

approximately represented by means of molecular orbitals. The N-electron wavefunction 

(ΨNe) can then be written as a single Slater determinant; 
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The Slater determinant is the simplest form of total wavefunction that satisfies the Pauli 

antisymmetry principle. When ΨNe (a determinant form as in equation 2.8) is combined with 

the variational principle to find a suitable one-electron spin wavefunction (i.e. Ψa,ζ, ζ 

represents for either a spin α or β electron), it satisfies a relationship as: 

 

f1 a,⇣(1) = " a,⇣(1) (2.9)  
 

where  f1 is called the Fock operator, which is a one-electron Hamiltonian for the electron in 

an N-electron system. However, f1 depends on the total wavefunction, as operator f1 actually 

contains three terms, namely, the core Hamiltonian operator (H1), the Coulomb operator (Jj) 

and the exchange operator (Kj) (equation 2.10);  

 

f1(1) = H1(1) +

N/2X

j=1

{2Jj(1)�Kj(1)} (2.10)

                 

H1(1) = � h̄2

2m
52

1 +
X

n

Zne
2

4⇡"0r1n
(2.11)

 

Jj(1) a(1) =

Z
 ⇤
j (2) j(2)(

e2

4⇡"0r12
) a(1)d⌧2 (2.12)

 



Chapter 2 Computational Methodology 
 

 35 

Kj(1) a(1) =

Z
 ⇤
j (2) a(2)(

e2

4⇡"0r12
) j(1)d⌧2 (2.13)

 
 

The Coulomb operator, Jj (equation 2.12), accounts for the electron repulsion between j and a 

orbital electron density. The exchange operator, Kj (equation 2.13), involves the exchange of 

two same spin electrons. Pauli’s antisymmetry principle applies to wavefunctions under 

exchange of any two electrons. Hence, a spatial separation is generated between the same spin 

electrons because of the exchange, which actually results in the Coulomb energy reducing. 

This reduction in energy due to the antisymmetry of the wavefunction is called the exchange 

energy. In addition, for a given N-electron system, a set of coupled equations in the form of 

equation 2.9 for each electron is referred to as the Hartree-Fock (HF) equations. 

To find a solution to the HF equations for a closed-shell molecular system, in practice, a 

spin molecular orbital (i.e. Ψa) is interpreted as a linear combination of a number of single-

electron atomic orbitals ϕi (equation 2.14); 

 

 a =
MX

i=1

cia�i (2.14)
 

 
In equation 2.14, a molecular orbital is expressed as a linear combination of atomic orbitals 

(LCAO). cia are the coefficients of the one-electron spin orbitals. A total of M molecular 

orbitals are expected to be derived, despite not all of them necessarily being occupied by 

electrons. Introducing the linear combination results in the HF equations. An alternative 

matrix form is obtained as given by (which is also known as the Roothaan-Hall equation23,24); 

 

FC = SC" (2.15)  
 

where matrix C contains the molecular orbital coefficients, and it is found by solving the 

above equation. Matrix ε represents the orbital energies. F is the Fock matrix formed from the 

aforementioned Fock operators, f1, while S is the matrix of the overlap integrals for the 

orbitals. However, for an open-shell molecular system, the application of equation 2.15 needs 

some modification, as one or more unpaired electrons exist. To deal with it, there are two 

approaches, one is the restricted open-shell Hartree-Fock (ROHF),25 and the other is the more 

commonly used unrestricted Hartree-Fock (UHF).26  

Within the HF approximation, as mentioned, electron exchange (that is, exchange of any 

two same spin electrons) is explicitly included. The HF approximation is the simplest form of 

ab initio method, as only a single Slater determinant is used. However, the single Slater 

determinant does not taken into account the Coulomb correlation, which leads to the HF value 
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being always greater than the exact energy. This energy difference between the HF limit and 

exact energy, caused by the electron correlation, is referred to as the correlation energy. 

2.2.3 Post-Hartree-Fock methods 

Going beyond the HF method, there are a number of ways to include electron correlation 

into ab initio methods for molecular systems. Configuration interaction (CI),4,5 Møller-Plesset 

(MP) perturbation theory,8,9 and coupled-cluster (CC) theory,6,7,13 are three major post-

Hartree-Fock (post-HF) approaches. In the HF method, as already described, only a single 

Slater determinant is used, while in the post-HF methods multiple Slater determinants are 

used based on different combinations of occupied orbitals. However, the computational cost 

of the post-HF methods is very intensive, and scales rapidly with the number of electrons 

treated in the calculation. Due to this, post-HF methods are limited to quite small molecules, 

such that it is often impractical to apply these methods to describe systems such as large 

molecules, periodic structures or excited states, and so on. However, there is growing 

evidence showing that new more efficient implementations may make it feasible to use some 

post-HF methods for the above systems in the future, such as MP2.27-29  

2.2.4 Periodic quantum mechanics 

The quantum mechanical methods used to study solid-state systems are often different 

from those applied to molecular systems (Section 2.2.2 and 2.2.3). One fundamental problem 

is the infinite periodic structure. The solid-state systems discussed in this chapter are limited 

to the perfect periodic structure, without any defects or disorder. For the solid-state systems, 

every real lattice (or real space) has a corresponding reciprocal lattice (also known as the 

reciprocal space or k-space). The reciprocal space is actually a Fourier transform of the real 

space.30,31 In such a situation, to solve the time-independent Schrödinger equation (equation 

2.4) is much more complicated because there is, in principle, an infinite number of electrons 

need to deal with. For an infinite system, V(r) in equation 2.4 is actually a periodic potential 

term (consider the nuclei are arranged in a periodically repeating pattern), and the periodic 

nature of V(r) means it must satisfy; 

 

V (r + T ) = V (r) (2.16)  
 

Here T is any translation vector, which describes the periodicity of the lattice.  

In practice, it is impossible to consider an infinite number of electrons (or 

wavefunctions) within a periodic system in a calculation. However, by applying Bloch’s 

theorem to the electronic wavefunction, it is necessary to only consider a finite number of 

wavefunctions at a number of k-points in the First Brillouin Zone (FBZ). The FBZ is the 



Chapter 2 Computational Methodology 
 

 37 

Wigner-Seitz cell of the reciprocal space. There are also second-, third-, etc. Brillouin zones, 

but these are used more rarely, due to the translational invariance of the lattice.  

2.2.4.1 Bloch’s theorem  

The basis idea of Bloch’s theorem is that any solution of the Schrödinger equation in a 

periodic potential can be chosen to take the form of the product of a plane wave and an 

appropriate function with the same lattice periodicity. In the context of plane waves, this will 

be discussed in Section 2.2.7.2. Consider the motion of an electron in a periodic potential V(r) 

within a periodic system, apply Bloch’s theorem, such that the periodicity of V(r) is imposed 

on the wavefunction. The one-electron wavefunction solution to the Schrödinger equation 

satisfies; 

 

        n,k(r) = un,k(r) · exp(ikr) (2.17)  
or  

 n,k(r + T ) =  n,k(r) · exp(ikT ) (2.18)  
 

un,k in equation 2.17 is a function with the same lattice periodicity, such that it satisfies; 

 

un,k(r + T ) = un,k(r) (2.19)  
 
In equations 2.17-2.19, quantum number n is the band index, and k corresponds to a wave 

vector in the FBZ.  

Due to the periodicity of the system, if a k-point is chosen in the FBZ, then every (k+G) 

point will produce the same result, as; 

 

   n,k+G(r) =  n,k(r) (2.20)  

   "n,k+G = "n,k (2.21)  
 

where G is the reciprocal lattice vector, and εn,k is the energy for an electron at a given n and 

k.  

The periodic nature of un,k  also allows it to be expanded in a Fourier series;  

 

            
un,k(r) =

X

G

ck,G · exp(iGr) (2.22)
 

 
as can be the electronic wavefunction Ψn,k: 

 

 n,k(r) =
X

G

cn,k+G · exp[i(k +G)r] (2.23)
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2.2.4.2 k-point sampling 

At each k point, only a finite number of available energy levels are occupied. In practice, 

it is possible to sum over a finite number of k points that can appropriately sample the FBZ, 

rather than considering an infinite number of k points in the entire Brillouin Zone (BZ). 

Meanwhile, in determining the suitable number of k points to be sampled in a calculation, an 

important consideration is to ensure enough k points are used to get precise results. Overall, a 

sufficiently k point sampling is crucial for the convergence of the calculation results without 

loss of precision.  

A Monkhorst and Pack grid32 is a uniform grid of k points for sampling over the BZ. The 

size of the Monkhorst and Pack grid depends on the size of the unit cell and the band gap of 

the material, with small cells and small gaps needing a finer grid. If the point group symmetry 

of the lattice is adopted then the number of k-points can be significantly reduced. This results 

in a summation only over an irreducible small region in the FBZ (i.e. special k-points 

sampling schemes proposed by Baldereschi,33 Chadi and Cohen,34). In such a way, solving for 

a single k-point can readily yield solutions for all symmetry related k points. As noted above, 

k-point sampling not only depends on the size of the system, but also the band gap. Large 

numbers of k points are used for small unit cells, while large unit cells often use the Γ point 

(k=0) only. Meanwhile, the errors introduced by sampling the FBZ with a finite number of k-

points, can be reduced by using a denser set of k points.35 

2.2.5 Density functional theory 

2.2.5.1 The Hohenberg-Kohn theorem 

For density functional theory (DFT),1,36 one should start from the Hohenberg-Kohn 

theorem,37 which states a relationship between the ground state electron energy (Egs) and 

electron density (ρ) as: 

 

Egs = E[⇢] (2.24)  
 
In other words, Egs is a functional of the electron density. However, one significant 

problem is that the functional E[ρ] is unknown, so it is impossible to calculate Egs from ρ 

using the Hohenberg-Kohn theorem. Hence, to find a solution, Kohn and Sham38 proposed a 

practical way to calculate the ρ, as well as to calculate Egs from ρ.  

2.2.5.2 The Kohn-Sham equations 

DFT, within the framework of the Kohn-Sham (KS) scheme,38 is an attempt to deal with 

both the missing correlation effect in HF methods and the intensive computational demands in 
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post-HF methods. Moreover, different from the aforementioned wavefunction-based quantum 

mechanical methods, the electron density, ρ, plays a key role in the KS approach. Starting 

from the Hohenberg-Kohn theorem, the KS scheme introduces a fictitious reference system 

consisting of non-interacting electrons, but has the exact same number of electrons and 

ground state electron density as the real interacting system. Under the KS framework, the total 

energy of the N-electron interacting system can be decomposed into the electron kinetic 

energy (EK, of the non-interacting system), the potential energy of attraction between the 

nuclei and electrons (ENe), the electron-electron repulsion energy (Eee) that is the description 

of mean-field electron-electron interactions, and the unknown exchange-correlation energy 

parts (EXC[ρ]) that contains of exchange and correlation effects, as well as part of the true 

electronic kinetic energy, which is not considered in EK: 

 

E[⇢] = EK + ENe + Eee + EXC [⇢] (2.25)  
 

The one-electron KS equations are given by; 

 

                 bHKS KS(r) = "KS KS(r) (2.26)  
 

where ΨKS is the KS wavefunction and can be represented as a Slater determinant of the 

orbitals. ΨKS is the wavefunction of the fictitious non-interacting system, rather than the real 

one, such that the KS orbitals do not have the same interpretation as the HF orbitals. εKS is the 

KS energy of ΨKS. ĤKS is the one-electron KS Hamiltonian and has: 

 

bH = � h̄2

2m
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1 �
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Zje
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⇢(r2)e2

4⇡"0r12
dr2 + VXC(r1) (2.27)

 
 
In equation 2.27, The first term in the Hamiltonian operator is related to the kinetic energy, 

the second term is associated with the potential of the nucleus-electron attraction, the third 

term is the potential of the electron-electron repulsion, and the fourth term is the exchange-

correlation potential (VXC). The relationship between VXC and the unknown exchange-

correlation energy term, Exc, is: 

 

VXC [⇢] =
�EXC [⇢]

�⇢
(2.28)

 
 
The electron density, ρ, can be calculated from KS wavefunction, ΨKS, as shown in equation 

2.29. In practice, to solve the KS equations first of all an initial guessed density is often used; 

then the density gets improved in the self-consistent process until the total energy converges.  
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⇢ =
NX

i=1

| KS
i |2 (2.29)

 
Compare the aforementioned HF equations (equations 2.9-2.13, Section 2.2.2) to the KS 

equations (equations 2.26-2.27); the only major difference between them is that the exact 

exchange term in the Fock operator is replaced by an unknown exchange-correlation term in 

the KS operator. Clearly, unlike the HF method, the key feature of the KS method is taking 

both exchange and correlation into account directly from the beginning of a calculation. 

However, one significant hurdle to applying the KS method is the unknown exact 

mathematical expression for the exchange-correlation functional, such that approximations to 

EXC[ρ] are needed in order to solve the KS equations. Hence, the success of using the KS 

method largely depends on the quality and accuracy of the approximation to the exchange-

correlation functional.  

2.2.5.3 Approximate exchange-correlation functionals  

The simplest and most basic approximation to the exact exchange-correlation functional 

of KS scheme is the local density approximation (LDA),1,38 which is based on the model of 

the uniform electron gas; that is, the electrons are evenly spread throughout space, and the 

charge density is constant. The contributions to the exchange-correlation energy from any 

region of the space only depend on the electron density in that region. In such a way the 

exchange-correlation functional can be calculated by;   

 

ELDA
XC [⇢] =

Z
⇢(r)"XC [⇢(r)]dr (2.30)

 
 

where the εXC is the exchange-correlation energy per electron for a uniform electron gas of 

density ρ. Once EXC is computed, it can be used as an approximation to the true energy in a 

calculation. However, typically, in practice, εXC[ρ] is split into an exchange part (εX[ρ]) and a 

correlation part (εC[ρ]) (equation 2.31). The exchange part is commonly calculated from a 

simple equation (as shown in equation 2.32) within the LDA approximation, whereas for the 

correlation part there are various expressions, which are interpolated from numerical quantum 

Monte Carlo results.39,40    

 

              "XC [⇢] = "X [⇢] + "C [⇢] (2.31)  
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If LDA is extended to the unrestricted case, then there are two spin densities, ρα and ρβ. 

The densities of the α spin electrons can actually be different from the β spin electrons. This 

leads to the local spin-density approximation functional (LSDA)1,40: 

 

ELSDA
XC [⇢↵, ⇢� ] =

Z
⇢(r)"XC [⇢↵(r), ⇢�(r)]dr ;

where ⇢(r) = ⇢↵(r) + ⇢�(r) (2.33)  
 

As a matter of fact, the good performance of LDA is a consequence of the error 

cancellation between the exchange energy (generally underestimated) and the correlation 

energy (generally overestimated). However, in most cases, the uniform (or homogeneous) 

electron gas model used in LDA is far from realistic for chemical systems (where the 

densities vary rapidly). Though LDA can yield good structural properties (i.e. bond lengths), 

it generally tends to strongly overestimate the binding energy,41 while underestimating the 

band gap of semiconductors and insulators.42-45  

Beyond the L(S)DA, one widely used extension to the functional is the generalized 

gradient approximation (GGA), which not only depends on the electron density, but also the 

gradient of the density (∇ρ, equation 2.34). The functional forms of the GGA vary from case 

to case.46-56 Inclusion of the gradient of the charge density in the GGA functional allows one 

to consider the inhomogeneity of the real density. In addition, the popular GGA functional is 

often a good balance between sufficient accuracy and computational efficiency.  

 

EGGA
XC [⇢↵, ⇢� ] =

Z
f(⇢↵, ⇢� ,5⇢↵,5⇢�)dr (2.34)

 
 

As in LDA, EXC for a GGA can be split into two parts and the approximations are made 

individually. Generally, the GGA functionals improve on the LDA’s description of binding 

energies,56-62 with a modest additional computational cost. However, in most cases, the GGA 

functionals tend to underestimate the binding energies systematically.63,64 In addition, the 

description of the lattice constants consistently increases compared to the LDA functionals, 

and the band gap is still underestimated within the GGA.65 Extending the GGA functional to 

higher derivatives, namely including the dependence on the orbital kinetic energy density (τ) 

(equation 2.35), leads to more advanced meta-GGA functionals.66-71  

 

EmGGA
XC [⇢↵, ⇢� ] =

Z
f(⇢↵, ⇢� ,5⇢↵,5⇢� , ⌧↵, ⌧�)dr (2.35)

 
 
Another improvement for the exchange-correlation functional is to include a fraction of 

the HF exchange energy, as it can be computed exactly. Such an introduction has been proved 
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to significantly improve the performance of DFT, and are referred to as hybrid exchange-

correlation functionals.72-76 One of functional forms is shown in equation 2.36, where α is a 

coefficient that can vary; for example, the PBE0 functional has α=0.25.73 In terms of the band 

gap,77 due to the HF method itself tending to overestimate the band gap generally, including 

exact HF exchange into EXC leads to an improvement in describing the accuracy of band gap 

as a result of some error cancellation.77,78  

 

Ehybrid
XC [⇢↵, ⇢� ] = (1� ↵)EDFT

XC [⇢↵, ⇢� ] + ↵EHF
X (2.36)  

2.2.5.4 Advantages and disadvantages of DFT 

One well-known shortcoming of DFT is the missing long-range dispersion interaction. 

To account for this, a number of correction approaches have been developed,79-84 either 

empirically or ab initio. A relative simple and inexpensive strategy is to use the empirical 

corrections proposed by Grimme et al.79-82 Another disadvantage of DFT is that there are too 

many exchange-correlation functionals available, such that it is always unclear as to the best 

choice for the systems of interest. There is no solution that can improve the results 

systematically, unlike the HF methods. However, DFT is still a very popular technique of 

choice for the calculations of large molecules or solid-state systems, not only due to 

substantially less demanding computational expense, but is also much easier to implement.  

2.2.6 Pseudopotentials 

2.2.6.1 The basic idea of pseudopotentials 

One of the key factors contributing to the success of the aforementioned DFT method for 

periodic calculations is the use of the pseudopotential approximation. Pseudopotentials for 

solid-state systems, constructed on the basis of the Orthogonalized Plane Wave (OPW) 

theory,85 were first proposed by Phillips and Kleinman.86 Using the OPW concept, the valence 

wavefunctions must be orthogonal to all the core wavefunctions. This requirement actually 

leads to strong rapid oscillations for valence electrons near the nuclei (core). So the basic idea 

of pseudopotentials is that the nuclei, core electrons and valence electrons of a solid (or a 

molecule) can be divided into two parts.87,88 One part contains both the nuclei and core 

electrons, which is referred to as the core region, while the other part only has valence 

electrons.  

Using the concept of pseudopotentials, the number of electrons is reduced, as the core 

electrons do not need to be treated explicitly. Instead of considering the strong full nuclei 

Coulomb potential, the effect of the core region can be replaced by a modified, weaker 

pseudopotential. In other words, the pseudopotential mimics a situation where the valence 
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electrons experience a screened core potential. This pseudopotential acts on a set of the 

pseudowavefunctions, which vary smoothly within the core region. Note that the choice of a 

suitable core cut-off radius (i.e. rc) is very important, since beyond the core region, the form 

of the pseudopotential (or pseudowavefunctions) should be identical to the all-electron 

potential (or all-electron wavefunctions).  

2.2.6.2 Norm-conserving and Ultrasoft pseudopotentials 

For ab initio pseudopotentials, they are generated based on ab initio all-electron 

calculation results, and attempt to maintain accuracy as much as possible. Norm-conserving 

pseudopotentials89 are one of the commonly used ab initio pesudopotential types. It is a 

pseudopotential for valence electrons and satisfies the criteria suggested by Hamann et al.89 

For instance, both all-electron and pesudopotential wavefunctions correspond to the same 

energy for the reference level, all-electron and pseudopotential wavefunctions match each 

other beyond a certain cut-off value, rc, and so on.  

Norm-conserving pseudopotentials are semilocal, as they are nonlocal only in the angular 

coordinates but local in the radial coordinates. Due to the nonlocal part, semilocal 

pseudopotentials have problems in the plane wave basis representation, which also causes an 

intensive computational cost. However, by introducing the Kleinman and Bylander (KB) 

transformation,90 the number of integrals to be calculated can be reduced. Much softer and 

smoother ultrasoft pseudopotentials91 can be formulated by relaxing the norm-conservation 

constraint. This constraint release results in better transferability and accuracy of the 

pseudopotentials. Ultrasoft pseudopotentials are fully nonlocal by construction, and the same 

pseudopotentials work well in different environments. At the same time, the plane wave cut-

off is also reduced. However, there is additional work due to computing a new term relating to 

an augmentation density, and the computational cost increases accordingly.  

2.2.6.3 Advantages and disadvantages of pseudopotentials 

Undoubtedly, using pseudopotentials not only lowers the computational cost, but also in 

some cases, if the pseudopotentials are well constructed, it can provide more accurate results 

than in the ab initio all-electron cases, due to taking into account scalar relativistic effects for 

the core electrons. However, there is no unique way to determine the pseudopotentials, as 

small rc results in the good transferability, while large rc gives smoother pseudopotentials. 

Hence, in most cases, a balance between them needs to be considered. In general, a correct 

pseudopotential must give near identical valence energy levels to those of the exact potential. 

In addition, the choice of which electrons should be treated as in the core region, as well as 

deciding the value of the cut-off radius, affects the accuracy of the calculations.  
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2.2.7 Basis sets 

A basis set is a numerical way to represent the wavefunction (Ψ) and how it varies in 

space. The choice of the basis set is very important to a quantum mechanical calculation, as it 

should be a good representation of the exact wavefunction. To date, many choices of basis set 

are possible as discussed below.  

2.2.7.1 Slater type orbitals (STOs) and Gaussian type orbitals (GTOs)  

For a molecular system, a set of atomic orbitals (or functions), of either Slater or 

Gaussian type, is most commonly used. The molecular orbitals are then calculated through a 

linear combination of atomic orbitals (LCAO) (equation 2.14, Section 2.2.2). 

Slater type orbitals (STOs) and Gaussian type orbitals (GTOs) are two common atomic 

orbital functions. An STO has the functional form (given in Cartesian coordinates); 

 

 STO(r) = Nx

a
y

b
z

c
exp(�⇣r) (2.37)  

             
where N is a normalization constant. a, b and c are associated with angular momentum L (L = 

a + b + c). ζ is the orbital exponent, which is defined as; 

 

              
⇣ =

Z � �

n⇤ (2.38)
 

 
where Z is the atomic number, σ is the shielding constant, and n* is the effective principal 

quantum number. Due to the screening effect, the n* becomes smaller than the true one. ζ 

controls the width of the orbital. Larger ζ gives a narrower function, while small ζ gives a 

diffuse function.  

GTO functions have a similar form to STOs (equation 2.37), except the distance in the 

exponential term is squared; 

 

 GTO(r) = Nx

a
y

b
z

c
exp(�⇣r

2) (2.39)  
 

Because the distance is squared (equation 2.39), GTO functions have a very different orbital 

shape from STOs. Even for the 1s orbital, a GTO is no longer hydrogen atom like, unlike the 

corresponding STO. Behaviour near the nucleus is well described by STOs, while poorly 

represented by GTOs, as is the long-range decay far from the nucleus. In principle, STOs are 

more accurate than GTOs, however, for more than two-centre integral situations, it is often 

too expensive or complex to calculate with STOs. In such cases, integrals are much easier to 

compute in an analytic way with GTOs. Despite the functional forms being similar between 

GTOs and STOs (equation 2.37 and equation 2.39), an STO cannot be simply directly 
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replaced by a single Gaussian function, but a linear combination of several Gaussian functions 

(ΨCGTO) leads to an approximate STO, as given by; 

 

 CGTO(r) = N

nX

i=1

cix
a
y

b
z

c
exp(�⇣ir

2) (2.40)
 

2.2.7.2 Plane waves  

To represent the wavefunction for an infinite periodic system, i.e., a solid, Bloch’s 

theorem (Section 2.2.4.1) leads to the natural choice of Plane Waves (PWs) to construct a 

basis set. PWs are ideally suited to the periodic system because of their properties such as 

being orthonormal, periodic and complete. PWs are also independent of the nuclear positions 

and atomic species, as well as extending through the entire space.  

As already shown in equation 2.23 in Section 2.2.4.1, the Fourier series expansion of the 

plane wave representation of wavefunction (i.e. Ψn,k) in reciprocal space has the following 

form:  

 

                           
 n,k(r) =

X

G

cn,k+G · exp[i(k +G)r] (32)
 

 
In general, PW representations of wavefunction in the reciprocal space should be infinite. 

However, considering Bloch’s theorem and k-points sampling techniques (Section 2.2.4), the 

integrals are only summed within the FBZ. In addition, for a given k, the number of PWs is 

restricted to a sphere in terms of a kinetic energy cut-off (Ecutoff). For the maximum values of 

the reciprocal lattice vector G (Gmax) used, the above Fourier expansion for Ψn,k can be 

truncated, according to: 

 

E
cutoff

>
(k +G

max

)2

2
(2.41)

 
 
Use of Ecutoff is a significant advantage of PWs over other functions (i.e., Slater or 

Gaussian functions) choices for a basis set, since in principle the accuracy can be improved by 

increasing the value of Ecutoff as the resulting plane wave basis set tends towards the complete 

basis set. However, truncation may lead to an error in precision. In practice, with an 

approximate sampling of the k points, a set of convergence tests are performed by increasing 

the cut-off value until the total energy converges to within the target tolerance. 

The use of the Fast Fourier Transform (FFT) technique can efficiently switch between 

real space and reciprocal space. However, if one takes all the electrons in a given system into 

account, there is a very large number of PWs needed for a basis set, which is computationally 

intensive. In practice, wavefunctions of core electrons are often necessarily replaced by the 



Chapter 2 Computational Methodology 
 

 46 

suitable pseudopotentials (Section 2.2.6). Thus, the PWs are only employed to describe the 

valence electrons. 

2.2.7.3 Minimal and other extended basis sets 

In a minimal basis set, a single function (either STO or GTO) is used for each atomic 

orbital, which often has the form as STO-nG (n is associated with the number of primitive 

Gaussian functions used, and at least n=3). However, the minimal basis sets are usually too 

small to give accurate results since they lack the flexibility to describe chemical changes. The 

minimal basis set can be expanded to larger basis sets in a number of ways. One way is to 

increase the number of functions used for each atomic orbital. For example, use of two or 

three functions for each atomic orbital leads to the double-zeta or triple-zeta basis set, etc..  

Another alternative way is by introducing polarisation functions to construct a polarised basis 

set. For example, an s orbital can polarise if it is mixed with the higher angular momentum p 

orbital, as is the case for p and d orbitals, etc..  

Compared to Slater basis sets, Gaussian basis sets are much more widely used in 

molecular calculations. One advantage of Gaussian basis sets is that even small basis set sizes 

can give relatively good results. For multi-centre integrals, they are also computationally 

efficient. However, due to GTOs depending on the atomic positions, Basis Set Superposition 

Error (BSSE) can occur. Moreover, different Gaussian basis sets may be needed in different 

environments, and improving the quality of a Gaussian basis set is not straightforward. In 

addition, by combining the advantages of both Gaussian and plane waves, a mixed Gaussian 

and Plane Wave (GPW) method has been designed92 and successfully implemented in the 

CP2K code.93,94 In the GPW technique, a linear combination of localized Gaussian functions 

is used as the primary basis set to represent the Kohn-Sham wavefunctions, meanwhile, PWs 

used as auxiliary basis set to account for the density.  

2.3 Force fields 

2.3.1 Introduction  

Under the framework of BO approximation (Section 2.2.2), the force field (or molecular 

mechanics) method ignores the explicit details of the electrons. Unlike quantum mechanical 

methods, the force field has no Hamiltonian operator or wavefunction, so it cannot provide 

properties that are based on the electronic structure. Instead, the force field method uses the 

equations of classical mechanics and calculates the energy of a system as a function of the 

nuclear positions only. Interactions between atoms are chosen depending on the knowledge of 

the forces that are physically important, such as charges, dispersion, and so on. By using force 

field methods, large systems can be studied and longer time scales can be achieved than with 
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more rigorous quantum mechanical methods. In some cases, it can also provide information 

as accurate as quantum mechanical calculations, if well parameterised, but at less 

computational expense.  

In general, a force field can be interpreted as a combination of simple or complex 

mathematical functional forms (of potential energies) and a number of parameters, which 

account for the intramolecular (i.e. bond stretching, angle bending and torsion angles) and 

intermolecular (i.e. electrostatic and van der Waals) interactions between atoms within a 

given system: 

 

E
total

=
X

intra

E
bonded

+
X

inter

E
nonbonded

(2.42)
 

 
In general, the specific potential energy functions, for either bonded or non-bonded 

terms, depend on the systems of interest. Parameters used are developed in terms of the 

specific corresponding potential energy functions, and in most cases can be derived from 

known experimental data and/or fitting against ab initio quantum mechanical calculations. 

Some force fields are transferable, which allow for the possibility to use the same set of 

parameters for a family of related materials. As a force field is empirical, there is usually no 

perfect functional form or set of parameters. Hence, there might be better functional forms 

that exist. A force field is quite often developed to calculate/predict certain properties and 

parameterised accordingly, such that the functional forms of the potential energy terms might 

vary from case to case, as well as the parameters.  

There are many different kinds of force field that have been developed over the years.95-

103 For example, for organic systems with covalent bonding, molecular mechanics force fields 

are the most commonly used type that incorporates relatively simple functional forms. 

Embedded atom method (EAM) based force fields are very popular to account for the metallic 

bonding in metals. To study the biological large systems, i.e., protein folding, coarse-grained 

force fields are designed to simplify the complexity of the system by reducing the number of 

degrees of freedom, in such a way to deal with the large length and time scales, as well as 

decreasing the computational cost. As for situations where bond breaking and forming occur, 

reactive force fields (ReaxFFs) are quite commonly used. Due to ReaxFF being bond order 

based, it can describe the complicated reactive processes in a given system. In the case of 

ionic aqueous systems, ionic force fields are quite often the best choice. In principle, the 

appropriate description of the interactions between ions and between ions and water are 

needed. One way to formulate an ionic force field is based on reproducing the thermodynamic 

properties of single ions and ion pairs in aqueous solution, such as the solvation free energy, 
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hydration structure, and so on. In addition, to take into account polarisation effects further 

terms can be included into the ionic force fields.  

2.3.2 Bonded (intramolecular) interactions  

Bonded interactions typically involve bond stretching, angle bending and torsional 

motion. Bond stretching describes the bond between two connected atoms. A simple way to 

describe the bond stretching is to use a harmonic functional form as follows; 

 

Ehar

bond
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X k

b

2
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� l
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2 (2.43)
 

 
where li is the bond length between two atoms, li,0 is the equilibrium bond length, and kb is the 

stretching force constant for the bond, which depends on what type of atoms are involved in 

the corresponding bond.  

Angle bending describes the variation of the angle between two bonds. A typical 

harmonic functional form is given by;  

 

Ehar
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2 (2.44)
 

 
where θi is the bond angle, θi,0 is the equilibrium bond angle, and ka is the bending force 

constant for the corresponding bond angle.  

Extending these with the incorporation of higher-order terms to account for the 

anharmonicity of the bond stretching or angle bending gives more complicated functional 

forms, such as: 
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There are several ways in which the torsion term (dihedral angle) can be constructed. 

One common way is to use a cosine series functional form as follows;  

 

Ecosine

torsion

(!) =
X V

n

2

(1 + cos(n! � �)) (2.47)
 

 
where the value of Vn is associated with the bond that is to be rotated, ω is the torsion angle, n 

decides the phase and γ is a phase offset. It is also possible to include more terms in the 

torsional expansion, as in the cases of bond stretching or angle bending.  
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Another important term is out of plane bending (Eoop). One way to include the out of 

plane bending term is to use a harmonic potential form (equation 2.48), and calculate the 

distance (d) between the out of plane atom and the plane formed by the other three atoms. 

Another popular approach is to treat the four atoms as an improper torsion angle, then use a 

torsion potential form as shown in equation 2.49 to keep the improper torsion angle at 0° or 

180°.  
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In addition to the above commonly used potentials, cross terms can also be introduced 

into a force field to account for coupling interactions, such as the coupling between bonds and 

angles to account for anharmonic interactions. There are many different types of cross terms 

with sets of potential forms, such as stretch-stretch, stretch-bend, bend-bend, bend-torsion, 

bend-bend-torsion, and so on.  

2.3.3 Boundary conditions  

For any calculation of the non-bonded interactions in solids or liquids, one should start 

from periodic boundary conditions (PBCs), as the correct treatment of boundaries and 

boundary effects are of great importance in the simulation. PBCs are widely used to construct 

a bulk-like situation, where the chosen central cell is actually surrounded by an infinite 

number of periodic replicas. Such a treatment allows for using relatively small number of 

atoms of a given system in a calculation without having surface effects. The chosen central 

(simulation) cell can have different shapes. As for which shape is preferred for use in a 

calculation, it mainly depends on the properties of the system. Firstly, the cell shape should be 

able to reflect the real geometry of the investigated system. Secondly, it must be able to fill all 

of space by any translation of itself. Thirdly, based on satisfying the previously two 

conditions, it is better if as little computational time is required as possible. Several cell 

shapes, such as the cubic (or the parallelepiped) and the truncated octahedron, are commonly 

used choices that satisfy those conditions.  

In the case of some large cell systems, PBCs is quite often used together with the 

minimum image convention. The energy or force of atoms is computed with the closest atom 

or image within the cut-off radius (rc), which is no more than half the length of the simulation 

cell (rc < L/2). In terms of the rc, using it can introduce a discontinuity. To overcome this, one 

approach is to use a shifted potential, where a constant term is subtracted from the potential. 

However, it still leaves a discontinuity in the force. Another alternative way is to use a taper 
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function to smooth the non-bonded interactions at the cut-off radius to zero. There are 

different possible functional forms that can be used as a taper function. 

2.3.4 Non-bonded (intermolecular) interactions 

In a force field, typically the non-bonded potentials are represented by the pairwise sum 

of the energies of all possible interacting atoms. Non-bonded interactions are usually 

considered as one of two main types, electrostatics or van der Waals, which can be the most 

time-consuming part in a calculation. Electrostatics arises from the interactions between 

charges within a given system, in which atoms are represented as point particles with 

effective charges. In principle, for a finite system of charges, electrostatic interactions 

between pairs of point charges can be calculated directly via Coulomb’s law and are given by: 
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However, when considering a system that is infinite or with PBCs, the summation of the 

electrostatic interactions becomes; 
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Unfortunately, the convergence of the above equation is conditionally convergent. An 

improvement on the direct Coulomb sum in equation 2.51 is the Ewald summation.104 The 

Ewald summation was derived for infinite 3-D systems, but it is also commonly used for other 

systems that can be replicated infinitely using PBCs. In such a way, a bulk-like environment 

is built by using a relative small number of atoms (Section 2.3.3).  

The standard Ewald summation approach is implemented with the assumption of charge 

neutrality and zero dipole moment within a given system. The basic idea is to divide one 

direct Coulomb summation over the infinite 3-D system into two rapidly converging sums; 

one component is in real space and the other component is in reciprocal space. The short-

range contribution is rapidly converged in real space, while the long-range contribution is 

computed as a Fourier series in reciprocal space and decays quickly. Moreover, due to the 

Gaussian charge distribution interacting with the corresponding point charge, so this self-

interaction must be subtracted from the total electrostatic potential. The equations for 

interactions in real and reciprocal space, as well as the self-interaction, are given below in 

atomic units; 
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Eelect = Ereal + Erecip + Eself (2.55)  
 
where V is the volume of the unit cell, G is a lattice vector in reciprocal space, and η is a 

parameter controlling the separation between real and reciprocal space. In practice, if a 

reasonable parameter η is chosen in the simulation, both spaces can be converged 

appropriately. Note that to go beyond the charge neutrality and zero dipole moment 

limitation, additional correction terms need to be taken into account in the total electrostatic 

energy. 

The standard Ewald summation is computationally quite expensive. Several 

modifications have been proposed to improve its efficiency: For instance, using the Fast 

Fourier transform (FFT) technique for the summation in reciprocal space, yielding the popular 

methods such as the particle mesh Ewald (PME),105 smooth particle mesh Ewald (SPME),106 

and particle-particle-particle mesh Ewald (PPPM).107  

In terms of van der Waals interactions, the attractive component (dispersion) arises from 

instantaneous interactions, while the repulsive component is due to the Pauli exclusion 

principle when electron density overlaps. To model those interactions effectively, various van 

der Waals potential models have been formulated. The best known is the Lennard-Jones 12-6 

potential (equation 2.56), in which the attraction is represented by an inverse sixth-power 

term, and the repulsion has an inverse twelfth-power term:  

 

E12,6
LJ

(r) =
A

r12
� C

r6
(2.56)

 
 

For other Lennard-Jones variants, the repulsion term is often described by an inverse n-power 

term, with n varying in the range from 9 to 12. An alternative formulation, in which the 

repulsive r-12 term in the standard Lennard-Jones 12-6 potential (equation 2.56) is replaced by 

an exponential expression, yields the Buckingham potential: 

 

EBuck(r) = Ae�r/⇢ � C

r6
(2.57)
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2.4 Energy minimisation techniques 

For a given system, the potential energy is a function of coordinates, either in Cartesian 

or internal form. On the potential energy surface, there may be a number of minima, and the 

minimum with the lowest energy is the global energy minimum. Between two minima, the 

highest point on the energy surface is a saddle point, which actually corresponds to a 

transition state. Both minima and saddle points are stationary points that have first derivatives 

equal to zero. However, at a minimum the second derivatives of the potential energy are all 

positive at the same time: 

@E

@x

= 0;
@

2
E

@x

2
> 0 (2.58)

 
  

The goal of the energy minimisation is to generate minimum energy configurations of the 

system, since knowing the stable configurations of a given system allows one to understand 

its properties and behaviour based on its minimum structures. There are several approaches 

that have been developed for finding a global minimum, such as genetic algorithms.108 

However, trying to reach a global minimum on the energy surface is quite difficult for many 

systems, with no guarantee of success. Therefore, in practice, local minima are often searched 

for on the energy surface.  

Applying a Taylor series expansion to the potential energy leads to the following infinite 

expression; 

 

E(x+ �x) = E(x) +
@E

@x

�x+
1

2!

@

2
E

@

2
x

(�x)2 + · · · (2.59)
 

 
If the above expansion is truncated at the first term, then it leads to the non-derivative energy 

minimisation approaches, such as simplex. Applying the non-derivative algorithm only 

requires energy evaluation, so it is less expensive. However, it often requires lots of steps 

before a minimum is reached. Hence, this expansion is quite often truncated at either first or 

second order. If it is truncated at the first derivatives, then the minimisation involves 

calculating both energy and the gradients. The gradients are commonly used to indicate the 

movement direction. Meanwhile, a line search is often used to determine the step length along 

the search direction. For instance, in the method of conjugate gradients,1 the subsequent steps 

are orthogonal to the previous one, and the information from previous first derivatives is used 

to determine the optimum direction for a line search. If further considering the truncation at 

the second order, then the minimisation extends to include calculating the second derivatives 

as well, and the second derivative matrix is often referred to as the Hessian matrix. For 

example, in the widely used Newton-Raphson algorithm,1 the inversion of the full exact 
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Hessian matrix is the most expensive step, in particular for large systems. However, the 

inversion of the full exact Hessian can be avoided by using various updating techniques, such 

as the popular Broyden-Fletcher-Goldfarb-Shanno (BFGS),109 given the consideration that the 

Hessian usually varies slowly from one step to another in a simulation. In principle, the 

approximate inverse Hessian is constructed to approach the exact Hessian, by using the 

changes in gradients and the coordinates from successive iterations. Overall, the choice of the 

minimisation algorithm depends on the systems of interest, and no single minimisation 

method is applied to all situations. Hence, in order to search for minima efficiently and 

successfully, in practice, it is possible use a combination of different minimisation approaches 

in a simulation.  

2.5 Molecular dynamics  

2.5.1 Introduction 

Molecular Dynamics (MD) is a statistical mechanical method, such that the calculated 

quantities are represented by averages over configurations (microscopic states) of a given 

system, distributed in a certain statistical ensemble. An MD simulation is always used to 

generate an ensemble of states and determine the time averages;  

 

<A>time= lim
t!1

1

t

Z t

0
A(pN (t), rN (t))dt ' 1

M

MX

i=1

A(pN , rN ) (2.60)
 

 
where t is the simulation time, M is the number of time steps, p and r are the momenta and 

position for particles within a given system, respectively, and A(pN, rN) represents the 

instantaneous value of A. Applying the ergodic hypothesis, which assumes that the time 

average equals to the ensemble average; that is, if one allows the system to evolve with 

infinite time, then the system would finally explore all the possible states. Hence, the goal of 

an MD simulation is typically to sample enough representative configurations such that 

equation 2.61 is satisfied:  

 

<A>time=<A>ensemble (2.61)  

2.5.2 Classical molecular dynamics  

Classical MD, which is also known as force field based MD, is a very popular 

computational technique that can study the dynamics of a given system at the atomic level. 

Classical MD not only enables one to deal with a large number of atoms for a long time scale, 

but also gives the trajectories of the interacting atoms as a function of time in such a way that 
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time-dependent properties can be calculated. Taking advantage of the classical MD approach, 

it is also possible to determine thermodynamic properties of a system of interest, as well as 

time evolution. Classical MD is a method based on Newton’s equations of motion in such a 

way that the particles are treated in a classical way. Therefore, the laws of classical mechanics 

define the dynamics of a given system. The force (F) acts on the particles within a given 

system obeying the equation; 

 

F = ma (2.62)  
 
where m is the mass of the particle, and a is the acceleration. In practice, the above equation is 

solved in a numerically way to follow the time evolution of the system. For instance, in terms 

of the motion of a particle, i, of mass, mi, along coordinate ri, the above equation can be 

rewritten as: 

 

Fri = mi
d2ri
dt2

(2.63)
 

 
Integrating the solutions of the above second order differential equation generates the 

trajectories of a given system. The MD trajectories are defined by both position and velocity, 

and can be generated by a numerical integrator with a finite time interval. In general, an 

integrator should show good conservation of energy, accuracy and fast computational speed.  

The Verlet algorithm110 is commonly used in MD calculations due to its simplicity and 

stability. In the Verlet algorithm, positions (r) and accelerations (a) at time t, as well as the 

positions from time (t-δt), are used to calculate new positions at time (t+δt);110 

 

r(t+ �t) = 2r(t)� r(t� �t) + a(t)�t2 +O(�t4) (2.64)  
 

The Verlet algorithm is straightforward, but it lacks an explicit velocity term for the new 

position. A variation to the Verlet integrator is the Verlet leap-frog algorithm.111 The new 

positions at (t+δt) are computed based on the positions at time t and velocities at time 

(t+1/2δt); 
 

    
r(t+ �t) = r(t) + v(t+

�t

2
)�t+O(�t4) (2.65)

 

v(t+
�t

2
) = v(t� �t

2
) + a(t)�t+O(�t2) (2.66)

 
 

One disadvantage of the Verlet leap-frog algorithm is, despite the velocity being calculated 

explicitly, that the calculation of velocity and position are not performed at the same time. 
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Therefore, to overcome this problem in the Verlet leap-frog algorithm, a more accurate 

Velocity Verlet algorithm has been formulated. In the Velocity Verlet approach, the new 

positions at (t+δt) are computed using the r, v and a at time t; 
 

        
r(t+ �t) = r(t) + v(t)�t+

1

2
a(t)�t2 +O(�t4) (2.67)

 

v(t+ �t) = v(t) +
1

2
[a(t) + a(t+ �t)]�t+O(�t2) (2.68)

 
 

In addition, the success of MD trajectory generation not only depends on integration 

algorithms, but also the choice of the timestep (δt). Ideally, in order to simulate the longest 

time, one wants to use a δt as large as possible. However, if δt is too large, despite it being 

fast, the integration algorithms become unstable and the properties of the system may not 

correct and drift. Meanwhile, if δt is too small, the trajectory cannot integrate over the entire 

phase space and much more computational time is needed. Hence, an appropriate timestep 

should yield a correct trajectory efficiently and with accuracy in the conservation of energy, 

as well as cover the whole phase space. The choice of δt is based on element mass and 

vibrational frequency (especially the highest frequency motion) in a given system,1 typically, 

the suggested δt for a MD simulation is 1 fs or less.112-115 However, δt is able to increase 

depending on the specific system of interest.  

2.5.3 Ab initio molecular dynamics  

In addition to the widely used classical MD, there is another approach known as Ab Initio 

MD (AIMD), which takes into account the explicitly quantum nature of the electrons. In the 

AIMD method, the dynamics of the nuclei are still treated classically, whereas the electrons 

are calculated using quantum mechanical equations. In principle, MD can be used in 

conjunction with any electronic structure method (i.e., HF, post-HF, DFT, etc.); however, in 

practice, Kohn-Sham DFT (Section 2.2.5) is the natural preferred choice due to lower 

computational expense. Among the AIMD family, Born-Oppenheimer molecular dynamics 

(BOMD) is one of the popular methods. Under the BO approximation (Section 2.2.1), BOMD 

solves the time-independent Schrödinger equation for electrons at each MD step and 

calculates the potential energy surface. The energy calculated from the electronic structure 

calculation is then used to compute the forces in the equations of motion for the nuclei. Car-

Parrinello MD (CPMD)116 is another popular AIMD method. The CPMD method uses a 

fictitious electronic mass and propagates the electronic degrees of freedom simultaneously. 

The electrons are kept close to the electronic ground state. Unlike the BOMD method, it 

avoids the electronic minimisation at each MD step to reduce the computational cost. 
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Typically, to perform an AIMD simulation, the pseudopotentials are quite often used to 

describe the interaction between the core region and the valence electrons. As already 

mentioned in the Section 2.2.6, the use of pseudopotentials allows for avoiding an explicit 

description of the core electrons, which not only leads to a reduced number of orbitals, but 

also allows for the use of plane waves (Section 2.2.7.2) as a basis set.  

AIMD shows many advantages over classical MD. For example, instead of using a force 

field, the forces used in AIMD are calculated directly from the electronic structure 

calculations, which typically show much better and more reliable results. Another advantage 

of AIMD is that it can handle the chemical changes involves bond breaking and forming, as 

well as take into account electronic polarisation. One disadvantage of AIMD is that when 

accounting for all the electrons in a large system that is comparable to a typical size for a 

classical MD, AIMD is impractical as the computational cost is far too expensive. In such a 

situation, even with efficient DFT codes and pseudopotentials, AIMD is still several orders of 

magnitude slower than the classical MD.  

2.5.4 Ensembles, thermostats and barostats 

An MD ensemble can be defined by three variables, such as number of particles (N), 

volume (V), pressure (P), temperature (T), energy (E) chemical potential (µ), etc. Different 

ensembles can be generated depending on which three variables are kept fixed. For example, 

the microcanonical ensemble (NVE) has a constant energy and volume, without any 

temperature and pressure control. However, in practice, the NVE ensemble is not so useful to 

mimic experimental conditions. Instead, the canonical (NVT) and isothermal-isobaric (NPT) 

are two commonly used ensembles. Particularly the NPT ensemble is important, since many 

experiments are performed under constant T and P.  

To control the temperature, either in the NVT or NPT ensemble, for an N-particle 

system, the relationship between the kinetic energy (EK) and temperature (T) is given by; 
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(n
dof

is the number of degrees of freedom)  
 
The most straightforward means of temperature control is velocity rescaling.117 To obtain 

the goal of T(t) at time t is equal to the target temperature (Ttarget), the velocities can be 

rescaled by a factor λvr; 
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�vr =

s
Ttarget

T (t)
(2.70)

 
 

where T(t) can be calculated from the kinetic energy at time t (equation 2.69). Hence, the 

simplest way to control temperature is to multiply the velocities at each δt with the factor λvr. 

However, the velocity rescaling method does not allow temperature fluctuations and cannot 

generate the correct sampling of the NVT ensemble. To overcome the temperature fluctuation 

problem, an alternative way is to use the Berendsen thermostat,118 which couples the system 

with an external heat bath. In Berendsen’s weak coupling method, the velocities are scaled at 

each δt by a factor λBe; 

 

�Be = [1 +
�t

⌧T
(
Tbath

T (t)
� 1)]

1
2 (2.71)

 
 
where τT is a coupling parameter, which determines how tightly the thermostat and the system 

are coupled together. If τT is large, then the coupling is weak. Similarly, the coupling is strong 

if τT is small. In the limit where τT is equal to δt, the Berendsen thermostat reduces to the 

velocity rescaling method. In the limit of τT being close to infinity (∞), the Berendsen 

thermostat reduces to the NVE ensemble. However, as in the velocity rescaling method, 

Berendsen thermostat approach also cannot produce the correct sampling of the NVT 

ensemble. 

Two alternative ways to control the temperature are the Andersen thermostat119 and the 

widely used Nosé-Hoover thermostat120,121. First of all, in Andersen’s method, the system is 

coupled to a heat bath, and this coupling is represented by stochastic collisions that act 

occasionally on randomly chosen particles. Next, the velocities are reassigned according to 

the Boltzmann distribution. Andersen’s method is easy to implement, and gives the right 

ensemble averages, however, a distinct disadvantage is that it decorrelates velocities, which 

actually results in unphysical MD trajectories. Hence, correct dynamical properties cannot be 

obtained from these MD trajectories. Instead of using the Andersen thermostat, it is more 

common to use the popular Nosé-Hoover thermostat, which not only gives the correct 

ensemble, but also the correlations are preserved. It is worth noting that the energy of the 

system fluctuates, but the total energy (system plus heat bath) is conserved. In most cases, a 

Nosé-Hoover thermostat works well; however, if it fails, a Nosé-Hoover thermostat chain is 

often used instead.122 

In some cases, it is desirable to perform both temperature and pressure control at the 

same time. Various barostat methods formulated for pressure control are analogous to those 

for temperature control. Generally, one way is to keep the pressure constant by rescaling the 
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volume via a scaling factor, similar to the factor λ used in some thermostats. Another way is 

to use a pressure bath that is analogous to the heat bath for temperature control. The 

commonly used barostats are those of Berendsen,118 Andersen,119 Parrinello-Rahman.123 In 

general, selection of a particular ensemble, thermostat or barostat, mainly depends on the 

system itself and what properties (i.e., structural, energetic, dynamic, etc.) one intends to 

calculate from the averages over the corresponding ensemble generated.  

2.6 Metadynamics 
Metadynamics124 is a popular free energy calculation method based on the use of a biased 

potential. Compared to the classical (or unbiased) MD (Section 2.5.2), metadynamics is a 

technique that can potentially enhance the sampling of configuration spaces, particularly for 

the low probability regions (i.e. transition states). In metadynamics, a history-dependent 

biased potential is introduced to force the given system to explore regions of high free energy 

that otherwise would be less frequently visited. This biased potential is built as a sum of 

Gaussian functions laid during the simulation in the Collective Variables (CVs) space. The 

CVs typically correspond to the systems’ slow degrees of freedom, and for each free energy 

calculation a different set of CVs may be used, i.e. distances, torsion angles, centre of mass, 

coordination numbers, dipole moments, radius of gyration, etc.. However, the key point is that 

the chosen CV should be able to describe the processes of interest and be a good 

representation of the reaction coordinate.  

In metadynamics, the negative of the added biased potential has been shown to oscillate 

around the true free energy hyper-surface for the process of interest. To reduce these 

oscillations and to ensure a convergence of the negative bias to the true solution well-

tempered metadynamics125 can be used; in this approach the height of the Gaussians is 

progressively reduced, which curbs the oscillations. However, it is worth noting that, within 

the framework of well-tempered metadynamics, the CV probability distribution is altered, 

leading to the sampling of CVs at an enhanced temperature (T + ΔT). By tuning ΔT, one can 

control the regions of free energy surface explored during a metadynamics simulation, and 

this in turn leads to the improved sampling in the regions of interest. In addition, the 

computational efficiency of a metadynamics simulation can be improved by the use of 

multiple walkers.126 In multiple-walkers metadynamics, several simulations (walkers) are run 

in parallel and they all contribute to build a common biased potential through the 

communication of the positions of the Gaussians laid by each walker. It has also been proven 

that the accuracy of the construction of free energy surface is independent of the number of 

walkers used.126  
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In the case of the ion pair formation in aqueous solution, the negative of the biased 

potential converges to the free energy but for an additive constant,127 which can be fitted by 

aligning the tail of the calculated free energy computed from metadynamics to the analytic 

solution for two point particles interacting via a screened electrostatic potential. This 

procedure does not only allow for checking the convergence of a free energy calculation, but 

also for the evaluation of the standard binding free energy. Based on this, in order to verify 

that the association free energy for a cluster of particles as a function of mean distance CV is 

well converged, an analytic solution for the free energy of N point particles interacting via a 

screened electrostatic potential and a short-range repulsive two-body term has been proposed 

and is given below; 

 

1

4⇡"0

e2

"r
� kBT [ln(4⇡r

(3N�4))] (2.72)
 

 
where ε is the electric constant for water, r is the distance between the two point particles, kB 

is the Boltzmann constant and T is the temperature. Here we define N in equation 2.72 as the 

number of the isolated particles in a given system, and (3N-4) is the number of degrees of 

freedom of the system. This is different from the normal (3N-3) degrees of freedom, since one 

more number of degree of freedom has to be subtracted due to the use of a CV. A verification 

of the analytic solution (equation 2.72) for the free energy has been performed by A/Prof. 

Paolo Raiteri in the group using a model Lennard-Jones system.  

 

In summary, the primary methodology to be used in this study is briefly summarised in 

this chapter. Given the key objective of this study is to understand the nucleation and growth 

mechanism of calcium oxalate in aqueous solution at the atomic level, in particular the very 

early stages, one of the most appropriate techniques for the study here is MD using a force 

field representation of the interatomic potential energy. Hence, in the next chapter, 

development of a force field model for aqueous calcium oxalate systems will be presented.  
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Chapter 3 Development of A Force Field Model for 

Aqueous Calcium Oxalate Systems 

3.1 Introduction 

Several crystalline forms of both natural and synthetic calcium oxalate have been 

identified to date with variable levels of hydration.1-12 Recently an amorphous phase of 

calcium oxalate has also been observed experimentally, and it has been suggested that it can 

be a precursor to the formation of the crystalline phases.13,14 In addition, studies on kidney 

stones,15-23 which are formed in association with the precipitation of calcium oxalate 

monohydrate (COM) and dihydrate (COD) in the human body, are attracting particular 

attention. Especially of interest is to understand how organic molecules, proteins, etc., affect 

the growth of calcium oxalate hydrate crystals,24-37 since this could potentially aid in finding 

effective therapies for kidney stones.  

Despite the attention focused on how to inhibit the growth of calcium oxalate crystals, 

very little attention has been paid to date on the pre-nucleation regime for the aqueous 

calcium oxalate system, both experimentally and computationally. From an experimental 

point of view, directly observing the nucleation process by means of the current available 

techniques is virtually impossible. Therefore, computer simulation can play an important role 

in understanding this process. Given the complexity of the aqueous systems, the most 

appropriately computational technique is molecular dynamics (MD) simulation using a force 

field representation of the interatomic potential energy, which can be used to simulate large 

systems for long enough time to compute statistically significant thermodynamic averages. 

However, one of the greatest challenges for this type of studies is the development of an 

accurate and reliable force field, which essentially should be able to capture the 

thermodynamic properties of the aqueous calcium oxalate system. Unfortunately, the force 

fields available for the aqueous calcium oxalate systems are extremely limited so far. To the 

best of our knowledge, only two force fields have been used in the literature to study this 

system. One force field was developed by Di Tommaso et al.38 specifically for calcium 

oxalate minerals, including its hydrates. However, the water model used in this force field 

was that of de Leeuw and Parker,39 which was shown to freeze at room temperature.40 

Therefore this force field is not suitable for the aqueous calcium oxalate system even if it may 

work well for the study of anhydrous calcium oxalate (β-COA) and COM as Di Tommaso et 

al.38 have shown. In addition, Riley et al.41 investigated how magnesium, pH and citrate affect 

the binding of calcium and oxalate in water by using the CHARMM27 force field. The TIP3P 

model was used to represent water molecules, though the self-diffusion coefficient for this 
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simple three-site model is too high (5.2×10-5 cm2/s)42 as compared to the experimental value 

for bulk water (2.3×10-5 cm2/s)43,44 at 298.15 K. More importantly, calcium-oxalate-water 

interactions were not parameterised to reproduce the thermodynamic properties of the system, 

which are ultimately responsible for determining the solubility of the calcium oxalate 

minerals. Therefore, the binding behaviour of ions in solution may be too strong or too weak. 

Hence, these two existing force fields may not be sufficiently accurate for studying calcium 

and oxalate in water.  

Given that water molecules play a very important role in the prenucleation regime,45 we 

decided to develop a new force field for the aqueous calcium oxalate systems starting from an 

accurate and well characterised existing water model SPC/Fw.46 Another reason for the choice 

of this water model is to be compatible with the parameters and approach used by Raiteri et al. 

for the aqueous calcium carbonate systems,47 such that mixed aqueous carbonate and oxalate 

systems might be studied in the future. We started by developing the oxalate intramolecular 

parameters by studying the oxalate ion in the gas phase. Subsequently the interactions with 

water were parameterised to reproduce the free energy of solvation of the oxalate ion. Finally, 

we investigated of the solubility and solid-state properties in order to validate the force field 

developed. 

3.2 Methods 

3.2.1 Molecular mechanics force field 

The intramolecular force field for the SPC/Fw water molecules comprises of only two 

terms, harmonic bond stretching and angle bending; 

 

                       Ehar

bond

= K
b

(r � r0)
2 (3.1)  

 

                                    Ehar
angle = Ka(✓ � ✓0)

2 (3.2)  
 

where r0 and θ0 are the equilibrium bond length and angle, respectively, and Kb and Ka are the 

corresponding harmonic bond and angle style related coefficients.  

For the oxalate anion, a similar approach was used except the harmonic angle bending 

term was replaced by a COMPASS-type term, which includes bond stretching-angle bending 

cross correlation terms; 
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Eangle = Ea + Ebb + Eba

Ea = K2(✓ � ✓0)
2 +K3(✓ � ✓0)

3 +K4(✓ � ✓0)
4

Ebb = M(rij � r1)(rjk � r2)

Eba = N1(rij � r1)(✓ � ✓0) +N2(rjk � r2)(✓ � ✓0) (3.3)  
 

where Ea in the equation 3.3 is the angle term, Ebb corresponds to a bond-bond term, and Eba 

is relative to a bond-angle term. θ0 is the equilibrium angle, r1 and r2 are the equilibrium bond 

lengths, while K2, K3, K4, N1 and N2 are five coefficients. This more complicated form was 

chosen to better reproduce the vibrational frequencies of the oxalate anion. 

For the description of the oxalate torsional angle term, a standard CHARMM-like 

dihedral term was used; 

 

Edihedral = K[1 + cos(n�� �)] (3.4)  
 

where K is the force constant, n is an integer greater than zero, γ is the value of the phase 

offset, and ϕ is the angle between the planes formed by atoms ijk and by atoms jkl (Figure 

3.1).  

 

 
 

Figure 3.1 A representation of the oxalate dihedral angle. Carbon and oxygen atoms are represented as 
silver and red spheres, respectively.  
 

In addition, an out of plane force field term was also included and is given by; 

 

E
out of plane

= K2d
2 +K4d

4 (3.5)  
 

where in the equation K2 and K4 are two coefficients, and d is the distance between a central 

atom and the plane formed by three neighbouring atoms. In the case of oxalate, if one of the 

carbon atoms within the oxalate group is defined as a central atom, then the plane is formed 

by the two neighbouring oxygen atoms and the other carbon atom.  
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The force field was then completed by adding non-bonded interactions. The atoms were 

assigned partial charges and the Coulomb interactions were calculated with a real space cut-

off of 9 Å and the Particle-Particle Particle-Mesh (PPPM) Ewald method.48 Non-bonded van 

der Waals interaction, Lennard-Jones (LJ) and Buckingham potentials were then used to 

describe the short-range repulsion between the ions and long-range attraction between neutral 

species. The Buckingham potential was used for the calcium-oxalate, oxalate-oxalate and 

oxalate-water interactions and has the following expression; 

 

EBuck = Ae�r/⇢ � C

r6
(r < rc) (3.6)

 
 

where ρ is a pairwise dependent length parameter and rc is the cut-off for both the attractive 

and repulsive terms. Here a taper function, f(r),49 was also used to smooth the potential over 

the range of 6-9 Å; 

 

x =
r � rt

rc � rt
; f(r) =

8
<

:

1 for r < rt

(1� x)3(1 + 3x+ 6x2) for rt  r  rc

0 for r > rc

9
=

; (3.7)

 
 

where rt is the inner cut-off for the taper function.  

The well-known LJ 12-6 potential term was instead used for the calcium-water and 

water-water interactions, also with a cut-off of 9 Å: 

 

ELJ = 4"

✓
�

r

◆12

�
✓
�

r

◆6�
(3.8)

 

3.2.2 Free energy perturbation  

In order to parameterise the interactions between the oxalate anion and water, one of the 

most important thermodynamic properties that needed to be reproduced is the species’ 

solvation free energy, which is the free energy change to transfer the oxalate from the gas 

phase into the aqueous solution. In this study, the hydration free energy of the oxalate ion was 

calculated by using the free energy perturbation (FEP) method.50-52 FEP is a popular method 

for calculating free energy differences, and allows one to compute the change in free energy 

from state 0 to state 1, ΔG0→1, according to Zwanzig’s equation;51 

 

4G0!1 = G1 �G0 = �kBT ln hexp[(�(U1 � U0)/kBT )]i0 (3.9)  
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where kB is the Boltzmann constant and T is the temperature. U1 and U0 are the two potentials 

that describe state 1 and state 0, respectively. In this case, state 0 can be seen as oxalate in 

vacuum and state 1 as oxalate in water.  <···>0 indicates an ensemble average calculated 

during an MD run with the reference potential, U0. Furthermore, to avoid the possible 

convergence problem caused by the large difference between state 0 and 1, the calculation is 

commonly divided into several stages, where a smaller perturbation is done at each step. If we 

write the solute-solvent interaction potentials using a parameter λ (0≤λ≤1), where λ=0 is the 

reference state and λ=1 is the target state, respectively, and consider N stages between the 

reference and the target state, the free energy, ΔG, for the overall transformation becomes:  

 

    
4G = �kBT

N�1X

i=1

ln hexp[�(U(�i+1)� U(�i))/kBT ]i�i
(3.10)

 
 

All the MD simulations for the FEP calculations were carried out in the NPT ensemble 

by using the LAMMPS molecular dynamics program.53 Calculations have been performed in 

a cubic, 3D periodic, simulation box with a side of 49.8 Å, which contains one oxalate and 

4,174 water molecules. To explore the solvation free energy for the oxalate ion as a function 

of temperature, the free energies were calculated in the temperature range between 290 K and 

350 K, with an interval value of 10 K, by applying a Nosé-Hoover chain of 5 thermostats and 

a relaxation time of 0.1 ps was used during the simulations. In the reciprocal space, long-

range Coulomb electrostatics were calculated with the PPPM Ewald algorithm48 and with an 

accuracy value of 10-6. The time step was always set to 1 fs.  

The calculated solvation free energy of oxalate (∆Ghyd-cal) was decomposed into 

electrostatic and van der Waals contributions, which were computed separately with 20 stages 

each. The system was first energy minimised, and then the system was equilibrated for 100 ps 

followed by a 2 ns production run for each stage, with a total simulation time of 80 ns. These 

simulation times were deemed to be long enough for the determination of a reliable and 

sufficiently precise solvation free energy of oxalate. In addition, finite-size effects and 

standard state corrections for ion hydration free energies were taken into account.54-56 The 

pressure correction term for running the simulation in the NPT ensemble was also 

calculated,57 but it turned out to be negligible when compared to the other energy terms 

involved. 

3.2.3 Solubility  

(Declaration: The initial fitting of the solid-state parameters for calcium oxalate was 

performed by Julian Gale) 
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The calcium oxalate interaction parameters were fitted to reproduce the solubility of the 

monohydrate (CaC2O4⋅H2O) crystalline phase using the GULP program.58 The solubility was 

calculated using a Born-Haber cycle that requires the calculation of the free energy of the 

solid phase, the free energy of the ions in the gas phase and in solution. First of all, it is 

important to notice that some of the terms were calculated using MD simulations (hydration 

free energies) and others using Lattice Dynamics simulations (free energy of the solid and of 

the ions in the gas phase). Therefore, in order to be consistent with the MD simulations for the 

solvation free energy of the oxalate ion in aqueous solution (Section 3.2.2), the zero-point 

energy was excluded during the quasi-harmonic lattice free energy calculations. Additionally, 

corrections for the free energies of calcium, oxalate and water in the gas phase were also 

taken into account within the Born-Haber thermodynamic cycle, accounting for ions that are 

actually mobile rather than static. Secondly, the solvation free energies of calcium, oxalate 

and water were calculated at 300 K using the force field model described before. Finally, the 

solubility product (Ksp) of CaC2O4⋅H2O was calculated from the dissolution free energy of 

CaC2O4⋅H2O (ΔGsp) obtained by combining these terms in the Born-Haber cycle.  

3.2.4 Ab initio quantum mechanics 

 (Declaration: Parameters for the oxalate intramolecular parameters were previously fitted 

by Julian Gale) 

In order to double check the oxalate related intramolecular parameters previously 

developed in the group and the stability of the oxalate ion in the gas phase, geometry 

optimisation and harmonic vibrational frequency calculations of the oxalate ion were carried 

out with the CRYSTAL14 program.59 To obtain the -2 charged oxalate, C2O4
2-, we modified 

the initial guess for the occupancy of the orbitals for both carbon (C) and oxygen (O) atoms in 

the V-BS60 and pob_TZVP61 Gaussian-type basis sets, by letting each carbon lose three 

electrons (C3+; Table B1 in Appendix B) and at the same time letting each oxygen obtain two 

electrons (O2-; Table B2 in Appendix B). In a similar way, to generate the -1 charged oxalate, 

C2O4
-, using the same two basis sets, we now let each carbon lose three and a half electrons 

(C3.5+; Table B3 in Appendix B), while letting each oxygen obtain two electrons as well (O2-; 

Table B4 in Appendix B). Additionally, to show the changes easily, modifications for the 

initial guess for the occupancy of the orbitals are highlighted in magenta in Tables B1-B4.  

All calculations were performed within the Kohn-Sham Density Functional Theory (DFT) 

framework. One hybrid exchange-correlation functional, PBE0,62 was chosen for use. The 

DFT exchange-correlation term is evaluated through numerical integration over the unit cell 

volume, using a pruned grid with 99 radial points and 1,454 angular points. All the 

bielectronic integrals (Coulomb and exchange) have been computed exactly. The overlap 
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threshold both for Coulomb and exchange integrals was set to 200. Geometry optimisations 

have been performed using analytical gradients with respect to atomic coordinates. A quasi-

Newtonian optimisation scheme was adopted, combined with Broyden-Fletcher-Goldfarb-

Shanno (BFGS) Hessian updating. The default convergence parameters for geometry 

optimisation were used, and the Self Consistent Field (SCF) convergence threshold was set to 

10-8 a.u., though this threshold was tightened during frequency calculations to 10-10 a.u..   

3.3 Force field development 

3.3.1 Isolated oxalate in the gas phase  

To test the intramolecular parameters, we decided to first compare the optimised 

geometry of an isolated oxalate in the gas phase using the fitted force field model and at the 

quantum mechanical level. For an oxalate ion in the gas phase there are two main 

configurations to be considered;63-66 one is planar (with D2h symmetry, torsion angles of zero 

and 180 degrees, Figure 3.2(a)), and the other has the carboxylate groups at right-angles 

(with D2d symmetry, torsion angles of 90 degrees, Figure 3.2(b)). The calculated energy 

difference between the D2h and D2d structures of oxalate are given in Table 3.1, as well as a 

comparison with some other published computational results.63-65  

 
                                        (a)                                                                          (b) 
Figure 3.2 Represented configurations of the oxalate ion after optimisation in the gas phase, performed 
with V-BS basis set and the hybrid PBE0 functional: (a) a planar configuration with D2h symmetry; (b) 
a 90 degree twisted configuration with D2d symmetry. Colours are as defined in Figure 3.1. 
 
Table 3.1 Comparison of calculated total energy differences between planar and perpendicular oxalate 
structures, taking the perpendicular oxalate structure (D2d) as the reference. All energies are given in 
kJ·mol-1. 
 
	 This work	 Dewar et al.63 Herbert et al.64 Clark et al.65 
	 PBE0/	

V-BS	
PBE0/	

pob_TZVP	
	

Force	
fields	

AM1	 HF/6-
31G*	

HF/6-
31(+)G	

MP2/6-
311+G*	

MP2/6-
31+G*	

HF/STO-
3G	

HF/4-
31G	

HF/6-
31G//HF/4-

31G	
ED2h +26.2	 +34.1	 +22.6	 +21.3	 +20.5	 +26.4	 +23.2	 +26.1	 +8.4	 +11.7	 +15.9	

 

As shown in Table 3.1, the sign of the relative energies between D2h and D2d oxalate 

structure is independent of the method used, but the relative values vary with the choice of 
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basis set and functional/Hamiltonian. Our simulation results show that, when taking the 

energy of the D2d symmetry oxalate structure as a reference, the energy difference between 

the two configurations is 26.2 kJ·mol-1 (PBE0/V-BS), 34.1 kJ·mol-1 (PBE0/pob_TZVP), and 

22.6 kJ·mol-1 (force fields), respectively. This is consistent with the previous reported 

calculations at the quantum mechanical level (Table 3.1),63-65 which also found the D2d 

configuration (Figure 3.2(b)) to be more stable in the gas phase. The harmonic vibrational 

frequency calculations (Table 3.2) also confirm that the D2d structure is an energy minimum, 

while the D2h planar structure is instead a transition state with an imaginary vibrational 

frequency at 100 cm−1 (Au) with the V-BS basis set, and at 108 cm−1 (Au) using the 

pob_TZVP basis set. However, the above results for the oxalate ion are all based on the use of 

a finite basis set. Therefore, it is necessarily to further check the stability of the oxalate ion in 

the gas phase, since it is possible that the oxalate ion (C2O4
2-) is unstable if the basis set 

extends to infinity (i.e. the second electron affinity may be endothermic).67,68 To examine this, 

additional ab initio quantum mechanical geometry optimisations have been performed for a 

singly negatively charged oxalate, C2O4
-, in the D2d geometry. This calculation showed that 

the C2O4
- has a lower total energy than C2O4

2-, with a magnitude of 258 kJ·mol-1 (PBE0/V-

BS) and 228 kJ·mol-1 (PBE0/pob_TZVP). Moreover, calculations by Herbert et al. at the MP2 

level64 also indicated that D2d symmetry C2O4
- is more favourable in the gas phase, being 232 

kJ·mol-1 (MP2/6-31+G*) and 249 kJ·mol-1 (MP2/6-311+G*) lower in energy than C2O4
2-. In 

principle, these energy differences should reduce as the quality of the basis set improves. 

Nevertheless, based on the current calculation results for C2O4
-, it can be predicted that in the 

gas phase C2O4
2- has the possibility to eject the second electron. Hence, the oxalate ion, in the 

form of C2O4
2-, only exists in the gas phase calculations when using a finite basis set.  

To further examine the performance of the fitted force field model, harmonic vibrational 

frequency calculations for isolated C2O4
2- in the gas phase have also been carried out. The 

calculated results using the fitted force field are shown in Table 3.3. As per the harmonic 

vibrational frequency calculations performed at the ab initio level (Table 3.2), force field 

investigations also confirm that the D2d structure is an energy minimum, while the D2h planar 

structure is a transition state with an imaginary vibrational frequency observed at 79 cm−1. 

However, when oxalate is present in the crystal,5 rather than as the isolated ion in the gas 

phase, it should lose the D2d symmetry and become planar due to the packing forces.  
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Table 3.2 Calculated harmonic vibrational frequencies (ν, cm−1) for D2h and D2d symmetry oxalate. 
Imaginary frequencies are written in bold italic font. n represents the vibrational mode number. 
(†Irreducible representation, symmetry mode; #R=Raman; I=infrared). 
 

PBE0/V-BS: D2h symmetry oxalate 
n ν sym† Activity# n ν sym† Activity# 
1 
2 
3 
4 
5 
6 
7 
8 
9 

100.6i 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

299.3 
422.9 

Au 
B1g 
B3g 
B1u 
B2u 
B2g 
B3u 
B3u 
Ag 

Inactive 
R 
R 
I 
I 
R 
I 
I 
R 

10 
11 
12 
13 
14 
15 
16 
17 
18 

536.4 
577.2 
771.2 
858.7 
904.9 

1328.8 
1428.7 
1643.6 
1665.8 

B1g 
B1u 
B2u 
Ag 
B3g 
B2u 
Ag 
B1g 
B3u 

R 
I 
I 
R 
R 
I 
R 
R 
I 

PBE0/V-BS: D2d symmetry oxalate 
n ν sym† Activity# n ν sym† Activity# 
1 
2 
3 
4 
5 
6 
7 

0.0 
0.0 
0.0 
0.0 

85.4 
283.8 
413.0 

B2 
A2 
E 
E 
B1 
E 
A1 

R, I 
Inactive 

R, I 
R, I 
R 

R, I 
R 

8 
9 

10 
11 
12 
13 

758.9 
863.7 
886.7 

1326.8 
1497.4 
1606.9 

B2 
E 
A1 
B2 
A1 
E 

R, I 
R, I 
R 

R, I 
R 

R, I 
 

PBE0/pob_TZVP: D2h symmetry oxalate 
n ν sym† Activity# n ν sym† Activity# 
1 
2 
3 
4 
5 
6 
7 
8 
9 

108.4i 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

302.9 
426.9 

Au 
B1g 
B2g 
B1u 
B3u 
B3g 
B2u 
B3u 
Ag 

Inactive 
R 
R 
I 
I 
R 
I 
I 
R 

10 
11 
12 
13 
14 
15 
16 
17 
18 

536.1 
574.7 
764.2 
855.3 
895.6 

1330.3 
1431.5 
1636.6 
1655.7 

B1g 
B1u 
B2u 
Ag 
B3g 
B2u 
Ag 
B1g 
B3u 

R 
I 
I 
R 
R 
I 
R 
R 
I 

PBE0/pob_TZVP: D2d symmetry oxalate 
n ν sym† Activity# n ν sym† Activity# 
1 
2 
3 
4 
5 
6 
7 

0.0 
0.0 
0.0 
0.0 

98.5 
293.0 
416.2 

B2 
A2 
E 
E 
B1 
E 
A1 

R, I 
Inactive 

R, I 
R, I 
R 

R, I 
R 

8 
9 

10 
11 
12 
13 

753.1 
858.2 
882.7 

1325.8 
1495.6 
1598.9 

B2 
E 
A1 
B2 
A1 
E 

R, I 
R, I 
R 

R, I 
R 

R, I 
 

 
Table 3.3 Calculated vibrational frequencies (ν, cm−1) for D2h and D2d symmetry oxalate using the 
current force field model. All symbols are as defined in Table 3.2.  
 

D2h symmetry oxalate D2d symmetry oxalate 
n ν n ν 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

79.0i 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

210.4 
397.1 
409.0 
609.2 
741.8 
887.8 
955.0 

1341.9 
1497.8 
1592.3 
1684.3 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

79.0 
273.8 
273.8 
409.0 
741.8 
841.2 
841.2 
887.8 

1341.9 
1497.8 
1638.8 
1638.8 
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3.3.2 Bond and bond angle terms within the oxalate ion 

The final coefficients for bond lengths and bond angles for oxalate are tabulated in Table 

3.4. In Table 3.5 we compare the bond lengths and angles calculated for the optimised 

geometry of an isolated oxalate in the gas phase using the fitted force field model and at the 

quantum mechanical level. The force field calculations show that the isolated oxalate has a C-

C bond length of 1.558 Å, C-O bond length of 1.265 Å, O-C-O bond angle of 126.3 degrees 

and O-C-C bond angle of 116.8 degrees. Based on the stabilities shown in the previous 

harmonic vibrational frequency calculations (Section 3.3.1; Table 3.2 and Table 3.3), the 

following comparison is only performed with the D2d symmetry oxalate. 

 
Table 3.4 Final parameters for C-O, C-C, O-C-O, and C-C-O bond and bond angle terms for the 
oxalate group.  
 

Bond style - harmonic 
 K (eV·Å-2) r0 (Å) 

C-O 51.917500 1.2650680 
C-C 25.029000 1.5579540 

Angle style – COMPASS-type 
 θ0 (degree) K2 (eV·rad-2) K3 (eV·rad-3) K4 (eV·rad-4) 

 
 

O-C-O 

Angle 126.32000 11.5160000 0 0 
 M (eV·Å-2) r1 (Å) r2 (Å) 

Bond-Bond 4.3935000 1.2650680 1.2650680 
 N1 (eV·Å-2) N2 (eV·Å-2) r1 (Å) r2 (Å) 

Bond-Angle 0.1352000 0.1352000 1.2650680   1.2650680   
 θ0 (degree) K2 (eV·rad-2) K3 (eV·rad-3) K4 (eV·rad-4) 

 
 

C-C-O 

Angle 116.84000 3.5722000 0 0 
 M (eV·Å-2) r1 (Å) r2 (Å) 

Bond-Bond 3.4902000 1.5579540 1.2650680 
 N1 (eV·Å-2) N2 (eV·Å-2) r1 (Å) r2 (Å) 

Bond-Angle 0 0 1.5579540 1.2650680 
 
As shown in Table 3.5, for the C-C bond, very little difference (~0.001 Å) is observed in 

the bond length for the calculations by the fitted force field and at the PBE0/V-BS level. Both 

the force field and MP2/6-311+G*64 calculations give bond distances of 1.558 Å. In general, 

changes in the C-C bond length beyond the low quality STO-3G and 4-31G basis sets65 are 

0.005Å or less, with the exception of the Dewar et al.’s63 (HF/6-31(+)G) and Wang et al.’s69 

(B3LYP/TZVP+) simulation results, where relatively short (1.537Å) and long (1.572Å) C-C 

distances were obtained, respectively. In terms of the C-O bonds, the force field and 

B3LYP/TZVP+69 calculations give a bond length of 1.265 Å. Calculations at the PBE0/pob-

TZVP and HF/4-31G65 level both show a C-O distance of 1.266 Å, while calculations at 

HF/STO-3G65 and MP2/6-31+G*64 levels both give a relatively long C-O distance (~1.28 Å). 

As in the case of the C-C bond, the bond length from the quantum mechanical calculations 

also depends on the method applied, since deviation to some extent is observed. Furthermore, 

all calculations presented in Table 3.5 show a similar result for O-C-C bond angles of ~117 

degrees, with 0.3 degree or less deviation observed between different levels of theory. 

Meanwhile, our force field calculation shows 0.3 degree or less deviation from calculations 
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using the PBE0 functional. In the case of O-C-O, it has a bond angle of ~126 degrees though 

the range of deviation is greater than that for O-C-C, with a magnitude of up to 0.7 degrees 

between different levels of theory. Our force field calculation shows 0.2 degree or less 

deviation to the calculations at the MP2 level.64 In general, the comparison shows that the 

fitted force field gives bond length and bond angle descriptions that agree reasonably with 

those of quantum mechanical calculations.  

 
Table 3.5 A comparison of the calculated results for bond lengths and bond angles within isolated 
oxalate (D2d) in the gas phase. 
 
  C-C  

(Å) 
C-O  
(Å) 

O-C-O  
(degrees) 

O-C-C 
 (degrees) 

 
This work 

PBE0/V-BS 1.557 1.262 126.0 117.0 
PBE0/pob-TZVP 1.552 1.266 125.9 117.1 
Force Field 1.558 1.265 126.3 116.8 

 
Clark65 

HF/STO-3G 1.654 1.281 — 117.4 
HF/4-31G 1.531 1.266 — 117.1 

 
Dewar63 

HF/6-31G* 1.549 1.247 126.3 116.8 
HF/6-31(+)G 1.537 1.271 125.8 117.1 

 
Herbert64 

MP2/6-311+G* 1.558 1.270 126.5 — 
MP2/6-31+G* 1.554 1.279 126.4 — 

Wang69 B3LYP/TZVP+ 1.572 1.265 — — 
 

3.3.3 Free energy of solvation of the oxalate ion  

In this section, given that oxalic acid (H2C2O4) is a relatively strong dibasic acid with the 

pKa values of 1.27 and 4.27,70 it is possible to assume that oxalate is fully deprotonated in 

aqueous solution. This simplifies the type of the force field model that is developed in this 

chapter, since if oxalate was in a protonated form, then a reactive force field that allows for 

the proton transfer would have been needed to be developed.   

In order to parameterise interactions between the oxalate ion and water, we looked at its 

solvation free energy with a series of different parameters, as well as over a range of 

temperature (290 K - 350 K). For each set of parameters tested a full FEP calculation was 

performed. The FEP calculation started from a well-equilibrated oxalate/water system. To 

determine the solvation free energy, our FEP scheme first removes the Coulomb interactions 

between oxalate and water, both in real space and reciprocal space, and then the van der 

Waals interactions between oxalate and water were turned off. Because we chose a 

Buckingham potential (equation 3.6) for the oxalate-water interactions, in our force field 

development we had three parameters to optimise: A, ρ and C. In order to simplify the 

exploration of the parameter space, we decided to change one parameter at a time. After 

approximately 30 FEP runs, the final coefficients of A, ρ and C for Ow-C, Ow-O and Hw-O 

terms, which best reproduce the experimental hydration free energy, were yielded and are 

shown in Table 3.6. Using the parameters in Table 3.6, the solvation free energy for the 

oxalate ion at different temperature are calculated (Table 3.7) after taking ion size, finite-size 
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and standard state corrections into account.54-56 However, there is very little experimental and 

computational data available for comparison. To the best of our knowledge, thermodynamic 

quantities, such as the enthalpy (ΔH) and entropy (ΔS) of oxalate hydration, were only 

reported by Marcus.71 For the oxalate ion, the values of ΔHexp and ΔSexp are -1260 kJ·mol-1 

and -224 J/mol⋅K, respectively. ΔGhyd-exp in the temperature range 290 K - 350 K was then 

calculated using the standard Gibbs-Helmholtz equation, ΔGhyd-exp = ΔHexp - TΔSexp, and are 

reported in Table 3.7. At the time of writing this chapter we became aware of the new 

updated values published by Marcus (ΔH’
exp = -1261 kJ·mol-1 and ΔS’

exp = -205.1 J/mol⋅K),72 

which actually shift the experimental solvation free energy ΔG’
hyd-exp down by approximately 

7 kJ·mol-1 (Table 3.7).  

 
Table 3.6 Final coefficients of A, ρ and C of the Buckingham potentials for Ow-C, Ow-O and Hw-O 
terms. Here O and C represent the oxygen and carbon atoms within the oxalate group, respectively. Ow 
and Hw are the oxygen and hydrogen atoms of water molecules, respectively.  
 
 A (eV) ρ (Å) C (eV·Å6) 

Ow-C 254.00000 0.322725   0 
Ow-O 12534.455133 0.155000 0 
Hw-O 475.00000   0.210000   0 

 
Table 3.7 Experimental and calculated solvation free energy of the oxalate ion, as a function of 
temperature. All energies are given in kJ·mol-1. For the energy differences in this table, ΔG1 = ΔGhyd-cal 
- ΔGhyd-exp, ΔG2 = ΔGhyd-cal – ΔG’

hyd-exp. ΔGhyd-exp and ΔG’
hyd-exp are all calculated based on the reported 

values of enthalpy (ΔH) and entropy (ΔS) change of oxalate hydration.71,72 Ion size, finite-size and 
standard state corrections are taken into account for ΔGhyd-cal.54-56 
 
 290 K 300 K 310 K 320 K 330 K 340 K 350 K 
ΔGhyd-exp -1195 -1193 -1191 -1188 -1186 -1184 -1182 
ΔG’

hyd-exp -1202 -1199 -1197 -1195 -1193 -1191 -1189 
ΔGhyd-cal -1178 -1177 -1176 -1173 -1171 -1168 -1166 
ΔG1 17 16 15 15 15 16 16 
ΔG2 24 22 21 22 22 23 23 
 

In Table 3.7, First of all, it was observed that the solvation free energy of the oxalate ion, 

either from experiments or simulations, increases with the increasing temperature. Next, 

comparing the simulation results to the aforementioned Marcus’s earlier (1994)71 and latest 

(2016)72 reported thermodynamic quantities, the deviation for the solvation free energy ranges 

from 15 kJ/mol to 24 kJ/mol. Take the solvation free energy at 300 K, for example; the 

deviation is approximately 16 kJ·mol-1 and 22 kJ·mol-1, respectively. Here, the calculated 

solvation free energy of the oxalate ion, with the value of -1177 kJ·mol-1 (Table 3.7), was 

fitted to the earlier reported ΔHexp and ΔSexp by Marcus at the parameterisation stage.71 

However, considering the new updated ΔH and ΔS, we decided to further determine the ΔHcal 

and ΔScal of oxalate hydration from fitting the calculated solvation free energies (ΔGhyd-cal) to 

the aforementioned thermodynamic equation ΔG = ΔH - TΔS, and then compared them to the 

experimental values. The fitted results are presented in Figure 3.3, along with the known 

ΔHexp and ΔSexp. The fitting for the simulation data in the range from 290 K to 350 K shows 
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that the values of ΔHcal and ΔScal are approximately -1240.1 kJ/mol and -210.7 J/mol⋅K, 

respectively. Compared to the experimental enthalpies and entropies reported by Marcus, the 

value of ΔScal from this work sits inbetween the measured values, whereas the dissociation 

enthalpy is approximately 20 kJ/mol higher than the reported values, and this is the main 

source of discrepancy between the measured and calculated values. In future work the oxalate 

water parameters could be further optimised to achieve better agreement with the 

experiments. A small reduction of the oxalate-water repulsion term should indeed produce a 

more negative solvation enthalpy and leave largely unchanged the entropic term, which is 

mostly related to the water dynamics. 

 

 
Figure 3.3 Experimental and calculated solvation free energies for the oxalate ion as a function of 
temperature (T). The calculated free energies (red dots) are fitted to the thermodynamic equation ΔG = 
ΔH – TΔS, to obtain ΔHcal and ΔScal, coupled with the known experimental values (in green and 
purple).  
 

Apart from the free energy of solvation of the oxalate ion, some other properties, such as 

the structure of the water first hydration shell, and the pairwise radial distribution functions 

(PDFs) have also been investigated by running long classical MD simulations. Calculations of 

one oxalate anion in water were performed with a 25 Å box in the NVT ensemble for 50 ns. 

The three-dimensional (3-D) density map of the water density around the solvated oxalate 

(Figure 3.4(a)) shows the regions where the water oxygen (red) and hydrogen (white) atoms 

are most likely to be found. The oxalate first solvation shell can accommodate an average of 

13 water molecules (Figure 3.4(b) shows a typical configuration), which is very close to the 
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photoelectron spectroscopy (PES) investigation results for oxalate-water clusters that exhibit 

bulk liquid-like features reported by Wang et al..73 

 
    (a)                                                                                         (b) 

Figure 3.4 Solvation structure of the oxalate ion, calculated from 50 ns of classical molecular 
dynamics: (a) the three-dimensional density map, the distribution of water molecules around oxalate is 
represented by white (hydrogen) and red (oxygen) iso-surfaces, and the value used for the isosurface is 
0.02; (b) a representative configuration of the first hydration shell of the oxalate ion, where water 
molecules are drawn in red and white stick mode. For oxalate, colours are defined as in Figure 3.1.  
 

In addition to the above, the distribution of the O-C-C-O dihedral angle, Φ, (Figure 

3.5(a)) has also been computed from the same classical MD trajectory. The final fitted 

coefficients for the O-C-C-O dihedral angle and C-O-O-C out of plane term are presented in 

Table 3.8. The oxalate ion tends to be flat with the highest probability being at 0 or 180 

degrees. This is actually different from the situation in the gas phase, either as investigated at 

the quantum mechanical level (Table 3.2) or by the fitted force field (Table 3.3), where the 

harmonic vibrational frequency calculations show that the tilted configuration is the most 

stable one (Φ=90 degrees). However, the difference that occurs between the gas phase and in 

solution can be easily understood, since in aqueous solution there should be strong 

interactions between water molecules and the oxalate ion. Moreover, the bond lengths within 

the solvated oxalate have also been analysed to ensure that the current force field provides a 

reasonable description of the bond lengths. As shown in Figure 3.5(b-c), the average bond 

lengths are found at 1.532 Å for C-C and 1.267 Å for C-O, respectively. In addition, for the 

oxalate ion, the calculated Pairwise Distribution Functions (PDFs) show that the closest water 

molecules appear at approximately 1.66 Å (O-Hw, Figure 3.6(a)) and 2.62 Å (O-Ow, Figure 

3.6(b)). Similarly, if we compute PDFs relative to the carbon of oxalate, then the closest water 

molecules appear at approximately 2.47 Å for oxygen of water (Figure 3.6(c)) and 2.66 Å for 

hydrogen of water (Figure 3.6(d)). Furthermore, the coordination number n(r) in Figure 3.6 

indicates the possible number of water molecules in the first solvation shell for each oxygen 

and carbon atom within the oxalate group. Given the consideration that there are four oxygen 
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and two carbon atoms, the first solvation shell of the oxalate ion most likely includes water 

molecules in the range between 12 and 16, with an average value of 13.  

 
Table 3.8 Final parameters for O-C-C-O dihedral angle term and C-O-O-C out of plane term for the 
oxalate group. 
  

Dihedrals style – CHARMM-like 
  K (eV) n d (degree) Weight factor 

O-C-C-O 0.02923000 2 0.0000000 0.0000000 
Out of plane 

 K2 (eV·Å-2) K4 (eV·Å-4) 
C-O-O-C 11.473000 360.00000 

 

   
   (a)                                                                               (b) 

 
     (c) 

Figure 3.5 Probability distributions (P) of the O-C-C-O dihedral angle of the oxalate dianion in 
aqueous solution (a); C-O bond lengths (b); and C-C bond length (c), calculated from a 50 ns classical 
MD trajectory.  
 
 
 
 
 
 



Chapter 3 Development of A Force Field Model For Aqueous Calcium Oxalate Systems 
 

 81 

   
(a)                                                                            (b) 

   
(c)                                                                            (d) 

Figure 3.6 Pairwise distribution functions (PDFs,  [g(r)]) and coordination number ([n(r)]) for the 
oxalate anion in water: (a) O-Hw; (b) O-Ow; (c) C-Hw; (d) C-Ow, calculated from a 50 ns classical MD 
trajectory.  

3.3.4 Solubility and solid fitting 

(Declaration: The initial fitting of the solid-state parameters for calcium oxalate was 

performed by Julian Gale) 

In order to reproduce the solubility of calcium oxalate monohydrate crystalline phase and 

fit the calcium oxalate interaction parameters, a Born-Haber thermodynamic cycle was used 

and is given blow: 
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Our target was to use the above thermodynamic cycle to first obtain the dissolution free 

energy of CaC2O4⋅H2O, ΔGsp. This was then followed by calculating the solubility product of 

CaC2O4⋅H2O, Ksp, from ΔGsp, to compare with the experimental value.74 We then fitted and 

adjusted the calcium oxalate interaction parameters until the solubility obtained is as close to 

the experimental value as possible. Therefore, in order to compute ΔGsp, we needed to first 

calculate other free energy terms within the Born-Haber cycle. As a result, ΔGlat(COM)=            

-2866.143 kJ·mol-1, is the quasi-harmonic lattice free energy for the CaC2O4⋅H2O crystalline 

phase without considering the zero point energy. ΔGcor(Calcium), ΔGcor(Oxalate) and ΔGcor(water) are 

the corrections for the free energies of calcium, oxalate, and water in the gas phase, with the 

values of -39.99 kJ·mol-1, -72.154 kJ·mol-1, and -45.21 kJ·mol-1, respectively. These three 

corrections were considered for the consistency with the MD simulations for the free energy 

of ions in aqueous solution, where ions are actually mobile rather than static. The solvation 

free energies of calcium, oxalate and water calculated at 300 K are ΔGsol(Calcium) = -1443 

kJ·mol-1, ΔGsol(Oxalate) = -1177 kJ·mol-1 and ΔGsol(water) = -28.7 kJ·mol-1. Based on these results, 

we could compute ΔGsp by adding all the free energy and correction terms together, which 

gave ΔGsp = 60 kJ·mol-1. Using the equation 3.11 (ideal gas constant R = 8.314472 J/mol⋅K), 

the solubility product for CaC2O4⋅H2O, logKsp, was computed to be approximately -10.51 at 

298.15 K. Compared to the experimental values at room temperature (ΔGsp(exp) = 50 kJ·mol-1; 

logKsp(exp) = -8.77±0.01),74 the difference for the dissolution free energy of CaC2O4⋅H2O 

between calculated and measured values is approximately 10 kJ·mol-1, leading to the 

deviation of solubility of CaC2O4⋅H2O by approximately 1.75. It is worth mentioning that at 

the parameterisation stage, logKsp was fitted as close as possible to the reported solubility 

product of CaC2O4⋅H2O (-8.77±0.01). However, the discrepancy for the solubility shown here 

is actually caused by the later change in the ΔGsol(Oxalate). At the time of writing this chapter, 

we realised that apart from the ion size and finite-size corrections, standard state corrections 
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should also be taken into account for ΔGsol(Oxalate),56 which actually resulted in a change in 

ΔGsol(Oxalate) and then in turn in the solubility product of CaC2O4⋅H2O. 

logKsp =

��Gsp

2.303RT
(3.11)

 

3.3.5 Final force field parameters 

After extensive testing and tuning of the parameters, the final force field for aqueous 

calcium oxalate systems is reported in Table 3.9. 

 
Table 3.9 Final fitted force field parameters for the aqueous calcium oxalate systems. Here O and C 
represent the oxygen and carbon atoms within the oxalate group, respectively. Ow and Hw are the 
oxygen and hydrogen atoms of water molecules, respectively. Note that in this table, the parameters for 
Ca and Ow are from the work of Raiteri et al.,47 whereas the parameters for water molecules are from 
the work of Wu et al..46  
 

Charges (a.u.) 
Ca 2.000000 Ow -0.820000 
C 1.273504 Hw 0.410000 
O -1.136752   

Intramolecular interaction 
Bond style - harmonic 

 K (eV·Å-2) r0 (Å) 
Ow-Hw 45.930000 1.0120000 
C-O 51.917500 1.2650680 
C-C 25.029000 1.5579540 

Angle style - harmonic 
 K (eV·rad-2) θ0 (degree) 

Hw-Ow-Hw 3.291360 113.24000   
Angle style – COMPASS-type 

 θ0 (degree) K2 (eV·rad-2) K3 (eV·rad-3) K4 (eV·rad-4) 
 
 

O-C-O 

Angle 126.32000 11.5160000 0 0 
 M (eV·Å-2) r1 (Å) r2 (Å) 

Bond-Bond 4.3935000 1.2650680 1.2650680 
 N1 (eV·Å-2) N2 (eV·Å-2) r1 (Å) r2 (Å) 

Bond-Angle 0.1352000 0.1352000 1.2650680   1.2650680   
 θ0 (degree) K2 (eV·rad-2) K3 (eV·rad-3) K4 (eV·rad-4) 

 
 

C-C-O 

Angle 116.84000 3.5722000 0 0 
 M (eV·Å-2) r1 (Å) r2 (Å) 

Bond-Bond 3.4902000 1.5579540 1.2650680 
 N1 (eV·Å-2) N2 (eV·Å-2) r1 (Å) r2 (Å) 

Bond-Angle 0 0 1.5579540 1.2650680 
Dihedrals style – CHARMM-like 

  K (eV) n d (degree) Weight factor 
O-C-C-O 0.02923000 2 0.0000000 0.0000000 

Out of plane 
 K2 (eV·Å-2) K4 (eV·Å-4) 

C-O-O-C 11.473000 360.00000 
Intermolecular interaction (terms are tapered to zero in the range from 6 Å to 9 Å) 
 A (eV) ρ (Å) C (eV·Å6) 

Ow-C  
 
 

Buckingham 

254.00000 0.322725   0 
Hw-C 0 0.322725 0 
Ow-O 12534.455133 0.155000 0 
Hw-O 475.00000   0.210000   0 
O-Ca 6724.4307 0.248587   0 
C-O 14500.0000   0.250000    0 
O-O 600.0000 0.300000 55.720884 

 ε (eV) σ (Å) 
Ow-Ow  

Lennard-Jones 
0.00674000 3.16549200 

Ow-Ca 0.00095000 3.35000000 
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3.4 Conclusions 
In this chapter, a new force field model for the aqueous calcium oxalate systems has been 

developed. Ab initio calculations in the gas phase have been used to check the oxalate 

intramolecular parameters previously developed within the group. Additionally, the ab initio 

calculations for a singly negatively charged oxalate, C2O4
-, in the D2d geometry, have 

suggested that the oxalate ion, in the form of C2O4
2-, only exists in the gas phase under the 

constraint of a finite basis set, with the minimum structure having torsion angles of 90 

degrees. The D2h planar structure of oxalate found in the calcium oxalate crystals is instead a 

transition state in the gas phase, as previously reported.63-66 In addition, to explore and 

optimise the force field model for the oxalate-water interactions, MD calculations have been 

performed to calculate the solvation free energy of the oxalate ion. The free energy for oxalate 

hydration in the temperature range between 290 K and 350 K has been calculated and 

compared with the experimental values, with the deviation ranging from 15 to 24 kJ/mol. 

Meanwhile, by fitting the simulation data to the standard Gibbs-Helmholtz equation ΔG = ΔH 

– TΔS, enthalpy and entropy changes have been obtained (ΔHcal = -1240.1 kJ/mol; ΔScal =      

-210.7 J/mol⋅K). Compared to the two sets of experimental enthalpies and entropies changes 

reported by Marcus,71,72 the value of ΔScal from this work sits inbetween the experimental 

values. The deviation for the solvation free energy of the oxalate ion largely arises from the 

dissociation enthalpy term (ΔHcal), with approximately 20 kJ/mol higher energy than those 

measured. Hence, possible further improvement can be made to achieve a better agreement by 

optimising the oxalate-water parameters in future work, such as a small reduction of the 

oxalate-water repulsion term. For the hydration structure of the oxalate ion, it has been found 

that the first solvation shell includes the amount of water molecules ranging from 12 to 16, 

with an average value of 13. Another distinctive phenomenon is that the oxalate ion tends to 

be flat in aqueous solution, unlike having torsion angles of 90 degrees all the time in the gas 

phase.  

In Chapter 4, before applying this force field model to study the pre-nucleation 

behaviour of calcium oxalate in aqueous solution, a brief literature overview of structural 

features of calcium oxalate crystals is presented, combined with an examination of possible 

candidate atomic configurations of anhydrous calcium oxalate by ab initio quantum 

mechanical methods. Then in the next two chapters, this force field model will be applied to a 

few practical problems of the very early stages of calcium oxalate binding in aqueous 

solution, i.e. the ion association of calcium and oxalate (Chapter 5), small neutral/charged 

calcium oxalate clusters (Chapter 6). Nevertheless, given the consideration of more advanced 

computational resources that might arise in the future, the force field model developed here 

might be re-optimised or extended for other future studies, such as a mixed oxalate and 
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carbonate (or phosphate) system. Typically, this force field can be potentially improved by: i) 

fitting against newly reported or updated experimental/ab initio quantum mechanical 

calculations of structural/thermodynamic data for calcium oxalate materials; ii) use of better 

or more functional terms to account for the intramolecular and intermolecular interactions if 

possible, such as taking into account polarisation effects, and/or more cross terms; iii) if 

necessary, use of a new water model and then re-fitting of the parameters accordingly.  
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Chapter 4 Structures and Stability of The Solid 

Anhydrous Calcium Oxalate Phase 
[This chapter is a modified version of my own published paper. Reproduced with permission from 

the work of Zhao et al..1 Copyright © (2016) American Chemical Society.]  

4.1 Introduction 

If calcium oxalate phases are classified according to their water content, as shown in Chart 

4.1, then there are four forms of calcium oxalate;1-18 i) calcium oxalate monohydrate (COM, 

CaC2O4·H2O, the most thermodynamically stable crystalline form, also known as the mineral 

whewellite in nature), ii) calcium oxalate dihydrate (COD, CaC2O4�(2+x) H2O, x≤0.5, mineral 

name weddellite), iii) calcium oxalate trihydrate (COT, CaC2O4·3H2O, the least 

thermodynamically stable crystalline form, mineral name caoxite), and iv) anhydrous calcium 

oxalate (COA, CaC2O4). In addition, COM and COD are also the two common phases found in 

kidney stones, while in most cases COM is the major typical component.19-23 Through different 

mechanisms, monoclinic COM can be obtained as a result of dehydration from both tetragonal 

COD and triclinic COT.7,15,24-28 However, according to the studies so far, no evidence showed that 

COD can be obtained directly from the dehydration process of COT. Without an intermediate 

COD phase, the transformation from COT to COM must take place directly. For COA, unlike the 

hydrated phases, to understand its structure directly from experiment is still a challenge, due to its 

highly hygroscopic nature. Hence, in this chapter, the main focus is on the possible structures of 

COA polymorphs from the computational point of view. Firstly, a brief overview of reported 

structures of calcium oxalate hydrates are presented. Subsequently, possible candidate atomic 

configurations of COA are examined by ab initio quantum mechanical methods. Finally, a brief 

comparison between hypothetical COA models and synchrotron in situ XRD experiments is 

presented. 

 
Chart 4.1 Various forms of calcium oxalate according to water content. 
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4.2 Computational Methods 
All calculations for COA at the ab initio level have been carried out with the CRYSTAL14 

program.29 Two different Gaussian-type basis sets are used; one is originally developed to study 

calcite,30 and then successfully extended to explore other calcium carbonate crystalline phases,31-33 

while another one is derived for the solid state by Peintinger et al.34 starting from Weigend et al.’s 

basis sets35,36 for molecules. These two basis sets are referred to as V-BS and pob-TZVP, 

respectively. All details for the basis sets are tabulated in Tables B5-B7 in Appendix B. 

Calculations have been performed in the framework of Kohn-Sham Density Functional Theory 

(KS-DFT). Various exchange-correlation functionals have been used, including PBE,37 PBEsol,38 

PBE0,39 PBEsol0 and PBE-D.40 The DFT exchange-correlation term is evaluated through 

numerical integration over the unit cell volume, using a pruned grid with 75 radial points and 434 

angular points. The five parameters that control the accuracy of the bielectronic Coulomb and 

Hartree-Fock exchange series sums have been set to 10-8, 10-8, 10-8, 10-8 and 10-18. Both thresholds 

that control the bipolar approximation of bielectronic integrals have been chosen as 10-18. 

Reciprocal space has been sampled with a shrinking factor of 8 in all directions according to the 

Pack-Monkhorst method.41 For the structures with space groups P1, P2/m, C2/m and P21/c 

involved in this chapter, the number of points in the irreducible Brillouin zone are 260, 170, 150 

and 170, respectively. Geometry optimizations have been performed using analytical gradients 

with respect to both lattice parameters and atomic coordinates. A quasi-Newton optimization 

scheme has been adopted, coupled with Broyden-Fletcher-Goldfarb-Shanno (BFGS) Hessian 

updating. The default convergence parameters for geometry optimization have been used, with the 

Self Consistent Field (SCF) convergence threshold set to 10-8 a.u.. Harmonic vibrational 

frequencies have been calculated at the Gamma (Γ) point based on the optimised geometries, 

using central finite differences with a displacement step of 0.003 Å. The SCF convergence 

threshold during frequency calculations has been set to 10-10 a.u..   

4.3 A brief literature overviews of the structural features of 

calcium oxalate hydrates 
In this section, the structural features of calcium oxalate hydrates are compared, since there 

have already been a number of studies on them.2-14 As mentioned in the Introduction section, 

there are three crystalline calcium oxalate phases occurring in nature, amongst which COM 

(CaC2O4·H2O)2,7,9,11 is the most thermodynamically stable phase and COT (CaC2O4·3H2O)5,6,13,14 

is the least stable phase. A representative crystal structure of COM (space group P21/c, viewed 

along the x-axis), COD (space group I 4/m, viewed along the z-axis), and COT (space group P  , 

viewed along the z-axis) are shown in Figure 4.1.  
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Both COM and the rarely observed COT have a sheet-like structure (Figure 4.1(a) and 

Figure 4.1(c)). In general, the sheet-like structure is achieved by the connection of the 

neighbouring calcium and oxalate chains via oxalate and intralayer (in COM) or interlayer (in 

COT) water molecules. Compared to COT, the sheet structure is much flatter in COM (Figure 

4.1(a)). In COT, clearly hydrogen bonds of the interlayer water molecules play an important role 

in forming the framework and, due to this, the ionic interactions between molecular layers are 

much weaker than those in COM. Therefore, the different functions of water molecules within the 

structures of COM and COT readily explains why COT is lower in stability and less commonly 

occurs in nature than COM. Further comparison of the structural characteristics between COM 

and COT show that it is easy to understand the dehydration and structural transformation from 

COT to COM. During dehydration, some of the interlayer water molecules are lost from COT 

(Figure 4.1(c)), while the remaining water molecules within COT transform to being intralayer 

water molecules in forming the more thermodynamically stable phase, COM (Figure 4.1(a)).  

In the case of COD (Figure 4.1(b)), it presents itself as a channel-like structure, rather than 

the sheet-like structure as in COM and COT. The water molecules bonded in the crystal structure 

of COD are much more weakly adsorbed in comparison to COM, as the dehydration temperature 

is higher for COM.42 In most situations, there are zeolite-like water molecules with partial site 

occupancy found in the channel of COD (highlighted in magenta in Figure 4.1(b)), and the 

maximum occupancy is no more than 0.5.2,8,43-45 Moreover, studies that focus on the effect of 

zeolite-like water molecule content on the structural stability of COD suggest that increasing 

water content in the channel generally results in a decrease in the COD framework stability;28,44,45 

in other words, the structure of COD is relatively more stable when it possesses less zeolite-like 

water molecules in its channel. For the dehydration mechanism from COD to COM, Conti et 

al.28,46 have suggested the transformation from COD to COM is indirect, and this process can 

easily occur in the presence of a so-called external water environment, such as in water or the 

atmosphere. On the other hand, COD is relative stable in dry conditions, and no transformation to 

COM was observed during a long experimental period.28 
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(a)                                                                                        (b) 

                         
                                                                                 (c) 
Figure 4.1 Crystal structures of calcium oxalate hydrates: (a) calcium oxalate monohydrate (COM), viewed 
along the x-axis; (b) calcium oxalate dihydrate (COD), viewed along the z-axis; (c) calcium oxalate 
trihydrate (COT), viewed along the z-axis. Green spheres represent calcium ions, silver and red spheres 
represent carbon and oxygen, respectively, within the oxalate group, while water molecules in calcium 
oxalate hydrates are shown in light blue. Oxygen atoms in additional zeolitic-like water molecules in the 
channel of COD are highlighted in magenta in Figure 4.1(b). 

4.4 Anhydrous calcium oxalate  

4.4.1 Structures of anhydrous calcium oxalate (COA) polymorphs 

Unlike the calcium oxalate hydrates discussed in Section 4.3, the crystal structure of COA is 

much less explored due to its strong absorption of water from the atmosphere. One crystal 

structure has only been recently reported by Hochrein et al.,18 despite there being up to three 

temperature-dependent polymorphs known as α-, β-, and γ-COA reported in 1960s,15-17 through 

experimental measurements such as thermogravimetric analysis (TGA) and X-ray diffraction 

(XRD). In the rest of this chapter, computational investigations on COA polymorphs will be 

presented. As a matter of fact, in order to correlate these hypothetical COA models derived from 
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the calculations to experiments, the structural evolution of COM has been explored using time-

resolved X-ray diffraction (XRD) at the Australian Synchrotron by our collaborators (Dr. Neeraj 

Sharma [University of New South Wales, Australia] and Dr. Franca Jones [Curtin University, 

Australia]). More details of this in situ variable temperature XRD experiment can be found 

elsewhere in a published paper.1 Here the main focus is on the computational investigation of 

possible COA models. 

As already mentioned, only one set of published lattice parameters for COA is available from 

the literature, which is therefore regarded as the experimental structure of β-COA at present. 

Hence, for geometry optimisation of COA, the unit cell of β-COA as reported by Hochrein et al.18 

has been selected to be optimised as an initial model. Table 4.1 shows the final optimised lattice 

parameters when applying five different exchange-correlation functionals (namely PBE, PBEsol, 

PBE0, PBEsol0 and PBE-D) and two basis sets (V-BS and pob-TZVP), as well as a comparison 

with the published cell parameters of β-COA.18 Given that the earlier simulations performed by 

Hochrein et al. were using the PBE functional, our calculations have chosen to start from the same 

functional at first. Then we have examined the functional performance of PBEsol, PBE0, PBEsol0 

and PBE-D using the same basis sets as for PBE. As expected on the basis of previous studies,47,48 

PBE tends to overestimate the unit cell volume, whereas the other functionals provide denser 

structures. Despite pob-TZVP being a richer, variationally superior, and systematically derived 

basis set, no significant difference is observed regarding its performance in describing the 

structural features of β-COA with respect to V-BS,30 except for pob-TZVP providing slightly 

denser structures.  

 
Table 4.1 Optimised structural parameters of β-COA (P2/m) obtained by using five different functionals 
and two basis sets. a, b and c lattice parameters are in Å; α, β and γ in degrees. The volume V is in Å3 and 
the density ρ is in g/cm3. Reproduced with permission from the work of Zhao et al..1 Copyright © (2016) 
American Chemical Society.  
 
	 V-BS	 pob_TZVP	 Hochrein	et	al.18	
	 PBE	 PBEsol	 PBE0	 PBEsol0	 PBE-D	 PBE	 PBEsol	 PBE0	 PBEsol0	 PBE-D	 PBE	 Rietveld	

Refined	
a	 6.249	 6.184	 6.209	 6.162	 6.211	 6.274	 6.212	 6.234	 6.188	 6.236	 6.247	 6.164	
b	 7.481	 7.368	 7.414	 7.332	 7.413	 7.494	 7.386	 7.423	 7.343	 7.429	 7.515	 7.362	
c	 9.639	 9.556	 9.586	 9.525	 9.599	 9.690	 9.605	 9.626	 9.565	 9.649	 9.653	 9.537	
α		 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	
β	 90.01	 90.00	 89.97	 89.97	 90.00	 89.99	 90.00	 90.00	 89.99	 90.00	 90.12	 90.24	
γ		 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	
V	 450.62	 435.39	 441.26	 430.33	 441.94	 455.62	 440.68	 445.46	 434.63	 446.98	 453.13	 432.83	
ρ	 1.886	 1.952	 1.926	 1.975	 1.923	 1.865	 1.928	 1.908	 1.955	 1.901	 1.875	 1.966	
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                                     (a)                                                                                 (b) 

       
                                      (c)                                                                                 (d) 
Figure 4.2 Optimised structures of COA viewed along y-axis: (a) β-COA; (b) COA-II; (c) COA-III; (d) 
COA-IV. Colours are as defined in Figure 4.1. Blue lines represent the unit cell edges. Reproduced with 
permission from the work of Zhao et al..1 Copyright © (2016) American Chemical Society.  
 

In addition to the reported β-COA (Figure 4.2(a)), three additional structures are examined 

here (for further discussion these are referred to as COA-II, COA-III and COA-IV). Two of these, 

COA-II and COA-III, have been unexpectedly obtained as a result of force field parameter tests, 

whereas COA-IV has been generated by deleting the H2O molecules from the reported crystal 

structure of COM.7 The structure of COA-II (Figure 4.2(b)) arose from molecular dynamics (MD) 

calculations for β-COA surfaces. An analysis of the MD trajectories for the simulation of a β-

COA surface in vacuum (NVT ensemble) shows that whole layers had undergone an obvious 

change in the structure within the simulation box during the calculation. Then we cut a bulk 

region and placed it into a suitable unit cell using the GDIS program.49 Next a geometry 

optimisation was run in the GULP program.50 In order to identify whether this structure was the 

same phase as the initial β-COA form or not, the relative energy difference was computed after 

optimisation. From this calculation, the energy difference between the initial and final favourable 

optimised structures was approximately 8 kJ/mol per formula unit (CaC2O4). The energy 

difference implied that this new phase maybe a possible polymorph for COA. Therefore, the final 

optimised structure (lattice parameters are presented in the last column in Table 4.2) is used as the 

starting configuration for COA-II for further investigations.  
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Table 4.2 Optimised structural parameters of COA-II (P1). Units and symbols are as per Table 4.1. 

	 V-BS	 pob_TZVP	 Starting	
model		 PBE	 PBEsol	 PBE0	 PBEsol0	 PBE-D	 PBE	 PBEsol	 PBE0	 PBEsol0	 PBE-D	

a		 6.190	 6.096	 6.145	 6.076	 6.107	 6.207	 6.115	 6.157	 6.091	 6.126	 6.136	
b		 7.314	 7.202	 7.249	 7.166	 7.218	 7.317	 7.205	 7.253	 7.172	 7.216	 7.211	
c		 9.744	 9.653	 9.681	 9.622	 9.735	 9.806	 9.721	 9.739	 9.675	 9.804	 9.791	
α		 91.70	 91.75	 91.69	 91.73	 91.99	 91.68	 91.73	 91.66	 91.65	 92.05	 91.56	
β		 92.89	 92.55	 93.00	 92.71	 92.09	 92.63	 92.21	 92.76	 92.40	 91.86	 91.11	
γ		 121.47	 122.55	 121.41	 122.20	 124.05	 122.60	 123.84	 122.40	 123.35	 125.15	 126.31	
V		 374.97	 356.15	 366.72	 353.33	 354.47	 374.01	 354.74	 366.03	 352.07	 353.40	 	
ρ		 2.266	 2.386	 2.317	 2.405	 2.397	 2.272	 2.396	 2.322	 2.414	 2.405	 	

 

The COA-III structure (Figure 4.2(c)) is also derived from the Hochrein’s β-COA, but in a 

different way from obtaining the COA-II phase. We took first the β-COA structure, then 

optimised it using the force field model developed in Chapter 3 within the GULP code. 

Originally, the major purpose was just to test the performance of the force field parameters for the 

anhydrous calcium oxalate systems. However, after geometry optimisation with the force field, it 

resulted in a new set of lattice parameters (last column in Table 4.3). Hence, it seems appropriate 

to use this final optimised configuration of β-COA, to run some ab initio calculations in details for 

further comparison. Based on this it enables an investigation of whether this starting configuration 

(COA-III) is one of the aforementioned COA polymorphs or possibly a new phase of COA 

instead.  

 
Table 4.3 Optimised structural parameters of COA-III (P2/m). Units and symbols are as per Table 4.1. 

 V-BS	 pob_TZVP	 Starting	
model	 PBE	 PBEsol	 PBE0	 PBEsol0	 PBE-D	 PBE	 PBEsol	 PBE0	 PBEsol0	 PBE-D	

a		 6.363	 6.297	 6.321	 6.272	 6.317	 6.385	 6.319	 6.341	 6.293	 6.337	 6.036	
b		 7.487	 7.372	 7.419	 7.336	 7.419	 7.502	 7.393	 7.430	 7.349	 7.438	 7.195	
c		 9.809	 9.730	 9.753	 9.697	 9.770	 9.865	 9.786	 9.805	 9.746	 9.826	 9.715	
α		 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	
β		 84.11	 83.20	 83.96	 83.18	 83.59	 83.72	 83.01	 83.61	 82.99	 83.20	 91.37	
γ		 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	
V		 464.77	 448.45	 454.81	 443.04	 455.04	 469.75	 453.81	 459.04	 447.38	 459.91	  
ρ		 1.828	 1.895	 1.868	 1.918	 1.868	 1.809	 1.873	 1.851	 1.900	 1.848	  

 

After the discovery of the alternative COA-II and COA-III structures, further consideration 

of COA polymorphs has been carried out. Unlike the process of obtaining phases II and III, 

instead we decided to start from the reported experimental structure of COM,7 followed by 

deleting all water molecules in the COM crystal to mimic the thermal dehydration. This structure 

was labelled as COA-IV (P21/c). COA-IV (P21/c) kept the general framework of COM as 

originally defined (Table 4.4); hence, its lattice b value was double that of the other COA models. 

However, based on the structural characteristics of the aforementioned COA structures, the real 

COA-IV structure should have a unit cell with a lattice parameter b similar to that of β-COA and 

COA-II (or -III), if possible. To this end, one of the final optimised geometries (PBE0/V-BS, 

Table 4.5) of COA-IV (P21/c) was put into the FINDSYM program,51 and a symmetry equivalent 

structure with a half b value for COA-IV (P2/m) was found (lattice parameters are given in the 



Chapter 4 Structures and Stability of The Solid Anhydrous Calcium Oxalate Phase 
 

 97 

fourth column in Table 4.5). Then in order to confirm that the parameters we obtained from the 

FINDSYM program were a reasonable and symmetry equivalent unit cell for COA-IV, a 

geometry optimisation calculation has been performed with PBE0/V-BS. Comparison of the 

results given in Table 4.5 shows that the two structures have an identical density. At the same 

time, the energy difference per formula unit was computed as well. The relative energy of zero (to 

within numerical precision) also demonstrates that COA-IV (P21/c) and COA-IV (P2/m) are 

identical configurations. Therefore, for easier discussion and comparison later, COA-IV (P2/m) 

(Figure 4.2(d)) was preferred for use as a starting model for further ab initio investigations.  

 
Table 4.4 Optimised structural parameters of COA-IV (P21/c). Units and symbols are as per Table 4.1.	

 V-BS	 Pob_TZVP	 COM7 
	 PBE	 PBEsol	 PBE0	 PBEsol0	 PBE-D	 PBE	 PBEsol	 PBE0	 PBEsol0	 PBE-D	
a		 6.261	 6.201	 6.223	 6.179	 6.229	 6.289	 6.231	 6.248	 6.205	 6.255	 6.250	
b		 14.948	 14.726	 14.817	 14.656	 14.814	 14.975	 14.762	 14.834	 14.677	 14.848	 14.471	
c		 9.819	 9.741	 9.761	 9.703	 9.779	 9.871	 9.791	 9.807	 9.748	 9.830	 10.114	
α		 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	
β		 99.87	 100.95	 100.19	 100.95	 101.04	 100.40	 101.34	 100.60	 101.28	 101.72	 109.98	
γ		 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	
V		 905.34	 873.31	 885.88	 862.72	 885.59	 914.34	 882.97	 893.53	 870.62	 893.90	 859.73	
ρ		 1.877	 1.946	 1.919	 1.970	 1.919	 1.859	 1.925	 1.902	 1.952	 1.901	 2.258	

 

Table 4.5 Comparison of structural parameters between COA-IV (P21/c) and COA-IV (P2/m) with 
PBE0/V-BS. 
 

 PBE0/V-BS 
 COA-IV	(P21/c) COA-IV	(P2/m) 
 Initial	 Optimised	 Initial	 Optimised	
a	 6.250	 6.223	 9.761	 9.762	
b		 14.471	 14.817	 7.408	 7.409	
c		 10.114	 9.761	 6.223	 6.222	
α		 90.00	 90.00	 90.00	 90.00	
β		 109.98	 100.19	 100.19	 100.21	
γ		 90.00	 90.00	 90.00	 90.00	
V		 	 885.88	 	 442.95	
ρ		 	 1.919	 	 1.919	

 
The final optimised cell parameters for COA-II, COA-III and COA-IV are shown in Table 

4.2, Table 4.3 and Table 4.6, respectively. As for β-COA (Table 4.1), compared to the V-BS basis 

set, no significant difference is observed when using the pob-TZVP basis set to describe the 

structural features of phase II to IV, though pob-TZVP gives slightly denser optimised structures. 

Given this, and to make for an easier comparison between the four COA phases, results for V-BS 

and the hybrid PBE0 functional are considered as being representative. A comparison of 

optimised structural parameters of the four COA phases (PBE0/V-BS) is shown in Table 4.7, and 

the optimised lattice parameters of COM are reported for structural comparison as well. The 

results show that COA-II is the densest phase and COA-III is the least dense phase. With respect 

to structural arrangements, all structures, except COA-II, are assigned to a monoclinic space group 

(β-COA and COA-III: P2/m; COA-IV: C2/m) and possess similar lattice parameters, while COA-

II has the lowest symmetry with space group P1 (triclinic). In addition, harmonic vibrational 
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frequency calculations at the Γ point have also been performed (Table 4.8), which further 

confirms that all the investigated COA phases are minimum energy structures. When visualising 

the candidate structures for COA along y-axis (assumes that y-axis is normal to the current page), 

as shown in Figure 4.2, there are two types of oxalate group present; one whose molecular plane 

lies in the xz plane, and the other whose molecular plane is perpendicular to the xz plane (this 

feature is less intuitive to visualise in Figure 4.2 for COA-II, since α and γ are not equal to 90 

degrees). Clearly, the orientation of the oxalate ion is different between each structure. COA-II 

possesses a high density as a result of a deformation of the α and γ lattice parameters, and a 

consequent rearrangement of the oxalate and calcium ions into a more compact framework that is 

quite different from those observed for the other COA phases. As expected, the atomic structure 

of COA-IV (Figure 4.2(d)) is closely related to that of COM (Figure 4.3).7 

 
Table 4.6 Optimised structural parameters of COA-IV (P2/m). Units and symbols are as per Table 4.1. 

 V-BS	 Pob_TZVP	 Starting	
model	 PBE	 PBEsol	 PBE0	 PBEsol0	 PBE-D	 PBE	 PBEsol	 PBE0	 PBEsol0	 PBE-D	

a		 9.821	 9.742	 9.762	 9.704	 9.781	 9.871	 9.795	 9.809	 9.750	 9.829	 9.761	
b		 7.475	 7.363	 7.409	 7.329	 7.408	 7.487	 7.381	 7.418	 7.340	 7.424	 7.408	
c		 6.259	 6.199	 6.222	 6.178	 6.226	 6.289	 6.229	 6.247	 6.203	 6.255	 6.223	
α		 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	
β		 99.91	 100.93	 100.21	 100.93	 101.08	 100.38	 101.32	 100.61	 101.29	 101.70	 100.19	
γ		 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	 90.00	
V		 452.65	 436.65	 442.95	 431.38	 442.68	 457.17	 441.56	 446.74	 435.33	 446.91	 	
ρ		 1.877	 1.946	 1.919	 1.970	 1.920	 1.859	 1.925	 1.902	 1.952	 1.902	 	

 
Table 4.7 A comparison of optimised structural parameters of the four COA phases (PBE0/V-BS). Units 
and symbols are as per Table 4.1. The optimised structure of COM is also reported for sake of comparison. 
Reproduced with permission from the work of Zhao et al..1 Copyright © (2016) American Chemical 
Society. 
 

	 β-COA	 COA-II	 COA-III	 COA-IV	 COM	
Space	group	 P2/m	 P1	 P2/m	 C2/m	 P21/c	
a		 6.209	 6.145	 6.321	 9.762	 6.338	
b		 7.414	 7.249	 7.419	 7.409	 14.681	
c		 9.586	 9.681	 9.753	 6.222		 10.100	
α	 α	=	γ=90	 91.69	 α	=	γ=90	 α	=	γ=90	 α	=	γ=90	
β		 89.97	 93.00	 83.96	 100.21	 109.26	
γ	 α	=	γ=90	 121.41	 α	=	γ=90	 α	=	γ=90	 α	=	γ=90	
V		 441.26	 366.72	 454.81	 442.95	 887.341	
ρ		 1.926	 2.317	 1.868	 1.919	 2.185	
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Table 4.8 Calculated vibrational frequencies (ν, cm−1) for COA phases with PBE0/V-BS. For all COA 
polymorphs, the three translational modes are all excluded from this table. n represent vibrational mode 
number.  
 

β-COA 
n ν sym n ν sym n ν sym 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

  61.0 
  70.8 
  86.1 
  87.8 
  90.6 
  94.2 
  94.5 
  99.1 
 113.1 
 129.3 
 140.0 
 145.5 
 152.8 
 158.1 
 159.2 
 168.9 
 177.1 
 182.0 
 188.6 
 202.3 
 205.4 
 205.9 
 211.4 
 217.4 
 218.0 
 252.3 
 253.4 

Bu  
Bg  
Bg  
Au  
Au  
Bu  
Bg  
Bu  
Bg  
Bg  
Bu  
Au  
Au  
Ag  
Ag  
Bu  
Au  
Au  
Ag  
Bg  
Bg  
Ag  
Au  
Bu  
Bg  
Au  
Au  

28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 

255.2 
 258.0 
 267.4 
 271.4 
 272.8 
 274.4 
 280.0 
 307.5 
 309.7 
 310.1 
 395.5  
 402.4 
 418.3  
 432.7  
 504.2  
 504.2  
 507.4 
 515.3  
 519.6     
 527.4 
 529.5  
 531.0  
 604.6  
 611.4  
 611.8 
 617.1  
 794.6 

Ag  
Ag  
Bg  
Bg  
Bu  
Bu  
Ag  
Bu  
Ag  
Bu  
Bu   
Bu   
Bu          
Bu         
Ag          
Ag         
Au        
Au   
Ag             
Bu  
Bu    
Ag    
Bg    
Ag    
Ag  
Bg    
Bu  

55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 

797.1  
 800.9   
 803.3  
 864.8 
 865.0 
 869.2 
 869.6 
 923.8 
 926.9 
 927.3 
 929.3 
1370.0 
1372.7 
1375.8 
1382.0 
1513.9 
1515.1 
1519.0 
1520.5 
1670.3 
1674.9 
1696.0 
1696.3 
1700.3 
1707.2 
1712.7 
1770.4 

Au    
Bu    
Au    
Bg  
Bg   
Bg  
Bg  
Ag  
Ag  
Ag  
Ag  
Au  
Bu  
Bu  
Au  
Ag  
Ag  
Ag  
Ag  
Bg  
Bu  
Bu  
Bu  
Bg  
Ag  
Ag  
Bu  

COA-II 
n ν sym n ν sym n ν sym 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

  82.6 
  84.9 
 107.3 
 113.2 
 115.1 
 121.8 
 128.9 
 129.0 
 148.2 
 153.2 
 154.6 
 155.8 
 164.1 
 181.6 
 185.0 
 190.5 
 195.4 
 205.0 
 207.1 
 210.3 
 211.9 
 212.4 
 214.0 
 219.9 
 226.5 
 229.7 
 234.1 

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 

28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 

 238.6 
 243.8 
 247.4 
 248.0 
 257.4 
 257.5 
 266.9 
 268.7 
 285.3 
 313.4 
 339.1   
 389.6   
 408.4   
 424.1   
 491.0   
 507.1   
 509.3   
 516.5   
 520.7     
 522.0 
 542.0   
 554.2   
 580.5 
 599.9   
 606.4 
 615.7 
 781.5 

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 

55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 

785.9  
 793.4   
 806.6   
 876.0 
 883.5   
 893.7 
 895.8 
 915.9 
 916.5 
 926.5 
 942.8 
1365.7 
1367.8 
1377.7 
1393.3 
1504.6 
1509.9 
1517.3 
1542.9 
1644.1 
1673.3 
1674.5 
1679.7 
1682.9 
1687.8 
1695.6 
1780.2 

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 

COA-III 
n ν sym n ν sym n ν sym 
1 
2 
3 
4 
5 
6 
7 
8 
9 

  59.6 
  60.0 
  62.9 
  84.4 
  90.2 
  91.4 
  93.5 
 101.8 
 113.7 

 Bu  
 Bg  
 Au  
 Bg  
 Au  
 Bu  
 Bg  
 Bu  
 Bg  

28 
29 
30 
31 
32 
33 
34 
35 
36 

 252.8 
 256.0 
 263.8 
 265.4 
 273.4 
 280.0 
 285.5 
 288.9 
 310.1 

  Ag  
 Au  
 Bu  
 Bg  
 Ag  
 Bg  
 Bu  
 Bu  
 Bu  

55 
56 
57 
58 
59 
60 
61 
62 
63 

795.5    
 803.4    
 822.6     
 867.0 
 871.7   
 872.3 
 877.7 
 917.3 
 923.6 

 Au   
 Au   
 Bu   
 Bg  
 Bg   
 Bg  
 Bg  
 Ag  
 Ag  
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10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

 128.8 
 134.4 
 138.5 
 144.9 
 165.6 
 166.7 
 169.4 
 170.3 
 171.8 
 187.3 
 190.0 
 202.0 
 209.2 
 209.5 
 213.1 
 224.5 
 227.5 
 252.3 

 Bg  
 Au  
 Bu  
 Ag  
 Au  
 Ag  
 Au  
 Bu  
 Ag  
 Au  
 Bg  
 Ag  
 Bg  
 Au  
 Bg  
 Bu  
 Ag  
 Au  

37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 

 317.8 
 360.2   
 389.9     
 417.0  
 429.1    
 496.5   
 512.2    
 517.5    
 519.7    
 525.4     
 530.8 
 531.8    
 532.6   
 601.5    
 603.7     
 604.6 
 616.5    
 791.9    

 Ag  
 Bu   
 Bu   
 Bu         
 Bu        
 Ag         
 Au        
 Ag       
 Ag   
 Au            
 Bu  
 Ag   
 Bu   
 Ag   
 Ag   
 Bg  
 Bg   
 Bu  

64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 

 926.8 
 969.3 
1358.4 
1366.7 
1380.3 
1400.6 
1498.3 
1514.8 
1518.0 
1568.2 
1668.8 
1672.7 
1677.8 
1690.6 
1698.8 
1699.3 
1700.6 
1774.1 

 Ag  
 Ag  
 Bu  
 Au  
 Au  
 Bu  
 Ag  
 Ag  
 Ag  
 Ag  
 Bg  
 Bu  
 Bu  
 Bu  
 Bg  
 Ag  
 Ag  
 Bu  

COA-IV 
n ν sym n ν sym n ν sym 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

   75.1    
   87.1     
  112.1     
  138.6     
  163.8     
  165.4     
  170.7     
  189.6     
  191.6     
  199.9     
  212.0     
  240.0     
  255.7 

Bg   
 Au   
 Bg   
 Bu   
 Bu   
 Ag   
 Au   
 Au   
 Ag   
 Bg   
 Bg   
 Ag   
 Au  

14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

  265.6     
  272.3     
  278.6     
  307.5     
  396.0     
  432.6    
  504.3     
  506.3     
  519.2     
  532.8     
  611.9    
  616.8    
  794.0    

Bg   
 Bu   
 Ag   
 Bu   
 Bu   
 Bu   
 Ag   
 Au   
 Ag   
 Bu   
 Ag   
 Bg   
 Bu  

27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 

795.9  
  866.2    
  875.4     
  926.5     
  928.1     
 1368.9     
 1372.1     
 1513.9     
 1520.1     
 1673.5     
 1698.8     
 1703.9     
 1709.5    

Au   
 Bg   
 Bg   
 Ag   
 Ag   
 Au   
 Bu   
 Ag   
 Ag   
 Bu   
 Bg   
 Bu   
 Ag  

 

 
Figure 4.3 Optimised structure of COM viewed along y-axis. Colours are defined as in Figure 4.1. Blue 
lines represent the unit cell edges. Reproduced with permission from the work of Zhao et al..1 Copyright © 
(2016) American Chemical Society. 

4.4.2 Thermodynamic stability of the four COA models  

In this section, the thermodynamic stability of COA polymorphs will be explored. The 

energy differences between the four COA phases have been computed by using the five 

functionals and two basis sets as mentioned in Section 4.4.1. Relative energies with respect to β-

COA are reported in Table 4.9. Due to the similarity in the structures and density between β-

COA, COA-III and COA-IV (Figure 4.2; Tables 4.1, 4.3 and 4.6), both basis sets and all 

functionals provide very similar relative energy differences in Table 4.9, with the order of stability 

being β-COA > COA-IV >> COA-III. COA-II is less stable than β-COA as well. However, the 
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relative energy difference (Table 4.9) depends on the method due to short- and long-range 

correlation not being properly taken into account by the DFT approach. While for the other three 

phases, these interactions would tend to cancel due to fortuitous compensation of errors, this does 

not happen between β-COA and COA-II due to their major density and structural differences 

(Figure 4.2; Tables 4.1 and 4.2). Nevertheless, in all cases, COA-II is less stable than β-COA and 

COA-IV. However, it is impossible to conclude based on these calculations whether COA-II is 

more or less stable than COA-III.   

 
Table 4.9 Relative energies of the three hypothetical COA polymorphs with respect to β-COA (given in 
kJ/mol per formula unit). Reproduced with permission from the work of Zhao et al..1 Copyright © (2016) 
American Chemical Society. 
 

	 V-BS	 pob-TZVP	
	 PBE	 PBEsol	 PBE0	 PBEsol0	 PBE-D	 PBE	 PBEsol	 PBE0	 PBEsol0	 PBE-D	
ECOA-II	 +22.5	 +16.4	 +22.3	 +17.1	 +6.5	 +18.7	 +11.7	 +19.6	 +14.1	 +1.2	
ECOA-III	 +17.5	 +17.1	 +17.6	 +17.3	 +19.6	 +17.7	 +17.7	 +18.4	 +18.4	 +19.8	
ECOA-IV	 +1.7	 +1.2	 +1.4	 +0.9	 +1.4	 +1.2	 +0.9	 +1.1	 +0.9	 +0.8	

 

In Table 4.9, the relative energies range between +1.2 and +22.5 kJ/mol. Despite the fact that 

there is no experimental data against which to compare directly, it is possible to compare it with 

other existing polymorph energy differences in a similar system, such as calcium carbonate. 

Calcium carbonate has three known crystalline polymorphs at ambient conditions, which have 

been identified as calcite, aragonite and vaterite. Calcite is the most stable polymorph of calcium 

carbonate and vaterite is the least stable one at standard conditions. The experimental energy 

difference between calcite and aragonite, calcite and vaterite, aragonite and vaterite are 

approximately 0.9, 3.2 and 2.3 kJ/mol, respectively.52 Take calcite and aragonite for example, the 

calculated energy differences have been compared against the experimental values at 298 K.47 As 

shown in Table 4.10, the energy difference ranges between +0.2 and -6.4 kJ/mol using different 

density functionals. Compared to experiment, PBE0-DC/V-BS performs better than other 

functionals. Not only for calcium carbonate,47 but for other minerals as well,48,53 previously studies 

have demonstrated that the calculated energy difference is strongly functional dependent if the 

polymorph structures are rather different, as well as the order of stability.  

 
Table 4.10 Relative enthalpies, entropies, and free energies of calcite with respect to aragonite at 298 K, 
and given in kJ/mol per formula unit. Reproduced with permission from the work of Demichelis et al..47 
Copyright © (2013) American Chemical Society. 
 

 ΔH		 ΔS		 ΔG		
B3LYP-D2/V-BS	 -2.9	 +0.2	 -2.9	
PBEsol/V-BS	 +1.3	 +3.7	 +0.2	
PBEsol0/V-BS	 +1.0	 +3.8	 -0.1	
PBE-D2/V-BS	 +0.8	 +3.1	 -0.1	
PBE0/V-BS	 -5.2	 +4.1	 -6.4	
PBE0-DC/V-BS	 +0.4	 +4.0	 -0.8	
Exp.54 +0.44±0.05	 +4.3±0.2	 -0.8±0.2	
Exp.52 +0.19	 +3.72	 -0.92	
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Next, the thermodynamic stability of the four COA polymorphs as a function of temperature 

has been explored over the range from 0 to 800 K. To do this, 40 points have been sampled over 

the entire temperature range for each case. The free energy has been calculated at constant 

volume, and taken into account all vibrational contributions to the free energy. The free energy 

differences (ΔG) are plotted as a function of temperature (T) with respect to β-COA and shown in 

Figure 4.4. Since all functionals and basis sets provide nearly the same trend for the β-COA, 

COA-III and COA-IV, only data obtained with PBE0 are presented in Figure 4.5 for the ease of 

comparison, while for COA-II the results generated by five exchange-correlation functionals are 

presented. Here β-COA still presents itself as the most stable phase over the entire explored 

temperature range. The stability of both COA-II and COA-IV decreases with temperature, but 

COA-III increases with temperature with respect to β-COA. There is no transition (or stability 

crossovers) observed in Figure 4.5 between β-COA, COA-III, and COA-IV. However, on the 

basis of these models, we are not able to exclude the possibility that transitions might occur in the 

real samples if other factors are involved. For instance, how pressure might affect the free energy 

trends of these COA phases is not considered in this work. Therefore, we cannot exclude the 

possibility that there is a stability crossover between these COA phases if the current study is 

extended further in future work. Additionally, based on the current simulations, we also cannot 

make further predictions in terms of the stability of COA-II phase. Though Figure 4.5 shows the 

slope of the free energy of COA-II is largely independent of basis set and the functional, its 

position in the figure changes significantly, which would result in quite different predictions for 

transition temperatures. Overall, these simulation results give a qualitative insight into the free 

energy trends of these COA phases.  
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(a) 

 
(b) 

Figure 4.4 Free energy difference as a function of temperature, ΔG(T), between the alternative COA 
structures and β-COA: (a) V-BS basis set;  (b) pob_TZVP basis set.  
 
 

 



Chapter 4 Structures and Stability of The Solid Anhydrous Calcium Oxalate Phase 
 

 104 

 
Figure 4.5 Representative free energy difference as a function of temperature, ΔG(T), between the 
hypothetical COA structures and β-COA: (a) V-BS basis set;  (b) pob_TZVP basis set. Reproduced with 
permission from the work of Zhao et al..1 Copyright © (2016) American Chemical Society. 

4.5 Hypothetical COA models vs. synchrotron XRD 

experiments 

[Declaration: Experimental data were collected and analysed by Dr. Franca Jones (Curtin) and 

Dr. Neeraj Sharma (UNSW)] 
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On the basis of the analysis in the previous sections, especially from the relative energy point 

of view (Table 4.9), the three hypothetical COA models derived from our calculations are most 

probably related to the unknown α-COA. Hence, to get a further insight into this, the structural 

evolution of COM dehydration has been studied through synchrotron in situ XRD experiments by 

our collaborators. Two experimental runs have been undertaken, in which both begin with COM 

samples (~99% pure) obtained from Alfa Aesar. In terms of the first experimental run, initial 

identification of the phases in the sample is according to the phase transformation temperatures in 

the literature,15,18 which indicates that the α-COA phase occurred in the first stage, followed by a 

β-COA phase (at ~250 °C), then finally going to a γ-COA phase (at ~410°C). It is worth noting 

that according to the reported study,15 γ-COA was observed only if the dehydration starts from 

COD, rather than from COM that we used. In the temperature range from 132 °C to 185 °C, there 

appears to be two-phase (either COM or a combination of β-COA and α-COA) or three-phase 

(COM, α-COA and β-COA) coexistence in the sample. Therefore, based on the information from 

the first experimental run, a second experiment has been performed with a much slower heating 

ramp, in order to attempt to isolate α-COA. However, unfortunately, the phase transformation to 

the β-COA phase still occurred too fast to isolate α-COA from the sample. Meanwhile, after using 

the three hypothetical COA models for Rietveld refinements of the in situ XRD data, it turned out 

that the structure of α-COA is very close to the COA-III model (Figure 4.2(c)). However, due to 

the difficult in isolating the α-COA in experiments, it was hard to further refine the experimental 

data in this study. Nevertheless, given the consideration of more advanced experimental and 

computational resources in the future, these COA models found here might be re-optimised or re-

explored in future studies. 

4.6 Conclusions 

In this chapter, details of ab initio quantum mechanical investigation for three possible 

candidate atomic configurations of COA (COA-II, COA-III and COA-IV) have been presented. 

Compared to the known β-COA,18 in terms of the structural features, COA-III and COA-IV show 

similarity to β-COA, whereas COA-II has a quite different structure and relatively high density. In 

terms of thermodynamic stability as a function of temperature, β-COA exhibits itself as the most 

favourable phase up to 800 K, within the approximations of constant volume. The current 

simulation results give a qualitative insight into the free energy trends of these COA phases, 

however, there might be stability crossover occurring if other factors such as pressure are 

considered in future work. In addition, the comparison between hypothetical COA models and 

synchrotron in situ XRD experiments indicates that the structure of α-COA most likely 

corresponds to the least dense model, COA-III. Although further isolation of α-COA from the 

experimental samples failed since the phase transformation occurred too fast, both experimental 
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and computational results undoubtedly suggest that COA phases may exist other than the reported 

β-COA, which paves the way for the future study of COA materials with the development of more 

advanced experimental and computational resources. Next, in Chapter 5, beyond the structures of 

calcium oxalate crystals and COA models, the molecular mechanics force field developed in 

Chapter 3 for aqueous calcium oxalate systems is applied to the problem of the aggregation of 

calcium and oxalate ions in aqueous solution.  
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Chapter 5 A Study of Ion Association of Calcium and 

Oxalate in Aqueous Solution 

5.1 Introduction 

The mineral calcium oxalate has three hydrates in natural environments, calcium oxalate 

monohydrate (CaC2O4·H2O, COM), calcium oxalate dihydrate (CaC2O4·(2+x) H2O, x≤0.5, 

COD) and calcium oxalate trihydrate (CaC2O4·3H2O, COT).1-10 The crystallization of calcium 

oxalate occurs from a supersaturated solution, and there is a free energy barrier to nucleation, 

as well as the existence of a critical nucleus size that corresponds to the maximum in the free 

energy. To understand the nucleation and growth of crystals from solution, undoubtedly 

classical nucleation theory (CNT)11 has dominated and been widely used for decades.12,13 

However, in the past decade, the discovery of stable pre-nucleation clusters for calcium 

carbonate by experiments and computer simulations challenges CNT, indicating that non-

classical nucleation behaviour can occur.14-17 This leads to more and more attention turning to 

the early stages of nucleation, not only for calcium carbonate, but also other minerals and 

proteins.16,18-21 In terms of calcium oxalate, to date, it appears that research into the very early 

regime is still very limited, and some questions remain regarding its nucleation and growth 

mechanism. Therefore, it is appropriate to get some insight into the pre-nucleation behavior of 

calcium oxalate by computational methods, to examine how this influences the formation of 

calcium oxalate hydrates, and whether calcium oxalate might show similar behaviour to 

calcium carbonate by forming stable pre-nucleation clusters beyond ion pairing.  

Riley et al.22 investigated how magnesium, pH and citrate affect the binding of calcium 

and oxalate in solution. However, as mentioned in Chapter 3, the force field used in Riley’s 

study leads to the binding behaviour of ions in aqueous solution that may be too strong or too 

weak, as the calcium-oxalate-water interactions were not explicitly parameterised to 

reproduce the thermodynamic properties of the system. Hence, in this study, the molecular 

mechanics force field developed (Chapter 3) for aqueous calcium oxalate systems is applied 

to the problem of the aggregation of calcium and oxalate ions in aqueous solution. Multiple-

walker well-tempered metadynamics simulations were used to calculate the free energy of the 

formation of a neutral CaC2O4 ion pair in solution. This result was then compared against that 

from the ab initio molecular dynamics (AIMD) simulation. Subsequently, we extended the 

investigation by computing the free energies of adding an extra Ca2+ or C2O4
2- to a calcium 

oxalate ion pair (CaC2O4), which most likely constitutes the building block for the nucleation 

and growth of calcium oxalate crystals. Finally, starting from the free calcium and oxalate 
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ions in solution with three different concentrations, classical molecular dynamics (MD) 

simulations were performed to explore the details of further association beyond ion pairing. 

5.2 Methods 

5.2.1 Multiple-walker well-tempered metadynamics simulations 

The ion pairing free energy for the formation of neutral CaC2O4 ion pair, positively 

charged Ca2+-C2O4
2--Ca2+ and negatively charged C2O4

2--Ca2+-C2O4
2- species in solution were 

investigated by molecular dynamics using the LAMMPS program23 augmented with the 

PLUMED 2.2 plug-in in the NVT ensemble. All simulations were performed in cubic, 3D 

periodic, simulation boxes with side lengths of 49.8 and 14.3 Å, containing one calcium 

oxalate ion pair and 4,174 and 97 water molecules, respectively. The SPC/Fw model24 was 

employed to describe the solvent water molecules in the box. The temperature was maintained 

at 300 K by applying a Nosé-Hoover chain of 5 thermostats and a relaxation time of 0.1 ps 

was used during the simulations. The pressure was maintained at 1 atm by using the Martyna-

Tuckermann-Klein barostat25 with a relaxation time of 1 ps. In reciprocal space, long-range 

Coulomb electrostatics were calculated with the particle-particle particle-mesh (PPPM) Ewald 

algorithm26 with an accuracy value of 10-6. The time step was always kept to 1 fs and the atom 

trajectories were recorded every 1,000 steps.  

Four collective variables (CVs) were used for the free energy calculations reported in 

this chapter: i) the distance between calcium and the centre of mass (COM) of oxalate 

(referred to as d1), ii) the distance between calcium and either of the carbon atoms of oxalate 

(d2/d3), and iii) the calcium by water coordination number (c1). Here the coordination 

number c1 is defined as;  

 

c1 =
X

i

1� ( ri�d0
r0

)n

1� ( ri�d0
r0

)m
(5.1)

 
 

where ri is the distance between the calcium ion and oxygen of the ith water molecule. The 

parameters used in the switching function are r0=1.0 Å, d0=2.1 Å, n=4 and m=10. Moreover, 

in order to make the calculation faster, a neighbour list was used with a cut-off of 7 Å, and 

was updated every 10 steps during the simulations. Meanwhile, in order to limit the free 

energy space sampled during the simulations we employed harmonic walls (κ=1000 eV/Å2) 

for the distance CVs. The upper bound for the distance CVs was set to 20 Å or to half of the 

box length, whichever was shorter. The metadynamics simulations were performed with 25 or 

30 multiple walkers, the initial Gaussian height (w) was always set to kBT and a bias factor of 
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5 was used for the well-tempered algorithm. The initial Gaussian width (δs) was set to 0.2 Å 

and 0.2 for the distance CVs and the coordination number CV, respectively. 

5.2.2 Ab initio molecular dynamics simulations 

The calcium oxalate pairing free energy for the formation of neutral CaC2O4 ion pair has 

been calculated by ab initio molecular dynamics (AIMD) simulation using the CP2K 

program.27-30 Forces in the system were calculated using the Quickstep31 method, coupled 

with Gaussian and Plane Wave (GPW)27 basis sets. For the exchange and correlation 

functional the Generalized Gradient Approximation (GGA) of Perdew-Burke-Ernzerhof 

(PBE)32 was used. The Grimme D333 dispersion term was also included. The DZVP-

MOLOPT-SR-GTH double-zeta valence polarised basis set34 was used for calcium (Ca) while 

the TZV2P-GTH triple-zeta valence double polarised basis sets34 were chosen for carbon (C), 

oxygen (O) and hydrogen (H). The GTH-PBE pseudopotentials35 were chosen to account for 

the interactions between the core region and the valence electrons. 

A cubic simulation box with length 14.3 Å containing one calcium-oxalate ion pair and 

97 water molecules was used. The mass for hydrogen atoms of water molecules was set to 2. 

The simulation was run in the NVT ensemble with a time step of 0.5 fs, and the trajectory was 

recorded every 5 fs. The simulation was performed at a temperature of 330 K. This 

temperature was chosen due to the consideration that it could better reproduce the structure of 

water, as it could compensate for over-structuring of water causing by the functional we 

used.36 The temperature control was achieved by applying a canonical sampling through 

velocity rescaling (CSVR) thermostat.37 For this simulation, three of the aforementioned CVs 

were used (d2, d3 and c1), though the switching function used for c1 was defined in a 

different form (equation 5.2) to that used in the classical simulations;  

 

c1 =
X

i,j

1� ( rijr0
)n

1� ( rijr0
)m

(5.2)

 
 

where rij is the distance between the calcium ion and oxygen of the water molecule. The 

parameters used in the switching function are r0=3.0 Å, n=8 and m=16. The use of c1 here is 

very important since water exchange at calcium occurs on a timescale of approximately 200 

ps, which is long compared with typical AIMD simulations. A quadratic harmonic potential 

(κ=1 eV) was applied as an upper wall to d2 and d3 to constrain the distances to be shorter 

than 6.5 Å. The initial Gaussian height was set to 4 kJ/mol and the widths were set to 0.2 Å 

and 0.2 for d2/d3 and c1, respectively. During the simulation, Gaussians were added every 50 

fs. In addition, to speed up the simulation, the symmetrised Gaussians for d2 and d3 were set 

to swap every 0.5 fs.  
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In addition, in order to calculate the Pairwise radial Distribution Functions (PDFs) for the 

isolated oxalate in aqueous solution, an additional AIMD simulation was carried out. To have 

an easier later comparison, one oxalate and 98 water molecules were used to keep a similar 

density to the previously CaC2O4 ion pair system. The total charge of the system was set to -2 

during the simulation. The system was first equilibrated to ensure a reasonable starting 

configuration, then this was followed by a 71 ps AIMD run. Other parameters involved in the 

set up of the AIMD simulation were set as described above.   

5.2.3 Classical molecular dynamics simulations 

In order to calculate the distribution of the O-C-C-O dihedral angle and PDFs from 

unbiased classical MD trajectories, three simulations were performed in the NVT ensemble. 

All simulations used a cubic, 3-D periodic simulation box with side of 25 Å, containing one 

oxalate, one calcium-oxalate contact ion pair (CIP) and one calcium, as well as 518 water 

molecules. All simulations were run for 15 ns. Other parameters involved in the set up of 

these MD simulations were set as in the multiple-walker well-tempered metadynamics 

simulations described above (Section 5.2.1).  

In addition, in order to investigate the ion association of calcium and oxalate beyond ion 

pairs, three unbiased classical MD simulations were run for solutions containing different 

amounts of calcium and oxalate ions in the NPT ensemble, with temperature and pressure 

maintained at 300 K and at 1 atm, respectively. All simulations were performed in a cubic, 3-

D periodic, simulation box with a side length of 99.7 Å, containing more than 33,000 water 

molecules. Three different concentrations were explored, 0.01 M, 0.05 M and 0.125 M, which 

correspond to having 6, 30 or 75 formula units of calcium oxalate (CaC2O4) in the simulation 

box. All simulations were run for 100 ns.  

5.3 Neutral CaC2O4 ion pair in solution 

5.3.1 Multiple-walker well-tempered metadynamics simulation-1CV 

(d1) 

We started our investigation of the association of calcium and oxalate in water by 

studying the formation of a neutral Ca2+-C2O4
2- ion pair. The one-dimensional (1-D) ion 

pairing free energy for CaC2O4 has been calculated as a function of a distance CV, namely the 

distance between the calcium ion and the centre of mass (COM) of oxalate, d1. In the 1-D 

free energy profile (Figure 5.1) there are several free energy minima, which correspond to (I) 

the bidentate and (II) monodentate Contact Ion Pair (CIP) at 3.3 Å and 4 Å, respectively, (III) 

the Solvent SHared Ion Pair (SSHIP) (d1=5.6 Å) and (IV) the Solvent Separated Ion Pair 
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(SSIP) state at d1=8 Å. Representative configurations of these states are shown in Figure 5.2. 

In the monodentate CaC2O4 CIP, the calcium ion sits in a terminal position relative to the 

oxalate anion (Figure 5.2(II)), while in the bidentate CaC2O4 CIP, the calcium ion sits in a 

bridging position between the two carboxylate groups (Figure 5.2(I)). The analytic solution 

(equation 5.3) for the 1-D pairing free energy for two point particles interacting via a 

screened electrostatic potential and a short range repulsive two body term is also shown in 

Figure 5.1 to verify that the calculation is well converged. It is worth mentioning that the 

alignment of the all-atom pairing free energy to the analytic solution is also important for the 

calculation of the free energy and equilibrium constant for ion association.38 More details 

regarding equation 5.3 can be found in Chapter 2. The bidentate (bridging) CaC2O4 CIP (I) 

corresponds to the most stable configuration for the calcium-oxalate ion pair. However, the 

free energy difference between the bidentate (bridging) CaC2O4 CIP (I) and monodentate 

(terminal) CaC2O4 CIP (II) is approximately 5 kJ/mol, and the barrier between them could be 

easily overcome at room temperature. Moreover, in order to dissociate the calcium-oxalate 

ion pair, two more significant free energy barriers need to be overcome; a 18 kJ/mol barrier to 

form a SSHIP (III) and a 3 kJ/mol barrier to form the SSIP (IV). 

 

1

4⇡"0

e2

"r
� kBT [ln(4⇡r

(3N�4))] (5.3)
 

 
In order to get further insight into the behaviour of oxalate in solution, it is of interest to 

investigate the molecule’s conformational changes when it is in an ion pair or isolated in 

aqueous solution. In order to do that we computed the distribution of the O-C-C-O dihedral 

angle (Φ) from the metadynamics trajectories by selecting the frames where the system was in 

bridging CaC2O4 CIP, terminal CaC2O4 CIP, SSHIP and SSIP configurations. Although the 

height of the peaks might be affected having extracted the frames from a non-equilibrium 

simulation, it is clear that in all four states oxalate tends to be flat with the most probable 

torsional angles being 0 or 180 degrees. To further consider the distribution of the O-C-C-O 

dihedral angle in the equilibrium simulation case, two additional unbiased classical MD 

simulations were performed for isolated oxalate and the calcium-oxalate CIP in aqueous 

solution. It should be noted that for the aqueous calcium-oxalate CIP system, the 15 ns 

trajectory corresponds to a combination of the monodentate and bidentate (with higher 

probability) CIP configurations; in other words, no dissociation of the CaC2O4 CIP state was 

observed. Next, we compared the dihedral distributions between the metadynamics and 

classical MD simulation results. As presented in Figure 5.3, it turns out that no matter which 

simulation method we used, in terms of the isolated oxalate, calcium-oxalate CIP as well as 
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the other configurations (e.g. SSHIP and SSIP), the oxalate ion always tends to present itself 

as a flat structure with the highest probability. 

 
Figure 5.1 One-dimensional (1-D) free energy profile of CaC2O4 ion pairing, as a function of the 
distance (d1) between the calcium ion and the centre of mass (COM) of oxalate. An analytic solution 
for the free energy of two point particles interacting via a screened electrostatic potential and a short- 
range repulsive two-body term is shown together in blue. The computed free energy is shifted to align 
with the analytic solution curve at long-range with an energy shift value of approximately 66.3 kJ/mol. 
Symbols I-IV coloured in black are used for easier discussion of the corresponding ion pairing states of 
Ca2+-C2O4

2- in the text. 
 

                      	      
                                     (I)                                                                              (II) 
 

                 
(III) 

                
(IV) 

Figure 5.2 Representative configurations of CaC2O4 ion pair: (I) bidentate (bridging) CaC2O4 CIP; (II) 
monodentate (terminal) CaC2O4 CIP; (III) SSHIP; (IV) SSIP. Silver and red spheres represent carbon 
and oxygen atoms within the oxalate anion, respectively, while green spheres represent Ca2+. The 
distances between calcium and COM of oxalate (d1) are (I) ~3.3 Å; (II) ~4 Å; (III) ~5.6 Å; (IV) ~8 Å.  
Subfigure symbols I-IV are as defined in Figure 5.1. In the hydration shell of calcium, within 3 Å, 
water is shown as red (oxygen) and white (hydrogen) liquorice mode, while for the hydration shell of 
oxalate, water molecules are drawn in cyan if they are within ~3-4.5 Å. 
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Figure 5.3 Distribution of the O-C-C-O dihedral angle (Φ) of oxalate, calculated from the 
metadynamics (MetaD) trajectory by selecting the frames where the system was in a bridging CaC2O4 
CIP (violet; bCIP), terminal CaC2O4 CIP (yellow-green; tCIP), SSHIP (cyan) and SSIP (medium-
purple) states. Comparison with unbiased classical MD simulations for both isolated oxalate (coloured 
in orange) and the calcium-oxalate CIP (coloured in black) aqueous systems. FF in the figure represents 
force field simulation.  
 

The next step taken was to explore the ion pairing free energy for the Ca2+-C2O4
2- ion pair 

as a function of temperature. The free energies investigated here have been calculated in the 

temperature range between 290 K and 350 K, with an interval value of 10 K. Apart from the 

different temperature, the simulations were set up as discussed before. Figure 5.4 shows the 

calculated 1-D free energy profiles with their corresponding analytic solutions. Clearly, the 

free energy of the CaC2O4 ion pair decreases with increasing temperature. However, we note 

that the bridging CaC2O4 CIP still corresponds to the most stable calcium-oxalate ion pair 

configuration within the explored temperature range. Furthermore, the change in enthalpy 

(ΔH) and entropy (ΔS) of ion association of calcium and oxalate can be determined from 

fitting the association free energy (ΔG) curve to the equation, ΔG=ΔH-TΔS. The fitting 

results are shown in Figure 5.5, along with the experimental results.39 Simulation results 

show that the ΔH and ΔS of ion association of calcium and oxalate are -4.4 kJ/mol and 89 

J/K/mol, respectively. The slope of the linear fits is similar between experiment and the 

metadynamics simulations, though higher ΔH and ΔS values are obtained from the 

simulations. Compared to the association of calcium and carbonate ions in aqueous solution,40 

here a similar result for the trend in the binding free energy with respect to temperature was 

observed (Figure 5.5). In the case of calcium carbonate, the ion pairing in water is entropy 

driven due to the release of water molecules from the hydration shells of the ions.40 In order to 
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examine whether calcium oxalate might show the same behaviour to calcium carbonate by 

releasing water molecules for binding, we analysed the average number of water molecules in 

the first hydration shell for the binding of calcium and oxalate ions. From a simple 

computation based on selected frames where the system was in the contact ion pair state, the 

CaC2O4 ion pair first solvation shell can accommodate an average of approximately 16 water 

molecules. Given that the averaged number of water molecules in the first solvation of Ca2+ 

and C2O4
2- ions is approximately 741,42 and 13 (for this number see Chapter 3), respectively, 

clearly, there are also water molecules released from the solvation shells when the binding of 

calcium and oxalate ions occurs. However, compared to the positive enthalpy term 

(endothermic) in calcium carbonate, here the opposite result was observed for calcium 

oxalate, which has a negative enthalpy (exothermic) as obtained from the linear fit to the free 

energy (Figure 5.5). An exothermic enthalpy undoubtedly does play a very different role in 

the ion pairing of calcium and oxalate in water, since this contribution to the binding free 

energy is in the same direction as that of the entropy. Based on this, the above discussion 

indicates that for calcium oxalate, both the enthalpy and entropy terms drive the binding of 

calcium and oxalate ions in aqueous solution, unlike calcium carbonate.  

 

 
Figure 5.4 1-D free energy landscapes of CaC2O4 ion pairing as function of d1. The computed free 
energies are shown in the range of 290-350 K with an interval value of 10 K, and shifted to the analytic 
solutions (dash lines) with different energy shift values. The analytic solution is defined as in Figure 
5.1. 
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Figure 5.5 Calculated association free energies (red) for the CaC2O4 ion pair as a function of 
temperature, compared with the experimental results (blue).39 ΔH and ΔS are given based on linear fits 
to both calculated and experimental values. MetaD represents the metadynamics simulation results. 

5.3.2 Multiple-walker well-tempered metadynamics simulation-2CVs 

(d1, c1) 

In order to test the effect of the choice of the CVs, the ion pairing free energy for CaC2O4 

has been calculated as a function of two CVs; one is the previously used distance CV, d1, 

another is the calcium by water coordination number, c1 (equation 5.1). The minimum free 

energy pathway shown in Figure 5.6(a) and Figure 5.6(b) was computed using the Nudged 

Elastic Band (NEB) method.43,44 In order to determine the possible minimum free energy 

pathway that connects the distinct free energy minima in the 2-D free energy landscape, a 

number of ‘energy points’ were generated along the initially proposed pathway that connects 

two minima. This was then followed by minimising the ‘energy points’ along the pathway, as 

the initially proposed energy pathway continued to optimise toward a lower energetic 

pathway along the given free energy landscape. In principle, after a number of iterations, the 

final location of all the ‘energy points’ is then associated with the minimum free energy 

pathway that connects the distinct free energy minima in the 2-D free energy landscape. As in 

the simulation with one CV (Section 5.3.1), distinct free energy minima (Figure 5.6(a)) can 

be easily identified along the minimum free energy pathway, and the configurations of these 

states are equivalent to those in Figure 5.2 and are reported in Appendix C for completeness 

(Figure C1). However, by comparing Figure 5.6(a) and Figure 5.6(b), we noted that the 

minima in the 1-D profile are the convolution of multiple states with similar free energies, 

where calcium assumes different coordination numbers with water molecules. For both the 

SSHIP and SSIP states the first solvation shell of Ca2+ can accommodate either 6, 7 or 8 water 
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molecules. Instead Ca2+ can coordinate 6 or 7 water molecules in the monodentate CIP, and 5 

or 6 in the bidentate CIP.  

In addition, we can analyse the ion pairing behaviour of CaC2O4 as a function of d1 by 

comparing the free energy profile obtained from the 1-D metadynamics calculation, and the 

minimum free energy path obtained from the 2-D metadynamics calculation (Figure 5.6(b)). 

It is evident that there are two free energy barriers that do not appear in the 1-D calculations. 

One is the free energy barrier between two bidentate CaC2O4 CIP states with different 

coordination numbers (c1 = 5, 6), while another is between two monodentate CaC2O4 CIP 

regions (c1 = 6, 7). These two free energy barriers correspond to the two vertical black lines 

shown as d1 at 3.3 Å and 4 Å in Figure 5.6(b). As a further check of the consistency between 

the two simulations, we compared the free energy profile as a function of d1 as obtained from 

the 1-D metadynamics calculation and by integrating out the coordination number from the 2-

D metadynamics simulation (Figure 5.6(c)), and noted that the all the features of the free 

energy curves are identical to within thermal noise. The distribution of the O-C-C-O dihedral 

angle (Φ) is also consistent between the two calculations and shown in Figure C2 in 

Appendix C for completeness.  
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(a)                                                                                     (b) 

 
(c) 

Figure 5.6 Free energy landscape of CaC2O4 ion pairing: (a) as a function of the distance (d1) between 
the calcium ion and the centre of mass (COM) of oxalate, and calcium by water coordination number 
(c1); (b) projected 1-D profile as a function of d1 only, coupled with a minimum free energy path 
calculating based on Figure 5.6(a); (c) two computed 1-D free energy profiles are shown together with 
the analytic solution for free energy; the free energies are calculated from the metadynamics 
simulations as a function of d1 (red) and d1, c1 (green). The computed 1-D free energy in Figure 
5.6(c) is shifted to the analytic solution line with an energy shift value of approximately 66.3 kJ/mol 
(red curve) and 52.7 kJ/mol (green curve). The 2-D ion pairing free energy map Figure 5.6(a) is 
coloured on the basis of the colour bar on the right side and the zero of the energy scale correspond to 
the most stable CaC2O4 ion pair configurations. The colour bar range is from 0 to 70 kJ/mol. Black 
isolines in Figure 5.6(a) start from 0 and increase by 5 kJ/mol per contour.  Symbols I-IV coloured in 
yellow/black are as defined in Figure 5.1. 

5.3.3 Multiple-walker well-tempered metadynamics simulation-3CVs 

(d2, d3 and c1) 

In order to continue to test the effect of the choice of the CVs, the pairing free energy of 

calcium oxalate ion pair has been calculated by using new distance CVs; the distance between 

calcium and the two carbon atoms of oxalate (d2, d3), combined with coordination number 

c1. Apart from the choice of the CVs, all other parameters have been kept as per the previous 

metadynamics simulations (Sections 5.3.1-5.3.2). Due to the final free energy surface now 

being in four dimensions, we have to analyse the results by looking at two distinct projections 

obtained by integrating out one CV (Figure 5.7(a-b)). First of all, we look at the free energy 
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map as a function of the two Ca-C distances (Figure 5.7(a)), and then we can analyse the free 

energy as a function of one of the distances (d2 or d3) and the coordination number c1, as 

shown in Figure 5.7(b). Due to CV d2 and d3 being equivalent (evident is presented in 

Figure C3 in Appendix C), it is not important which one we choose. In Figure 5.7(a), we can 

identify the same two free energy minima (I: bidentate CaC2O4 CIP; II: monodentate CaC2O4 

CIP) that we have discussed in the previous two sections. Typical atomic configurations 

corresponding to these states are indeed very similar to the previous cases as well (Figure C4 

in Appendix C).  

 

   
(a)                                                                               (b) 

   
                                       (c)                                                                              (d) 
Figure 5.7 Free energy landscapes of CaC2O4 ion pairing: (a) as a function of the distance (d2, d3) 
between the calcium ion and one of the carbon atoms of oxalate group; (b) as a function of d2 (or d3) 
and the calcium coordination number (c1) by water; (c) projected 1-D free energy profile as a function 
of d2 (or d3) only, compared with the minimum free energy pathway. The minimum free energy 
pathway was calculated based on the 2-D free energy landscape shown in Figure 5.7(b); (d) projected 
1-D free energy profile is shown together with an analytic solution (blue). The computed free energy is 
shifted to the analytic solution line with an energy shift value of approximately 53 kJ/mol. Zero energy 
regions, colour bar, values of black isolines and symbols I-IV are as defined in Figure 5.1.  

 
If we now turn our attention to the 2-D free energy landscape as a function of d2 (or d3) 

and c1 (Figure 5.7(b)), we note that it looks very similar to the previous two CVs case (see 

Figure 5.6(a)). However, an analysis of the atomic configurations extracted from the three 

CVs metadynamics calculations revealed that most of the free energy minima are composed 

of mixed states. The minima with d2 (or d3) equal to 3.3 Å are a combination state of 
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bidentate CaC2O4 CIP and monodentate CaC2O4 CIP; the minima with d2 (or d3) equal to 4.5 

Å are a combination of the monodentate CaC2O4 CIP and SSHIP. The reason for the 

appearance of those mixed states in the 2-D free energy landscape can be easily understood 

by considering that our choice of CVs here has broken the symmetry, and now the same 

distance from one of the carbon (C) atoms can correspond to either a bidentate/monodentate 

CaC2O4 CIP or a SSHIP, depending on which side of the oxalate the calcium ion sits. 

Moreover, as per the previous two CVs case (d1, c1) discussed in Section 5.3.2, the same 

multiple calcium coordination numbers are accessible as well, as shown in Figure 5.7(b).  

Next, we can also integrate out coordination number c1 and look at the projected 1-D 

free energy profile as a function of d2 (or d3), combined with the minimum free energy path 

(Figure 5.7(c)) and the analytic solution (Figure 5.7(d)). In Figure 5.7(c), we also noted that 

there are two free energy barriers that are hidden in the 1-D projection, which correspond to 

the two vertical black lines shown as d2 (or d3) at 3.3 Å and 4.5 Å in Figure 5.7(c). Different 

from the previous two CVs case (d1, c1) discussed in Section 5.3.2, these two free energy 

barriers are now associated with two mixed state regions: i) at d2 (or d3)=3.3 Å, a 

combination of bidentate and monodentate CaC2O4 CIP (I+II in Figure 5.7(b)); ii) at 

d2/d3=4.5 Å, a combination of monodentate CaC2O4 CIP and SSHIP (II+III in Figure 

5.7(b)). Clearly, making changes to the distance CVs employed, namely from the distance 

between the calcium ion and the centre of mass of oxalate (d1), to the distance between the 

calcium ion and either of the carbon atoms of oxalate (d2/d3), has a significant effect on the 

projected 2-D and 1-D free energy landscapes if the system’s symmetry is broken, since a 

couple of mixed regions are identified as mentioned above.   

In addition, we computed and compared the association free energy (ΔG) and the 

association constant (pKa) between the two CVs (d1, c1) and three CVs cases (d2, d3, and c1) 

by aligning the 1-D free energy curve with the analytic solution (equation 5.3). It was found 

that both the two and three CVs cases show similar results, with ΔG = -30.9 kJ/mol and pKa = 

5.38 for the two CVs simulation, and ΔG = -31.3 kJ/mol and pKa= 5.46 for the three CVs 

simulation. Further comparing the 1-D free energy profile with the analytic solution, as shown 

in Figure 5.7(d), it can be seen that the simulation readily converged very well, as in the 

previous cases. In terms of the distribution of the O-C-C-O dihedral angle, the same results 

are obtained. A comparison is presented in Figure C5 in Appendix C for completeness.  

Finally, in order to test how the box size affects the calcium-oxalate paring free energy 

calculation, an additional simulation has been performed with a small simulation box with a 

side length of 14.3 Å, containing one calcium-oxalate ion pair and 97 water molecules 

instead. The same simulation box was then used later for the calculation of the pairing free 

energy for calcium-oxalate using the AIMD method. More details of this AIMD simulation 

will be presented in Section 5.3.4. A comparison of the 2-D free energy landscapes, as a 
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function of d2 and d3, and as a function of d2 (or d3) and c1, is shown in Figure 5.8. Here, 

for the big system (a simulation box with a side length of 49.8 Å), the 2-D free energy 

landscapes are presented with a cut-off value of 6.5 Å for the distance CVs for ease of 

comparison. As can be seen in Figure 5.8, the 2-D free energy landscapes and the main 

distinct minima structures are essentially the same in both box size cases. Meanwhile, the 

comparison of the projected 1-D free energy profiles as a function of d2/d3 also confirmed 

this (Figure 5.9). From this quick test, it turned out that the box size has relatively little effect 

on the calcium-oxalate ion pairing behaviour in aqueous solution within the force field model 

and the CVs we used.  

 

    
(a)                                                                           (b) 

   
                                         (c)                                                                           (d) 
Figure 5.8 Projected 2-D free energy landscapes of CaC2O4 ion pair with a simulation box size of: (a,c) 
14.3 Å; (b,d) 49.8 Å; (a-b) as a function of the distance between the calcium ion and carbons of oxalate 
(d2, d3); (c-d) as a function of d2 (or d3) and the calcium coordination number by water (c1). Zero 
energy regions, colour bar and values of black isolines are as defined in Figure 5.1.  
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Figure 5.9 Projected 1-D free energy landscapes for CaC2O4 ion pairing with a simulation box size of 
14.3 Å and 49.8 Å, as a function of d2/d3 only.  

5.3.4 Ab initio molecular dynamics simulations-3CVs (d2, d3 and c1) 

Subsequently, we decided to continue to investigate the Ca2+-C2O4
2- ion pair formation in 

aqueous solution by calculating the pairing free energy with the same three CVs as discussed 

in section 5.3.3 using the AIMD method. Due to the large computational cost of AIMD, a 

small simulation box with a length of 14.3 Å was chosen. Moreover, PBE-D3 was used for 

the exchange and correlation functional,32,33 and the simulation was run for approximately 1 

ns at 330 K. This temperature was chosen due to the consideration that it could better 

reproduce the structure of water, as it could compensate for the over-structuring of water 

caused by the functional used. Here, for an easier comparison with previous metadynamics 

simulation results (Section 5.3.3), we also analyse the results by looking at two distinct 

projections obtained by integrating out one CV (Figure 5.10). The 2-D free energy 

landscapes projected on the two Ca-C distances (d2 and d3), or on the Ca-C distance (d2 or 

d3) and the Ca-water coordination number (c1) are shown in Figure 5.10(a-b). As in the 

previous case the same minima are observed and the molecular configurations are analogous 

to those obtained from the classical force field (Figure 5.11). The free energy basins also 

have similar relative energies and shapes, with the exception that the monodentate CaC2O4 

CIP (II) shows a much narrower region in the 2-D free energy landscape (Figure 5.10(a)) in 

the AIMD case. By extracting and analysing the corresponding atomic configurations from 

the AIMD trajectory, it turned out that the previous monodentate CaC2O4 CIP region 

identified from the classical force field is now split into two parts using AIMD; one part is a 

pure monodentate CaC2O4 CIP region, whereas the other part is identified as a transition 

region, where a bidentate CaC2O4 CIP transforms to a monodentate CaC2O4 CIP (region I→II 
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in Figure 5.10(a)). The corresponding representative atomic configurations for this transition 

region are shown in Figure 5.11(I→II). Undoubtedly, this transition region between two 

types of CaC2O4 CIP is not distinguished very clearly in the projected 2-D free energy 

landscapes in the classical force field cases. Moreover, due to the small simulation box (14.3 

Å) used in the AIMD calculation, the basin for the completely separated species SSIP (IV) is 

missing in the projected 2-D free energy landscape (Figure 5.10(a-b)). Here, both 2-D free 

energy profiles end up with a mixed region containing of SSHIP (III) and SSIP (IV) states. 

Nevertheless, in general, the 2-D free energy landscape, as a function of two Ca-C distances, 

is qualitatively quite similar between the two simulation techniques (Figure 5.7(a); Figure 

5.10(a)).  

 

   
(a)                                                                              (b) 

   
(c)                                                                              (d) 
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(e) 

Figure 5.10 Free energy landscape of CaC2O4 ion pairing using AIMD: (a) as a function of the distance 
(d2, d3) between the calcium ion and one of the carbon atoms of oxalate group, coupled with the 
minimum free energy pathway; (b) as a function of d2 (or d3) and the calcium coordination number 
(c1) by water, coupled with the minimum free energy pathway; (c-d) projected 1-D free energy profile 
as a function of d2 (or d3) only, coupled with the minimum free energy pathways. Symbols in gold 
show the corresponding regions in the projected 1-D profile; (e) projected 1-D free energy profile is 
shown together with the analytic long-range solution. The computed free energy is shifted to the 
analytic solution with an energy shift value of approximately 51.6 kJ/mol. Zero energy regions, colour 
bar and values of black isolines are as defined in Figure 5.1.  
 

                   
(I) 

               
(I→II) 

 

                
(II) 
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(III) 

 

             
(IV) 

Figure 5.11 Representative configurations of the CaC2O4 ion pair using AIMD: (I) bidentate CaC2O4 
CIP; (I→II) a transition region where a bidentate CaC2O4 CIP transforms to a monodentate CaC2O4 
CIP; (II) monodentate CaC2O4 CIP; (III) SSHIP; (IV) SSIP. Colours, hydration shells and drawn modes 
are as defined in Figure 5.2. 
 

We then analyse the 2-D free energy surface projected on d2 (or d3) and c1 (Figure 

5.10(b)), and compare it with the one obtained from the classical force field using the same 

three CVs (see Figure 5.7(b) in section 5.3.3). Similarly, most of the free energy minima are 

composed of mixed regions, due to the symmetry having been broken because of our choice 

of CVs for projections. However, a few differences between the classical force field and the 

AIMD simulations can be easily noted. First of all, in the AIMD simulation the calcium has a 

lower coordination number by water. For example, the calculation shows that Ca2+ in the 

bidentate CaC2O4 CIP can accommodate either 5 or 6 water molecules in the classical force 

field simulation cases, while this number reduces to 4 or 5 in the AIMD case. Meanwhile, the 

same trend can be observed for the monodentate CaC2O4 CIP and SSHIP state. One reason for 

this discrepancy could be the PBE-D3 exchange-correlation functional used in our AIMD 

simulation, as this functional systematic leads to over-structuring of water.45,46 Indeed if we 

had used the BLYP-D3 functional the calcium by water coordination number would have 

been closer to the one observed in the classical force field simulations.47,48 Another reason 

that might account for the difference of the calcium by water coordination number, c1, is the 

switching functions, as the AIMD (performed in CP2K program) and the classical force field 

(performed with PLUMED plug-in) calculations adopted different functional forms for the 

switching functions, and have the forms as below: 
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Apart from the above functional forms, clearly the parameters used in the switching functions 

are also different. For instance, the switching function used in classical force field simulation 

has five parameters (ri is the distance between the calcium ion and oxygen of the ith water 

molecule; r0=1.0 Å, d0=2.1 Å, n=4 and m=10), while the parameters reduce to four in the 

AIMD case (rij is the distance between the calcium ion and oxygen of the water molecule; 

r0=3.0 Å, n=8 and m=16). Furthermore, Figure 5.12 shows that for the first solvation shell of 

the calcium ion (Ca-Ow), the switching function (red curve) used in the classical force field 

calculation has a broader range than that in AIMD simulation (blue curve) within ~3 Å, which 

might result in a relatively higher coordination number for the calcium ion in the first 

hydration shell.  

 

 
Figure 5.12 Comparison of Pairwise radial Distribution Functions (PDFs,  [g(r)]) of Ca-Ow between 
AIMD and the classical force field calculation, combined with the corresponding switching functions. 
Ow represent the oxygen atoms of water molecules.  
 

Next, by integrating out the coordination number c1 we can analyse the projected 1-D 

free energy profile as a function of Ca-C distance (d2/d3). Comparing the two calculated 
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minimum free energy pathways with the projected 1-D free energy profile, as shown in 

Figure 5.10(c) and Figure 5.10(d), the deviation between them, to some extent, can be easily 

observed; in other words, when the free energy landscape has been projected from 2-D to 1-

D, in general, the 1-D free energy profile shifts to a lower energy value for some complex 

mixed states in the AIMD case. This discrepancy is largely associated with the fact that there 

may exist many free energy equivalent mixed regions. To further explain the occurrence of 

the free energy shifts observed from Figure 5.10(c-d) for projected 1-D free energy profile, 

we use the concept of thermodynamic average as a starting point. For example, we assumed 

that there are multiple equivalent points, x, in a given ensemble, and the weight for xi is ωi, 

then the average value for x in the system can be calculated by; 

 

< x >=

P
!ixi

N

; N =
X

!i (5.4)
 

 
where N is a constant and is equal to the sum over all ωi. Similarly, applying the same 

philosophy to average the free energy equivalent mixed states in the Ca2+-C2O4
2- ion pair 

system, the average free energy, < ΔG(i) >,  is then expressed as below; 

 

< �G(i) >=
�kBT ln

P
e���G(i,j··· )

Z
(5.5)

 
 

where kB is the Boltzmann constant, T is the temperature, and β is equal to (kBT)-1. i and j 

represent the variables used for the free energy calculation. Besides, similar to N in equation 

5.4, Z is a constant that is associated with the summation of all weights for the free energy. In 

our case here, take the 2-D free energy landscape as a function of the Ca-C distance (d2/d3) 

and the Ca-water coordination number (c1) (Figure 5.10(b)), for example, when the free 

energy landscape has been projected from 2-D (d2/d3, c1) to 1-D (d2/d3) the free energies are 

actually reweighted due to the averaging over some free energy equivalent mixed regions 

(dash lines shown in Figure 5.13). As there is only a sum over two variables (d2/d3, c1) for 

the average free energy, equation 5.5 can be rewritten as; 

 

< �G(d2/d3) >=
�kBT ln 2e���G(d2/d3,c1)

Z 0 (5.6)
 

  
It is worth noting that the corresponding minimum free energy pathway are calculated based 

on the 2-D free energy landscape, therefore, when integrating out one CV (c1) to compute the 

1-D free energy profile as a function of Ca-C distance (d2/d3), it is possible that there exists a 

reweighted lower free energy due to the averaging over the free energy equivalent states in 
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the corresponding 2-D energy landscape. As a result, the 1-D free energy profile shifts to a 

lower energy value for some complex mixed states, with the value within kBT, as shown in 

Figure 5.13.  

 

 
Figure 5.13 Projected 1-D free energy profile as a function of d2 (or d3) only, coupled with the 
minimum free energy pathway (black), and some extracted free energy profiles (dash lines) for a 
certain c1 from Figure 5.10(b). 

 
Compared to the previous classical force field simulation results preformed in a 

simulation box with a side length of ~100 Å (see Figure 5.7(c) and Figure 5.7 (d) in section 

5.3.3), apart from the discrepancy observed between minimum free energy pathways and the 

projected 1-D free energy profile caused by free energy averaging, a few more distinctive 

differences can be easily distinguished between force field and quantum mechanical 

techniques. For instance, in the AIMD case, there is a small free energy minimum appearing 

at approximately 2.9 Å (Figure 5.10(e)) in the projected 1-D free energy profile. Further 

examining the corresponding atomic configurations for this free energy minimum, it 

corresponds to the terminal CaC2O4 CIP (II) that was actually not observed at this distance in 

the force field case. Furthermore, as shown in Figure 5.14, compared to classical force field 

simulation results, the positions of the two CaC2O4 CIP minima suggest that the calcium and 

oxalate ions are slightly closer to each other in the AIMD case. Another distinct difference 

between the two simulation techniques is for the distribution of the O-C-C-O dihedral angle 

(Φ). As shown in Figure 5.15, it has been computed with respect to bridging/terminal CaC2O4 
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CIP, SSHIP and SSIP configurations extracted from the AIMD trajectories. Due to the 

similarity between metadynamics and classical MD simulation results, only classical MD 

results are used to compare with AIMD results. In the classical MD calculations, the oxalate 

ion tends to be in the flat configuration, regardless if it is in a CaC2O4 ion pair or isolated, 

when using the force field, but exhibits a very different behaviour in the AIMD where it 

generally assumes a twisted conformation (Φ=90 degrees) unless it is in the bidentate CaC2O4 

CIP. This could be a failing of the DFT functional (PBE-D3) we used in the AIMD simulation 

or an aspect where the force field model for the aqueous calcium oxalate systems could be 

improved in future work. 

 

 
Figure 5.14 Comparison of projected 1-D free energy landscapes of CaC2O4 ion pairing using the two 
simulation techniques, as a function of Ca-C distance (d2/d3). The computed free energy of the 
simulation box with a side length of 49.8 Å is shifted to the analytic solution (blue) at 10 Å with an 
energy shift value of approximately 53.2 kJ/mol.  
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Figure 5.15 Comparison of distribution of the O-C-C-O dihedral angle of oxalate from an AIMD 
simulation for aqueous Ca2+-C2O4

2- ion pair system, calculated from the trajectory by selecting the 
frames where the system was in bridging CaC2O4 CIP (dark-pink; bCIP), terminal CaC2O4 CIP (light-
green; tCIP), SSHIP (light-blue) or SSIP (light-purple) configurations. Distributions coloured in orange 
and black are from classical MD simulations using a force field and are as defined in Figure 5.3. 
 

A comparison of Pairwise radial Distribution Functions (PDFs) between force field and 

quantum mechanical techniques has also been performed. For the calcium-oxalate ion pair 

systems involved, the PDFs are computed based on extracting the CaC2O4 CIP configurations 

from either AIMD or classical MD trajectories accordingly. In addition, AIMD and classical 

MD simulation results for aqueous solutions that contain isolated oxalate, and classical MD 

simulation results for aqueous calcium systems are shown together for comparison in Figure 

5.16. First of all, the distributions of water molecules around the calcium-oxalate ion pair, 

isolated calcium, and isolated oxalate were analysed. As shown in Figure 5.16(a-d), the PDFs 

are essentially similar for each case, with the exception of the interaction between the oxygen 

of oxalate and the oxygen of water (O-Ow, Figure 5.16(c)), where the AIMD simulation 

shows a shift of <0.1 Å to larger distance for the first hydration shell. In addition, compared to 

the classical force field calculations, Figure 5.16(e) indicates that the calcium and oxalate 

ions are slightly closer to each other in the AIMD case. Nevertheless, for the two techniques, 

in general, the closest water molecules appear at approximately 2.43 Å (Ca-Ow, Figure 

5.16(a)) and 1.74 Å (O-Hw, Figure 5.16(d)) for the CaC2O4 ion pair. Meanwhile, when the 

bridging/terminal CaC2O4 CIP forms in aqueous solution, the average distance between 

calcium and oxalate is approximately 2.30 Å (Ca-O, Figure 5.16(e)).  
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(a)                                                                              (b) 

   
(c)                                                                              (d) 

 
(e) 

Figure 5.16 Comparison of Pairwise radial Distribution Functions (PDFs,  [g(r)]) between AIMD and 
classical MD calculations: (a) interaction between Ca and Ow; (b) between Ca and Hw; (c) between O 
and Ow; (d) between O and Hw; (e) between Ca and O. Here O represents the oxygen atoms within the 
oxalate group. Ow and Hw represent the oxygen and hydrogen atoms of water molecules, respectively. 
For the calcium-oxalate ion pair system, only the trajectories of CaC2O4 CIP configurations were used 
to calculate the corresponding PDFs; whereas for the isolated calcium or oxalate systems, the entire 
trajectories were used. cMD(FF) is as defined in Figure 5.3.   
 

In order to check whether the second electron is localised on the oxalate ion or not in 

aqueous solution, a few simple tests, in terms of examining the electron density distribution of 

oxalate (C2O4
2-), have been performed with the exchange-correlation functionals PBE-D332,33 

and PBE0(α=0.5)-D3. Here, we decided to use the hybrid PBE0 with a Hartree-Fock (HF) 

exchange fraction of 0.5 based on the AIMD study reported by Guidon et al.,49 where whether 
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an excess electron in water is localised or delocalised has been investigated using various 

fractions of HF exchange in the PBE0 functional. Their results show that hybrid functionals 

with a relatively large fraction of HF exchange can reduce the delocalisation of the electron 

density distribution of an excess electron in water, and the electron becomes essentially fully 

localised when α is equal to 0.5.  

Four configurations (Figure 5.17), for the bridging CaC2O4 CIP, terminal CaC2O4 CIP, 

SSHIP and SSIP, were extracted from the AIMD trajectory and used to study the electronic 

stability of the oxalate ion in aqueous solution. Final calculated results for the HOMO level 

are used for comparison and shown in Figure 5.18, where blue and yellow isosurfaces 

(isovalue=0.06) represent the electron density distribution when using the PBE-D3 and 

PBE0(α=0.5)-D3 functionals, respectively, viewed along the z-axis. Note that for the SSIP 

case, due to the oxalate ion being across the boundary during the simulation, one periodic 

image is also shown in Figure 5.18(d). Overall, for all four investigated configurations, it is 

clear that the electron density distribution is largely localised at oxalate in water using both 

functionals. 

         
  
                                     (a)                                                                                 (b) 

                
                                     (c)                                                                                 (d) 
Figure 5.17 Four configurations extracted from the AIMD trajectory: (a) bidentate CaC2O4 CIP; (b) 
monodentate CaC2O4 CIP; (c) SSHIP; (d) SSIP. Colours for calcium and oxalate are as defined in 
Figure 5.2. Water molecules within 3 Å are shown as red (oxygen) and white (hydrogen) liquorice 
mode, while the rest of the water molecules within 5 Å are represented by line mode coloured in light 
magenta. 
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                                            (a)                                                                              (b) 

                   
                                            (c)                                                                              (d) 
Figure 5.18 Snapshots of electron density distributions of oxalate at the HOMO level viewed along the 
z-axis, using the PBE-D3 and PBE0(α=0.5)-D3 functionals: (a) bridging CaC2O4 CIP; (b) terminal 
CaC2O4 CIP; (c) SSHIP; (d) SSIP. Isosurfaces (isovalue=0.06) are coloured as blue and yellow for 
PBE-D3 and PBE0(α=0.5)-D3 functionals, respectively. Water molecules are omitted from the 
simulation box for clarity.  Colours for calcium and oxalate are as defined in Figure 5.2. 

5.4 Ca2+-C2O4
2--Ca2+ and C2O4

2--Ca2+-C2O4
2- trimer 

associated states in aqueous solution  
In order to continue our investigation of the ion association in aqueous solution, two 

charged species, Ca2+-C2O4
2--Ca2+ and C2O4

2--Ca2+-C2O4
2-, have been simulated using the 

force field. For both positively and negatively charged systems, the ion pairing free energy 

has been calculated as a function of the distances between the calcium ion and the oxalate 

centre of mass, d1. The 2-D free energy landscapes are shown in Figure 5.19, and typical 

atomic configurations are presented in Figure 5.20 and Figure 5.21. Firstly, compared to the 

previous neutral CaC2O4 ion pair systems, a few distinctive differences can be easily noted for 

these two charged trimer associated state systems: i) in terms of the bound number of ions, 

there are two types of associated states. One type contains two ions and has the same neutral 

form of CaC2O4 as before (referred to as CaC2O4 CIP in later discussion), and the other type is 
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composed of three ions and it is charged, where its charge depends on whether an excess Ca2+ 

or C2O4
2- is present in the given system (referred to as trimer associated state); ii) after adding 

one calcium or one oxalate into the calcium-oxalate ion pair system, more mixed state regions 

have been identified in the 2-D free energy landscapes. For instance, as shown in Figure 5.19, 

regions C and D* are a mixed region of CaC2O4 CIP and Solvent SHared Ion Pair (SSHIP), 

regions E and F* are a mixed region of CaC2O4 CIP and Solvent Separated Ion Pair (SSIP), 

region F and G* are a mixed region of SSHIP and SSIP, and so on. Secondly, a comparison 

between Ca2+-C2O4
2--Ca2+ and C2O4

2--Ca2+-C2O4
2- charged systems has been performed. The 

2-D free energy landscapes, as a function of distance d1, shown in Figure 5.19(a) and Figure 

5.19(b), exhibit a few similarities and differences: i) there are three main free energy minima 

(regions A and B) for the positively charged system, whereas four (regions A* to C*) are 

found for the negatively charged system. Those free energy minima all correspond to trimer 

associated states, and the corresponding configurations can be formed by either pure 

terminal/bridging mode or a combination of both terminal/bridging modes (Figure 5.20(A-B); 

Figure 5.21(A*-C*)); ii) in region A (Figure 5.20(A)) and B* (Figure 5.21(B*)), a mix of 

trimer associated states is presented. The only pure terminal trimer associated state is formed 

in region B (Figure 5.20(B)) and in region C* (Figure 5.21(C*)). However, we note that the 

pure bridging trimer associated state is only formed in the C2O4
2--Ca2+-C2O4

2- negatively 

charged system (region A*, Figure 5.21(A*)); iii) regions C and D* are relative to a mixed 

state of CaC2O4 CIP and SSHIP. However, only pure terminal CaC2O4 CIP is found in region 

C (Figure 5.20(C)), while in region D*, both terminal and bridging CaC2O4 CIP are formed 

(Figure 5.21(D*)). Regions E and F* correspond to a mixed state of CaC2O4 CIP 

(terminal/bridging modes) and SSIP. Regions F and G* are associated with a mixed state of 

SSHIP and SSIP (Figure 5.20(F); Figure 5.21(G*)). Apart from those mixed states, only pure 

SSHIPs are formed in both D and E* regions (Figure 5.20(D); Figure 5.21(E*)), and regions 

G and H* correspond to pure SSIPs (Figure 5.20(G); Figure 5.21(H*)).  
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                                       (a)                                                                                    (b) 
Figure 5.19 Free energy landscapes as a function of distance between calcium and centre of mass 
(COM) of oxalate (d1): (a) [Ca2+-C2O4

2--Ca2+] system (476 ns); (b) [C2O4
2--Ca2+-C2O4

2-] system (481 
ns). Zero energy regions and values of black isolines are as defined in Figure 5.1(a), with the exception 
that the colour bar range is now from 0 to 90 kJ/mol. Symbols A-G and A*-G* coloured in yellow are 
used for easier discussion of the corresponding ion associated states in the text. 
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(E) 

 

	   	    	    	 
(F) 

 

	   	   	   	 
(G) 

Figure 5.20 Representative configurations of positively charged [Ca2+-C2O4
2--Ca2+] system: (A) trimer 

associated states, bidentate+monodentate mixed modes; (B) trimer associated states, only monodentate 
mode; (C) CIP+SSHIP; (D) SSHIPs; (E) CIP+SSIP; (F) SSHIP+SSIP; (G) SSIPs. The distances 
between calcium and the COM of oxalate are (A) 3.3, 4 Å or vice versa; (B) 3.9, 4 Å; (C) 5.6, 3.3-4 Å 
or vice versa; (D) 5.6, 5.6 Å; (E) 8, 3.3-4 Å or vice versa; (F) 5.6, 8 Å; (G) 8, 8 Å. Colours and 
hydration shell of calcium are as defined in Figure 5.2. The hydration shell of oxalate is drawn within 
~3.5-5.5 Å. Subfigure symbols A-G are as defined in Figure 5.19(a). 
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(E*) 

 

	   	  	  	 
(F*) 

 

	    	    	    	 
(G*) 

 

	    	    	    	 
(H*) 

Figure 5.21 Representative configurations of negatively charged [C2O4
2--Ca2+-C2O4

2-] system: (A*) 
trimer associated states, bidentate mode; (B*) trimer associated states, bidentate+monodentate mixed 
modes; (C*) trimer associated states, monodentate mode; (D*) CIP+SSHIP; (E*) SSHIPs; (F*) 
CIP+SSIP; (G*) SSHIP+SSIP; (H*) SSIPs. Colours and cut-off for hydration shells are as defined in 
Figure 5.2. Subfigure symbols A*-H* are as defined in Figure 5.19(b). 

 

Next we extracted some 1-D free energy pathways of interest from the 2-D landscapes 

shown in Figure 5.19. In particular, we can analyse the free energy barriers where the 

systems undergo a transition from a trimer associated state to a mixed state of CaC2O4 CIP 

and SSIP; in other words, this examines how the free energy changes by adding an extra Ca2+ 

or C2O4
2- to a calcium-oxalate ion pair (CaC2O4) in aqueous solution. For both charged 

systems, a few extracted 1-D free energy pathways are shown in Figure 5.22. First of all, we 

looked at the green curves (d1x/d1y=3.9 Å) and red (d1x/d1y=3.3 Å) curves presented in 

Figure 5.22(a) and Figure 5.22(b), which show how the free energy changes for the pathway: 

trimer associated states→{CaC2O4 CIP+SSHIP} states→{CaC2O4 CIP+SSIP} states. At the 

same time, this pathway further demonstrates that the most stable configurations for both 

positively and negatively charged systems correspond to region where the trimer associated 

states are formed, where the distances between calcium and the COM of oxalate, d1, are 3.3, 

4 Å or vice versa (region A in Figure 5.19(a)) for the Ca2+-C2O4
2--Ca2+ positively charged 

system, whereas with d1=3.3, 3.3 Å (region A* in Figure 5.19(b); Figure 5.21(A*)) for the 

C2O4
2--Ca2+-C2O4

2- negatively charged system. Although the deepest minima all correspond to 

trimer associated states for both Ca2+-C2O4
2--Ca2+ and C2O4

2--Ca2+-C2O4
2- systems, the 
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coordination modes between calcium and oxalate differ from each other. The positively 

charged trimer associated states are made up of both terminal and bridging modes (Figure 

5.20(A)), whereas the negatively charged ones only have pure bridging mode (Figure 

5.21(A*)). The blue (d1x/d1y=5.6 Å) and gold (d1x/d1y=8.0 Å) curves shown in Figure 5.22 

are for the free energy changes for the pathway from {CaC2O4 CIP+SSHIP} states to pure 

SSHIPs states, to {SSHIP+SSIPs} states. Compared to the extracted free energies over short 

distances (red and green curves), it indicates that the formation of other states beyond the 

trimer-associated states is much less favourable, as higher free energy is needed. In 

conclusion, in order to dissociate the calcium-oxalate trimer associated state, taking the form 

of either Ca2+-C2O4
2--Ca2+ or C2O4

2--Ca2+-C2O4
2-, to form a CaC2O4 CIP and one far away 

isolated Ca2+/C2O4
2-, a ~20 kJ/mol free energy barrier needs to be overcome.  

 

   
                                       (a)                                                                                    (b) 
Figure 5.22 Extracted 1-D free energy pathways, with d1x/d1y=3.3 Å (dark/light red), 3.9 Å (dark/light 
green), 5.6 Å (dark/light blue) and 8.0 Å (dark/light gold) from the 2-D free energy landscapes (Figure 
5.19): (a) Ca2+-C2O4

2--Ca2+ positively charged system; (b) C2O4
2--Ca2+-C2O4

2- negatively charged 
system. Here d1x and d1y represent d1 along x or y direction in Figure 5.19, assuming z direction is 
normal to the page. The zero of the energy scale in the figures corresponds to the most stable 
configurations.                                           

5.5 Ion association of calcium and oxalate beyond ion pairs 
Following on from the above calculations, in order to examine whether calcium oxalate 

might show similar non-classical behaviour to calcium carbonate by forming stable pre-

nucleation clusters beyond ion pairing,14,15 classical MD simulations have been carried out to 

explore the details of further ion association. To have an easier discussion, a pseudo atom 

(CX) was inserted as the oxalate centre of mass during the post-data analysis process for the 

MD trajectories. Therefore, the distance between calcium and oxalate is now measured using 

the distance between calcium and CX instead, with a cut-off value of 4 Å for the dynamic 

bonds.  

Here, the classical MD simulations started from the free calcium and oxalate ions in 

aqueous solution with three different concentrations, 0.01 M, 0.05 M and 0.125 M. For all 
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three cases, as shown in Figure 5.23 and Figure 5.24, the CaC2O4 contact ion pair was 

formed in the initial stages (<10 ns), as expected. For the low concentration case of 0.01 M, as 

shown in Figure 5.23(a) and Figure 5.24(a), as the simulation time progressed (by ~20 ns), a 

four-ion cluster containing two calcium ions and two oxalates was observed. This was then 

followed by Ca2+-C2O4
2--Ca2+ and C2O4

2--Ca2+-C2O4
2- positively/negatively charged trimer 

associated states appearing at around ~30 ns. Next more ions started to aggregate in aqueous 

solution and phase separation started to occur. Finally, a neutral cluster made up by ten ions 

(Figure 5.25(a)) was observed from approximately 90 ns, and it remained to the end of the 

simulation (Figure 5.24(a)). In general, for the low concentration case, the growth of the 

cluster was limited due to only a total of twelve calcium and oxalate being present within the 

simulation box, and the evolving cluster with small amount of ions (n<5) dominated for a 

long simulation period up to 70 ns. For the relative high concentration cases of 0.05 M and 

0.125 M, most of the free ions in aqueous solution were observed starting to aggregate (n>15) 

at the early stages of the simulations (<20 ns) (Figure 5.24(b-c), Figure 5.25(b-c)). As the 

simulation time proceeded, the existing cluster grew larger and larger by further adding more 

and more available free Ca2+ or C2O4
2- ions from aqueous solution. Finally, during the last 

stages of the simulations (Figure 5.25(b-c)), the calcium and oxalate ions strongly aggregated 

to form negatively charged clusters with ion numbers of approximately 50 (Figure 5.24(b)) 

and 140 (Figure 5.24(c)) for 0.05 M and 0.125 M, respectively. However, as mentioned 

before, the final size of the largest emerging cluster depended on the free ions available in the 

simulation box as well. We also noted that the emerging clusters are extremely stable, 

especially in the highest concentration system (0.125 M), as once the calcium and oxalate ions 

aggregated together in solution, it was rarely observed for these clusters to be broken during 

the simulations. 

In terms of the charge of these observed emerging clusters, it quite depends on the 

number of the calcium and oxalate ions included. As shown in Figure 5.23, there are neutral, 

positively and negatively charged clusters co-existing during the simulations. However, as 

seen from the probability distribution of charge, it is clear that the negatively charged clusters 

are more favourable than those positively charged ones, in particular in the highest 

concentration case (Figure 5.23(c)). Meanwhile, Figure 5.23 and Figure 5.24 also show that 

the size distribution of the emerging cluster varies with the concentration used, and it grows 

larger as concentration increases. Moreover, for the size distribution of the emerging clusters, 

Figure 5.24 shows that there are obviously changing peaks with time evolution for the three 

concentration models. This phenomenon indicated that the simulation results are almost 

certainly non-equilibrium. Within the framework of classical nucleation theory, if a given 

system is in equilibrium, then the cluster size distribution should follow a Boltzmann 
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statistical distribution50,51 prior to nucleation, rather than the non-Boltzmann sample (Figure 

5.24) observed in this study. 

The observed clusters in the calcium oxalate aqueous solution (Figure 5.25) are very 

different from those previously reported for calcium carbonate. In the calcium carbonate case, 

the stable pre-nucleation clusters found by Demichelis et al.15 have dynamic structures, where 

calcium and carbonate are held together by ionic interactions yielding dynamically ordered 

liquid-like oxyanion polymers (DOLLOPs). Due to the dynamic nature, various 

configurations can be generated due to frequently breaking and reforming of DOLLOPs in 

aqueous solution. Nevertheless, this is not the mechanism that applies in the case of calcium 

oxalate in aqueous solution, as the emerging clusters are rarely broken and reformed in a long 

simulation period. Undoubtedly, calcium oxalate shows a very different ion association 

mechanism to calcium carbonate in aqueous solution.  

To account for the observed phenomena in the aqueous calcium oxalate systems, first of 

all, this may be associated with the limitation of the use of high concentration models in this 

study. Secondly, the nucleation of calcium oxalate might follow a classical pathway,13 as free 

ions tend to strongly aggregate in aqueous solution. Thirdly, rather than nucleation occurring, 

there might be spinodal (or binodal) decomposition taking place in the model aqueous 

calcium oxalate systems as phase separation appeared to be occurring during the long 

simulations.16,52-54  

 

  
                                                                               (a) 
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(b) 

 
(c) 

Figure 5.23 Probability (P) of size distribution of the emerging clusters and the corresponding charges 
for three different concentrations of (a) 0.01 M (b) 0.05 M and (c) 0.125 M. The 2-D maps are coloured 
on the basis of the colour bar on the right side, which indicates the probability of finding a certain 
charged cluster containing of n ions in aqueous solution. 
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(a) 

 
(b) 

 
(c) 

Figure 5.24 Probability (P) of size distribution of the emerging clusters in aqueous solution for three 
different concentrations of (a) 0.01 M (b) 0.05 M and (c) 0.125 M. The 100 ns classical MD 
simulations are divided into 10 blocks, with an interval of 10 ns.  
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(a) 

 
(b) 

 
                                                                                 (c) 
Figure 5.25 Emerging clusters observed in aqueous solution by the end of simulations for three 
different concentrations of (a) 0.01 M (b) 0.05 M and (c) 0.125 M. All water molecules within the 
simulation boxes are removed for clarity. Colours for calcium and oxalate are as defined in Figure 5.2. 
The Ca-CX distance less than 4 Å is drawn in cyan. CX is the pseudo atom inserted as the centre of 
mass of oxalate during post-data analysis.   
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5.6 Conclusions 
In this chapter, the ion pairing free energy for the formation of the neutral CaC2O4 ion 

pair in aqueous solution has been investigated using multiple-walker well-tempered 

metadynamics simulations. All the classical force field simulations indicated that the 

bidentate CaC2O4 CIP corresponds to the most stable configuration for the calcium-oxalate 

ion pair system, and the oxalate ion tends to be flat with the most probable torsional angles 

being 0 or 180 degrees in aqueous solution. Subsequently, the classical force field results 

were then compared to the results using AIMD. It was found that the monodentate CaC2O4 

CIP region is split into two parts by AIMD, with a pure monodentate CaC2O4 CIP region and 

a transition region where a bidentate CaC2O4 CIP transforms to a monodentate CaC2O4 CIP. 

Another distinctive phenomenon observed from the AIMD simulation is that oxalate exhibits 

a twisted conformation (Φ=90 degrees), with the exception for the bidentate CaC2O4 CIP state. 

These discrepancies might be a failing of the DFT functional (PBE-D3) we have used for the 

AIMD simulation or an aspect where the current force field model could be improved in 

future work. Furthermore, due to PBE-D3 systematically leading to over-structuring of 

water,45,46 the choice of this functional also affected the calcium coordination number by 

water in the AIMD, as the calcium ion exhibits a lower coordination number than expected. 

However, apart from the DFT functional, the switching functions might also partly account 

for the discrepancy for the calcium coordination number by water between force field and 

quantum mechanical techniques, since different switching function shapes were used. What’s 

more, compared to the classical force field simulations, the projected 1-D free energy profile 

shifts to a lower energy value for some complex mixed states in the AIMD case, and there is 

an extra free energy minimum observed at approximately 2.9 Å corresponding to the terminal 

CaC2O4 CIP state. A comparison of the average number of water molecules in the first 

solvation shells between the CaC2O4 CIP and free Ca2+ and C2O4
2- ions suggests that, calcium 

oxalate shows the same entropy driven behaviour to calcium carbonate by releasing water 

molecules during binding.  

Beyond the CaC2O4 ion pair system, two charged species, Ca2+-C2O4
2--Ca2+ and C2O4

2--

Ca2+-C2O4
2-, have been simulated using the force field to continue the investigation of the ion 

association in aqueous solution. Firstly, more mixed state regions were identified in the 2-D 

free energy landscapes than in the CaC2O4 ion pair system. Secondly, for both positively and 

negatively charged systems, the most stable configuration was found correspond to trimer 

associated states, and the charge depends on whether excess Ca2+ or C2O4
2- is present in the 

system. Thirdly, by analysing a few 1-D free energy profiles extracted from the 2-D energy 

surfaces, it was found that there is an approximately 20 kJ/mol free energy barrier to 
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dissociate a calcium-oxalate trimer associated state (Ca2+-C2O4
2--Ca2+/C2O4

2--Ca2+-C2O4
2-) to 

one CaC2O4 CIP and one isolated Ca2+/C2O4
2-.  

In addition, in order to explore more details of further ion association of calcium and 

oxalate in aqueous solution, as well as to examine what parallels there may be with the case of 

calcium carbonate, classical MD simulations starting from the free calcium and oxalate ions 

in aqueous solutions with three different concentrations (0.01, 0.05 and 0.125 M) have been 

performed. During the investigations, phase separation was observed with the appearance of 

evolving clusters in aqueous solution. There are multiple possible explanations for the 

occurrence of stable, dense clusters in this study, e.g. the limitation of the use of high 

concentration models, the occurrence of spinodal/binodal decomposition, nucleation obeys a 

classical pathway, and so on. Different from the calcium carbonate case,15 strongly 

aggregation of the calcium and oxalate ions was observed in aqueous solution. Especially in 

the highest concentration case, it was rarely observed for these clusters to be broken and 

reformed in a very long simulation period. Analysis of the size distribution of the emerging 

clusters showed that the calculation results are almost certainly non-equilibrium, as shown by 

the observation of changing peaks with time for the three concentration models. In summary, 

calcium oxalate, unlike calcium carbonate, does not seem to form dynamically ordered 

prenucleation species. In the next chapter, the force field model is further applied to the study 

of other aqueous calcium oxalate systems, and investigations of neutral and charged calcium 

oxalate clusters in water will be presented. 
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Chapter 6 A Study of Calcium Oxalate Clusters in 

Aqueous Solution 

6.1 Introduction 

In Chapter 5, further association beyond ion pairing was observed for calcium oxalate.  

It was shown that stable and large clusters are formed, which are rarely broken and reformed 

in a very long simulation period. Therefore, based on these calculation results, it was 

suggested that the nucleation of calcium oxalate in solution most likely obeys a classical 

nucleation pathway; in other words, during nucleation of a crystal from solution, a critical 

calcium oxalate nucleus cluster would be generated first, which has the maximum Gibbs free 

energy along the pathway. The earlier works of Walton1 and Gardner2 suggested the number 

of ions in the critical nucleus of calcium oxalate is approximately 5, with a critical radius with 

a value of ~5.8 Å. However, to date, there still remains unknown aspects of this critical 

nucleus cluster, such as its composition, charge, configuration, and so on.  

In this chapter, in order to get some insights into the critical nucleus size of calcium 

oxalate, several investigations were performed. Firstly, starting from the bulk calcium oxalate 

monohydrate structure reported by Echigo et al.,3 both neutral and charged calcium oxalate 

clusters containing different ion numbers were created and studied by classical molecular 

dynamics (MD). This was then followed by using multiple-walker well-tempered 

metadynamics simulations to calculate the free energy for four small neutral calcium oxalate 

clusters, as a function of the mean distance between calcium and the centre of mass (COM) of 

oxalate, and of the calcium coordination number by the COM of oxalate. Finally, in the last 

section of this chapter, in order to examine the relationship between the morphology and the 

surface structures, as well as the effect of the growth medium (water), the possible 

equilibrium morphologies of calcium oxalate monohydrate were simulated based on the 

dry/hydrated surface energies using a three-dimensional (3-D) Wulff construction.4  

6.2 Methods 

6.2.1 Classical molecular dynamics simulations 

Two types of clusters were used; neutral calcium oxalate clusters, either cut from the 

bulk calcium oxalate monohydrate3 or extracted from metadynamics simulations, and small 

charged calcium oxalate clusters created from a [CaC2O4]4 cluster previously simulated. 

Molecular dynamics using the LAMMPS program in two ensembles (NPT and NVT) was 

performed to investigate the behaviour of these clusters in solution. All simulations were 
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performed in cubic, 3-D periodic, simulation boxes with side lengths of ~100 Å, containing 

one calcium oxalate cluster and an amount of water molecules varying from 33,407 to 33,417. 

Na+ or Cl- were added to compensate for the cluster’s charge when necessary.  

The SPC/Fw model5 was employed to describe the solvent water molecules in the 

simulation box. The temperature was maintained at 300 K by applying a Nosé-Hoover chain 

of 5 thermostats and a relaxation time of 0.1 ps was used during the simulations. The long-

range Coulomb electrostatics was calculated with the particle-particle particle-mesh (PPPM) 

Ewald algorithm6 with an accuracy value of 10-6. The time step was always kept as 1 fs and 

the atom trajectories were recorded every 1 ps. The pressure was maintained at 1 atm by using 

the Martyna-Tuckermann-Klein barostat7 with a relaxation time of 1 ps.  

6.2.2 Multiple-walker well-tempered metadynamics simulations 

The aggregation free energies of four neutral calcium oxalate clusters made up of 2, 3, 4 

and 6 formula units in aqueous solution, were investigated by molecular dynamics using the 

LAMMPS program augmented with the PLUMED 2.2 plug-in in the NVT ensemble. Here, 

two collective variables (CVs) were used for the free energy calculations: one was the mean 

distance between calcium and the COM of oxalate (d1), and the other was the calcium 

coordination number by the COM of oxalate (c1). Here the coordination number c1 is defined 

as; 

 

c1 =
X

i

1� ( ri�d0
r0

)n

1� ( ri�d0
r0

)m
(6.1)

 
 

where ri is the mean distance between the calcium ion and the COM of the ith oxalate. The 

parameters used in the switching function are r0=1.21 Å, d0=3.3 Å, n=8 and m=16. Moreover, 

in order to make the calculation faster, a neighbour list was used with a cut-off of 7 Å, and 

was updated every 10 steps during the simulations. Meanwhile, in order to limit the free 

energy space sampled during the simulations we employed harmonic walls (κ=1000 eV/Å2) 

for the distance CV, d1. The upper bound for d1 was set to 15 Å. The metadynamics 

simulations were performed with 30 multiple walkers, the initial Gaussian height (w) was 

always set to kBT and a bias factor of 5 was used for the well-tempered algorithm. The initial 

Gaussian width (δs) was set to 0.2 Å and 0.2 for the distance CV and the coordination number 

CV, respectively. All other MD simulation settings were as defined in Section 6.2.1.   
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6.2.3 Surface energy calculations 

In order to simulate the morphology of calcium oxalate monohydrate based on the Wulff 

construction using surface energies, both dry and hydrated surface energy calculations were 

performed with the GULP code8 (version 4.5). For the hydrated case, the COSMIC model 

was chosen to account for solvent effects (water). The COSMIC model is an extension to 

periodic systems of the COSMO model9, and it imposes the constraint that the induced 

surface charge is zero, which is very important for the electrostatics calculation in the periodic 

systems. All the desired surfaces were generated from the relaxed bulk calcium oxalate 

monohydrate (a=6.312 Å, b=14.226 Å, c=10.046 Å; α=γ=90.0°, β=109.14°), starting from 

Echigo et al.’s3 crystal structure (a=6.250 Å, b=14.471 Å, c=10.114 Å; α=γ=90.0°, 

β=109.98°). Each surface is defined by; the Miller indices (hkl), the shift of the plane and the 

depths of region 1 and region 2. The shift defines the displacement of the plane with respect 

to the origin of the unit cell. Region 1 is defined as the surface and several layers below it 

involving atomic relaxation, whereas region 2 is the rest of the bulk. Commonly, there might 

be several shifts for a given plane that leads to distinct surfaces. Here, the surface energy 

(ESE), for either the dry or hydrated case, was calculated as; 

 

ESE =
Esurface � Ebulk

A
(6.2)

 
 

where Ebulk is the bulk energy for the number of formula units in the surface region 1, and 

Esurface is the energy of the surface created from the given bulk material. A is the 

corresponding surface area. Surface energy, ESE, can be used as a measure of the 

thermodynamic stability of a given surface, and a stable surface always corresponds to a low, 

positive energy. For a dry surface, a negative ESE indicates that the corresponding bulk 

structure is not fully relaxed before performing the surface calculation, whereas for a hydrated 

situation, a negative ESE suggests that the given material is unstable and should dissolve.  

6.3 Molecular dynamics simulations of calcium oxalate 

clusters in aqueous solution  

6.3.1 Neutral clusters cleaved from bulk calcium oxalate 

monohydrate 

In order to get some insights into the stability of calcium oxalate clusters, and in an 

attempt to determine the critical nucleus size, classical MD simulations were used to 
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investigate the behaviour of calcium oxalate clusters of different sizes in aqueous solution. To 

do this, a set of charge neutral clusters ([CaC2O4]n), cleaved from the bulk calcium oxalate 

monohydrate, were created. Such clusters of different size were then placed into a water box 

with side lengths of approximately 100 Å. The association/dissociation events observed as the 

simulation time proceeded are reported in Table 6.1.  

Firstly, we started from the smallest neutral calcium oxalate cluster, [CaC2O4]2, which 

contains four ions. In both ensembles (NPT and NVT) we used, it explored various possible 

configurations (Figure 6.1(a)) during the initial stages. This was then followed by the 

[CaC2O4]2 cluster splitting into two CaC2O4 Contact Ion Pairs (CIPs) for a long period (>20 

ns) (Figure 6.1(b)). Here, we noted that in the NPT case, as reported in Table 6.1, there was a 

period of approximately 0.5 ns involving a recombination of two CaC2O4 CIPs into one 

[CaC2O4]2 cluster, starting from 11 ns. However, the reformed [CaC2O4]2 cluster quickly 

broke into two CaC2O4 CIPs again in aqueous solution, and these two CIPs were observed to 

persist for the rest of the simulation. The representative atomic configurations of the CaC2O4 

CIPs formed within the [CaC2O4]2 system are shown in Figure 6.1(b). Clearly, the calcium 

ion sits in either a terminal or a bridging position relative to the oxalate ion, as expected.  

In addition, we analysed the features of the species within the [CaC2O4]2 system as a 

function of two variables: the mean distance between calcium and the COM of oxalate (d1), 

and the calcium coordination number by the COM of oxalate (c1). The two-dimensional (2-D) 

and one-dimensional (1-D) maps for the analysis of the recorded classical MD trajectories 

were computed and shown in Figure 6.2 and Figure 6.3, respectively. These two variables, 

d1 and c1, will also be used for the later metadynamics investigations for calculating the free 

energy of the [CaC2O4]2 system. The details of the free energy simulations will be presented 

in Section 6.3.3, as well as the comparison between the current 2-D trajectory analysis map 

and the 2-D free energy profile. Here, based on a combination of analysis of the 2-D 

trajectory analysis map (Figure 6.2) and two corresponding 1-D plots (Figure 6.3), it was 

found that in both NPT and NVT cases, when there was only a [CaC2O4]2 cluster present in 

the system, the calcium coordination number by the COM of oxalate, c1, was either three or 

four, depending on whether one or two oxalates were close to each calcium (Figure 6.1(a)) 

during the configurational exploration. When the [CaC2O4]2 cluster split into two CaC2O4 

CIPs, which was actually observed much earlier in the NPT ensemble, the calcium 

coordination number by the COM of oxalate reduced to 2 immediately, as there was only one 

oxalate coordinated to each calcium (Figure 6.1(b)). Meanwhile, for the distribution of the 

mean distance between calcium and the COM of oxalate, d1, Figures 6.2 and 6.3 clearly 

show that it increased from ~5 Å to the maximum value of nearly half the length of the 

simulation box (~50 Å), corresponding to the process of going from the [CaC2O4]2 cluster to 

two CaC2O4 CIPs. Overall, the above analysis of the recorded classical MD trajectories 
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indicates that the separation of the [CaC2O4]2 cluster in aqueous solution was complete; in 

other words, two separated CaC2O4 CIPs seems to be more stable than a dense four-ion 

cluster.  

 
Table 6.1 Behaviour of neutral calcium oxalate clusters in solution as they evolve with time. Clusters 
highlighted in blue are those that separated into fragments for a long period of the simulation (> 20 ns).  
 
Neutral	cluster	formula	

(Cleaved	from	bulk	COM3)	
Total	simulation	time		

(ns)	
Observed	fragmentation	

with	time	
	
	
	
	
	
	
	
	
	
	

	
	

NPT	ensemble	
	

	
	
	

[CaC2O4]2	

	
	
	

50.4	

(1)	11.0	ns,	two	CaC2O4	
ion	pairs;		
(2)	11.5	ns,	goes	back	to	
one	2CaC2O4	cluster;		
(3)	12.0	ns,	two	CaC2O4	
ion	pairs;	
(4)	50.4	ns,	still	two	
CaC2O4	ion	pairs.	

	
	
	

[CaC2O4]3	

	
	
	

50.5	

(1)	25.3	ns,	one	Ca2+	plus	
one	[2Ca2+-3C2O4

2-]	
fragment;	
(2)	26.6	ns,	goes	back	to	
one	3CaC2O4	cluster;		
(3)	50.5	ns,	still	one	
3CaC2O4	cluster.	

[CaC2O4]4	 50.2	 Does	not	separate	
[CaC2O4]6	 53.4	 Does	not	separate	
[CaC2O4]14	 50.1	 Does	not	separate	
[CaC2O4]18	 52.8	 Does	not	separate	
[CaC2O4]84	 51.1	 Does	not	separate	
[CaC2O4]474	 53.8	 Does	not	separate	

	
	

[CaC2O4]2	
	

53.5	
(1)	37.1	ns,	two	CaC2O4	
ion	pairs;		
(2)	53.5	ns,	still	two	
CaC2O4	ion	pairs.	

	
	
	
	
	
	
	
	
	
	

	
	

NVT	ensemble	

[CaC2O4]3	 54.4	 Does	not	separate	
	
	
	
	
	
	

[CaC2O4]4	

	
	
	
	
	
	

52.2	

(1)	7.1	ns,	one	CaC2O4	ion	
pair	plus	one	3CaC2O4	
cluster;		
(2)	26.8	ns,	one	CaC2O4	
ion	pair	plus	one	[2Ca2+-
3C2O4

2-]	fragment	plus	
one	Ca2+;		
(3)	30.4	ns,	one	CaC2O4	
ion	pair	plus	one	3CaC2O4	

cluster;	
(4)	52.2	ns,	still	one	
CaC2O4	ion	pair	plus	one	
3CaC2O4	cluster.		

[CaC2O4]6	 53.7	 Does	not	separate	
[CaC2O4]14	 51.7	 Does	not	separate	
[CaC2O4]18	 54.0	 Does	not	separate	
[CaC2O4]84	 53.3	 Does	not	separate	
[CaC2O4]474	 51.0	 Does	not	separate	
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(a) 
 

 
(b) 

Figure 6.1 Representative atomic configurations in the case of the [CaC2O4]2 system: (a) the [CaC2O4]2  
cluster; (b) two CaC2O4 contact ion pairs. All water molecules are omitted for clarity. Green spheres 
represent Ca2+, silver and red spheres represent carbon and oxygen atoms in the oxalate groups, 
respectively. 
 

   
                                    (a)                                                                                (b) 
Figure 6.2 2-D maps of the recorded classical MD trajectories for the [CaC2O4]2 system as it evolves 
with time in aqueous solution, analysed as a function of mean distance (d1) between calcium and the 
COM of oxalate, and of calcium coordination number by COM of oxalate (c1): (a) NPT; (b) NVT. The 
distribution presented in the 2-D map is computed and analysed using the corresponding MD 
trajectories. The colour bar shown in the right side indicates the time evolution, with an interval of 10 
ns.   



Chapter 6 A Study of Calcium Oxalate Clusters in Aqueous Solution 
 

 157 

  
                                      (a)                                                                                (b) 
Figure 6.3 1-D graph of the recorded classical MD trajectories for the [CaC2O4]2 system in aqueous 
solution, analysed as a function of c1 and d1 with time: (a) NPT; (b) NVT. Variables d1 and c1 are 
defined as in Figure 6.2.  
 

Next, we extended the investigation to the case of n=3. As described in Table 6.1, 

although both NPT and NVT cases finally ended up with a six-ion cluster, the intermediate 

phenomena were different. For example, in the NVT ensemble, the [CaC2O4]3 cluster existed 

as a whole entity all the time and explored a set of configurations (Figure 6.4(a)). However, 

for the investigations in the NPT ensemble the situation was a little different, as there was a 

separation (Table 6.1) observed lasting for ~1.3 ns, which occurred after ~25.3 ns. By 

extracting the configurations from the classical MD trajectories, it was found that during the 

separated stages, the system was composed of one negatively charged fragment, {2Ca2+-

3C2O4
2-}, and one isolated Ca2+ (Figure 6.4(b)). The separation was then followed by the 

recombination of the ions to form the six-ion cluster at ~26.6 ns. After that, only one six-ion 

cluster presented within the system as the simulation proceeded (i.e. this lasted >20 ns). 

Similar to the NVT case, the NPT run also explored many different configurations as a six-ion 

cluster (Figure 6.4(a)).  
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(a) 

 

 
(b) 

Figure 6.4 Representative atomic configurations in the case of the [CaC2O4]3 system: (a) the [CaC2O4]3   
cluster; (b) one [2Ca2+-3C2O4

2-] fragment plus one isolated Ca2+. All water molecules are omitted for 
clarity. Colours for calcium and oxalate are as defined in Figure 6.1.  
 

In addition, as per the previous case of the [CaC2O4]2 system, the 2-D and 1-D maps for 

the analysis of the recorded classical MD trajectories were computed based on the same two 

variables (d1 and c1). Firstly, we look at the NPT case. As shown in Figure 6.5(a) and 

Figure 6.6(a), the mean distance between calcium and the COM of oxalate, d1, increased 

from ~5 Å up to ~13 Å when the separation occurred, and with the calcium coordination 

number by the COM of oxalate equal to 5 or 6 (much higher values). In the region where 

d1<7 Å, as shown in Figure 6.6(a), two stages are involved: one stage was before the 

separation occurred (time < 25 ns), where the calcium coordination number by the COM of 

oxalate ranged from 5 to 7 but with extremely low distributions for the case of c1=5; the other 

stage corresponded to after recombination to one six-ion cluster, in which c1 had the average 

value of 7 with the highest probability in the range from 6 to 8. Now we focus on the NVT 

ensemble, where the situation was actually much simpler, as only one six-ion cluster was 

present all the time. Both Figure 6.5(b) and Figure 6.6(b) show the mean distance between 
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calcium and the COM of oxalate ranged between 4 and 7 Å, and the calcium coordination 

number by the COM of oxalate ranged from 4 to 8. Moreover, for the range of d1<6 Å in 

Figure 6.6(b), it was observed that for the simulation time period between 20 ns to 40 ns, c1 

had the value of 8 with the highest probability, whereas before or after this time period, c1=7 

dominated instead. In general, on the basis of the above analysis results, we cannot totally 

confirm that the [CaC2O4]3 cluster is stable all the time in solution. However, undoubtedly the 

[CaC2O4]3 cluster can remain stable for a very long simulation period. Later, further free 

energy investigations for the [CaC2O4]3 system using metadynamics simulation will also be 

presented and discussed in Section 6.3.3.  

 

 
                                    (a)                                                                                (b) 
Figure 6.5 2-D maps of the recorded classical MD trajectories for the [CaC2O4]3 system as it evolves 
with time in solution, analysed as a function of d1 and c1: (a) NPT; (b) NVT. The variables, 
distributions and colours are as defined in Figure 6.2.  
 

 
                                    (a)                                                                                (b) 
Figure 6.6 1-D graph of the recorded classical MD trajectories for the [CaC2O4]3 system in aqueous 
solution, analysed as a function of c1 and d1 as they evolve with time: (a) NPT; (b) NVT. Variables d1 
and c1 are defined as in Figure 6.2.  
 

We now turn our attention to the case of n=4. Compared with the previous n=2 and n=3 

situations, one distinct difference was that the two different ensembles (NVT and NPT) used 

in the investigations resulted in completely opposite results (Table 6.1); in other words, the 

[CaC2O4]4 cluster split into pieces in the NVT ensemble, whereas in the NPT ensemble, it 

remained as an dense eight-ion cluster instead. For the separated system in the NVT case, as 

before, by extracting and analysing the configurations from the classical MD trajectories, it 
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was found that three processes were involved. Firstly, the [CaC2O4]4 cluster split into two 

neutral pieces, namely one six-ion cluster and one CaC2O4 CIP (Figure 6.7(b)), which 

persisted for almost 19 ns. Subsequently the six-ion cluster fragment, [CaC2O4]3, continued to 

break. As per the previous n=3 case (in NPT), it also split into one five-ion negatively charged 

fragment, {2Ca2+-3C2O4
2-}, plus one isolated Ca2+ (Figure 6.7(c)). The system had these two 

opposite charged fragments and one CaC2O4 CIP coexisting for approximately 3 ns. After 

that, the separated free Ca2+ was observed going back to the five-ion negatively charged 

fragment ({2Ca2+-3C2O4
2-}), to reform one charge neutral six-ion cluster, [CaC2O4]3. For the 

remainder of the simulation (more than 20 ns), the system was composed of one six-ion 

cluster ([CaC2O4]3) and one CaC2O4 CIP, exploring many different configurations in aqueous 

solution (Figure 6.7(b)).  
 

 
(a) 

 

 
(b) 



Chapter 6 A Study of Calcium Oxalate Clusters in Aqueous Solution 
 

 161 

 
(c) 

Figure 6.7 Representative atomic configurations in the case of the [CaC2O4]4 system: (a) the [CaC2O4]4   
cluster; (b) one CaC2O4 contact ion pair plus one [CaC2O4]3 cluster; (c) one CaC2O4 contact ion pair 
plus one [2Ca2+-3C2O4

2-] fragment plus one isolated Ca2+. All water molecules are omitted for clarity. 
Colours for calcium and oxalate are as defined in Figure 6.1. 
 

Next, as for previous cases, the 2-D (Figure 6.8) and 1-D (Figure 6.9) maps for the 

analysis of the recorded classical MD trajectories were computed and analysed as a function 

of d1 and/or c1 as well. First of all, we analyse the relatively simpler case in the NPT 

ensemble. As already mentioned in the above paragraph, only one eight-ion cluster of various 

configurations was present during the simulation. For the initial stages (less than 10 ns), the 

calcium coordination number by the COM of oxalate, c1, was either 8 or 9, with the mean 

distance between calcium and the COM of oxalate, d1, ranging from 5.3 to 7 Å (Figure 6.8(a) 

and Figure 6.9(a)). As the simulation progressed (more than 10 ns), d1 reduced a little to the 

range between 4.5 and 6 Å, with an increased c1 having a maximum value of 13 and the value 

of 11 with the highest probability (Figure 6.9(a)).  

Now we turn our attention to the opposing NVT ensemble case. As the analysis results 

show in Figure 6.8(b) and Figure 6.9(b), here d1 increased to the maximum value of 

approximately 38 Å and c1 decreased (5≤c1≤11), since the [CaC2O4]4 cluster split into pieces. 

During the simulations, the calcium coordination number by the COM of oxalate had the 

value of 8 with the highest probability. Overall, based on the opposite phenomena being 

shown for the [CaC2O4]4 system in the two runs in different ensembles, we cannot conclude 

directly here whether the [CaC2O4]4 cluster is stable in aqueous solution. Indeed, as per the 

previous n=2 and n=3 cases, the free energy investigations need to be performed to get some 

further insights into this system, which will also be discussed later in Section 6.3.3.  
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                                    (a)                                                                                (b) 
Figure 6.8 2-D analysis maps of the recorded classical MD trajectories for the [CaC2O4]4 system in 
solution showing the evolution with time, analysed as a function of d1 and c1: (a) NPT; (b) NVT. The 
variables, distributions and colours are as defined in Figure 6.2. 
 

  
                                    (a)                                                                                (b) 
Figure 6.9 1-D graph of the recorded classical MD trajectories for the [CaC2O4]4 system in aqueous 
solution, analysed as a function of c1 and d1 as they evolve with time, respectively: (a) NPT; (b) NVT 
Variables d1 and c1 are defined as in Figure 6.2. 
 

Beyond the [CaC2O4]4 system, in order to further examine the stability of larger charge 

neutral calcium oxalate clusters in aqueous solution, a few more simulations were performed 

for cases where n ≥ 6. To do this, five clusters of different size were chosen by cleaving from 

the calcium oxalate monohydrate crystal based on the Wulff construction, with n=6, 14, 18, 

84 and 474, respectively. The analysis of all the recorded classical MD trajectories showed 

that these five calcium oxalate clusters exhibited very strong stability as a single entity in 

aqueous solution during the MD simulations for longer than 50 ns (Table 6.1). For the 

purpose of a simple comparison between these five systems, starting and final atomic 

configurations are presented together in Figure 6.10. Compared to the starting configurations, 

it can be seen that for the relatively small clusters where n<20 (Figure 6.10(a-c)), strong 

disorder within the cluster was observed for the final configurations. In contrast, for the other 

two cases where n=84, 474 (Figure 6.10(d-e)), particularly in the situation where n=474 

(Figure 6.10(e)), it kept a quite similar shape to the originally cleaved cluster from the 

calcium oxalate monohydrate crystal based on the Wulff construction. In general, unlike the 

previous n=2, 3 and 4 cases, for n ≥ 6 the classical MD simulations performed in both NVT 

and NPT ensembles resulted in a quite similar phenomena, with the observation of a single 
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charge neutral cluster all the time in aqueous solution. However, as seen from Figure 6.10, 

the larger the cleaved calcium oxalate cluster in aqueous solution, the less disorder within the 

cluster present by the end of the simulations.  

In summary, based on the above classical MD simulation calculations, the possible 

number of ions in the calcium oxalate critical nucleus (Nnucleus) most likely sits in the range of 

6 ([CaC2O4]3)≤Nnucleus<8 ([CaC2O4]4). However, given the limitations of unbiased MD 

simulations and the timescales in the above investigations, we cannot exclude other 

possibilities, such as Nnucleus ranges from 5 to 7 if it is charged. Especially when considering 

the observations for the small calcium oxalate clusters (n=3, 4), these often appeared as a 

five-ion negatively charged fragment, {2Ca2+-3C2O4
2-}. Based on this, we decided to further 

investigate the small calcium oxalate clusters in detail via two schemes: i) unbiased MD 

simulations were used to investigate small positively or negatively charged clusters, created 

from a [CaC2O4]4 cluster previously simulated, and containing a total number of calcium and 

oxalate ions of less than eight; ii) multiple-walker well-tempered metadynamics simulations 

were used to calculate the aggregation free energies of four charge neutral calcium oxalate 

clusters made up of 2, 3, 4 and 6 formula units in aqueous solution, as a function of d1 and c1. 

All details will be presented in the following Section 6.3.2 and Section 6.3.3, respectively.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 6 A Study of Calcium Oxalate Clusters in Aqueous Solution 
 

 164 

 

           
                                                                                (a) 

                                          
                                                                                (b) 

                                        
                                                                                (c) 

                                        
                                                                                (d) 

                                       
                                                                                (e) 
Figure 6.10 Starting (left) and final (right) atomic configurations in the case of systems: (a) [CaC2O4]6; 
(b) [CaC2O4]14; (c) [CaC2O4]18; (d) [CaC2O4]84; (e) [CaC2O4]474. Representative configurations from the 
NVT ensemble are shown. All the oxygen atoms of water molecules within the simulation box are 
represented by red dots. Green spheres represent Ca2+, while silver and red sticks represent carbon and 
oxygen atoms in the oxalate groups, respectively. Blue lines represent the edges of the simulation 
boxes.  
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6.3.2 Small charged clusters cleaved from a charge neutral [CaC2O4]4 

cluster 

In this section, classical MD simulations were used to investigate small positively or 

negatively charged clusters, containing a total number of calcium and oxalate ions of less than 

eight. Five kinds of charged clusters were cleaved from the [CaC2O4]4 cluster previously 

simulated (Section 6.3.1). First of all, one Ca2+ or C2O4
2- was removed from the [CaC2O4]4 

cluster to form two seven-ion clusters, [3Ca2+-4C2O4
2-] and [4Ca2+-3C2O4

2-], respectively. 

This was then followed by continuing to delete one Ca2+ from [3Ca2+-4C2O4
2-] or one C2O4

2- 

from [4Ca2+-3C2O4
2-] to generate two new six-ion clusters, [2Ca2+-4C2O4

2-] and [4Ca2+-

2C2O4
2-], respectively. Apart from these four clusters, a five-ion negatively charged cluster, 

[2Ca2+-3C2O4
2-], was also considered for further study since it was observed quite often as a 

fragment in the previous classical MD simulations of both [CaC2O4]3 and [CaC2O4]4 systems 

(Section 6.3.1). Next, as before, these five charged clusters were placed into a water box with 

side lengths of approximately 100 Å. Subsequently, two investigation schemes were 

undertaken; one was to study the charged clusters in aqueous solution alone, while another 

was to add Na+ or Cl- accordingly to keep the total charge of the systems at zero. Later, 

comparisons were carried out between systems in the presence/absence of Na+ or Cl-. The 

observed phenomena variation with time, as well as each system’s composition, is displayed 

in Table 6.2 and Table 6.3 for systems with and without adding Na+/Cl- ions.  
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Table 6.2 Behaviour of small charged calcium oxalate clusters in aqueous solution as they evolve with 
time.  
 

Charged	cluster	formula	
	

Total	simulation	time		
(ns)	

Observed	fragmentation	
with	time	

	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	

NPT	ensemble	

[3Ca2+-4C2O4
2-]		(-2)	 53.0	 Does	not	separate	

[2Ca2+-4C2O4
2-]		(-4)	 51.7	 Does	not	separate	

[2Ca2+-3C2O4
2-]		(-2)	 56.0	 Does	not	separate	

	
	
	
	
	
	

[4Ca2+-3C2O4
2-]	(+2)	

	

	
	
	
	
	
	

53.0	
	

(1)	38.7	ns,	one	[3Ca2+-
2C2O4

2-]	fragment	plus	one	
CaC2O4	ion	pair;		
(2)	40.5	ns,	goes	back	to	one	
[4Ca2+-3C2O4

2-]	cluster;		
(3)	41.3	ns,	one	[CaC2O4]2	
cluster	plus	one	[2Ca2+-	
C2O4

2-]	fragment;		
(4)	41.4	ns,	goes	back	to	one	
[4Ca2+-3C2O4

2-]	cluster;		
(5)	53.0	ns,	still	one	[4Ca2+-
3C2O4

2-]	cluster.	
	
	
	
	
	
	

[4Ca2+-2C2O4
2-]	(+4)	

	

	
	
	
	
	
	

53.0	

(1)	1.8	ns,	two	[2Ca2+-C2O4
2-]	

fragments;		
(2)	1.9	ns,	goes	back	to	one	
[4Ca2+-2C2O4

2-]	cluster;		
(3)	3.9	ns,	two	[2Ca2+-C2O4

2-]	
fragments;		
(4)	36.5	ns,	one	[2Ca2+-	C2O4

2-

]	fragment	plus	one	[CaC2O4]	
CIP	plus	one	Ca2+;		
(5)	47.7ns,	two	CaC2O4	CIPs	
plus	two	Ca2+;			
(6)	53.0	ns,	still	two	CaC2O4	
CIPs	plus	two	Ca2+.	

	
[3Ca2+-4C2O4

2-]		(-2)	 55.0	 Does	not	separate	 	
	

	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	

NVT	ensemble	

	
	

[2Ca2+-4C2O4
2-]		(-4)	

	

	
	

55.0	

(1)	23.8	ns,	one	[2Ca2+-
3C2O4

2-]	fragment	plus	one	
C2O4

2-;		
(2)	55.0	ns,	still	one	[2Ca2+-
3C2O4

2-]	fragment	plus	one	
C2O4

2-.	
[2Ca2+-3C2O4

2-]		(-2)	 58.0	 Does	not	separate	
	
	
	
	
	
	
	

[4Ca2+-3C2O4
2-]	(+2)	

	

	
	
	
	
	
	
	

55.0	

(1)	29.6	ns,	one	[CaC2O4]2	
cluster	plus	one	[2Ca2+-	
C2O4

2-]	fragment;		
(2)	32.9	ns,	one	[CaC2O4]2	
cluster	plus	one	[CaC2O4]	CIP	
plus	one	Ca2+;		
(3)	38.9	ns,	three	[CaC2O4]	
CIPs	plus	one	Ca2+;			
(4)	49.8	ns,	one	[CaC2O4]2	
cluster	plus	one	[CaC2O4]	CIP	
plus	one	Ca2+;	
(5)	55.0	ns,	still	one	[CaC2O4]2	
cluster	plus	one	[CaC2O4]	CIP	
plus	one	Ca2+.	

	
	
	

	
	
	

[4Ca2+-2C2O4
2-]	(+4)	

	

	
	
	
	

	
	

55.0	

(1)	6.8	ns,	one	[CaC2O4]	CIP	
plus	one	[2Ca2+-C2O4

2-]	
fragment	plus	one	Ca2+;	
(2)	6.9	ns,	one	[3Ca2+-C2O4

2-]	
fragment	plus	one	[CaC2O4]	
CIP;		
(3)	9.7	ns,	one	[CaC2O4]	CIP	
plus	one	[2Ca2+-C2O4

2-]	
fragment	plus	one	Ca2+;	
(4)	45.0	ns,	two	[CaC2O4]	CIPs	
plus	two	Ca2+;	
(5)	55.0	ns,	still	two	[CaC2O4]	
CIPs	plus	two	Ca2+.	
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Table 6.3 Behaviour of small charged calcium oxalate clusters as they evolve with time, in the 
presence of Na+ or Cl- in aqueous solution.  
 
Charged	Cluster	with	added	

Na+	or	Cl-	
Total	simulation	time		

(ns)	
Observed	fragmentation	

with	time	
	
	
	
	
	
	
	

	
	

NPT	ensemble	

{[3Ca2+-4C2O4
2-	]-2Na+}	 50.4	 Does	not	separate	

{[2Ca2+-4C2O4
2-]-4Na+}	 50.4	 Does	not	separate	

{[2Ca2+-3C2O4
2-]-2Na+}	 50.3	 Does	not	separate	

	
	

{[4Ca2+-3C2O4
2-]-2Cl-}	

	
	

50.3	
	

(1)	45.3	ns,	one	[CaC2O4]3	
cluster	plus	one	Ca2+;	
(2)	50.3	ns,	still	one	[CaC2O4]3	
cluster	plus	one	Ca2+.	

	
	
	
	
	
	

{[4Ca2+-2C2O4
2-]-4Cl-}	

	

	
	
	
	
	
	

50.3	
	
	
	
	

(1)	1.4	ns,	two	[2Ca2+-C2O4
2-]	

fragments;		
(2)	26.4	ns,	one	[2Ca2+-C2O4

2-]	
fragment	plus	one	[CaC2O4]	
CIP	plus	one	Ca2+;		
(3)	47.0	ns,	one	[3Ca2+-
2C2O4

2-]	fragment	plus	one	
Ca2+;			
(4)	50.3	ns,	still	one	[3Ca2+-
2C2O4

2-]	fragment	plus	one	
Ca2+.	

	
{[3Ca2+-4C2O4

2-	]-2Na+}	 50.9	 Does	not	separate	 	
	
	
	
	
	

	
NVT	ensemble	

{[2Ca2+-4C2O4
2-]-4Na+}	 50.3	 Does	not	separate	

{[2Ca2+-3C2O4
2-]-2Na+}	 50.6	 Does	not	separate	

{[4Ca2+-3C2O4
2-]-2Cl-}	 50.3	 Does	not	separate	

	
	
	
	
	

{[4Ca2+-2C2O4
2-]-4Cl-}	

	

	
	
	
	
	

50.3	
	

(1)	4.2	ns,	two	[2Ca2+-C2O4
2-]	

fragments;		
(2)	7.7	ns,	one	[2Ca2+-C2O4

2-]	
fragment	plus	one	[CaC2O4]	
CIP	plus	one	Ca2+;			
(3)	42.1	ns,	one	[3Ca2+-
2C2O4

2-]	fragment	plus	one	
Ca2+;			
(4)	50.3	ns,	still	one	[3Ca2+-
2C2O4

2-]	fragment	plus	one	
Ca2+.	

 

First we focus on the three negatively charged calcium oxalate clusters, [2Ca2+-4C2O4
2-], 

[3Ca2+-4C2O4
2-] and [2Ca2+-3C2O4

2-]. In both NVT and NPT ensembles, whether there are Na+ 

ions present or not, the seven-ion and five-ion -2 charged clusters, [3Ca2+-4C2O4
2-] and 

[2Ca2+-3C2O4
2-], always remained as a single entity in aqueous solution for approximately 50 

ns. Meanwhile, as the simulation proceeded, various atomic configurations were explored and 

the representative ones are shown in Figure 6.11, Figure 6.12, Figure 6.13, and Figure 6.14. 

Additionally, these simulation results also implied that the stability of [3Ca2+-4C2O4
2-] and 

[2Ca2+-3C2O4
2-] negatively charged clusters in aqueous solution is independent of the 

presence of Na+ ions. For the third six-ion -4 charged cluster, [2Ca2+-4C2O4
2-], it stayed as a 

single entity in the presence of Na+ ions in both NVT and NPT ensembles (Figure 6.15), 

whereas without Na+ ions added to the system, opposing results were observed in the two 

different ensembles. In the NPT ensemble, the  [2Ca2+-4C2O4
2-] cluster was only present as a 

single entity during the simulation. However, in the NVT ensemble, it split into one five-ion 

negatively charged fragment, [2Ca2+-3C2O4
2-], and one free C2O4

2- at ~23.8 ns, and this state 

then remained to the end of the simulation. Representative configurations are presented in 
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Figure 6.16. Furthermore, comparison of the observations for these three negatively charged 

clusters also indicated that, in general, the -4 charged cluster ([2Ca2+-4C2O4
2-]) is less stable 

than the -2 charged ones ([3Ca2+-4C2O4
2-] and [2Ca2+-3C2O4

2-]) in aqueous solution, whether 

there are Na+ ions present or not.  

In addition, the distributions of the distance between the sodium ions and these three 

negatively charged clusters were computed and analysed for both NVT and NPT ensembles, 

combined with the expected result for a uniform distribution of ions (green curve in Figure 

6.17). For the ease of comparison, both the uniform distribution and the probability (P) were 

normalised by the density (ρ) of the given systems. Here, we computed the distance 

distributions relative to the oxygen (O) of oxalate up to 50 Å (half the simulation box length) 

to avoid the effect of periodic boundary conditions. As the 1-D graphs show in Figure 6.17, 

our calculated results for these three negatively charged systems, in general, align well with 

the uniform distribution. For the {[3Ca2+-4C2O4
2-]-2Na+} system (Figure 6.17(a)), clearly, the 

chance that the two sodium ions interacted with the [3Ca2+-4C2O4
2-] cluster at a short distance 

is very low. However, this is very different from the situations in the case of the {[2Ca2+-

4C2O4
2-]-4Na+} and {[2Ca2+-3C2O4

2-]-2Na+} systems. Figure 6.17(b-c) shows that at least 

some of the added Na+ ions tend to interact with the charged clusters in these two systems. 

Particularly in the {[2Ca2+-4C2O4
2-]-4Na+} system (Figure 6.17(b)), the sodium ions tend to 

interact with the [2Ca2+-4C2O4
2-] cluster with relatively high probability of being found at 

short distance (i.e. less than 12 Å).  

 

 
Figure 6.11 Representative atomic configurations in the case of the [3Ca2+-4C2O4

2-] system. All water 
molecules are omitted for clarity. Colours for calcium and oxalate are as defined in Figure 6.1.  
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Figure 6.12 Representative atomic configurations in the case of the [2Ca2+-3C2O4

2-] system. All water 
molecules are omitted for clarity. Colours for calcium and oxalate are as defined in Figure 6.1.  
 

 
 
Figure 6.13 Representative atomic configurations in the case of the {[3Ca2+-4C2O4

2-]-2Na+} system. 
All water molecules within the simulation box are omitted for clarity. Colours for calcium and oxalate 
are as defined in Figure 6.1, while mauve spheres represent Na+ ions. Blue edges are as defined in 
Figure 6.10. 
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Figure 6.14 Representative atomic configurations in the case of the {[2Ca2+-3C2O4

2-]-2Na+} system. 
All water molecules are omitted for clarity. Colours for calcium and oxalate are as defined in Figure 
6.1. Colours for Na+ ions and blue edges are as defined in Figure 6.13.  
 

 
 
Figure 6.15 Representative atomic configurations in the case of the {[2Ca2+-4C2O4

2-]-4Na+} system. 
All water molecules are omitted for clarity. Colours for calcium and oxalate are as defined in Figure 
6.1. Colours for Na+ ions and blue edges are as defined in Figure 6.13.  
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(a) 

 

 
(b) 

Figure 6.16 Representative atomic configurations in the case of the [2Ca2+-4C2O4
2-] system: (a) the 

[2Ca2+-4C2O4
2-] cluster; (b) one [2Ca2+-3C2O4

2-] cluster plus one isolated C2O4
2-. All water molecules 

are omitted for clarity. Colours for calcium and oxalate are as defined in Figure 6.1.  
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(a) 

 
(b) 

 
(c) 

Figure 6.17 1-D graphs of the distribution of the distance between the Na+ ions and oxygen (O) of 
oxalate in the NPT and NVT ensembles: (a) the {[3Ca2+-4C2O4

2-]-2Na+} system; (b) the {[2Ca2+-
4C2O4

2-]-4Na+} system; (c) the {[2Ca2+-3C2O4
2-]-2Na+} system. The green curve shown together in the 

figure is the expected result for a uniform distribution of ions, taking the form of (4πr2/V) here. r is the 
distance between two ions and V is the volume of the given system. It is worth noting that both the 
uniform distribution and the probability (P) were normalised by the density of the given systems during 
data analysis.  
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Beyond the negatively charged clusters, we now turn our attention to the two positively 

charged calcium oxalate cases. First we analysed the seven-ion +2 charged cluster, [4Ca2+-

3C2O4
2-]. For the cases in the absence of Cl- ions, opposing results were observed in the NVT 

and NPT ensembles (Table 6.2; Figure 6.18). In the NPT ensemble, the system ended up as 

one [4Ca2+-3C2O4
2-] cluster, but it experienced a complex dissociation/recombination 

pathway: {one [4Ca2+-3C2O4
2-] cluster}→{one [3Ca2+-2C2O4

2-] fragment plus one CaC2O4 

CIP}→{one [4Ca2+-3C2O4
2-] cluster}→{one [CaC2O4]2 cluster plus one [2Ca2+-C2O4

2-] 

fragment}→{one [4Ca2+-3C2O4
2-] cluster}. During the simulation, two new states were 

observed; one was the generation of the [3Ca2+-2C2O4
2-] fragment plus one CaC2O4 CIP at 

~38.7 ns, as shown in Figure 6.18(b). Additionally, the positively charged [3Ca2+-2C2O4
2-] 

fragment explored several different configurations, such as ring-like, chain-like, etc., co-

existing with one bridging/terminal CaC2O4 CIP that remained for approximately 2 ns. 

Another new state was the appearance of the [CaC2O4]2 cluster plus one [2Ca2+-C2O4
2-] 

fragment (Figure 6.18(c)), though this state only lasted for ~100 ps. Later, these fragments all 

recombined to a seven-ion cluster, [4Ca2+-3C2O4
2-], and persisted to the end of the simulation.  

In the NVT ensemble, the system followed a different pathway: {one [4Ca2+-3C2O4
2-] 

cluster}→{one [CaC2O4]2 cluster plus one [2Ca2+-C2O4
2-] fragment}→{one [CaC2O4]2 cluster 

plus one CaC2O4 CIP plus one isolated Ca2+}→{three CaC2O4 CIPs plus one isolated 

Ca2+}→{one [CaC2O4]2 cluster plus one CaC2O4 CIP plus one free Ca2+}. Compared to the 

case in the NPT ensemble, the same fragmentation, {one [CaC2O4]2 cluster plus one [2Ca2+-

C2O4
2-] fragment}, was also observed. In addition, the [3Ca2+-2C2O4

2-] fragment never 

appeared in the NVT ensemble. Instead, new fragmentations, such as {one [CaC2O4]2 cluster 

plus one CaC2O4 CIP plus one free Ca2+} (Figure 6.18(d)) and {three CaC2O4 CIPs plus one 

free Ca2+} (Figure 6.18(e)) were observed. It was also found that the {one [CaC2O4]2 cluster 

plus one CaC2O4 CIP plus one isolated Ca2+} fragmentation dominated in the NVT ensemble 

when separation occurred.  

For the situation in the presence of Cl- ions, despite opposite results also occurring in the 

NVT and NPT ensembles, the intermediate phenomena were different from the cases without 

Cl- ions (Table 6.3). In the NVT ensemble, the [4Ca2+-3C2O4
2-] cluster stayed as a single 

entity in aqueous solution all the time. As the simulation proceeded, it explored many 

different configurations as well  (Figure 6.19(a)). However, in the NPT ensemble, the [4Ca2+-

3C2O4
2-] cluster separated into one six-ion cluster and one free Ca2+ after 45 ns, and this 

fragmentation then remained to the end of the simulation. The corresponding representative 

configurations are shown in Figure 6.19(b). In addition, it was noted that this six-ion cluster 

fragment, [CaC2O4]3, was not observed if there were no Cl- ions in the system. In such cases, 
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the four-ion cluster fragment, [CaC2O4]2, was generated instead, together with either a [2Ca2+-

C2O4
2-] fragment or in the form of one CaC2O4 CIP and one free Ca2+. 

 

 
(a) 

 
(b) 

 
(c) 
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(d) 

 
(e) 

Figure 6.18 Representative atomic configurations in the case of the [4Ca2+-3C2O4
2-] system: (a) the 

[4Ca2+-3C2O4
2-] cluster; (b) one [3Ca2+-2C2O4

2-] fragment plus one CaC2O4 CIP; (c) one [CaC2O4]2 
cluster plus one [2Ca2+-C2O4

2-] fragment; (d) one [CaC2O4]2 cluster plus one CaC2O4 CIP plus one free 
Ca2+; (e) three CaC2O4 CIPs plus one free Ca2+. All water molecules are omitted for clarity. Colours for 
calcium and oxalate are as defined in Figure 6.1.  
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(a) 

 
(b) 

Figure 6.19 Representative atomic configurations in the case of the {[4Ca2+-3C2O4
2-]-2Cl-} system: (a) 

one [4Ca2+-3C2O4
2-] cluster and two free Cl- ions; (b) one [CaC2O4]3 cluster plus one free Ca2+ and two 

free Cl- ions. All water molecules are omitted for clarity. Colours for calcium and oxalate are as 
defined in Figure 6.1, while cyan spheres represent Cl- ions. Blue edges are as defined in Figure 6.10.  
 

Next, we turn our attention to the six-ion +4 charged cluster, [4Ca2+-2C2O4
2-]. In the 

presence/absence of Cl- ions, the separation of the [4Ca2+-2C2O4
2-] cluster occurred at the 

early stages of the simulations (Table 6.2 and Table 6.3), though the intermediate processes 

showed some differences in the NVT and NPT ensembles. First we analyse the systems 
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without Cl- ions. In the NPT ensemble, it experienced the pathway: {one [4Ca2+-2C2O4
2-] 

cluster}→{two [2Ca2+-C2O4
2-] fragments}→{one [4Ca2+-2C2O4

2-] cluster}→{two [2Ca2+-

C2O4
2-] fragments}→{one [2Ca2+-C2O4

2-] fragment plus one CaC2O4 CIP plus one isolated 

Ca2+}→{two CaC2O4 CIPs plus two isolated Ca2+ ions}; whereas in the NVT ensemble, it 

followed the pathway: {one [4Ca2+-2C2O4
2-] cluster}→{one [2Ca2+-C2O4

2-] fragment plus one 

CaC2O4 CIP plus one free Ca2+}→{one [3Ca2+-C2O4
2-] fragment plus one CaC2O4 

CIP}→{one [2Ca2+-C2O4
2-] fragment plus one CaC2O4 CIP plus one free Ca2+}→{two 

CaC2O4 CIPs plus two free Ca2+ ions}. We note that despite the separation pathways 

exhibiting a few differences in the two different ensembles, both systems ended up with the 

same fragmentation consisting of two CaC2O4 CIPs and two free Ca2+ ions, as shown in the 

representative configurations presented in Figure 6.20(e). After further comparison of the 

above pathways for the NVT and NPT ensembles, it was found that some fragmentations, 

such as {one [2Ca2+-C2O4
2-] fragment plus one CaC2O4 CIP plus one isolated Ca2+}(Figure 

6.20(d)), and {two CaC2O4 CIPs plus two free Ca2+ ions} (Figure 6.20(e)), were observed in 

both ensembles. However, some fragmentations were not. For example, two [2Ca2+-C2O4
2-] 

fragments co-existing in aqueous solution was only observed in the NPT ensemble (Figure 

6.20(c)). However, these two [2Ca2+-C2O4
2-] fragments were observed recombining to one 

[4Ca2+-2C2O4
2-] cluster after 2 ns, and this state remained for ~2 ns before splitting into two 

[2Ca2+-C2O4
2-] fragments again, whereas the +4 charged fragment, [3Ca2+-C2O4

2-] (Figure 

6.20(b)), was only found in the NVT case and it persisted for approximately 2 ns.  

For the systems with Cl- ions, the situation was much simpler. The systems experienced 

the same pathways in both the NVT and NPT ensembles, with the exception that the 

separation occurred at different times during the simulations (Table 6.3). By extracting the 

configurations from the MD trajectories, it was found that three processes were involved. 

First of all, the [4Ca2+-2C2O4
2-] cluster split into two equally +2 charged fragments, [2Ca2+-

C2O4
2-] (Figure 6.21(b)). This state persisted for almost 25 ns. Secondly, one of the [2Ca2+-

C2O4
2-] fragments further broke into one CaC2O4 CIP and one free Ca2+ (Figure 6.21(c)). The 

system then had these two fragments and one [2Ca2+-C2O4
2-] fragment co-existing for more 

than 20 ns. Finally, at ~47 ns, the [2Ca2+-C2O4
2-] fragment and the CaC2O4 CIP fragments 

recombined to a five-ion +2 charged entity, [3Ca2+-2C2O4
2-] (Figure 6.21(d)). In summary, it 

experienced the pathway: {one [4Ca2+-2C2O4
2-] cluster}→{two [2Ca2+-C2O4

2-] 

fragments}→{one [2Ca2+-C2O4
2-] fragment plus one CaC2O4 CIP plus one isolated 

Ca2+}→{one [3Ca2+-2C2O4
2-] fragment plus one isolated Ca2+}. Furthermore, compared to the 

systems without Cl- ions, a new positively charged fragment, [3Ca2+-2C2O4
2-], was observed. 

However, the fragmentations, such as {two CaC2O4 CIPs plus two free Ca2+ ions} and {one 
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[3Ca2+-C2O4
2-] plus one CaC2O4 CIP} did not appear, as well as the phenomenon of the 

fragments recombining to one [4Ca2+-2C2O4
2-] cluster in the intermediate stages.  

As for previous case of adding the Na+ ions, the distributions of the distance between the 

chloride ions and these two positively charged clusters were also computed and analysed for 

both NVT and NPT ensembles, and then compared to the expected result for a uniform 

distribution of ions (green curve in Figure 6.22; both the uniform distribution and the 

probability (P) were normalised by the density (ρ) of the given systems). Here, in order to 

avoid image effects, as before, we computed the distance distributions with respect to the 

calcium ions up to 50 Å (half the simulation box length). Compared to the uniform 

distribution, our calculated distributions for both {[4Ca2+-3C2O4
2-]-2Cl-} (Figure 6.22(a)) and 

{[4Ca2+-2C2O4
2-]-4Cl-} (Figure 6.22(b)) systems behave very similarly to the expected result 

for a weakly interacting case, as the Cl- ions tend to be not bound to the charged clusters (or 

their fragments) with the highest probability.  

In summary, on the basis of the above classical MD simulation results, we can conclude 

that the positively charged calcium oxalate clusters appear to be much less stable in aqueous 

solution than the negatively charged ones, and that the addition of charge compensating ions 

(Na+ or Cl-) to the systems has little effect on their stability. In addition, compared to the 

simulation results for the charge neutral calcium oxalate clusters in aqueous solution (Section 

6.3.1), the possible number of ions in the calcium oxalate critical nucleus size may be 

narrowed down to the range of 5 ([2Ca2+-3C2O4
2-])≤Nnucleus≤7 ([3Ca2+-4C2O4

2-]). However, as 

before, given the consideration of the limitations of unbiased MD simulations and the 

timescales in the investigations, we cannot exclude other possibilities.  

 

 
(a) 
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(e) 

Figure 6.20 Representative atomic configurations in the case of the [4Ca2+-2C2O4
2-] system: (a) the 

[4Ca2+-2C2O4
2-] cluster; (b) one [3Ca2+-C2O4

2-] cluster plus one CaC2O4 contact ion pair; (c) two 
[2Ca2+-C2O4

2-] clusters; (d) one [2Ca2+-C2O4
2-] cluster plus one CaC2O4 contact ion pair plus one free 

Ca2+; (e) two CaC2O4 contact ion pairs plus two free Ca2+ ions. All water molecules are omitted for 
clarity. Colours for calcium and oxalate are as defined in Figure 6.1.  
 

 
 

(a) 
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(b) 

 
(c) 
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(d) 

Figure 6.21 Representative atomic configurations in the case of the {[4Ca2+-2C2O4
2-]-4Cl-} system: (a) 

one [4Ca2+-2C2O4
2-] cluster and four Cl- ions; (b) two [2Ca2+-C2O4

2-] fragments and four Cl- ions; (c) 
one [2Ca2+-C2O4

2-] fragment plus one CaC2O4 CIP plus one free Ca2+, and four Cl- ions; (d) one [3Ca2+-
2C2O4

2-] fragment plus one free Ca2+, and four Cl- ions. All water molecules are omitted for clarity. 
Colours for calcium and oxalate are as defined in Figure 6.1, while cyan spheres represent Cl- ions. 
Blue edges are as defined in Figure 6.10. 
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(a) 

 
(b) 

Figure 6.22 1-D graphs of the distribution of the distance between the Cl and Ca ions in the NPT and 
NVT ensembles: (a) the {[4Ca2+-3C2O4

2-]-2Cl-} system; (b) the {[4Ca2+-2C2O4
2-]-4Cl-} system. The 

uniform distribution is defined as in Figure 6.17.  

6.3.3 Multiple-walker well-tempered metadynamics simulations of 

four small neutral calcium oxalate clusters in aqueous solution  

Based on the previous classical MD calculation results discussed in Section 6.3.1, here 

the association free energy for the four small charge neutral calcium oxalate clusters 

([CaC2O4]n; n=2, 3, 4 and 6) were calculated by multiple-walker well-tempered metadynamics 

simulations, as a function of the mean distance between calcium and the COM of oxalate 

(d1), and of the calcium coordination number by the COM of oxalate (c1). The computed 2-D 

free energy landscapes are presented together in Figure 6.23, and clearly show the possible 

formation and dissociation pathways for the four charge neutral calcium oxalate clusters in 

aqueous solution.  
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                                       (a)                                                                      (b)   

   
                                      (c)                                                                      (d)   
Figure 6.23 2-D free energy landscapes in the case of: (a) [CaC2O4]2; (b) [CaC2O4]3; (c) [CaC2O4]4 and 
(d) [CaC2O4]6, as a function of the mean distance between calcium and COM of oxalate (d1), and of the 
calcium coordination number by COM of oxalate (c1). All 2-D free energy maps are coloured on the 
basis of the colour bar on the right side and the zero of the energy scale corresponds to the most stable 
configurations. The colour bar range was from 0 to 95 kJ/mol. Black isolines start from 0 and increase 
by 5 kJ/mol per contour.   
 

First of all, in the case of the [CaC2O4]2 system, there are three particularly stable free 

energy minima shown on the 2-D landscape (blue regions in Figure 6.23(a)), where the 

calcium coordination number by the COM of oxalate, c1, ranged between 2 and 4. By looking 

at the configurations extracted from the metadynamics trajectories, the [CaC2O4]2 presented 

itself as a four-ion cluster when c1 was equal to 3 or 4 (Figure 6.24(a-b)). When c1 reduced 

to 2 the minimum free energy state extends from d1=5 Å to d1=15 Å. Analysis of the atomic 

configurations belonging to this region showed that the four-ion cluster had the possibility to 

split into two CaC2O4 CIPs, or in the form of {one [2Ca2+-C2O4
2-] fragment plus one free 

C2O4
2-}, or of {one [Ca2+-2C2O4

2-] fragment plus one free Ca2+} (Figure 6.24(c)). If c1 was 

further reduced to 1 or 0, the free energy increases rapidly (Figure 6.23(a)); this portion of 

the free energy map corresponds to configurations where there is only one bridging/terminal 

CaC2O4 CIP (Figure 6.24(d)). Finally, when the calcium coordination number by the COM of 

oxalate reduces to 0, only free Ca2+ and C2O4
2- ions are present in the simulation (Figure 

6.24(e)). Compared to the previous approximately 50 ns unbiased MD calculation results 



Chapter 6 A Study of Calcium Oxalate Clusters in Aqueous Solution 
 

 185 

(Section 6.3.1), in terms of the possible stable fragmentations, apart from the two CaC2O4 

CIPs, we also observed two types of charged fragments, [2Ca2+-C2O4
2-] and [Ca2+-2C2O4

2-].  

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 6.24 Representative configurations of the [CaC2O4]2 system: (a) c1=4; (b) c1=3; (c) c1=2; (d) 
c1=1; (e) c1=0. All water molecules are omitted for clarity. Colours for calcium and oxalate are as 
defined in Figure 6.1.  
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We now turn our attention to the other three systems. Figure 6.23(b-d) shows the free 

energy landscapes as a function of c1 and d1 for the cases where n=3, 4 and 6, respectively. 

Compared to n=2 case (Figure 6.23(a)), clearly more relatively stable minima appear on the 

2-D free energy profiles with increasing n. Some minima of the [CaC2O4]3 system also 

extended to the whole explored d1 range  (blue regions in Figure 6.23(b)), whereas for both 

[CaC2O4]4 and [CaC2O4]6 systems, the most stable minima were only observed in the short 

distance range (d1<8 Å). Furthermore, by analysing the atomic configurations from the 

recorded metadynamics trajectories (representative configurations are shown in Figure C6-

Figure C8 in Appendix C for completeness), it was observed that there are more new possible 

pathways for the clusters to break with increasing cluster mean distance. In addition, it was 

also found that for each c1 value on the 2-D free energy maps, if there were several 

fragmentations observed along d1, then these fragmentation states tend to recombine 

frequently during the simulations. However, due to the existence of so many possible 

separation pathways, it is actually very difficult to converge the free energy in such situations. 

Especially for the larger clusters where n=4 and 6, the ions within the systems were confined 

in a small region (less than 15 Å), leading to the calcium coordination number by the COM of 

oxalate being unable to reach zero during the investigation. Hence, the 2-D free energy maps 

for the [CaC2O4]4 (Figure 6.23(c)) and [CaC2O4]6 (Figure 6.23(d)) systems only reached 

c1=2 and c1=5, respectively.  

Next, for the above four clusters, we analysed the free energy as a function of d1 by 

plotting the projected 1-D free energy profiles in Figure 6.25. The analytic solution for the 

free energy of two point particles interacting via a screened electrostatic potential and a short 

range repulsive two-body term (equation 6.3), is shown together with the ion pairing free 

energy of the CaC2O4 ion pair, and the result verified that the free energy calculation for the 

CaC2O4 ion pair was well converged. More details regarding this alignment with the analytic 

solution can be found elsewhere in this thesis (Section 5.3.1 in Chapter 5; Section 2.6 in 

Chapter 2). However, beyond the simplest CaC2O4 ion pair system, the application of 

equation 6.3 actually needs to be reconsidered, as the product of q1 and q2 now becomes zero 

instead, i.e. only the –kBT [ln(4πr(3N-4)) term in equation 6.3 needs to be considered. Here we 

assume that the system dissociated into ion pairs completely, and define N as the maximum 

number of isolated CaC2O4 ion pairs in a given system. For instance, for the [CaC2O4]2 

system, N has the value of 2; for the [CaC2O4]3 system, N has the value of 3, and so on. Based 

on this assumption, we now compare the projected 1-D free energy profiles of n=2, 3, 4, 6 

with the corresponding analytic long-range solutions. For the [CaC2O4]2 system, the 1-D free 

energy profile (green curve in Figure 6.25) aligns with the analytic solution (dash line with a 

label n=2) very well. However, for the case of [CaC2O4]3, [CaC2O4]4 and [CaC2O4]6 systems, 

Figure 6.25 shows deviations between the projected 1-D free energy profiles and the 
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corresponding analytic solutions. These observed deviations are due to the fact that ions 

within the systems were confined in a small region less than 15 Å, and that this distance is too 

short for the larger clusters (n>2) to be able to break into isolated CaC2O4 ion pairs 

completely during the investigations. 

 

1

4⇡"0

q1q2
"r

� kBT [ln(4⇡r
(3N�4))] (6.3)

 
 

 
Figure 6.25 1-D free energy graphs of [CaC2O4]n (n=1, 2, 3, 4, 6), as a function of mean distance 
between Ca and the centre of mass (COM) of oxalate. The analytic long-range asymptotic solutions are 
shown in black dash lines. Note that all the 1-D free energies in this figure are shifted to zero at d1=14 
Å.  

6.3.4 A six-ion cluster extracted from previously metadynamics 

simulation of the [CaC2O4]3 system 

Following on from the above metadynamics calculations, in order to get some further 

insights into the charge neutral calcium oxalate clusters made up of 3 formula units in 

aqueous solution, two more classical MD calculations were carried out in the NPT and NVT 

ensembles, using an extracted six-ion configuration with c1=8 from a previous metadynamics 

simulation (Section 6.3.3) as a starting point. Apart from the choice of the initial 

configuration, all other parameters were kept as per the previous MD investigation (Section 

6.3.1), with the exception that the simulation was now extended for a longer time (~100 ns). 

The association/dissociation events observed as the simulation time proceeded are tabulated 

in Table 6.4. Compared to the previous investigation using an initial configuration cleaved 
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from the bulk calcium oxalate monohydrate directly (Table 6.1, Section 6.3.1), though we 

used a different starting configuration the [CaC2O4]3 system still ended up with one charge 

neutral six-ion cluster by the end of the simulation. As before, two main phenomena were 

observed; one was the six-ion cluster present as a single entity in aqueous solution, while the 

other was the recombination to a charge neutral six-ion cluster after splitting into two 

fragments that containing one negatively charged fragment ([2Ca2+-3C2O4
2-]) and one free 

Ca2+.  

Next, as for previous case discussed in Section 6.3.1, the 2-D (Figure 6.26) and 1-D 

(Figure 6.27) maps for the analysis of the recorded classical MD trajectories were computed 

and analysed as a function of d1 and/or c1. First of all, we consider the NPT ensemble. For 

the distance d1 ranged from 4 to 7.5 Å, while the calcium coordination number by the COM 

of oxalate sits between 4 and 8 (Figure 6.26(a)). Meanwhile, similar to the previous case, c1 

also had the value of 7 with the highest probability (Figure 6.27(a)). Now we focus on the 

NVT ensemble. Compared to the previous case, a few similarities exist, i.e. for most of the 

simulation time, d1 ranged between 4 and 6.5 Å, and c1 ranged from 5 to 8. The distinct 

difference between two investigations in the NVT ensemble is that, here d1 extended to the 

maximum value of approximately 15 Å due to separations occurring in the intermediate 

stages (Figure 6.26(b); Figure 6.27(b)), rather than staying as a single entity all the time. In 

general, for the charge neutral calcium oxalate clusters made up of 3 formula units, the MD 

simulations indicate that the six-ion cluster can remain stable in aqueous solution for a very 

long simulation period even when using a different starting configuration, though the 

intermediate stages varied to some extent.  

 
Table 6.4 Behaviour of the [CaC2O4]3 cluster in aqueous solution as it evolves with time. The starting 
configuration was chosen from the metadynamics simulation of the [CaC2O4]3 system, where the 
calcium coordination number by the COM of oxalate, c1, is eight.  
 

Cluster	formula	

	
Total	simulation	time	

(ns)	
Observed	fragmentation	

with	time	
Ensemble	

	
	
	
	
	
	

[CaC2O4]3	

	
	
	
	
	
	

104	

(1)	12.2	ns,	one	Ca2+	plus	
one	[2Ca2+-3C2O4

2-]	
fragment;	
(2)	13.5	ns,	goes	back	to	
one	[CaC2O4]3	cluster;	
(3)	38.9	ns,	{one	Ca2+	plus	
one	[2Ca2+-3C2O4

2-]	
fragment};	
(4)	41.3	ns,	goes	back	to	
one	[CaC2O4]3	cluster;	
(5)	104.0	ns,	still	one	
[CaC2O4]3	cluster.	

	
	
	
	
	
	

NVT		
	

	
[CaC2O4]3	 100	 Does	not	separate	 NPT	

 



Chapter 6 A Study of Calcium Oxalate Clusters in Aqueous Solution 
 

 189 

     
(a)                                                                               (b) 

Figure 6.26 2-D analysis maps of the recorded classical MD trajectories for the [CaC2O4]3 system in 
aqueous solution showing the evolution with time, analysed as a function of mean distance (d1) 
between calcium and the COM of oxalate, and of calcium coordination number by COM of oxalate 
(c1): (a) NPT; (b) NVT. The distribution presented in the 2-D map is computed and analysed using the 
corresponding MD trajectories. The colour bar shown in the right side indicates the time evolution.  
 

    
                                (a)                                                                               (b)   
Figure 6.27 1-D graphs of the recorded classical MD trajectories for the [CaC2O4]3 system in aqueous 
solution, analysed as a function of c1 and d1 evolves with time, respectively: (a) NPT; (b) NVT 
Variables d1 and c1 are defined as in Figure 6.2. 

6.4 Surface energy and morphology calculations  

6.4.1 Introduction  

In the following sections, the relationship between the morphology and the surface 

structures for calcium oxalate monohydrate will be briefly discussed, as well as the effect of 

the growth medium (water). Here, the possible equilibrium morphologies of calcium oxalate 

monohydrate were simulated based on the dry/hydrated surface energies using the 3-D Wulff 

construction. First of all, we look at the surface energy calculations.  

6.4.2 Dry and hydrated surface energy calculations 

Starting from the relaxed bulk calcium oxalate monohydrate (a=6.312 Å, b=14.226 Å, 

c=10.046 Å; α=γ=90.0°, β=109.14°), the same nine surfaces ({001}, {010}, {100}, {110}, 

{011}, {111}, {021}, {12 } and {101}), as per Di Tommaso et al.’s study,10 were created. 

These surfaces all contain two regions; one is the surface and several layers below it where 
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atomic relaxation is allowed (region 1), and the other describes the influence due to the rest of 

the bulk (region 2), which is relatively far away from the surface and frozen to the bulk 

geometry. In Table 6.5, the calculated dry and hydrated surface energies are reported together 

with Di Tommaso et al.’s results for comparison. The shifts and depths reported in Table 6.5 

correspond to the various positions of the surface plane relative to the unit cell origin, and the 

ratios between region 1 and 2, respectively. Additionally, Table 6.5 also presents two kinds of 

hydrated surface energies from this work: one was starting from the original unrelaxed 

surface created from the relaxed bulk calcium oxalate monohydrate directly, while the other 

was starting from the resulting relaxed surfaces obtained from the dry surface energy 

calculations. Here for the hydrated surface energy calculations, the COSMIC solvation model 

was used to account for the effect of solvent (water). The COSMIC model is an extension to 

periodic systems of the COSMO solvation model,9 and it imposes the constraint that the 

induced surface charge is zero, which is very important for the electrostatic calculation in the 

periodic systems. The parameters used for this solvation model are as follows: the dielectric 

constant of water, εw, had the value of 78.4. The solvent accessible surface radii used for Ca, 

C, O (of oxalate), Ow (of water molecule) and Hw (of water molecule) were 1.8885 Å, 1.389 

Å, 1.389 Å, 1.48 Å and 1.48 Å, respectively. In order to obtain the solvation energy, another 

two parameters, Rsolv (1.2 Å) and Deltasolv (1.2 Å), were used. Rsolv defines the radius of 

water molecules, while Deltasolv is relative to the distance of the screening centre from the 

water molecule centre. The number of points per atom for the basic sphere used to construct 

the water-accessible surface, and the number of segments per atom for the water-accessible 

surface were both set to 110. In addition, to make the water-accessible surface more 

continuous, a value of 0.2 Å was used to smooth the points on the water-accessible surface. 

During the optimisations, a cut-off value of 10 Å was used, combined with a smoothing taper 

range of 1 Å.  
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Table 6.5 Calculated dry and hydrated surface energies. Simulation results from Di Tommaso et al.’s 
work are shown together for comparison in this table. The surface energy values highlighted in red and 
blue are the minimum energy values for each dry and hydrated surface, respectively. The shift defines 
the displacement of the plane with respect to the origin of the unit cell. Depths gives the ratios between 
region 1 and 2. Hydrated surface energy1 was calculated from the original unrelaxed surface created 
from the relaxed bulk calcium oxalate monohydrate, while hydrated surface energy2 was calculated 
starting from the relaxed surfaces obtained from the dry surface energy calculations. 
 

This	work		 Di	Tommaso	et	al.	’s	work10	
Facets	of	
COM	(hkl)	

	
Shifts	

	

	
Depths	

	

Dry	Surface	
energy	
(J/m2)	

Hydrated	
Surface	
energy1	
(J/m2)	

Hydrated	
Surface	
energy2	
(J/m2)	

Dry	Surface	
energy	
(J/m2)	

Hydrated	
Surface	
energy	
(J/m2)	

 
(001) 

0.0000	 5:3	 0.679	 0.340	 0.300	 	
0.51	

	
0.50	0.2500	 5:3	 0.731	 0.666	 0.486	

0.2520	 5:3	 0.665	 0.684	 0.450	

 
 

(010) 

0.0000	 4:2	 0.486	 0.140	 0.164	 	
	
	

0.34	

	
	
	

0.14	

0.1285	 4:2	 0.425	 0.416	 0.339	
0.1554	 4:2	 0.399	 0.340	 0.251	
0.2500	 4:2	 0.495	 0.194	 0.194	
0.3446	 4:2	 0.590	 0.250	 0.253	
0.3715	 4:2	 0.756	 0.270	 0.243	

 
(100) 

0.0000	 5:2	 0.923	 0.523	 0.516	 	
	

0.35	

	
	

0.11	
0.0274	 5:2	 0.586	 0.570	 0.300	
0.5000	 5:2	 0.727	 0.441	 0.460	
0.9726	 5:2	 0.705	 0.384	 0.406	

 
 

 
 

 
(110) 

0.0000	 5:3	 0.634	 0.444	 0.348	 	
	
	
	
	
	

0.62	

	
	
	
	
	
	

0.60	

0.1009	 5:3	 0.740	 0.400	 0.368	
0.1268	 5:3	 0.703	 0.360	 0.369	
0.2013	 5:3	 0.720	 0.437	 0.452	
0.2940	 5:3	 0.655	 0.393	 0.336	
0.3777	 5:3	 0.727	 0.398	 0.383	
0.5000	 5:3	 0.717	 0.431	 0.376	
0.6223	 5:3	 0.820	 0.409	 0.414	
0.7060	 5:3	 0.661	 0.380	 0.343	
0.7987	 5:3	 0.718	 0.374	 0.358	
0.8732	 5:3	 0.770	 0.450	 0.364	
0.8991	 5:3	 0.576	 0.436	 0.333	

 
 
 

 
 

(011) 

0.0000	 5:2	 0.707	 0.472	 0.399	 	
	
	
	
	
	

	
0.63	

	
	
	
	
	
	
	

0.54	
	
	

0.0357	 5:2	 0.845	 0.530	 0.439	
0.1234	 5:2	 0.927	 0.597	 0.608	
0.2574	 5:2	 0.706	 0.512	 0.488	
0.2840	 5:2	 0.783	 0.477	 0.414	
0.3756	 5:2	 0.945	 0.553	 0.508	
0.5000	 5:2	 0.615	 0.486	 0.402	
0.6244	 5:2	 0.727	 0.580	 0.452	
0.7426	 5:2	 0.663	 0.363	 0.359	
0.7798	 5:2	 0.793	 0.498	 0.388	
0.8766	 5:2	 0.810	 0.616	 0.494	
0.9643	 5:2	 0.695	 0.462	 0.437	

 
 
 

 
(111) 

0.0000	 5:3	 0.580	 0.400	 0.269	 	
	
	
	
	

0.57	

	
	
	
	
	

0.36	
	

0.1361	 5:3	 0.761	 0.399	 0.416	
0.1484	 5:3	 0.563	 0.372	 0.322	
0.2334	 5:3	 0.617	 0.379	 0.293	
0.2878	 5:3	 0.656	 0.369	 0.291	
0.3909	 5:3	 0.780	 0.380	 0.407	
0.5000	 5:3	 0.578	 0.353	 0.278	
0.7666	 5:3	 0.670	 0.401	 0.315	
0.8197	 5:3	 0.716	 0.309	 0.279	
0.8516	 5:3	 0.845	 0.280	 0.326	

(021) 0.1892	 5:3	 0.828	 0.664	 0.513	 	
0.63	

	
0.37	0.8108	 5:3	 1.030	 0.607	 0.564	

 0.0000	 5:3	 0.945	 0.698	 0.425	 	
	

	
	0.3693	 5:3	 0.610	 0.399	 0.375	
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(12 ) 

0.3950	 5:3	 0.656	 0.392	 0.363	 	
	

0.53	

	
	

0.20	
0.4473	 5:3	 0.713	 0.425	 0.388	
0.5000	 5:3	 0.722	 0.375	 0.377	
0.5527	 5:3	 0.769	 0.392	 0.379	
0.6050	 5:3	 0.799	 0.363	 0.369	
0.6307	 5:3	 0.808	 0.351	 0.349	

 
(101) 

0.0000	 5:3	 0.726	 0.368	 0.330	 	
	

0.52	
	

	
	

0.47	
0.2500	 5:3	 0.819	 0.433	 0.410	
0.5000	 5:3	 0.726	 0.368	 0.330	
0.7500	 5:3	 0.819	 0.422	 0.410	

 

As shown in Table 6.5, all the surfaces show much lower surface energies in the 

presence of water. In most cases the hydrated surface energies calculated from the relaxed 

surfaces show similar or lower values to those computed from the unrelaxed surfaces, only 

with a few exceptions. The relaxed atomic configurations corresponding to the minimum 

energy shift for each dry and hydrated surface are shown in Figure 6.26 and Figure 6.29, 

respectively. For the dry surfaces, Table 6.5 shows the surface energies are in the order of 

{010} <<{111} < {110} < {100} < {12 } < {011} < {001} < {101} < {021}, whereas the 

hydrated surface energy exhibits a slight different order of {010} < {111} < {001} ≅ {100} < 

{101} < {110} <  {12 } < {011} < {021}. In addition, compared to Di Tommaso et al.’s 

calculation results,10 dry/hydrated surfaces with the Miller indices {010}, {100}, {021} and 

{12 } have higher surface energies, while {110}, {011} and {111} show lower values. 

However, in the case of both {001} and {101} surfaces, the situation is a little different, since 

the dry surface energies calculated in this work show higher values than Di Tommaso et al.’s, 

whereas the corresponding hydrated surfaces show lower values. One reason that may 

account for these surface energy differences is the force field models, as Di Tommaso et al. 

used a force field based on shell model with 50% intramolecular Coulomb subtraction, 

whereas in this work, the rigid ion force field model for aqueous calcium oxalate systems 

developed in Chapter 3 was used. Another reason for these discrepancies could be associated 

with the methods used to calculate the surface energies, particularly for the hydrated surface 

energy case. In Di Tommaso et al.’s study, the hydrated surface energies were computed by 

simply adding a single water layer to the top of all the investigated surfaces, whereas in this 

study the COSMIC solvation model was used to account for the solvent effect instead.  
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                                    (a)                                     (b)                                        (c) 

                       
                                 (d)                                    (e)                                              (f) 
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                                    (g)                                     (h)                                             (i) 
Figure 6.28 Atomic configurations of pure surfaces after relaxation: (a) {001}; (b){010}; (c) {100}; 
(d) {110}; (e) {011}; (f) {111}; (g) {021}; (h) {12 }; (i) {101}. Green spheres represent Ca2+, carbon 
spheres represent carbon atoms in the oxalate groups, white spheres represent hydrogen atoms in water 
molecules and red spheres represent oxygen atoms in both oxalate groups and water molecules. The 
black line indicates the surface plane. 
 

                                        
                                  (a)                                          (b)                                        (c) 
 



Chapter 6 A Study of Calcium Oxalate Clusters in Aqueous Solution 
 

 195 

             
                                (d)                                        (e)                                        (f) 

           
                                      (g)                                        (h)                                      (i) 
Figure 6.29 Atomic configurations of hydrated surfaces after relaxation: (a) {001}; (b){010}; (c) 
{100}; (d) {110}; (e) {011}; (f) {111}; (g) {021}; (h) {12 }; (i) {101}. Colours and black lines are 
defined as in Figure 6.28. The COSMIC solvation model was used to account for solvent effect 
(water). 

6.4.3 Simulated equilibrium morphologies of calcium oxalate 

monohydrate by   3-D Wulff construction 

In order to examine the relationship between the morphology, the surface structures and 

the effect of the growth medium (water), the equilibrium crystal morphologies of calcium 

oxalate monohydrate were calculated based on the dry/hydrated surface energies presented in 

Table 6.5, using a 3-D Wulff construction.4 The equilibrium morphology of a crystal given by 

the Wulff construction is generated on the basis of the minimisation of the total surface 

energy. Therefore, the morphology of the resulting crystal is constructed from the low surface 

energy facets. Figure 6.30 and Figure 6.31 show the simulated equilibrium crystal 

morphologies of calcium oxalate monohydrate in the absence/presence of water, respectively, 

viewed from three distinct directions. In both dry and hydrated cases, {010} facet showed 
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itself as the dominant face. However, the bounded faces of this facet change from six (Figure 

6.30(a)) to eight (Figure 6.31(a)) owing to the presence of the water environment. In 

addition, as shown in Figure 6.30(b-c)) and Figure 6.31(b-c)), both {001} and {100} faces 

present as a similar five-sided plane, but with the observation of a relative larger area for each 

in an aqueous environment. In general, the observed area of the simulated faces decreases in 

the order of {010} >> {001} > {100}. Due to the fact that in most cases the crystals are 

grown in an aqueous environment, in the following discussion, we decided to use the 

simulated morphology (Figure 6.31) in the presence of water molecules to compare with one 

reported experimental result.  

 

 
(a) 

 
(b) 
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(c) 

Figure 6.30 Simulated morphology of calcium oxalate monohydrate without solvent effects, calculated 
from pure surface energies highlighting in red in Table 6.5, viewed normal to the facet of: (a) (010); (b) 
(100); (c) (001). The corresponding atomic arrangements for the three facets are shown together on the 
left side.  
 
 

 
(a) 
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(b) 

 
(c) 

Figure 6.31 Simulated morphology of calcium oxalate monohydrate with solvent effects included, 
calculated from hydrated surface energies highlighting in blue in Table 6.5, viewed normal to the facet 
of: (a) (010); (b) (100); (c) (001). Left side is defined as in Figure 6.30. 
 

Compared to the experimental morphology (Figure 6.32) crystallised from the pure 

aqueous system,11 the simulated equilibrium morphology of calcium oxalate monohydrate 

shows some similarity in that {010} facet dominates with a large observable area. The main 

difference between the experimental and the simulated one is the absence of the 

experimentally stable {12 } and {021} faces in the simulated morphology. Instead, other 

facts like (111), (101) and (110) were observed in this work (Figure 6.31(a)). This 

discrepancy between simulation and experiment can be caused by many factors; from the 

computational point of view, the morphology construction method, solvation model, the force 

field model, etc., can affect the final simulated equilibrium morphology; from the 
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experimental point of view, the crystal growth conditions, such as pH, temperature, 

concentration, impurity, etc., can result in different crystal morphologies. For the simulated 

morphology of calcium oxalate monohydrate given by the Wulff construction in this work, 

only the surface contributions were considered. The energy contributions from lines, edges, 

corners, etc., are ignored within the framework of the Wulff construction. In principle, the 

Wulff construction works well for modelling systems well beyond the critical nucleus size, 

but the contributions that are not taken into account play an extremely important role in 

modelling the morphology of crystals below the critical size.12-14 Hence, for a more accurate 

investigation, an alternative thermodynamic model by Barnard et al. should be considered.14 

However, when considering applying Barnard’s thermodynamic equations to our case, the 

first difficulty is that we need a very accurate description of all the shape-dependent energy 

contributions. Unfortunately, further in-depth investigations using Barnard’s thermodynamic 

model have not been performed in this work, therefore further discussion is not continued 

here. However, more investigations for the possible equilibrium crystal morphologies of 

calcium oxalate monohydrate should be carried out in a future study.  

 

 
Figure 6.32 Images of (010)-oriented calcium oxalate monohydrate crystal. Adapted with permission 
from the work of Jung et al.11 Copyright © (2004) American Chemical Society.  

6.5 Conclusions 

In this chapter, neutral and charged calcium oxalate clusters containing different ion 

numbers were created and studied by classical MD in the NPT and NVT ensembles. The 
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association/dissociation behaviours of these clusters in aqueous solution as they evolve with 

time were simulated and compared. The investigations of four neutral calcium oxalate clusters 

made up of 2, 3, 4 and 6 formula units showed that the possible number of ions in the calcium 

oxalate critical nucleus most likely sits in the range of 6 ([CaC2O4]3)≤Nnucleus<8 ([CaC2O4]4). 

Meanwhile, different association/dissociation behaviours were observed, unexpectedly, in the 

NVT and NPT ensembles for some situations. Later classical MD calculation results for small 

positively/negatively charged calcium oxalate clusters containing a total number of calcium 

and oxalate ions of less than eight indicated that the value of Nnucleus could be narrowed down 

to the range of 5 ([2Ca2+-3C2O4
2-])≤Nnucleus≤7 ([3Ca2+-4C2O4

2-]), however, it is possible that 

this number of ions may also be beyond the critical size. Therefore, to get some more insights 

into Nnucleus, association free energy calculations for four neutral calcium oxalate clusters 

made up of 2, 3, 4 and 6 formula units were carried out by using the multiple-walker, well-

tempered metadynamics technique. Observations from mapping and comparing the 2-D free 

energy landscapes suggested that Nnucleus most likely sits around six ions. However, given the 

consideration of the ions within the systems were confined in a small region (<15 Å) during 

the free energy investigations, and the fact that due to the existence of many possible 

separation pathways it is difficult to converge the free energy for the larger clusters, 

especially those made up of 4 and 6 formula units, we cannot exclude other possibility that 

the value of Nnucleus is below six.  

In addition, to investigate the relationship between the morphology and the surface 

structures for calcium oxalate monohydrate, the possible equilibrium morphologies of 

calcium oxalate monohydrate were simulated using the 3-D Wulff construction. In an aqueous 

environment, comparing the simulated morphology to the experimental one, a few 

discrepancies were observed. The reasons account for the discrepancy between simulated and 

experimental morphology are most likely: i) there might be kinetic effects involved in 

experiments that are not taken into account in simulations; ii) the force field model developed 

for the aqueous calcium oxalate systems maybe not quite accurate enough to simulate the 

equilibrium morphologies of calcium oxalate crystals; iii) the choice of the solvation model 

and the parameters used for the model affect the construction of the equilibrium 

morphologies. The equilibrium morphologies in this work are constructed from the hydrated 

surface energies using a continuum model. Hence, explicit hydration of the surfaces might be 

needed in order to obtain more accurate hydrated surface energies. Based on this, more 

investigations of the calcium oxalate critical nucleus size and the equilibrium crystal 

morphologies of calcium oxalate crystals should be carried out in a future study. 
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Chapter 7 Conclusions and Outlook  
This study has investigated the nucleation and growth mechanisms of calcium oxalate in 

aqueous solution through the use of atomistic computer simulation based on both force fields 

and density functional theory. Currently there are two existing force field models1,2 for 

calcium oxalate. However, the calcium-oxalate-water interactions in these models were not 

explicitly parameterised to reproduce the thermodynamic properties of the system. Therefore, 

the first step toward studying the pre-nucleation regime for the aqueous calcium oxalate 

systems is the development of an accurate and reliable force field, which essentially should be 

able to capture the thermodynamic properties of the system. To do this, in Chapter 3, a new 

force field model for the aqueous calcium oxalate system has been developed, combined with 

an accurate and well-characterised existing water model SPC/Fw.3 We started by 

investigating the oxalate intramolecular parameters by studying the oxalate ion in the gas 

phase. Calculation results show that the most stable configuration of the oxalate ion has 

torsion angles of 90 degrees (D2d symmetry) and are consistent with the published work,4-6 

whereas the D2h planar structure is a transition state. Additionally, the study of the singly 

negatively charged oxalate, C2O4
-, in the D2d geometry, indicates that the oxalate ion in the 

form of C2O4
2- only exists in the gas phase under the constraint of a finite basis set.  

In Chapter 3, the oxalate-water interactions were parameterised to reproduce the free 

energy of solvation of the oxalate ion. By taking into account ion size, finite-size and standard 

state corrections,7-9 the solvation free energies for the oxalate ion at temperatures ranging 

from 290 K to 350 K have been calculated. Compared to Marcus’s earlier (1994)10 and latest 

(2016)11 reported thermodynamic quantities, the deviation for the solvation free energy ranges 

from 15 kJ/mol to 24 kJ/mol. By fitting the solvation free energies at different temperatures to 

the standard equation, ΔG = ΔH - TΔS, enthalpy and entropy changes were determined. 

Compared to the known experimental quantities, the value of the entropy change (ΔS) from 

this work sits inbetween the measured values. The dissociation enthalpy change (ΔH) is 

approximately 20 kJ/mol higher than the reported values, and this is the main source of 

discrepancy between the measured and calculated values. In future work the oxalate-water 

parameters could be further optimised to achieve better agreement with the experiments. A 

small reduction of the oxalate-water repulsion term should indeed produce a more negative 

solvation enthalpy and leave largely unchanged the entropic term, which is mostly related to 

the water dynamics. 

The analysis of the hydration structure of the oxalate ion indicated that the first solvation 

shell accommodates an average of 13 water molecules. The oxalate ion tends to be flat with 

the highest probability for the torsion angles being at 0 or 180 degrees in water. This is 

actually different from the situation in the gas phase, either as investigated at the quantum 
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mechanical level or by the fitted force field model, where the harmonic vibrational frequency 

calculations show that the tilted configuration is the most stable one (Φ=90 degrees). The 

average bond lengths for C-C and C-O within the oxalate group in aqueous solution are 1.532 

Å and 1.267 Å, respectively. Analysis of the calculated pairwise distribution functions shows 

that the closest water molecules appear at approximately 1.66 Å (O-Hw) and 2.62 Å (O-Ow).  

In order to validate the force field model developed in Chapter 3, we have investigated 

the solubility and solid-state properties for calcium oxalate. A Born-Haber thermodynamic 

cycle was used to compute the dissolution free energy of calcium oxalate monohydrate, and 

then to calculate its solubility (logKsp). Simulation results show that the difference for the 

dissolution free energy of calcium oxalate monohydrate between calculated and measured 

values12 is approximately 10 kJ·mol-1 at room temperature, leading to the deviation of 

solubility of calcium oxalate monohydrate by approximately 1.75. This discrepancy is partly 

caused by the consideration of adding a standard state correction9 to the solvation free energy 

of the oxalate ion after the parameterisation of the model, which resulted in a change in the 

solvation free energy and then in turn in the solubility. At the parameterisation stage, logKsp 

was fitted as close as possible to the reported solubility product of calcium oxalate 

monohydrate (-8.77±0.01).12 In future work, considering more advanced computational 

resources that might arise, the force field model developed in this study might be re-optimised 

or extended for other future studies by: i) fitting against newly reported experimental/ab initio 

results; ii) taking into account polarisation effects if necessary; iii) using other water models 

and then re-fitting of the parameters, and so on.  

Before applying the fitted force field model to study the early stage behaviour of calcium 

oxalate in aqueous solution, an examination of possible candidate atomic configurations of 

Calcium Oxalate Anhydrous (COA) by ab initio quantum mechanical methods has been 

performed in Chapter 4. The crystal structure of COA is much less explored than those of the 

hydrates due to it being highly hygroscopic. Despite there being up to three temperature-

dependent polymorphs known as α-, β-, and γ-COA reported in 1960s,13-15 the crystal 

structures of α- and γ-COA are still unknown, while that of β-COA has only been reported 

recently.16 In Chapter 4, in addition to the reported β-COA, three additional structures were 

examined by five exchange-correlation functionals (PBE,17 PBEsol,18 PBE0,19 PBEsol0 and 

PBE-D20) and two basis sets (V-BS21 and pob-TZVP22). Two of the hypothetical COA models 

(COA-II and COA-III) were unexpectedly obtained as a result of force field parameter tests, 

whereas another one (COA-IV) was generated via deleting the water molecules from the 

reported crystal structure of calcium oxalate monohydrate.23 During the investigations, despite 

pob-TZVP being a richer, variationally superior, and systematically derived basis set, no 

significant difference was observed regarding its performance in describing the structural 
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features of COA with respect to V-BS, except for pob-TZVP provided slightly denser 

structures.  

Comparison of the optimised results between the four COA models shows that COA-II is 

the densest phase and COA-III is the least dense phase. In terms of the structural 

arrangements, all these models, except COA-II, are assigned to a monoclinic space group (β-

COA and COA-III: P2/m; COA-IV: C2/m) and possess similar lattice parameters, whereas 

COA-II has the lowest symmetry with space group P1 (triclinic). Harmonic vibrational 

frequency calculations at the Γ point confirm that all these COA models are minimum energy 

structures. Relative energies of the three proposed COA models with respect to β-COA range 

between +1.2 and +22.5 kJ/mol. Given that there is no experimental data against which to 

compare directly, comparison was made to other known polymorph energy differences in 

similar systems, such as calcium carbonate. A previously study24 and this work both 

demonstrate that the calculated energy difference is strongly functional dependent, if the 

polymorph structures are rather different, as is as the order of stability. In future work, if 

relative energies of COA phases could be measured by more advanced experimental 

techniques, the comparison between simulation and experimental results should be carried 

out, and then in turn these proposed COA models could be re-examined if necessary.  

In Chapter 4, by taking into account all vibrational contributions to the free energy, the 

thermodynamic stability of the four COA models has been explored as a function of 

temperature (0 K - 800 K) within the approximation of constant volume. In all cases, β-COA 

exhibits itself as the most favourable phase up to 800 K. Due to the similarity in the structures 

and density between β-COA, COA-III and COA-IV, both basis sets and all five functionals 

provided very similar energy differences, with the order of stability being β-COA > COA-IV 

>> COA-III.  COA-II is also less stable than β-COA, however, due to the major density and 

structural differences, the energy difference with respect to β-COA depends on the method, 

due to short- and long-range correlation not being properly taken into account by the density 

functional theory approach. For the other three phases (β-COA, COA-III and COA-IV), these 

interactions would tend to cancel due to fortuitous compensation of errors. Simulation results 

demonstrated that COA-II is also less stable than COA-IV. However, it is impossible to 

conclude, based on the current calculations, whether COA-II is more or less stable than COA-

III. In general, these thermodynamic stability results only provide a qualitative insight into the 

free energy trends of these COA phases within the approximations used. Hence, there might 

be stability crossover occurring if other factors are considered. In future work the 

investigation of the thermodynamic stability between COA models should be extended. For 

example, more possible functionals and basis sets could be explored beyond those used for 

this study. The limitation of the approximation of constant volume could be removed, to 
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explore how the thermal expansion affects the free energy change trends between these COA 

phases and the order of stability.   

From the comparison between all these COA models and synchrotron in situ variable 

temperature X-ray diffraction experiments, this indicated that the unknown α-COA is very 

close to the least dense model, COA-III. However, due to the phase transformation to the β-

COA phase occurring too fast to isolate α-COA from the sample, it was difficult to further 

refine the experimental data in this study. Nevertheless, both experimental and computational 

results undoubtedly suggest that COA phases may exist other than the reported β-COA,16 

which paves the way for the future study of COA materials with the development of more 

advanced experimental and computational resources.  

In Chapter 5, the force field model developed in Chapter 3 for aqueous calcium oxalate 

systems is applied to the problem of the aggregation of calcium and oxalate ions in aqueous 

solution. We started our investigation by studying the formation of a neutral CaC2O4 ion pair 

in water. The ion pairing free energies were calculated as a function of a set of Collective 

Variables (CVs): i) the distance between calcium and the Centre Of Mass (COM) of oxalate; 

ii) the distance between calcium and either of the carbon atoms of oxalate; and iii) the calcium 

by water coordination number. Comparing all the force field simulation results in Chapter 5, 

four main free energy minima were identified in the free energy landscapes corresponding to 

the bidentate and monodentate CaC2O4 Contact Ion Pair (CIP), the Solvent SHared Ion Pair 

(SSHIP) and the Solvent Separated Ion Pair (SSIP) state. Amongst these the bidentate CaC2O4 

CIP corresponds to the most stable configuration in all cases. Making changes to the distance 

CVs employed in the association free energy calculation for the CaC2O4 ion pair system, 

namely from i) to ii), has a significant effect on the projected free energy landscapes if the 

system’s symmetry is broken, since a couple of mixed regions were identified. Analysis of the 

minimum free energy pathways in the free energy landscapes demonstrated that, if the 

calcium by water coordination number is included, then some of the free energy minima are 

the convolution of multiple states with similar free energies, where calcium assumes different 

coordination numbers with water molecules. The change in enthalpy and entropy of ion 

association of calcium and oxalate determined from fitting the association free energies (290 

K - 350 K) to the standard equation, ΔG = ΔH-TΔS, indicated that the calculated ΔH and ΔS 

are -4.4 kJ/mol and 89 J/mol⋅K, respectively. Compared to the association of calcium and 

carbonate ions in aqueous solution,25 calcium oxalate shows the same entropy driven 

behaviour to calcium carbonate by releasing water molecules during binding in water. 

However, unlike calcium carbonate, the negative enthalpy term in calcium oxalate also drives 

the binding of calcium and oxalate ions in water. Investigation of how the box size affected 

these force field calculations showed that the box size had relatively little effect on the 



Chapter 7 Conclusions and Outlook
 

 206 

calcium-oxalate ion pairing behaviour in aqueous solution within the force field model and 

the CVs we used. 

The force field simulation results were then compared against those from the Ab Initio 

Molecular Dynamics (AIMD) simulation. The calculation results were, in general, 

qualitatively quite similar between the two simulation techniques, with the exception of the 

following conclusions: i) the monodentate CaC2O4 CIP region identified from the force field 

calculation was split into two parts in the AIMD case; one part is a pure monodentate CaC2O4 

CIP region, whereas the other part was identified as a transition region, where a bidentate 

CaC2O4 CIP transforms to a monodentate CIP; ii) due to the small simulation box used in the 

AIMD calculation (due to the large computational cost), the basin for the completely 

separated species SSIP is missing in the free energy landscape, and ended up with a mixed 

region containing of SSHIP and SSIP state; iii) the calcium has a lower coordination number 

by water in the AIMD. For possible reasons, the PBE-D3 exchange-correlation functional17,26 

and the switching function used in our AIMD simulation may largely account for this 

discrepancy; and iv) comparing the distribution of the O-C-C-O dihedral angle between the 

two simulation techniques, the oxalate ion tends to be in the flat configuration regardless if it 

is in a CaC2O4 ion pair or isolated when using the force field, but exhibits a very different 

behaviour in AIMD where it generally assumes a twisted conformation (Φ=90 degrees) unless 

it is in the bidentate CaC2O4 CIP. This discrepancy could be a failing of the DFT functional 

(PBE-D3) used in the AIMD simulation or an aspect where the force field model for the 

aqueous calcium oxalate systems could be improved in future work.  

 A comparison of the distributions of water molecules around the CaC2O4 ion pair, 

isolated calcium, and isolated oxalate between force field and quantum mechanical techniques 

showed that the pairwise distribution functions are very similar, with the exception for the 

interaction between the oxygen of oxalate and the oxygen of water (O-Ow), where the AIMD 

simulation shows a shift of <0.1 Å to larger distance for the first hydration shell. For the two 

simulation techniques, in general, the closest water molecules appear at approximately 2.43 Å 

(Ca-Ow) and 1.74 Å (O-Hw) for the CaC2O4 ion pair. When the bidentate/monodentate 

CaC2O4 CIP forms in aqueous solution, the average distance between calcium and oxalate is 

approximately 2.30 Å (Ca-O). In addition, in order to investigate whether the second electron 

is localised on the oxalate ion in water, four configurations (the bridging/terminal CaC2O4 

CIP, SSHIP and SSIP) extracted from the 1 ns AIMD trajectory for the CaC2O4 ion pair 

system were used to study the electronic stability of the oxalate ion in aqueous solution. A 

comparison of the calculated HOMO levels showed that, the electron density distribution is 

localised at the oxalate ion in aqueous solution using both the PBE-D317,26 and PBE0(α=0.5)-

D326,27 exchange-correlation functionals. 
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Beyond the CaC2O4 ion pair, in the case of the two charged species, Ca2+-C2O4
2--Ca2+ 

and C2O4
2--Ca2+-C2O4

2-, the association free energy has been investigated as a function of the 

distances between the calcium ions and the oxalate centres of mass using force field methods. 

Calculation results showed that the deepest minima all correspond to trimer associated states 

({Ca2+-C2O4
2--Ca2+} or {C2O4

2--Ca2+-C2O4
2-}). Compared to the aforementioned neutral 

CaC2O4 ion pair system, more mixed state regions were identified in the 2-D free energy 

landscapes. By extracting the 1-D free energy pathways of interest from the 2-D landscapes, 

the analysis of the pathways suggested that to dissociate the trimer associated state in water, 

taking the form of either {Ca2+-C2O4
2--Ca2+} or {C2O4

2--Ca2+-C2O4
2-}, to form a 

bridging/terminal CaC2O4 CIP and one isolated Ca2+/C2O4
2-, a ~20 kJ/mol free energy barrier 

needs to be overcome. Future work could include: i) using other computational techniques to 

re-explore these two charged systems, if necessary, such as the AIMD; and ii) the free energy 

investigation should be extended to larger charged calcium oxalate species in aqueous 

solution, i.e. {3Ca2+-2C2O4
2-}, {2Ca2+-3C2O4

2-}, {4Ca2+-3C2O4
2-}, {3Ca2+-4C2O4

2-}, etc..  

In addition to the above, simulations starting from the free calcium and oxalate ions in 

water with three different concentrations (0.01 M, 0.05 M and 0.125 M) have been performed 

to explore the details of further ion association. Phase separation was observed for the three 

concentration models during the simulations, and once the calcium and oxalate ions 

aggregated together in solution, it was rarely observed for these clusters to be broken during 

the simulations, especially in the highest concentration system (0.125 M). The largest cluster 

yielded from this study contains 140 ions, and the final size of the largest emerging cluster 

depends on the free ions available in the simulation box. The charge of these observed 

emerging clusters is associated with the number of the calcium and oxalate ions included. 

Neutral, positively and negatively charged clusters were observed co-existing during the 

simulations, with the negatively ones appearing to be more favourable. Analysis of the size 

distribution of the emerging clusters indicated that the simulation results from this study are 

almost certainly non-equilibrium, as shown by the observation of changing peaks with time 

for the three concentration models. More importantly, calcium oxalate shows a very different 

ion association mechanism in aqueous solution from those previously reported for calcium 

carbonate.28,29 Calcium oxalate, unlike calcium carbonate, does not seem to form dynamically 

ordered prenucleation species.   

In Chapter 6, a set of charge neutral clusters ([CaC2O4]n), cleaved from the bulk calcium 

oxalate monohydrate, has been used to study the stability of calcium oxalate clusters in water 

by the force field model developed in Chapter 3. The association/dissociation events 

observed within two ensembles (NPT and NVT) as the simulation time proceeded indicated 

the following conclusions: i) the separation of the [CaC2O4]2 cluster in aqueous solution was 

complete; in other words, two separated CaC2O4 CIPs seem to be more stable than a dense 
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four-ion cluster; ii) the [CaC2O4]3 cluster could remain stable for a very long simulation 

period; iii) the [CaC2O4]4 cluster split into pieces in the NVT ensemble, whereas in the NPT 

ensemble, it remained as an dense eight-ion cluster instead; iv) for cases where n ≥ 6, the five 

calcium oxalate clusters ([CaC2O4]6, [CaC2O4]14, [CaC2O4]18, [CaC2O4]84 and [CaC2O4]474) 

created based on the Wulff construction30 exhibited very strong stability as a single entity in 

water for longer than 50 ns; and v) the possible number of ions in the calcium oxalate critical 

nucleus (Nnucleus) most likely sits in the range of 6 ([CaC2O4]3)≤Nnucleus<8 ([CaC2O4]4). In 

addition, to get some more insights, the association free energy has been calculated for four 

small charge neutral calcium oxalate clusters (n = 2, 3, 4 and 6) in water, as a function of the 

mean distance between calcium and the COM of oxalate, and of the calcium coordination 

number by the COM of oxalate. A comparison between the projected 1-D free energy profiles 

and the analytic long-range solutions showed that for the [CaC2O4]2 system it could dissociate 

into two CaC2O4 ion pairs completely and this aligned well with the analytic solution. Instead 

for the case of the [CaC2O4]3, [CaC2O4]4 and [CaC2O4]6 systems, alignment with the expected 

solution could not be performed at long range due to the ions within these systems being 

confined in a small region below 15 Å. This distance is too short for these clusters (n>2) to be 

able to break into isolated ion pairs completely. Based on this, future work could include: i) in 

order to be aligned with the analytic long-range solutions, a larger simulation box should be 

used for the systems where n≥4; ii) the investigation of the [CaC2O4]5 system should be 

carried out for completeness.   

Beyond the charge neutral calcium oxalate clusters in water, studies on the small 

positively or negatively charged clusters in two ensembles (NPT and NVT) using the force 

fields resulted in the following conclusions: i) the positively charged calcium oxalate clusters 

appeared to be much less stable in aqueous solution than the negatively charged ones, and that 

the addition of charge compensating ions (Na+ or Cl-) to the systems had little effect on their 

stability; and ii) the possible number of ions in the calcium oxalate critical nucleus size could 

be narrowed down to the range of 5 ([2Ca2+-3C2O4
2-])≤Nnucleus≤7 ([3Ca2+-4C2O4

2-]). However, 

given the limitations of unbiased MD simulations and the timescales of the investigations, we 

cannot exclude other possibilities, i.e. Nnucleus below five. Indeed, to get some more details, 

association free energies for these small charged calcium oxalate clusters in water should be 

determined using the metadynamics technique in a future study.  

In order to examine the relationship between the morphology, the surface structures, and 

the effect of the growth medium (water), the equilibrium crystal morphologies of calcium 

oxalate monohydrate have been calculated based on the 3-D Wulff construction.30 We started 

the investigation by computing the dry and hydrated surface energies of calcium oxalate 

monohydrate. Simulation results for surface calculations suggested the following conclusions: 
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i) all the surfaces showed much lower surface energies in the water environment as expected; 

ii) for the dry surfaces, surface energies are in the order of {010} <<{111} < {110} < {100} < 

{12 } < {011} < {001} < {101} < {021}, whereas the hydrated surface energy exhibits a 

slightly different order of {010} < {111} < {001} ≅ {100} < {101} < {110} <  {12 } < 

{011} < {021}. Compared to Di Tommaso et al.’s surface calculation results,1 this work 

showed a different order since different types of force field model and solvation model were 

used. A comparison between the simulated morphology in the water environment to one 

reported experimental result31 demonstrated that the choice of the solvation model/force fields 

could affect the final simulated equilibrium morphology, and then in turn resulted in the 

discrepancy between simulation and experiment. Future studies could focus on the 

exploration of the growth of calcium oxalate surfaces in aqueous solution. As per similar 

systems, such as calcium carbonate,32-35 the investigation of steps and kinks sites on the 

calcium oxalate surfaces or the free energy of binding of calcium and oxalate ions to the 

calcium oxalate surfaces could be carried out.    

In conclusion, the research in this study has shed light on the initial speciation and cluster 

formation of calcium oxalate in water, as well as on the structures and stability of the solid 

anhydrous phase. The study has not only extended and improved our understanding of the 

calcium oxalate materials, but also has proven that computer simulation is a very powerful 

approach that can potentially understand nucleation and the very early stages of calcium 

oxalate crystal growth at an atomistic level. In future work several studies could be conducted 

based on this work, i.e.: i) study of a mixed oxalate and carbonate (or phosphate) system, with 

a force field model that is parameterised accordingly; ii) exploration of the stability 

crossovers between COA phases when allowing for thermal expansion; iii) use more possible 

functionals and basis sets or larger simulation box to re-investigate the calcium-oxalate ion 

pair system in water by the AIMD, as well as achieving longer timescales; and iv) consider 

the use of Barnard et al.’s thermodynamic model36-38 to investigate and model the morphology 

of calcium oxalate crystals below the critical size.  
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Appendix B Basis Sets 
Table B1 Gaussian-type basis sets for the element carbon (C) in C2O4

2-. In this table, exp., contr. and 
coeff. are abbreviations for exponent, contraction and coefficient, respectively. Modifications for the 
initial guess for the occupancy of the orbitals are highlighted in magenta. In order to obtain the 
negatively -2 charged oxalate, here set each C lose three electrons.  
 

V-BS  
6 6 
0 0 6 2.0 1.00 
  0.4563240000D+04    0.1966650000D-02 
  0.6820240000D+03    0.1523060000D-01 
  0.1549730000D+03    0.7612690000D-01 
  0.4445530000D+02    0.2608010000D+00 
  0.1302900000D+02    0.6164620000D+00 
  0.1827730000D+01    0.2210060000D+00 
0 1 3 1.0 1.00 
  0.2096420000D+02    0.1146600000D+00           
0.4024870000D-01 
  0.4803310000D+01    0.9199990000D+00       
0.2375940000D+00 
  0.1459330000D+01   -0.3030680000D-02     
0.8158540000D+00 
0 1 1 0.0 1.00 
  0.4834560000D+00    0.1000000000D+01     
0.1000000000D+01 
0 1 1 0.0 1.00 
  0.1455850000D+00    0.1000000000D+01     
0.1000000000D+01 
0 3 1 0.0 1.0 
   2.0   .1000000000D+01 
0 3 1 0.0 1.0 
   0.6   .1000000000D+01 

Z=6, Carbon; 6 shells 
free BS; s shell; 6 GTF; CHE=2; scale factor 1. 
1st Gaussian exp.; s contr. coeff. 
2nd Gaussian exp.; s contr. coeff. 
3rd Gaussian exp.; s contr. coeff. 
4th Gaussian exp.; s contr. coeff. 
5th Gaussian exp.; s contr. coeff. 
6th Gaussian exp.; s contr. coeff. 
free BS; sp shell; 3 GTF; CHE=1; scale factor 1. 
1st Gaussian exp.; s contr. coeff.; 
p contr. coeff. 
2nd Gaussian exp.; s contr. coeff.; 
p contr. coeff. 
3rd Gaussian exp.; s contr. coeff.; 
p contr. coeff. 
free BS; sp shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; s contr. coeff.; 
p contr. coeff. 
free BS; sp shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; s contr. coeff.; 
p contr. coeff. 
free BS; d shell; 1 GTF; CHE=0; scale factor 1 
Gaussian exp.; d contr. coeff. 
free BS; d shell; 1 GTF; CHE=0; scale factor 1 
Gaussian exp.; d contr. coeff. 

pob_TZVP  
6 8 
0 0 6 2.0 1.0 
13575.349682   0.00022245814352 
2035.2333680   0.00172327382520 
463.22562359   0.00892557153140 
131.20019598   0.03572798450200 
42.853015891   0.11076259931000 
15.584185766   0.24295627626000 
0 0 2 1.0 1.0 
6.2067138508   0.41440263448000 
2.5764896527   0.23744968655000 
0 0 1 0.0 1.0 
0.4941102000   1.00000000000000 
0 0 1 0.0 1.0 
0.1644071000   1.00000000000000 
0 2 4 0.0 1.0 
34.697232244   0.00533336578050 
7.9582622826   0.03586410909200 
2.3780826883   0.14215873329000 
0.8143320818   0.34270471845000 
0 2 1 0.0 1.0 
0.5662417100   1.00000000000000 
0 2 1 0.0 1.0 
0.2673545000   1.00000000000000 
0 3 1 0.0 1.0 
0.8791584200   1.00000000000000 

Z=6, Carbon; 8 shells 
free BS; s shell; 6 GTF; CHE=2; scale factor 1. 
1st Gaussian exp.; s contr. coeff. 
2nd Gaussian exp.; s contr. coeff. 
3rd Gaussian exp.; s contr. coeff. 
4th Gaussian exp.; s contr. coeff. 
5th Gaussian exp.; s contr. coeff. 
6th Gaussian exp.; s contr. coeff. 
free BS; s shell; 2 GTF; CHE=1; scale factor 1. 
1st Gaussian exp.; s contr. coeff. 
2nd Gaussian exp.; s contr. coeff. 
free BS; s shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; s contr. coeff.; 
free BS; s shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; s contr. coeff.; 
free BS; p shell; 4 GTF; CHE=0; scale factor 1. 
1st Gaussian exp.; p contr. coeff. 
2nd Gaussian exp.; p contr. coeff. 
3rd Gaussian exp.; p contr. coeff. 
4th Gaussian exp.; p contr. coeff. 
free BS; p shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; p contr. coeff. 
free BS; p shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; p contr. coeff. 
free BS; d shell; 1 GTF; CHE=0; scale factor 1 
Gaussian exp.; d contr. coeff. 
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Table B2 Gaussian-type basis sets for the element oxygen (O) in C2O4
2-. exp., contr. and coeff. are 

defined as in Table B1. Modifications for the initial guess for the occupancy of the orbitals are 
highlighted in magenta. In order to obtain the negatively -2 charged oxalate, here set each O obtain two 
electrons. 
 

V-BS  
8 6 
0 0 8 2.0 1.0 
   8020.     0.001080 
   1338.     0.008040 
    255.4    0.053240 
     69.22   0.168100 
     23.90   0.358100 
     9.264   0.385500 
     3.851   0.146800 
     1.212   0.072800 
0 1 4 8.0 1.0 
   49.43   -0.008830    0.009580 
   10.47   -0.091500    0.069600 
   3.235   -0.040200    0.206500 
   1.217    0.379000    0.347000 
0 1 1 0. 1.0 
   0.486    1.      1. 
0 1 1 0. 1.0 
   0.1925     1.      1. 
0 3 1 0. 1. 
   2.0       1. 
0 3 1 0. 1. 
   0.500   1. 

Z=8, Oxygen; 6 shells 
free BS; s shell; 8 GTF; CHE=2; scale factor 1. 
1st Gaussian exp.; s contr. coeff. 
2nd Gaussian exp.; s contr. coeff. 
3rd Gaussian exp.; s contr. coeff. 
4th Gaussian exp.; s contr. coeff. 
5th Gaussian exp.; s contr. coeff. 
6th Gaussian exp.; s contr. coeff. 
7th Gaussian exp.; s contr. coeff. 
8th Gaussian exp.; s contr. coeff. 
free BS; sp shell; 4 GTF; CHE=8; scale factor 1. 
1st Gaussian exp.; s contr. coeff.; p contr. coeff. 
2nd Gaussian exp.; s contr. coeff.; p contr. coeff. 
3rd Gaussian exp.; s contr. coeff.; p contr. coeff. 
4th Gaussian exp.; s contr. coeff.; p contr. coeff. 
free BS; sp shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; s contr. coeff.; p contr. coeff. 
free BS; sp shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; s contr. coeff.; p contr. coeff. 
free BS; d shell; 1 GTF; CHE=0; scale factor 1 
Gaussian exp.; d contr. coeff. 
free BS; d shell; 1 GTF; CHE=0; scale factor 1 
Gaussian exp.; d contr. coeff. 

pob_TZVP  
8 8 
0 0 6 2.0 1.0 
27032.382631 0.00021726302465 
4052.3871392 0.00168386621990 
922.32722710 0.00873956162650 
261.24070989 0.03523996880800 
85.354641351 0.11153519115000 
31.035035245 0.25588953961000 
0 0 2 2.0 1.0 
12.260860728 0.39768730901000 
4.9987076005 0.24627849430000 
0 0 1 0.0 1.0 
1.0987136000 1.00000000000000 
0 0 1 0.0 1.0 
0.3565870100 1.00000000000000 
0 2 4 6.0 1.0 
63.274954801 0.0060685103418 
14.627049379 0.0419125758240 
4.4501223456 0.1615384108800 
1.5275799647 0.3570695131100 
0 2 1 0.0 1.0 
0.5489735000 1.0000000000000 
0 2 1 0.0 1.0 
0.1858671100 1.0000000000000 
0 3 1 0.0 1.0 
0.2534621300 1.0000000000000 

Z=8, Oxygen; 8 shells 
free BS; s shell; 6 GTF; CHE=2; scale factor 1. 
1st Gaussian exp.; s contr. coeff. 
2nd Gaussian exp.; s contr. coeff. 
3rd Gaussian exp.; s contr. coeff. 
4th Gaussian exp.; s contr. coeff. 
5th Gaussian exp.; s contr. coeff. 
6th Gaussian exp.; s contr. coeff. 
free BS; s shell; 2 GTF; CHE=2; scale factor 1. 
1st Gaussian exp.; s contr. coeff. 
2nd Gaussian exp.; s contr. coeff. 
free BS; s shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; s contr. coeff. 
free BS; s shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; s contr. coeff. 
free BS; p shell; 4 GTF; CHE=6; scale factor 1. 
1st Gaussian exp.; p contr. coeff. 
2nd Gaussian exp.; p contr. coeff. 
3rd Gaussian exp.; p contr. coeff. 
4th Gaussian exp.; p contr. coeff. 
free BS; p shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; p contr. coeff. 
free BS; p shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; p contr. coeff. 
free BS; d shell; 1 GTF; CHE=0; scale factor 1 
Gaussian exp.; d contr. coeff 
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Table B3 Gaussian-type basis sets for the element carbon (C) in C2O4
-. exp., contr. and coeff. are 

defined as in Table B1. Modifications for the initial guess for the occupancy of the orbitals are 
highlighted in magenta. In order to obtain the negatively -1 charged oxalate, here set each C lose three 
and a half electrons. 
 

V-BS  
6 6 
0 0 6 2.0 1.00 
  0.4563240000D+04    0.1966650000D-02 
  0.6820240000D+03    0.1523060000D-01 
  0.1549730000D+03    0.7612690000D-01 
  0.4445530000D+02    0.2608010000D+00 
  0.1302900000D+02    0.6164620000D+00 
  0.1827730000D+01    0.2210060000D+00 
0 1 3 0.5 1.00 
  0.2096420000D+02    0.1146600000D+00           
0.4024870000D-01 
  0.4803310000D+01    0.9199990000D+00       
0.2375940000D+00 
  0.1459330000D+01   -0.3030680000D-02     
0.8158540000D+00 
0 1 1 0.0 1.00 
  0.4834560000D+00    0.1000000000D+01     
0.1000000000D+01 
0 1 1 0.0 1.00 
  0.1455850000D+00    0.1000000000D+01     
0.1000000000D+01 
0 3 1 0.0 1.0 
   2.0   .1000000000D+01 
0 3 1 0.0 1.0 
   0.6   .1000000000D+01 

Z=6, Carbon; 6 shells 
free BS; s shell; 6 GTF; CHE=2; scale factor 1. 
1st Gaussian exp.; s contr. coeff. 
2nd Gaussian exp.; s contr. coeff. 
3rd Gaussian exp.; s contr. coeff. 
4th Gaussian exp.; s contr. coeff. 
5th Gaussian exp.; s contr. coeff. 
6th Gaussian exp.; s contr. coeff. 
free BS; sp shell; 3 GTF; CHE=0.5; scale factor 1. 
1st Gaussian exp.; s contr. coeff.; 
p contr. coeff. 
2nd Gaussian exp.; s contr. coeff.; 
p contr. coeff. 
3rd Gaussian exp.; s contr. coeff.; 
p contr. coeff. 
free BS; sp shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; s contr. coeff.; 
p contr. coeff. 
free BS; sp shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; s contr. coeff.; 
p contr. coeff. 
free BS; d shell; 1 GTF; CHE=0; scale factor 1 
Gaussian exp.; d contr. coeff. 
free BS; d shell; 1 GTF; CHE=0; scale factor 1 
Gaussian exp.; d contr. coeff. 

pob_TZVP  
6 8 
0 0 6 2.0 1.0 
13575.349682   0.00022245814352 
2035.2333680   0.00172327382520 
463.22562359   0.00892557153140 
131.20019598   0.03572798450200 
42.853015891   0.11076259931000 
15.584185766   0.24295627626000 
0 0 2 0.5 1.0 
6.2067138508   0.41440263448000 
2.5764896527   0.23744968655000 
0 0 1 0.0 1.0 
0.4941102000   1.00000000000000 
0 0 1 0.0 1.0 
0.1644071000   1.00000000000000 
0 2 4 0.0 1.0 
34.697232244   0.00533336578050 
7.9582622826   0.03586410909200 
2.3780826883   0.14215873329000 
0.8143320818   0.34270471845000 
0 2 1 0.0 1.0 
0.5662417100   1.00000000000000 
0 2 1 0.0 1.0 
0.2673545000   1.00000000000000 
0 3 1 0.0 1.0 
0.8791584200   1.00000000000000 

Z=6, Carbon; 8 shells 
free BS; s shell; 6 GTF; CHE=2; scale factor 1. 
1st Gaussian exp.; s contr. coeff. 
2nd Gaussian exp.; s contr. coeff. 
3rd Gaussian exp.; s contr. coeff. 
4th Gaussian exp.; s contr. coeff. 
5th Gaussian exp.; s contr. coeff. 
6th Gaussian exp.; s contr. coeff. 
free BS; s shell; 2 GTF; CHE=0.5; scale factor 1. 
1st Gaussian exp.; s contr. coeff. 
2nd Gaussian exp.; s contr. coeff. 
free BS; s shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; s contr. coeff.; 
free BS; s shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; s contr. coeff.; 
free BS; p shell; 4 GTF; CHE=0; scale factor 1. 
1st Gaussian exp.; p contr. coeff. 
2nd Gaussian exp.; p contr. coeff. 
3rd Gaussian exp.; p contr. coeff. 
4th Gaussian exp.; p contr. coeff. 
free BS; p shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; p contr. coeff. 
free BS; p shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; p contr. coeff. 
free BS; d shell; 1 GTF; CHE=0; scale factor 1 
Gaussian exp.; d contr. coeff. 

 
 
 
 
 



Appendix B Basis Sets 
 

 233 

Table B4 Gaussian-type basis sets for the element oxygen (O) in C2O4
-. exp., contr. and coeff. are 

defined as in Table B1. Modifications for the initial guess for the occupancy of the orbitals are 
highlighted in magenta. In order to obtain the negatively -1 charged oxalate, here set each O obtain two 
electrons.  
 

V-BS  
8 6 
0 0 8 2.0 1.0 
   8020.     0.001080 
   1338.     0.008040 
    255.4    0.053240 
     69.22   0.168100 
     23.90   0.358100 
     9.264   0.385500 
     3.851   0.146800 
     1.212   0.072800 
0 1 4 8.0 1.0 
   49.43   -0.008830    0.009580 
   10.47   -0.091500    0.069600 
   3.235   -0.040200    0.206500 
   1.217    0.379000    0.347000 
0 1 1 0. 1.0 
   0.486    1.      1. 
0 1 1 0. 1.0 
   0.1925     1.      1. 
0 3 1 0. 1. 
   2.0       1. 
0 3 1 0. 1. 
   0.500   1. 

Z=8, Oxygen; 6 shells 
free BS; s shell; 8 GTF; CHE=2; scale factor 1. 
1st Gaussian exp.; s contr. coeff. 
2nd Gaussian exp.; s contr. coeff. 
3rd Gaussian exp.; s contr. coeff. 
4th Gaussian exp.; s contr. coeff. 
5th Gaussian exp.; s contr. coeff. 
6th Gaussian exp.; s contr. coeff. 
7th Gaussian exp.; s contr. coeff. 
8th Gaussian exp.; s contr. coeff. 
free BS; sp shell; 4 GTF; CHE=8; scale factor 1. 
1st Gaussian exp.; s contr. coeff.; p contr. coeff. 
2nd Gaussian exp.; s contr. coeff.; p contr. coeff. 
3rd Gaussian exp.; s contr. coeff.; p contr. coeff. 
4th Gaussian exp.; s contr. coeff.; p contr. coeff. 
free BS; sp shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; s contr. coeff.; p contr. coeff. 
free BS; sp shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; s contr. coeff.; p contr. coeff. 
free BS; d shell; 1 GTF; CHE=0; scale factor 1 
Gaussian exp.; d contr. coeff. 
free BS; d shell; 1 GTF; CHE=0; scale factor 1 
Gaussian exp.; d contr. coeff. 

pob_TZVP  
8 8 
0 0 6 2.0 1.0 
27032.382631 0.00021726302465 
4052.3871392 0.00168386621990 
922.32722710 0.00873956162650 
261.24070989 0.03523996880800 
85.354641351 0.11153519115000 
31.035035245 0.25588953961000 
0 0 2 2.0 1.0 
12.260860728 0.39768730901000 
4.9987076005 0.24627849430000 
0 0 1 0.0 1.0 
1.0987136000 1.00000000000000 
0 0 1 0.0 1.0 
0.3565870100 1.00000000000000 
0 2 4 6.0 1.0 
63.274954801 0.0060685103418 
14.627049379 0.0419125758240 
4.4501223456 0.1615384108800 
1.5275799647 0.3570695131100 
0 2 1 0.0 1.0 
0.5489735000 1.0000000000000 
0 2 1 0.0 1.0 
0.1858671100 1.0000000000000 
0 3 1 0.0 1.0 
0.2534621300 1.0000000000000 

Z=8, Oxygen; 8 shells 
free BS; s shell; 6 GTF; CHE=2; scale factor 1. 
1st Gaussian exp.; s contr. coeff. 
2nd Gaussian exp.; s contr. coeff. 
3rd Gaussian exp.; s contr. coeff. 
4th Gaussian exp.; s contr. coeff. 
5th Gaussian exp.; s contr. coeff. 
6th Gaussian exp.; s contr. coeff. 
free BS; s shell; 2 GTF; CHE=2; scale factor 1. 
1st Gaussian exp.; s contr. coeff. 
2nd Gaussian exp.; s contr. coeff. 
free BS; s shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; s contr. coeff. 
free BS; s shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; s contr. coeff. 
free BS; p shell; 4 GTF; CHE=6; scale factor 1. 
1st Gaussian exp.; p contr. coeff. 
2nd Gaussian exp.; p contr. coeff. 
3rd Gaussian exp.; p contr. coeff. 
4th Gaussian exp.; p contr. coeff. 
free BS; p shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; p contr. coeff. 
free BS; p shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; p contr. coeff. 
free BS; d shell; 1 GTF; CHE=0; scale factor 1 
Gaussian exp.; d contr. coeff 
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Table B5 All-electron Gaussian basis sets for the element calcium (Ca). In this table, exp., contr. and 
coeff. are abbreviations for exponent, contraction and coefficient, respectively. 
 

V-BS30  
20 7                            
0 0 8 2.  1.   
 191300.      0.0002204 
  26970.       0.001925 
    5696.       0.01109 
    1489.4     0.04995 
      448.3     0.17014 
      154.62   0.3685 
        60.37   0.4034 
        25.09   0.1452 
0 1 6 8. 1. 
    448.6    -0.00575   0.00847 
    105.7    -0.0767     0.06027 
      34.69   -0.1122    0.2124 
      13.50     0.2537   0.3771 
        5.820   0.688     0.401 
        1.819   0.349     0.198 
0 1 5 8. 1. 
     20.75    -0.0020  -0.0365 
       8.40    -0.1255  -0.0685 
       3.597  -0.6960   0.1570 
       1.408    1.029     1.482 
       0.726    0.944     1.025 
0 1 1 2. 1. 
      0.453   1.       1. 
0 1 1 0. 1. 
      0.295   1.       1. 
0 3 2 0. 1. 
      3.1910   0.160 
      0.8683   0.313 
0 3 1 0. 1. 
      0.2891   0.406 

Z=20, Calcium; 7 shells 
free BS; s shell; 8 GTF; CHE=2; scale factor 1. 
1st Gaussian exp.; s contr. coeff. 
2nd Gaussian exp.; s contr. coeff. 
3rd Gaussian exp.; s contr. coeff. 
4th Gaussian exp.; s contr. coeff. 
5th Gaussian exp.; s contr. coeff. 
6th Gaussian exp.; s contr. coeff. 
7th Gaussian exp.; s contr. coeff. 
8th Gaussian exp.; s contr. coeff. 
free BS; sp shell; 6 GTF; CHE=8; scale factor 1. 
1st Gaussian exp.; s contr. coeff.; p contr. coeff. 
2nd Gaussian exp.; s contr. coeff.; p contr. coeff. 
3rd Gaussian exp.; s contr. coeff.; p contr. coeff. 
4th Gaussian exp.; s contr. coeff.; p contr. coeff. 
5th Gaussian exp.; s contr. coeff.; p contr. coeff. 
6th Gaussian exp.; s contr. coeff.; p contr. coeff. 
free BS; sp shell; 5 GTF; CHE=8; scale factor 1. 
1st Gaussian exp.; s contr. coeff.; p contr. coeff. 
2nd Gaussian exp.; s contr. coeff.; p contr. coeff. 
3rd Gaussian exp.; s contr. coeff.; p contr. coeff. 
4th Gaussian exp.; s contr. coeff.; p contr. coeff. 
5th Gaussian exp.; s contr. coeff.; p contr. coeff. 
free BS; sp shell; 1 GTF; CHE=2; scale factor 1. 
Gaussian exp.; s contr. coeff.; p contr. coeff. 
free BS; sp shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; s contr. coeff.; p contr. coeff. 
free BS; d shell; 2 GTF; CHE=0; scale factor 1. 
1st Gaussian exp.; d contr. coeff. 
2nd Gaussian exp.; d contr. coeff. 
free BS; d shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; d contr. coeff. 

pob_TZVP34  
20 11                       
0 0 8 2.0 1.0 
172517.326850   0.00023317502546 
25861.5192750   0.00180765219800 
5885.66186680   0.00939438442550 
1665.97300310   0.03810840900900 
542.367181480   0.12331203853000 
194.578034920   0.29004470954000 
75.3035976360   0.40587151157000 
29.5740625890   0.20398410743000 
0 0 4 2.0 1.0 
191.200746600  -0.02441975975900 
58.8402998830  -0.11547027448000 
8.96425408450   0.56356636717000 
3.68569605410   0.56709682704000 
0 0 2 2.0 1.0 
5.24642897260  -0.22825334325000 
0.84862621528   0.72625219172000 
0 0 1 2.0 1.0 
1.30710626000   1.00000000000000 
0 0 1 0.0 1.0 
0.38027232000   1.00000000000000 
0 0 1 0.0 1.0 
0.16014616000   1.00000000000000 
0 2 6 6.0 1.0 
836.972620580   0.00252583460920 
197.930401420   0.02007650668600 
63.1355580540   0.09130298736600 
23.2826871700   0.25247029915000 

Z=20, Calcium; 11 shells 
free BS; s shell; 8 GTF; CHE=2; scale factor 1. 
1st Gaussian exp.; s contr. coeff. 
2nd Gaussian exp.; s contr. coeff. 
3rd Gaussian exp.; s contr. coeff. 
4th Gaussian exp.; s contr. coeff. 
5th Gaussian exp.; s contr. coeff. 
6th Gaussian exp.; s contr. coeff. 
7th Gaussian exp.; s contr. coeff. 
8th Gaussian exp.; s contr. coeff. 
free BS; s shell; 4 GTF; CHE=2; scale factor 1. 
1st Gaussian exp.; s contr. coeff. 
2nd Gaussian exp.; s contr. coeff. 
3rd Gaussian exp.; s contr. coeff. 
4th Gaussian exp.; s contr. coeff. 
free BS; s shell; 2 GTF; CHE=2; scale factor 1. 
1st Gaussian exp.; s contr. coeff. 
2nd Gaussian exp.; s contr. coeff. 
free BS; s shell; 1 GTF; CHE=2; scale factor 1. 
Gaussian exp.; s contr. coeff. 
free BS; s shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; s contr. coeff. 
free BS; s shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; s contr. coeff. 
free BS; p shell; 6 GTF; CHE=6; scale factor 1. 
1st Gaussian exp.; p contr. coeff. 
2nd Gaussian exp.; p contr. coeff. 
3rd Gaussian exp.; p contr. coeff. 
4th Gaussian exp.; p contr. coeff. 
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9.11764449320   0.39426326344000 
3.63361201390   0.23011559492000 
0 2 3 6.0 1.0 
13.4941631200  -0.02649502195100 
1.81392597900   0.55088108210000 
0.71981826006   1.02806166200000 
0 2 1 0.0 1.0 
0.36108303000   1.00000000000000 
0 2 1 0.0 1.0 
0.16029529000   1.00000000000000 
0 3 1 0.0 1.0 
0.78864471000   1.00000000000000 

5th Gaussian exp.; p contr. coeff. 
6th Gaussian exp.; p contr. coeff. 
free BS; p shell; 3 GTF; CHE=6; scale factor 1. 
1st Gaussian exp.; p contr. coeff. 
2nd Gaussian exp.; p contr. coeff. 
3rd Gaussian exp.; p contr. coeff. 
free BS; p shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; p contr. coeff. 
free BS; p shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; p contr. coeff. 
free BS; d shell; 1 GTF; CHE=0; scale factor 1 
Gaussian exp.; d contr. coeff. 
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Table B6 All-electron Gaussian-type basis sets for the element carbon (C). exp., contr. and coeff. are 
defined as in Table B5. 
 

V-BS30  
6 6 
0 0 6 2.0 1.00 
  0.4563240000D+04    0.1966650000D-02 
  0.6820240000D+03    0.1523060000D-01 
  0.1549730000D+03    0.7612690000D-01 
  0.4445530000D+02    0.2608010000D+00 
  0.1302900000D+02    0.6164620000D+00 
  0.1827730000D+01    0.2210060000D+00 
0 1 3 4.0 1.00 
  0.2096420000D+02    0.1146600000D+00           
0.4024870000D-01 
  0.4803310000D+01    0.9199990000D+00       
0.2375940000D+00 
  0.1459330000D+01   -0.3030680000D-02     
0.8158540000D+00 
0 1 1 0.0 1.00 
  0.4834560000D+00    0.1000000000D+01     
0.1000000000D+01 
0 1 1 0.0 1.00 
  0.1455850000D+00    0.1000000000D+01     
0.1000000000D+01 
0 3 1 0.0 1.0 
   2.0   .1000000000D+01 
0 3 1 0.0 1.0 
   0.6   .1000000000D+01 

Z=6, Carbon; 6 shells 
free BS; s shell; 6 GTF; CHE=2; scale factor 1. 
1st Gaussian exp.; s contr. coeff. 
2nd Gaussian exp.; s contr. coeff. 
3rd Gaussian exp.; s contr. coeff. 
4th Gaussian exp.; s contr. coeff. 
5th Gaussian exp.; s contr. coeff. 
6th Gaussian exp.; s contr. coeff. 
free BS; sp shell; 4 GTF; CHE=4; scale factor 1. 
1st Gaussian exp.; s contr. coeff.; 
p contr. coeff. 
2nd Gaussian exp.; s contr. coeff.; 
p contr. coeff. 
3rd Gaussian exp.; s contr. coeff.; 
p contr. coeff. 
free BS; sp shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; s contr. coeff.; 
p contr. coeff. 
free BS; sp shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; s contr. coeff.; 
p contr. coeff. 
free BS; d shell; 1 GTF; CHE=0; scale factor 1 
Gaussian exp.; d contr. coeff. 
free BS; d shell; 1 GTF; CHE=0; scale factor 1 
Gaussian exp.; d contr. coeff. 

pob_TZVP34  
6 8 
0 0 6 2.0 1.0 
13575.349682   0.00022245814352 
2035.2333680   0.00172327382520 
463.22562359   0.00892557153140 
131.20019598   0.03572798450200 
42.853015891   0.11076259931000 
15.584185766   0.24295627626000 
0 0 2 2.0 1.0 
6.2067138508   0.41440263448000 
2.5764896527   0.23744968655000 
0 0 1 0.0 1.0 
0.4941102000   1.00000000000000 
0 0 1 0.0 1.0 
0.1644071000   1.00000000000000 
0 2 4 2.0 1.0 
34.697232244   0.00533336578050 
7.9582622826   0.03586410909200 
2.3780826883   0.14215873329000 
0.8143320818   0.34270471845000 
0 2 1 0.0 1.0 
0.5662417100   1.00000000000000 
0 2 1 0.0 1.0 
0.2673545000   1.00000000000000 
0 3 1 0.0 1.0 
0.8791584200   1.00000000000000 

Z=6, Carbon; 8 shells 
free BS; s shell; 6 GTF; CHE=2; scale factor 1. 
1st Gaussian exp.; s contr. coeff. 
2nd Gaussian exp.; s contr. coeff. 
3rd Gaussian exp.; s contr. coeff. 
4th Gaussian exp.; s contr. coeff. 
5th Gaussian exp.; s contr. coeff. 
6th Gaussian exp.; s contr. coeff. 
free BS; s shell; 2 GTF; CHE=2; scale factor 1. 
1st Gaussian exp.; s contr. coeff. 
2nd Gaussian exp.; s contr. coeff. 
free BS; s shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; s contr. coeff.; 
free BS; s shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; s contr. coeff.; 
free BS; p shell; 4 GTF; CHE=2; scale factor 1. 
1st Gaussian exp.; p contr. coeff. 
2nd Gaussian exp.; p contr. coeff. 
3rd Gaussian exp.; p contr. coeff. 
4th Gaussian exp.; p contr. coeff. 
free BS; p shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; p contr. coeff. 
free BS; p shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; p contr. coeff. 
free BS; d shell; 1 GTF; CHE=0; scale factor 1 
Gaussian exp.; d contr. coeff. 
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Table B7 All-electron Gaussian-type basis sets for the element oxygen (O). exp., contr. and coeff. are 
defined as in Table B5. 
 

V-BS30  
8 6 
0 0 8 2.0 1.0 
   8020.     0.001080 
   1338.     0.008040 
    255.4    0.053240 
     69.22   0.168100 
     23.90   0.358100 
     9.264   0.385500 
     3.851   0.146800 
     1.212   0.072800 
0 1 4 6.0 1.0 
   49.43   -0.008830    0.009580 
   10.47   -0.091500    0.069600 
   3.235   -0.040200    0.206500 
   1.217    0.379000    0.347000 
0 1 1 0. 1.0 
   0.486    1.      1. 
0 1 1 0. 1.0 
   0.1925     1.      1. 
0 3 1 0. 1. 
   2.0       1. 
0 3 1 0. 1. 
   0.500   1. 

Z=8, Oxygen; 6 shells 
free BS; s shell; 8 GTF; CHE=2; scale factor 1. 
1st Gaussian exp.; s contr. coeff. 
2nd Gaussian exp.; s contr. coeff. 
3rd Gaussian exp.; s contr. coeff. 
4th Gaussian exp.; s contr. coeff. 
5th Gaussian exp.; s contr. coeff. 
6th Gaussian exp.; s contr. coeff. 
7th Gaussian exp.; s contr. coeff. 
8th Gaussian exp.; s contr. coeff. 
free BS; sp shell; 4 GTF; CHE=6; scale factor 1. 
1st Gaussian exp.; s contr. coeff.; p contr. coeff. 
2nd Gaussian exp.; s contr. coeff.; p contr. coeff. 
3rd Gaussian exp.; s contr. coeff.; p contr. coeff. 
4th Gaussian exp.; s contr. coeff.; p contr. coeff. 
free BS; sp shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; s contr. coeff.; p contr. coeff. 
free BS; sp shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; s contr. coeff.; p contr. coeff. 
free BS; d shell; 1 GTF; CHE=0; scale factor 1 
Gaussian exp.; d contr. coeff. 
free BS; d shell; 1 GTF; CHE=0; scale factor 1 
Gaussian exp.; d contr. coeff. 

Pob_TZVP34  
8 8 
0 0 6 2.0 1.0 
27032.382631 0.00021726302465 
4052.3871392 0.00168386621990 
922.32722710 0.00873956162650 
261.24070989 0.03523996880800 
85.354641351 0.11153519115000 
31.035035245 0.25588953961000 
0 0 2 2.0 1.0 
12.260860728 0.39768730901000 
4.9987076005 0.24627849430000 
0 0 1 0.0 1.0 
1.0987136000 1.00000000000000 
0 0 1 0.0 1.0 
0.3565870100 1.00000000000000 
0 2 4 4.0 1.0 
63.274954801 0.0060685103418 
14.627049379 0.0419125758240 
4.4501223456 0.1615384108800 
1.5275799647 0.3570695131100 
0 2 1 0.0 1.0 
0.5489735000 1.0000000000000 
0 2 1 0.0 1.0 
0.1858671100 1.0000000000000 
0 3 1 0.0 1.0 
0.2534621300 1.0000000000000 

Z=8, Oxygen; 8 shells 
free BS; s shell; 6 GTF; CHE=2; scale factor 1. 
1st Gaussian exp.; s contr. coeff. 
2nd Gaussian exp.; s contr. coeff. 
3rd Gaussian exp.; s contr. coeff. 
4th Gaussian exp.; s contr. coeff. 
5th Gaussian exp.; s contr. coeff. 
6th Gaussian exp.; s contr. coeff. 
free BS; s shell; 2 GTF; CHE=2; scale factor 1. 
1st Gaussian exp.; s contr. coeff. 
2nd Gaussian exp.; s contr. coeff. 
free BS; s shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; s contr. coeff. 
free BS; s shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; s contr. coeff. 
free BS; p shell; 4 GTF; CHE=4; scale factor 1. 
1st Gaussian exp.; p contr. coeff. 
2nd Gaussian exp.; p contr. coeff. 
3rd Gaussian exp.; p contr. coeff. 
4th Gaussian exp.; p contr. coeff. 
free BS; p shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; p contr. coeff. 
free BS; p shell; 1 GTF; CHE=0; scale factor 1. 
Gaussian exp.; p contr. coeff. 
free BS; d shell; 1 GTF; CHE=0; scale factor 1 
Gaussian exp.; d contr. coeff 
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Appendix C Supplementary Figures 
  

                         
                                     (I)                                                                                     (II) 

            
(III) 

             
(IV) 

Figure C1 Representative configurations of CaC2O4 ion pair (2CVs): (I) bridging CIP; (II) terminal 
CIP; (III) SSHIP; (IV) SSIP. Colours and drawn modes are as defined in Figure 5.2. Subfigure 
symbols I-IV are as defined in Figure 5.5. 
 

 
Figure C2 Distribution of the O-C-C-O dihedral angle of oxalate group, calculating from the 
metadynamics (MetaD) trajectory (2CVs) by selecting the frames where the system was in a bridging 
CIP (red), terminal CIP (green), SSHIP (blue) and SSIP (purple) states respectively. Distribution 
coloured in orange and black are as defined in Figure 5.3. 



Appendix C Supplementary Figures 
 

 239 

           
                                    (a)                                                                                  (b) 
Figure C3 Free energy landscapes of CaC2O4 ion pairing, as a function of: (a) d2 and c1; (b) d3 and c1. 
Zero energy regions, colour bar, and values of black isolines are as defined in Figure 5.1. 
 

 

	               	 
(I) 

	     	     	     	 
(II) 

	      	      	 
(III) 

	      	    	 
(IV) 

Figure C4 Representative configurations of CaC2O4 ion pair (3CVs): (I) bidentate (bridging) CIP; (II) 
monodentate (terminal) CIP; (III) SSHIP; (IV) SSIP. Colours and drawn modes are as defined in 
Figure 5.2. Subfigure symbols I-IV are as defined in Figure 5.4. 
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Figure C5 Comparison of distribution of the O-C-C-O dihedral angle of oxalate group in different 
cases, calculating from the metadynamics (MetaD) trajectory by selecting the frames where the system 
was in a bridging CIP (magenta for 3CVs, red for 2CVs, violet for 1CV; bCIP), terminal CIP (dark-
green for 3 CVs, green for 2CVs, yellow-green for 1CV; tCIP), SSHIP (sky-blue for 3CVs, blue for 
2CVs, cyan for 1CV) and SSIP (orchid for 3CVs, purple for 2CVs, medium-purple for 1CV) states, 
respectively. Distributions coloured in orange and black are as defined in Figure 5.3. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 
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(f) 

 
(g) 

 
(h) 

 
(i) 

Figure C6 Representative configurations of the [CaC2O4]3 system: (a) c1=8; (b) c1=7; (c) c1=6; (d) 
c1=5; (e) c1=4; (f) c1=3; (g) c1=2; (h) c1=1; (i) c1=0. All water molecules are omitted for clarity. 
Colours for calcium and oxalate are as defined in Figure 6.1.  
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                                     (a)                                                                   (b) 

 
(c) 

 
(d) 

 
(e) 



Appendix C Supplementary Figures 
 

 244 

 
(f) 

 
(g) 

 
(h) 
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(i) 

 
(j) 

 
(k) 

 
(l) 

Figure C7 Representative configurations of the [CaC2O4]4 system: (a) c1=13; (b) c1=12; (c) c1=11; (d) 
c1=10; (e) c1=9; (f) c1=8; (g) c1=7; (h) c1=6; (i) c1=5; (j) c1=4; (k) c1=3; (l) c1=2. All water 
molecules are omitted for clarity. Colours for calcium and oxalate are as defined in Figure 6.1.  
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(i) 
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(l) 
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(o) 

 
(p) 

 
(q) 

 
(r) 

Figure C8 Representative configurations of the [CaC2O4]6 system: (a) c1=22; (b) c1=21; (c) c1=20; (d) 
c1=19; (e) c1=18; (f) c1=17; (g) c1=16; (h) c1=15; (i) c1=14; (j) c1=13; (k) c1=12; (l) c1=11; (m) 
c1=10; (n) c1=9; (o) c1=8; (p) c1=7; (q) c1=6; (r) c1=5. All water molecules are omitted for clarity. 
Colours for calcium and oxalate are as defined in Figure 6.1.  
 
 


