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A B S T R A C T

The description of mineralization and demineralization in the calcium phosphate

system at the nanoscale, including the speciation, nucleation and subsequent growth

and dissolution is not well defined. Describing these early stages of growth at the

nanoscale is crucial to lay a theoretical foundation for the early stages of bone for-

mation, the development of functional materials, and understanding the geological

mineral. Herein we simulate a variety of calcium phosphate systems - from mixed

ion associates and prenucleation clusters to step edges of mineral surfaces - as well

as investigating similar systems via atomic force microscopy. We attempt to define

the thermodynamics of calcium phosphate prenucleation clusters using advanced

sampling techniques, including suggesting new possible prenucleation clusters and

critiquing calcium phosphate nucleation pathways previously presented. We exam-

ined clusters with more than two calcium atoms by monitoring the cluster’s stability

in aqueous solution with unbiased molecular dynamics. We then built amorphous

materials from these clusters, and proposed a nucleation pathway consistent with

the work of our experimental collaborators. Molecular dynamics simulations of the

brushite-water interface allowed us to investigate the role of water in the brushite

system, and identified limitations of the force field in simulating mineral-fluid

interfaces. By monitoring the dissolution of apatite in acidic solution via atomic

force microscopy on multiple faces, we suggest that the dissolution of apatite could

be crystallographically controlled. By determining the most likely surface structure

from surface energy calculations, we can begin to understand why crystallography

should be important in controlling the dissolution of this system. We have explored

new avenues of nucleation theory, to define the surface dependence of mineral

dissolution, and have begun to define the water-mineral interface of fundamental

systems. These results have implications for our understanding of how calcium

phosphate minerals, and minerals in general, grow and dissolve, and what variables

are necessary to describe these processes accurately.
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B A C K G R O U N D





1
I N T R O D U C T I O N

To understand the broad context of this work we will discuss what the existing

problems of the calcium phosphate system were when this work began and how we

planned to tackle these problems, as well as defining the scope and the significance

of the study. Finally we will describe why the thesis is structured the way that it is,

and what is contained within it.

1.1 context of the study

When it was discovered in 1769 that bones and teeth were composed partially of

calcium phosphate, a flurry of research began.1 Concurrently was the discovery

of calcium phosphates in blood serum, which cemented the idea of calcium phos-

phate as a crucial biological component. Both of these discoveries were actually

before the first described calcium phosphate mineral in 1786,2 a fluorapatite crystal.

The mineral was named by a German geologist after the Greek verb “to deceive”

(“aparaw”) due to the wide array of colors and crystal forms of apatite, caused by

the system’s ability to incorporate impurities (see Figure 1.1).3 By the 1860s, the

connection between the mineral apatite and the transparent globules in bones had

formed ,1 though it was not until the 1950s that the specific importance of hydrox-

yapatite was explicitly stated.4 Due to its role in the human body, hydroxyapatite is

by far the most studied of the calcium phosphate minerals, a trend which continues

to this day.

The scientific community already knew that the presence of phosphorus in

fertilizer increased plant health, so the discovery of phosphorus in bone led to the

use of bone ash in fertilizer.5 After the discovery of apatite as a geological mineral,

it also began to be explored as a source of phosphorus in fertilizer.1 Today, mined

phosphorus from apatite is the primary source of phosphorus for fertilizers.6 As

farming practices have increased in scale so too has the mining and processing

3
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(a) (b)

(f)(e)(d)

(c)

Figure 1.1: Apatite was named after the Greek verb “to deceive” due to its many possible
colors and forms: (a) White apatite from Imilchil, Morocco, (b) Light green
apatite from Cerro Mercado, Mexico, (c) Dark green apatite from Pnasqueira,
Portugal, (d) Pink apatite from Shengus, Pakistan, (e) Purple apatite from
Panasqueira, Portugal, (f) Apatite with varied colors ranging from white to
brown from Farma La Campolinba, Brazil. All images reproduced from The
Arkenstone, iRocks.com, with permission.

of apatite minerals for fertilizer, so much so that the reliance of global farming

on these fertilizers has led to predictions that the global phosphorus supply is

dwindling and without intervention will be largely depleted in the next 100 years.6

Alongside the discovery of the importance of calcium phosphate, occurred an

increase in the general knowledge of mineral processes as dynamic systems. Min-

eralogy as early as the 1700s assumed that most nucleation of minerals, occurred

in the presence of a liquid,7 but the complexities of how this occurred have been

incrementally investigated for the past 200 years and remains ongoing.7,8 The foun-

dational theory to describe mineral nucleation, called “Classical Nucleation Theory,”

was developed in 1926 to study the nucleation kinetics of the condensation of vapor

to a liquid.9–11 Since its inception the theory has been applied to a variety of systems

including crystallization, cloud formation and earthquakes to disease initiation and

the origin of life.12 However, its application to mineral growth has recently been
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called into question, with the appropriateness of its various modifications being

hotly debated.13

The significant technological advances in the last twenty years of computing

resources and in micro-scale imaging techniques introduced the possibility of in-

vestigating mineralogy at an unprecedented scale. Computational techniques were

initially limited by computing power to small systems. Today with the computing

power available at supercomputer centers scientists have to find a compromise

between system sizes and accuracy of the models used, discussed further in Chap-

ter 3. The ability today to have an atomistic level description of many thousands

of atoms for relatively long (hundreds of ns, for example) timescales allows the

investigation of systems and properties previously unexplored. Similarly, Atomic

Force Microscopy (AFM) was invented in the 1980s allowing for the first atomic

level imaging technique on non-conducting substrates.14 The growth and disso-

lution processes of minerals such as calcite,15–17 silicates,18,19 hematite,20 dentin,21

and hydroxyapatite,22 quickly followed. Studies connecting simulation results and

atomic force microscopy of systems in fluid have begun in earnest in the last ten

years,23 but results on the calcium phosphate system have thus far been limited.

1.2 statement of the problem

Many calcium phosphate phases have been identified, but how they form in the

first instance and how intermediate phases transform is something which is still

being investigated, particularly at the nanoscale. Calcium phosphate mineral growth

begins with a solution containing ions, and metastable, or possibly stable, clusters of

ions. These ions or clusters aggregate in solution and through nucleation eventually

form crystals. These crystals have surfaces which are exposed to solution, and

growth along the different faces occurs via ion or possibly cluster attachment.

Figure 1.2 summarizes these complexities schematically.

At every stage, the complexity and dynamic nature of the system complicates

understanding: the presence of stable species in solution larger than ion pairs which

occur before nucleation is a recent idea, and investigating clusters which can readily

form and dissolve requires carefully designed experiments, whether physical or

computational. While specific cluster structures have been suggested (discussed
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further in Chapter 2), the thermodynamics of these clusters and their aggregation

mechanism has yet to be defined. The nucleation of these ions or clusters to form

minerals can follow a variety of pathways; the crystals formed are varied by virtue

of the nucleation pathway and they dissolve in an analogous way. The dissolution

of these crystals in solution is well-described as a function of some variables but

how they dissolve as a function of the surface exposed has yet to be fully described.

1.3 aims and scope

In this work we take advantage of state of the art atomic force microscopy and

computational methods to extend the knowledge of the phosphate mineral system.

Our scope will be limited to the calcium orthophosphates and its constituent ions

and clusters in solution, as the most common phosphate mineral and the most

biologically relevant mineral system. Specifically, amorphous calcium phosphate,

brushite and apatite will be the mineral systems studied; and calcium, phosphate,

hydrogen phosphate and dihydrogen phosphate and clusters of these ions will be

examined in solution.

Amorphous phases of calcium phosphate minerals are difficult to study due to

their inability to be defined with normal crystallographic methods. While AFM is

not necessarily the most useful tool to understand Amorphous Calcium Phosphate

(ACP) or Amorphous Calcium Hydrogen Phosphate (ACHP), computational tools can

be used to help understand possible nucleation pathways which form amorphous

phases.

? ?

Figure 1.2: Schematic diagram showing the complexities of a heterogeneous mineral system:
in solution (blue background) ions, molecules or clusters of ions (all represented
with colored spheres) can form and dissolve and these species are in equilibrium
with one another and a solid surface (yellow rectangular prism).
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Brushite is a useful calcium phosphate mineral to study for practical reasons.

Experimental scattering results of the brushite-water interface show water layering

at the interface,24 but these results have had limited exploration via simulation.

Performing simulations of this interface serves to help understand the brushite-

water system, as well as potentially validate the force field used.

As the most common and most biologically relevant phosphate minerals, apatitic

systems will be studied via both experiment and computation. We are interested

specifically in the crystallography underlying the mineral, and whether the dissolu-

tion mechanism is different for different crystallographic directions. For this reason,

the fluor- and chlor- forms of apatite will be the minerals examined; although these

studies should relate back to the most frequently studied hydroxy- form.

Another point of interest, relevant for all phases formed, is defining what species

are in solution. The presence of ions and ion pairs in solution is a well accepted

phenomenon, but many other clusters of ions have been suggested as possibilities

and a thermodynamic perspective is lacking. We will seek - where possible - to

define the thermodynamics of these proposed clusters in a quantitative way.

1.4 significance of the study

Herein we attempt to contribute to a larger body of work developing the theory

of how calcium phosphate minerals nucleate, grow and dissolve and even more

broadly contribute to mineralogy in general.

The concept of the Pre-Nucleation Cluster (PNC) has generated a great amount

of excitement due to the possibilities the concept presents, with the potential to

lead to new, more accurate methods of describing nucleation. The work herein

builds on the idea of a PNC pathway for the calcium phosphate system, using a

thermodynamic perspective not present at the time the work began.

The solid phases of calcium phosphate minerals and their interfacial properties

have thus far not been extensively explored at the nanoscale. Brushite, apatite and

amorphous calcium phosphate are all important bio-minerals, either as pathological

mineralizations, bone structures, or biological precursors. Understanding these min-

erals as dynamic systems begins with their exposure to water, and our experiments

and simulations aim to define the mineral-water interface more accurately.
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1.5 overview

We will begin by providing the background for this study, reviewing the current

literature on the speciation of phosphate, the solid phases and the solid-liquid

interface. We will also broadly review the methods used herein, though each

chapter has its own methods section with specific experimental details.

The thesis is presented in a hybrid style: many of the results chapters are either

direct reproductions of previously published papers, or contain many of the ideas

and figures from previously published papers, with work that I did not perform

removed. These results sections will follow the natural linearity of the work: the

work began with the continuation of force field development. Following force field

development was the investigation of possible prenucleation clusters and their

thermodynamics while concurrently a study on brushite was performed to validate

the force field at the interfacial level. Following brushite, we began to study apatite,

both its different phases and faces.

Finally, we will attempt to link together all the work which has been done on

these calcium phosphate minerals and define, broadly, a mechanism for calcium

phosphate nucleation, growth and dissolution.



2
L I T E R AT U R E R E V I E W

Calcium phosphate is the chosen mineral system for this study due to its multi-

sector applications: it is a biologically, geologically and industrially relevant mineral

family. In any of these sectors, nanoscale understanding can provide the fundamen-

tals for applications at the macroscale.

To understand the mineralization of calcium phosphate we need to understand

the many stages of crystal growth: from the very earliest stages of defining the

supersaturated solution to defining the character of natural crystals. Defining in a

specific way the entirety of calcium phosphate mineralization is beyond the scope

of this thesis; however, for placing our results in context we will touch on the main

steps of mineralization. Calcium phosphate mineral growth begins from the ions in

solution and possibly (meta)stable clusters of ions. These ions or clusters nucleate

in solution and through extended growth eventually form a larger crystal. These

crystals have surfaces which are exposed to solution, and growth along the different

faces is thought to occur via ion (or cluster) attachment.

2.1 solution speciation

Before a crystal grows, the energetics of species in solution and their interactions

determine how a crystal nucleates thus guiding the crystallization pathway. In the

case of calcium orthophosphate minerals, the species present will be a mix of Ca2+,

PO3�
4 , HPO2�

4 , H2PO�
4 and H3PO4.The speciation of phosphate ions follows the

titration curve seen in Figure 2.1.25 At biological pH of approximately 7, the relevant

phosphate ions are predominately HPO2�
4 and H2PO�

4 . However, biological minerals

generally contain either HPO2�
4 or PO3�

4 .26 We are often interested in biological

applications so these are often the ions studied, though H2PO�
4 can also become

important under acidic conditions. The protonation state of the calcium phosphate

solid phases will be discussed further in 2.2.

9
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There are additional species within the phosphate mineral system which will not

be discussed within this thesis. For example, there are a number of polyphosphates

which are formed via polymerization of the orthophosphates. Some of these, such

as adenosine diphosphate, a polyphosphate ester, have significant biological im-

portance. Others such as the pyrophosphates (P2O4�
7 ) can also form pathological

mineralizations.28 The behavior of ions in solution studied here will be limited to

the calcium orthophosphate system.

2.1.1 Ion Pairing

Cations and anions in solution can form associations stabilized through electrostatics

and/or entropy; a single cation and a single anion association is called an “ion

pair.” In the calcium phosphate system, the calcium phosphate ion pair formation

must be taken into account when determining the solubility product, otherwise the

solubility product determined may be dependent on the pH.25,29

0 2 4 6 8 10 12 14
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Figure 2.1: The titration curve data from27 re-plotted showing the speciation of phosphoric
acid.
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Taking ion pairing into account for the phosphate system complicates the specia-

tion diagram greatly due to the different protonation states of phosphate. Not only

does each species need to be taken into account, (Ca2+, PO3�
4 , HPO2�

4 , H2PO�
4 and

H3PO4) but additionally each ion pair (CaPO�
4 , CaHPO4, and CaH2PO+

4 ) should

be considered. The free energy of formation of ion pairing can be determined via

experiment, and these values can be used to determine new phase diagrams, as well

as providing a basis for the parameterization of ion association via simulation.30

2.1.2 Clusters in Solution

The growth pathway is complicated further by hypothesized larger ion associations

which have been proposed for multiple systems including calcium phosphate.31–33

Whether the formation of these associations is necessary for predicting solubility

products in the calcium phosphate system has not yet been determined, but de-

pending on their stability and likely concentrations in solution they could become

important. Here we will define the different associations which have been identified

as important growth precursors for the calcium phosphate system; however, the

specific description of the growth pathway, and how the stability of these clusters

could effect it, will be discussed in 2.2.2.

One suggested precursor of the amorphous phase for phosphate minerals is

Posner’s cluster, Ca9(PO4)6 (see Figure 2.2a). In 1975 this neutral cluster was pro-

posed in order to explain experimental results observed by Posner and Betts.31

X-Ray Diffraction (XRD) of synthetic ACP showed a pattern structurally distinct from

Hydroxy-Apatite (HA), even assuming a broadening of the HA pattern due to a

potentially very small crystal size, but confirmed the established molar ratio of Ca:P

1:1.5. Additionally, they calculated the radial distribution function of potential ion

associates that allowed an estimation of the size of ordered domains, and Posner

and Betts estimated that pairs of atoms could be separated by 9.5Å within the

cluster. Lastly, comparison of XRD as a function of composition and water content

showed no difference, which Posner and Betts assumed to mean that that water is

not included structurally and that the sub-units exclude additional ions. From the

molar ratio, distance estimate, and lack of water inclusion the formula of Ca9(PO4)6
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(a) (b)

(c) (d)

Figure 2.2: Structure of proposed calcium phosphate ion associations larger than ion pairs:
(a) Ca9(PO4)6 or Posner’s cluster,31 (b) Ca3(PO4)2 a proposed building block of
Posner’s cluster,32 (c) Ca(PO4)2L2 where L is either H2O or a h1-PO3�

4 ,34 and
(d) Ca(HPO4)3

4 – as proposed by Habraken et al.35 In all cases calcium is shown
in cyan, phosphorus in tan, oxygen in red and hydrogen in white. In (c) the
ligands L are shown as enlarged pink spheres.

was suggested as a building unit which formed ACP, which would later be dubbed

“Posner’s cluster” using the formation mechanism:

Ca9(PO4)6(aq) + Ca2+
(aq) + 2 OH�(aq) ��! Ca10(PO4)6(OH)2(s) (C 2.1)

Since 1975 a variety of techniques have been further developed including the advent

of computational chemistry, leading to an increase in studies of Posner’s cluster at

the atomic scale though the role of Posner’s cluster in the mineralization pathway

is still unclear. Simulations of ACP precursors began as early as 1999, but they were

limited to ab initio studies in vacuum.32,33 These studies suggested that Posner’s

cluster was energetically more favorable than alternative precursors with the same

molar ratio such as Ca3(PO4)2 and Ca6(PO4)4.32,33 However, without accounting for

the interaction of water these conclusions may not be valid in solution. Treboux et

al. suggested the alternate precursor Ca3(PO4)2 could participate in aggregation via

the reaction:

3 Ca3(PO4)2(aq) + Ca2+
(aq) + 2 OH�(aq) ��! Ca10(PO4)6(OH)2(s) (C 2.2)
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Another ab initio study of Posner’s cluster mimicked water by introducing ions such

as H+, OH– , Na+ and Cl– and found that a cluster with six OH– species retained

C3 symmetry, which they hypothesized could be a factor in the transformation from

ACP to HA. Again, without including water or taking entropic considerations into

account the results are not widely applicable but the result highlights the possible

importance of including a polarizable medium when comparing to a complex

aqueous system.

Ca9(PO4)6(aq) � 6 H+
(aq) � 6 OH�

(aq) + 2 OH�
(aq) + Ca2+

(aq) ��! (C 2.3)

((Ca10(PO4)6(OH))2(s), 6 H2O)

Using cryogenic Transmission Electron Microscopy (cryoTEM) Dey et al. mimicked

calcium phosphate mineralization in simulated body fluid.36 They monitored the

growth mechanism through plunge-freezing and found clusters of 0.87 ± 0.2 nm

as individuals or in aggregates. They prepared cryoTEM samples via a Langmuir

mono-layer of arachidic acid (CH3(CH2)18COOH) and suggested that the surface

allows for denser packing of the clusters. However, the usage of an organic template

cannot be precisely translated to a mineral environment. This was later accounted

for by an in situ AFM study by Wang et al. using a mineral replacement reaction.37

By studying the growth of di-ammonium phosphate ((NH4)2HPO4) at varying pH

and concentration, with and without citrate, on calcite they observed ACP formation

via the aggregation of ⇡2.1 nm clusters. Both cryoTEM and the in situ AFM study

seem to support Posner’s hypothesis.

The growth mechanisms discussed thus far have all proposed PO3�
4 based reac-

tions because the widely reported molar ratio of 1.5 is only possible in the family

of neutral [Ca3(PO4)2]n clusters. However, Habraken et al. propose a prenucleation

cluster structure of [Ca(HPO4)3]4 – (Ca/P = 0.3-0.4) which then dimerizes to form

the complex [Ca2((HPO4)3)2]8 – ] (Ca/P = 0.67) and argue that the difference in

molar ratio is due to the drying of ACP. With drying, they report their ACP in

solution gives the same literature value (Ca/P = 1.5).35 This would indicate that the

previously proposed growth mechanisms which have been based on molar ratios

via dry samples are incorrect. Unlike the neutral Posner’s cluster, the suggested

cluster has a high formal charge and knowledge of electrostatics dictates a close

scrutiny of whether such a structure would be thermodynamically feasible, along
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with the suggestion that these highly negative clusters would aggregate in spite of

their charge repulsion.

[Ca(HPO4)3]
4�

(aq) + [Ca(HPO4)3]
4�

(aq) ��! [Ca2((HPO4)3)2]
8�

(aq) (C 2.4)

A coordination chemistry study of phosphate clusters using analysis of X-ray

Absorption Near-Edge Structure (XANES) spectroscopy, pH monitoring and ex situ

XRD proposed a late-stage cluster structure of Ca9(PO4)6(H2O)30.38 This structure,

without water, is the same as Posner’s cluster. A follow up study tried to probe the

early-stage cluster structure also using in situ calcium K-edge XANES spectroscopy

and detected Ca(h2-PO3�
4 )2L2 (where L = H2O or h1-PO3�

4 ) as the predominant

cluster.34

3 Ca(h2-PO3�
4 )2L2 + 3 Ca2+ + 2 H2O ��! (C 2.5)

6 Ca(h2-PO3�
4 )(H2O)4 + 3 Ca2+ + 6 H2O ��! Ca9(PO4)6(H2O)30

There have been many calcium phosphate ion associations suggested, but the

primary evidence for specific structures has been via size demonstrations combined

with chemical intuition. There is a lack of quantitative energetics investigations,

which could provide insights into the structure of possible clusters and their stability.

The presence of possible clusters in solution complicates the next phase of mineral

growth: nucleation.

2.2 nucleation

The nucleation of a new phase by formation of a stable cluster is the first step

in the growth of a crystal. The mechanism of calcium phosphate growth should

be understood both in the context of what is known about calcium phosphate

specifically, as well as what is accepted for mineral growth in general.
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2.2.1 Classical Nucleation Theory

Classical Nucleation Theory (CNT) is the traditional method of describing nucleation.39

CNT is used to describe homogeneous crystal growth through thermodynamics

according to the equation:

DG(r) =
4pr3

3

✓
Dµ

V

◆
+ 4pr2gi (2.2.1)

where r is the nucleus radius, V is the volume of and individual particle, Dµ is the

change in chemical potential which results from adding one additional particle,

and gi is the interfacial energy. In CNT the critical nucleus size (r*) is the size after

which the addition of one more molecule will begin to lower the overall cluster free

energy (see Figure 2.3).

r

D
G

Interfacial energy

Free energy

Bulk energy

r⇤ DG⇤

Figure 2.3: The interfacial free energy (red), bulk free energy (green) and the overall free
energy (blue) as a function of radius. Interfacial free energy scales as r2 and bulk
free energy scales as �r3. The overall free energy is the sum of the interfacial
and bulk free energy. The critical nucleus radius (r*) and the energy barrier
associated with it (DG*) are indicated.

The single barrier arises due to the balance between the two terms: a volume

contribution causes a decrease in free energy proportional to the volume of the

cluster formed and a surface contribution causes an increase proportional to the sur-

face area of the cluster.40 According to CNT, clusters must reach the critical nucleus
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size by thermal fluctuations. In order to calculate the energy barrier, the interface

between the nucleating particle and solution is treated as planar; this is called the

capillary approximation. Calculating the energy barrier (DG*) corresponding to this

size gives information about the nucleation rate J, which is assumed to be

J = A exp
✓

�DG⇤
kBT

◆
(2.2.2)

where A is a prefactor determined from kinetic considerations of the particular

system.

The accuracy of these predictions regarding whether nucleation is feasible rely

on the assumptions underlying CNT. The utilization of the capillary approximation

means that there is no ability of CNT to describe conformational change of the nucle-

ating particle or the solvent surrounding it and no atomic or molecular descriptions.

In practice, empirical parameters are used to modify CNT to appropriately describe

many systems,41 and in fact it is the only quantitative method for describing nucle-

ation. For example, in homogeneous nucleation the nucleating particle is modeled

via a sphere. In heterogeneous nucleation the nucleating particle is in contact with

another phase, and the area exposed to one phase will have a different interfacial

energy than the area exposed to the other phase. Thus the interfacial energy term

in will be reduced, and the value used will depend on the contact angle between

the nucleating particle and the substrate, and thus must be changed depending on

the system.

Even with the additions to CNT, there is a theoretical basis for developing a new

theory. The formation of a stable ion pair in solution disagrees with the notion of

CNT, as does the formation of PNCs, or more recently the pathway alternate to CNT:

the PNC pathway.13

2.2.2 The Pre-Nucleation Cluster Growth Pathway

The term PNC has come to recent prominence in the context of calcium carbonate

nucleation and growth.42 Instead of a cluster growth mechanism as prescribed by

CNT, Gebauer and coworkers suggested that the growth of calcium carbonate could

occur via the aggregation of stable clusters. These stable clusters (as opposed to

metastable clusters as in CNT) lower the barrier to growth as would be predicted
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by CNT thus resulting in a growth pathway which differs, potentially greatly, from

that which classical theory predicts.43 Further simulations of calcium carbonate ion

association in solution indicated that the growth pathway was of calcium carbonate

“Dynamically Ordered Liquid-Like Oxyanion Polymer (DOLLOP)”s.44 Because CNT

fails to predict calcium carbonate mineralization at the nanoscale as it is experimen-

tally observed45,46 the suggestion of a new growth pathway is an alternative which

could explain these observed phenomena. However, the prenucleation growth

pathway has continued to be contested throughout the following work.13

Whether or not the ion associations described in 2.1.2 are PNCs depends on their

energetics. A metastable cluster can be described by CNT; a stable cluster cannot be

described by CNT. According to47 the characteristics of a PNC are:

1. made up of the same components as the resulting crystal, possibly with

additional ions,

2. thermodynamically stable and therefore lacking a phase boundary between

solute (the PNC) and solution,

3. precursors to phase separation,

4. dynamic entities which change configurations on a timescale of <1 ns,

5. and may contain structural motifs analogous to the resulting crystal.

For Posner’s cluster the first and fifth points are certainly true,32,37,48 however it

is uncertain whether or not the other points are applicable. The ability to image

clusters using experimental techniques suggests that they are not dynamic entities

and thus not PNCs and instead post-nucleation complexes. Habraken et al’s cluster

was presented as “uniting” classical and non- classical theory: they argued that the

clusters were metastable compared to ions, as opposed to more stable, but that they

fulfilled the other characteristics of a PNC.35

2.3 the solid phases

The solid phases of the calcium orthophosphates are all transparent white crystals,

unless impurities are present. Of the phosphate minerals, apatite is the most

commonly found on earth6 and biologically it forms human bones and teeth49 as
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well as certain shells.50 Brushite, also known as dicalcium phosphate dihydrate

(CaHPO4·2H2O) is often formed under acidic conditions, while the amorphous

phases are thought to be precursors to biological apatites.

For the following work the most relevant mineral phases are apatite, brushite

and amorphous calcium phosphate and these will be discussed in greater detail.

However, other minerals such as monetite, octacalcium phosphate, etc. have been

widely studied and will be briefly described at the end of the chapter.

2.3.1 Apatite

The structure of apatite was first described in 1930,51 and refined in the 1970s

using x-ray crystallography.52 Apatite minerals have the structural form Ca5(PO4)3X

where X is commonly F– ( Fluor-Apatite (FA)), Cl– (Chlor-Apatite (CA)) or OH–

(HA). Among the apatite compositional variants, natural mineral apatites are pre-

dominantly either FA or CA or a mix of the two (Fluor-Chlor-Apatite (FCA)), whereas

biological apatite is a carbonated HA.

[0110]
[0001]

2(PO4)6� F�Ca2+[(PO4)3�

a b

[1
01

0]

[1011]

[1010]

Figure 2.4: Views of the apatite structure looking down onto the (a) (0001) face and (b)
the (101̄0) face. Within the crystal, the unit cell is shown with a black outline
and molecules are shown with phosphate as tan, where each apex of the poly-
gon represents an oxygen atom; calcium as cyan and fluorine as pink. The
crystallographic directions are labeled.

The crystallographic structure of apatite is hexagonal, where the crystal faces

are defined with four axes where a1, a2, and a3 lie in the hexagonal plane and the

fourth c axis is perpendicular to the hexagonal plane. There are some discrepancies

in the literature regarding how the faces and axis are referred to. We will follow
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the definitions previously used by Onuma et al.53 and labeled in the scattering

results in Figure 2.4.54 The a1, a2, a3 and c axis refer to the [101̄0], [011̄0], [1̄1̄20] and

[0001] directions, respectively. The faces perpendicular to the a-axis and the c-axis

are the a-face and c-face, respectively. Both faces have two layers of atoms within

the surface unit cell; along the a-face both layers contain all atom types, while the

c-face has one layer containing only calcium and phosphate. The c-face exposes the

hexagonal pattern of apatite, where a fluorine or chlorine atom is surrounded by

calcium atoms. The structure of apatite allows for a wide range of both cation and

anion substitutions, as well as anion vacancies that are commonly observed along

the c-axis.55

Technically, because apatites can have any alkaline earth metal in the Ca site,

there can be beryllium apatites, magnesium apatites, etc. The calcium apatites are

by far the most common and common usage is to refer to “calcium apatite” as

simply “apatite.”26 We will not be studying any other apatite, so “apatite” in this

work will ubiquitously refer to the calcium dominant apatite variant.

The tendency of apatite to form lattice substitutions, vacancies and solid solutions

causes apatite to have a high range of crystal forms and sizes. For example, in

FA formation the concentration of fluorine has been shown to cause deviation

between the tabular crystal habit and a needle-like habit.56 Conversely, biological

apatite crystals are more plate or ribbon-like,57 perhaps due to the role of precursor

phases such as ACP or ACHP which could allow for the incorporation of different

components during nucleation. Synthetic apatite samples of pure FA, CA, and HA

tend to be very limited in size,53,58 whereas natural gem-quality crystals are more

than 1 cm, or even several cm in length.26

Apatite commonly exists geologically as the FCA form with a minor amount of

other ions: at the calcium site substitutions can include Sr, Pb, Ba, Mn, Na, Bi and

the rare earth elements; at the phosphate site substitutions include As, V, S, Si and B;

and at the F site substitutions include Cl, OH and O.26 Natural samples of gemstone-

quality FA are often taken from Cerro de Marcado, Durango, Mexico, and their for-

mula has been reported as Ca9.83Na0.08Sr0.01 RE0.09(PO4)5.87(SO4)0.05(CO3)0.01(SiO4)0.06

(AsO4)0.01F1.90Cl0.12(OH)0.01, where RE refers to the rare earth elements.59

Carbonated apatites include the minerals francolite, dahllite, phosphorite (rock

phosphate) and biological apatites.26 Francolite is a highly carbonated FA and is
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commonly found in marine phosphate deposits.60 As with other natural apatites, it

is often highly substituted, exhibiting high levels of sodium, strontium, magnesium

and sulphate.61 Dahllite, also known as carbonate-rich HA, is often used as an

analogue for the biological carbonated apatite62 and occurs naturally in the earth.63

FA crystals, including Durango apatite, crystallize as hexagonal prisms elongated

along the c-axis, with indistinct (101̄0) and (0001) cleavage planes .64 The unit cell

of FA has a=b=9.37Å and c=6.88Å.54 FA is the thermodynamically most stable form

in nature and, as mentioned in Chapter 1, global food production has relied on

natural apatite as a source of phosphorus for use in agricultural fertilizers6 and its

processing is a billion-dollar industry.65

Though the human bone mineral is a carbonated HA, FA is the basis for the

enameloid and teeth bio-mineral for many marine organisms. Sharks and parrotfish

are both creatures known for enduring teeth stress due to their eating habits and

both of these organisms have a FA-based enameloid.66,67 Crustaceans are known

for their strong skeleton, and in some crustaceans FA forms a layer over the “jaw,”

thought to be present in areas which required mechanical reinforcement.68 The

understanding of apatite replacement reactions has led to widespread fluoridation

of drinking water69 in some countries (USA, UK, Australia), though too high a

concentration of F in the diet can cause damage through the development of a

porous FA in teeth (fluorosis).70

CA and HA both occur rarely on earth, and both can occur in the monoclinic form

as well as hexagonal, with the same cleavage planes as FA.26 CA is rarely studied

except as an analogue to either FA or HA, due to its relative rarity. CA only forms in

F-deficient environments, and with exposure to F the CA will become F-rich due to

FA’s higher stability.

The study of calcium orthophosphate systems in the context of health forms a

literature microcosm of its own due to the presence of HA in bone; with extensive

studies into the dissolution and re-development of enamel,71,72 bone formation,73,74

the interaction of organics with HA and carbonated HA,75,76 and more.77–79 While the

structure of bone is relatively well-documented, the mechanism of bone formation is

still debated.80 In particular, the mechanism by which the bone mineral (largely HA

with ion impurities) mineralizes within the collagen matrix is not well understood,81
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and understanding this mechanism could help design new biological or synthetic

materials.82,83

If we examine the number of papers published per year comparing HA, FA and

CA we see that HA massively surpasses the other forms of apatite (see Figure 2.5).

While HA does have health importance, this bias in publishing overlooks the other

important applications of the apatite system as well as falsely favoring the HA

mechanism as being how all apatites form and react.
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Figure 2.5: Number of papers published per year containing the phrases related to hydrox-
yapatite (HA, black), fluorapatite (FA, red) and chlorapatite (CA, blue). Various
common spellings such as “hydroxylapatite” or “ hydroxyapatite” included.
Collected using the Web of Science database as of September 2019; number of
papers published during 2019 not included.

Our results will instead focus on FA, CA and Durango apatite, with the hypoth-

esis that studying these synthetically accessible and naturally occurring apatites

will be useful both for understanding geological processes and for informing the

understanding of the biological mineral.
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2.3.2 Brushite

Brushite is a hydrated calcium phosphate mineral with the chemical formula

CaHPO4 · 2H2O, thus it is also known as DiCalcium Phosphate Dihydrate (DCPD).

Brushite is thought to be a precursor phase to HA, and is a biological mineral

occurring in pathological calcifications such as kidney stones.84 Additionally, due

to its high resorption, brushite is a candidate material for usage in bone cements.85

(a) (b)

Figure 2.6: The brushite structure: cross-sectional view of (a) the (101) surface and (b) the
(010) surface. For hydrogen phosphate molecules the hydrogen atoms are white,
oxygen atoms are red, phosphorus atoms are tan, and calcium atoms are cyan.
Water molecules are included as transparent blue spheres.

Brushite has a monoclinic unit cell with parameters of a=6.234Å, b=15.18Å,

c=5.811Å, and b=116.47�.86 As seen in Figure 2.6a viewing the (001) surface, brushite

has a structure of bilayers, where two calcium phosphate layers and two water

layers alternate. Each bilayer is offset, such that every other bilayer is aligned. The

{010} faces are most commonly observed in nature,87 and a view of a (010) surface

is shown in Figure 2.6b.

2.3.3 Amorphous Materials

There is a wealth of evidence that many biominerals form an amorphous phase prior

to the formation of the crystalline form. For example the presence of amorphous

calcium carbonate is detected in the formation of mollusk shells,88 as well as in

various parts of sea urchins.89 Indeed, the idea that amorphous calcium carbonate
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exists in biomineral systems is well-accepted.90 ACP and its role as a biomineral

have been more highly debated.81,91–94 Recent work has identified ACP in rodent

enamel,95 in zebrafish,96,97 as well as via Transmission Electron Microscopy (TEM)

in human bone and enamel.98,99

Though the role of ACP as a biomineral is still debated, the knowledge of ACP

as a precursor to apatites dates back to the 1960s.100 Now, it is known that ACP

forms when the supersaturation and pH of solution is high enough, and after their

formation they crystallize to form Octacalcium Phosphate (OCP) (see following

section) or apatites.101 The molar ratio of calcium:phosphate is usually around 1.5,

with some variability with regards to in which pH during synthesis.102

As described in 2.1.2, ACP is thought to form via the aggregation of PNCs. The

dominant view is that the aggregation unit is Posner’s cluster,48 but the other PNCs

presented in Section 2.1.2 remain possibilities.

2.3.4 Other Calcium Orthophosphates

Within this thesis the most relevant mineral phases are apatite, brushite and amor-

phous calcium phosphate. However, other minerals such as monetite, octacalcium

phosphate, and the mono-calcium phosphates have been widely studied and neces-

sary to mention to fully place the results of the work in context.

OCP (Ca8(HPO4)2(PO4)4·5 H2O) has a triclinic unit cell with parameters of a=19.692Å,

b=9.523Å, c=6.835Å, a=90.15�, b=92.54�, and g=108.65�.103 The structure is similar

to brushite, with alternating layers of calcium and phosphate (which resembles

the structure of apatite) and water layers. OCP is thought to be a precursor to

HA formation,84 and present during intramembranous mineralization.81 OCP is

extensively researched for biological applications including coatings104–107 and the

enhancement of bone formation.108–110

Monetite (DCPA, CaHPO4) is the anhydrous form of brushite (see Section 2.3.2.

The triclinic monetite unit cell has parameters a=6.910Å, b=6.627Å, c=6.998Å,

a=96.34�, b=103.92�, and g=88.33�.111 The structure is similar to brushite, with

layers of calcium and phosphate, but lacking the water seen in brushite’s structure.

Monetite has been shown to transform to hydroxyapatite,112,113 as well as sodium
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and carbonate apatites,114,115 and is also researched for uses in bone regeneration in

different forms, though to a lesser extent than brushite and OCP.85

Mono-calcium phosphate has an anhydrous form (MCPA, Ca(H2PO4)2) and a

mono-hydrate form (MCPM, Ca(H2PO4)2H2O) with unit cell parameters of a=7.56Å,

b=8.25Å, c=5.55Å, a=109.87, b=93.68, and g=109.15; and a=5.63Å,116 b=11.90Å,

c=6.47Å, a=98.63�, b=118.26�, and g=88.34�,117 respectively. Both forms are pro-

duced via the treatment of rock-phosphate with acids for use as fertilizer,118 and

have been explored as a dietary supplement due to their bio-availability.119

2.4 conclusions

The aim of this literature review was to provide context for the rest of the work,

but it was also to show that the calcium orthophosphate system is an interesting,

complex one with many varied and non-trivial applications.

Ideas surrounding the mineralization of calcium phosphate are plentiful but

these ideas are limited in scope due to the current constraints of computing power

and experimental techniques at the time at which they occurred. An overview of

the theory involved for our investigations, first with regards to simulations and

then with regards to experiment, follow in the next chapter.
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C O M P U TAT I O N A L M E T H O D S

Computer simulations are coming closer and closer to simulating matter with

no empirical input, but have not yet reached that particular singularity. Instead,

simulations are limited largely by computational resources and the timescale of

processing. These problems are addressed through careful choice of system and

methods to simulate that system, depending on the properties of interest.

The highest level of theory, as seen in Figure 3.1, is the complete solving of the

Schrödinger equation (here the time-independent form):

Ĥ | Y(t)i = E | Y(t)i (3.0.1)

where Ĥ is the Hamiltonian operator, Y is the wavefunction and E is the energy.

Solving the Schrödinger equation exactly is impossible for any multi-electron system

due to the many-body problem.120 Various methods approximate Schrödinger’s

equation, whether through electron correlation methods (Møller-Plesset (MP)2-4,121

Coupled Cluster Singles Doubles (CCSD),122 Configuration Interaction (CI),123 etc.)

or the Hartree-Fock (HF) method.124 Some of these can provide accurate geometries

and interaction energies between molecules and crystal surfaces and can thus be

used for static calculations or dynamics on very simple systems for validation

purposes. Density Functional Theory (DFT) instead approximates the exchange-

correlation functional using the electron density.125 These descriptions of chemical

systems are limited to smaller systems, generally on the order of hundreds of atoms;

though can be expanded to a ⇠1000 atoms depending on the basis set and method.

As in Figure 3.1, DFT could be used for a very small system (an H2O molecule)

or a system of a hundred or so molecules (a 100 H2O molecules with a calcium

phosphate cluster, for example). The size, accuracy and expense of ab initio methods

means they are generally used for simple systems or validation purposes.

At the other end of the spectrum, Coarse-Graining (CG) methods can simulate

macroscopic sized systems by simplifying atoms through grouping. These methods

are useful in particular for biological systems investigating problems such as protein

27
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Figure 3.1: A visualization of a few of the different levels of computational theory and
some examples of their possible applications. Accuracy generally increases with
computational cost for these methods, though in select situations a “cheaper”
method may be more accurate. Figure inspired by126; coarse-graining (CG) image
produced via a coordinate file from127. The Schrödinger equation is represented
with the time-independent form.

folding128,129 and for systems of mechanical interest such as the one shown in 3.1

for CG, a silicone pore in water.127 However, because not all atom’s are described in

a CG simulation, these methods are not appropriate for anything requiring accuracy

on the order of interatomic distances.

Our interest is in systems too large to accurately sample using ab initio methods,

while keeping information about inter-atomic interactions. We are interested in

larger systems of ion associations, flat and stepped mineral-aqueous interfaces and

calculating properties such as the free energy of these associations, and density

profiles and maps of these systems. These systems and properties can be well-

addressed by atomistic molecular mechanics. These methods are “atomistic” in that

they describe atoms using point particles with dynamics based on classical physics.

Energy minimizations are often our first step in simulating a system and thus

will be covered first. Periodic boundary conditions, which are used in almost all

simulations we perform, will be discussed. Molecular dynamics will be our most

frequently used tool for simulations, and thus the largest section will be devoted

to it, including considerations of thermostats and barostats and post-processing
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techniques. Ensembles and force fields used will be discussed in the context of

molecular dynamics, though they also apply to other methods. Following the

discussion of molecular dynamics we will discuss the advanced sampling technique

metadynamics. We finish by describing the method of free energy perturbation,

which allows us to calculate solvation energies.

3.1 classical force fields

Using traditional classical methods each atom is described as a point charge with

some mass and the interactions, or forces, between these atoms are described

with “force fields.” These force fields require careful parameterization in order

to reproduce experimental properties. The disadvantage of using a traditional

classical description is the lack of electron density for each atom; thus properties

such as reactivity and polarization are not described. However, the reason classical

descriptions are used over techniques which have a more detailed description of

electron density such as shell models, point ion polarizability, or reactive force fields

is their comparative speed, a non-trivial advantage with regards to the ability to

sample the phase space extensively.

The potential energy of a molecule in a force field can be broadly separated into

two types: those interactions within a molecule and those outside of it. The former,

the intra-molecular or bonded terms, are typically defined using two-body, three-

body, and four-body terms and the latter, the inter-molecular or non-bonded terms,

are defined by computing the potential energy contribution from electrostatics and

from van der Waals forces. This can be summarized as:

Utot =Ubonded + Unon�bonded

Ubonded =Uij + Uijk + Uijkl + ...

Unon�bonded =Uelectrostatic + UvanderWaals

(3.1.1)

where i,j,k, and l refer to a sequence of atoms in a system.

Unless otherwise stated, all classical simulations performed in this work utilize

the force field published in 2018130 further discussed in Chapter 5. For this reason,

the terms discussed here will be consistent with those used in this published force

field.
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3.1.1 Intramolecular Terms

If we use the hydrogen phosphate ion HPO4
2 – as an example, there are four main

intramolecular terms holding the molecule together over the course of a simulation.

As seen in Figure 3.2, we follow the naming scheme established in reference130;

where P1 refers to the phosphate atom, O8 refers to the oxygen bonded to the

hydrogen H8, and O9 refers to the oxygen atoms with no hydrogen covalently

bonded.

O9
P1

O8 H8

O9

O9
(a)

rP1�O8

(b)

qP1�O8�H8

(c)

fO9�P1�O8�H8

(d)

Figure 3.2: An example of each of the terms which describe intra-molecular forces in a
common classical force field: (a) shows the atom labeling scheme, (b) a two-
body or covalent bond term, (c) a three-body or covalent angle term, and (d) a
three-body or covalent dihedral angle term.

The covalent bond between any two directly connected atoms is described by

a two-body term which controls bond stretching. The two-body term stretches

from an equilibrium position r0 and is is described using a harmonic potential (see

Figure 3.3). The form between two atoms i and j (in Figure 3.2, atoms P1 and O8,

for example) would be:

Uij = k2(rij � r0)
2 (3.1.2)

where k2 is the two-body force constant. The harmonic potential does not allow for

any bond breaking or forming and is thus only accurate for bond distances close to

the equilibrium bond position

The covalent angle between any three linearly connected atoms (i,j and k) is

described by a three-body term which controls angle bending, as seen in Figure 3.2

between P1, O8 and H8. The angle can also be described by a harmonic interaction

where the form would be

Uijk = k3(qijk � q0)
2 (3.1.3)
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but sometimes this description is not sufficient to accurately describe systems, and

a higher level functional form is used which includes bond-bond and bond-angle

cross terms.

The covalent dihedral between any four linearly connected atoms (i,j,k and l)

is described by a four-body term which controls the molecular conformation, in

Figure 3.2 between O9, P1, O8 and H8. In this case, there is a 3-fold rotation around

the single bond (in the example, the P1-O8 bond) and thus we will utilize the

functional form

Uijkl = ktorsion
4 (1 � cos(3f)) (3.1.4)

3.1.2 Intermolecular Terms

Particles attract and repel depending on their charge; in a classical simulation

this is described through electrostatics. In most classical simulations the effects of

electronegativity are incorporated through the use of partial charges. Instead of

having whole integer values for the charge of an atom a “partial charge” is tuned

and assigned based on bonding. For example, O8, because it is bonded to H8,

should have a smaller partial charge than O9. Two charged particles in a vacuum

can be described by the Coulomb potential:

Uelectrostatic =
qiqje2

4pe0rij
(3.1.5)

where qi is the charge of atom i and qj is the charge of atom j, e0 is the permittivity

of vacuum, and rij is the distance between the atoms.

In a cubic system with N particles and length L, this potential becomes a sum

over all atoms (N) and all periodic images (N0):

UPBC
electrostatic =

1
2 Â

n

N

Â
i=1

N0

Â
j=1

qiqje2

4pe0|rij + nL| (3.1.6)

This potential form is not useful for the application of simulations because it is

“conditionally convergent.” Though the rate of decay is proportional to 1/r, the

number of interactions increases proportionally to 4pr2. This convergence issue

can be addressed through the usage of an Ewald summation,131,132 which is used

throughout this work. Using an Ewald summation the single function is split into a
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sum of two functions, one which operates in real space and the other in k-space

(reciprocal space, a Fourier transform of real space). The former converges rapidly

in the short range, and the latter in the long range.

If we assume that every point charge i is surrounded by a Gaussian distribution

of charge of equal and opposite sign (the screening charge) and width
p

2/a:

rGauss(r) = �qi

⇣ a

p

3
2 exp(�ar2)

⌘
(3.1.7)

we can sum directly over the screening charges because this new form decays

rapidly as a function of r. To get the potential energy of the point charges we add a

compensating charge density such that we have three terms: the point charge with

charge qi, the screening charges with charge �qi and the compensating charges with

charge qi. With an additional correction for self-interaction the sum of equations

will be:

Uelectrostatic = Ulong�range + Usel f + Ushort�range (3.1.8)

or in expanded form:

Uelectrostatic =
1

2V Â
k 6=0

4p

k2 |r(k)|2 exp(�k2/4a)

� (a/p)
1
2

N

Â
i=1

q2
i

+
1
2

N

Â
i 6=j

qiqjerfc
⇣p

arij

⌘

rij

(3.1.9)

where

k =
2p

L
(lx, ly, lz) (3.1.10)

and r(k) is defined as:

r(k) =
N

Â
i=1

qi exp
⇣

ik · ri

⌘
(3.1.11)

and the complementary error function er f c(x) has the form

er f c(x) =
2

p
1
2

Z •

x
exp(�t2)dt (3.1.12)

such that with increasing rij the third term in Uelectrostatic will fall to zero. Further

refinements of the Ewald method include the fast multipole method,133 and particle
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mesh approaches.134 In this work, the original particle mesh approach, the Particle-

Particle Particle-Mesh (PPPM) Ewald method, is used exclusively for molecular

dynamics simulations. The particle-particle interactions correspond to the “short-

range” part as in the Ewald method, and a particle-mesh technique is used for the

“long-range” part. The particle-mesh technique maps the charges onto a 3D mesh of

grid points, uses 3D Fast Fourier Transforms135 to solve Poisson’s equation on the

mesh, and then interpolates the electric fields on each grid point back to each atom.

The van der Waals forces between atoms can be described using pair potentials

such as Lennard-Jones or a Buckingham potentials. As shown in Figure 3.3, Lennard-

Jones (LJ) and Buckingham potentials both have a minimum and a long-range tail.

The LJ and Buckingham potentials have the same basic shape for the observed

area in Figure 3.3 and the one chosen for an interaction depends on its ability to

replicate experimental properties of a particular system. The Buckingham potential

has an additional term compared to the Lennard-Jones potential, and thus can offer

greater tuning. They also differ as r ! 0, with the LJ potential going to infinity

the Buckingham potential instead crossing the y-axis; in practice this difference

should not be observed in the application of these potentials to the description of

intermolecular forces.

r

U

Harmonic

r

LJ

r

Buck

Figure 3.3: Covalent bonds and van der Waals forces are described classically using pair
potentials. Common pair potentials include the Harmonic, Lennard-Jones (LJ),
and Buckingham (Buck). The Buckingham potential is shown for the case where
C > 0.

If we consider a LJ potential of the form:

Ulj = 4e

⇣ s

rij

⌘12
�
⇣ s

rij

⌘6
�

(3.1.13)
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(where e is the well depth, s is the distance at which Ulj = 0 and rij is, as usual, the

distance between atoms), we can rewrite this form in AB form. AB form will be

useful when we define parameters used in the force field. The form then becomes:

UAB =
Alj

r12
ij

�
Blj

r6
ij

(3.1.14)

where Alj equals 4es12 and Blj equals 4es6. The Buckingham potential has the form:

Ubuck = Abuck exp
✓

�
rij

æbuck

◆
� Cbuck

r6
ij

(3.1.15)

where Abuck, æbuck and Cbuck are tunable constants. Like a LJ potential, the Buck-

ingham potential has an attractive and a repulsive term. The attractive term has

the same form as Equation 3.1.14, whereas the repulsive term is replaced with an

exponential.

3.1.3 Water Models

An accurate description of water is a particularly complex and important aspect

of aqueous simulations. In our simulations of ion association and especially the

interfaces between solids and liquids, we require a large number of water molecules.

The Simple Point Charge (SPC) water model is frequently used for its ability to re-

produce key experimental properties while maintaining computational feasibility.136

However, using the SPC model the intramolecular terms are rigid and many of the

experimental properties are poorly reproduced. The Simple Point Charge/Flexible

water (SPC/Fw) water model uses the SPC model as a base but introduces flexible

intramolecular degrees of freedom.137

There are also polarizable water models, but SPC/Fw does have a few advantages.

A comparison between the O2-O2 radial distribution function of shell-model (a

polarizable model) water138 and SPC/Fw water139 found that the shell-model had

the wrong number of water molecules in the first coordination shell, as compared

to SPC/Fw which had the correct number,30 and additionally freezes at an incorrect

temperature. The coordination shell of water has potential ramifications for the

energetics of interactions later simulated and thus is an important property to

reproduce. SPC/Fw is also favored such that there can be coherence between the
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previously parameterized calcium carbonate force field30 and any newly param-

eterized results. Additionally, the SPC/Fw water model was used in the calcium

carbonate case with thermodynamically consistent results. For these reasons the

SPC/Fw water model is used most frequently in this work.

In the simulation of ions and interfaces in solvent for the purpose of calcu-

lating surface properties (see subsection 3.2.2) instead an implicit water model

was used. It is possible to include explicit water and sample the solvated free en-

ergy space via dynamics but this is considered a “brute-force” approach due to its

expense.140 Using implicit water models, the solvent (water, in this case) is described

with a continuum. COnductor-like Screening MOdel (COSMO)141 is a widely used

implicit solvent model for water due to its low relative error and its ability to repro-

duce calculations using dielectric boundary condition methods.142–144 In this work,

implicit solvent is modeled via the implementation in General Utility Lattice Pro-

gram (GULP),145 which utilizes the COSMO method with slight modifications (such

as a difference in tapering functions).140 For surfaces, the COnductor-like Screening

Model with Integer Charge (COSMIC) method was used such that charge-neutrality

was maintained.140

3.1.4 Periodic Boundary Conditions

In the following work systems are usually modeled using Periodic Boundary

Condition (PBC). Especially in cases where bulk properties are of interest, use of

PBC avoids creating unnecessary surfaces and allows for smaller simulation sizes.

The initial box is replicated along each specified axis to create an infinite simulation

box (see Figure 3.4). The particles in these “periodic images” contribute to the

calculation of the force on each atom in the “real” simulation box; however, their

properties are merely mirrored from the initial box. It is not feasible to calculate

the influence of every atom of the periodic images onto each template atom nor

do we want the atom’s periodic image to influence itself, so a cut-off must be

introduced. Various cut-off styles are possible: a hard cut-off of one half the box

length is a minimum image convention or alternatively utilizing a tapering function,

for example.
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Figure 3.4: Two water molecules (opaque) are in a box (black solid outline) with eight
periodic images shown (transparent, grey dashed outline). In (a) both molecules
are within the box, but in (b) the water molecule crosses to a periodic image,
which is identical to (c).

PBC do limit the types of simulations that can be performed by Molecular Dy-

namics (MD). If an event occurs at a wavelength greater than the length of the box it

will not be observed, thus macroscopic phenomena cannot always be described.

3.2 energy minimizations

One of the most ubiquitous methods for simulating molecular systems is via

energy minimization, also known as geometry optimization. These optimized

structures and their computed energies can give insights into chemical structures,

thermodynamics, and kinetics if transition states are properly sampled. Additionally,

energy minimizations are used as a precursor for other methods such as MD. By

finding a low energy configuration we attempt to ensure that the later motion

of molecules during MD is as realistic as possible. Performing an optimization

decreases the likelihood of a high energy starting configuration causing a large

influx of kinetic energy; kinetic energy which could raise the simulation temperature

driving the system into an undesirable region of phase space.

An optimization attempts to minimize the total potential energy of the system

Utot as a function of all atoms using an algorithm such as conjugate-gradients146 or

Newton-Raphson/Broyden-Fletcher-Goldfarb-Shanno (NR/BFGS).147 A minimum

is located when the first derivatives with respect to the reaction coordinates are 0

and the second derivatives of the potential energy over the reaction coordinates are

all positive. If the second requirement is not met the “minimum” found could be

instead a saddle point.
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Evaluating every derivative leads to an infinite series, where the Taylor expansion

of the potential energy for one coordinate is:

Utot(x + dx) = U(x) +
dU
dx

dx +
1
2!

d2U
dx2 (dx)2 + ... (3.2.1)

In practice, because the terms contribute smaller and smaller amounts as the

expansion proceeds only the first and second derivatives are used for minimization

algorithms. In this work, there are two algorithms which are most frequently used

for energy optimizations. Using the conjugate-gradients algorithm, only the first

derivative is used. Conjugate-gradients is used in this work via the Polak-Ribiere

version.148 Using the NR/BFGS algorithm, the second derivative matrix (also called

the Hessian) is also computed.

The energy minimization of bulk solids and surface-vacuum interfaces was per-

formed using the GULP with the NR/BFGS minimizer.145 In the bulk solid, properties

such as the bulk modulus and elastic constant were calculated and compared to

previous results or experiment where possible (see Chapter 9). For the interfaces,

surface energies were computed and either compared to previous results or used to

choose the most stable surfaces.

Optimizations which were a precursor for MD simulations had no post-processing,

as these were used only to remove close contacts between the atoms due to the way

the system was prepared.

3.2.1 Bulk Properties

The elastic constants (Cij) relate to the second derivatives of the energy with respect

to strain via the relation:

Cij =
1
V

✓
∂2U

∂ei∂ej

◆
(3.2.2)

In this formulation, the elastic constant tensor is a 6 x 6 matrix. For many materials

this matrix can be reduced by symmetry;149 for apatite, only the unique elements

C11, C33, C44, C12 and C13 are reported.

In GULP the calculation of the bulk modulus is implemented through the Voight,

Reuss and Hill methods (KVoight, KReuss, and KHill , respectively). With Voight, the

bulk modulus is calculated from the elastic constant elements:

KVoight =
1
9

(C11 + C22 + C33 + 2 (C12 + C13 + C23)) (3.2.3)
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With the Reuss method, the bulk modulus is instead calculated using the elastic

compliances, Sij:

KReuss = (S11 + S22 + S33 + 2 (S12 + S13 + S23))
�1 (3.2.4)

The Hill method averages the results of these two methods. All three values are

reported where computed.

3.2.2 Surface Properties

The first step in studying a surface is to determine the surface termination, and

using GDIS it is possible to select likely surface terminations.150 GDIS can be used

to automatically generate the charge neutral planes, or surfaces can be manually

terminated and vacancies introduced such that the surface is still charge neutral.

The amount of energy needed to cleave a surface from its bulk is measured

through the surface energy, conversely it is also a reflection of the energy required

to build a surface. For understanding the interfaces of solid minerals with air

or liquid, computing the surface energy helps inform why certain surfaces are

more stable than others. Where the stability of exposed surfaces is already known,

computing surface energies also provides a validation of the potential model.

We calculate surface energies in this work using GULP.151 The surface energy

(DUSE) can be computed through the relation

DUSE =

�
Usur f ace � Ubulk

�

A
(3.2.5)

where Usur f ace is the energy of the system with a surface, Ubulk is the energy of the

system without a surface, and A is the surface area. By creating a 2D slab from the

bulk we generate two surfaces overall and can calculate both Usur f ace and Ubulk. For

this to be accurate, it is necessary to ensure that the vacuum gap between either

surface is large enough such that the surfaces do not interact, and that the solid

layer is thick enough such that the center of the material converges to the bulk

energy.151
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3.3 molecular dynamics

MD is a simulation technique based on Newtonian physics which can give both ther-

modynamic and kinetic information about atomic systems. Atomic interactions can

be described by either classical or ab initio methods. In this work the MD performed

is largely classical MD as implemented in the the Large-scale Atomic/Molecular

Massively Parallel Simulator (LAMMPS) code,152 and thus the description of MD will

follow the LAMMPS implementation.

3.3.1 Classical Molecular Dynamics

MD follows the basic flow chart shown in Figure 3.5. MD begins with some initial

configuration (which for simulations of ions in solution might be ions in a box of

water molecules, randomly placed). When the simulation is started an ensemble of

velocities is created via random numbers extracted from a Gaussian distribution,

ensuring that the atoms’ kinetic energies follow a Maxwell-Boltzmann distribution.

We will first describe a simulation assuming a microcanonical ensemble (constant

Number of particles, Volume and Energy (NVE)), and the description of how this

process is modified for the other ensembles will follow in Section 3.3.2.

The forces on each atom fi are calculated using the potentials described in the

section (3.1) by their relation to the potential energy:

fi = �rUtot(r) (3.3.1)

where the operator r indicates the gradient. We can determine the acceleration ai

of each atom by using Newton’s second law:

fi = mi ⇤ ai (3.3.2)

We now have knowledge of the position, velocity and acceleration of all atoms and

there are a variety of different algorithms used for the timer integrator. We utilize

the Velocity Verlet algorithm to determine the new positions and new velocities:

vi(t +
1
2

dt) =vi(t) +
1
2

ai(t)dt

ri(t + dt) =ri(t) + vi(t +
1
2

dt)dt

vi(t + dt) =vi(t +
1
2

dt) +
1
2

ai(t + dt)dt

(3.3.3)
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Start

Initialize positions

Calculate forces

End

Yes

No

and velocities

using potential

Apply thermostat,
barostat, etc.

Calculate new positions
and velocities using
equations of motion

Maximum number of
steps reached?

Figure 3.5: A simplified flowchart which details the basic structure of a molecular dynamics
code. Usually, a number of equilibration cycles occur before the production cycle
and their maximum number may be dictated by a number of steps or by the
convergence of a value. Additionally, the trajectories and information computed
during a simulation are often not saved every cycle, and instead saved at some
frequency dictated by the simulator.
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We use dt and not dt to show that we are using numerical integration and not an

error-free integration of the equations of motion. Numerical integration is necessary

due to the large numbers of particles which make an analytical solution unfeasible.

The global error in position and velocity are both O(dt2), which makes the choice

of timestep important. In this work a timestep, dt of 1 fs is used unless otherwise

stated. This timestep has been shown to conserve the energy of the system in

previous simulations of a similar type (calcium, water and other atoms),153 and is

appropriate for describing the fastest motion in our simulations, which is typically

the O-H stretching mode which occurs at ⇠ 1013Hz.

3.3.2 Thermostats and Barostats

The previous section has all been assuming that MD is performed in the NVE

ensemble, where the number of particles (N), the volume (V) and the energy (E) are

all constant. Alternatively, the canonical ensemble is constant Number of particles,

Volume and Temperature (NVT). In an experiment this corresponds to a contained

system in contact with a heat bath/sink with a controlled T and can be used for

the calculation of Helmholtz free energy.

The isothermal-isobaric ensemble is constant Number of particles, Pressure and

Temperature (NPT). In an experiment this corresponds to a contained system in

contact with a heat bath/sink with a controlled T, where a cylinder is allowed to

fluctuate to maintain pressure, with a phase boundary such that the number of

particles is controlled. NPT simulations can be used for the calculation of Gibbs free

energy (DG), or for equilibrating the pressure of a simulation box. NVT and NPT

ensembles both require the use of a thermostat to control the temperature and NPT

also requires a barostat to control the pressure.

In this work a Nosé-Hoover thermostat and barostat is ubiquitously employed, as

they correctly reproduces the desired ensembles (NVT or NPT). For the thermostat,

velocity correlation is conserved. Reproducing the desired ensemble and conserving

velocity correlation is not necessarily true for other thermostats such as Anderson,

Berendsen or traditional velocity re-scaling. With a Nosé-Hoover thermostat the

thermostat (the heat bath) is treated as an entity in the system with its own mass
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and position, and thus the equations of motion are solvable for it. The Nosé-Hoover

barostat similarly has its own mass and position.

The Nosé-Hoover equations do not give ergodic results for small or stiff systems,

but by using a “chain” of thermostats the canonical distribution is produced even

for these systems.154 Instead of one thermostat a chain of thermostats are treated

as particles and contribute to the set of equations of motion. In LAMMPS this is

implemented through a “Nosé-Hoover chain” method,154 a modified Parrinello-

Rahman method,155 and is the method used in this work.

In general, simulations are performed at close to ambient conditions (298.15 K, 1

atm), though the temperature and pressure will vary depending on the ensemble.

3.3.3 Post-Processing Techniques

We employ classical MD to study the behavior of clusters in solution, of bulk solids,

and of mineral-vacuum and mineral-water interfaces. An MD simulation results

in a trajectory of a variety of information at each chosen time step, including

positions, velocities, PBC, temperature and potential energy. There are a few post-

processing techniques we can use to understand and visualize the trajectories of

these simulations which are described in this section.

A structural property which can be calculated from an MD trajectory and com-

pared to experiment is the Radial Distribution Function (RDF) or g(r). The RDF

corresponds to the probability of an atom j being a distance r from an atom i

normalized over the probability in a uniform medium with the same density. Under

certain conditions it is possible to calculate the RDF through either neutron or X-Ray

Scattering (XRS) experiments.156–158 RDFs can be extracted from an MD trajectory

using the equation:

g(r) =
1

4pr2r

D
Âi Âi>j d(r � rij)

E

Ni
(3.3.4)

where N is the number of particles and r is the number density.

2D density maps are useful for comparison to experiment for surface-liquid

interfaces. Experiments such as surface X-Ray Reflectivity (XRR) can provide an

electron density profile of an interface normal to the surface.24,159,160 Though in

classical simulations there is no electron density because there are only point



3.4 metadynamics 43

particles, we can estimate the electron density by weighting an atom’s position

based on the atomic number. This extrapolation has been shown to effectively

reproduce the experimental electron density for calcium carbonate in water.161

3D density maps are a visualization tool for identifying the interactions present

in a simulation. By averaging the position over time one can generate volumetric

data in density points with units of atoms/3. These maps are particularly useful for

examining the bonding pattern of strong liquid ordering at a surface (such as water

on calcite162).

Thus far all MD analysis techniques have addressed gathering spatial informa-

tion averaged over time, but it can also be useful to understand the timescale of

different processes. Calculating residence times allows us to quantitatively define

the timescale of one atom in the vicinity of another over the course of a simulation.

In our work, this is used exclusively to calculate the residence time of water oxygen

atoms around surface calcium sites. From the RDF between the water oxygen and

surface calcium atoms we can determine the cut-off distance of the bound state. We

use the survival function P(t) as used in162:

P(t) =
Z •

t
E(t0)dt0 (3.3.5)

where E(t)dt is the probability of a water molecule remaining within the calcium

coordination shell within the timespan t + dt. Thus the probability a water molecule

will remain coordinated for Equation 3.3.5 is 1/tP(t)dt. t is the residence time

and can be determined by fitting the extracted survival function with a sum of

exponentially decaying functions:

P(t) =
m

Â
i=1

ai · et/ti (3.3.6)

The residence time could be determined directly from the distribution function

E(t), but the survival function is advantageous as it contains less noise.163

3.4 metadynamics

In a system with high energy barriers the sampling using MD is likely to be

constrained to a small portion of the free energy landscape. One technique to

enhance this sampling is through metadynamics.164 Metadynamics combines the
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ideas of steered MD, where space is defined by a few Collective Variable (CV)s, with

a time-dependent potential. The steering allows for definition of the degrees of

freedom such that phase space can be efficiently explored. The time-dependent

bias drives the simulation towards previously unexplored areas, allowing for a

more comprehensive reconstruction of the free energy surface than capable with

unbiased MD.165

There are other techniques for enhancing the sampling of MD, such as umbrella

sampling, replica-exchange molecular dynamics and accelerated molecular dynam-

ics, but metadynamics is attractive for a few reasons. With metadynamics it is easier

to increase the number of CVs, unlike with umbrella sampling which is typically

limited to two. Some other methods also require an accurate initial prediction of

the free energy landscape, unlike metadynamics.164,166

Using LAMMPS, we implement metadynamics with the PLUgin for MolEcular

Dynamics (PLUMED) version 2.4.167 In addition to calculating the force using the

potential LAMMPS passes the position information to PLUMED and PLUMED calculates

the CVs, the force along the CVs and the force acting on the atoms with the presence

of a bias potential. In this way the force calculated on the atoms depends on the

bias potential as well as the usual potential between atoms, and in this way PLUMED

can bias the simulation towards areas of the potential energy surface which have

not yet been explored.

The bias potential V(s, t) is calculated as a sum of Gaussians of width w and

height W(ktG) (where a Gaussian is laid every tG over an index k) laid over the

course of the simulation as a function of the CVs �!s (which can each be any

continuously differentiable function of the microscopic coordinates q) and time:

V(�!s , t) = Â
ktG<t

W(ktG) exp

 
�

d

Â
i=1

(si(q(ktG)))2

2w2

!
(3.4.1)

The deposition stride tG must be large enough to have an effect on the simulation on

a reasonable timescale, but not so small that laying Gaussians is more costly than the

dynamics itself (as it would be if we were laying an infinite number of Gaussians):

we often choose a value of 500-1000 time steps to fulfill these requirements.

In the inner sum in Equation 3.4.1 the index i is over the d CVs, where in this

work d can be 1 � 3. The CV is a function of the coordinates which in turn is a

history-dependent function, which is why the CVs are expressed as si(q(ktG)).
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Over the course of a simulation, the Gaussians laid fill in potential energy wells

and the simulation is biased towards high energy configurations which may not

be reach in unbiased MD. Theoretically, this progresses until the bias potential

converges to the negative of the free energy:

V(s, t ! •) = �F(s) + C (3.4.2)

However, once the free energy curve has been filled in the Gaussians tend to oscillate,

which results in a non-converged free energy surface. Reducing the height of the

Gaussians over time, or “well-tempering” can address this problem because if the

Gaussian heights have been sufficiently reduced by the time all of CV space has been

explored the result will be an approximately smooth line.168 With well-tempering,

the height reduces according to:

W(ktG) = W0 exp
✓

V(s(q(ktG))ktG)
kBDT

◆
(3.4.3)

where W0 is an initial Gaussian height and DT is an input of temperature units

pertaining to the PLUMED input bias factor:

g =
T + DT

T
(3.4.4)

Well-tempering corresponds to the bias potential exploring a free energy surface at

the temperature T + DT; so the bias factor is a ratio of the temperature at which

the potential is being laid to the real temperature. Well-tempering results in a bias

potential which converges to a smooth line, but does not correspond directly to the

free energy and instead includes the temperature factor:

V(s, t ! •) = � DT
T + DT

F(s) + C (3.4.5)

The convergence of the bias potential to a factor which includes the bias factor

therefore means that the convergence is “tunable;” by changing DT we can limit the

exploration of the simulation and avoid the convergence problems, and re-weight

the result to correct for this factor.

Metadynamics has another advantage: because metadynamics is a history-dependent

simulation technique, multiple simulations (called “walkers”) can run simultane-

ously which provides a simulation speed-up.169

Choice of CVs is an important consideration when performing a metadynamics

simulation. The CVs dictate the space which is sampled. It is particularly important
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to select CVs which describe the slow degrees of freedom in a process because if the

simulation does not sample the whole reaction space the properties calculated could

be a function of a specific configuration. For example, in the case of simulating a

calcite step edge the surface Ca to water O residence time was calculated to be ⇡ 2

ns;162 thus the Ca-O2 coordination number must be one of the CVs or the simulation

must be > 2 ns. If it is not, the density maps of water calculated from the simulation

will depend on the initial conditions, among other properties.

d1

dx

dx

r1

r2

(a) (b)

(c) (d)
Figure 3.6: Possible choices of CV: (a) distance between a HPO2�

4 P atom and a Ca2+ ion,
(b) coordination number of two water O to a Ca2+ ion, (c) distance between a
HPO2�

4 ion and the center of mass of a CaHPO4 ion pair, and (d) the same as (c)
but with an ion pair which has broken apart. The stars in (c) and (d) indicate
the positions of the centers of mass.

According to Equation 3.4.1 the CVs can be defined as any continuously differen-

tiable function of the macroscopic coordinates. We are interested in the coordination

shells of atoms around each other, and define this through the use of coordination

number (CN). In our work this is defined as:

CN = Â
i

1 � (ri � d0)n

1 � (ri � d0)m (3.4.6)

where n and m are switching function parameters which default to 6 and 0 respec-

tively in PLUMED, but can be changed depending on how the computed coordination

number as a function of ri compares to the RDF of the relevant atom pairs. Distance
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between species is a common CV (see Figure 3.6), which is simply the difference

in position between two atoms. In the case of cluster ion association, the distance

between an atom and a Center Of Mass (COM) of a cluster of atoms or two COMs

may be a more appropriate CV. If set up properly this CV operates functionally

identically to an atomic distance. However, there are cases where this definition

can break down. If a cluster breaks apart, as in Figure 3.6c,d the distance between

species ri is the same in both cases, but they represent two non-equivalent con-

figurations. In order to ensure that a cluster does not break and the free energy

appropriately converges a restraint potential contribution “upper wall” (UW) can

be used for si > ri:

UW = Â
i

ki
2

(si � ri)
2 (3.4.7)

In this formulation ki is the force constant and ri is the position of the upper wall.

An upper wall can be used to restrain any CV, in this work either a distance or

a coordination number. Upper walls are useful to keep clusters together and to

limit simulation time. Without an upper wall restraining distance two species can

drift away from each other and the simulation will be limited by exploration of the

free energy space of the individual species in solution, as opposed to the space of

interest.

A well-defined ri will stop where the two species behave as isolated ions in

solution, unaffected by the presence of the other species. This cut-off distance can

be estimated using the Bjerrum length (lB),170 the distance where the electrostatic

interaction is on the order of the thermal energy:

lB =
qiqj

4pe0eSkBT
(3.4.8)

where eS is the dielectric constant of the solvent. To give an example of a typical

Bjerrum length: for the association of HPO2�
4 and Ca2+ in water at 300K the charge

product is qiqj=�4 and the dielectric constant of water eS is ⇠ 80e0 we thus calculate

a distance of ⇠13Å as an approximate cut-off.

After a simulation has been run and free energy profiles extracted, the free energy

is “known” to within an additive constant. This constant can be calculated via

alignment of the calculated free energy to the analytical solution for two point

particles interacting via a screened electrostatic potential30:

DG(r) =
1

4pe0

qiqj

eSr
� RTln(4pr2) (3.4.9)
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If after comparison to the asymptotic limit according to the analytical solution the

convergence is poor the calculated free energy difference will be incorrect. The

convergence will be poor if the sampling across the free energy surface is poor,

which could be due to either too short a simulation or set of poorly defined CVs.

Convergence comparisons and problems will be discussed further in Chapter 6.

3.5 free energy perturbation

In order to produce thermodynamically consistent results for the aqueous phosphate

anions, a property which is necessary to reproduce is the hydration free energy

(DGsolv) of the ions. The hydration free energy of H2PO�
4 corresponds to the free

energy change resulting from solvating the H2PO�
4 ion. For aqueous simulations

involving calculating thermodynamic properties, it is crucial to correctly describe

DGsolv because any association which occurs will be necessarily surrounded by

water molecules and the movement of these water molecules contributes to the

computed free energy.

Free Energy Perturbation (FEP) is a method for computing DGsolv.171 Using FEP

the system is perturbed from one state to another and the free energy difference

between the two states is computed. Therefore perturbing from an unsolvated

phosphate ion to a solvated ion can be used to compute DGsolv. The perturbation is

tracked using a coupling parameter l which varies from state 0 to state 1. Thus:

DGsolv = DG1
0 (3.5.1)

In practice, the potential energy needs to be calculated for intermediate states

between 0 and 1 to prevent convergence issues resulting from two states being

too far apart.172 Multi-stage FEP is implemented in LAMMPS by summing over the

contribution from each stage:

DG1
0 =

n�1

Â
i=0

Dli+1
li

G

= � kBT
n�1

Â
i=0

ln
D

exp
⇣

� U(li+1) � U(li)
kBT

⌘E

li

(3.5.2)

The potential energy of each state is calculated using an NPT MD simulation.
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3.6 conclusions

We have outlined the basics of the computational techniques used within this thesis.

Molecular dynamics, as the primary tool, has received the most detailed description

and related techniques such as metadynamics and free energy perturbation have

also been discussed.

Though the following work does not focus on the development of computational

theory, instead focusing on the application to mineral-water interactions, it is

important to understand the basis for choosing the computational tools that were

used. Additionally, understanding the computational theory will be crucial in

order to assess the validity of the results and ultimately to relate them to “real”

experiments.

With the broad overview of computational techniques complete, our discussion

of the experimental techniques follows.
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E X P E R I M E N TA L M E T H O D S

For many years microscopy was limited to that which could be observed through

the use of photons, or optical microscopy. The resolution achievable with optical

microscopy has steadily increased until it reached the wavelength of light, the

absolute resolution limit for optical microscopy. The sample limitations and the

cost associated for the use of optical microscopy are low, but the resolution limit

imposed by the wavelength of light (200 nm) leaves many nanoscale processes out

of reach.

The first non-photon microscopy method published was by Ruska in 1933: by

firing an electron beam at an angle to a surface, he could reconstruct an image.173

The reconstructed image represented an important methodological development,

but these results did not indicate a great resolution gain compared to optical

microscopy, giving an increase of approximately x10.173 In 1940 the theory was

progressed by Von Borries leading to Transmission Electron Microscopy (TEM),174

by changing the angle of the surface. By slicing the sample into thin sections (⇠60-

80 nm) an emitted electron beam can pass through the sample such that the sample

will absorb and scatter the beam, producing an image.175

In 1938, exploration around the limitations of Ruska’s research led to the develop-

ment of the Scanning Electron Microscopy (SEM).176 By shooting an electron beam

at a conductive sample, the returning “secondary electrons” are monitored by a

detector and an image is constructed. The usage of electrons as the monitoring

medium as opposed to light, meant that the resolution limit was reduced to the

diameter of the electron beam, but also means that the sample must either be

conductive or coated with a conductive layer. Further, the electron beam cannot be

constrained by a medium, and thus ultra-high vacuum is needed.

In 1986, Binnig and his coworkers developed the Scanning Tunneling Microscopy

(STM); the first nanoscale technique for imaging a surface in vacuum, air or liquid.14

Unlike TEM, which requires ultra thin sections or SEM which requires vacuum, STM

51
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had more minimal sample requirements. The STM, with some modifications, would

eventually become the modern day Atomic Force Microscopy (AFM), which allows

additionally for the usage of non-conducting samples. It functions by scanning an

oscillating sub-micron tip on the end of a cantilever over a surface and recording

the movement of a laser beam which is reflected off the back of the cantilever (see

Figure 4.1). The reflected laser beam is monitored via a photo-detector divided into

quadrants A, B, C, and D. Usually, the deflection of the laser spot is measured as

(A + B) � (C + D) such that the deflection of the cantilever can be fed back to a

piezoelectric material which deforms in response to the voltage applied, creating a

feedback loop.

Photodetector Laser Source

Cantilever

Probe Sample

A B

C D

Chip

Figure 4.1: Schematic representation of the basic operation of an atomic force microscope.
A laser source emits a laser beam which reflects off a flexible cantilever onto a
photo-detector divided into quadrants A-D. A sharp tip is attached to the end
of the cantilever which is in turn attached to a chip attached to a piezoelectric
material. The chips allows for raster-scanning over the sample, and the deflection
of the laser beam on the photo-detector measures the force between the probe
and sample.

The sharp tip allows imaging of very small surface features, theoretically on the

atomic scale, and “easily” on the 10s of nm scale. In Figure 4.2, an example of a

sequence of AFM images shows the progression of etch pit growth during calcite
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dissolution. Via post-processing of these images (see Subsection 4.7), measurements

of features can be made, which in the case of etch pits refers to determination of

side lengths, depths, volumes of etch pits.

0.78

-1.78

-0.50

(a) (b) (c)

2 µm 2 µm 2 µm

Figure 4.2: AFM images showing the dissolution of calcite after (a) 29 minutes (b) 32
minutes, and (c) 37 minutes. Calcite is an ideal substrate for AFM imaging due
to its hardness and smooth cleavage surface.

We are interested in observing processes in solution at the nanoscale, and AFM

is uniquely suited to this purpose. For the basic understanding of the different

modes and requirements of AFM the text “Atomic Force Microscopy: Understanding

Basic Modes and Advanced Applications” by Greg Haugstad has been employed

heavily as a reference text.177 All experiments in this work were performed using

a Bruker Instruments Atomic Force Microscope with a FastScan head attachment.

Thus, where specific methodology is described which is hard-coded into the Bruker

AFM, we refer to the methods utilized by Bruker.

4.1 modes of operation

The traditional modes of AFM operation are summarized in Figure 4.3. In the

force diagrams of Figure 4.3, where 0 is the horizontal axis, the +Force region

marks the repulsive region and the -Force region marks the attractive region. While

Figure 4.3 shows idealized force-distance curves, in practice the van der Waals and

Coulomb forces which cause the attractive and repulsive regions vary depending

on the system. In contact mode the tip scans over the surface while the probe is in

physical contact with the sample, causing a repulsive interaction. In non-contact

mode, the tip hovers above the sample measuring the long-range forces in the

attractive- repulsive region. In tapping mode (or intermittent contact mode), the

tip oscillates over the sample between the repulsive-attractive-repulsive regimes.178
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The development of new AFM techniques is ongoing (for example, PeakForce was

developed in 2011179), but contact mode is often sufficient for in situ kinetics of

mineral growth as there is less concern for a hard sample of damaging the surface

and no concern about developing a liquid meniscus layer (as the sample is already

in liquid).

Mode

Fo
rc

e

Distance

Contact Non-Contact Tapping Mode

Fo
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e

Distance
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e

Distance

Mode

Figure 4.3: Schematic representation and associated force diagram illustrating the modes of
atomic force microscopy operation. In the schematic representation the cantilever
is a yellow block, the probe is represented with grey spheres and the sample
is represented with green spheres. In the force diagrams force is shown as a
function of distance from the sample in green. The area highlighted corresponds
to the area of interaction for the mode shown. The dashed black line shows
the oscillation of the tip. Force plots are a simplification of a Lennard-Jones
force-distance curve, used for representation purposes.

The different regions which are sampled in the force diagrams make the appro-

priateness of the different modes vary for different applications.

In contact mode scanning can operate in either constant force or constant height

mode, and is often used for hard and flat samples.177 In constant force as the tip is

scanned over the sample the z-piezo adjusts the height based on the force response

such that a constant force is maintained.14 In constant height mode the tip is kept

at a constant height without a feedback loop,14 which allows for fast scans.178 As

seen Figure 4.3 the pressing of the tip into the sample causes the cantilever to bend,

regardless of mode. A low spring constant means that less force will be applied to

the sample when the cantilever bends.

In non-contact mode an oscillating tip does not contact the surface as it scans over

a sample and the change in amplitude of this oscillation controls the height of the



4.2 piezoelectric crystal 55

cantilever.180 Non-contact mode helps avoid tip and surface degradation compared

to contact mode. Additionally, there is less bending of the cantilever required,

so the probe used does not require a low spring constant. However, because the

forces measured in non-contact mode are small (on the order of 10�11N), the mode

requires careful noise reduction techniques in order to improve the signal to noise

ratio by employing the most precise piezoelectric crystals and highly refining the

operation method.

In tapping mode, an oscillating tip intermittently contacts the surface as it scans

over a sample and the change in amplitude of this oscillation controls the height of

the cantilever.181 Tapping mode helps avoid tip and surface degradation compared

to contact mode. As seen in Figure 4.3, the cantilever presses into the sample as in

contact mode, and pulls away from the sample, causing it to bend in both directions

in response to the repulsive and attractive forces. Like contact mode, operating in

tapping mode also requires a cantilever with a low spring constant, though larger

than those employed in contact mode.

4.2 piezoelectric crystal

A piezoelectric crystal (piezo) allows the probe to be moved in response to the

feedback from the photodetector. On the Bruker machines used in this work, the

piezo is attached via the z-scanner as seen in Figure 4.1, but in some AFMs the

piezo is attached to the sample surface. In the first case, the probe moves and the

sample is stationary. In the other case, the sample moves and the probe is stationary.

Effectively, the result is the same.

The piezo expands and contracts in response to the application of a potential

difference across the ends of the crystal. The voltages applied are generally between

-200 and +220 V, which corresponds to a piezo response on the order of ⇠15nm/V.177

An AFM can have 3 or more piezos, in contact mode 3 piezos are used, one each

for the x,y and z directions. When the laser beam varies from the center of the light

detector the z piezo responds such that its displacement will correspond with the

height or depth of the feature being scanned.

As the piezo ages, its response can become warped which in turn can cause

creep in the response to an applied voltage. Long-term effects due to aging can
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be mitigated through the use of a calibration grating, recommended every three

months according to Bruker for the piezoelectric crystals used in their instruments.

By calibrating the scanner against a known geometry prior to sample imaging,

capture parameters can be tuned to the actual piezo response.

4.3 cantilever

The resolution of AFM images is dependent on the mechanical properties of the

cantilever so the choice of probe is important. Commercial cantilevers are often

silicon, silicon nitride or some combination, and after exposure to air often have a

layer of silicon oxide. To achieve high resolution a cantilever needs high sensitivity.

The spring constant for a rectangular cantilever is

kc =
F
Zc

=
Ewt2

c
4L3 (4.3.1)

where F is the normal force applied to the cantilever, Zc is the cantilever deflection,

and E is Young’s modulus, w is the width, tc the thickness and L the length of the

cantilever.177,182

High sensitivity increases the response to noise but low frequency external

vibrations can be mitigated to a certain extent by having a cantilever with a high

resonance frequency. The resonance frequency of a rectangular cantilever is

v0 = 0.1615
tc

L2

s
E
r

(4.3.2)

where tc is the thickness, r is the density, L is the length, and E is Young ’s modulus

of the cantilever and 0.1615 is a unitless constant.177

A common way of increasing sensitivity is to coat the back of the cantilever with

a reflective material such as gold to increase the intensity of the laser spot. However,

temperature changes induce bending of the cantilever, introducing drift. Chemical

reactions such as dissolution or adsorption will also cause drift.

It follows that the optimal mechanical properties of the cantilever are dependent

on the situation. From Equation 4.3.1 to achieve high sensitivity a cantilever needs

to have a low kc or a low tc/L. From Equation 4.3.2 a cantilever should have a high

tc/L and/or a high E/r in order to have a high resonance frequency which will

reduce noise and allow faster scanning. A high tc/L and a high E will reduce drift.
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Additionally, the cantilever should have a lower hardness than the sample in order

to avoid damaging it (see Section 4.4).183

Though the equations have assumed a rectangular cantilever, in practice many

probes are T-shaped. For the calculation of mechanical properties of V-shaped

cantilevers the shape of the cantilever is generally approximated as two rectangular

cantilevers which has been shown to be a justified approximation.184

4.4 artifacts caused by surface features

(a) (b)

(c) (d)

Figure 4.4: Schematic representation of different artifacts common in AFM usage: (a) fea-
tures which are smaller in width than the sharpness of the tip will be artificially
shallow in the resulting image, (b) raised features which are smaller than the
radius of curvature of the tip will be artificially expanded in the resulting image,
(c) a broken tip may cause strangely shaped artifacts, and (d) the z-scanner may
not react in time to an extremely rough sample, and this could break the tip.183

AFM samples need to be smooth relative to the radius of curvature of the tip. In

Figure 4.4a the geometry of the pit does not allow the tip to reach the bottom of

the pit, and thus the resulting image will be artificially shallow. In Figure 4.4b the

inverse occurs: the protruding geometry of a surface feature has a smaller width

than the tip and thus the image produced will be artificially enlarged. In either case,

checking if the curvature of a feature matches the curvature of the tip can verify

whether the true feature is being imaged or whether the image is a result of the
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tip geometry. A very sharp increase or decrease in the sample, caused by a rough

sample as in Figure 4.4d, can create a risk of breaking the probe or in extreme

cases the scanner itself.183 A broken probe, such as in Figure 4.4c, can create image

artifacts which are identifiable while imaging as repeated patterns, especially if the

pattern only occurs in one scan direction.

Artifacts caused by surface features can often be avoided through proper sample

preparation, by having a flat sample which is mounted securely. AFM probes can be

reused; however, the likelihood of probe damage over time means that the simplest

way of ensuring no artifacts are introduced due to tip damage is to use a new probe.

4.5 sample requirements

AFM requires flat surfaces; in some cases for the preparation of mineral substrates

a fresh cleave is sufficient to expose a fresh surface. Calcite is one such mineral: a

simple way of preparing calcite for AFM is by gluing or clamping onto a steel plate

and then cleaving just prior to the experiment to expose a clean surface.180 However,

in this setup stress on the crystal or organic material from the glue could potentially

effect the growth and dissolution mechanism. Stress may cause the generation of

defects which can effect the growth morphology.[185]

Gluing is problematic because organic materials in the solution can change the

mineral dissolution, for example the presence of organic acids in solution causes

significant deviations in etch pit morphology.186 It is interesting to note that the

etch pits produced in deionized water by Wu et al. differ from those by Offeddu et

al. as they are rounded on one side, rather than being the sharp rhombohedral etch

pits characteristic of aqueous calcite dissolution.187,188 Wu et al. do not describe their

calcite mounting method in depth, only that a freshly cleaved surface was “anchored

onto a steel puck.” If this process was via gluing, as is common, it is possible that

inhibitory effects of the glue are causing the rounded side during dissolution

in deionized water, though there are other possible explanations including the

saturation of the solution,189 or other impurities.190

Other minerals, such as apatite, cleave into rough surfaces not usable for high

resolution AFM.191 Growing synthetic apatite crystals is one method of producing

suitable surfaces; however, the crystals formed are very small (25 µm). This size is
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large enough for in situ AFM experiments but does introduce practical problems in

manipulating the crystals.

Cutting and polishing the natural crystals is the simplest and most precise

method of selecting for specific surfaces, to our knowledge. Crushing natural

crystals is another possible method of producing smooth surfaces; however, there is

no guarantee of producing a smooth face. By checking particles from the crushed

crystal under a microscope a suitable crystal can be selected but these faces will

necessarily be covered in particulates due to crushing.

4.6 in situ atomic force microscopy

In situ AFM allows for real-time monitoring of growth and dissolution processes and

specialized flow cells allow temperature, pressure and flow rate to be controlled.178

AFM has been used extensively to give information about the water-calcite system,192

in anything from simple ex situ surface characterization of calcite15,193 to studies of

its dissolution and growth in the presence of other species such as phosphate ions

or organophosphates.34,194

For in situ AFM studies of mineralization, often specialized fluid cells are used.

Many cells are made of glass, but acidic solutions/high pH environments will

mobilize the silica and could affect long timescale studies and thus Teflon is a more

appropriate material for use with both acidic and high pH solutions.195,196

The z-scanner of the AFM must be able to be lowered into the cell without

obstruction (See Figure 4.5). Thus, both the width and the length must be greater

than the diameter of the z-scanner and additionally the depth of the cell must not

be greater than the distance between the cantilever holder and the feedback circuit

tube (which is external on the Dimension FastScan).

Another consideration for the design of fluid cells is the desired flow rate. A

flow rate which is too high can effect the movement of the cantilever and adversely

effect the quality of the images.193 However, a flow rate which is too low will cause

diffusion-limited growth, where the amount of new solution hitting the surface is

being “used up” faster than it is being replaced.197 The ideal flow rate is dependent

on the particular system, so any experiment will involve determining an ideal flow

rate.
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In order to ensure consistent replacement of solution across the crystal, multiple

inlet and outlet holes were fabricated. Teflon insets were also used such that crystals

could be removed from the cell and placed in solution to be re-imaged at a later

time without re-mounting. Fluid in the cell is open to the air and the volume of this

fluid cell is 7 mL.

4.7 image post-processing

AFM images were processed using Gwyddion.198 A typical AFM image is shown

in Figure 4.7-a, in this case of the dissolution of calcite in water. These features

can be rendered in 3D, as in Figure 4.7-b. Additionally, profile “cuts” through the

image, selection displayed in Figure 4.7-c, allow for the display of 1D profiles as

in Figure 4.7-d. From these profiles properties such as the width and height of

features can be estimated; for example from profile 1 the deeper etch pit has a

11

2
3

1.5

20

5

5.5

15

8
11

8
5

Z-scanner Top-Down

Z-scanner Side

Figure 4.5: Measurements in mm of the Brucker FastScan Z-Scanner from the top-down
view and the side view. A fluid cell to be used with this scan head must have a
depth less than 6.5 mm and a length and width both greater than 20 mm.
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Inlet
holes

Outlet
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Puck

Figure 4.6: The Teflon fluid cell with inlet and outlet syringes attached. The inner Teflon
puck is mounted via Leit-C carbon paint, as labeled. Inlet and outlet holes are
indicated.

height of approximately 2 nm, while the shallower one has a height of about 0.5

nm. Profiles 2 and 3, which cut in the perpendicular direction concur with these

estimates, indicating that the etch pits have a high degree of symmetry, which is

confirmed visually through the examination of the 3D plot.
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Figure 4.7: (a) An example 2D AFM image of calcite dissolution, with the cropped area
indicated with a dashed black line and the scale bar is 2µm, (b) a 3D rendering
of the cropped area, (c) the cropped 2D image with profile cuts indicated, and
(d) the profiles extracted from the cuts through the etch pits.
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Often, images are processed via filtering before publication, to make them both

more visually appealing and to diminish the effects of artifacts. Plane fitting the

image can remove arbitrary tilts resulting from the sample mounting, which can

effect subsequent measurements in the z direction. Low frequency noise can be

observed in the form of discontinuous lines through the scan, and these can be

removed through flattening, where in a zeroth order correction each line is corrected

by the average value of each image quantity.

4.8 conclusions

We have reviewed the basic operation of the AFM, the traditional modes by which

it is operated as well as some important aspects of the instrument including the

piezo, cantilever, and holder. Further, we have discussed the sample preparation

necessary for the AFM, as well as artifacts resulting from improper preparation and

the processing of information obtained.

AFM is uniquely suited as an experimental technique for the investigation of

nanoscale interfaces, and mineral surfaces are a particularly suitable candidate for

AFM due to their hardness and, frequently, their flatness.
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F O R C E F I E L D D E R I VAT I O N

Many of the ideas, tables and figures which appear in this chapter appeared first

in the Journal of Physical Chemistry B under the title “Simulation of Calcium

Phosphate Species in Aqueous Solution: Force Field Derivation” and its corre-

sponding supplementary information.130 For reference, this publication appears

in full in Appendix B and its supplemental information in Appendix C. It has

been reproduced with permission (see Appendix A).

Understanding the complex assemblies produced by biomineralization has the

potential to inspire new biomimetic materials. However, before we can understand

mineralization in an organic system it is necessary to understand the aqueous

system.

While experimental evidence suggests the presence of calcium phosphate clusters

in solution larger than ion pairs,31,34,35,37 the conclusions of simulation differ from

one another. Ab initio studies performed to investigate calcium phosphate clusters

have thus far been limited in some way, whether performed in vacuum,32,199 or with

only a few water molecules,35 or for very short simulation times (<60 ps).200 Ma et

al.201 performed a study of calcium phosphate and its interactions with collagen

using a CHARMM force field; however, this force field was not validated prior to

use. These simulations have been discussed more fully in Chapter 2, subsection

2.1.2.

In the calcium carbonate system it was found that entropy from the release of

water molecules drove ion association beyond ion pairs.202 It is possible that the

same driver could cause the association of calcium phosphate ion associations larger

than ion pairs, and thus the inclusion of water molecules in the simulation and

the accuracy of their interactions with the calcium and phosphate ions is crucial.

Simulations in vacuo, with minimal water, for short simulation times or with non-

validated interactions are all likely to be missing either crucial geometries (either

65
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because water is missing or because simulation times are too short to sample phase

space) or lacking accurate interactions between ions.

In order to accurately describe the thermodynamics of ion association of the

calcium phosphate system, there is a need for the production of a force field

parameterized with a thermodynamic focus. To model solid, aqueous and solid-

aqueous systems accurately it is necessary to perform calculations of both the

solid phases and the ions in solution. J.D. Gale performed certain calculations

using lattice dynamics and quantum mechanical methods: this included ab initio

QM to determine an initial set of potential parameters which were refined against

various properties of different calcium phosphate phases (tricalcium phosphate,

monocalcium and dicalcium phosphate). This work is not included in this chapter,

but is present in Appendix B. R. Demichelis performed molecular dynamics (MD)

simulations of HPO2�
4 and PO3�

4 in water, while I performed MD of H2PO�
4 ; figures

and tables include all three ions but discussion will be limited to the H2PO�
4 ion.

Additional work I performed on the simulation of infrared spectra using the force

field which was not included in the paper is included here.

5.1 methods

For classical molecular dynamics, the LAMMPS152 software was used. The real

space cutoff for pairwise interactions was set at 9 Å using a taper function to smooth

the truncation over the last 3 Å. The electrostatic contribution is evaluated using

the smoothed particle mesh Ewald technique. All simulations used a time step of

1 fs and a Nosé-Hoover thermostat and barostat within the isothermal-isobaric

ensemble for a cubic box of 4173 water molecules (corresponding to a cell length of

49.843 Å). Free energy perturbation203 and multiple-walkers169 together with well-

tempered metadynamics168 were adopted to explore the solvation free energy of

the ions and the free energy profile of the calcium-phosphate ion pair, respectively.

Free energy perturbation was run at different temperatures by progressively

switching off the electrostatic and van der Waals’ interactions between the ions

and water (20 equally spaced stages of 5 ns each per interaction, with 500 ps

equilibration). The calculated hydration free energy was then corrected for finite

size effects.204 The simulations were run at different temperatures, and for every
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temperature, the calculations were repeated three times starting from different

configurations. The results of these runs were then averaged to obtain the final

value. Metadynamics calculations were performed using the PLUMED 2.0 plug-

in.205 The collective variables chosen were the calcium-phosphorus distance and

the coordination number of calcium with respect to the oxygen atoms of water. The

Gaussian widths were set to 0.2 Å and 0.1, respectively. Gaussians were deposited

every 1 ps, with an initial height of kBT. We have used 30 parallel walkers for a

total simulation time of about 300 ns and a bias factor of 5 to progressively reduce

the heights of the Gaussians until convergence within the well-tempered algorithm.

For the calculation of the simulated IR spectra, MD frequencies were extracted

from a unbiased MD simulation of 100 ps (analyzed using TRAVIS206).

5.2 results and discussion

5.2.1 Development of Intermolecular Terms for Dihydrogen Phosphate

With the intramolecular terms defined by the work of J.D. Gale (see Appendix

B), the remaining terms to define for the aqueous system are the intermolecular

interactions. We decided to extend the previous work on calcium carbonate,30

and thus for compatibility with this force field we utilized the same water model

(SPC/FW), as well as the same parameters for calcium. As the calcium parameters

were parameterized largely independently of carbonate, this should provide a

suitable model for simulation of the calcium phosphate phases. The remaining

intermolecular terms to parameterize can be broadly split into two types: the

water-phosphate interactions and the calcium-phosphate interactions. The water-

phosphate interactions are described below. The calcium-phosphate interactions

were parameterized against bulk properties as described in Appendix B.

5.2.1.1 Intermolecular Interactions: Water-Phosphate

Initial parameters for the water-phosphate interactions were provided by J.D. Gale

through the use of ab initio simulations (see Appendix B). These values were refined

through molecular dynamics to reproduce the correct water structure. The water

structure was evaluated both via visualization of the water oxygen and water
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hydrogen isosurfaces around H2PO�
4 (see Figure 5.1 and by comparison of the

radial distribution functions to ab inito data (see Figure 5.2).

Figure 5.1: Representation of the water structure around the phosphate species; from left to
right: PO3�

4 , HPO2�
4 , and H2PO�

4 . Isosurfaces for O and H atoms of water are
represented in red and white, respectively; isosurfaces for H atoms of phosphate
are represented in purple. Oxygen and phosphorus atoms are colored in red
and yellow, respectively.

In the visualized water density around the H2PO�
4 ion in Figure 5.1 we observe

the two phosphate hydrogens rotating around the phosphate oxygens in three

main positions. These hydrogens seem to cause the water density around the

phosphate oxygens to distort, whereas the oxygens without the hydrogen is a more

defined ring. In comparison to the PO3�
4 and HPO2�

4 ions, the water density is

more “specific”; in the other ions the density exhibits ringlike structures around the

anions, whereas in H2PO�
4 the water oxygen and hydrogen seem to spend more

time in specific positions.

The water structure can be defined further through the visualization of the radial

distribution functions of phosphate oxygens and hydrogens with water oxygens and

hydrogens, as seen in Figure 5.2. The oxygen and hydrogen of water are referred

to as O2 and H2, respectively. For H2PO�
4 , the oxygen with hydrogen bound is

referred to as O10, the oxygen without hydrogen bound is referred to as O11, and

the hydrogen is referred to as H10. This naming scheme follows from the force fields

consistency with the calcium carbonate force field,153 as well as the other phosphate

anions. While the 3D visualization is useful for building intuition surrounding the

system, the comparison of the pair distribution functions of the force field’s MD to

ab initio MD was used to refine the force constants used. We prioritized the position

and intensity of the first coordination shell over other structural features during

refinement of the parameters. For all first coordination shells the position of the first
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Figure 5.2: H2PO�
4 -water pair distribution functions. Ab initio data (run for a few tens of

ps) are shown with a dashed red line, force field data (run for about 1ns) with a
full green line. The oxygen and hydrogen of water are referred to as O2 and H2,
respectively. For H2PO�

4 , the oxygen with hydrogen bound is referred to as O10,
the oxygen without hydrogen bound is referred to as O11, and the hydrogen
is referred to as H10; d is the distance in Å, P the probability. Note that these
PDFs have been considered only as a rough guide to initial force field fitting.

peak was within 0.5Å. The intensity was generally close to the ab initio intensity;

however, for the first coordination shell both O10-H2 and O10-O2 had a higher

probability. This means that there will be an increase in water density surrounding

the non-hydrogen phosphate oxygen compared to ab initio data.
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Table 5.1: Hydration free energy (DG, kJ mol�1), Enthalpy (DH, kJ mol�1), and Entropy
(DS, J mol�1K�1) at 300 K for the H2PO�

4 ion as obtained with our force field
(FF). Estimates based on quantum mechanical calculations (QM, present work)
and results from previous models and calculations are also reported.207–210 Inter-
molecular interactions were refined to reproduce DG, whereas DH and DS were
not explicitly fitted and are provided for validation.

DG Florian209 -284.5
Moser210 -241.8 to -330.0
Marcus208 -465
QM -337.4
FF -338.8

DH George207 -318.0
Marcus208 -520
FF -392.2

DS Marcus208 -290
FF -181

It is possible that the importance of differences between water structuring between

the force field MD and ab initio MD are likely to be lessened by the other value

which was targeted in the parameterization of the force constants: the solvation

free energy. The solvation energy is the free energy change for taking an ion from

the gas phase into water, and is thus associated with the energetics of the water

around an ion. If we are interested in the associations of ions in solution - and

especially in considering that calcium carbonate ion association was found to rely

on the interactions of water30 - then the proper energetic representation is crucial.

The experimental values of the solvation free energy for H2PO�
4 have a wide range

of values, as seen in Table 5.1 they range from -284.5 to -465 kJ/mol. We instead

targeted the QM value of -337.4 kJ/mol for reproduction, and achieved a hydration

free energy of -338.8 kJ/mol, which was the same value within statistical error.

Verification of the thermodynamics of the solvation was also performed by

calculating the free energy at additional temperatures, as seen in Figure 5.3. These

values could also be compared to experiment, and additionally allowed for the

calculation of the change in enthalpy and change in entropy by fitting the free

energy as a function of temperature with the relation DG = DH - TDS as reported in

Table 5.1. The change in enthalpy computed using the force field is within the wide

range of reported experimental values. The entropy is 109 kJ/mol lower than the
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Figure 5.3: Free energies of solvation (DG) of phosphate species as a function of temperature
(T). The result of a least squares linear fit is shown as a dashed line, whereas
the solid line represents the slope that would be expected from the data of
Marcus208 shifted to coincide with our calculated free energy at 300 K: values
for enthalpies (DH) and entropies (DS) are reported in Table 5.1.

reported experimental value. Given that there is an enthalpy range of 202 kJ/mol

in the experimental values, it is possible that a similar range exists for the change

in entropy, not observed because only one experimental value was found.

5.2.2 Ion Pairing

In order to simulate calcium phosphate species in solution, including proposed pre-

and post-nucleation clusters, such as Ca(HPO4)4�
3 or Posner’s cluster, it is necessary

to validate the association of calcium and phosphate. While few of the species thus

proposed explicitly include H2PO�
4 , validating its association with calcium will be

important for studies in which speciation of possible clusters is taken into account.

The bottom right panel of Figure 5.4 shows the free energy as a function of

distance between the calcium and phosphorus atoms. The association of calcium
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with H2PO�
4 has a much shallower well than the less protonated phosphate species.

In comparison with the analytical solution for two charged point particles, the

first coordination shell at ⇠3.8 Å has a free energy much higher than this analytic

solution. The second coordination shell has a well which is slightly lower than

the ideal curve, indicating a weak binding. Qualitatively, this is observed in the

3D figures in Figure 5.4, where it is seen that at large distances, the free energy is

comparable to the free energy minimum at close distances.

Figure 5.4: Ion pairing free energy profiles for the calcium phosphate species as a function

of the Ca-P distance and the coordination number of calcium ions with the

oxygen of water (n). The projection of the free energy along the Ca-P distance

is reported in the bottom right panel, together with the ideal curve for two

charged point particles in a dielectric continuum that has a dielectric constant

that corresponds to SPC/Fw water at 298.15 K (dashed lines).

The Gibbs free energy can be extracted from the pairing free energy profiles

using the Fuoss equation.211 The association of Ca2+ + H2PO�
4 has a reported free

energy of binding at 300K of -8.1kJ/mol according to experiment,212 and the value

calculated with the force field was -5.0 kJ/mol, giving an error of +3.1 kJ/mol. This

is similar to the values obtained for phosphate and hydrogen phosphate, which are
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reported in Appendix B. The binding is slightly less favorable, but the discrepancy

is close to ambient thermal energy kBT, and thus is close to the error limit expected

due to fluctuations of the system.

5.2.3 Simulated Infrared Spectroscopy

Infrared (IR) spectroscopic studies of calcium phosphate aqueous solutions, amor-

phous and solid phases are used to distinguish different materials and identify the

local phosphate and hydroxyl environments. The ability to simulate an infrared

spectrum with an MD simulation which utilized classical force fields would be

useful: generally, simulated IR uses ab initio methods thus limiting the size and

simulation time of trajectories analyzed. However, because this classical force field

methods does not include polarization, the spectra produced will be necessarily

limited. Even so, identifying its accuracy compared to DFT at worst provides an

additional bench-marking of the force field not utilized in the parameterization and

at best shows the possibility of using this classical force field to calculate IR spectra.

The simulated spectra for PO3�
4 , HPO2�

4 and H2PO�
4 in water are shown in Figure

5.5 and the peak values from the simulated spectra alongside experimental and

DFT are values tabulated in Table 5.2. We see that the PO3�
4 ion performs the worst,

with three peaks missing which are present in the experimental spectrum,213 two

of which are also reported by Rudolph et al.213 in their simulated IR via DFT. The

errors present using the force field are slightly lower than using DFT for the peaks

which are present. For the aqueous HPO2�
4 ion, the force field performs slightly

better, with both peaks identified in experiment also identified by MD with errors

similar to those reported by DFT. The H2PO�
4 in water is similar, with the three

frequencies identified with experiment also identified with the force field, again

with errors similar, if slightly higher, than DFT. In the case of H2PO�
4 DFT also

identifies higher frequency peaks which are not seen in experiment or using the

force field.
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Figure 5.5: Calculated IR spectra for PO3�
4 , HPO2�

4 and H2PO�
4 in water. Tabulated values

are shown. Peaks in the 800-300 cm�1 region which would be hidden by water
in the experimental results were not tabulated.
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Table 5.2: Experimental and calculated IR frequencies of aqueous phosphate species. Cal-
culated values from running molecular dynamics using LAMMPS152 of the
phosphate species in a pre-equilibrated 25 Å box of water for 100 ps with a 0.5fs
timestep. Post-processing of the trajectories was performed using TRAVIS.206

PO3�
4 DFT using the basis set B3LYP/6-311+G(3df,2p) and HPO2�

4 and H2PO�
4

DFT using B3LYP/6-31G(d,p).213,214

PO3�
4

Experiment213 FF DFT213

240
415 461.9 (+11%) 355.1 (-14.4%)
557 503.3
936.5 825.5
1010 888.6 (-12%) 869.8 (-14%)

HPO2�
4

Experiment215 FF DFT214

990 1011.0 (+2.1%) 943 (-4.7%)
975

1076 1054.7 (-2.0%) 1072 (-0.37%)
1134.2 1114

H2PO�
4

Experiment216 FF DFT214

940 954 (+1.5%) 949 (+1.0%)
1076 1059 (-1.6%) 1061 (-1.4%)
1160 1113 (-4.1%) 1131 (-2.5%)

1341
1387
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5.3 conclusions

A new force field parameterized with a thermodynamic focus has been produced

for three phosphate anions, and validated against values crucial for the modeling

of accurate phosphate-water interactions such as the free energy of ion pairing,

and the free energy, enthalpy and entropy of solvation. Though not the focus of

parameterization, the force field was also shown to perform well for isolated ions

in water compared to ab initio methods for the production of simulated IR spectra.

The thermodynamic focus of the force field, and in particular its low error with

respect to experiment for the association of calcium and the phosphate anions,

provides a foundation for studying the thermodynamics of calcium phosphate ion

association beyond ion pairing.
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C A L C I U M H Y D R O G E N P H O S P H AT E C L U S T E R S I N S O L U T I O N

This is a full reproduction of the paper “Simulation of Calcium Phosphate

Pre- Nucleation Clusters in Aqueous Solution: Association beyond ion pair-

ing” which originally appeared in Crystal Growth & Design.217 It has been re-

produced with permission (see Appendix A). It is accessible online at https:

//pubs.acs.org/doi/abs/10.1021/acs.cgd.9b00889, and further permissions re-

lated to the material should be directed to the ACS.

Calcium phosphate minerals are ubiquitous in nature and are found extensively

in both geological settings and within living systems. The most studied crystalline

phase of this mineral family is hydroxyapatite (HA). A carbonated form of HA is

found in human bones where it is crucial as a structural element and as a mineral

reservoir. It has also been extensively studied due to its wide range of properties,

which leads to a wealth of potential applications including the development of

new biomaterials or engineered bone tissue replacement,101,218 catalysis,219 liquid

column chromatography,220 and heavy metal removal from soils.221 Nonetheless,

the pathway by which this mineral nucleates from solution is still under debate,

and understanding the molecular mechanism behind this process is essential to

improve our ability to control the structure and tailor the final properties of this

mineral for a desired application.

Many recent studies have tried to probe the structures arising from the association

of solutes prior to the initial nucleation event (i.e., the formation of critical size

nuclei). Recent interest was spurred by the observation of structures considerably

larger than the ion pair, using analytical ultracentrifugation, before nucleation in the

calcium carbonate mineral system.42 This observation was subsequently supported

by cryo-TEM222 and further analysis using molecular dynamics simulations, which

showed that clusters with linear, branched, and ring structures composed of close

to a one-to-one mixture of Ca2+ and CO2�
3 ions can form.44,223 Whether these

clusters simply follow a classical cluster distribution and therefore do not offer a
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significant change in the classical approach to nucleation remains a debate within

the community. Recent work by Smeets et al.224 indicates that the clusters are

unstable at high concentrations leading to the formation of a dense liquid phase,

implying a two-step approach to the nucleation problem.225

Previous analysis of the formation of clusters for the calcium phosphate system

using molecular dynamics simulations and ab initio methods has shown a wealth

of potential clusters in solution. Zahn looked at the thermodynamics of associa-

tion of calcium and hydrogen phosphate using molecular mechanics and ab initio

calculations226 and proposed that the stable initial complexes were (Ca2HPO4)2+

units; however, other potential pathways were not examined. Mancardi, Terranova,

and De Leeuw recently analyzed the formation of the negative calcium phosphate

complex proposed by Habraken et al. by means of ab initio simulations.200 While

they found a minimum in the free energy curve, the simulations used a small unit

cell, and the free energy was sampled only up to 7 Å. Since the Bjerrum length

for this reaction is 14 Å, it is therefore impossible to extract the standard free

energy change. Furthermore, the length of time sampled was relatively short due

to the computationally demanding nature of such simulations, and therefore any

slow degrees of freedom (e.g., exchange of bound water at calcium) could not be

fully explored. In other studies, Almora- Barrios et al. and Ma et al. looked at the

interaction between calcium and phosphate ions in highly concentrated solutions

in the presence of collagen using molecular dynamics simulations.201,227 They both

observed the formation of calcium phosphate clusters. De Leeuw et al. analyzed

solutions with only PO3�
4 anions present which are unlikely to exist in solution

at a pH of 7.4 (the approximate pH of living systems). In contrast, Ma et al.201

did investigate solutions containing HPO2�
4 , and a number of clusters carrying a

charge were reported. However, Ma et al. obtained their force field for the HPO2�
4

molecule directly from the CHARMM database, and the ability of this parameter

set to model the bulk structures of any calcium phosphate minerals has not yet

been demonstrated, which may mean that the interactions are not fully reliable.201

This year, concurrently with the present work, a study by Yang et al.228 on calcium

phosphate prenucleation clusters was published which represents the most rigorous

investigation thus far as it included extensive sampling of the free energy landscape

via bias enhanced sampling. Like the work of Ma et al., it used the CHARMM
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force field and attempted to validate the parameterization by comparing the ion

pairing free energy to experiment and to the earlier values from the Demichelis

et al. force field.130 Yang et al. reported an ion pairing free energy of -27.2 kJ/mol

(compared to the experimental value of -15 kJ/mol212 and the Demichelis value of

-17.9 kJ/mol) indicating that the CHARMM force field overestimates the stability of

Ca2+ and HPO2�
4 binding. As a consequence, they describe a mechanism by which

the addition of further phosphate ions leads to a monotonic increase in stability

despite the increasing overall negative charge of the cluster.

In the present study, we use molecular dynamics simulations based on a force

field parameterized specifically for thermodynamic properties130 to probe the forma-

tion, structure, stability, and potential mechanisms of aggregation that can lead to

the formation of the initial species containing two calcium ions in aqueous solution.

Free energy profiles for both the formation of the monomeric complexes and their

aggregation will be presented, allowing us to calculate their relative concentrations

in solution. The results agree in part with previous experimental analysis and show

that the complex suggested experimentally as part of the aggregation mechanism,

[Ca(HPO4)3]4�, has an exergonic formation. Even though our results suggest that it

will not be the dominant species present in the solution, it could become kinetically

trapped. However, [Ca2(HPO4)6]8�, the dimer of [Ca(HPO4)3]4�, is endergonic,

making it unlikely that dimerization is the method by which growth occurs. Addi-

tional potential species and aggregates were also found, giving new insights into

the molecular mechanisms behind the initial precipitation of amorphous calcium

phosphate minerals.

6.1 methods

Classical molecular dynamics simulations were used to probe the formation of

calcium and hydrogen phosphate complexes and their subsequent aggregation

using a force field specifically parameterized with a thermodynamic focus.130 This

force field reproduces the thermodynamics of the phosphate and calcium ions in

solution and has been recently used to explore the water structure and dynamics

at a surface of the calcium phosphate mineral brushite.229 A similar method was

previously used to obtain a force field for the calcium carbonate system and was
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shown to capture the stability of the different polymorphs, as well as the solubility,

more accurately than previous models.30 The water molecules were simulated using

the flexible SPC/Fw force field.137

In order to be able to simulate the full speciation of phosphates, the force field

developed by Demichelis et al. includes parameters for all the relevant anions. Here

we concentrate on the hydrogen phosphate anion (HPO2�
4 ) because experimentally35

it was observed to be the main species during the initial association with ions. In the

subsequent text, the different oxygens of the HPO2�
4 ion and water will be defined

as OP in the case of the non-protonated oxygens, OHP for the protonated one, and

OW for water.

Multiple-walker169 well-tempered metadynamics168 was used to explore the pos-

sible association mechanisms involving [CaHPO4]0, [Ca(HPO4)2]2�, [Ca(HPO4)3]4�,

[Ca(HPO4)4]6�, [Ca2(HPO4)2]0, [Ca2 (HPO4)3]2�, [Ca2(HPO4)4]4�, [Ca2(HPO4)5]6�,

and [Ca2(HPO4)6]8� complexes. (All the reactions sampled are summarized in

Appendix Table D.1). Molecular dynamics was performed using LAMMPS152 with

the PLUMED 2.4167 plug-in in order to bias the collective variables and compute

the pairing free energies. All simulations were run using a 1 fs time step within the

isothermal-isobaric ensemble with a Nosé-Hoover thermostat and barostat. Ions

were placed in a cubic box of water molecules with a cell length of 49.843 Å that ini-

tially contained 4,178 water molecules. Overlapping water molecules were removed

leading to systems with between 4,142 and 4,174 waters, depending on the species

inserted. Equilibration for 500 ps resulted in box sizes with cell lengths of 49.6 - 49.9

Å. All simulations were run at 300 K and 1 atm. Metadynamics simulation times

were greater than 150 ns, with specific simulation times per association reported in

Appendix Table D.1.

One of the main challenges in mapping the free energy landscape for cluster

formation is in determining the optimal set of CVs onto which to project the

free energy. Unfortunately, the simulation cost rapidly increases with the number

of CVs, due to the dimensionality of the free energy surface, while the analysis

also becomes complex. Hence, we have limited the number of simultaneously

used collective variables to three. Thus, for the systems with a single Ca2+ and

up to three hydrogen phosphate ions it was possible to define a CV between

each anion and Ca2+, e.g. an association of the form Ca2+ + HPO4
2 – + HPO4

2 – +
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HPO4
2 – ��! Ca(HPO4)3

4 – , such that a cluster can form from initially separate

ions within a single simulation and theoretically could fully explore multiple

aggregation pathways. However, even here this requires the assumption that water

exchange at Ca2+ is fast on the simulation timescale, and that the relative orientation

and position of hydrogen phosphate ligands is similarly fully sampled. Once the

situation is reached where there are two Ca ions and multiple ligands then three

CVs are generally insufficient to unambiguously map the pathways for association

from single ions. In such cases, a stepwise association was performed, e.g. an

association of the form and Ca2+ + HPO4
2 – ��! Ca(HPO4) + Ca(HPO4) ��!

Ca(HPO4)2 and Ca(HPO4) + Ca – (HPO4) ��! Ca2(HPO4)2 . There are now two

simulations, but they each require fewer CVs. Here the assumption is made that

any reacting species, such as ion pairs, remain bound during aggregation and

this is enforced through applying restraints. To verify that the use of different

restraints for different reactions did not lead to a significant error, the stability of

all complexes was determined via multiple pathways (see Appendix Table D.2 for

all summed paths). By comparing the overall thermodynamics for different routes

between the same species, Hess’s Law was used to check the consistency of the free

energy cycles. In some cases, the reduction of number of CVs through restraints

was used to allow the inclusion of the -OW coordination number(s) to account for

the expectation that the slowest degree of freedom will be the exchange of water

molecules around the cation.

The CN collective variables for both biasing and restraints were defined using

the continuous differentiable function:

CN = Â
i

1 � (ri � d0)n

1 � (ri � d0)m (6.1.1)

For the definition of the OW CN, n=4, m=10, and ri is the distance between Ca and

OW,i. When used to constrain clusters to remain together, n=6, m=12 and ri was

taken to be the distance between Ca and Pi. The coordination number parameters

for Ca (d0 = 3.6 Å for Ca-P, d0 = 2.1 Å for Ca-OW) were chosen using the position of

the first peak of the pair distribution function for Ca+HPO4 and Ca+H2O. In some

cases, additionally, UWs were used to limit cluster separation. These were defined

using a half-harmonic restraint for xi > ai;

UW = Â
i

ki (xi � ai)
2 (6.1.2)
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where ki is the force constant (for restraining a cluster to remain bound the upper

wall ki = 2 eV/Å2, and for limiting the distance of separation between two species

the upper wall ki = 10 eV/Å2) and the position of the upper wall (ai = 3.78 Å)

between calcium and HPO2�
4 was chosen based on the pair distribution function

between Ca and HPO2�
4 . The necessity of an ion pair upper wall was tested by

running a simulation without this restraint, but the ion pairs were observed to

break apart during the association process being mapped.

Once free energy curves are obtained as a function of separation, it is possible

to obtain the free energy change for the formation of the different ionic complexes

under standard conditions. Following the method detailed elsewhere30 and restated

in the Supporting Information, the curves were offset so as to align with the analytic

curve for the free energy in the long-range asymptotic limit, as shown in Figure

6.1. The maximum cluster separation was originally 16 Å for all associations, but

for larger associations, where the curve was still not well-aligned to the long-range

asymptotic limit, a larger separation of ai = 20 Å was used (see Supporting Infor-

mation for details of values for each specific association reaction). The maximum

distance for the bound state depended on the specific association type and was

chosen based on the furthest bound of a minimum which is discernable visually

(generally 8-11 Å). In this way the free energy of the solvent-separated association

was included in the calculation, thus preventing discrepancies between associations

where there is a clear barrier between non-solvent and solvent-separated associa-

tions (for example, all cases in Figure 6.1) and those where there was no significant

barrier (for example, Figure D.10). The specification of the upper bound for the

association is important since it determines the volume of the complex relative to

that for a 1 M concentration, thereby allowing the computed free energies to be

corrected to the standard values.

Gaussians were laid every 1 ps along all CVs with a width of 0.1 Å and an initial

height of kbT. Using the multiple walker algorithm, 30 parallel simulations were

run for each energy profile with a bias factor of 5 for the well-tempering. In the

cases where a bias factor of 5 returned an energy significantly larger than 15 kJ/mol,

the simulations for that CV were re-run with a bias factor of 15 to ensure that the

larger barrier was overcome by the simulations. Representative cluster geometries
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were chosen by determining the lowest free energy configuration via analysis of the

free energy as a function of the CVs (See Supporting Information).

6.2 results and discussion

6.2.1 Formation of complexes

Given that the experimental results suggest that negatively charged [Ca(HPO4)3]4�

complexes form prior to nucleation35 and that calcium-deficient amorphous calcium

phosphate (ACP)35,230 forms subsequently, it is important to probe the mechanisms

by which these complexes can form and their relative stabilities in aqueous solution.

The free energy profiles (as a function of the distance between the Ca and P

atoms in the system) are shown in Figure 6.1 for the formation of the following

species; [CaHPO4]0, [Ca(HPO4)2]2�, and [Ca(HPO4)3]4�. The ion pair shows a split

minimum at a distance of 3.3 Å, which corresponds to two configurations with a

small barrier separating the states. The inner configuration relates to the presence of

a bidentate interaction (i.e. the HPO2�
4 ion is interacting with the Ca2+ ion via two

OP atoms) while the outer configuration is due to a monodentate interaction via a

single OP. The OHP, bonded to a hydrogen, tends to remain in solution and interacts

with OW through both OHP-HW bonding and HHP-OW bonding. As HPO2�
4 ions are

added to the Ca2+ ion, the inner bidentate state shifts from being the most stable

configuration to a higher energy relative to the monodentate one. The contact ion

pair basin at 3.4 Å is separated from the solvent-shared ion pair (SSIP) by a barrier

at 4.2 Å. This barrier is 15 kJ/mol for [CaHPO4]0, while for both [Ca(HPO4)2]2�

and [Ca(HPO4)3]4� it is slightly higher at 17 kJ/mol. All the curves also show one

additional shallow minimum at approximately 5.1 Å due to the formation of the

solvent-separated ion pair.

The present structural model, described above, accords with X-ray near-edge

structure results34 which suggest that, when a HPO2�
4 ion forms a contact ion pair

with a Ca2+ ion, two water molecules are displaced from the coordination shell of

the metal cation (see Table 6.1 and Figure 6.2) although this does not lead to a more

centrosymmetric arrangement around the cation since the hydrogen phosphate

prefers to bind with two oxygens. As more HPO2�
4 ions are added to the Ca2+
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ion, the number of displaced water molecules per addition decreases, mostly due

to the shift of the preferred HPO2�
4 binding configuration from a bidentate to a

monodentate one.

As detailed in the methods section, it is possible to obtain the free energy change

for the formation of the different ionic complexes under standard conditions from

Figure 6.1. For the ion pair, the value obtained for the free energy of association is

exergonic, -17.9 kJ/mol, and within a few kJ/mol of the experimental value,212 as

previously reported and shown in Table 6.1. Exergonic binding was also observed

for the formation of the [Ca(HPO4)2]2� complex with a free energy change of -12.0

kJ/mol. Despite the Coulomb repulsion between two anions, the further addition

of a HPO2�
4 ion to this complex, leading to the [Ca(HPO4)3]4� complex described

by Habraken et al.,35 also showed an energy minimum at a Ca-P distance of 3.6 Å

but did result in a slightly endergonic addition (+1.1 kJ/mol).

By summing consecutive associations, we can report the free energy of association

of the clusters compared to isolated ions (see Table 6.1), which is a different way

of showing the same trend that the [Ca(HPO4)2]2� and [Ca(HPO4)3]4� complex

are roughly energetically equal. These results differ from the recent work of Yang

et al.228 where it is suggested that addition of HPO2�
4 ions leads to a systematic

decrease in the free energy compared to isolated clusters in solution. In addition to

the possible over-stabilization due to the CHARMM force field, when we recalculate

binding for their free energy curves by alignment to the asymptotic limit, rather

than using the force integration method, we get values which are increasingly

discrepant as the total charge increases (See Table D.3 and Figure D.21). In the

case of [Ca(HPO4)3]4�, Yang et al. report a binding of -81 kJ /mol for the cluster

relative to the isolated ions in solution; recalculated using alignment this value is

-57 kJ/mol. This value is still twice our reported value, but given that the ion pair

binding of Yang et al. is 1.8 times more negative than the experimental value this

result is consistent given the systematic overbinding.

By using the changes in free energies detailed in Table 6.1 and above, it is pos-

sible to calculate the concentration of the different species in solution for a given

starting concentration and ionic strength. Using a concentration of 0.006 M Ca2+

ions and 0.005 M HPO2�
4 ions, approximately that used by Habraken et al.,35 and

the same ionic strength (i.e. I=0.02 M), the result suggests that in an equilibrated
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solution approximately 74% of the Ca2+ ions would be unbound, 16% would form

ion pairs, and 11% would form a complex, namely [Ca(HPO4)2]2�. The percent-

age of [Ca(HPO4)3]4� under these conditions would be insignificant. Similarly,

under the conditions used by Xie et al., 0.00122 M Ca2+ and 0.0073 M HPO2�
4 ,

64% of the Ca2+ ions would be free ions, 18% would form ion pairs, and 18%

would form [Ca(HPO4)2]2� as a complex, again with an insignificant concentra-

tion of [Ca(HPO4)3]4�. However, depending on the solution mixing conditions,

[Ca(HPO4)3]4� complexes could form and then be kinetically trapped, as the barrier

to removal of an HPO2�
4 ion from this complex is 17 kJ/mol.

The differences between our simulations, the experiments of Habraken et al.35

and of Xie et al.230 may arise from not accounting for all the phosphate species

that will be present in the solution at a pH value of 7.4. Under these conditions

approximately half of the phosphate species will be present as H2PO�
4 due to the

acid-base equilibria of phosphate in solution. This is, however, likely to further

decrease the fraction of HPO2�
4 complexes, rather than increase it. Another potential

reason, as suggested in the section above, is that in the experimental solution the

complexes are kinetically trapped due to the initial mixing protocol. Moreover, the

presence of other solutes in the experiments, such as trisaminomethane (TRIS, used

as a buffer) and a high concentration of NaCl, might affect the equilibrium. In a

series of dynamic light scattering experiments, Onuma et al. looked at reference

solutions to compare the size of the cluster observed when both Ca2+ and HPO2�
4

were present.231 The particle distribution obtained for the solution composed of

NaCl, K2HPO43H2O, TRIS, and HCl showed a bias towards slightly larger particle

sizes compared to the other reference solutions, potentially indicating that HPO2�
4

and TRIS interact to form small aggregates. However, it is important to emphasize

that our results indicate that negatively charged complexes in solution already

represent stable structures, even without a counter cation. When these complexes

form, they could then become kinetically trapped due to the height of the activation

barrier that must be surmounted to escape the contact state.



86 calcium hydrogen phosphate clusters in solution

Figure 6.1: Free energy plotted as a function of the distance between Ca2+ and P within
a group. The red, green and blue lines are the free energy profiles for
Ca2

+ + HPO4
2 – ��! [CaHPO4]0, [CaHPO4]0 + HPO4

2 – ��! [Ca(HPO4)2]2 – ,
[Ca(HPO4)2]2 – + HPO4

2 – ��! [Ca(HPO4)3]4 – , respectively. The corresponding
dashed lines represent the analytic solution in the long-range limit, which is
used to align the absolute free energy. Note that the anomalous data points very
close to 16 Å are due to the presence of the confining wall .

6.2.2 Aggregation of the different complexes in solution.

According to the computed equilibria for the [Ca(HPO4)n]�2n+2 complexes under

representative experimental conditions, the main bound species present in solution

are CaHPO4 and [Ca(HPO4)2]2�. As the concentration of phosphate increases,

the more negative [Ca(HPO4)3]4� complex could also become important. To form

larger stable complexes or aggregates, as seen experimentally, these species need to

interact favorably in solution. The calcium phosphate complexes could aggregate

directly in their current form, through the interaction with counter ions or by the

loss of HPO2�
4 . The free energy changes presented in Figure 6.3 show some of

the possible association pathways of [CaHPO4]0, [Ca(HPO4)2]2�, [Ca(HPO4)3]4�,

and [Ca(HPO4)4]6� to form dimeric pre-nucleation species [Ca2(HPO4)n]�2n+4.

The free energy curves for the pathways to form [Ca2(HPO4)2]0], [Ca2(HPO4)3]2�,

[Ca2(HPO4)4]4� and [Ca2(HPO4)5]6� exhibit a similar shape, with no significant acti-
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Figure 6.2: Representative geometries for configurations taken from the local minima of the
free energy curves of Figure 1 for the contact ion pair state of (a): [CaHPO4]0;
(b): [Ca(HPO4)2]2�; and (c): [Ca(HPO4)3]4�. Ca is cyan, P is tan, O is red, and
H is white. Only those water molecules coordinated to calcium are shown for
clarity.

Species OW DOW DGassn DGf rom ions

Ca2+ 7.2230

[CaHPO4]0 5.06 -2.16 -17.9 -17.9
[Ca(HPO4)2]2� 4.05 -1.01 -12.0 -29.9
[Ca(HPO4)3]3� 3.05 -1.00 +1.1 -28.7

Table 6.1: Thermodynamic and structural properties of different complexes of Ca2+ with
hydrogen phosphate anions in water. The average number of water oxygens (OW)
in the hydration shell of the calcium cation, either as an isolated ion in water or
within an ion pair or complex, is given in the first column. The change in water
coordination number and free energy of one association (DGassn) in kJ/mol are
given relative to the species on the previous line of the Table in the second and
third columns, respectively. The free energy of the species formed from ions is
reported in the fourth column.

vation barrier to forming the cluster and with a minimum at a Ca-Ca distance of 4 Å,

where the formation of [Ca2(HPO4)3]2� and [Ca2(HPO4)4]4� are the most exergonic

(the association free energies for the complexes are [Ca2(HPO4)2]0: -15.3 kJ/mol;

[Ca2(HPO4)3]2�: -19.5 kJ/mol; [Ca2(HPO4)4]4�: -8.8 kJ/mol; ([Ca2(HPO4)5]6�: -2.7

kJ/mol). However, for the reaction leading to [Ca2(HPO4)6]8� (given in Figure 6.3),

the free energy of binding is endergonic (+10.9 kJ/mol), though again with a local

minimum around ⇠4 Å. These values agree with the averages reported in Table 6.2

computed from multiple pathways generally within a few kJ/mol.

It might be expected that there would be a systematic increase in free energy (i.e.

lowering of stability) with the increasing charge of the cluster dimers. However, the

computed trend is slightly more nuanced. An initial decrease in free energy with

respect to the dissociated clusters is followed by a subsequent increase. Examining
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CaHPO4 +CaHPO4

CaHPO4 +Ca(HPO4)22-

Ca(HPO4)22- +Ca(HPO4)22-

Ca(HPO4)22- +Ca(HPO4)34-

Ca(HPO4)34- +Ca(HPO4)34-

Figure 6.3: Free energy for association of pairs of calcium hydrogen phosphate clusters
plotted as a function of the distance between the Ca atoms. Lines for for-
mation of [Ca2(HPO4)2]0, [Ca2(HPO4)3]2�, [Ca2(HPO4)4]4�, [Ca2(HPO4)5]6�,
[Ca2(HPO4)6]8� are colored red, orange, green, dark blue and magenta, respec-
tively. The free energies for [Ca2(HPO4)2]0, [Ca2(HPO4)3]2� and [Ca2(HPO4)4]4�

stop at 16 Å due to the position of an upper wall, whereas for the other associa-
tions shown the upper wall is at 20 Å.

the change in water oxygen coordination around calcium (Table 6.2) and the config-

urations of the clusters at the minima (Figure 6.4) enables us to postulate a cause for

this trend. We see a non-systematic decrease in the water coordination to calcium for

all clusters, leading to a corresponding increase in number of bonds to phosphate

anions (except going from [Ca2(HPO4)3]2� to [Ca2(HPO4)4]4� when there is no

change). This is a possible partial explanation of why association occurs despite the

high overall negative charge, alongside entropic effects due to the release of water

back to solution as previously seen in the neutral calcium carbonate system.202 In

Figure 6.4 we observe that there is a tendency for 2-3 phosphate ions to be bound to

both Ca atoms and the remaining phosphate ions to be bound to just one Ca. This

trend results in an observable symmetry for the [Ca2(HPO4)2]0 and [Ca2(HPO4)3]6�

clusters, while the other species are skewed to allow for water coordination. The in-

terplay between symmetry and entropic stabilization from released water molecules

may result in the trend in free energy despite the increasing negative charge.
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Species OW DOW DG

[Ca2(HPO4)2] 8 -2 -16.4
[Ca2(HPO4)3]2� 6 -3 -20.5
[Ca2(HPO4)4]4� 6 -2 -11.3
[Ca2(HPO4)5]6� 4 -3 +1.4
[Ca2(HPO4)6]8� 2 -4 +15.6

Table 6.2: Thermodynamic and structural properties of dimeric calcium hydrogen phos-
phate clusters. Column two gives a summary of the average number of water oxy-
gens (OW) in the two hydration shells of the calcium cations to the nearest integer.
The change in water coordination number is given relative to [Ca(HPO4)j+k]�2n+2

(where j + k is the number of phosphate species in the cluster; if there is an even
number of phosphate species then j = k and if odd j = k � 1). The free energy
(DG) in kJ/mol relative to 2[Ca(HPO4)n]�2n+2 is given as the average over the
different pathways for formation, as listed fully in Table D.2.

We have established the free energy change from [Ca(HPO4) n]�2n+2 to [Ca2

(HPO4)m]�2m+4 but, in order to gauge the stability of [Ca2(HPO4)m]�2m+4 clusters,

we need to compare the free energies of formation between clusters. In Figure

6.5 we summarize these free energies and show that the dimeric cluster is more

stable than the sum of the relevant monomers until [Ca2(HPO4)5]6� is reached,

where the free energy for association is essentially zero to within the level of sta-

tistical convergence (see Supporting Information, Table D.1-D.2). The formation

from ions of the [Ca(HPO4)3]8�
2 cluster is higher than the free energy of forma-

tion for two [Ca(HPO4)3]2� separate ions. Conversely the smaller, lower charge

[Ca2(HPO4)3]2� exhibits the largest exergonic formation compared to its component

clusters [Ca(HPO4)2]2� and CaHPO4 which is consistent with the ACP composition

found by Habraken et al. The recent work by Yang et al. suggests that [Ca2(HPO4)3]2�

is the most stable intermediate cluster during aggregation. However, they do not

report results on the [Ca2(HPO4)4]4� complex, which we find to be the most stable

species.

Following the nucleation analysis of Hu et al.232, the formation of a state of

comparable or lower thermodynamic stability should not increase the barrier to

nucleation and so could lie on the nucleation pathway. For all but the [Ca(HPO4)3]8�
2

cluster this is the situation observed here under standard conditions. As the clusters

increase in size the free energy initially decreases until [Ca2(HPO4)4]4�, then begins

to increase again (see Figure 6.5). By way of contrast, in the calcium carbonate

system,42,223,233,234 simulations and potentiometric measurements and titrations
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Figure 6.4: Representative geometries for configurations taken from the minima in the
region of calcium-calcium distances of 4 Å for the free energy curves shown in
Figure 6.3 for (a): [Ca2(HPO4)2]0; (b): [Ca2(HPO4)3]2�; (c): [Ca2(HPO4)4]4�; (d):
[Ca2(HPO4)5]6�; and (e): [Ca2(HPO4)6]8�. Ca is cyan, P is tan, O is red, and H is
white. Only those water molecules coordinated to calcium are shown for clarity.

have suggested that association of ions into larger structures is driven by an almost

monotonic decrease in the free energy per ion pair of addition.223,234 The other key

difference is that the clusters observed in simulations for the carbonate system are

neutral while in the phosphate case they exhibit a thermodynamic preference to

possess an overall negative charge, at least in the case of small clusters.

6.3 nucleation pathways

From the results discussed above, a number of conclusions can be drawn concern-

ing the nucleation mechanism of calcium phosphate. However, it is important to

emphasize that we are not claiming to have demonstrated a definite pathway to

nucleation and crystallization since this lies beyond the scale that is readily accessi-

ble with current atomistic simulations. In this article, the aim was to critique, using

molecular simulations, the conclusions drawn from experimental results reported

for the nucleation and growth of calcium phosphate minerals by Habraken et al.
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Figure 6.5: Free energy of formation from the component ions (DG) for dimeric clusters
[Ca2(HPO4)m]�2m+4 shown in red, compared to the sum of the corresponding
free energies for the single calcium species [Ca(HPO4)j,k]

�2n+2 shown in blue
(where j+k = m). The individual data points for the three methods for calculating
DG[Ca2(HPO4)m]�2m+4, as outlined in Table D.2, are shown with red crosses,
while the averages of the two methods giving the largest discrepancy are shown
with black circles, where the error bar corresponds to the standard error.

and Xie et al. This gives a greater understanding of the mechanism involved and

which molecular species could play an important role.35,230 The observation of a

calcium-deficient amorphous precursor formed via the interaction of negatively

charged complexes is surprising as it is not usual to think of natural processes

evolving through electrically unbalanced reactions and it is thus important to verify

its existence.

The calcium phosphate complexes proposed by Habraken et al., [Ca(HPO4)3]4�

are shown here to be (meta)stable. However, at experimental concentrations, the

simulations suggest that 11% of the Ca2+ ions would form [Ca(HPO4)2]2� while

19% would form ion pairs and the rest would be free in solution.235 Even though

equilibrium calculations suggest that [Ca(HPO4)3]4� complexes would form in

negligible quantities (0.19%) in solution, they could become kinetically trapped as

the calcium and phosphate solutions are mixed together. Additionally, the amount

of each complex present in the solution will depend upon a number of factors

that include the solution composition, the presence of organic molecules and the
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physical constraints applied to the solution. In the experimental work suggesting

the formation of [Ca(HPO4)3]4�, a TRIS buffer was used and could have stabilized

this complex. It is well known that organic molecules can have an important impact

on the nucleation and growth of minerals from solution.80,234–236

This study shows that, for calcium phosphate, the formation of aggregates

from the units that could be present in solution, i.e. CaHPO4, [Ca(HPO4)2]2�, and

[Ca(HPO4)3]4�, is favorable for the smaller clusters. However, as the aggregation

continues, the states become metastable with respect to the smaller clusters and

could be important during nucleation. The work by Hu et al. used a modified

version of CNT.237 Hu et al. argued that if, in contrast to most presentations of CNT,

we do not assume that the interfacial energy for clusters is the same as that for the

bulk phase, but allow it to change as a function of the size of the forming nuclei,

reaching a negligible value for the ion pair, then the transition free energy barrier

will be scaled by;

DGc = B
a3

(r ± C)2 (6.3.1)

where C is a factor that depends on various parameters, including the shape of the

cluster, the cluster radius, but most importantly the excess free energy of the cluster.

Here a is the interfacial free energy and r depicts the favorable energy arising from

the association of ions in solution. B is a constant that varies according to the shape

and density of the nucleating solid. Whether there is a plus or minus sign in the

denominator depends on whether the energy minimum occupied by the cluster

is of higher or lower energy than the ions (or ion pair) in solution. In the latter

case a minus sign will apply and the barrier to nucleation will be increased. In the

former case the barrier will be decreased and the complexes are likely to lie on the

nucleation pathway. As we found metastable states for the aggregation of complexes

that could be present in solution, following the analysis of Hu et al., these could lie

on the nucleation pathway. Habraken et al. extended the approach of Hu et al. to

consider the case where the unit of growth for the critical nucleation cluster was a

molecular cluster rather than individual ionic species. Evidence for such clusters

was seen in their experiments. This implies a different nucleation pathway to that

envisaged by simple classical nucleation theory. Our results in figure 6.5 show that

clusters with fewer than five HPO2�
4 ions are more stable than the units from which

they are built. As argued above, this will tend to increase the nucleation barrier.
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However, it is still possible that the overall barrier is lower because the pathway

is different. Unfortunately, it is beyond the ability of simulation to investigate this

at present. The most we can say is simply repeating the dimerization process is

unlikely to be the only mechanism for the precipitation of amorphous calcium

phosphate. The dimer of [Ca(HPO4)3]4� is much higher in energy compared to

its separate state, suggesting that [Ca(HPO4)3]8�
2 is unlikely to be required for

amorphous growth.

6.4 conclusions

Our results, obtained from classical molecular dynamics simulations, provide fur-

ther evidence that negatively charged complexes of calcium phosphate can indeed

form and are stable in solution confirming previous experimental observations.

However, calculation of the equilibrium constant for the different calcium phos-

phate complexes suggests that, in the experimental conditions used by Habraken et

al.35 and other authors,230 the ion pair would be the dominant calcium phosphate

species in solution. The barrier inhibiting the loss of an HPO2�
4 ion, 17 kJ/mol,

suggests that [Ca(HPO4)3]4� complexes formed could be kinetically trapped. In this

scenario, the large negative charge could attract Ca2+ ions, which would then be

able to bridge complexes to form larger charged aggregates, which are (meta) stable,

as shown using metadynamics. These inorganic clusters are chemically similar to

the amorphous calcium phosphate found experimentally in two separate studies.

Additionally, the fact that vesicles in osteoblasts present at the growth front of bone

showed a Ca/P ratio of 0.75 suggests the potential importance of this pathway for

the in vivo mineralization of calcium phosphate.

The aggregation of CaHPO4 and [Ca(HPO4)2]2� leads to configurations that are

more stable in energy than the separated state, suggesting that they could lie on the

nucleation pathway. This would increase the barrier to nucleation as above. However,

the idea that nucleating clusters could be made from units of molecular complexes,

used by Habraken et al. to explain how amorphous calcium phosphate could form

at their studied supersaturation, is still viable since the corresponding nucleation

pathway could still have a lower barrier overall. Incorporating a dependence on
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cluster size of the interfacial energy was shown to decrease the nucleation barrier

of amorphous calcium phosphate to a reasonable value.



7
S H O RT- R A N G E S T R U C T U R E O F A M O R P H O U S C A L C I U M

H Y D R O G E N P H O S P H AT E

The ideas, tables and figures which appear in this chapter appeared first in Crys-

tal Growth & Design under the title “Short-Range Structure of Amorphous Cal-

cium Hydrogen Phosphate” and its corresponding supplementary information.238

For reference, this publication appears in full in Appendix E and its supplemen-

tal information in Appendix F. It has been reproduced with permission (see

Appendix A).

The idea of amorphous precursors to calcium phosphate mineral phases has been

around since the 1970s with the aggregation mechanism of clusters proposed by

Posner and Betts,31 but historically the role of transient amorphous intermediates

has been widely debated.81,91,93 The importance of amorphous calcium phosphate

(ACP) in the biological system has been observed in many studies: in rodent

tooth enamel, amorphous phases were observed and suggested to control the

rates of enamel demineralization;95 TEM studies of ACP regions in bone led to

the suggestion that these ACP regions lead to increase in strength and damage

resistance;98 TEM studies of human dental enamel support the idea that enamel

decay occurs via the amorphous phase;99 and more.80,96,97,101,239

With the phosphate system an important consideration is the speciation of

phosphate, and thus the pH. The Ca/P ratio in amorphous intermediates has been

suggested to control the structure of crystallized calcium phosphate phases,240 from

“acidic” ACP which is thought to form with a ratio of ⇠1.0-1.5 Ca/P at pH⇠797

to “basic” ACP which has been suggested to form from Posner’s clusters with a

Ca/P ratio of 1.5.31 However, there is no knowledge of so-called “acidic” ACPs

with lower atomic ratios.

By using a extensive variety of characterization techniques, our collaborators

were able to study the formation of an amorphous calcium phosphate phase

without stabilizers, an atomic ratio of approximately 1.0 and to compare this phase

95
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with other calcium phosphate phases in order to determine whether it could be

considered a new phase. Crystalline phases used for comparison are octacalcium

phosphate (OCP) and brushite. OCP has a chemical formula Ca8(HPO4)2(PO4)4 ·

5H2O and a packing of alternating layers of calcium and phosphate layer with a

water layer where the calcium and phosphate layer resembles the apatite solid.

Brushite has a chemical formula of CaHPO4 · 2H2O and like OCP, has alternating

calcium and phosphate layers and water layers. Note that OCP has PO3�
4 present,

but brushite does not; and OCP has a Ca:P ratio of 4:3, whereas brushite has a

ratio of 1:1. The full text is in Appendix E, but we will summarize the key points

here. Through careful comparison between the “new” lower atomic ratio phase,

basic ACP and the crystalline phases a variety of conclusions were drawn from

experimental work performed by our collaborators:

1. (TEM) Particles are of size 10-100 nm

2. (XRD and SAED) The “new” phase and basic ACP both possess short-range

order but no long-range order

3. (XRD) Difference in peak position and intensity between “new” phase and

ACP indicate a structural difference

4. (FTIR) HPO2�
4 ions are present in the “new” phase

5. (FTIR) There is a difference in short-range order between the “new” phase

and ACP

6. (FTIR) A hydrogen bonding difference exists between the “new” phase and

either brushite or OCP

7. (MAS-NMR) The HPO2�
4 ion is present in the “new” phase but not basic ACP;

H2O is present in both

8. (MAS-NMR) Comparison of the “new” phase to all other crystalline phases

shows that the “new” phase is distinct

9. (31P-MAS-NMR) P environment of “new” phase is similar to brushite

10. (XANES) Similar short-range structure of O around Ca atoms between basic

ACP and the “new” phase
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The differences between basic ACP and the “new” phase are predictably difficult

to identify due to their amorphous character, but the list of observations obtained

from the characterizations points to a simple conclusion: that the phase generated

is an amorphous calcium hydrogen phosphate phase (ACHP) similar in structure

to basic ACP but fundamentally different.

This distinction between ACHP and basic ACP suggests that the nucleation of the

phase is distinct. If basic ACP forms from Posner’s cluster it is possible that ACHP

forms from a different prenucleation cluster. If basic ACP, a PO3�
4 containing phase,

is made up of a PO4-based cluster, then it seems possible that an HPO2�
4 containing

phase would be made up of an HPO4-based cluster. Indeed, such clusters were

discussed in Chapter 6. However those clusters, derived from the work of Habraken

et al.35 had a much lower calcium content than the ones suggested here. Without a

method experimentally to probe the nanostructure of the nucleation pathway, we

turn to simulation to determine whether such clusters could be stable, and if an

amorphous material made up of such clusters would be distinct from an amorphous

material made up of Posner’s clusters.

The following chapter represents my contribution to the paper reproduced in full

in appendix E.

7.1 methods

7.1.1 Preparation of Clusters

Initial clusters were chosen to maintain the Ca:P ratio of 1:1 with six calcium

atoms. Thus, for Ca6(H2PO4)a(HPO4)b(PO4)c a + b + c = 6 and 0  a, b, c �

6. Additionally, it is unlikely that H2PO�
4 and PO3�

4 would exist in the same

cluster due to the favorability of a hydrogen transferring from H2PO�
4 to the

more negative PO3�
4 . Thus, for clusters where a � b, then c was required to be

 b and vice versa, such that for c � b then a  b. Clusters with an overall

charge greater than or equal to ± 2 were not examined. These constraints limit

the composition of the system to 11 possible clusters (Table 7.1). For each cluster,

an MD simulation was performed in the NVT ensemble in vacuum in a 50 Å

box for 5 ns at 3000 K with angular momentum removed. The trajectory was
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reordered by potential energy, and 10 configurations were chosen with differing

potential energies. These configurations were then added to a pre-equilibrated

50 Å water box and MD simulations at 300 K were performed. All molecular

dynamics simulations employed the recent force field parameters of Demichelis

et al.130 and were performed using the LAMMPS code using a time step of 1

fs.152 For consistency, new configurations for Posner’s cluster (Ca9(PO4)6) were

also considered, using a starting configuration with S6 symmetry described by

Treboux et al.32 Simulations of the hydrated and nonhydrated cluster at 300 K were

performed and retained essentially the same configuration (Figure 7.4). Even at

high energy (3000 K), there were no configurations with significantly different

potential energies from the starting configuration. Thus, only one configuration was

added to a pre- equilibrated 50 Å water box, and an MD simulation at 300 K was

performed for 20 ns, using the same parameters as for the other clusters. To explore

the structure of the proposed cluster in vacuum we also performed MD simulations

of the hydrated and nonhydrated cluster (Ca6(HPO4)6(H2O)6 and Ca6(HPO4)6) in

vacuum at 300 K. These simulations were also performed in the NVT ensemble in a

50 Å by 50 Å by 50 Å box for 5 ns using the LAMMPS code again with a time step

of 1 fs.

(H2PO4)a (HPO4)b (PO4)c Charge

0 4 2 -2
0 5 1 -1
0 6 0 0
1 2 3 -2
1 3 2 -1
1 4 1 0
1 5 0 +1
2 2 2 0
2 3 1 +1
2 4 0 +2
3 2 1 +2

Table 7.1: List of clusters simulated based on the composition of the three possible phos-
phate anions, and their corresponding total charge.
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7.1.2 Preparation of Amorphous Materials

To create models for the amorphous material, 27 of the hydrated clusters Ca6(HPO4)6

(H2O)6 or Ca9(PO4)6(H2O)12 were arranged on a grid. These cluster geometries

were selected from the last frames of the aqueous NVT simulations described in the

previous section. A 10 ns NPT run was used to equilibrate the system, which was

then followed by 100 ns of NVT molecular dynamics. To verify that the models were

not an artifact of all the clusters being initially oriented in the same way, the model

was replicated 8 times with alternative orientations. The 27 clusters were both

randomly oriented and placed in a cubic box of length 27 Å for Ca6(HPO4)6(H2O)6

and 40 Å for Ca9(PO4)6(H2O)12. For basic ACP, NPT runs ranging from 2 to 7 ns

were sufficient to equilibrate the system. However, for ACHP pockets of vacuum

were observed to persist. Thus, a manual shrink was used to ensure that the density

was at least 2 g/cm3 for Ca6(HPO4)6(H2O)6. This box was energy minimized, and

then run with molecular dynamics using an NPT ensemble for >2 ns. After the cell

parameters had equilibrated, NVT molecular dynamics was run for ⇠30 ns for each

amorphous model. The average of these NVT simulations was used to calculate the

radial distribution functions. Specific simulation times are reported in Table 7.2. To

compare the cluster structure within ACHP and basic ACP, the trajectories of the

27 initial clusters were cut from the amorphous solids and superimposed using the

central Ca in Posner’s cluster and an arbitrary Ca followed by the center of mass in

CHPC as a point of reference. MDAnalysis241 was used with the fast iQuaternion

Characteristic Polynomial algorithm242 to calculate the root-mean-square distance

between the initial cluster and the cluster within the amorphous solid and the rota-

tion matrices that minimize the RMSD;243 3D atomic density maps were calculated

using these aligned trajectories. It was necessary to superimpose via both a Ca as

well as center of mass for CHPC to ensure that the cluster was not cut across the

periodic boundary conditions as well as being centrally aligned.
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NPT (ns) NVT (ns) Density (g/cm3) Ca-O CN P-Ca CN

Ca6(HPO4)6(H2O)6

10 100 2.07 7.02 4.32
4.9 32 2.1 7.36 4.69
4.9 32 2.05 7.45 4.65
4.9 32 2.08 7.35 4.66
4.8 31 2.11 7.45 4.65
5.0 32 2.06 7.35 4.63
4.8 31 2.19 7.32 4.58
5.0 32 2.03 7.27 4.58
4.9 31 2.1 7.35 4.59

Average: 2.09 ± 0.03 7.32 ± 0.09 4.59 ± 0.08

Ca9(PO4)6(H2O)12

2.2 100 2.14 6.8 6.08
3.4 30 2.16 6.85 6.05
3.1 30 2.14 6.73 6.07
3.1 30 2.17 6.81 5.99
2.6 30 2.11 6.83 6.09
7.7 30 2.15 6.68 5.94
2.2 30 2.04 6.71 5.98
5.5 30 2.11 6.72 6.00
5.6 30 2.17 6.73 6.02

Average: 2.13 ± 0.03 6.76 ± 0.04 6.02 ± 0.04

Table 7.2: Simulation times, densities, coordination numbers for the amorphous solids built
from Ca6(HPO4)6(H2O)6 and Ca9(PO4)6(H2O)12 clusters. Coordination numbers
are calculated as the integral of the radial distribution function at the second
inflection point, as seen in Figure 7.7. The errors reported for the density and
coordination number are the 95% confidence intervals of the reported values.
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7.2 results and discussion

7.2.1 Clusters in Vacuum and Solution

5 ns aq MD

Figure 7.1: Two examples of the structural evolution of clusters after 5 ns of molec-
ular dynamics in water at 300K: (Left) Ca6(H2PO4)3(HPO4)2PO2

4 has bro-
ken into Ca5(H2PO4)2(HPO4)2PO+

4 and CaH2PO+
4 (not shown) and (Right)

Ca6(HPO4)5PO�
4 have remained stable. Here Ca, P, O and H are colored blue,

brown, red and white, respectively, while surrounding water molecules are
hidden for clarity.

In the present work, the stability of the models for CHPC was determined by

checking for fragmentation every 5 ns, with the simulation being terminated if this

had occurred. Two examples of the fragmentation pathways observed are given

in Figure 7.1. A more rigorous approach to quantifying the stability would be to

compute the free energy of binding of the ions in the cluster relative to the species
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in aqueous solution, as in Chapter 6 using metadynamics. However, to sample this

process with bias-accelerated dynamics and determine the equilibrium constants is

not currently viable due to the large separation required for this number of ions to

reach the asymptotic limit that connects the free energy with standard conditions,

as well as the large number of collective variables which would be needed.

(HPO4)6
(HPO4)4(PO4)2-2 (HPO4)5(PO4)1-1

(H2PO4)1(HPO4)5+1

(H2PO4)1(HPO4)3(PO4)2-1 (H2PO4)1(HPO4)2(PO4)3-2

(H2PO4)2(HPO4)2(PO4)2

(H2PO4)3(HPO4)2(PO4)1+2	 (H2PO4)2(HPO4)4+2
(H2PO4)1(HPO4)4(PO4)1	 (H2PO4)2(HPO4)3(PO4)1+1

Figure 7.2: The number of configurations that remained stable with the same structure as
the initial cluster during molecular dynamics simulation in water as a function
of time. In each case, 11 independent configurations were used except for
(HPO4)5(PO4)� where the number was 10.

As can be seen from Figure 7.2, only for Ca6(HPO4)6 and Ca6(HPO4)5(PO4)�

do all initial configurations of the cluster remain stable in water for the duration

of the molecular dynamics run, while at least one or more configurations begin

to fragment for other compositions. For the cluster where 2 HPO2�
4 anions are

replaced by PO3�
4 , 10 out of 11 configurations remain as a single cluster, which is

again consistent with some limited substitution of PO3�
4 for HPO2�

4 being possible

without decreasing the stability of the cluster significantly.

As the cluster which maintains charge balance, we deem the Ca6(HPO4)6 cluster

the “Calcium Hydrogen Phosphate Cluster” or CHPC. While our simulations do not

conclusively suggest this cluster over Ca6(HPO4)5(PO4)�, its stability in addition to

its charge balance make it the most robust choice. Additionally, though the cluster

in solution may vary by a PO3�
4 , because in the simulations of the amorphous solid

charge balance must be maintained having all HPO2�
4 within the cluster will allow

us to more easily simulate an amorphous material built from clusters.

In vacuum, four HPO2�
4 ions of CHPC form a central rectangle, which is slightly

distorted such that those ions on one side of the rectangle lie a little above and

below the plane indicated in Figure 7.3a. The Ca ions are arranged similarly to
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Figure 7.3: Configurations of CHPC in vacuum taken from simulation. (a-c) The arrange-
ment of P (a), Ca (b), and all atoms (c). (d) CHPC with H2O molecules. The
dashed quadrangles indicate the (disordered) planes which the P atoms are
found on (a, c, d) and Ca atoms are found on (b). Ca is shown in cyan, P in tan,
and O in red; H of HPO2�

4 is not shown; H2O molecules are shown in blue.

the HPO2�
4 ions (Figure 7.3b). The arrangement of all ions in CHPC collectively

exhibit an even lower symmetry (Figure 7.3c) as the distorted rectangles connecting

the HPO2�
4 and Ca2+ ions are neither parallel nor orthogonal with respect to each

other. Additionally, considering the 6 H2O molecules coordinating with CHPC (the

H2O/P ratio is 1.0, SI section F.4.4), the structure remains essentially unchanged,

though the waters do not distribute evenly across the calcium ions and the structure

becomes skewed (Figure 7.3d). In comparison, our simulations suggest that the

Posner’s cluster in vacuum is a little bit different from the original one, but similar

to that described by Treboux et al.,32 where the 6 PO3�
4 ions form two parallel

triangular planes in the center; 3 Ca2+ ions are connected by a line across the center

of the triangles, and the other 6 Ca2+ atoms are grouped around the triangles

formed by the PO3�
4 ions (Figure 7.4a,b). This differs greatly from the structure of

CHPC in vacuum. The binding of H2O molecules to the Posner’s cluster distort it
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only slightly, being still very distinct from the CHPC configuration (Figure 7.4c).

Even at 3000K in vacuum, the Posner’s cluster structure is retained, though the

phosphates have begun to distort (Figure 7.4d).

97

(a) (b)

(c) (d)

Figure 7.4: (a) Posner’s cluster with S6 symmetry as described by Treboux et al.,32 (b-d) after
5 ns of molecular dynamics in vacuum at 300 K for the non-hydrated cluster (b)
300K for the hydrated cluster (c) and 3000K for the non-hydrated cluster (d). Ca
is shown in cyan, P in tan, O in red; H of HPO2�

4 is not shown; H2O molecules
are shown in blue.

7.2.2 Amorphous Materials

While the studies of cluster stability in water indicate probable structures, assuming

the 1:1 Ca:P ratio proposed experimentally, it is also useful to compare the properties

of an amorphous model built from clusters with this ratio to an amorphous solid



7.2 results and discussion 105

built from Posner’s clusters, which has a Ca:P ratio of 9:6. Hence amorphous models

were created from both species (see Figure 7.5). The densities of the resulting

amorphous materials were calculated to be similar for Ca6(HPO4)6(H2O)6 and

Ca9(PO4)6(H2O)12 at 2.09 g/cm3 and 2.13 g/cm3, respectively (see Table 7.2 and

Figure 7.7). As expected, these are significantly lower than the experimental values

for crystalline phases, such as Ca5(OH)(PO4)3 and CaHPO4 which are 3.1643 and

2.92 g/cm3,244 respectively, due to the presence of stoichiometric amounts of water.

By analyzing the average 3D atomic density maps of clusters within the solid

we can identify to what degree the cluster structure is retained. In Figure 7.6, by

dividing the amorphous solid into constituent clusters and averaging the density of

these clusters we evaluate the cluster structure. In the basic ACP model, both the

calcium atoms (cyan) and the phosphorus atoms (tan) have an increased probability

of being within ⇠1.5Å of the isolated Posner’s cluster position in aqueous solution

over the course of the simulation, indicating that the cluster structure is retained. The

clusters within ACHP bear no such retention of symmetry. There is no mechanism

for identifying the clusters within ACHP due to the exchange of ions and molecules

between units, with no single stable cluster geometry. Thus, though the existence of

CHPC in ACHP is confirmed here, it does not specifically suggest that ACHP is

constructed via addition of clusters with a uniform configuration.

While the clusters within ACHP have a less defined structure than basic ACP,

this is not to say that the material has no short-range order. From the average radial

distribution function of O with Ca (Figure 7.7, left), we see that the average Ca

environment is similar for ACP and ACHP, with an average coordination number

of 6.8 and 7.3 O atoms coordinated to each Ca atom, respectively. The higher

coordination number in ACHP reflects the more closed, spherical structure of

Posner’s cluster and the larger amount of stoichiometric water. From the average

radial distribution function of P with Ca (Figure 7.7, right) we observe more of a

difference. The same peak splitting in the first coordination shell is observed in

both materials, but ACP has a higher intensity first peak. This corresponds to a

higher coordination of P to Ca for ACP than ACHP; from the inset int[g(r)] we

can estimate the coordination number as 6.0 and 4.6, respectively. This reflects

the higher stoichiometric of Ca to P in the amorphous solid built from hydrated

Posner’s cluster than the solid built from CHPCs.
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Figure 7.5: Two amorphous models built from Ca6(HPO4)6(H2O)6 clusters (top row) and
Ca9(PO4)6(H2O)12 clusters (bottom row) shown along each of the three orthogo-
nal axes. Here Ca is cyan; phosphate O is red, H is white, and P is tan; H and O
of water are shown in blue to highlight the approximately uniform dispersal of
water, phosphate ions, and calcium ions.

Figure 7.6: Average 3D atomic density maps of (left) the Ca9(PO4)6(H2O)6 cluster and
(right) the Ca6(HPO4)6(H2O)6 cluster within the amorphous solid. The iso-
density surfaces have been colored based on atom type where phosphorus is
tan and calcium is cyan; oxygen and hydrogen have been omitted for clarity. In
both cases, scale bars are 5 Å. Individual clusters were selected from the solid
based on their initial geometry and superimposed using a method described in
Experimental Section.
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Via analysis of the coordination number of individual Ca sites with water oxygen

we can identify the packing structure (see Table 7.3). In both ACP and ACHP the

amount of bound water suggests that the cluster packing includes interstitial water

bound to Ca. We expect that the amount of unbound Ca will be higher in ACHP

due to the lower stoichiometric ratio of water but the magnitude of the increase (55%

in ACHP compared to ACP 33%) suggests that there is a different packing pattern.

However, the water oxygen environment indicates that there is more bulk-like water

in ACP than in ACHP.

CN Ca-OH2O (%) OH2O-OH2O (%)

Ca6(HPO4)6(H2O)6 0 55.0 14.4
1 29.6 40.5
2 10.7 32.6
3 4.1 10.0
4 0.5 1.9
5 0.1 0.6

Ca9(PO4)6(H2O)12 0 33.3 1.5
1 32.4 6.9
2 25.9 20.8
3 7.5 35.5
4 0.9 26.7
5 0 7.4
6 0 1.1

Table 7.3: Percentage of individual atoms Ca coordinated with water oxygen (Ca-OH2O),
and water oxygen coordinated with itself (OH2O-OH2O).

7.3 conclusions

In conclusion, simulations suggest that the structure of ACHP described by experi-

ment is distinct from basic ACP built from Posner’s cluster’s. A new cluster, CHPC

or Ca6(HPO4)6, is shown to be stable in solution for at least 20 ns and matches the

Ca/P ratio described experimentally. Similar to basic ACPs, we propose that ACHP

consists of CHPCs (see Figure 7.6) that are aggregated with H2O in the interstices

to build up the structure of ACHP. Unlike the Posner’s clusters, however, the CHPC

has lower symmetry and is more susceptible to structural change on formation of
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an amorphous solid. The chemisorbed, structural H2O molecules coordinating to

Ca ions or even exhibiting hydrogen-bonding interactions with the HPO2�
4 ions are

arranged around the CHPC to build up ACHP. This structure is globally consistent

with the experimental analysis.

If we return to the list at the start of the chapter for the comparison to experimen-

tal results, we can compare with specificity. From experiment it was concluded that

the Ca environment is more or less identical for basic ACP and ACHP in the short-

to medium-range. From the simulations, the coordination number of calcium with

oxygen is similar throughout the calcium sites in the amorphous solid. However,

the P environments differ between basic ACP and ACHP. From Posner’s cluster to

CHPC, besides the substitution of phosphate ions by hydrogen phosphate ions, the

interactions between Ca and HPO2�
4 or PO3�

4 ions change due to the decrease of the

Ca/P atomic ratio and the change of Ca positions, which was confirmed through

coordination number analysis.

Further simulations performed by Julian Gale include AIMD simulations of the

CHPC in water and computed 1H NMR spectra of the amorphous models prepared

here (see Appendix E and F). The AIMD simulation of the Ca6(HPO4)6 cluster in

water found that there was no significant change in the arrangement of the ions

on the timescale studied, therefore confirming that the structure is indeed a local

minimum. However, as the AIMD simulation was only approximately 50 ps, the

longer term stability of the cluster in solution is not known. The computed 1H

NMR spectra confirmed a second broad peak at a higher chemical shift due to

HPO4, which was observed experimentally. While all conclusions were consistent

with experimental data, the difficulty in simulating amorphous structures means

that conclusions were necessarily restrained. Unfortunately, it is not feasible to

simulate an amorphous material ion by ion and thus our methods relied on high

temperatures, relaxations, and many replicates.
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Figure 7.7: The average radial distribution function of Ca with (left) O and (right) P for
basic ACP (built from Ca9(PO4)6(H2O)6 clusters) shown in red and for ACHP
(built from Ca6(HPO4)6(H2O)6 clusters) shown in blue. The average integrals of
the radial distribution functions are inset.
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This is a full reproduction of the paper “Water Structure, Dynamics and Ion

Adsorption at the Aqueous {010} Brushite Surface” which originally appeared

in Minerals.229 It has been reproduced with permission (see Appendix A).

Calcium phosphate phases are ubiquitous both as biominerals and geologically.

The mineral apatite (Ca5(PO4)3X, where X is an anion such as F�, Cl� or OH �) is

the most stable of the calcium phosphate phases over a large pH range. However, in

acidic aqueous conditions brushite (CaHPO4·2H2O, dicalcium phosphate dihydrate,

DCPD) is often formed. Brushite crystallizes to hydroxyapatite at neutral pH and is

thought to be a precursor phase.84 Brushite forms a particularly aggressive kidney

stone variant,245, and while a correlation between pH and calcium content has been

identified there is not yet a full understanding of this undesirable calcification.246

Additionally, of the calcium phosphate minerals, brushite in particular has been

heavily researched for use in biological applications, such as drug delivery, ortho-

pedics, craniofacial surgery, cancer therapy, and biosensors.85 Brushite is a favored

choice because of its high solubility, but there is a limited understanding in regard

to its successful resorption into the body.247,248 Understanding these growth and

dissolution processes, particularly in a biological, geological249 and industrial250,251

context relies on understanding brushite’s structure and especially its interaction

with water at the morphologically important surfaces.

As stated above, brushite has the chemical formula CaHPO4·2H2O, making it a

structural analogue to gypsum (CaSO4·2H2O). Like gypsum,252 brushite has alter-

nating bilayers of water molecules and calcium phosphate (or sulfate, in gypsum’s

case) rows, and each bilayer is offset. Unlike gypsum, the space group of brushite

is I a (non-standard setting of Cc) as opposed to I 2/a (C2/c) for gypsum. Indeed

the epitaxial relationship between brushite and gypsum has been subject of much

study, it was first studied in depth by Heijnen and Hartman by periodic bond chain

analysis,253 and later through microscale observations254 and in situ AFM.255 In the

111
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[101]

[201]

[001]

Figure 8.1: One of the two Brushite {010} surfaces viewed from above with crystallographic
directions indicated with solid black lines. Water is omitted for clarity. H is
white, O is red, P is tan, and Ca is cyan.

as-synthesized morphology, the {010} face is most commonly exposed.256,257 When

imaged via atomic force microscopy (AFM) in water the {010} brushite surface

typically exhibits steps of height 7.6 Å,24,257 which correspond to one bilayer of

calcium phosphate and one bilayer of water molecules. The dissolution of brushite

is then observed to proceed via the formation of triangular etch pits with [001],

[201] and [101] steps (see Figure 8.1).258,259

Understanding the structure of bulk brushite, with its intrinsic hydration, has

so far not been sufficient to understand the water ordering that occurs at hydrated

external surfaces. The {010} face of brushite is parallel to the brushite water layers

and the natural cleavage plane lies between the two water layers. Thus no recon-

struction of the surface is needed and the first layer of water can be considered as

a part of the brushite crystal. Furthermore, it might be supposed that the water

ordering of the second layer of water should also be particularly strong and follow

that which occurs in the bulk. With this as a hypothesis, surface X-ray diffraction
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(SXRD) was used by Arsic et al.24 to determine the electron density distribution

of the water-brushite interface. However, less in-plane ordering was found than

expected. While the first water layer was found to be ordered similarly to the bulk,

the second layer appeared to be without in-plane ordering, though both exhibited

strong perpendicular ordering.

A similar SXRD study investigated the water ordering of KH2PO4 (KDP) and

found an unexpected amount of water ordering which they theorized arose from

strong ionic interactions with the charged surface.260 For KDP they found that the

first two water layers exhibited strong ordering, both laterally and perpendicularly ,

while the third layer had reduced order in both dimensions. The fourth water layer

had perpendicular order, but lacked discernible in-plane order. In comparison to

this extended ordering for KDP, the lack of structuring of the water over brushite

appears a surprising result.

Understanding the water ordering on brushite can also be explored through the

use of atomistic simulation. Although there have been studies of the brushite-water

interface, to date there has been no precise determination of the water ordering.

Jiang et al.261 studied the adsorption of aspartic acid on brushite and as a part of

their study attempted to reproduce the SXRD spectrum from Arsic et al.24 The

force field employed was based upon existing interatomic potentials (OPLS-AA,262

TIP3P water model263) with modifications for brushite based on Hauptmann’s

model264 with partial charges from density functional theory (DFT). There was

no specific parameterization of the force field for aqueous-mineral interfaces and

the thermodynamic accuracy of the model was not validated. While this model

reproduces some features of the SXRD spectrum, discrepancies were also evident.

For example, in the bulk structure, though the peaks were approximately at the

same positions as the experimental peaks they were much broader indicating a lack

of order, perhaps due to the vibrational modes of the mineral being too soft.

The main aim of the present work was to examine the water ordering and dy-

namics at the surface of brushite. Here a new force field130 is used that has been

specifically parameterized to reproduce a range of both structural and thermo-

dynamic data for calcium phosphate phases, including the hydration free energy

of the phosphate anions and the solubility of different phosphate mineral phases.

This was complemented by the use of ab initio molecular dynamics to validate the
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results, where feasible, and a modified version of our previous force field130 to

examine the sensitivity to choices made during the parameterization. Simulations

were performed for both a flat surface and a surface with one of the possible steps,

as the latter represents the most likely site for growth and dissolution. This work

examined the extent to which it was possible to reproduce the experimentally

acquired SXRD spectrum using simulations of the flat surface. A discrepancy be-

tween experiment and simulation led us to further consider the thermodynamics of

phosphate and calcium ion adsorption as processes that might lead to disruption of

the water structure. Finally, the rates of water exchange were explored based on an

analysis of the residence time at the exposed calcium sites, since such data has not

been previous reported, yet may be an important kinetic limitation for growth and

dissolution.

8.1 methods

In this study we have simulated the brushite aqueous interface using atomistic

molecular dynamics based on both interatomic potentials and density functional

theory. For the classical simulations, interactions were predominately described

using the force field of Demichelis et al.130 (hereafter labeled C1), which was

developed with a specific focus on reproducing the thermodynamic properties of

phosphate minerals. In particular, the hydration free energy of the phosphate anions

and the solubility of different phosphate mineral phases were used for fitting, as

these properties are important for an accurate description of the water structure and

dynamics around the phosphate and calcium ions. The SPC/Fw water model137 was

chosen for consistency with the previous force field parameterization developed

for carbonate minerals.30 At 300 K, the present force field gives deviations in the

lattice parameters relative to the experimental values86 of Da=-0.03% Db=-1.03%

and Dc=+7.48%. As compared to the force field reported by Jiang et al. (at 300 K:

Da=3.89% Db=+1.96% and Dc=+1.32%), this force field performs more accurately

in the a and b directions, but worse in c.261 We also modified the parameters of130

to produce a force field (C2) which more closely matched the experimental lattice

parameters (See Table G.1 in the SI for force field parameters). With this revised

model, the errors in the cell parameters after optimization are Da -2.38% Db 0.1%



8.1 methods 115

and Dc +0.69%. However, for C2 the thermodynamic quantities were not targeted,

and resulted in a worse performance. For example, the solvation free energy for

HPO2�
4 had an error of -4.80% (as opposed to the unmodified force field error of

+0.03%) relative to the reference value used for fitting based on quantum mechanical

data.

The brushite-water interface was modeled through a periodic cell with lattice

parameters of 45.999 Å, 150.978 Å, 53.545 Å, 90.00�, 114.13�, 90.00�, containing

1,280 formula units of CaHPO4 and 8,239 water molecules (2,206 of which were

part of the brushite slab). The brushite slab and water layer were approximately

72 and 76 Å thick, respectively, with the mineral surface lying in the plane of

the a and c lattice parameters. The same cell with a single additional ion [Ca2+,

PO3�
4 , HPO2�

4 , H2PO�
4 ] was used for the adsorption studies. Further simulations

were performed using the same cell, but with reduced water coverage, in order to

investigate the influence of the experimental conditions, where only a few layers of

water were present, rather than bulk solvent. The same cell with 784, 682, and 596

water molecules was used instead of bulk water for three simulations investigating

the effect of the experimental water coverage. Here one side of the slab had 261

water molecules in each case and the other side whose density profile was analyzed

had 523, 421 and 335 water molecules, respectively.

The brushite slab was built from unit cells reported through X-ray structure

data86 with lattice parameters 5.810 Å, 15.176 Å, 6.234 Å, 90.00�, 116.41�, 90.00�.

Brushite and water were pre-equilibrated in separate cells before being combined

into a cell that was relaxed in the y direction prior to performing production runs

in the canonical ensemble. All classical molecular dynamics simulations were run

using the LAMMPS package152 with a 1 fs time step. The temperature was kept

at 300 K via a Nosé-Hoover chain of thermostats (length 5) with a relaxation time

of 0.1 ps and atomic trajectories were sampled every 1 ps. The dynamics of water

using force field C1 at the flat and stepped brushite surfaces were monitored during

50 and 58 ns runs, respectively. The simulations with reduced water coverage and

force field C2 were analyzed based on shorter 2 ns runs, as they were used only for

calculating electron density profiles, rather than the dynamics of water exchange.

In previous experimental studies, the [001], [201] and [101] steps have all been

observed as sites for dissolution.258,259 A [001] or [201] step on brushite would result
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in either a row of Ca2+ or HPO2�
4 ions, if unreconstructed, whereas a [101] step

naturally results in alternating Ca2+ and HPO2�
4 ions. Rows of a single charged

species could potentially result in an unstable surface termination and thus the [101]

step was chosen for study (see Figure 8.1). For the investigation of water dynamics

at this step a larger periodic cell in the a direction was needed in order to have

sufficient separation between steps. Hence, in this case the cell was doubled, with

half of the top row of phosphate ions removed and replaced with water molecules.

Analysis of the trajectory resulting from the molecular dynamics simulations

was used to calculate the density distribution, radial distribution functions and

water residence times. To compare to experiment, the electron density distribution

was calculated by weighting atomic positions by the number of electrons per atom.

This approximation, if anything, should lead to the simulation overestimating the

sharpness of peaks in the electron density distribution, though in practice this is

not observed to be the case. The method of fitting the residence times has been

previously described by De La Pierre et al.162

In order to complement the classical force field study of the hydration of the

brushite surface, we have also performed ab initio molecular dynamics (AIMD).

Here a reduced surface model consisting of 424 atoms was constructed with lattice

parameters of 11.5, 30.196 and 13.386 Å, for a, b, and c, respectively, and a monoclinic

angle of 114.13�. The system was first equilibrated with the force field to initialize the

AIMD. Here all quantum mechanical energies and forces were determined within

Kohn-Sham density functional theory, as implemented in the code CP2K,265 using

the Gaussian-augmented plane-wave approach within the Quickstep module.266

The BLYP generalized gradient approximation exchange-correlation functional

was used in combination with the D3 dispersion corrections of Grimme and co-

workers.267 A plane-wave cutoff of 400 Ry was set for the auxiliary basis employed

for the electron density, in combination with the Goedecker-Teter-Hutter TZVP

basis sets and corresponding pseudopotentials268 for all elements except Ca, where

a DZVP basis was chosen. For the AIMD, simulations were also performed in the

NVT ensemble with a time step of 0.5 fs and a stochastic thermostat with a time

constant of 10 fs to ensure fast equilibration given that only the water structure

and not the dynamics were to be analyzed. The mass of hydrogen was also set to

2 amu, corresponding to deuterium, and a slightly elevated temperature of 330
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K was employed based on previous results that show that BLYP-D3 under these

conditions leads to an improved description of the structure of liquid water, which

can otherwise be over- structured in AIMD.269

Multiple-walker,169 well-tempered,168 metadynamics was used to investigate the

adsorption of ions [Ca2+, PO3�
4 , HPO2�

4 , H2PO�
4 ] on brushite within the force field

simulations. Again LAMMPS152 was used, but with the inclusion of the PLUMED

2.0167 plug-in in order to compute the binding free energies. The collective variable

chosen was the normal component of the distance between the ion (taken as the

position of Ca or P, as appropriate to the species) and the middle Ca of the brushite

slab. Gaussians were laid every 1 ps with a width of 0.2 Å and an initial height

of kbT. Using the multiple walkers algorithm, 30 parallel simulations with a bias

factor of 5 were run for each energy profile. Aggregated simulation times of at least

500 ns were performed for each system to ensure well-converged sampling.

8.2 results and discussion

8.2.1 Electron Density Profiles Normal to the {010} Surface

The time averaged electron density was calculated for the interface between the flat

{010} surface of brushite and bulk water, resulting in the density profiles normal

to the surface shown in Figure 8.2. In the bulk brushite region (Figure 8.2b) both

of the classical force fields (MD-C1 and MD-C2), and ab initio methods (MD-A),

reproduce the SXRD electron density, whether fitted without (SXRD-1) or with

(SXRD-2) bulk water. There is some discrepancy in z positions (as discussed in the

Methods) and the classical force fields do not quite reproduce the peaks for the

brushite Ca atoms, but overall the electron density profiles have similar heights,

widths and z positions of peaks. This comparison provides some validation that

the force field from Demichelis et al.130 is appropriately describing the phosphate-

water interactions, at least within the bulk brushite environment. Additionally, due

to the smaller system size of the AIMD simulations it is possible that the peaks

widths might be underestimated due to the truncation of the phonon spectrum in

reciprocal space; however the comparison to experimental results shows the peak

widths match well.
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1st 2nd(a)
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MD-A
SXRD-1
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Figure 8.2: (a) Time averaged electron density profiles obtained by MD simulations (MD-C1
refers to simulations using the Demichelis et al. force field;130 MD-C2 refers
to the modified version of MD-C1; MD-A refers to the results from ab initio
molecular dynamics) compared with the electron density profiles obtained via
SXRD (SXRD-1 refers to the published data of Arsic et al. and SXRD-2 refers to
the same data with a fit including bulk water). Peak positions are listed explicitly
in Table G.2. The origin is chosen such that the top layer Ca is at z = 0Å and
densities are scaled to the experimental unit cell (lattice parameters a=5.812 Å,
b=15.18 Å, c=6.239 Å, and b=114.13�).24 Dashed blue lines indicate the 1st and
2nd hydration layer positions as indicated by SXRD. Overlaid density profiles
for specific regions are also shown in the case of (b) the top two brushite layers
and (c) the brushite-water interface.

The comparison of the brushite-water interface between force fields, ab initio

methods and SXRD, while qualitatively similar, shows differences in both heights,

widths and position of peaks for the interfacial region (see Figure 8.2c). Using a

fit with bulk water (SXRD-2) or without (SXRD-1) did not significantly affect the

intensity or position of peaks at the interface, however the peak shape was slightly

different between the two fits. In the first water layer both ab initio and classical

force fields show a reduced intensity compared to the SXRD profiles and a trough

where none exists in the experimental results. All three simulation methods show
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the three peaks present in the SXRD data at this reduced intensity in the 0.5 to 2

Å region, but the peak positions vary. The results of the modified Demichelis et al.

force field (MD-C2) more closely resemble those of the ab initio molecular dynamics

(MD-A) in both the first and second water layer, though at reduced intensity in the

second water layer. In the second water layer the original Demichelis et al. force

field (MD-C1) has a much lower intensity than the SXRD results, but does have

the correct position, whereas MD-C2 and MD-A have a higher intensity but have

peak positions closer to the brushite surface than the SXRD data suggests is the

case. In addition, MD-A has a more pronounced minimum in the density to the

right of the peak before tending to bulk water. It is important to recognize that the

shorter run length that is currently possible with AIMD compared with force field

approaches will partly contribute to a greater degree of structuring in the water

distribution. However, despite this caveat, the AIMD results are at least suggestive

of under-structuring in the force field results.
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MD-C1
MD-C1 2 H2O
MD-C1 3 H2O
MD-C1 4 H2O
SXRD-2
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MD-A
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SXRD-2
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Figure 8.3: The interfacial water structure with 2, 3, and 4 layers of water using (a) the
Demichelis et al. force field (MD-C1),130 (b) the modified Demichelis et al. force
field (MD-C2) and (c) ab initio methods (MD-A) (for this last case only the 2
layer coverage was simulated).
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Arsic et al. estimated in24 that there was a coverage of approximately 2-3 layers

of water during the experiments as opposed to bulk water for the simulated

interface, which could cause a discrepancy between simulated and measured

density profiles. However, a comparison to results using other methods suggests

this was an underestimate. For example, using ATR-IR Asay and Kim270 calculated

the average thickness of adsorbed water on silicon oxide and found that at 100%

relative humidity there were 10 monolayers of water. In another experiment,

for measurements on an NaCl surface, Arsic et al. found that above 75% relative

humidity a macroscopic water layer formed causing the crystal to dissolve.159 Still,

to verify whether the level of coverage affected the measured density profiles we

performed additional simulations as a function of this quantity. In Figure 8.3 we

see that calculating the electron density in the presence of bulk water or with a

reduced water coverage gives essentially the same result for a distance < 2.5Å

from the top layer Ca atom. While the density tails off above the surface for low

coverages due to the presence of vacuum, the lack of bulk water in the simulation

does not result in an increased peak height for the first two water layers using the

classical force fields, but gives a small but non-negligible increase using textitab

initio methods. Although reducing the water coverage at the surface clearly alters

the electron density away from the surface, it fails to explain the discrepancy with

the experimental results for the strongly-ordered peaks close to the brushite- water

interface.

8.2.2 Atomic Density Maps for Water at the {010} Surface

While acquisition of a long ab initio trajectory was not feasible, we performed

extended simulations using the force field C1130 to better understand the water

structure at this brushite surface in all directions, as opposed to just the surface

normal projection of the electron density. Figure 8.4 shows the calculated 3D density

isosurfaces for the different types of atom, which can be compared to Figure 1 from

Arsic et al.24 This shows that the hydrogen bonding pattern within the bulk region,

where water hydrogen bonds to oxygens of the hydrogen phosphate anions, matches

between the simulated and experimental structure. We verified that the density
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Figure 8.4: The atom density isosurfaces for brushite and water averaged over the molecular
dynamics simulation (MD-C1). The {010} surface of CaHPO4·2H2O is shown
through the [201] plane. For the calcium and phosphate ions, H is white, O is
red, P is tan, and Ca is cyan, while for the water density isosurfaces the bulk
water is blue and H is white (all isosurfaces at 2 atoms/Å3). Oxygens of water
from beyond the first layer are shown with yellow isosurfaces and H is shown
with transparent grey in the bulk region due to its diffuse distribution (both 0.05
atoms/Å3).

patterns did not change greatly between force fields using a shorter simulation with

CF2 (see SI Figure G.1).

The first water layer in the simulations also follows this bonding pattern with

some deviations. By investigating the 3D maps we can postulate H-bonding patterns

to help explain the observed oxygen positions. We see in the 3D map that the

distribution of hydrogens for the lower water layer at the surface (i.e. first layer

above the CaHPO4 layer) follows the bonding pattern of the bulk. In contrast, the

upper water hydrogens (shown in dark grey in Figure 8.4) are much more diffuse,

which indicates that the second water layer will also be less well-ordered due to

the lack of a well-defined hydrogen bonding pattern. Experimental results suggest

no in-plane ordering in the second water layer, but a high degree of perpendicular

order, whereas the calculated distribution has a lower level of perpendicular order

but a greater amount of in-plane ordering.
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Figure 8.5: Top view of the 3D atomic structure of the flat brushite-water interface for the
{010} plane. Average positions of the crystal are represented with a ball- and-stick
model with only the top layer of the phosphate bilayer shown and calculated
density isosurfaces for the first three water layers. For average positions, H is
white, O is red, P is tan, and Ca is cyan. In the water density isosurfaces the first
layer H is white and the first layer O is blue (both isosurfaces set to 2 atoms/Å3),
the second layer O is yellow (0.2 atoms/Å3) and the third layer O is orange (0.05
atoms/Å3). The surface unit cell is indicated with a dashed black line.

The suggested H-bonding pattern of Arsic et al. appears to disagree with the

results of the force field simulation. As seen in Figure 8.4, the hydrogens of the

first water layer, though somewhat diffuse, follow a similar pattern as the bulk.

We confirm via the 3D map of the water density viewed down the surface normal

(see Figure 8.5) that the oxygen of the first water layer is coordinated to calcium,

whereas the oxygen of the second layer lies above phosphate. The proposed loss

of H-bonding suggested by Arsic et al. is seen as an increase in the diffuse nature

of the distribution for hydrogen where it rotates between multiple sites. The third

layer appears to be largely diffuse, giving rise only to small localized regions at low

values for the isosurface density. In terms of position, these slight indications of a

third layer occur at a site that is almost directly above the first water layer. These

results suggest that the brushite surface is affecting the water structure at a height

of as much as 6 Å away from the surface.

8.2.3 Water Density at the [101] Steps

The creation of a step corresponds to a disruption in the water structure and is

frequently the site of growth and dissolution. We investigated two obtuse [101]

steps; one where hydrogens of the phosphate anion were oriented outward towards
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the bulk water and another where they were oriented inward towards the mineral.

Though the step where hydrogens are pointed inward towards the bulk does

not appear in nature, since triangular islands/etch pits bounded by 3 different

crystallographic directions are formed, the simulated model required the presence

of this step and was thus included for analysis. We therefore expect the step

with hydrogens oriented inward to be less stable than the naturally occurring one,

though within the timescale of the simulations neither showed any tendency toward

dissolution.

L1

U1

U2

L2L3L4

U3 U4 U5

U’1

U’2U’3U’4

L’4L’3L’2L’1

U’5

Figure 8.6: Side view of the 3D density maps of the [101] steps with (Top) hydrogens facing
outward towards water (L or U) and (Bottom) hydrogens facing inward towards
the bulk (L’ or U’) on the {010} face. Average positions of the phosphate and
calcium ions are represented with a ball and stick model where H is white, O is
red, P is tan, and Ca is cyan (all isosurfaces set to 2 atoms/Å3). For water, the
isosurfaces shown are in transparent colors where the darker shade is used for
the higher density (blue: 2 atoms/Å3 and grey 0.05 atoms/Å3). Labels indicate
the atomic row position (Upper or Lower) and its proximity to the step (1, 2, 3,
4 or 5) using the same notation established for calcite.162

In our analysis of the water distribution at the step edges, shown in Figure 8.6,

phosphate/calcium rows of the underlying surface are referred to by position in
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terms of surface height, being in the upper (U) or lower (L) terrace, and by row

number where an increasing value represents a greater distance away from the step

edge (example: U2 refers to the second row relative to the upper terrace step edge).

The step where hydrogen is pointed inward towards the bulk is denoted with a

prime e.g. U’2.

Based on the computed isosurfaces, the first water layer appears unchanged on

the lower terraces for both steps as compared to the flat surface, except for the now

exposed L1/L’1 sites. The second water layer has a clustering of water molecules

where the step occurs, one of which appears to be coordinated to the newly exposed

upper site (U1/U’1). Analysis of the radial distribution functions confirms that

the U1 Ca sites have two water oxygens coordinated and the other calcium sites

have only one water oxygen coordinated (See Figure G.2 in the SI). By positions

L3/U3 and L’3/U’3, the density appears to have approximately returned to the

same distribution as above a surface Ca. From the top view we see more clearly the

disruption of the water ordering due to the presence of both steps (see Figure G.3).

8.2.4 Water Residence Times

Experimental evidence suggests that bulk brushite water behaves in a manner that is

”ice-like”, where the extrapolated brushite water density based on the water bilayer

is 4% higher than normal ice.24 At the interface, water is suggested to be crystalline

but not ”ice-like,” with only partial water ordering.24 One way of characterizing the

nature of the water is through the dynamics of exchange between sites. Analysis

of the residence times of water around the surface calcium sites of the flat surface

indicates that they are particularly long, with no water exchange observed over the

course of the 50 ns simulation. To place this in context, the exchange is much slower

than for an isolated calcium ion in pure water or for calcium at the basal surface of

calcite, which have been previously reported using the same force field as ⇡0.2 and

⇡2 ns, respectively.162

In contrast to the flat surface, most of the calcium sites around the step edges did

exhibit significant water exchange. Figures G.4 and G.5 show the survival function,

P(t), as a function of time on a logarithmic scale for the upper and lower rows of

the step. Table 8.1 shows the corresponding residence times of water around the
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Site Time (ns)
Hydrogen Out Hydrogen In

L1/L’1 20.1 31.1
L2/L’2 9.9 17.1
L3/L’3 9.9 10.5
L4/L’4 10.3 10.9
U1/U’1 2.7 3.1
U2/U’2 3.6 7.3
U3/U’3 13.7 10.4
U4/U’4 7.4 11.3
U5/U’5 12.2 4.2

Table 8.1: Residence times of waters around sites with the terminology of sites specified in
Figure 8.6 using fits shown in Figure G.4 and G.5. The column with ”Hydrogen
Out” refers to the step where the hydrogens of the hydrogen phosphate are
pointed outward towards the bulk water and ”Hydrogen In” refers to the step
where the hydrogens of the hydrogen phosphate are pointed inward towards the
bulk phosphate.

calcium ions near the steps. Most residence times were ⇡20-50 times longer than

the residence time of an isolated calcium ion in pure water. The U1 calcium has one

of the lowest residence times and thus is likely to be a reactive center.

We expect that as the distance increases from the step, the residence times should

converge to those for the flat brushite surface, which would correspond to no

observable exchange over the duration of the simulation. However, this was not

found to be the case, at least within the range of 5 rows either side of the step; some

degree of exchange was still observed, suggesting a long-range perturbation of the

water dynamics occurs due to the presence of the step. It should be noted that as

the residence times increased to the order of the simulation length, the uncertainties

became large, as can be seen in Figure G.5. In particular, the results for site U’5 are

not well fitted, indicating a degree of uncertainty regarding its value. Sites L1 and

L’1 also had long residence times (>20 ns) but were more accurately sampled than

U’5 as seen from the survival functions.
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8.2.5 Adsorption of Ions

To further investigate the discrepancy in calculated electron densities at the {010}

brushite-water interface, the possibility that this was due to the adsorption of excess

ions has been explored. The experimental technique used to measure the electron

density distribution used a high relative humidity and a reduced X-ray intensity

in order to try to balance beam damage and healing of the surface, in order to

prolong the lifetime of the surface during data collection.24 Despite this, it remains

possible that there could be phosphate and calcium ions in solution produced by

the X- rays and local changes in pH, and that adsorption of these ions (Ca2+, PO3�
4 ,

HPO2�
4 and H2PO�

4 ) could lead to a change in the measured electron density. At

neutral pH, the predominant phosphate ions are likely to be HPO2�
4 and H2PO�

4 ,

but the adsorption of PO3�
4 was also included, as proton transfers may occur in

these unusual environments, though this is unlikely.

Table 8.2: Free energies of adsorption for calcium and phosphate ions at the aqueous-
brushite {010} interface relative to bulk solution. Heights above the surface are
given relative to the first layer of Ca ions.

Ion Height of minimum (Å) DG (kJ/mol)

Ca2+ 5.60 0.96
PO3�

4 5.99 8.52
HPO2�

4 4.82 -3.81
H2PO�

4 4.18 -13.13

To probe this, the free energies of adsorption of the above ions on the brushite

{010 } surface from bulk water were calculated. Of the ions studied, adsorption of

HPO2�
4 and H2PO�

4 were thermodynamically favorable (see Table 8.2). The trend of

lower free energies (i.e. more exothermic) of adsorption for ions that have a lower

charge magnitude suggests that the desolvation of the ions in water dominates

over the strength of adsorption to the brushite surface. As the magnitude of the

charge increases , the solvation shell is more tightly bound and thus desolvation is

less favorable. This is evidenced by the trend in hydration free energy of the ions

reported previously with the same force field, where H2PO�
4 , HPO2�

4 , Ca2+ and

PO3�
4 are -339, -1140, -1350 to -1503 and -2495 kJ/mol, respectively.130,153 Though

Ca2+ and HPO2�
4 have the same charge magnitude , HPO2�

4 has a less exothermic
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Figure 8.7: Free energies of adsorption of Ca2+, PO3�
4 , HPO2�

4 and H2PO�
4 at the brushite

{010}-aqueous interface with respect to the distance of Ca/P, as applicable, from
the central surface calcium. Curves are aligned to DG=0 in the long-range limit
prior to the constraining wall. The location of the second water layer in the
experimental spectrum is indicated with a dashed line at a height above the
surface of 4.04 Å.

hydration free energy. Thus it is not surprising that of the two ions HPO2�
4 has a

more favorable adsorption, as it is more easily desolvated. Correspondingly, H2PO�
4

with both the lowest charge magnitude and the highest hydration free energy has

the lowest free energy of adsorption of the ions studied.

The position of the minima for H2PO�
4 was also the closest to the arguably

anomalous peak in the experimental spectrum, 0.14 Å away, as indicated by the

dashed line in Figure 8.7. With a relatively strong minima located within the second

water layer, there is a possibility of H2PO�
4 ions being adsorbed to the surface.

Further investigation would be needed to determine whether this could account for

the apparent discrepancy between experiment and simulation.

8.3 conclusions

In this study the aqueous interface at the brushite {010} surface has been simulated

using both classical and ab initio methods. All methods reproduced the bulk brushite
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structure; however, there were discrepancies between the experimental electron

density for the first two water layers as reported from SXRD and those obtained from

the present simulations. In particular, the molecular dynamics simulations all find a

reduced degree of ordering perpendicular to the surface. Repeated simulations with

varying amounts of water showed that the experimental conditions, where there

were only 2-3 layers of water,24 could effect the final results, but failed to explain the

higher density in the second water layer for the experimental electron density at the

level observed. A modified version of a published force field for aqueous calcium

phosphate systems130 better reproduced the electron density obtained using ab initio

methods, but the differences between the distribution as a function of force field

parameterization are far smaller than those between simulation and experiment,

which suggests that the difference is due to factors beyond the choice of level of

theory.

Density maps obtained from our simulations are consistent with the H-bonding

patterns proposed experimentally for the water within bulk brushite, while provid-

ing further insights as to how that H-bonding pattern would change for an exposed

surface of aqueous brushite. Analysis of the density isosurfaces suggests that the

second water layer is hydrogen bonded to phosphate ions, while the third layer,

though very diffuse, does appears to show a slight preference to be located over the

first layer water oxygen . While experimental results suggest that beyond the first

water layer there is no lateral order, our results suggest a modified continuation of

the bulk H-bonding pattern.

Analysis of water exchange dynamics at calcium ions in the surface indicates

that the water is strongly bound leading to no observable exchange of water on the

timescale of our simulations for the flat surface. The same analysis for [101] steps

indicate that they are potentially much more reactive as water exchange is far more

rapid, allowing us to determine likely active sites for growth/dissolution. Analysis

of water residence times as a function of proximity to the step edge indicated that

positions as far as 17 Å away may still be affected by the presence of a step, with the

caveat that the uncertainty in these values increases as the exchange slows down.

Investigation of the [001] and [201] steps could be used to further characterize the

water dynamics on the {010} brushite surface, as the different steps could have very

different residence times and coordination patterns.
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Investigation of the free energies associated with adsorption of various ions

suggest that there is a possibility that the experimental electron density distribution

may include some contribution from the adsorption of excess phosphate ions, as

their adsorption is found to be thermodynamically favorable. These ions would be

present in low concentration due to equilibration with the water layers to achieve

saturation, though this may be enhanced as a result of beam damage to the sample

leading to the creation of defects. At this stage it is not possible to determine

unambiguously the reason for the discrepancy between simulation and experiment,

since both approaches suffer from limitations when studying interfacial systems,

and further studies will be required in future as techniques progress.
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The dissolution of apatite is critical to processes in important geological, biological

and industrial systems: global food production has relied on apatite as a source of

phosphorus for use in agricultural fertilizers6 and its processing is a billion-dollar

industry.65 Biologically, the mineral component of human bones and teeth is formed

from a carbonated hydroxyapatite49 and the understanding of apatite replacement

reactions has led to widespread fluoridation of drinking water69 in some countries

(USA, UK, Australia), though too high a concentration of F in the diet can cause

damage through the development of a porous fluorapatite in teeth (fluorosis).70

Understanding apatite dissolution and growth has other wide-ranging applications

such as: the incorporation or precipitation of apatite-based biomaterials in the

body271,272 the uptake or release of rare earth elements in natural apatite,191 and

how phosphorus is mobilized in natural reservoirs.273,274

Like many minerals, apatite has the possibility of a difference in the dissolution

behavior on different faces of the mineral. In other systems, such as goethite,275

aspirin,276 and fluorite,277 crystallographic orientation has been shown to influ-

ence dissolution behavior. However, discussion of the apatite dissolution mecha-

nism generally ignores the influence of crystallographic orientation191,278–284 some-

times explicitly,285 or mentions crystallography but does not account for it in rate

calculations.286,287 In Dorozhkin’s extensive review of possible FA and HA dissolu-

tion mechanisms in acidic conditions, the influence of crystallography is discounted

due to limited effects on the macroscale. However, in studies of the growth along

the different faces of apatite in simulated body fluid, it was observed that along

the c-face of HA growth was 2 orders of magnitude higher than for the a-face.288

Additionally, a dependence on the particular crystal face of HA for the adsorption of

131
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different proteins has been demonstrated both via experiment and simulation.289–291

These results reflect a difference in the energetics of the different surfaces, that

would be expected to translate to a difference in the general dissolution mechanism

and kinetics of the mineral under certain conditions.

Some experiments281,282,284 have found apatite dissolution to be surface reaction

controlled, but have either used powdered apatite or a single consistent face in order

to avoid having to control surface area or account for different crystallographic

faces. These studies confirm that apatite dissolution is surface-reaction controlled

under certain conditions, but powdering is not an accurate reflection of apatite

occurrence in the earth nor in a biological system and thus the description is limited.

In these cases, the energetics of adsorption or desorption of an ion or ion pair on a

surface and the specific geometry and crystallography of that surface could become

important.

Synthetic apatite crystallites are generally limited in size; for example, the molten

salt synthesis is a common procedure and generally produces crystallites of max-

imum 1mm in length, where greater sizes can incorporate impurities.53,58,292 For

HA, the crystals synthesized are even smaller at ⇠200-600 nm.293–295 Conversely

natural apatite crystals can be large enough to cut along crystal planes, making

them the ideal substrate for studies of crystallographic orientation. Studying the

a-face of synthetic apatite minerals (in particular HA and CA) is possible due to

the needle habit of the synthetic crystal, but the c-face is not easily accessed. For

perhaps this reason, in situ studies of apatite have been limited to the a-face53,296–298.

However, the c-face is observed in biominerals299 and has been shown to form the

most stable surface in vacuum via simulation.300

Natural apatite from Durango, Mexico, has been used previously as a model

mineral system for natural fluorapatite, due to its relatively consistent composition

and the lack of inclusions or mineral coatings.59 The composition of Durango

apatite has been well-studied, and although there is some variability, FA with some

chlorine, as well as trace amounts of other elements, is the dominant form.301

Atomic force microscopy (AFM) is a useful technique for investigating mineral

dissolution due to its nanoscale resolution and the ability to operate in situ.192

The most experimentally studied apatite a-face provides a system for comparison

for both simulation and further experiments to verify techniques. By comparing
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different crystallographic directions of the same crystal, we diminish the likelihood

of different compositions or defects influencing the dissolution pattern preferen-

tially (as compared to using different samples for different faces). Furthermore, by

comparing the results between each face using both AFM and simulation we seek

to define dissolution on the nanometer scale.

9.1 methods

9.1.1 In Situ Atomic Force Microscopy

All AFM experiments were performed using a Bruker FastScan. In air, the mode

used was Peak Force Tapping with a ScanAsyst Air probe. In fluid, contact mode

was used with either a SNL-B or DNP-S10-B probe (Bruker). Both probe tips have

a nominal resonant frequency, spring constant, length and width of 23 kHz, 0.12

N/m, 205 µm, and 40 µm, respectively. All AFM experiments were performed at

ambient temperature in a Teflon fluid cell open to the environment with a liquid

volume of 7 mL (See Supplemental Figure H.1 for fluid cell design). When under

flow conditions, flow rates were 7 mL/3 minutes as to fully replace the solution

after every scan. In order to verify that AFM scanning was not influencing the

measurements, the scan angle was varied, the scan size was periodically enlarged

and the angle of features measured was verified to be distinct from the tip geometry.

9.1.2 Apatite sample preparation

A natural gem-quality transparent (slightly greenish-yellow) fluorapatite crystal

(from Cerro de Mercado, Durango, Mexico) was obtained from the Münster mineral

collection. The euhedral hexagonal crystal (⇠1 cm x 0.4 cm, elongated along the

c-axis) was cut and polished (using diamond paste to avoid potential reactions)

both parallel and perpendicular to the c-axis, to expose both the a- and c-faces,

respectively. Durango apatite, a fluoro-rich FCA, has the ability, as mentioned in

the introduction to incorporate a wide range of trace elements into its structure,

commonly by cation substitution. See Chew et al. and references therein for the

composition of a typical Durango apatite and methods of compositional analysis.301
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9.1.3 Solution preparation

All solutions were prepared with deionized water (MilliQ with resistivity >18.2

MW·cm) and adjusted to pH 2 using HCl (5.9 M). The pH was verified using a

CP-54 Elmeron pH meter calibrated with a 6.00 pH buffer solution followed by a

4.00 pH buffer solution.

9.1.4 AFM image processing

AFM images were processed using Gwyddion198 and volumes were calculated by

tracing the perimeter of the etch pit by hand, flattening the image excluding the

etch pit region and other defects and using a Laplacian fit. Four 2D profiles were

selected according to the scheme in Supplemental Figure H.1 and these profiles

were used to calculate the morphological change in each etch pit over time. The

width and height of these profiles were calculated according to Supplemental Figure

H.2: the width was taken as simply the difference along the x-axis from one side to

the other and the height was taken as the difference between the average of the two

maximum heights on either side of the pit and the absolute minimum. The changes

in side lengths of the etch pits were also monitored over time.

9.1.5 Simulation details

All simulations were performed using a recently-derived rigid ion force field,130

which has been parameterized with a specific focus on the thermodynamics of

aqueous calcium phosphate systems. Lattice dynamics calculations were performed

using GULP151 and surface cuts were selected using GDIS.150 For both the CA and

FA models initial solid geometries were using CA XRD coordinates from Hughes

et al.,302 where for FA the Cl atom was changed to an F atom. Following constant

pressure optimization of the bulk structure, an initial determination of possible

surface terminations was performed, and the most probable surfaces based on

dhkl were selected using GDIS and, if necessary, were modified to be non-polar by

reconstruction. For these surfaces, a constant volume optimization was performed

with increasing region sizes that control the depth of the slab model until the
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relaxed surface energy was converged to better than 0.001 J/m2. For the calculation

of the surface energies in water, the COSMIC method was used.140 The optimized

surfaces from the vacuum simulations were used as a starting configuration for the

solvation energy calculation, using the default maximum distance and smoothing

range, an Rsolv=1.2 Å, a range for smoothing of 0.2 Å, 110 segments and 110 points.

To ensure the thermodynamics in water were properly represented, the van der

Waals radii of each ion was changed to reproduce the solvation energies of the

ions in water (See Supplemental Table H.1). Though not used, the parameters for

HPO2�
4 and H2PO�

4 are also reported for consistency.

The molecular dynamics simulation for the calculation of the electron density of

the apatite surface in contact with water was run using the LAMMPS software.152

A pre-equilibrated 34.785Å by 37.476Å by 43.045Å box of water was combined with

a 2-D periodic slab of apatite of the same size representing the apatite surface. The

periodic slab of apatite was prepared by replicating the optimized surface from

the vacuum calculations. Initially the phases were combined with a small layer

of vacuum between (⇠2Å) and an NPT run of 10 ns allowed the z dimension to

equilibrate leading to the final dimensions of 34.785Å by 37.476Å by 78.281Å. The

final geometry from the NPT run was used as the starting geometry for a 100 ns

NVT run which was used to calculate the electron density. The density reported

from the molecular dynamics simulation was converted from atoms/Å3 to e�/Å3

by weighting the atoms by number of electrons. A broadening function was applied

to the calculated spectrum to match the resolution broadened density profile of the

experimental results.160

9.2 results and discussion

9.2.1 Crystallography of Etch Pits

Upon dissolution of an apatite mineral surface, the dissolution mechanism has been

previously observed to be via etch pit nucleation and spreading.53,296–298 The etch

pit morphology on the (101̄0) surface has been observed via experiment to follow

the morphology shown in Figure 9.1 for HA,53,296–298 while etch pits on the (0001)

surface have not yet been observed. The expected morphologies shown in Figure
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9.1 arise from examination of the crystallography shown in Chapter 2 Figure 2.4,

where the etch pit should follow the hexagonal crystallography.

Figure 9.1: A view of an apatite crystal (dark grey) with the (0001) and the (101̄0) planes
shown and the corresponding etch pit shapes (light grey) with their directions
and angles. The lower faces are shown to indicate that apatite can be bipyramidal.
View is schematic and shown with a skewed perspective to illustrate etch pit
shapes.

On the c-face, any cut perpendicular to the c-axis will result in exposure of the

(0001) plane and the formation of hexagonal pits with directions of [101̄0] and

[011̄0], where each edge is equivalent and each angle is equivalent if the crystal

has 6/m symmetry. On the a-face, cuts parallel to the c-axis will result in a range

of planes in a set of {101̄0} planes, but these planes will always expose six-sided

or eight-sided pits with an elongated side along the [0001] direction, with angles

depending on the plane exposed. We will make general comments about differences

in dissolution between the a-face and c-face but comparison to the surface energies

of the various faces should help inform the likelihood of competing surfaces.

Previous simulations have been conducted on FA in vacuum by Mkhonto et al.

using a different potential,300 which provide some comparison for the FA surfaces.

These calculations have shown that the c-face has the lowest surface energy in
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Table 9.1: Surface energies in J/m2 calculated for pure fluorapatite (FA) and pure chloroap-
atite (CA) in vacuum and in water (using the COSMIC method) and the resulting
solvation energy in eV of the solvated surface. Experimentally observed cleavage
surfaces64 are designated with an * and twinning planes26 are designated with a
**.

FAvacuum FAwater CAvacuum CAwater

Surface Energy Energy Solvation Surface Energy Energy Solvation
(J/m2) (J/m2) (J/m2) (J/m2) (J/m2) (J/m2)

(0001)* 0.871 0.346 -0.609 (101̄0)* 0.598 0.164 -0.689
(101̄1) 1.071 0.507 -1.069 (112̄0) 0.651 0.153 -0.545
(112̄0) 1.104 0.562 -1.137 (101̄0) 0.695 0.212 -0.577

(112̄1)** 1.185 0.616 -1.506 (011̄0) 0.732 0.276 -0.513
(101̄0)* 1.308 0.726 -0.801 (0001)* 0.882 0.210 -0.881
(202̄1) 1.331 0.629 -0.769 (112̄1)** 0.884 0.356 -0.657

(101̄3)** 1.592 0.817 -1.330 (101̄3)** 1.006 0.817 -0.753

vacuum for FA which is consistent with our own simulation results on FA (See

Supplemental Tables 9.1 and H.2). The properties, such as the bulk modulus and the

elastic constants calculated with the Demichelis et al. force field generally also agree

with Mkhonto et al.’s work and experiment (see Supplemental Tables H.2-H.4).

In the presence of a continuum solvent the FA surfaces were stabilized by ⇠0.5-0.7

J/m2, and the relative ordering of the surfaces stayed approximately the same (see

Table 9.1). The experimentally observed (0001) was the most stable in both vacuum

and in water, while the other experimentally observed surface, the (101̄0), was

less stable than the (112̄0), (101̄1), and (011̄0) in vacuum and the (011̄0), (101̄1) and

twinning (112̄1) in water.

Of the CA surfaces in vacuum the experimentally observed (101̄0) was the most

stable. The CA surface energies were reduced by similar amounts to FA (⇠0.4-0.7

J/m2) when calculated in the presence of water. Unlike FA, the relative energetics

of the surfaces were changed greatly by the addition of water. The (112̄0) plane was

observed to have the lowest surface energy in water, followed by the two cleavage

planes (101̄0) and (0001).

Despite previous assumptions that the behavior of CA and FA systems are

basically the same, the difference in thermodynamics of the surfaces indicated

by the relative surface energies predicts a difference in behavior for each type of

apatite. The surface energies of CA in water are much lower than FA for all surfaces
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studied; excepting the (101̄3) plane which has the same surface energy, possibly

due to the lack of F or Cl atoms exposed.

Mkhonto et al.’s work predates a more recent study on the electron density profile

of the (0001)-water via grazing incidence x-ray diffraction (GIXRD).160 Thus, though

the selection of surface is consistent with their own vacuum calculations, it does not

match with the surface indicated by the GIXRD results and the discussion therein

examines the water structuring of a surface not necessarily observed experimen-

tally. The experimental results indicate a F-Ca deficient surface not reproduced by

Mkhonto and co-workers. Using the experimental interfacial structure as a template

we can successfully reproduce the spectrum of apatite and its surface structure (see

Figure 9.2). However, at the interface there is some extra water density at around ⇠2

Å in the simulated spectrum. We expect some differences as the simulated results

are for a perfect FA surface with no substitutions or other defects as there would

be in the natural Durango (CFA) sample used for the experimental results but the

increased density could be an artifact of the non-polarizable force field.

Figure 9.2: Calculated electron density with a broadening function applied as a function of
distance from the FA surface compared to the experimental results of Pareek et
al.160
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9.2.2 Nanoscale Dissolution

Along both faces a and c, dissolution of the natural Durango apatite proceeded

by the nucleation and outward spreading of etch pits by regular and systematic

retreat at the etch pit edges with time. Figure 9.3 shows AFM deflection images

of the a-face and c-face after exposure to pH 2 HCl solution undersaturated with

respect to any possible precipitating phase after 9 and 35 minutes, and 145 and

183 minutes, respectively. The variation in time occurs due to the difference in

nucleation frequency at the different faces: on the a-face any imaging point resulted

in the nucleation of etch pits which remained shallow and could be observed

to dissolve and merge. In constrast, the c-face resulted in infrequent nucleation,

such that etch pits could only be found after longer exposure times, though these

hexagonal etch pits dissolved much faster down the c-axis direction (as discussed

later). The morphology of these etch pits both followed predictions as seen in Figure

9.1 and previous experiments.53,296–298 Along the a-face etch pits elongated in the

[0001] direction and merged (Figure 9.2a-b); on the c-face etch pits symmetrically

expanded (Figure 9.2c-d). The actual location of the etch pits was highly likely to

be controlled by defect positions in the apatite structure.

The difference in morphology between dissolution etch pits on both surfaces

examined of Durango apatite is observed more clearly through the measurement of

depth profiles, as seen in Figure 9.4. In this Figure, Profiles 1 (black), 2 (red) and 3

(blue) show the depth cuts extracted from one point of the pit to another, where

profile 2 is along the major axis, and profile 4 (green) cuts perpendicular to the

major axis; the lettering indicates which image is being discussed. On the a-face,

the depth profiles of 5a-b are symmetric along the minor axes, but not along the

major axis, as seen in the depth profiles 5.b1 and 5.b3 where there is asymmetric

curving. In all comparisons of profiles 5a-5b we observe a width expansion with no

corresponding depth expansion; instead the depth remains ⇠100 nm. From profiles

5.a4 to 5.b4 the width expansion is also limited. These observations are consistent

with the results from repeat experiments (see additionally Supplemental Figures

H.2-H.14). The cuts along the c-face show remarkable symmetry in Figure 5.c;

each cut reaches a flat depth of ⇠1.0µm and a width of ⇠7.8µm. After another 38

minutes, as seen in 5.d, each profile shows a width expansion of ⇠4µm and a depth
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Figure 9.3: Examples of AFM images of the Durango apatite a-face after (a) 9 and (b)
35 minutes of dissolution and the c-face after (a) 145 and (b) 183 minutes
of dissolution. Images shown are deflection error images. Two overlapping
hexagons are shown in (c)-(d) due to two overlapping etch pits (see Supplemental
Figure H.20).

expansion of only ⇠0.2µm. The notable exception to this small depth expansion is

5.d2, where it appears that a new pit has nucleated within the bottom of the first pit

and the depth has dropped to ⇠1.8µm. Repeated experiments show similar results,

see Supplemental Figures H.15, H.17, and H.19.

Table 9.2 summarizes the change in depth, width and volume of the etch pits.

Part of the difference in depth can be attributed to the different times at which the

dissolution is evaluated. In most cases, the change in depth of the a-face over the

experiment is slightly negative, though small enough to be essentially constant and

within the error of measurement (See Table 9.2 and Supplemental Figures H.6-H.20,

odd). We attribute this to the dissolution of surrounding etch pits which is not yet

occurring on the c-face. Previous studies of the a-face of HA found the etch pit

depth to be more or less constant at ⇠0.85 nm, and while the depth is different, the

constant depth is consistent with our results on natural FA.297
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Figure 9.4: Example etch pit profile cuts of the a-face after (a) 9 and (b) 35 minutes of
dissolution and the c-face after (c) 145 and (d) 183 minutes of dissolution. Depth
cuts in each column correspond to the the top height image, where number
and color correspond to each cut depicted in the height image (1, black; 2, red;
3, blue; 4, green). Height image (c) is shown inset to reflect the same x-y scale
as image (d). The edges of the etch pits are indicated in the profile cuts with
two black triangles, and y = 0 is defined as the midpoint and shown with a
green line. Inset are the horizontal distance (hd) and the vertical distance (vd)
for each profile in µm. Note the difference in scale in the y-axis between (a)-(b)
and (c)-(d).

The observation of depth profiles is useful for measuring the morphologies of

the etch pits, but traditionally the measurement of side lengths has been how

dissolution is described.37,269,303 When we measure the side lengths over time as

seen in Figure 9.4 we confirm what was observed from the profiles; on the a-face

there is linear expansion along the [0001] and approximately constant length along

the [101̄0] and [101̄1], whereas on the c-face all edges expand in a symmetrically.

Dissolution rates of etch pits on the c-face ranged from 0.26-0.34 µm3/min (± 0.1

µm3/min) and on the a-face ranged from 0.002-0.058 µm3/min (± 0.03 µm3/min),

as observed in Figure 9.6. The large range of values on the a-face can be attributed

to the possibility of different faces being exposed and also the different times at

which the etch pits were monitored. The slope on the a-surface using a linear fit

does increase over time, indicating that a linear fit may not be appropriate. On the

c-surface, there does not appear to be a time dependence.
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Table 9.2: Change in volume and side length or depth change in each direction for each
etch pit monitored via a linear fit as reported in Figures 9.4, and Supplemental
Figures H.7-H.21. Values denoted with an * represent height measurements.

a-surface c-surface

Volume (µm3/min) 0.002-0.058 0.26-0.34
[0001] (nm/min) 32.1-70.7 2.61-52.4*
[101̄0] (nm/min) -1.57-13.0 n/a
[101̄1] (nm/min) 1.8-18.0 n/a
[1010] (nm/min) -3.5-3.1 n/a
[1011] (nm/min) -0.60-1.49* 24.7-72.0

(a) (b)

Figure 9.5: Change in length of the etch pit over time in minutes for the (a) a-face and (b)
c-face along the (a) [101̄1], [101̄0], and [0001] directions and (b) the equivalent
[101̄0] directions. The linear fits shown for (a) are along the [101̄1] -0.0032
± 0.0008; the [101̄0] 0.0073 ± 0.0016; and the [0001] 0.0376 ± 0.0011 and for
(b) [101̄0] 0.0320 ± 0.0003; [011̄0] 0.0299 ± 0.0006; and [112̄0] 0.0324 ± 0.0006.
Further plots of changes in length over time for the symmetric etch side and
repeated experiments are reported in the SI.

Using the molar volume of apatite,304 we can estimate the dissolution rate in the

typical mineral dissolution units of mol*m�2*min�1 using the procedure outlined

by Pedrosa et al.305 For the [0001] face, we obtain dissolution rates of 8.1 ⇤ 10�5

to 1.6 ⇤ 10�3 mol m�2 min�1. These rates range from 3 to 5 orders of magnitude

higher than the bulk dissolution rates reported by Valsami-Jones et al.191 for natural

apatite samples at pH 4 in 0.1 NaNO3 solution. While some increase in dissolution

rate is expected due to the difference in pH, the calculated difference is exceedingly

large. The error involved in calculating the dissolution rate at the atomic scale is

high initially, and when these values are extrapolated to bulk dissolution the error

becomes prohibitive for comparison. While these AFM calculations are useful for
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local comparisons between faces, this calculation shows that we are not yet able to

extend the comparison to the bulk dissolution rate.

Figure 9.6: Etch pit volume as a function of time along the a-surface (purple, green, pink,
red, orange) and along the c-surface (blue, black, grey). Rates associated with
each are shown inset. Note the greater increase in volume of the c-surface versus
the a-surface.

On the c-face, etch pits were only found later (after >1 hour) in the experiments;

whereas on the a-face etch pit dissolution could generally only be measured within

the first hours of dissolution because later the surface became so pitted that no

individual etch pit could be measured due to the merging of shallow adjacent

etch pits. However, where the dissolution of an etch pit on the a-face could be

measured later (see Supplemental Figure H.8), the rate was still ⇠0.2 µm3/min

lower than along the c-face; which is a factor of ⇠5. Along the a-face these etch

pits appeared immediately and ubiquitously. Along the c-face etch pits were not

detected until they were quite large, due to their infrequency. Upon initial scanning,

the apatite surface appears as a collection of particles (see Supplemental Figure

H.5) and dissolution appears to also proceed by particle (⇠50-100 nm) removal (see

Supplemental Figure H.4). The latter dissolution mechanism (particle removal from

surface) was not accounted for in the calculation of dissolution rates and thus could

be underestimated, but from continuous in situ observations we expect that the

predominate dissolution mechanism should be via etch pit retreat. Additionally,

once the surface is covered in etch pits, dissolution via particle removal will no

longer be viable.
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The slope of the etch pit volume as a function of time for the a-surface does

appear to increase depending on when the etch pit is monitored, which suggests

that the system is diffusion limited. The flow rate of 7 mL every 3 min was the fastest

possible using the given flow cell while retaining good image quality. Previous

studies of similar systems have used much lower flow rates to good effect (5

mL/hour,306 10 mL/hour,307 100 µL/image308); however, these studies are all on

HAP at higher pH and are thus not directly comparable. It is interesting that

dissolution appears to be diffusion-limited on the a-surface but not on the c-surface,

which could arise due to the geometry of the etch pits which develop. Further work

is needed to determine where the diffusion limit for either face is observed, and

why it is observed at different flow rates for either location. While this is outside

the scope of this work, finite element simulations could be employed to better

understand the solution dynamics around the etch pits.

Using a conventional theory of dissolution, etch pits nucleate and then fluctuate

in size until some critical point where they enlarge by spreading and deepening.309

Under this regime, the etch pits along the a-face could be nucleating more frequently

or conversely the critical size of the etch pit could be smaller. In either case, the

overall effect is the dissolution rate along the c-face was observed to be faster than

along the a-face and the depth of etch pits down the c-axis increased faster than

that normal to the c-axis.

As the etch pits are thought to nucleate via the defect positions, the difference in

nucleation rate could be due to a difference in defect density along either face. In

general, shallow pits indicate formation via a point defect, whereas deep pits often

indicate formation via a dislocation.310 For both faces, pits were more than a unit

cell deep, possibly indicating pit formation via dislocation. The tendency on the

c-face for defects to continue deeper than the a-face could be due to the nature of

the dislocation: the one known slip system in apatite that results in dislocations is

parallel to the c-axis.302,311

On synthetic samples of FA and CA no etch pits were observed, and instead

dissolution proceeded by particle detachment and step retreat (see Supplemental

Figure H.3). However, results on the synthetic samples were limited due to their

small size as well as the inability to access the c-face, and further studies of pure

FA and CA would be advantageous for comparison to natural apatite.
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9.3 conclusions

The dissolution of natural apatite has been investigated via in situ atomic force

microscopy and the nucleation and further spread of etch pits on the a-face and

c-face of natural apatite has been documented via measurement of angles, side

lengths, depths, and volumes. The volume changes of etch pits observed on the

a-face were much smaller than those observed on the c-face, which follows from

the difference in step edge retreat and depth measurements.

The volume change on the c-face was approximately 10 times larger than the

a-face, predominately due to the more rapid pit deepening rate. When the surface

is covered in etch pits, the bulk dissolution rate will be dependent on the pit

deepening rate; thus, once the surface is covered in etch pits, the dissolution rate

on the c-face will be approximately 10 times larger than the a-face. The difference

in dissolution rate between the faces could be due to the dislocations within the

crystal occurring parallel to the c-axis. Alternatively, the dissolution could still be

in the diffusion-controlled regime. While unlikely due to the high flow rate used,

further testing of different flow rates should be used to identify the diffusion limit

for either face.

In either case, there is a relationship between the crystallography of apatite

and the dissolution behavior exhibited. Whether due to the dislocations - which

are observed due to the crystallography - or a difference between diffusion or

surface-controlled dissolution, the differing dissolution on either face highlights

the importance of including the crystallographic plane within the discussion of the

dissolution mechanism.

Additional further work is needed to determine the quantitative relationship be-

tween crystallography and the dissolution of the crystal faces in water. Experimental

scattering experiments on the (101̄0) face would help validate the surface selection

on that face, thus allowing for more informed computational comparisons of the

different faces. Ideally, scattering experiments to determine the synthetic minerals

aqueous interface would give a definitive comparison, but these experiments are

difficult if not impossible due to the small size of the synthetic minerals. Barring

the comparison to pure apatite, the creation of a “Durango” apatite simulated

model could help identify the current differences between experiment and simula-
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tion. Such a model was beyond the scope of this work due to the complexities of

simulating a crystal with a larger number of substitutions, many of which would

have required force field parameterizations, and additionally the crystal resulting

from such a model would have been prohibitively large. However, a simple model,

whereby only a single ion is substituted could help define the structural differences

at the interfaces.

As well as identifying a difference in dissolution behavior between the (101̄0)

and (0001) surfaces, this work outlines a method for evaluating such behavior for

apatites via AFM. While the measurement of etch pits, both in volume side length

and angle is common, the attempt to make such measurements quantitative by

fitting lengths over time is unusual. Further AFM studies at different pH, using

different flow rates and different solutions, and additional surfaces would all help

define the dissolution mechanism.
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This study has investigated the nucleation, growth and dissolution of calcium

phosphate in aqueous solution through the use of atomistic simulation and atomic

force microscopy. At the start of this work, there were two calcium phosphate force

fields in use.201,264 However, neither were parameterized with a thermodynamic

focus, and thus if used for the calculation of energies there errors are unknown.

Thus, a new calcium phosphate force field was parameterized. My contribution to

this force field is outline in Chapter 5 it includes the parameterization and validation

of the H2PO�
4 ion in water, and the validation of its interactions with Ca2+ in water

by computing the binding of H2PO�
4 + Ca2+ in H2O. By computing the solvation

free energy of H2PO�
4 in water over a range of temperatures, it was also possible to

calculate the change in enthalpy and the change in entropy. The change in enthalpy

was within experimental values; however the change in entropy was higher than

the reported experimental values. Given that the change in enthalpy had an wide

experimental range, its possible that the the change in entropy will also have a wide

range of possible values.

This force field should be continuously bench-marked as new experimental results

are published. If necessary, the force field should be re-parameterized according to

new information. If new, more sophisticated computational methods are developed,

this force field can provide a starting point for the description of the H2PO�
4 ion in

water.

The first problem the newly developed force field was applied to was the associ-

ation of Ca2+ and HPO2�
4 clusters larger than ion pairs. This work was outlined

in Chapter 6. By calculating the free energy of associations ion by ion, we were

able to calculate the free energy of association of a variety of possible prenucleation

clusters, with up to two calciums and six phosphates. The [Ca2(HPO4)6]8� was

proposed by Habraken et al. to be a cluster which results from the dimerization

of two [Ca(HPO4)3]4� species. The cluster [Ca(HPO4)3]4� was proposed as an pre-
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cursor to Posner’s cluster in the phosphate nucleation pathway. We showed that

the association [Ca(HPO4)3]4� + [Ca(HPO4)3]4� is endothermic, and thus unlikely

to occur as part of the pathway. Instead, we suggest Ca2(HPO4)4�
4 as the most

energetically favorable cluster of those studied.

The disagreement between simulation and experiment suggests questioning of

the assumptions that the current work was based upon, derived from Habraken et

al.’s assumptions. Namely, that only HPO2�
4 occurs in the cluster, and that only 2

Ca atoms are present. As we used metadynamics to perform the biased molecular

dynamics simulations, we were limited in the number of collective variables we

could bias along, and thus limited in the number of calcium ions we could include.

This allowed for the study of [Ca2(HPO4)6]8� as intended, but to extend to larger

clusters a different method was needed.

In Chapter 7, we did extend to studying clusters with more than two calcium

atoms and different protonation states by studying stability with unbiased molecular

dynamics, and by attempting to build and characterize amorphous materials made

from these clusters. Without being able to calculate the free energy of association,

the work was necessarily qualitative, but we were able to confirm that a cluster of

structure Ca6(HPO4)0
6, deemed the Calcium Hydrogen Phosphate Cluster (CHPC),

was consistent with our collaborators’ experimental results. Among the clusters

with the experimentally observed Ca:P ratio, CHPC was among the most stable.

The amorphous material built from CHPC was also consistent with experimental

results, which was determined by comparison of the radial distribution functions

of calcium and phosphorus with oxygen. In the past, all amorphous calcium

phosphate intermediates have been thought to be composed of Posner’s cluster

but these results indicate that an HPO2�
4 based cluster (as opposed to the PO3�

4 in

Posner’s cluster) is a likely participant in the nucleation pathway of many calcium

phosphates at or near neutral pH. More work, especially in identifying the presence

of HPO2�
4 during nucleation, could help define more precisely the role of these

intermediates.

The first foray into studying mineral-liquid interfaces with the new force field was

with brushite, described in Chapter 8. In addition to its importance as a biomineral,

brushite had also been previously described experimentally using surface x-ray

diffraction, making it a compelling choice for study. Since the experimentally
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derived density profiles of the brushite-water interface already existed, these could

be compared against simulated density profiles, thus providing a verification of

the force field. We computed these density profiles using molecular dynamics, but

while we found that the bulk mineral was well described by the force field, the

interface was lacking in intensity compared to experiment. However, when we

reproduced the profile using ab initio methods, we noted an increase in intensity

which was still not comparable to the experimental value. The persistence of the

discrepancy indicates that the level of theory is not the underlying cause.

We were interested in the ordering of water around brushite and the timescale

of its exchange, as the dynamics of water’s interaction can indicate reactive sites.

As growth, dissolution and adsorption frequently occur at step edges, the [101]

step was analyzed in addition to the flat surface. We found that on the flat surface

the timescale of water exchange around the surface calcium sites of brushite was

beyond the simulation timescale (100 ns). However, on the step the fastest exchange

was ⇠3 ns, making the site likely to be a reactive center. Further studies of growth

or dissolution could use this knowledge to target the site during simulations.

Given that the experimental spectrum indicated an increase in intensity at ⇠4Å

from the brushite surface we wished to test whether another species could adsorb,

increasing the intensity. From the density maps we knew that the lack of intensity

was within the second water layer, which did seem like a possible adsorption

site. Metadynamics studies of the adsorption of Ca2+, PO3�
4 , HPO2�

4 and H2PO�
4

suggest that H2PO�
4 could adsorb as it had both an exothermic free energy for

adsorption and its minima position was similar to the missing intensity seen in the

experimental spectrum. However, there is also the possibility that ion associations,

such as ion pairs or clusters, could be adsorbing and unless the experimental

spectrum is reproduced it cannot be said with specificity where the difference arises

from.

After brushite, our next investigation of mineral-liquid interfaces was in exam-

ining the apatite-water interface, discussed in Chapter 9. As a mineral with many

possible substitutions and inclusions, studying apatite is complex; however, it is

the most common calcium phosphate mineral geologically and forms an important

biomineral. Our interest was in defining how the underlying crystallography con-
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trolled the dissolution of apatite; and we investigated this both by simulation and

by atomic force microscopy.

Using simulation, we began by computing surface energies of fluorapatite and

chlorapatite in vacuum and in the presence of a continuum solvent, and comparing

these to previously published values for fluorapatite. We found values were similar

to those previously published, as were the bulk properties calculated. We used

SXRD data previously published to determine the correct (101̄0) surface termination,

which was not used in the previously published simulations. Like with brushite, the

bulk structure of apatite well-reproduced the experimental data, but the interface

had discrepancies. The experimental results suggested more water ordering than

that which was observed in the simulation. This difference could be a result of the

difference in substrate: the experimental work was using Durango apatite whereas

the simulations were performed using pure fluorapatite. Like with brushite, further

work investigating the effect of substitutions or adsorption on the surface could

help understand, or remove, this discrepancy.

The difference in surface energies did suggest the possibility of a difference

in dissolution behavior, which via experiment we suggested that dissolution of

apatite could be crystallographically controlled. By cutting and polishing the (0001)

and (101̄0) faces of natural apatite we were able to monitor dissolution by etch

pit measurements and observed a difference in etch pit spread between the {0001}

and {1000} surfaces. Current models of apatite dissolution assume the surface

influence is negligible and thus use one surface to model most types of apatite

dissolution, but these results suggest that in many scenarios crystallography will

be important. Further studies in determining which scenarios crystallographic

effects are measured are necessary to more fully understand the apatite dissolution

mechanism.

Overall this work has contributed to the knowledge of many stages of calcium

phosphate mineralization processes. In the study of prenucleation clusters, pre-

viously proposed clusters were examined and new clusters proposed. The exam-

ination of amorphous materials built from selected clusters helped determine a

new calcium phosphate nucleation mechanism. For the mineral-liquid interface,

the study of the brushite-water interface identified likely reactive centers on the
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brushite step as well as water structure and the study of the apatite-water interface

suggested that underlying crystallography is important to dissolution.
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Biomineralization is an important process both in the environment and within

living systems, including the human body. It is responsible for the production

of fine-tuned structures, from the mineral support for coral reefs through to the

formation of protective shells and grinding tools. Therefore, understanding how

biological systems can manipulate minerals into complex assemblies is both of

fundamental importance and offers the possibility to develop new strategies for

biomimetic material synthesis.

Before we can begin to elucidate the pathways by which organics may influence

mineral nucleation and growth, it is necessary to understand how such reactions

occur in aqueous solution alone. Although classical nucleation theory CNT has

often been invoked to explain the early stages of mineral formation, there has

recently been a re- examination of the process by which ions initially assemble,

in the light of results obtained for one of the most common biominerals, calcium

carbonate. These suggest the possible existence of stable prenucleation clusters,42 in

contrast to the initial formation of unstable nuclei through fluctuations below some

critical size predicted in CNT. In the case of calcium carbonate, it has been proposed

that ion association occurs beyond ion pairs to form dynamic ionic polymers known

as DOLLOP,44 which may ultimately undergo a liquid-liquid phase separation as

concentration rises, representing the first nucleation event.233

As a result of the debate regarding prenucleation clusters for the case of calcium

carbonate, this has raised the question as to whether analogous processes could

occur for other common biomineral systems. Naturally, attention has turned to the

case of calcium phosphate solutions, with a particular focus on hydroxyapatite, as it
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is a component of bones and tooth enamel. In contrast to calcium carbonate, the ex-

istence of stable species beyond ion pairs for calcium phosphate has been proposed

for some time in the form of the so-called Posner’s cluster,Ca9(PO4)6,31 which is

believed to be a precursor to the formation of amorphous calcium phosphate. Evi-

dence from atomic force microscopy indicates that Posner’s clusters can be formed

in the absence of organic species and so may be relevant to both biomineralization

and abiotic processes.37

Recently, Habraken et al.35 performed an extensive study of the initial stages of

the association of calcium and phosphate ions using a range of techniques including

cryo-TEM, infrared spectroscopy, and wide-angle X-ray spectroscopy. Here, they

proposed that the initial species to be formed beyond ion pairing is Ca(HPO4)4�
3 ,

which then forms fractal assemblies through hydrogen bonding of multiple clusters.

In addition, throughout the process, there are other equilibria involving proton

transfer and calcium ion binding, as would be expected for such an environment.

Indeed, it was proposed that the single calcium unit, Ca(HPO4) 4�
3 , is a soluble

prenucleation species that binds an additional calcium ion to yield Ca2(HPO4)2�
3

once the solubility of amorphous calcium phosphate is reached , thereby leading to

nucleation. A subsequent study by Zhang et al.34 claims to have identified species

in which calcium is coordinated by two bidentate phosphate ions, as well as two

further monodentate ligands, which can be either water or further phosphate anions,

on the basis of X-ray absorption near-edge spectroscopy using synchrotron radiation.

Given the challenges concerning the sensitivity of this approach, it may be that the

solution species observed could correspond to a later stage of the development of

the speciation at high concentrations.

Although a considerable amount of data has been gathered from the application

of experimental techniques to study prenucleation clusters, it has to be recognized

that the interpretation of the results at the atomic level can be difficult for very

small species. Hence, the use of computer simulation is a valuable complement

to the experimental information that is available. To date there have been several

theoretical calculations performed that are relevant to calcium phosphate cluster

formation. The structure and thermodynamics of Posner’s clusters and other related

species have been extensively examined in a series of papers by Treboux and co-

workers.32 Here, the calculations were performed using ab initio methods, although
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all were based on clusters in vacuo and so the thermodynamic information has

limited applicability to aqueous solution. Habraken et al. used ab initio calculations

with explicit inclusion of some water molecules, along with a continuum description

of the remaining solvation environment to verify the size of their proposed species.

However, the thermodynamic stability of the species was not considered.

Because of the complexity and dynamic nature of ion solvation, it is a challenging

undertaking to consider ion association in aqueous solution using first principles

techniques. One such study, recently published, attempted to examine calcium

phosphate prenucleation clusters using ab initio molecular dynamics.200 Their results

suggest that the Ca(HPO4)4�
3 cluster is energetically more stable than the mono

or diphosphate cluster. However, because the simulations were limited to 60 ps of

unbiased dynamics plus 5 ps of data for each of the umbrellas along a single reaction

coordinate, the distance between the phosphates and calcium ion, convergence of

the thermodynamic properties is unlikely given that their simulation time is below

the timescale of water exchange within the calcium ion’s coordination shell and the

results may be significantly influenced by the initial configurations. The majority of

studies have employed, instead, either force field methods or a hybrid approach to

examine such processes to ensure adequate sampling. To the best of our knowledge,

Zahn226 carried out the earliest study of calcium phosphate binding in aqueous

solution, although the binding of calcium to phosphate groups of organic molecules

has been studied for a longer time.312 The work of Zahn combined in vacuo

quantum mechanical information on proton transfer energies with a classical force

field to examine the speciation. He proposed that the Ca2(PO4)+ complex was the

initial stable species, in contrast to the clusters later proposed by Habraken et al.

Subsequent studies from this group have gone on to consider the association of

calcium and phosphate ions with biomolecules.313 Recently Ma201 has simulated the

association of calcium and phosphate ions with collagen using molecular dynamics

based on the CHARMM force field.314 This work also proposes that a number of

different species are present in highly concentrated solutions, based on observations

from unbiased dynamics. However, the thermodynamics of these clusters was not

quantified and the accuracy of the CHARMM force field for this specific system

was not validated before the simulations were performed.
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Given the significance of calcium phosphate association to biomineralization, the

aim of the present work is to study the thermodynamics of the ion association

processes in water using force field methods. To do this, it is necessary to have

a force field that has been calibrated against the known experimental thermody-

namics, something that has often been overlooked in the past for simulations of

mineral nucleation. Here, we follow a similar approach to that taken for calcium

carbonate30,153 to derive a compatible force-field model for the aqueous calcium

phosphate system.

b.1 methods

The aim of the first part of this study is to develop a force field that can describe

the thermodynamics of crystallization for minerals containing calcium phosphate

from aqueous solution as accurately as possible within the limitations of a classical

model. To achieve this, it is necessary to perform calculations on both the solid

phases and ions in solution. These two scenarios are best described by different

techniques, namely, lattice dynamics and molecular dynamics, respectively. We will

give the technical details for both methods as they pertain to the present study,

followed by a summary of the strategy for parameterizing the force field.

b.1.1 Lattice Dynamics

All lattice dynamics calculations in this work were performed using the GULP

software.315 The energy, forces, and second derivatives are evaluated analytically for

the force field for either 3D (solids) or 2D (surfaces) periodic boundary conditions.

For the electrostatics, the conditionally convergent sums are evaluated using either

an Ewald or a Parry sum, for 3D and 2D calculations, respectively, with a specified

precision of 12 significant figures. The cutoff for the pairwise interactions was set

at 9 Å using a taper function to smooth the truncation over the last 3 Å, as for the

corresponding potentials developed for calcium carbonate.153 Phosphate anions

were treated as molecular fragments with a fixed connectivity and Coulomb sub-

traction of the intramolecular contribution. Interactions within the phosphates were

modeled using a molecular mechanics approach with harmonic bond stretching
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and angle bending potentials. For phosphate anions that contain hydroxyl groups,

a torsional potential has been specified for the H-O-P-O dihedral angle. Bond-bond

cross terms were also included for the O-P-O angles in phosphate to better describe

coupling between the stretching modes in the vibrational spectra. Intermolecular

interactions were treated using a combination of Buckingham and Lennard-Jones

potentials.

b.1.2 Molecular Dynamics

Both classical and ab initio molecular dynamics simulations were used in this work.

For classical molecular dynamics, the LAMMPS152 software was used. Here, the

real space cutoffs and tapering is performed as for the lattice dynamics calcula-

tions. The main difference is that the electrostatic contribution is evaluated using

the smoothed particle mesh Ewald technique to increase the efficiency for large

systems. All classical simulations were run using a time step of 1 fs and a Nosé-

Hoover thermostat and barostat within the isothermal-isobaric ensemble for a

cubic box of 4173 water molecules (corresponding to a cell length of 49.843 Å).

Free energy perturbation203 and multiple-walkers169 together with well-tempered

metadynamics168 were adopted to explore the solvation free energy of the ions and

the free energy profile of the calcium-phosphate ion pair, respectively.

Free energy perturbation was run at different temperatures by progressively

switching off the electrostatic and van der Waals’ interactions between the ions

and water (20 equally spaced stages of 5 ns each per interaction, with 500 ps

equilibration). The calculated hydration free energy was then corrected for finite

size effects.204 The simulations were run at different temperatures, and for every

temperature, the calculations were repeated three times starting from different

configurations. The results of these runs were then averaged to obtain the final

value. Metadynamics calculations were performed using the PLUMED 2.0 plug-

in.205 The collective variables chosen were the calcium-phosphorus distance and

the coordination number of calcium with respect to the oxygen atoms of water. The

Gaussian widths were set to 0.2 and 0.1 Å, respectively. Gaussians were deposited

every 1 ps, with an initial height of kBT. We have used 30 parallel walkers for a
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total simulation time of about 300 ns and a bias factor of 5 to progressively reduce

the heights of the Gaussians until convergence within the well-tempered algorithm.

Ab initio molecular dynamics was performed using the program CP2K26 with

the Perdew-Burke-Ernzerhof (PBE)-D3 functional based on the Gaussian planewave

approach.316 The core electrons and nuclei were described using GTH pseudpotentials268

with valence basis sets of TZ2P quality. The electron density was described with a

planewave cutoff of 300 Ry, while the self-consistent field calculation was performed

using the orbital transformation algorithm.317 All of the species considered were

placed in separate cubic cells with a dimension of 14.3 Å containing 99 water

molecules. Simulations were run for up to 37 ps in the NVT ensemble using a time

step of 0.5 fs. Here, an elevated temperature of 330 K was used to offset the known

systematic overstructuring of water for the density functional used, even with the

inclusion of empirical dispersion corrections.318,319 As a further validation, up to 10

ps of ab initio dynamics has also been performed using a hybrid PBE0-D3 functional,

except with 50% Hartree-Fock (HF) exchange, starting from the final configuration

of the PBE-D3 run. These simulations were used to examine the sensitivity of the

results to electron localization, which is known to be influenced by the inclusion of

HF exchange.320 The hybrid functional calculations were accelerated by using the

auxiliary density matrix method320 with the pFIT3 auxiliary basis set.

b.2 parameterization

When approaching the parameterization of a force field suited to modeling the

nucleation and growth of calcium phosphate materials, it was decided to build on

our previous work for the aqueous calcium carbonate system to ensure compatibility

of both parameter sets.30 This places a number of constraints on the present fitting

procedure. First, the choice of the water model should be SPC/FW,139 a simple point

charge, flexible representation. Given that other water models were previously used

for the aqueous calcium carbonate case, including rigid ones, without substantially

affecting the ability of the fit to reproduce key experimental quantities, it seems

likely that the constraint of using SPC/FW should not be a particular issue. Second,

the overall charges of cations and anions must equal the formal ionic charge. Again,

this represents a natural choice and simplifies the simulation of both solids and
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solutions of different compositions while maintaining charge balance. Third, and

final, the interaction of Ca2+ ions with water must retain the same parameters

as that of the previous model. Because this interaction is fitted to the solvation

free energy of the calcium cation in water, it is largely independent of whether

the corresponding anion is phosphate or carbonate, except for the constraint that

the total thermodynamics for mineral solubility should agree with experiment. To

this extent, the partitioning of the total free energy of solvation for the ions into

individual contributions does link the cation and anion parameterizations, along

with the lattice free energy. However, there is no reason at this stage to believe that

the existing choice of the calcium free energy of solvation will adversely affect the

parameterization for phosphate solvation.

To study the solution speciation of phosphate in water, it is necessary to consider

the three possible anions, phosphate (PO3�
4 ), hydrogen phosphate (HPO2�

4 ), and

dihydrogen phosphate (H2PO�
4 ). The pKa values for hydrogen and dihydrogen

phosphate are 12.32 and 7.21, respectively.321 The parent species, phosphoric acid,

has a pKa of 2.16 and is therefore unlikely to play a role in the crystallization process

under conditions relevant to biomineralization. Hence, we have not considered

this species in the present work. Similarly, the phosphate anion will only have a

substantial concentration under very alkaline conditions and so has a limited role

in aqueous solutions relevant to the current work. However, as assemblies of ions

begin to form, the pKa value of hydrogen phosphate contained within such species

will decrease, with phosphate becoming increasingly relevant.

b.2.1 Intramolecular Interactions

The starting point for the parameterization procedure was to obtain a model for

the intramolecular potentials of the (hydrogen-)phosphate anions. To do this, ab

initio quantum mechanical calculations were initially performed on the isolated

anions at the M06/6-311+ +G** level of theory using the Q-Chem program.322

An initial set of force constants was derived using the vibrational frequencies

obtained from these calculations. To ensure that the modes were correctly assigned,

the eigenvectors computed with the force field were projected onto the quantum

mechanical equivalents at every step of the least squares fitting procedure. It is
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important to note that the highly charged phosphate anions are unstable in vacuum

with respect to ionization and the excess electrons only remain localized on the

species due to the finite atom- centered basis set. However, the point of this step

was not to obtain accurate physically meaningful results but purely to obtain an

initial reasonable estimate of the force constants for subsequent refinement against

other properties. To determine starting values for the intramolecular equilibrium

geometry, the anions were again also optimized at the M06/6-31+G** level of theory

in the presence of the SM8 solvent model323 using the dielectric constant of water.

Subsequently, the r0 values were adjusted to provide a compromise between the

appropriate bond length in solution and in the solid phases.

The intramolecular force field terms involve harmonic bond stretching and angle

bending. For those anions with a hydroxyl group, a torsional interaction between

the hydrogen and other oxygen atoms was included. In addition, to improve the

description of the vibrational properties, bond-bond and bond-angle coupling terms

were also considered. The precise functional forms of the two-body (Uij), three-body

(Uijk), and four-body (Uijkl) energies are given below:

Uij =
1
2

k2(rij � r0)
2 (B.2.1)

Uijk =
1
2

kangle
3 (Qijk � Q0)

2 + kbond�bond
3 (rjk � r0jk)](Qijk � Q0) (B.2.2)

Uijkl = ktorsion
4 (1cos(3f)) (B.2.3)

where rij and rjk are the distances between atoms i-j and j-k, respectively, qijk is the

angle between the bonds of the atoms bound to the pivot atom j, and f is the torsion

angle between i-j and k-l about the vector between i,j and k. All equilibrium bond

lengths and angles were constrained to be consistent between the harmonic and

cross terms. Intramolecular parameters for PO3�
4 , HPO2�

4 , and H2PO�
4 are reported

in Table B.1. Here, and in the remainder of this article, oxygen atoms in PO3�
4 will

be labeled as O7, the protonated oxygen atom(s) in HPO2�
4 and in H2PO�

4 will be

labeled as O8 and O10, respectively, and the other oxygen atoms in HPO2�
4 and in

H2PO�
4 will be labeled as O9 and O11, respectively. The hydrogen atoms in HPO2�

4

and H2PO�
4 are labeled as H8 and H10, respectively; P1 is the phosphorus atom in

both PO3�
4 and HPO2�

4 , whereas P2 represents the phosphorus atom in H2PO�
4 .
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kangle
3 kbond-bond

3 kbond-angle
3 r0 q0

(eV rad�2) (eV Å�2) (eV Å�1 rad�1) (Å) (deg)

O7-P1-O7 8.9168 2.5983 3.0 1.5946 109.5

kangle
3 kbond-bond

3 r0 q0

(eV rad�2) (eV Å�2) (Å) (deg)

O8-P1-O9/O10-P2-O11 4.4066 2.9101 1.60/1.52 109.5
O9-P1-O9/O11-P2-O11 11.875 1.6199 1.52 109.5

O10-P2-O10 11.875 1.6199 1.60 109.5

k2 r0

(eV Å�2) (Å)

P1-O7 31.662 1.5946
P1-O8/P2-O10 24.2341 1.60
P1-O9/P2-O11 43.1412 1.52

O8-H8/O10-H10 43.1526 0.98

kangle
3 q0

(eV rad2) (deg)

H8-O8-P1/H10-O10-P2 2.9055 111.4

ktorsion
4

(eV)

H8-O8-P1-O9/H10-O10-P2-O10/H10-O10-P2-O11 0.042272

Table B.1: Intramolecular force field parameters for the phosphate (PO3�
4 ), hydrogen phos-

phate (HPO2�
4 ), and dihydrogen phosphate (H2PO�

4 ) anions, as derived in the
present work. Here, the atoms are labeled as P1 and O7 for PO3�

4 ; P1, O8, H8,
and O9 for HPO2�

4 ; P2, O10, H10, and O11 for H2PO�
4 , where O8 and O10 are the

oxygen atoms bound to hydrogen. The functional form of the terms is defined in
the main text. For the bond-bond cross terms, the two equilibrium bond distances
are given in the order corresponding to the two terminal atoms as specified.
Where both values are identical then only a single value is listed.
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b.2.2 Intermolecular Interactions

Intermolecular interactions were described using a combination of electrostatics

and short-range repulsions of both Buckingham and Lennard-Jones forms. The

precise forms of the potentials are as implemented in the LAMMPS package152

and as follows, where eqs B.2.4 and B.2.5 are both the standard 12-6 Lennard-

Jones potential in epsilon/sigma form and A/B form and eq B.2.6 is the standard

Buckingham potential

ELJ(r) = 4e

✓
s

r
12
◆

�
✓

s

r
6
◆�

(B.2.4)

EAB(r) =
ALJ

r12 � BLJ

r6 (B.2.5)

EBuck(r) = ABucke�r/rBuck) � CBuck
r6 (B.2.6)

All Coulomb interactions are excluded within the phosphate anions. The charges

used for the different species are Ca = +2.0, P1 = +0.97, P2 = +1.38, O7 = -0.9925,

O8 = O10 = -0.655, O9 = O11 = -0.89, and H8 = H10 = +0.355, all in atomic units.

Initial values for the charges were taken from a Mulliken analysis of the phosphate

ions within the solvent model. However, the final values were obtained by fitting

against the solid phases, subject to the constraint that a given species must have the

same charge in all environments. For water, the charges remain as for the original

SPC/Fw model (H2 = +0.41, O2 = -0.82).139

b.2.2.1 Intermolecular Interactions: Water-Phosphate

To determine the intermolecular parameters between the phosphate anions and

water, a two-step process was used. Because the free energy of solvation represents

a single number that results from several different contributions, it is hard to

unambiguously determine the intermolecular potential parameters between the

phosphate anions and water from this quantity alone. Therefore, in the initial phase

of parameterization, ab initio calculations at the M06/6-311++G** level324 were used

to compute binding configurations between water molecules and different edges
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Figure B.1: Representation of the water structure around the phosphate species; from left to

right: PO3�
4 , HPO2�

4 , and H2PO�
4 . Isosurfaces for O and H atoms of water are

represented in red and white, respectively; isosurfaces for H atoms of phosphate

are represented in purple. Oxygen and phosphorus atoms are colored in red

and yellow, respectively.

of the phosphorus- oxygen tetrahedra. Fitting the hydrogen bonding distances

between water and the two types of phosphate oxygen identified above separately

provides information that discriminates between the relative solvation strength of

different regions of the hydrogen phosphate and dihydrogen phosphate anions.

The geometry of the water coordination sphere obtained when running molecular

dynamics was carefully checked, and parameters were readjusted to reproduce the

correct water structure, as suggested by Pegado et al.325 as a result of an ab initio

molecular dynamics investigation of sulfate anions (see Figure B.1). The original

parameters have also been adjusted by comparing the pair distribution functions

obtained with the force field and those obtained from ab initio simulations of the

anions in aqueous solution (see Section C.1 and Figures C.1-C.3 in the Supporting

Information).

Ultimately, the final refinement involved adjusting the Lennard-Jones and Buck-

ingham interactions between water and the oxygen and hydrogen atoms of the

phosphate anions to reproduce a target-free energy of solvation. This was carried

out using free energy perturbation, as described in Section C.1. After an initial

calculation to determine the free energy of solvation for an anion with the starting

parameters, refinement was performed by perturbing the previous estimated set

of parameters. By reducing the magnitude of the perturbation, faster convergence

of the free energy difference was achieved. The final water-phosphate force field

parameters are reported in Table B.2, together with the other intermolecular param-
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eters (see the next section). It is worth noting that for the H2PO2�
4 water parameter,

we overlaid a Lennard-Jones and a Buckingham potential for the O2-O10 pair. This

was done to achieve a satisfactory agreement with the experimental solvation free

energy and with the ab initio radial pair distribution functions (Figure C.1).

Reference values for the targeted free energy are reported in Table B.3 and

compared to those obtained with our force field. Because of the lack of experimental

data, the former has been obtained through ab initio electronic structure calculations

at the M06/6-31G* level of theory combined with the SM8 implicit solvent model.

Appropriate testing on the accuracy of the basis set was performed on PO3�
4 : the

results obtained with the 6-31+G** basis set differed by 2.5 kJ mol�1 , which is

within the uncertainty associated with the free energy perturbation.

A very limited set of estimates for the hydration free energy of phosphate

anions is present in the literature, and they are all in disagreement by a few

hundred kJ mol�1, as shown in Table B.3. The first dates back to 1970, when

George et al.207 provided heats of solvation through calculations based on previous

experimental measurements. These values are in relative good agreement with

the d H of hydration obtained for PO3�
4 and HPO2�

4 with our force field, which

was calculated by running the free energy perturbation at temperatures between

290 and 330 K and then fitting the results, as shown in Figure B.2. Years later,

Marcus208 systematically derived the hydration entropy, enthalpy, and free energy

of a number of cations and anions, including the phosphate species, through an

empirical model based on the assumption of spherical particles. Because of the

approximations introduced in that model, both dH and dG of hydration for large

and polyvalent anions are estimated to be 100-200 kJ mol�1 too negative with

respect to the real value. This is consistent with our ab initio calculations and

with other estimates.207,209,210 From the slope of the fit performed in Figure B.2,

we have obtained the hydration entropies for the three phosphate species, which

are in reasonable agreement with the values provided by Marcus.208 As a visual

comparison, the experimental line is reported in Figure B.2, arbitrarily set to cross

the average of our calculated values at 300 K and with the slopes taken from Marcus’

dS values. Marcus provided a value for the entropy of hydration dS(H2PO�
4 ) that

was nearly identical to that of dS(HPO2�
4 ), whereas it should be expected to be

higher and therefore closer to the calculated value.



B.2 parameterization 193

Buckingham ABuck rBuck

(eV) (Å)

Ca-P1/Ca-P2 2132.9786 0.3428
Ca-O7 2510.878 0.276289
Ca-O8 2010.878 0.276289
Ca-O9 2590.878 0.276289
Ca-O10 1860.062 0.276289
Ca-O11 2396.562 0.276289
O2-O7 12534.455 0.2451
O2-O8 19534.455 0.2151
O2-O9 19534.455 0.2426
O2-O10 7500.000 0.2200
O2-O11 15000.000 0.2350
O7-O7/O7-O8/O7-O9/O7-O10/O7-O11/ 12534.455 0.202
O8-O8/O8-O9/O8-O10/O8-O11/O9-O9/
O9-O10/O9-O11/O10-O10/O10-O11/
O11-O11

Lennard-Jones e r

(eV) (Å)

O2-O10 0.01 2.75
O2-O2 0.00674 3.165492
Ca-O2 0.00095 3.35

Lennard-Jones ALJ

(eV Å12)
H2-O8/H2-O11 28.0
H2-O10 15.0
H8-O7/H8-O8/H8-O9/H8-O10/H8-O11 54.0
H10-O7/H10-O8/H10-O9/H10-O10/H10-O11 54.0
P1-O7/P1-O8/P1-O9/P1-O10/P1-O11/P2-O7/P2-O8/P2-O9/ 1000.0
P2-O10/P2-O11

Table B.2: Intermolecular potential parameters used in the present work between all pairs
of calcium cations, phosphate anions, and water molecules. Phosphate atoms are
labeled as in Table B.1. Hydrogen and oxygen of water are labeled as H2 and
O2, respectively. All intermolecular potentials are truncated at 9 Åusing an MDF
taper over the last 3 Åto enforce a smooth transition of the energy and forces
to zero. The precise forms are defined in the main text . For the Buckingham
potentials, CBuck and BLJ were equal to 0 for all interactions.
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The enthalpy of hydration, dH(H2PO�
4 ), does not agree with George et al.’s

estimate,207 even though the reference value for the free energy was obtained using

the same methods as those for the other phosphate species. To obtain an enthalpy

of hydration that is comparable to the value of George et al., either the hydration

entropy would have to be positive, or the starting free energy should be more

endothermic by nearly a hundred kJ mol�1 . Both these scenarios would go against

all of the other experimental evidence, and so we assume that given the magnitude

of dH(H2PO�
4 ), the experimental estimate could be subject to a larger error than

that for the other species.

Through ab initio calculations embedded within a Langevin dipole scheme and

comparison with solvation free energies estimated from either experimental gas

phase basicity or proton affinity, Florian and Warshel209 provided values for the free

energies of hydration of the phosphate species that are about 50-250 kJ mol�1 less

negative than those calculated in this article. Moser210 also ran ab initio calculations

and explored a range of continuum solvation models, providing free energies of

hydration that span a range of several hundred kJ mol�1 (see Table B.3). However,

on the basis of the experimental gas basicity and pKa, he estimated the best values to

be -2296.2, -1077.8, and -332.6 kJ mol�1 for PO3�
4 , HPO2�

4 , and H2PO�
4 , respectively.

These values are 198, 62, and 6 kJ mol�1 less negative than those calculated in this

article.

The reference values that we estimated through first principles calculations are

at the most exothermic end of the range provided by previous experiments and

calculations. However, these values provide the best compromise between the

accuracy of the hydration free energy, the structure and properties of the solid

phases, and the pairing free energy profile of the phosphate species with calcium in

water (see next sections).

b.2.2.2 Intermolecular Interactions: Calcium-Phosphate

The remaining terms to be fitted are the interactions between the calcium and phos-

phate ions. Here, information from the solid state was used within lattice dynamics

calculations as part of a relaxed fitting process. For example, observables included

the crystallographic data for a-Ca3(PO4)2, monetite, brushite, and monocalcium

phosphate (MCP) monohydrate, as well as bulk moduli, elastic constants, and other
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Table
B.4:C

alculated
structuraland

m
echanicalproperties

for
a-tricalcium

phosphate. a

property
exp

rigid
FF,this

w
ork

rigid
FF,H

auptm
ann

shellFF,Pedone
D

FT-PB
E,Liang

a
(Å

)
12.887

12.890
(0%

)
13.001

(+0.9%
)

12.727
(-1.2%

)
12.861

(-0.2%
)

b
(Å

)
27.280

27.730
(+1.6%

)
27.495

(+0.8%
)

27.529
(+0.9%

)
27.225

(-0.2%
)

c
(Å

)
15.219

15.372
(+1.0%

)
15.268

(+0.3%
)

15.304
(+0.6%

)
15.189

(-0.2%
)

b
(deg)

126.20
126.81

(+0.5%
)

125.31
(-0.7%

)
126.86

(+0.5%
)

126.20
(0%

)
K

(G
Pa)

70.8
125.6

82.3
75.9

G
(G

Pa)
33.9

60.4
36.8

40.1
C

11
(G

Pa)
97.8

211.9
121.7

127.4
C

22
(G

Pa)
149.0

202.5
156.1

135.3
C

33
(G

Pa)
113.5

208.8
120.7

123.0
C

44
(G

Pa)
36.4

60.7
34.2

40.2
C

55
(G

Pa)
42.0

53.0
40.9

42.7
C

66
(G

Pa)
27.7

71.1
39.4

39.9
a

The
experim

ental
structure

is
taken

from
the

w
ork

of
M

athew
et

al. 326
R

esults
are

also
given

on
the

basis
of

calculations
using

the
forcefields

of
H

auptm
ann

et
al. 264

and
Pedone

et
al. 327

In
addition,

the
results

of
D

FT
calculations

from
Liang

etal. 328
using

the
PBE

functionalare
included

for
com

parison.R
elative

differences
w

ith
respectto

the
experim

entaldata
are

reported
in

parenthesis.
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Table
B.6:C

alculated
structuraland

m
echanicalproperties

for
b-tricalcium

phosphate. a

property
exp

rigid
FF,this

w
ork

rigid
FF,H

auptm
ann

shellFF,Pedone
D

FT-PB
E,Liang

D
FT-LD

A
,Lin

a
(Å

)
10.4352

10.4757
(+0.4%

)
10.6468

(+2.0%
)

10.2842
(-1.4%

)
10.3513

(-0.8%
)

10.157
(-2.7%

)
c

(Å
)

37.4029
37.6414

(+0.6%
)

37.1516
(-0.7%

)
38.6134

(+3.2%
)

36.8898
(-1.4%

)
36.481

(-2.5%
)

K
(G

Pa)
120.792.0

(-23.8%
)

152.8
(+26.6%

)
95.5

(-20.9%
)

82.0
(-32.1%

)
G

(G
Pa)

46.1
72.1

35.5
43.2

D
U

(g
�

a)(kJm
ol �

1)
+11.1

+8.5
-2.91

-35.4
-67.5

aH
ere,the

experim
entalstructure

is
taken

from
Yashim

a
etal., 331

w
hereas

the
bulk

m
odulus

is
estim

ated
from

indentation
m

easurem
ents

on
single

crystals. 332
R

esults
are

also
given

for
calculations

using
the

forcefields
ofH

auptm
ann

etal. 264
and

Pedone
etal., 327

as
w

ellas
from

the
firstprinciples

calculations
ofLiang

etal. 328
and

Yin
etal. 333

R
elative

differences
w

ith
respectto

the
experim

entaldata
are

reported
in

parenthesis.



B.2 parameterization 199

Figure B.2: Free energies of solvation (DG) of phosphate species as a function of temperature
(T). The result of a least squares linear fit is shown as a dashed line, whereas
the solid line represents the slope that would be expected from the data of
Marcus208 shifted to coincide with our calculated free energy at 300 K: values
for enthalpies (DH) and entropies (DS) are reported in Table B.3.

mechanical properties, where available. Importantly, the quasi-harmonic lattice free

energy at 298.15 K, relative to the free energy of the component ions in aqueous

solution, was also used to fit the solubility of the materials, again where known.

Despite the complexity of the structures of the phases, it was generally only possible

to refine the A parameter of the Buckingham potential for each calcium-phosphate

interaction instead of both repulsive parameters. All of the final intermolecular

force field parameters are reported in Table B.2.



200 force field derivation

b.3 results and discussion

b.3.1 Bulk Properties of Calcium Phosphate Minerals

Before examining the results of the present work for bulk calcium phosphate min-

erals, it is important to note that other models for such systems do exist. One of

the first lattice dynamics studies was that of Taylor et al.334 who derived a rigid

ion force field for metal diphosphates, including that of calcium. Shortly afterward,

Gale and Henson335 derived a shell model potential for framework aluminophos-

phates. Subsequently, many different shell model force fields have been derived

for apatite,300,336,337 although phosphate glasses have also been considered.338 Very

recently a new rigid-ion force field has been derived for apatite, with the aim of

reproducing its surface properties at different pH.339 However, free energies were

again not explicitly considered during the derivation, which relies on combina-

tion rules for the interactions with water. For the purpose of comparison in this

work, we will give results for one example of a shell model force field, namely, the

one developed by Pedone et al.,327 as well as for a rigid-ion model, proposed by

Hauptmann et al.,264 alongside the new results.

b.3.1.1 Tricalcium Phosphate (TCP)

The first case to be considered for the bulk mineral phases is tricalcium phosphate

(TCP , Ca3(PO4)2) because this contains the simplest anion, PO3�
4 , with a tetrahedral

geometry and a single unique oxygen type. TCP is used in a wide range of applica-

tions due to its biocompatibility. Despite this, the properties of this substance are far

less well characterized than those of other calcium phosphate compounds, such as

the apatite family of minerals. Three polymorphs exist as a function of temperature,

which are labeled a, a0, and b. At high pressures, an additional phase can form, g,

which is known as tuite. Of the low-pressure forms, the b polymorph is known

to be the most stable below 1398 K, beyond which it transforms to the a and then

a0 structures before melting.340 Unfortunately, from the point of view of potential

derivation, the most stable phase contains a partially occupied Ca site and so is

disordered.331 Therefore, for the purposes of fitting, we have used the monoclinic
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structure of the high-temperature a polymorph that contains 24 formula units per

cell.326

For force field parameterization, it is desirable to include more than just the

structure in the fitting process, even for materials such as a-TCP that have a complex,

low-symmetry atomic arrangement. However, the only information available on the

mechanical properties for the phases of tricalcium phosphate was obtained from ab

initio calculations. On the basis of these properties and the structure of the different

phases, the interaction parameters between Ca2+ and PO3�
4 were derived. Results

for the structure and properties of the tricalcium phosphate phases are given in

Tables B.4,B.5, and B.6.

Considering the structural results for a-TCP as the fitted structure, all of the

force fields examined provide a reasonable description. The shell model of Pedone

et al. yields the best volume with a value that is too small, by 0.6%, due to a

partial cancellation of errors between the a and b cell parameters that underestimate

and overestimate, respectively, the experimental values. The rigid-ion model of

Hauptmann et al. has a similar functional form to that of the present work, but the

parameters that have been transferred from apatite give the largest volume error.

This exceeds 3% due to a systematic overestimation of all cell dimensions. Our

new rigid-ion force field also overshoots the experimental cell volume by 1.9%, but

nearly all of the discrepancy is concentrated in the b cell parameter.

The lack of accessible experimental data for mechanical properties at ambient

conditions makes it more difficult to assess the quality of the force field results.

The work of Liang et al.328 provided a comprehensive study of the mechanical

properties of both a-TCP and b-TCP using Kohn-Sham density functional theory

(DFT) based on the PBE functional, although this would be expected to underesti-

mate the stiffness of the material. Here, DFT, shell model, and the current rigid ion

force field results are all in reasonable agreement for the bulk and shear moduli,

whereas surprisingly, the force field of Hauptmann et al. gives a mechanically stiffer

description of the system even though the volume is overestimated. Similar trends

are found for the on-diagonal elastic constants. Although few definite conclusions

can be drawn, it appears likely that the force field developed in this work does a

reasonable job in capturing the mechanical properties within the limits of a rigid
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ion model. However, the primary objective is to develop a model that is appropriate

for thermodynamics.

A further test of the force field models is offered by the structure of the high-

pressure phase of TCP, tuite. Here, the experimental sample is typically subjected

to an excess of 12 GPa of pressure to form this phase and then quenched to

ambient conditions. After optimizing g-TCP, the phonons were calculated at the

Brillouin zone center as a first check on the dynamical stability of the structure.

Imaginary phonons were observed for the present new force field (three modes)

and that of Hauptmann et al. (seven modes) for the hexagonal Rcentered unit cell.

After removal of the phonon instabilities, the structure remained hexagonal, but

with a small rotation of the phosphate groups about the c axis, leading to loss of

mirror symmetry. It could be argued that these imaginary modes occur because the

structure is generated at high pressure, although it can be quenched to ambient

conditions. However, when optimized at 12 GPa, both the model of Hauptmann

et al. and our force field yield three imaginary modes. The same problem was not

found to occur for the force field of Pedone et al., despite the tendency of shell

models to favor lower symmetry structures if the polarizability is high enough. It

appears that the distortion of the tuite structure is very sensitive to volume due to

a set of degenerate modes with a frequency of only 9 cm �1 (based on the Pedone

model) that become imaginary with a slight increase in the cell parameters. On

the basis of our new force field, the energy reduction due to distortion is ⇠0.5 kJ

mol�1 per formula unit and so rotation of the phosphate groups is likely to be

quite dynamic, therefore averaging to the observed higher symmetry. The force

field derived in the present work provides the most accurate lattice parameters of

tuite at ambient pressure in comparison to the experiment. Moreover, a recent study

has given an experimental bulk modulus330 for benchmarking. Our new model

provides the best agreement, closely followed by the model of Pedone et al.

The final polymorph of tricalcium phosphate to consider, whose structure is

known, is the b phase. To handle the fractional occupancy of the calcium sites, we

can either employ a mean field description, in which all interactions are scaled

by the product of the site occupancies, or construct an ordered model where half

the calcium atoms on this site have been deleted. We have tested both approaches,

and they result in similar averaged structural parameters, but the thermodynamics
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of the ordered model are likely to be more reliable. Hence, we have adopted the

latter approach. Of the six partially occupied sites, there are three pairs of sites with

the same fractional coordinates in the xy plane. To remain close to the hexagonal

symmetry of the cell, we have removed one site from each pair separated by 1/3

in fractional units along the c axis. We have used this configuration to calculate

the structure and properties for b-TCP (Table B.6). As with the mineral tuite, our

new rigid ion force field provides the best description of the cell parameters and is

comparable to the shell model in terms of giving reasonable mechanical properties.

The experimental bulk modulus, which is underestimated by all calculations, comes

from indentation measurements rather than from an equation of state. This may

therefore lead to some intrinsic differences between the values.

Having performed calculations on three of the four known polymorphs of tri-

calcium phosphate, we are now in position to examine the relative phase stability

of the materials. Two previous density functional theory studies both found that

b-TCP is more stable than a-TCP, as would be expected from the experimental

phase diagram. Unfortunately, the prediction of the energy difference between these

polymorphs appears to be challenging for force field methods because the three

potential models examined suggest different orderings in the stability and none of

them yield b-TCP as the ground state. The two rigid ion models predict that a- TCP

is more stable than b-TCP, whereas all other methods at least consistently give the

inverse order. This indicates that polarization effects may play an important role in

the energy difference between these two phases. Including the phonon contribution

to the free energy fails to alter the order of stability.

b.3.1.2 Monocalcium and Dicalcium Phosphate

The monocalcium phosphate (MCP) and dicalcium phosphate (DCP) differ from the

preceding tricalcium materials in that they do not appear to exhibit polymorphism.

Instead there is variability in the water content, leading to two main phases for MCP

and three for DCP. In the former case, an anhydrous and a monohydrate phase are

known by the acronyms of MCPA (Ca(H2PO4)2) and MCPM (Ca(H2PO4)2·H2O),

respectively. In the latter case, the three phases are monetite (CaHPO4), brushite

(CaHPO4· 2 H2O), and a hemi-hydrate phase (CaHPO4·0.5H2O). Although MCP

phases are relevant in the fertilizer industry, DCP finds application in biocompatible
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cements and could be used as a proton conductor.250 Of all of these compounds,

the only ones observed in nature are monetite and brushite.

Monetite, as the anhydrous DCP, was chosen as the starting point for the deriva-

tion of the intermolecular potential involving the HPO2�
4 phosphate ion and the

Ca2+ ion. The structure of this mineral undergoes a proton order-disorder tran-

sition just below ambient conditions, and so we have chosen to focus on the

low-temperature ordered structure obtained from neutron refinement.341 Unfor-

tunately, the single crystal mechanical properties of this phase are unknown and

so there is only limited information to fit to. As a result, many of the parameters

are held fixed during the refinement and initially only the repulsive interactions

between the two types of oxygen in the phosphate group and Ca2+ are explicitly

refined.

The results for monetite are presented in Table B.7 alongside the experimental

crystal structure and the percentage deviation of the optimized values. All of the

cell lengths are reproduced to within 1%, whereas the deviations in the cell angles

are not larger than ⇠3% for the triclinic cell. The error in the volume corresponds

to an overestimation by 1.3%. Although there is nothing to compare against, the

mechanical properties of monetite are in line with what might be expected from

the TCP phases, with the presence of the hydroxyl group and lower charge on the

phosphate anion making the system slightly softer. One property that has been

measured for monetite on several occasions is the vibrational spectrum. Here, the

modes associated with the hydroxyl component of HPO2�
4 can be identified, with

property experiment this work error (%)

a (Å) 6.910 6.972 +0.8
b (Å) 6.627 6.656 +0.5
c (Å) 6.998 6.900 -0.7
a (deg) 96.34 92.80 -3.5
b (deg) 103.82 104.16 -0.3
g (deg) 88.33 90.03 -1.9
K(GPa) 67.6
G(GPa) 35.8

Table B.7: Calculated structural and mechanical properties for monetite (CaHPO4). The
experimental structure is taken from Catti et al.341
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the (P)OH stretching modes being at 2360, 2849, and 3190 cm�1 , whereas the

P-O-H bending modes give rise to broad peaks in the range 1300-1450 cm�1 .250

Using our force field model, the hydroxyl stretching modes are overestimated at

3540-3600 cm�1, even when allowing for significant red-shifting due to anharmonic

corrections. Conversely, the P-O -H bending modes are underestimated, lying in

the range of 1190-1338 cm�1 . Both of these errors reflect the fitting of the force

constants for HPO2�
4 using values for the isolated ion. Even with the anharmonic

coupling terms, the change due to the solid-state environment fails to be captured.

The properties of monocalcium phosphate are arguably less well characterized

than those of the other solid calcium phosphates. Both the anhydrous (Ca(H2PO4)2,

MCPA) and monohydrate (Ca(H2PO4)2·H2O, MCPM) forms adopt triclinic crystal

structures.116,117 When considering the solubility of these phases, it is important to

note that MCPA is not believed to be a stable phase below 100�C347 and therefore we

have to use MCPM to validate this property instead. Using the current force field,

we estimate the solubility (-log(Ks p) at 25 � C) of MCPM to be 1.19 as compared to

an experimental value of 1.14.348 The computed free energy for dissolution of MCPA

is exothermic (-10.5 kJ mol�1 ) unlike MCPM, which is consistent with the lack of

stability of the phase at ambient conditions (see Table B.8 for a comparison of free

energies of dissolution for bulk phases vs the experiment). In Table B.9, we compare

the experimental and force field optimized cell parameters for MCPA and MCPM.

Note that in the case of MCPA, it was necessary to lower the space group symmetry

to P1 so that the hydrogen atoms were bonded to just a single phosphate anion,

rather than bridging between two groups, as is the case for two hydrogen positions

in the neutron refined structure. Despite this, the final optimized structure is in good

agreement with the experiment for MCPA, whereas the monohydrate shows larger

errors. However, as already noted, MCPM is a triclinic structure and so nontrivial

to reproduce. Given that the interactions between both calcium and dihydrogen

phosphate with water are derived to reproduce the properties of the ions in aqueous

solution, it is perhaps not surprising that hydrate structures are more challenging to

describe with a single common model. The use of more sophisticated water models,

which include either polarization and/or charge redistribution, in future work may

go some way toward improving this situation.
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phase DGdiss (exp) DGdiss (calc) error (%)

a-Ca3(PO4)2 177.4342 174.8 -1.5
b-Ca3(PO4)2 137.6343 to 186.6342 127.8 -7.1 to 31.5
g-Ca3(PO4)2; tuite 138.0
CaHPO4; monetite 37.5344 16.7 -55.5
CaHPO4·2H2O;brushite 37.5344 -6.4 -117.1
Ca(H2PO4)2; MCPA highly soluble345 -10.5
Ca(H2PO4)2·H2O;MCPM 6.5,346 highly soluble345 6.7 +3.1

Table B.8: Free energies of dissolution (kJ mol�1) for calcium phosphate phases. As com-
puted with the present forcefield at 298.15 K and 1 bar using the free energies
of solvation from molecular dynamics and the free energy for the solid from
lattice dynamics (but excluding zero point energy for consistency with molecular
dynamics). Experimental values are provided as a guide, where estimates exist,
although it should be noted that there are uncertainties in many cases. For b-
Ca3(PO4)2,an ordered structure was used in the calculations rather than having
partial occupancy of the Ca sites.

Although the mechanical properties and hardness of calcium phosphate are of

general interest because of their relevance to biomaterials, information on the bulk

and other moduli of MCPA/MCPM is hard to find in the literature. In Table B.9,

we give the calculated bulk and shear moduli, which show that the monohydrate

appears to be stiffer than the anhydrous material and that both have elastic moduli

of a similar order of magnitude to bone.

b.3.2 Ion Pairing

As a further and last test of our force field, we have calculated the ion pairing

free energy between each of the phosphate species and calcium. Indeed, this is a

particularly significant property to test here because the primary objective of this

force field will be to study crystallization processes, including prenucleation cluster

formation, aggregation, and eventually evolution into amorphous nanoparticles.

Given that the timescale for water exchange within the calcium coordination shell

using the present model is ⇠200 ps, the free energy of ion pairing has been mapped

using two collective variables, namely the calcium water coordination number and

calcium- phosphorus distance, to ensure convergence during the simulations, which

were each run for up to 300 ns. The 2D free energy landscapes are shown in Figure

B.3, together with the 1D profile projected along the Ca-P distance. As expected on
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the basis of previous studies on calcium carbonate ion pairing,30 for both [CaPO4]–

and [CaHPO4]0 ion pairs, four distinct minima can be identified in the plots. The

two deepest ones, at short distance, correspond to a bidentate and a monodentate

contact ion pair configuration. One corresponds to a solvent-shared configuration,

where the cation and the anion are separated by one water molecule, i.e ., they

share part of their solvation sphere. The last minimum, shallower and at a larger

distance (⇠7 Å), corresponds to a state where the ions are separated by two layers

of water molecules, i.e., the contact is through the ion solvation spheres.

[CaH2PO4]+ has a free energy profile that exhibits some differences and some

similarities to the other ion pairs. The solvent-shared and the solvent-separated

states are easily recognizable and fall at about the same distance as the other species

. The contact ion pair is also present but only in a monodentate configuration

that seems to be much less stable than the solvent-shared one. This would partly

explain the much higher solubility and lower stability of MCP phases with respect

to the DCP, TCP, and apatite phases. Similarly, HPO42� and PO3�
4 species (e.g.,

Posner’s cluster) and amorphous species have largely been reported during the

crystallization of calcium phosphate despite H2PO�
4 being a dominant species

in solution at biogenic pH. However, in the work of Habraken et al., H2PO�
4 is

proposed to act as one of the ligands to Ca2+ during the formation of prenucleation

species along with HPO2�
4 . Although this appears to be at odds with the results

obtained for the ion pairing calculations, a full simulation of the free energy of

multiple binding is required to properly examine whether H2PO�
4 can form a stable

contact species.

Experimental values for the association constants (Ka) of the three ion pairs are

available from Busenberg and Plummer from which ion pairing free energies can

then be calculated as

DG = �kBTln [1/Ka] (B.3.1)

where T is the temperature and kB is Boltzmann’s constant. The corresponding

values , calculated at 300 K, are reported in Table B.10 as DGexp. The calculated

data (DGFF) have been extracted from our pairing free energy data using the Fuoss

equation.211 In the latter case, ions are assumed to be uniformly charged spherical

particles, which is not the case for phosphate species and therefore this should

be considered only as an approximation. However, this approach provides one
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Figure B.3: Ion pairing free energy profiles for the calcium phosphate species as a function

of the Ca-P distance and the coordination number of calcium ions with the

oxygen of water (n). The projection of the free energy along the Ca- P distance

is reported in the bottom right panel, together with the ideal curve for two

charged point particles in a dielectric continuum that has a dielectric constant

that corresponds to SPC/Fw water at 298.15 K (dashed lines).

possible definition for the boundary between the bound and unbound state, along

with the associated correction to the standard state.

The experimental and calculated standard free energies of ion pairing, DGexp and

DGFF, are in good agreement for all three anions, with the stability of [CaHPO4]0

being slightly overestimated, whereas those of [CaH2PO4]+ and [CaPO4]– are

slightly underestimated. All values are essentially within ambient thermal energy,

kBT, of the experimental values and so any discrepancy is close to the limit of

uncertainty due to intrinsic fluctuations. One of the ambiguities in comparing

computed binding energies to the experiment lies in the definition of the bound state.

Depending on whether the measurement uses a spectroscopic technique or, as in this

case, the inferred presence of ion pairs from the free-ion concentrations, different

results could potentially be obtained. For example, a spectroscopic measurement
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DGexp DGFF error error (%)

Ca2+PO3�
4 -37.1 -35.9 +1.2 +3.2

Ca2+HPO2�
4 -15.7 -17.9 -2.2 -14.0

Ca2+H2PO�
4 -8.1 -5.0 +3.1 +38.3

Table B.10: Ion pairing free energy (kJ mol�1) at 300K between the phosphate species and
Ca2+. Experimental values (DGexp) are taken from Busenberg and Plummer;212

calculated values (DGFF) have been extracted from our pairing free energy
profile by applying the Fuoss equation.

may be able to distinguish a contact ion pair from a solvent-shared or solvent

separated state if the timescale for the measurement is faster than the interchange

between configurations. Here, we have chosen the Bjerrum radius as the limit of

the bound state, which encompasses all of the evident minima associated with ion

pairing, except for the solvent-separated state of the [CaH2PO4]+ ion pair, which

may make a small contribution to the underestimation of binding for this case.

This aside, the current results are consistent with the experimental association

constants encapsulating the contact, solvent-shared and solvent separated ion pairs

for calcium phosphate, although it is not possible to rule out a small contribution

from further ion association events.

b.4 conclusions

A new force field has been derived for aqueous calcium phosphate systems covering

all three possible anionic species. Although the primary focus has been on ensuring

that the experimental thermodynamics are accurately reproduced where known,

both structural and mechanical properties for the solid phases have also been

included in the fit. Despite the thermodynamic emphasis, it appears that the

accuracy of the results for other properties is comparable to existing non-polarizable

force fields. For some cases, where there is an absence of direct experimental data,

ab initio calculations were used to provide reference data. This is especially the

case for species in aqueous solution, where we have computed free energies of

hydration using molecular quantum mechanical calculations and determined the

radial distribution functions for water around the anions using ab initio molecular

dynamics.
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The ultimate test for the present force field is in the calculation of the free energy

for ion pairing and the corresponding association constants. For all three phosphate

anions considered here, the ion pairing with calcium is in excellent agreement with

previous experiments. The error in the free energies are less than ambient thermal

energy, kBT, and therefore within the uncertainty of the method. As a result, we

have demonstrated that the present model forms a reliable basis for the study of the

thermodynamics of ion association in calcium phosphate solutions. This provides a

sound basis for the study of the stability of prenucleation clusters in these systems,

such as the Ca(HPO4)4�
3 species proposed by Habraken et al. The study of such

species will be examined in a subsequent manuscript.





C
F O R C E F I E L D D E R I VAT I O N S U P P L E M E N TA L I N F O R M AT I O N

This is a full reproduction of the Supplemental Information of the paper “Sim-

ulation of Calcium Phosphate Species in Aqueous Solution: Force Field Deriva-

tion” which originally appeared in J. Phys. Chem. B.130 It has been reproduced

with permission (see Appendix A).

c.1 supplemental figures

213



214 force field derivation supplemental information

Figure C.1: H2PO�
4 -water pair distribution functions. Ab initio data (run for a few tens of

ps) are shown with a dashed red line, force field data (run for about 1ns) with
a full green line. Atom labels as in the paper; d is the distance in Å, P the
probability. Note that these PDFs have been considered only as a rough guide
to initial force field fitting.
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Figure C.2: HPO2�
4 -water pair distribution functions. Colours and labels as in Figure C.1.
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Figure C.3: PO2�
4 -water pair distribution functions. Colours and labels as in Figure C.1.
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d.1 supplementary methods

d.1.1 Determination of the lowest free energy structure

In the cases where an ion association involved only one Ca, the lowest free energy

structure was determined as simply the lowest free energy as a function of both

the distance and Ca coordination number (CN). For associations involving two Ca,

the free energy was determined as a function of three collective variables (CVs).

Therefore, the free energy was compared as a function of each CV alone or as

a combination of each pair of 2 CVs (where the remaining CV(s) are integrated

out). For example, in the case of [Ca(HPO4)2�
2 + Ca2+ ! (CaHPO4)2], the three

3- dimensional plots (free energy vs 2 CVs) in Figure D.3 corresponding to all

combinations of the three CVs yield a consistent picture of the free energy landscape

and minimum. The free energy as a function of the ion Ca CN and distance indicates

that the minimum is around 3.5 Å with an ion Ca CN of 4. As a function of the

cluster Ca CN and distance , it indicates that the minimum is around 3.5 Å with a

cluster Ca CN of 4. As a function of the ion Ca CN and cluster Ca CN, it indicates

that both CNs should be 4. All of this leads to a structure which should have 4

water oxygens coordinated to each Ca and a Ca-Ca distance of approximately 3.5 Å.

In Figures D.1-D.20 the free energy profiles are given as a function of 1 and 2

CVs for all of the ion association processes studied. In the case of the 1-D free

217



218 calcium hydrogen phosphate clusters supplemental information

energy profiles versus distance then a dashed black line is included to indicate the

asymptotic long-range limit used to align the free energy and check convergence.
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d.2 supplementary tables and figures

Association DG Time Biased CVs Walled CVs
(kJ/mol) (ns) (Å)

1 Ca2+ + HPO2�
4 -17.86 150 Ca-P d Ca-P d: 16.0

! CaHPO4 Ca-OW CN

2 CaHPO4 + HPO2�
4 -12.01 150 Ca-P d Ca-P2 d: 16.0

! Ca(HPO4)2 Ca-OW CN Ca-P1 CN: 0.9

3 Ca(HPO4)2�
2 + Ca2+ -21.26 150 Ca-Ca d Ca-Ca d: 16.0

! (CaHPO4)2 Ca1-OW CN Ca(P1,P2) CN: 1.9
Ca2-OW CN

4 CaHPO4 + Ca2+ -2.84 150 Ca-Ca d Ca-Ca d: 16.0
! Ca2HPO2+

4 Ca1-OW CN Ca1(P1) CN: 0.9
Ca2-OW CN

5 Ca2HPO2+
4 + HPO2�

4 -33.59 150 COM-P1 d (Ca1,Ca2)P1 CN: 1.9
! (CaHPO4)2 Ca1-OW CN

Ca2-OW CN
COM-P2 d

6 CaHPO4 + CaHPO4 -15.25 300 Ca-Ca d Ca-Ca d: 16.0
! (CaHPO4)2 Ca1-OW CN Ca1(P1,P2) CN: 0.9,

Ca2-OW CN Ca2(P1,P2) CN: 0.9
P1(Ca1,Ca2) CN: 0.9
P2(Ca1,Ca2) CN: 0.9

7 HPO2�
4 -16.65 300 COM-Ca d COM-P d: 16.0

+ (CaHPO4)2 Ca1-OW CN (Ca1,Ca2)(P2,P3): CN:2.9
! Ca2(HPO4)2�

3 Ca2-OW CN

8 CaHPO4 -19.49 150 Ca-Ca d Ca-Ca d: 16.0
+ Ca(HPO4)2�

2 Ca1-OW CN Ca1(P1,P2,P3) CN: 0.9
! Ca2(HPO4)2�

3 Ca2-OW CN Ca2(P1,P2,P3) CN: 1.9
P1(Ca1,Ca2) CN: 0.9
P2(Ca1,Ca2) CN: 0.9
P3(Ca1,Ca2) CN: 0.9

9a Ca(HPO4)2�
2 1.12 239 Ca-P d Ca-P3 d: 16.0

+ HPO2�
4 Ca-OW CN Ca(P1,P2) CN: 1.9

! Ca(HPO4)4�
3

9b Ca2+ 1.39 727+ Ca-P1 d Ca-P1 d: 16.0
+ HPO2�

4 Ca-P2 d Ca-P2 d: 16.0
+ HPO2�

4 + HPO2�
4 Ca-P3 d Ca-P3 d: 16.0

! Ca(HPO4)4�
3
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10 Ca(HPO4)4�
3 + Ca2+ -39.81 300 Ca-Ca d Ca-Ca d: 20.0

! Ca2(HPO4)2�
3 Ca1-OW CN Ca1(P1,P2,P3) d: 2.9

Ca2-OW CN

11 Ca(HPO4)2�
2 -8.72 233 Ca-Ca d Ca-Ca d: 20.0

+ Ca(HPO4)2�
2 Ca1-OW CN Ca1(P1,P2,P3,P4) CN: 1.9

! Ca2(HPO4)4�
4 Ca2-OW CN Ca2(P1,P2,P3,P4) CN: 1.9

P1(Ca1,Ca2) CN: 0.9
P2(Ca1,Ca2) CN: 0.9
P3(Ca1,Ca2) CN: 0.9
P4(Ca1,Ca2) CN: 0.9

12 Ca(HPO4)4�
3 -27.89 450 Ca-Ca d Ca-Ca d: 20.0

+ CaHPO4 Ca1-OW CN Ca1(P1,P2,P3,P4) CN: 2.9
! Ca2(HPO4)4�

4 Ca2-OW CN (P1,P2,P3,P4) CN: 0.9
P1(Ca1,Ca2) CN: 0.9
P2(Ca1,Ca2) CN: 0.9
P3(Ca1,Ca2) CN: 0.9
P4(Ca1,Ca2) CN: 0.9

13 Ca2(HPO4)2�
3 -0.20 300 COM-P d COM-P4 d: 20.0

+ HPO2�
4 Ca1-OW CN (Ca1,Ca2)(P1,P2,P3) CN: 3.9

! Ca2(HPO4)4�
4 Ca2-OW CN P1(Ca1,Ca2) CN: 0.9

P2(Ca1,Ca2) CN: 0.9
P3(Ca1,Ca2) CN: 0.9

14 Ca2(HPO4)4�
4 9.57 150 COM-P d COM-P5 d: 20.0

+ HPO2�
4 Ca1-OW CN (Ca1,Ca2)(P1,P2,P3,P4) CN: 4.9

!Ca2(HPO4)6�
5 Ca2-OW CN P1(Ca1,Ca2) CN: 0.9

P2(Ca1,Ca2) CN: 0.9
P3(Ca1,Ca2) CN: 0.9
P4(Ca1,Ca2) CN: 0.9

15 Ca(HPO4)4�
3 -2.65 300 Ca-Ca d Ca-Ca d: 20.0

+ Ca(HPO4)2�
2 Ca1-OW CN Ca1(P1,P2,P3,P4,P5) CN: 2.9

! Ca2(HPO4)6�
5 Ca2-OW CN Ca2(P1,P2,P3,P4,P5) CN: 1.9

P1(Ca1,Ca2) CN: 0.9
P2(Ca1,Ca2) CN: 0.9
P3(Ca1,Ca2) CN: 0.9
P4(Ca1,Ca2) CN: 0.9
P5(Ca1,Ca2) CN: 0.9

16 Ca(HPO4)4�
3 10.91 300 Ca-P d Ca-P4 d: 20.0

+ HPO2�
4 Ca-OW CN Ca(P1,P2,P3) CN: 2.9

! Ca(HPO4)6�
4

17 Ca(HPO4)6�
4 -30.99 448 Ca-Ca d Ca-Ca d: 20.0

+ CaHPO4 Ca1-OW CN Ca1(P1,P2,P3,P4,P5) CN: 3.9
! Ca2(HPO4)6�

5 Ca2-OW CN Ca2(P1,P2,P3,P4,P5) CN: 0.9
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P1(Ca1,Ca2) CN: 0.9
P2(Ca1,Ca2) CN: 0.9
P3(Ca1,Ca2) CN: 0.9
P4(Ca1,Ca2) CN: 0.9
P5(Ca1,Ca2) CN: 0.9

18 Ca2(HPO4)6�
5 20.93 300 COM-P d COM-P6 d: 20.0

+ HPO2�
4 Ca1-OW CN (Ca1,Ca2)(P1,P2,P3,P4,P5) CN: 5.9

! Ca2(HPO4)8�
6 Ca2-OW CN P1(Ca1,Ca2) CN: 0.9

P2(Ca1,Ca2) CN: 0.9
P3(Ca1,Ca2) CN: 0.9
P4(Ca1,Ca2) CN: 0.9
P5(Ca1,Ca2) CN: 0.9

19 Ca(HPO4)4�
3 12.19 390 Ca-Ca d Ca-Ca d: 20.0

+ Ca(HPO4)4�
3 Ca1-OW CN (Ca1,C2)(P1,P2,P3,P4,P5,P6) CN: 5.9

! Ca2(HPO4)8�
6 Ca2-OW CN Ca2(P1,P2,P3,P4,P5,P6) CN: 0.9

P1(Ca1,Ca2) CN: 0.9
P2(Ca1,Ca2) CN: 0.9
P3(Ca1,Ca2) CN: 0.9
P4(Ca1,Ca2) CN: 0.9
P5(Ca1,Ca2) CN: 0.9
P6(Ca1,Ca2) CN: 0.9

20 Ca(HPO4)6�
4 6.56 450 Ca-Ca d Ca-Ca d: 20.0

+ Ca(HPO4)2�
2 Ca1-OW CN Ca1(P1,P2,P3,P4,P5,P6) CN: 3.9

! Ca2(HPO4)8�
6 Ca2-OW CN Ca2(P1,P2,P3,P4,P5,P6) CN: 1.9

P1(Ca1,Ca2) CN: 0.9
P2(Ca1,Ca2) CN: 0.9
P3(Ca1,Ca2) CN: 0.9
P4(Ca1,Ca2) CN: 0.9
P5(Ca1,Ca2) CN: 0.9
P6(Ca1,Ca2) CN: 0.9

Table D.1: The association reaction performed and the corresponding standard free energy,
time simulated, biased CV(s) and walled CV(s) for each process, where “d” refers
to distance, “CN” refers to coordination number and “COM” refers to the center
of mass of a cluster. In the “Walled CV” column, all distance walls are upper
walls, all coordination number walls are lower walls and all subscripts denote
which atom the wall occurs between, corresponding to numerical appearance in
the association reaction as labeled. The bias factor used was 5 except in the cases
of 8, 11, 12, 17 and 18 where the bias factor was 15.
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Species Association DGindividual DGaverage Uncertainty
Mechanism (kJ/mol) (kJ/mol) (kJ/mol)

21 CaHPO4 1 -17.86
22 Ca(HPO4)2�

2 1+2 -29.87
23 Ca(HPO4)4�

3 1+2+9 -28.74
24 Ca(HPO4)6�

4 1+2+9+16 -17.83
25 Ca2(HPO4)2 1+2+3 -51.13 -52.13 0.88

1+4+5 -54.29
2*1+6 -50.97

26 Ca2(HPO4)2�
3 25+7 -68.78 -68.18 0.40

1+22+8 -67.21
23+10 -68.56

27 Ca2(HPO4)4�
4 2*22+11 -68.45 -70.59 1.65

1+23+12 -74.49
25+13 -68.39

28 Ca2(HPO4)6�
5 26+14 -60.87 -56.98 3.33

22+23+15 -61.26
24+17 -48.82

29 Ca2(HPO4)8�
6 28+18 -36.06 -40.83 2.18

2*23+19 -45.29
24+22+20 -41.14

Table D.2: The standard free energies for formation of each ion cluster. Where multiple
pathways are available, then the free energy for each association mechanism is
given and the uncertainty is reported as the standard error.
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Association/Species Areported Arecalculated

(kJ/mol) (kJ/mol)

Ca2+ + HPO2�
4 ! CaHPO4 -27.2 -26.5

CaHPO4 + HPO2�
4 ! Ca(HPO4)2�

2 -27.2 -15.0
Ca(HPO4)2�

2 + HPO2�
4 ! Ca(HPO4)4�

3 -27.2 -15.6
CaHPO4 -27.2 -26.5
Ca(HPO4)2�

2 -54.4 -41.5
Ca(HPO4)4�

3 -81.6 -57.0

Table D.3: The free energies for formation of each ion cluster as reported by Yang et al.228

in their published work and recalculated in this work via alignment to the
asymptotic long-range limit as seen in Figure D.21.

Figure D.1: Reaction 1 (Ca2+ + HPO2�
4 ! CaHPO4) using the distance between Ca2+ and

the P of HPO2�
4 and the Ca-OW coordination number as the biased CVs. We

show (a) the free energy as a function of the distance between species, (b) free
energy as a function of the calcium water oxygen CN, (c) free energy as a
function of both the distance between species and calcium water oxygen CN,
and (d) an example geometry at the minimum.
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Figure D.2: Reaction 2 (CaHPO4 + HPO2�
4 ! Ca(HPO4)2�

2 ) using the distance between
Ca2+, the Ca of CaHPO4 and the Ca-OW coordination number as the biased
CVs. We show (a) the free energy as a function of the distance between species,
(b) free energy as a function of the calcium water oxygen CN, (c) free energy as
a function of both the distance between species and calcium water oxygen CN,
and (d) an example geometry at the minimum.
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Figure D.3: Reaction 3 (Ca(HPO4)2�
2 + Ca2+ ! (CaHPO4)2) using the distance between

the Ca atoms and the two Ca-OW coordination numbers as the biased CVs.
We show (a) the free energy as a function of the distance between species, (b)
free energy as a function of the two distinct calcium water oxygen CNs, (c)
an example geometry at the minimum, (d) free energy as a function of both
calcium water oxygen CNs, and (e,f) free energy as a function of the distance
between species and each one of the two calcium water oxygen CNs.
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Figure D.4: Reaction 4 (CaHPO4 + Ca2+ ! Ca2HPO2+
4 ) using the distance between Ca2+

and COM of CaHPO4 and the two Ca-OW coordination numbers as the biased
CVs. We show (a) the free energy as a function of the distance between species,
(b) free energy as a function of the two distinct calcium water oxygen CNs, (c)
an example geometry at the minimum, (d) free energy as a function of both
calcium water oxygen CNs, and (e,f) free energy as a function of the distance
between species and each one of the two calcium water oxygen CNs.
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Figure D.5: Reaction 5 (Ca2HPO2+
4 + HPO2�

4 ! (CaHPO4)2) using the distance between
Ca2+ and COM of Ca2HPO2+

4 and the two Ca-OW coordination numbers as the
biased CVs. We show (a) the free energy as a function of the distance between
species, (b) free energy as a function of the two calcium water oxygen CNs, (c)
an example geometry at the minimum, (d) free energy as a function of both
calcium water oxygen CNs, and (e,f) free energy as a function of the distance
between species and each one of the two calcium water oxygen CNs.
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Figure D.6: Reaction 6 (CaHPO4 + CaHPO4 ! (CaHPO4)2) using the distance between
Ca2+ atoms and the two Ca-OW coordination numbers as the biased CVs. We
show (a) the free energy as a function of the distance between species, (b) free
energy as a function of the two nominally symmetry equivalent calcium water
oxygen CNs, (c) an example geometry at the minimum, (d) free energy as a
function of both calcium water oxygen CNs, and (e,f) free energy as a function
of the distance between species and each one of the two calcium water oxygen
CNs.
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Figure D.7: Reaction 7 (HPO2�
4 + (CaHPO4)2 ! Ca2(HPO4)2�

3 ) using the distance between
the COM of HPO2�

4 and the COM of (CaHPO4)2 and the two Ca-OW coordina-
tion numbers as the biased CVs. We show (a) the free energy as a function of
the distance between species, (b) free energy as a function of the two nominally
symmetry equivalent calcium water oxygen CNs, (c) an example geometry at
the minimum, (d) free energy as a function of both calcium water oxygen CNs,
and (e,f) free energy as a function of the distance between species and each one
of the two calcium water oxygen CNs.
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Figure D.8: Reaction 8 (CaHPO4 + Ca(HPO4)2�
2 ! Ca2(HPO4)2�

3 ) using the distance be-
tween the Ca of CaHPO4 and the Ca of Ca(HPO4)2�

2 and the two Ca-OW
coordination numbers as the biased CVs. We show (a) the free energy as a
function of the distance between species, (b) free energy as a function of the two
distinct calcium water oxygen CNs, (c) an example geometry at the minimum,
(d) free energy as a function of both calcium water oxygen CNs, and (e,f) free
energy as a function of the distance between species and each one of the two
calcium water oxygen CNs.
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Figure D.9: Reaction 9 (Ca(HPO4)2�
2 + HPO2�

4 ! Ca(HPO4)4�
3 ) using the distance between

the COM of Ca(HPO4)2�
2 and the P of HPO2�

4 and the Ca-OW coordination
numbers as the biased CVs. We show (a) the free energy as a function of the
distance between species, (b) free energy as a function of the calcium water
oxygen CN, (c) free energy as a function of both the distance between species
and calcium’s water oxygen CN, and (d) an example geometry at the minimum.
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Figure D.10: Reaction 10 (Ca(HPO4)4�
3 + Ca2+ ! Ca2(HPO4)2�

3 ) using the distance between
the Ca of Ca(HPO4)4�

3 and the isolated Ca2+ and the two Ca-OW coordination
numbers as the biased CVs. We show (a) the free energy as a function of the
distance between species, (b) free energy as a function of the two distinct
calcium water oxygen CNs, (c) an example geometry at the minimum, (d)
free energy as a function of both calcium water oxygen CNs, and (e,f) free
energy as a function of the distance between species and each of one of the
two calcium water oxygen CNs.
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Figure D.11: Reaction 11 (Ca(HPO4)2�
2 + Ca(HPO4)2�

2 ! Ca2(HPO4)4�
4 ) using the distance

between the two Ca ions of Ca(HPO4)2�
2 and the two Ca-OW coordination

numbers as the biased CVs. We show (a) the free energy as a function of the
distance between species, (b) free energy as a function of the two nominally
symmetry equivalent calcium water oxygen CNs, (c) an example geometry at
the minimum, (d) free energy as a function of both calcium water oxygen CNs,
and (e,f) free energy as a function of the distance between species and each
one of the two calcium water oxygen CNs.
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Figure D.12: Reaction 12 (Ca(HPO4)4�
3 + CaHPO4 ! Ca2(HPO4)4�

4 ) using the distance
between the Ca2+ of Ca(HPO4)4�

3 and the Ca2+ of CaHPO4 and the two Ca-
OW coordination numbers as the biased CVs. We show (a) the free energy as
a function of the distance between species, (b) free energy as a function of
the two distinct calcium water oxygen CNs, (c) an example geometry at the
minimum, (d) free energy as a function of both calcium water oxygen CNs,
and (e,f) free energy as a function of the distance between species and each
one of the two calcium water oxygen CNs.
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Figure D.13: Reaction 13 (Ca2(HPO4)2�
3 + HPO2�

4 ! Ca2(HPO4)4�
4 ) using the distance

between the COM of Ca2(HPO4)2�
3 and the COM of HPO2�

4 and the two
Ca-OW coordination numbers as the biased CVs. We show (a) the free energy
as a function of the distance between species, (b) free energy as a function of
the two calcium water oxygen CNs, (c) an example geometry at the minimum,
(d) free energy as a function of both calcium water oxygen CNs, and (e,f) free
energy as a function of the distance between species and each one of the two
calcium water oxygen CNs.
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Figure D.14: Reaction 14 (Ca2(HPO4)4�
4 + HPO2�

4 ! Ca2(HPO4)6�
5 ) using the distance

between the COM of Ca2(HPO4)4�
4 and the COM of HPO2�

4 and the two
Ca-OW coordination numbers as the biased CVs. We show (a) the free energy
as a function of the distance between species, (b) free energy as a function of
the two calcium water oxygen CNs, (c) an example geometry at the minimum,
(d) free energy as a function of both calcium water oxygen CNs, and (e,f) free
energy as a function of the distance between species and each one of the two
calcium water oxygen CNs.
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Figure D.15: Reaction 15 (Ca(HPO4)4�
3 + Ca(HPO4)2�

2 ! Ca2(HPO4)6�
5 ) using the distance

between the Ca2+ of Ca(HPO4)4�
3 and the Ca2+ of Ca(HPO4)2�

2 and the two
Ca-OW coordination numbers as the biased CVs. We show (a) the free energy
as a function of the distance between species, (b) free energy as a function of
each of the two distinct calcium water oxygen CNs, (c) an example geometry
at the minimum, (d) free energy as a function of both calcium water oxygen
CNs, and (e,f) free energy as a function of the distance between species and
each one of the two calcium water oxygen CNs.
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Figure D.16: Reaction 16 (Ca(HPO4)4�
3 + HPO2�

4 ! Ca(HPO4)6�
4 ) using the distance be-

tween the COM of Ca(HPO4)4�
3 and the COM of HPO2�

4 and the two Ca-OW
coordination numbers as the biased CVs. We show (a) the free energy as a
function of the distance between species, (b) free energy as a function of the
calcium water oxygen CN, (c) free energy as a function of both the distance be-
tween species and the calcium water oxygen CN, and (d) an example geometry
at the minimum.
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Figure D.17: Reaction 17 (Ca(HPO4)6�
4 + CaHPO4 ! Ca2(HPO4)6�

5 ) using the distance
between the Ca2+ of Ca(HPO4)6�

4 and the Ca2+ of CaHPO4 and the two Ca-
OW coordination numbers as the biased CVs. We show (a) the free energy as a
function of the distance between species, (b) free energy as a function of each
of the two distinct calcium water oxygen CNs, (c) an example geometry at the
minimum, (d) free energy as a function of both calcium water oxygen CNs,
and (e,f) free energy as a function of the distance between species and each
one of the two calcium water oxygen CNs.
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Figure D.18: Reaction 18 (Ca2(HPO4)6�
5 + HPO2�

4 ! Ca2(HPO4)8�
6 ) using the distance

between the COM of Ca2(HPO4)6�
5 and the COM of HPO2�

4 and the two
Ca-OW coordination numbers as the biased CVs. We show (a) the free energy
as a function of the distance between species, (b) free energy as a function of
one of the two calcium water oxygen CNs, (c) an example geometry at the
minimum, (d) free energy as a function of both calcium water oxygen CNs,
and (e,f) free energy as a function of the distance between species and each of
the calcium water oxygen CNs.
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Figure D.19: Reaction 19 (Ca(HPO4)4�
3 + Ca(HPO4)4�

3 ! Ca2(HPO4)8�
6 ) using the distance

between the Ca2+ of Ca(HPO4)4�
3 and the Ca2+ of Ca(HPO4)4�

3 and the two
Ca-OW coordination numbers as the biased CVs. We show (a) the free energy
as a function of the distance between species, (b) free energy as a function of
either of the two calcium water oxygen CNs, (c) an example geometry at the
minimum, (d) free energy as a function of both calcium water oxygen CNs,
and (e,f) free energy as a function of the distance between species and each
one of the two calcium water oxygen CNs.
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Figure D.20: Reaction 20 (Ca(HPO4)6�
4 + Ca(HPO4)2�

2 ! Ca2(HPO4)8�
6 ) using the distance

between the Ca2+ of Ca(HPO4)6�
4 and the Ca2+ of Ca(HPO4)2�

2 and the two
Ca-OW coordination numbers as the biased CVs. We show (a) the free energy
as a function of distance between species, (b) free energy as a function of one
of the two distinct calcium water oxygen CNs, (c) an example geometry at the
minimum, (d) free energy as a function of both calcium water oxygen CNs,
and (e,f) free energy as a function of the distance between species and each
one of the two calcium water oxygen CNs.
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Figure D.21: Figure 6.1 from the main manuscript, but here recreated using the free en-
ergy curves reported by Yang et al.228 plotted as a function of the distance
between Ca2+ and P within a group. The red, green and blue lines are the
free energy profiles for Ca2+ + HPO2�

4 ! [CaHPO4]0, [CaHPO4]0 + HPO2�
4

! [Ca(HPO4)2]2�, [Ca(HPO4)2]2� + HPO2�
4 ! [Ca(HPO4)3]4�, respectively.

The corresponding dashed lines represent the analytic solution in the long-
range limit, which is used to align the absolute free energy. It should be noted
that there is significant uncertainty in the alignment of the last of these curves
(blue) since the data is only provided out to a shorter distance than would
normally be used and the slope has yet to converge to the asymptote.
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d.3 supplementary discussion

d.3.1 On the alignment of free energy profiles

As discussed in the Methods section of the main manuscript, the free energy profiles

calculated using metadynamics in this work are aligned to an asymptotic limit

described by the isolated ions in solution. The pairing free energy for two point

particles interacting via a screened electrostatic potential is known analytically:

DG(r) =
1

4pe0

q2

err
� RT ln 4pr2 (D.3.1)

where q is the charge, e0 is the vacuum permittivity, r is the relative permittivity

and r is the distance between particles. This can be used to align the free energies

obtained from the metadynamics (or umbrella sampling) calculations, whose long-

range limit depends on the parameters of the simulations, such as the bias factor

or the number of Gaussians that have been deposited. Besides being a useful

method of determining convergence of the calculations at the long-range limit, this

alignment is necessary to properly normalize the free energies relative to standard

state conditions.

The study of Yang et al.228 does not employ alignment to the asymptotic limit of

the free ions in solution in their umbrella sampling free energy profiles. Therefore,

the values originally quoted are not at standard conditions and cannot be directly

compared to those given in the present manuscript. In order to facilitate a compar-

ison we have attempted to align the data of Yang et al, as shown in Figure D.21,

resulting in the values quoted in Table D.3.
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H Y D R O G E N P H O S P H AT E

This is a full reproduction of the paper “Short-Range Structure of Amorphous

Calcium Hydrogen Phosphate” which originally appeared in Crystal Growth &

Design.238 It has been reproduced with permission (see Appendix A).

Calcium orthophosphates (CaPs) constitute a diverse family of minerals that play

important roles in both geology and biology. Among them, carbonated hydroxyap-

atite is vital for humankind, as it is the mineral constituent of bones and teeth.110,293

Due to related health issues like osteoporosis, the exploration of the mechanisms of

CaP mineralization brings about the great promise to find solutions to upcoming

health issues of our aging societies,110,349 but it is also attractive from a fundamental

science perspective.

Transient amorphous intermediates generally play important roles in biomin-

eralization processes. This is particularly well established for the case of calcium

carbonate,90,350 which is the most abundant biomineral, and may also involve liquid

mineral precursors stabilized by acidic macromolecules.351 The role of amorphous

calcium (ortho)phosphate (ACP) in biomineralization, however, has been a matter of

considerable debate.81,91–94,352–354 Today, there is mounting evidence that, in animal

bones and teeth, ACP is a precursor to apatites (or an important component of the

complex structures),80,95–99,101,239 and liquid precursors may also play a role in CaP

biomineralization.355–357 HPO2�
4 ions were shown to be present within an “acidic”

ACP, which is thought to be essential for CaP biomineralization.97 Generally, the

term “acidic” ACP implies that HPO2�
4 ions are present in the material, yielding

Ca/ P atomic ratios between ⇠1.0-1.5 even though it is obtained at near-neutral,

slightly basic pH values.

Synthetic ACP can transform into octacalcium phosphate (OCP), hydroxyapatite

(HAP), or calcium-deficient hydroxyapatite (CDHA),240 where the Ca/P atomic ratio

varies. This implies that the Ca/P atomic ratio in amorphous intermediates may

be a key factor for controlling the structure of the subsequently formed crystalline

245
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CaPs.240 Basic ACP (Ca/P = 1.5) is built up from so-called Posner’s clusters,48 i.e.,

Ca9(PO4)6 units with a diameter of 0.95 nm, which are also a building block of

hydroxyapatite when arranged in crystallographic register, together with additional

Ca2+ and OH� ions.31,48 It has been suggested that deviations from a Ca/P ratio

of ⇠1.5 in ACPs are mostly due to surface adsorbed, more soluble phases arising

from nonaqueous syntheses or the additional incorporation of calcium ions.240

This led to the conclusion that Posner’s clusters may also generally represent

the short-range order in chemically different ACPs.240 However, the structure of

“acidic” ACPs with lower Ca/P atomic ratios has been less studied.358,359 In the

investigated examples, the (Ca/Mg)/P atomic ratio was not lower than 1.15, and

the structure of pure amorphous calcium hydrogen phosphate (ACHP; i.e., with an

invariant Ca /P atomic ratio of 1.0) has not yet been determined, although it was

previously prepared in the presence of impurities from aqueous solutions, whereas

the Ca/P ratio of the obtained precipitates was not experimentally confirmed.360,361

Moreover, stabilizers likely affected the structure of the AC(H)Ps, while some

structural differences among AC(H)Ps prepared under different conditions were

also reported.362,363 Indeed, HPO2�
4 ions were presumed to be present in pre- and

postnucleation species during CaP mineralization in TRIS( hydroxymethyl)-methyl

aminomethane) (TRIS)-buffered saline solutions at physiological conditions (pH

7.4),35 although the validity of the assumptions made to arrive at the claimed

speciation was subsequently challenged.47

While organic components and ion substitutions may influence the structure

and crystallization behavior of ACPs, studying the pure forms is a fundamental

prerequisite in order to be able to discuss any specific roles that these foreign

species may play, for instance, in biomineralization. Furthermore, the determination

of the structure of ACHP could be required for investigating those of other ACPs

with intermediate Ca/P atomic ratios, which could be conceived of as chemical

intermediaries between basic ACP and ACHP, of which only the former structure

is known until now. Herein, we synthesized ACHP via an aqueous route with

a confirmed atomic ratio of Ca/P = ⇠1.0. Notably, the synthesis was achieved

without the use of additional stabilizers that might affect its structural characteristics.

We use basic ACP (Ca/P = 1.5) and crystalline CaPs with different Ca/P ratios

as reference materials in detailed structural analyses. This, in conjunction with
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computer simulations, leads us to propose a structural basic unit for describing this

amorphous form of CaP, the calcium hydrogen phosphate cluster (CHPC), which is

structurally distinct from Posner’s clusters building up basic ACPs.

e.1 experimental section

e.1.1 Preparation of AC(H)Ps.

First, 1.67 mmol CaCl2·2H2O was dissolved in 3 mL of N2 degassed deionized water

(solution A). Na3PO4·12H2O and Na2HPO4 were dissolved in 3 mL of N2 degassed

deionized water (solution B), in which the total molar amounts of Na3PO4·12H2O

and Na2HPO4 were kept at together 1.0 mmol, while the molar ratio was varied to

adjust the pH of the solution. The actual molar ratio of Na3PO4/NaH2PO4, the pH

of solution B and the Ca/P atomic ratio of the obtained AC(H)Ps are summarized

in the Supporting Information, Table F.1. Under vigorous magnetic stirring and

N2 protection, solution B was quickly added into solution A. Immediately, white

precipitates of AC(H)P were formed, and 40 mL of methanol was added to quench

the reaction. Then the obtained mixture was transferred into two centrifuge tubes

(50 mL) with 20mL of methanol, centrifuged at 9000 rpm for 0.5 min, and washed

with methanol three times and once with acetone. The white powder obtained was

dried by blowing N2 into the tubes at ambient temperature. Basic ACP and ACHP

were prepared at ambient temperature.

The reference samples HAP, DCPD, DCP, a-TCP, and b-TCP were purchased from

Sigma-Aldrich; OCP was synthesized following a previously reported procedure.364

The chemical compositions and structure of the AC(H)Ps were determined by

inductively coupled plasma optical emission spectrometry (ICP-OES), thermogravi-

metric analyses (TGA), transmission electron microscopy (TEM), X-ray powder

diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), nuclear magnetic

resonance (NMR), synchrotron radiation, etc., and the corresponding experimental

details are present in the Supporting Information.
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e.1.2 Simulation of the CHPC Structure.

Initial clusters were chosen to maintain the Ca:P ratio of 1:1 with six calcium atoms.

Thus, for Ca6(H2PO4)a(HPO4)b(PO4)c a + b + c = 6 and 0  a, b, c � 6. Additionally,

it is unlikely that H2PO�
4 and PO3�

4 would exist in the same cluster due to the

favorability of a hydrogen transferring from H2PO�
4 to the more negative PO3�

4 .

Thus, for clusters where a � b, then c was required to be  b and vice versa, such

that for c � b then a  b. Clusters with an overall charge greater than or equal to

±2 were not examined. These constraints limit the composition of the system to

11 possible clusters (Table F.3). For each cluster, an MD simulation was performed

in the NVT ensemble in vacuum in a 50 Å box for 5 ns at 3000 K with angular

momentum removed. The trajectory was reordered by potential energy, and 10

configurations were chosen with differing potential energies. These configurations

were then added to a pre-equilibrated 50 Å water box and MD simulations at 300 K

were performed. All molecular dynamics simulations employed the recent force

field parameters of Demichelis et al.130 and were performed using the LAMMPS

code using a time step of 1 fs.152

For consistency, new configurations for Posner’s cluster (Ca9(PO4)6) were also con-

sidered, using a starting configuration with S6 symmetry described by Treboux.42

Simulations of the hydrated and nonhydrated cluster at 300 K were performed and

retained essentially the same configuration (Figure F.14). Even at high energy (3000

K), there were no configurations with significantly different potential energies from

the starting configuration (an example frame is shown in Figure F.14). Thus, only

one configuration was added to a pre-equilibrated 50 Å water box, and an MD

simulation at 300 K was performed for 20 ns, using the same parameters as for the

other clusters.

To explore the structure of CHPC in vacuum we also performed MD simulations

of the hydrated and nonhydrated CHPC [Ca6(HPO4)6(H2O)6 and Ca6(HPO4)6] in

vacuum at 300 K. These simulations were also performed in the NVT ensemble in a

50 Å by 50 Å by 50 Å box for 5 ns using the LAMMPS code again with a time step

of 1 fs.

To further confirm that the Ca6(HPO4)6 cluster represents a viable structure, an

ab initio molecular dynamics (AIMD) simulation was performed on this species
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in a cubic box of length 17.688 Å containing 170 water molecules (552 atoms).

The initial configuration was obtained by equilibration using the same force field

model as above. AIMD used the Gaussian-augmented plane-wave approach,266 as

embodied in the Quickstep module of the CP2K code.316 Here a TZ2P basis set was

used for the valence orbitals of all elements except Ca, where a DZVP basis was

chosen, along with Goedecker-Teter- Hutter pseudopotentials268 to represent the

effective potential due to the core electrons and nucleus. A cutoff of 400 Ry was

used for the auxiliary basis set for the electron density. The exchange- correlation

was chosen to be BLYP with D3 dispersion corrections365 using the Becke-Johnson

screening function at short-range.366 The dynamics used a time step of 0.5 fs and an

elevated temperature of 330 K, since these conditions have been previously shown

to correct for the overstructuring of water within GGA-based density functional

theory. AIMD was run for >50 ps and the structure analyzed. Although this time

scale is necessarily short with respect to water exchange rates in such systems, no

significant change occurred in the cluster structure or hydrolysis state of any of the

HPO2�
4 ions, confirming that the cluster model is at least a local minimum on the

DFT energy landscape.

e.1.3 Simulation of Amorphous Models.

To create models for the amorphous material, 27 of the hydrated clusters Ca6(HPO4)6

(H2O)6 or Ca9(PO4)6(H2O)12 were arranged on a grid. These cluster geometries

were selected from the last frame of the aqueous NVT simulation described in the

previous section. A 10 ns NPT run was used to equilibrate the system, which was

then followed by 100 ns of NVT molecular dynamics. To verify that the models were

not an artifact of all the clusters being initially oriented in the same way, the model

was replicated 8 times with alternative orientations. The 27 clusters were both ran-

domly oriented and placed in a cubic box of length 27 Å for Ca6(HPO4)6(H2O)6 and

40 Å for Ca9(PO4)6(H2O)12. For basic ACP, NPT runs ranging from 2 to 7 ns were

sufficient to equilibrate the system. However, for ACHP pockets of vacuum were

observed to persist. Thus, a manual shrink was used to ensure that the density was

at least 2 g/cm3 for Ca6(HPO4)6(H2O)6. This box was energy minimized, relaxed,

and then run with molecular dynamics using an NPT ensemble for >3 ns. After
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the cell parameters had equilibrated, NVT molecular dynamics was run for ⇠30

ns for each amorphous model. The average of these NVT simulations was used to

calculate the radial distribution functions. Specific simulation times are reported in

Table F.4 disproportionation of 2 HPO2�
4 anions into H2PO�

4 and PO3�
4 . Attempts to

redistribute the protons to different sites in order to attain the expected composition

were unsuccessful, suggesting that the tendency to form a specific protonation state

depends on the local environment of the PO4 tetrahedron within the amorphous

material. The same behavior was observed for two independently generated models

of this amorphous phase.

Previous experimental and computational evidence showed that Posner’s clusters

are the building units of basic ACP, which agrees with our simulations. In the

calculated density maps of the clusters within the amorphous solid (Figure E.6), the

Posner’s clusters maintain their geometry over the course of the simulations (Figure

E.7, left). There is some increased diffusivity as evidenced by the slight smearing of

the atomic positions but the overall geometry observed in vacuum and in aqueous

solution, where a central Ca is surrounded by 6 PO4 and 8 Ca atoms with a cluster

diameter of ⇠9 Å, is maintained. However, our simulations of ACHP suggests that

the CHPCs, with a larger average diameter (⇠10 Å), are more distorted within the

solid and in many cases exchange ions and molecules between units, with no single

stable cluster geometry (Figure E.7, right). Thus, though the existence of CHPC in

ACHP is confirmed here, it does not specifically suggest that ACHP is constructed

via addition of clusters with a uniform configuration.

e.2 results and discussion

AC(H)Ps with different Ca/P atomic ratios were prepared by mixing CaCl2 and

Na3PO4 solutions with different pH values. ACPs prepared at pH 11.9 and pH

8.9 exhibit Ca/P ratios of 1.47 and 1.02 (according to ICP-OES, in the Supporting

Information, Experimental Section, Table F.1) and are regarded as basic ACP and

ACHP, all, respectively. Transmission electron microscopy (TEM) analyses show

that the AC(H)Ps consist of particles with sizes in the range of tens to hundreds

of nanometers (Figure E.1). The selected area electron diffraction (SAED) patterns
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(insets, Figure E.1) do not show distinct reflections, proving the absence of long-

range order and confirming their amorphous character.

The X-ray powder diffractograms (XRD) show two broad peaks for each ACP

(Figure F.1): one is relatively strong at around 2q = 25-35circ, and the other one is

much weaker at around 2q = 40-55circ. This indicates that the basic ACP and ACHP

do possess distinct short- to medium-range orders, but neither form exhibits crys-

talline long-range order. Notably, the maximum position of the stronger peak varies

slightly in between basic ACP and ACHP, shifting to lower 2q values for ACHP by

ca. 1circ (Table E.2a), already indicating differences in the structural characteristics of

basic ACP and ACHP. These were further explored by means of Fourier transform

infrared spectroscopy (FTIR) analyses (Supporting Information section F.4.1 and

Table E.2b). The single v3 band (1047 cm�1) in the FTIR spectrum of basic ACP

corresponds to the asymmetric stretch vibration of P-O (in PO4), and is split into n60

and v600 bands in the spectrum of ACHP due to the presence of HPO2�
4 ions (Figure

F.2). At the same time, the v4 bands, corresponding to the O-P-O bending vibration,

shift from 567 (basic ACP) to 543 cm�1 (ACHP). This indicates that the lengths

of the P-O bonds and/or the symmetry of the surrounding short-range orders in

ACP and ACHP are indeed different. The v30 bands, corresponding to the P-OH

(HPO4) stretching mode, are clearly seen in the spectrum of ACHP, which corrobo-

rates that HPO2�
4 ions are structural constituents and confirms the substitution of

PO3�
4 by HPO2�

4 when compared with the spectrum of basic ACP. FTIR spectral

differences between dicalcium phosphate dihydrate (DCPD, CaHPO4·2H2O) and

ACHP also show that the hydrogen bonding of neighboring hydrogen phosphates

in ACHP is distinct, whereas structural relations with neither dicalcium phosphate

(DCP, CaHPO4) nor octacalcium phosphate (OCP, Ca8H2(PO4)6·5H2O) are evident

(Supporting Information, section F.4.1 and Figures F.2 and F.3). For more detailed

discussions of the IR spectra, see the Supporting Information, section F.4.1.

Further insight into the structural role of HPO2�
4 ions in ACHP was obtained

by 1H magic angle spinning (MAS) NMR spectroscopy (Supporting Information,

Figures F.4-F.6). The broad resonance of HPO2�
4 ions (7-14 ppm) is observed in

case of ACH, but not basic ACHP (Supporting Information, Figure F.4). The broad

resonance at ⇠4 ppm arises from chemisorbed or structural H2O, and it is seen in

the MAS NMR spectra of both amorphous forms (Supporting Information, Figure



252 short-range structure of amorphous calcium hydrogen phosphate

Figure E.1: TEM micrographs of basic ACP (a) and ACHP (b). The insets show the cor-
responding SAED patterns. The scale bars are 100 nm and 0.5 1/Å for the
micrographs and SAED data, respectively.
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F.4). 1H MAS NMR spectra of other crystalline CaPs (Supporting Information,

Figure S5) are all different from that of ACHP. However, comparison of the 1H MAS

NMR spectra of ACHP and DCPD (Supporting Information, Figure F.6) shows that

the respective chemical environments of the protons of HPO2�
4 and H2O are similar.

31P MAS NMR spectra (Figure E.3) show that basic ACP and ACHP display

single, broad Gaussian-shaped resonances in the range of -15 to +15 ppm, whereas

the maximum position is centered at 0.32 and 2.2 ppm for ACHP and basic ACP,

respectively. For crystalline CaPs, only HAP and DCPD exhibit single resonances

(Supporting Information, Figure F.7). The peak maximum positions of basic ACP

(2.2 ppm) and HAP (1.9 ppm) agree within experimental accuracy (Supporting

Information, Figure F.8), as is the case for ACHP (0.32 ppm) and DCPD (0.40 ppm)

(Supporting Information, Figure F.9). This indicates that the P chemical environment

of ACHP is, on average, similar to that of DCPD, but no other crystalline CaP. This

corroborates the notion already suggested by the corresponding 1H MAS NMR

spectra.

To further shed light on the structural configurations in basic ACP, ACHP, and

different CaPs, Ca K-edge X-ray absorption near edge structure (XANES) and

extended X- ray absorption fine structure (EXAFS) analyses were performed (Figure

E.4 and Supporting Information, Figure F.10). The Ca K edge XANES spectra of

DCPD, HAP, basic ACP and ACHP (Figure E.4a) show a pre-edge peak between

4037 and 4041 eV and a white line (the most intense peak following the absorption

edge) in the energy range of 4045-4055 eV. The maxima positions of the pre-edge

peaks do not show any significant differences, while their normalized intensities

vary (Figure E.4b). The intensity of the pre-edge feature is similar for basic ACP and

ACHP and lies in between that of DCPD and HAP. This particular feature relates to

Ca 1s!Ca 3d/O 2p transitions. Thus, the higher pre-edge intensity of HAP could

originate from the distinct combination of highly coordinated Ca-O sites. As for

the white line features, the two ACPs are essentially identical in regard to both the

peak maximum position (4049.7 eV) and the intensity (Figure E.4c). The white line

position of DCPD (4050.0 eV) is close to that of the ACPs, while that of HAP is

split into two peaks at 4048.9 and 4051.2 eV. The split in the spectrum of HAP is

due to the presence of two unique crystallographic sites for Ca.368,369 The relative

intensity of this main absorption feature corresponds well with the Ca- O scattering
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intensity in the EXAFS spectra (i.e., a higher white line intensity will result from

more Ca-O coordination; see the Supporting Information, Figure F.11, Table F.2, and

section F.4.2, for details). These results indicate that the short-range environments

of the Ca atoms in the basic ACP and ACHP are very similar in regard to their

Ca-O local structure (Ca-P or Ca-Ca are not visible for basic ACP and ACHP due to

their amorphous character). The similarity of Ca environments between basic ACP

and ACHP is consistent with previous EXAFS measurements,358,359,370 although the

“acidic” ACP studied therein had a Ca/P atomic ratio significantly larger than 1.

For “acidic” ACP, by investigating casein-stabilized micelles containing CaP with

X-ray absorption spectroscopy, Holt et al. proposed that the O atoms from H2O and

HPO2�
4 coordinate to the Ca ion to form the first shell of the short-range order.371

However, this is also the case for the Posner’s cluster model, where water can

contribute to the coordination to Ca ions, since 8 of 9 Ca ions in a Posner’s cluster

are located at the surface.

In order to investigate the structure of the possible building unit of ACHP, assum-

ing a Ca:P ratio of 1:1, we monitored the stability of various clusters in an aqueous

environment using computer simulations (Experimental Section for selection rules

and simulation details; Supporting Information, Figure F.12, F.13, Table F.3, and

section F.4.3 for detailed discussion). The neutral (CaHPO4)6 cluster (CHPC) was

among the most stable of the clusters, remaining together for the full duration of

the simulations (20 ns), and exhibited dynamic switching between two main config-

urations (Supporting Information, Figure F.13). While [Ca6(HPO4)4(PO4)2]�2 and

[Ca6(HPO4)5(PO4)]�1 clusters were also comparatively stable during the simulation

times studied, the aggregation of a negatively charged cluster yielding ACHP is

assumed to be less favorable. We note that a definitive determination of the free

energy landscape of clusters in aqueous solution is beyond the scope of the present

work, which deals with the solid-state building unit.

Studying a single CHPC in vacuum, it evolves into a structure shown in Figure

E.5a-c. The addition of 6 H2O molecules coordinating with the CHPC (the H2O/P

ratio is 1.0, Supporting Information section F.4.4), the structure remains essentially

unchanged, though the waters do not distribute evenly across the calcium ions

and the structure becomes skewed (Figure E.5d). Comparing this CHPC with a

Posner’s cluster in vacuum (Supporting Information, Figure F.14), similar to the one
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proposed by Treboux et al.,32 the configuration of CHPC differs greatly from that of

the Posner’s cluster with or without H2O coordination (see details in Supporting

Information, section F.4.3).

A structural model of ACP solid is further obtained by computer simulation

(Figure E.6). While the studies of cluster stability in water indicate probable struc-

tures, assuming the 1:1 Ca:P ratio proposed experimentally, it is also useful to

compare the properties of an amorphous model built from clusters with this ratio

to an amorphous solid built from Posner’s clusters, which have a Ca:P ratio of

9:6. Hence amorphous models were created from both species. The densities of

the resulting amorphous materials were calculated to be 2.09 ± 0.03 g/cm3 for

Ca6(HPO4)6(H2O)6 and 2.13 ± 0.03 g/cm3 for Ca9(PO4)6(H2O)12 (Supporting Infor-

mation, Table F.4 and Figures F.16 and F.17). As expected, these are significantly

lower than the experimental values for crystalline phases, such as Ca5(OH)(PO4)3

and CaHPO4 which are 3.1643 and 2.92 g/cm3,244 respectively, due to the presence

of stoichiometric amounts of water. The calcium coordination number by water

for the amorphous solid built from hydrated Posner’s clusters was slightly lower

than the solid built from Ca6(HPO4)6(H2O)6 (6.76 ± 0.03 vs 7.32 ± 0.09, respectively,)

(Supporting Information, Table F.4), reflecting the more closed, spherical structure

of the Posner’s cluster and the larger amount of stoichiometric water. It follows that

the phosphate coordination number by calcium for the amorphous solid built from

hydrated Posner’s cluster was higher than the solid built from Ca6(HPO4)6(H2O)6

(6.02 ± 0.03 vs 4.59 ± 0.08) ( Supporting Information, Table F.4), due to the higher

amount of stoichiometric Ca to P. We also note that longer 100 ns simulations in

both cases do not result in significantly different CNs. Using an analysis of the

coordination number of individual Ca sites with water oxygen we can identify the

packing structure (Supporting Information, Table F.5). In both basic ACP and ACHP

the amount of bound water suggests that the cluster packing includes interstitial

water bound to Ca. We expect that the amount of unbound Ca will be higher in

ACHP due to the lower stoichiometric ratio of water but the magnitude of the

increase (55% versus basic ACP’s 33%) suggests that there is a different packing pat-

tern. However, the water oxygen environment indicates that there is more bulk-like

water in basic ACP than ACHP (Supporting Information, Table F.5).
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For the plane wave density functional theory (DFT) calculations, it was neces-

sary to construct small unit cells to model the amorphous structures. In the case

of the structures based on hydrated Posner’s clusters and on a composition of

CaHPO4·H2O, the unit cells both contained 300 atoms, which correspond to four

Posner or five (CaHPO4)6 clusters plus either 48 or 30 water molecules, respectively.

After relaxation at the PBE-D2 level of theory, the densities were 2.19 and 2.22

g/cm3, respectively. Both densities are similar to those for the other force field

simulations quoted above. One unexpected feature of the amorphous CaHPO4·H2O

material was that a proton transfer reaction occurred spontaneously, resulting in a

disproportionation of 2 HPO2�
4 anions into H2PO�

4 and PO3�
4 . Attempts to redis-

tribute the protons to different sites in order to attain the expected composition

were unsuccessful, suggesting that the tendency to form a specific protonation state

depends on the local environment of the PO4 tetrahedron within the amorphous

material. The same behavior was observed for two independently generated models

of this amorphous phase.

Previous experimental and computational evidence showed that Posner’s clusters

are the building units of basic ACP, which agrees with our simulations. In the

calculated density maps of the clusters within the amorphous solid (Figure E.6), the

Posner’s clusters maintain their geometry over the course of the simulations (Figure

E.7, left). There is some increased diffusivity as evidenced by the slight smearing of

the atomic positions but the overall geometry observed in vacuum and in aqueous

solution, where a central Ca is surrounded by 6 PO4 and 8 Ca atoms with a cluster

diameter of ⇠9 Å, is maintained. However, our simulations of ACHP suggests that

the CHPCs, with a larger average diameter (⇠10 Å), are more distorted within the

solid and in many cases exchange ions and molecules between units, with no single

stable cluster geometry (Figure E.7, right). Thus, though the existence of CHPC in

ACHP is confirmed here, it does not specifically suggest that ACHP is constructed

via addition of clusters with a uniform configuration.

e.3 conclusions

In conclusion, our data show that the structure of ACHP is distinct from basic

ACP and cannot be described by Posner’s clusters, nor disordered/Ca-deficient
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Posner’s clusters. We thus propose a novel structural model for ACHP (Figures

E.6-E.7) based upon simulation. Similar to basic ACPs, we propose that ACHP

consists of CHPCs ( Figure E.7) that are aggregated with H2O in the interstices to

build up the structure of ACHP. Unlike the Posner’s clusters, however, the CHPC

has lower symmetry and is more susceptible to structural change on formation of

an amorphous solid. The chemisorbed, structural H2O molecules coordinating to

Ca ions or even exhibiting hydrogen-bonding interactions with the HPO2�
4 ions are

arranged around the CHPC to build up ACHP. This structure is globally consistent

with the experimental analyses as follows:

1. The Ca environments are similar for basic ACP and ACHP in the short- to

medium-range. From the simulations, the Ca-O coordination number (first

shell) is similar throughout calcium sites in the amorphous solids at 7. 32 ±

0.09 for ACHP and 6.76 ± 0.04 for basic ACP.

2. The P short-range environments differ between basic ACP and ACHP. In ad-

dition to the complete substitution of phosphate ions by hydrogen phosphate

ions, the interactions between the Ca and HPO4(PO4) ions change due to

rather distinct Ca arrangements around P. This is seen in the calculated P-Ca

coordination number, which is lower for ACHP than for basic ACP (4.62 ±

0.03 and 6.02 ± 0.04, respectively). The different bonding configurations give

rise to the distinct FTIR spectral features observed experimentally.

3. The chemical environment of the P atoms in ACHP and DCPD is similar

according to 31P MAS NMR spectra, which is due to identical Ca/P atomic

ratios within homogeneous phases.

4. Comparison of the computed (Supporting Information, Figure F.15) and

experimental (Supporting Information, Figure F.4) proton NMR spectra reveals

that the calculated spectrum supports the assignment of the broad feature at

high chemical shifts to clusters of CaHPO4 in ACHP, and that the experimental

data is inconsistent with an amorphous solid composed of Posner-like clusters

(for further discussions, see Supporting Information, section F.4.5).

5. HPO2�
4 ions transform into P2O4�

7 ions in the second step of TGA measure-

ments (Supporting Information, Figures F.18, F.19, F.20, F.21 and section F.4),
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as opposed to DCPD. Because the CHPCs are not connected within a long-

range order crystallographic arrangement, and nearly all the HPO2�
4 ions are

at the surface of the clusters close to water molecules within the structure of

ACHP, the HPO2�
4 ions are less stable than in DCPD upon heating.

All of this reveals that ACHP is structurally distinct from all other known CaPs,

and its short-range environment can be described by means of CHPCs. This suggests

that at least ACHP cannot be seen as a proto-crystalline form90,372,373 that directly

relates to a certain crystalline CaP, although its Ca/P atomic ratio agrees with that

of DCPD. As the structures of both basic ACP and ACHP are now established, it

should be investigated whether or not other ACPs with varying Ca/P atomic ratios

(1 < Ca/P < 1.5) are intermediaries of the two forms, from a structural point of

view. In addition, these pure forms also provide the fundamental point of reference

for investigating specific roles that organic components and ion substitutions might

play, for instance, in biomineralization. Certainly, ACHP can serve as an amorphous

intermediate for the formation of different crystalline forms of CaP (Supporting

Information, Figures F.22 and F.23), and its crystallization behavior will have to

be studied in detail, in the future. Last, but not least, we note that the current

solid -state characterization and structural model must not be extrapolated to

the solution state, where pre-nucleation clusters occur, which have very likely a

different structure and speciation than the CHPC building units of AC(H)P.47
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Figure E.2: XRD patterns (a) and FTIR spectra of basic ACP and ACHP. The XRD patterns
with full 2q range corresponding to (a) can be found in the Supporting Informa-
tion, Figure F.1. The dashed vertical lines are guides for the eye to illustrate the
shift of the peaks. ni represent different vibrational modes i of the phosphate
ion. The band assignments follow Bailey et al.367
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Figure E.3: 31P MAS NMR spectra of different ACPs. 1H decoupling was applied.
NH4H2PO4 was used as the references (set as 0 ppm). Key: solid curves, original
spectra; dotted curves, Gaussians from the fitting of the original spectra.
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Figure E.4: Normalized Ca K-edge XANES (a-c) spectra of DCPD, HAP, basic ACP and
ACHP. (b and c) Magnified regions of the spectra in the energy range of the pre-
edge at 4036-4042 eV (b) and white line at 4045-4055 eV (c).
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Figure E.5: Configurations of CHPC in vacuum taken from simulation. (a-c) The arrange-
ment of P (a), Ca (b), and all atoms (c). (d) CHPC with H2O molecules. The
dashed quadrangles indicate the (disordered) rectangles formed by P atoms (a,
c, d) and Ca atoms (b). Ca is shown in cyan, P in tan, and O in red; H of HPO4
is not shown; H2O molecules are shown in blue.
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Figure E.6: Two amorphous models built from Ca6(HPO4)6(H2O)6 clusters (top row) and
Ca9(PO4)6(H2O)12 clusters (bottom row) shown along each of the three orthogo-
nal axes. Here Ca is cyan; phosphate O is red, H is white, and P is tan; H and O
of water are shown in blue to highlight the approximately uniform dispersal of
water, phosphate ions, and calcium ions.

Figure E.7: Average 3D atomic density maps of (left) the Ca9(PO4)6(H2O)6 cluster and
(right) the Ca6(HPO4)6(H2O)6 cluster within the amorphous solid. The iso-
density surfaces have been colored based on atom type where phosphorus is
tan and calcium is cyan; oxygen and hydrogen have been omitted for clarity. In
both cases, scale bars are 5 Å. Individual clusters were selected from the solid
based on their initial geometry and superimposed using a method described in
Experimental Section.
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This is a full reproduction of the Supplementary Information for the paper

“Short-Range Structure of Amorphous Calcium Hydrogen Phosphate” which

originally appeared in Crystal Growth & Design.238 It has been reproduced with

permission (see Appendix A).

f.1 experimental section

f.1.1 Transformation of ACHP in water

At 25 circC, 10 mg ACHP was added to 20 mL deionized water, and kept for certain

times (as indicated) without or with stirring (120 rpm). Afterwards, the supernatant

was removed by a plastic Pasteur pipette quickly. The remaining wet samples were

quenched by adding 10 mL ethanol, centrifuged and washed with ethanol for 3

times, then dried in a vacuum desiccator. As a comparison, the transformation

behavior of basic ACP was also studied following the same protocol.

f.1.2 X-Ray Absorption Near Edge Structure (XANES) and Extended X-ray Absorption

Fine Structure (EXAFS) Analyses

Synchrotron radiation experiments were conducted at the CLS@APS beamline

(Sector 20-BM) of the Advanced Photon Source (Argonne National Laboratory,

Argonne, IL, USA). Samples were measured in the solid-phase at room temperature

in fluorescence mode. Powdered samples were ground with mortar and pestle, then

pressed into pellet form. Several scans were averaged (5-8) to yield the raw Ca

K-edge x-ray absorption spectroscopy data. Background subtraction, scan averaging,

energy calibration, XANES normalization, and EXAFS fitting were all performed

265
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using the WinXAS 3.1 software package. The amplitude reduction factor (S02)

was fixed at 1 for EXAFS fitting. Theoretical phase and scattering amplitudes

for all scattering paths used in EXAFS fitting were simulated using the FEFF8.2

computational package.374 The hydroxyapatite model was used to select Ca-O

scattering paths (⇠2.4 and ⇠2.8 Å) to be used in the EXAFS fitting.375 A k-range of

3.2 – 8.5 Å�1 was selected for the conversion to FT-EXAFS, which was the range

subsequently used for EXAFS fitting. An R-space fitting range of 1.0 - 2.6 Å was

used to account for two Ca-O scattering paths. During the fitting process of two

Ca-O shells, DE0 values were correlated and CN parameters were constrained

to sum to 8-9. Uncertainties in EXAFS fitting parameters were computed from

off-diagonal elements of the correlation matrix and weighted by the square root

of the reduced chi-squared value obtained for the simulated fit. The amount of

experimental noise from 15 - 25 Å in R-space was also taken into consideration for

each EXAFS spectrum.376

f.1.3 NMR spectroscopy

Direct polarization solid state 31P and 1H magic angle spinning (MAS) nuclear

magnetic resonance (NMR) spectra were recorded on a Bruker Avance III 400 solid-

state NMR spectrometer. The frequency of magic angle spinning was 10.0 KHz. 1H

de-coupling was applied for the measurement of 31P MAS NMR. NH4H2PO4 and

adamantane were used as the references for 31P and 1H MAS NMR, respectively.

Neat powdered samples were filled in the rotor, and then directly measured. The

NMR peaks were integrated after deconvolution for quantitative calculations.

f.1.4 Electron microscopy

The transmission electron microscopy (TEM) micrographs were obtained on a Zeiss

Libra 120 operated at 120 kV. Samples were dispersed in acetone, then a drop of

the dispersion was added onto a carbon coated Cu grid. The TEM analyses were

performed immediately after drying.
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f.1.5 X-ray powder diffraction

The X-ray powder diffraction (XRD) patterns were recorded using an X-ray diffrac-

tometer (Rigaku D/max 2550 V) employing high-intensity Cu Ka radiation (l=1.54178

Å) and a graphite monochromator. In order to achieve a sufficient signal-to-noise

ratio, each sample was measured for 3 h.

f.1.6 Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) was performed on a PerkinElmer

spectrum 100 Spectrophotometer. Before measurements, thin KBr disks with a

diameter of 1.0 cm were prepared by pressing KBr powder by applying a pressure

of 10 MPa. The samples were dispersed in acetone, then dropped on the KBr disks.

After the acetone was dried, the samples were adsorbed on individual KBr disks.

The disks were then used for the measurements. In order to achieve a sufficient

signal-to-noise ratio, 16 scans were accumulated for each spectrum.

f.1.7 Thermogravimetric Analyses

TGA measurements were performed using a thermal analyzer instrument (NET-

ZSCH STA 449 F3 Jupiter®) in a nitrogen atmosphere. The heating rate was 10
circC/min. 10-15 mg of powdered samples were placed in a crucible for measure-

ments, whereas an empty one served as reference.

f.1.8 ICP-OES

The elemental composition of the ACPs was determined utilizing an Inductively

Coupled Plasma Optical Emission Spectrometry (ICP-OES, Agilent 750). The sam-

ples were dissolved in 1% HNO3 solution for measurements. 5 solutions, containing

a different concentration of Ca and P in each one, were prepared for the setup cali-

bration. The Ca/ P atomic ratio of each sample was determined by measuring the

Ca and P concentrations after samples were dissolved in HNO3 (1.0 wt%) solution.
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f.2 supplementary figures

Figure F.1: Normalized XRD patterns of the different AC(H)Ps.
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Figure F.2: Comparison of FTIR spectra of ACHP and DCPD. ni represent different vibra-
tional modes i of the phosphate ion. w denotes the vibrational mode of water.
H1 ⇠H4 indicate the n(OH) modes of four different hydrogen bonds.250

Figure F.3: FTIR spectra of calcium orthophosphates as indicated.
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Figure F.4: . (a) 1H MAS NMR spectrum of basic ACP and deconvolution into 5 Gaussians
(g1, g2, g3, g4, g5). g1 is assigned to chemisorbed (or structural) H2O; g2 and g3
correspond to physisorbed H2O. g4 and g5 relate to OH� of impurity Ca(OH)2
or absorbed OH�. (b) 1H MAS NMR spectrum of ACHP and its deconvolution
into 3 Gaussians (g1, g2, g3). The peak at 0.03 ppm (g4) corresponding to
physisorbed H2O is not included for deconvolution due to the very high intensity.
g1 is assigned to HPO2�

4 ; g2 corresponds to the chemisorbed (or structural) H2O;
g3 and g4 are related to physisorbed H2O. No peaks that can be assigned to
OH� are found in (b) due to the low pH value used for ACHP preparation. In
both figures, black solid curve: original spectrum; blue curve: Gaussians from
the deconvolution of the original spectrum; red dashed curve: the sum of the
Gaussians. Adamantane was used as the reference (set as 0 ppm) for 1H MAS
NMR.
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Figure F.5: 1H MAS NMR spectra of different crystalline calcium phosphates. As in the case
of DCPD, resonances due to physisorbed H2O molecules in the 1H MAS NMR
spectra of other crystalline CaPs are minor. However, the resonances due to
chemisorbed water and HPO2�

4 appear in some of the spectra. In the spectrum
of DCP, there are two resonances due to HPO42-, showing that the proton of
the HPO2�

4 ion in DCP is present in two crystallographically distinct chemical
environments, but only one in ACHP and DCPD. The positions of the two
resonances due to HPO2�

4 in DCP differ from those in ACHP. In the spectrum
of OCP, the resonance arising from structural H2O is rather strong at 3.2 ppm,
while the one due to HPO2�

4 is - very weak at 10-15 ppm. The dashed circle
in (b) indicates the resonance due to HPO42-. Adamantane was used as the
reference (set as 0 ppm).
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Figure F.6: 1H MAS NMR spectrum of DCPD. The resonance was deconvoluted into two
Gaussians centered at 8.9 and 4.0 ppm, corresponding to protons in HPO2�

4
and structural H2O, respectively. The chemical shifts agree with those of the
corresponding resonances in ACHP to within experimental accuracy. Black solid
curve: original spectrum; blue curve: Gaussians from the deconvolution of the
original spectrum; red dashed curve: the sum of the Gaussians. Adamantane
was used as the reference (set as 0 ppm) for 1H MAS NMR.
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Figure F.7: 31P MAS NMR spectra of different crystalline calcium phosphates. 1H de-
coupling was applied; NH4H2PO4 was used as the reference (set as 0 ppm).
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Figure F.8: Comparison of 31P MAS NMR spectra of basic ACP and HAP. 1H de- coupling
was applied; NH4H2PO4 was used as the reference (set as 0 ppm).
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Figure F.9: Comparison of 31P MAS NMR spectra of ACHP, DCPD and DCP. 1H de- cou-
pling was applied; NH4H2PO4 was used as the reference (set as 0 ppm).
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Figure F.10: Fourier Transform Ca K-edge of EXAFS spectra of DCPD, HAP, basic ACP and
ACHP.

Figure F.11: Fitted EXAFS spectra of different CaPs.
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(HPO4)6
(HPO4)4(PO4)2-2 (HPO4)5(PO4)1-1

(H2PO4)1(HPO4)5+1

(H2PO4)1(HPO4)3(PO4)2-1 (H2PO4)1(HPO4)2(PO4)3-2

(H2PO4)2(HPO4)2(PO4)2

(H2PO4)3(HPO4)2(PO4)1+2	 (H2PO4)2(HPO4)4+2
(H2PO4)1(HPO4)4(PO4)1	 (H2PO4)2(HPO4)3(PO4)1+1

Figure F.12: The number of configurations that remained stable with the same structure as
the initial cluster during molecular dynamics simulation in water as a function
of time. In each case, 11 independent configurations were used except for
(HPO4)(PO4)� where the number was 10.
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5 ns aq MD

Figure F.13: Two examples of the structural evolution of clusters after 5 ns of molec-
ular dynamics in water at 300K: (Left) Ca6(H2PO4)3(HPO4)2PO+2

4 has bro-
ken into Ca5(H2PO4)2(HPO4)2PO+1

4 and CaH2PO+1
4 (not shown) and (Right)

Ca6(HPO4)5PO�1
4 has remained stable. Here Ca, P, O and H are colored blue,

brown, red and white, respectively, while surrounding water molecules are
hidden for clarity.
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97

(a) (b)

(c) (d)

Figure F.14: (a) Posner’s cluster with S6 symmetry as described by Treboux,32 (b-d) after
5 ns of molecular dynamics in vacuum at 300 K for the non-hydrated cluster
(b) 300K for the hydrated cluster (c) and 3000K for the non-hydrated cluster
(d). Ca is shown in cyan, P in tan, O in red; H of HPO4 is not shown; H2O
molecules are shown in blue.
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Figure F.15: Calculated 1H NMR spectrum for two amorphous calcium phosphate
models. Thick lines labeled ’Posner’ and ’Total’ give the overall inten-
sity for models based on Posner (Ca9(PO4)6(H2O)12) and CaHPO4 clusters
(Ca6(HPO4)6(H2O)6), respectively, while thin lines give the contributions to the
latter case from different species, namely H2PO�

4 (single ion), HPO2�
4 and H2O.

For the Posner cluster-based amorphous system the only contribution to the
spectrum comes from water.
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Figure F.16: The average radial distribution function of Ca with O for basic ACP (built
from Ca9(PO4)6(H2O)6 clusters) shown in red and for ACHP (built from
Ca6(HPO4)6(H2O)6 clusters) shown in blue. The average integral of the ra-
dial distribution function is inset.
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Figure F.17: The average radial distribution function of P with Ca for basic ACP (built
from a9(PO4)6(H2O)6) shown in red and ACHP (built from Ca6(HPO4)6(H2O)6
clusters) shown in blue. The average integral of the radial distribution function
is inset.

Figure F.18: TGA curves of basic ACP, ACHP and DCPD. The TGA weight loss of ACPs
and DCPD can be divided into different steps as shown in (a); the temperatures
at which the samples are heated are marked on the curves as shown in (b).
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Figure F.19: (a, b) XRD patterns (a) and FTIR spectra (b) of basic ACP after heating at
different temperatures. (c, d) XRD patterns (c) and FTIR spectra (d) of ACHP
after heating at different temperatures.

Figure F.20: FTIR spectra of basic ACP (a) and ACHP (b) before and after heating at 125 circ.
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Figure F.21: FTIR spectra of DCPD after heating at different temperatures. The spectra show
that DCPD changes into DCP at 290 circ, and further to calcium pyrophosphate
at 500 circ.
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Figure F.22: FTIR spectra of basic ACP and ACHP during transformation in water with (a)
or without (b) stirring at 25 circ. It can be seen that under stirring, both ACPs
transforms into the similar products ultimately, while the crystallization of
ACHP is much faster than that of basic ACP (130 min VS 6.5 h). An HAP-like
phase is formed, not typical HAP or OCP, confirmed by both FTIR (a) and XRD
(Figure F.23a). However, without stirring, the transformation products of ACP
and ACHP are quite different. The basic ACP still transforms into an HAP-like
phase (b), while the ACHP mainly yields DCPD ( Figure F.23b).

Figure F.23: XRD patterns of products (corresponding IR spectra shown in Figure F.22)
obtained after the crystallization of ACP and ACHP after the indicated times
with (a) or without (b) stirring at 25 circ.
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f.3 supplementary tables

Table F.1: Information on the preparation of AC(H)Ps

Na3PO4/NaH2PO4 Name pH Ca/P atomic

(mmol/mmol) ratio
0/1 ACHP 8.9 1.02
8/2 basic ACP 11.9 1.47

Table F.2: Parameters of Fitted EXAFS spectra.

Sample Shell CN R(Å) w2 (Å2) DE0 (eV)

HAP Ca-O1 5(3) 2.43(4) 0.016(12) 3
Ca-O2 4(2) 2.81(4) 0.02(2) 3

DCPD Ca-O1 3(2) 2.36(12) 0.007(7) -5
Ca-O2 5(3) 2.9(1) 0.02(1) -5

ACHP Ca-O1 4(1) 2.42(2) 0.010(3) 4
Ca-O2 4.5(1.3) 2.77(4) 0.04(2) 4

Basic ACP Ca-O1 6.8(9) 2.45(2) 0.021(4) 4
Ca-O2 1.7(2) 2.83(1) 0.005(5) 4
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(H2PO4)a (HPO4)b (PO4)c Charge

0 4 2 -2
0 5 1 -1
0 6 0 0
1 2 3 -2
1 3 2 -1
1 4 1 0
1 5 0 +1
2 2 2 0
2 3 1 +1
2 4 0 +2
3 2 1 +2

Table F.3: List of clusters simulated based on the composition of the three possible phosphate
anions, and their corresponding total charge.
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NPT (ns) NVT (ns) Density (g/cm3) Ca-O CN P-Ca CN

Ca6(HPO4)6(H2O)6

10 100 2.07 7.02 4.32
4.9 32 2.1 7.36 4.69
4.9 32 2.05 7.45 4.65
4.9 32 2.08 7.35 4.66
4.8 31 2.11 7.45 4.65
5.0 32 2.06 7.35 4.63
4.8 31 2.19 7.32 4.58
5.0 32 2.03 7.27 4.58
4.9 31 2.1 7.35 4.59

Average: 2.09 ± 0.03 7.32 ± 0.09 4.59 ± 0.08

Ca9(PO4)6(H2O)12

2.2 100 2.14 6.8 6.08
3.4 30 2.16 6.85 6.05
3.1 30 2.14 6.73 6.07
3.1 30 2.17 6.81 5.99
2.6 30 2.11 6.83 6.09
7.7 30 2.15 6.68 5.94
2.2 30 2.04 6.71 5.98
5.5 30 2.11 6.72 6.00
5.6 30 2.17 6.73 6.02

Average: 2.13 ± 0.03 6.76 ± 0.04 6.02 ± 0.04

Table F.4: Simulation times, densities, coordination numbers for the amorphous solids built
from Ca6(HPO4)6(H2O)6 and Ca9(PO4)6(H2O)12 clusters. Coordination numbers
are calculated as the integral of the radial distribution function at the second
inflection point, as seen in Figure F.16 and F.17. The errors reported for the density
and coordination number are the 95% confidence intervals of the reported values.
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CN Ca-OH2O (%) OH2O-OH2O (%)

Ca6(HPO4)6(H2O)6 0 55.0 14.4
1 29.6 40.5
2 10.7 32.6
3 4.1 10.0
4 0.5 1.9
5 0.1 0.6

Ca9(PO4)6(H2O)12 0 33.3 1.5
1 32.4 6.9
2 25.9 20.8
3 7.5 35.5
4 0.9 26.7
5 0 7.4
6 0 1.1

Table F.5: Percentage of individual atoms Ca coordinated with water oxygen (Ca-O H2O),
and water oxygen coordinated with itself (OH2O-OH2O).
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f.4 supplementary results and discussion

f.4.1 FTIR spectra of basic ACP, ACHP and crystalline CaPs

Comparing the FTIR spectra of ACHP and dicalcium phosphate dihydrate (DCPD,

CaHPO4· 2H2O) (Figure F.2), the positions of the n60 , n600 , n20 , n30 , n40 , bands differ,

again suggesting significant differences in the P-O bond distances, and/or the

symmetry of the surrounding short-range structure. The n50 band corresponds to

the P-O-H out of plane bending mode,250 which is clearly seen at 790 cm�1 in the

spectrum of DCPD, but is absent in that of ACHP. In DCPD, Ca2+ and HPO2�
4

ions build up Ca-HPO4 chains, which in turn form the Ca-HPO4 layers, while

structural H2O is incorporated to bond and bridge the chains and layers.86 The

FTIR spectral differences regarding the n50 band may result from distinct hydrogen

bonding between neighboring HPO2�
4 ions in ACHP.

Two stretching modes of H2O are typically observed in the FTIR spectra, namely

n1(w) and n3(w), as is the case for the spectrum of ACHP (Figure F.2). In DCPD,

H2O is involved in the formation of 4 hydrogen bonds to bond and bridge the

Ca-HPO4 chains and layers, leading to the split of n1(w) and n3(w) into 4 bands

between 3100-3600 cm�1, i.e. H1-H4 shown in Figure F.2.250 This indicates that in

ACHP, H2O does not bridge Ca-HPO4 chains as in DCPD. Further comparison

with the FTIR spectra of other crystalline CaPs (Figure F.3) shows that dicalcium

phosphate (DCP, CaHPO4) and octacalcium phosphate (OCP, Ca8H2(PO4)6·5H2O)

are similar to DCPD, however, the band positions significantly differ from those of

ACHP.

f.4.2 EXAFS

In the Fourier transformed Ca K-edge EXAFS spectra (Figure F.10), the main peak

around 2.0 Åcorresponds to the first and second shell Ca-O coordination (⇠2.4 and

2.8 Å), while the peak around 3.2 Åmore substantially present in the spectrum of

HAP corresponds to the Ca-P and, possibly, Ca-Ca coordination. The position and

intensity of the Ca-O peaks of ACHP and basic ACP are quite similar, and slightly

differ from both HAP and DCPD. From EXAFS fitting results (fitted EXAFS spectra
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and parameters are presented in Figure F.11 and Table F.2), the first shell Ca-O

distances for ACHP and basic ACP are significantly longer than DCPD, but more

similar to HAP. The second shell Ca-O distances for ACHP and basic ACP were

also more similar to HAP than to DCPD.

f.4.3 CHPC Structure

In the present work, the stability of the models for CHPC was determined by

checking for fragmentation every 5 ns, with the simulation being terminated if this

had occurred (Figure F.12). Two examples of fragmentation pathways observed are

given in Figure F.13. A more rigorous approach to quantifying the stability would

be to compute the free energy of binding of the ions in the cluster relative to the

species in aqueous solution. However, to sample this process with bias-accelerated

dynamics, such as metadynamics, and determine the equilibrium constants is not

currently viable due to the large separation required for this number of ions to

reach the asymptotic limit that connects the free energy with standard conditions.

As can be seen from Figure F.12, only for Ca6(HPO4)6 and Ca6(HPO4)5 (PO4)�

do all initial configurations of the cluster remain stable in water for the duration

of the molecular dynamics run, while at least 21 one or more configurations begin

to fragment for other compositions. For the cluster where 2 HPO2�
4 anions are

replaced by PO3�
4 , 10 out of 11 configurations remain as a single cluster, which is

again consistent with some limited substitution of PO3�
4 for HPO2�

4 being possible

without decreasing the stability of the cluster significantly.

Analysis of the AIMD simulation of the Ca6(HPO4)6 cluster in water found that

there was no significant change in the arrangement of the ions on the timescale

studied, therefore confirming that the structure is indeed a local minimum. The only

significant event observed was the transfer of a proton from one HPO4 ion to another,

with the concerted transfer of that anion’s proton to a water molecule adjacent to

the initial ion. The net effect of this was to effectively change the orientation of two

HPO4 ions within the cluster, but this was achieved more easily by a synchronous

two proton transfer reaction rather than actual rotation of either species. It also

points to the stability of Ca6(HPO4)6 with respect to further deprotonation, at least

under the conditions simulated.
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In vacuum, four HPO4 ions of CHPC form a central rectangle, which is slightly

distorted such that those ions on one side of the rectangle lie a little above and below

the plane indicated in Figure E.5a. The Ca ions are arranged similarly to the HPO4

ions (Figure E.5b). The arrangement of all ions in CHPC collectively exhibit an even

lower symmetry (Figure E.5c) as the distorted rectangles connecting the HPO4 and

Ca ions are neither parallel nor orthogonal with respect to each other. Additionally,

considering the 6 H2O molecules coordinating with CHPC (the H2O/P ratio is 1.0,

SI section F.4), the structure remains essentially unchanged , though the waters do

not distribute evenly across the calcium ions and the structure becomes skewed

(Figure E.5d). In comparison, our simulations suggest that the Posner’s cluster in

vacuum is a little bit different from the original one, but similar to that described

by Treboux et al,32 where the 6 PO4 ions form two parallel triangular planes in the

center; 3 Ca ions are connected by a line across the center of the triangles, and the

other 6 Ca atoms are grouped around the triangles formed by the PO4 ions (Figure

F.14a,b). This differs greatly from the structure of CHPC in vacuum. The binding

of H2O molecules to the Posner’s cluster distort it only slightly, being still very

distinct from the CHPC configuration (Figure F.14c).

f.4.4 TGA

The ACPs were characterized by means of thermogravimetric analysis (TGA)

(Figure F.18). Combining with ICP-OES data, the chemical formula of ACPs

([Ca1.5(PO4)][CaHPO4]k·nH2O) can be calculated: ACHP: [Ca1.5(PO4)][CaHPO4]24·23H2O

appr. CaHPO4·H2O (Ca/P=1.02) basic ACP: [Ca1.5(PO4)][CaHPO4]0.06·1.9H2O appr.

Ca1.5PO4·2H2O (Ca/P=1.47)

The molar ratio of H2O/P is similar and about 1. The TGA weight loss of ACHP

and DCPD can be divided into 3 steps (S1, S2, S3 for ACHP; St1, St2, St3 for DCPD),

while that of basic ACP has only one step during heating at a rate of 10 �C/min

(Figure F.18a). The samples were heated in an electrothermal furnace at different

temperatures for 30 min, and then further characterized so as to elucidate what

happened during each step. XRD patterns show that the ACPs remain amorphous

up to 500 �C , and crystallization occurs before reaching 900 �C (Figure F.19a, c).

Basic ACP eventually yields beta-tricalcium phosphate (beta-TCP) (Figure F.19a),
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and ACHP is transformed into beta-calcium pyrophosphate (beta-CPP, Ca2P2O7)

(Figure F.19c), which is consistent with other reports.362,377

FTIR spectra of post-heated ACHP show the characteristic bands of P2O4�
7 at 921

cm�1 and 750 cm�1 for 220 �C (the second step) (Figure F.18b , F.19d), indicating

the transformation of HPO2�
4 into P2O4�

7 (2HPO2�
4 rightarrow P2O4�

7 +H2O) occurs

during this step. After heating ACHP to 900 �C, the typical FTIR spectrum of

crystallized calcium pyrophosphate (beta-CPP) can be seen, which confirms the

XRD results (Figure F.18b, S19d). Upon heating ACHP, the first step involves the

water loss, while the formation of amorphous calcium pyrophosphate begins at the

second step. The crystallization happens between 500-900 �C, instead of the third

step. As for basic ACP, although crystallization occurs in the same temperature

range (500-900 �C) as for ACHP, no newly formed ionic species can be detected by

means of FTIR due to the inertness of PO3�
4 (Figure F.19b).

Although the crystallization of the ACPs occurs above 500 �C, the structure

changes before this temperature is reached according to the FTIR spectra. After

heating basic ACP to 220 �C, the n3 band is broadened. After heating to 500 �C,

the n3 and n4 bands begin to split (Figure F.18b, F.19b). In the case of ACHP the

spectrum changes much earlier. After heating ACHP to 125 �C, the n6’, n30 and

n4 bands shift to different wavenumbers (Figure F.20b), which is enhanced if the

temperature is higher (Figure F.19d). By contrast, the spectrum of basic ACP shows

no obvious changes after heating at 125 �C (Figure F.20a). Comparing the two ACPs,

it seems that heating to 125�C has a larger influence on ACHP than on basic ACP.

DCPD was also studied by FTIR after heating to different temperatures as a

comparison (Figure F.21). The end temperature (165 �C) (Figure F.18a) of the first

step is higher than for ACHP (125 �C). Furthermore, no bands indicative of calcium

pyrophosphate are observed after the second step (290 �C), indicating that the

HPO2�
4 ion in DCPD is more stable than in ACHP. In DCPD, the loss of water

during the first and second step transforms DCPD into DCP (Figure F.21), wherein

the HPO2�
4 ions are structurally rearranged, however, this does not happen in ACHP.

The whole weight loss of DCPD is more than 25 wt%, which is much higher than

that of ACHP (⇠16wt%). This further confirms that the water may play different

roles in ACHP and DCPD.
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f.4.5 Amorphous Models

Based on the optimized structures, the 1H and 31P NMR spectra were computed

using hydroxyapatite as a reference for the chemical shifts. In the case of the 31

P NMR, the range of chemical shifts was -2.2 to 12.0 ppm for the Posner-based

material, and -6.4 to 13.6 ppm for CaHPO4 clusters as the structural motif, with

corresponding average values of 5.5 and 3.3 ppm, respectively. While the latter

case has a slightly broader range of chemical shifts, the 31P data do not clearly

distinguish between the structures. Given that the chemical shifts for PO3�
4 (4.7

ppm) and H2PO�
4 (9.1 ppm) are not the extreme points of the range, it appears that

the phosphorus NMR is not as sensitive to the protonation state of the phosphate

anion as the broader local environment. In contrast, the 1H NMR provides evidence

in support of the interpretation of the experimental data. Figure F.15 shows an

approximate representation of the calculated 1H NMR spectrum, generated by

Lorentzian line broadening of the isotropic chemical shifts with a width of 2 ppm.

Comparison of Figure F.15 with Figure F.4, reveals that the calculated spectrum

supports the assignment of the broad feature at high chemical shifts to clusters of

CaHPO4 and that the experimental data is inconsistent with an amorphous solid

composed of Posner-like clusters. The computed 1H NMR spectra from periodic

density functional theory calculations (Figure F.15) confirms that an amorphous

structure based on CHPC has a second broad peak at higher chemical shift due to

HPO4, as indeed observed in Figure F.4b, while the model derived from Posner’s

clusters is inconsistent with the measured data.



G
B R U S H I T E S U P P L E M E N TA L I N F O R M AT I O N

This is a full reproduction of the Supplemental Information of the paper “Wa-

ter Structure, Dynamics and Ion Adsorption at the Aqueous 010 Brushite Sur-

face” which originally appeared in Minerals.229 It has been reproduced with

permission (see Appendix A).

g.1 radial distribution functions

The water distribution was further analysed by computing the radial distribution

functions (RDFs) for oxygen atoms of water around the calcium sites (See Figure

G.3). For each site a single peak at ⇠2.6 Å corresponds to the first coordination

shell, and the inset integral of the RDF at short distances reaches an initial plateau

corresponding to the coordination number for this first shell. The RDF of the bulk

Ca atoms within brushite confirms the bonding patterns seen experimentally, with

each water O coordinated to alternating Ca atoms. The exposed atoms of the upper

row (U1 and U’1) were the only sites with coordination numbers for water greater

than one. These sites had two waters coordinated, as seen qualitatively in the 3D

density maps. The RDFs at positions L2 and U2 already closely resemble the RDF

of a surface Ca.

In the first coordination shell, there was no difference between the step with

hydrogens exposed and without. Small differences occur past 4 Å, which includes

the second water layer, but also potentially includes oxygens coordinated to neigh-

bouring calcium atoms.
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g.2 supplementary figures and tables

Table G.1: Modified force field parameters for C2. All other parameters were taken unmodi-
fied from Demichelis et al. [130].

Interaction Abuck rbuck Cbuck ALJ

(eV) (Å) (eV/Å6) (eV/Å12)

O2-O8 8592.3854 0.255024 0.0
O2-O9 12304.5870 0.242223 0.0
O8-H8 63.291605
H8-O9 14.975024
Ca-P1 2132.9786 0.342800 0.0
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Table G.2: Electron density peak positions and intensities. Peak positions are given as a
function of height in Å above the brushite {010} surface top layer calcium ion,
with peak intensity in electrons per unit cell (where one unit cell corresponds to
lattice parameters a=5.812Å, b=15.18Å, c=6.239Å, and b=114.13�). See Figure G.1
for the corresponding image in the case of MD-C2.

SXRD-1 SXRD-2 MD-A MD-C1 MD-C2
Peak Height Density Height Density Height Density Height Density Height Density

(Å) (e�/UC) (Å) (e�/UC) (Å) (e�/UC) (Å) (e�/UC) (Å) (e�/UC)

1 -7.62 1413.22 -7.60 1245.39 -7.40 1209.56

2 -6.98 320.52 -7.10 312.26 -7.05 339.92
-6.56 318.62 -6.70 359.93 -6.44 381.36

3 -6.05 354.73 -5.99 413.79 -6.09 362.36 -5.89 380.22
-5.75 328.13 -5.74 330.73 -5.73 360.34

4 -4.16 328.13 -4.22 345.98 -4.23 321.38 -4.03 349.35
-3.84 354.73 -3.90 413.49 -3.87 394.92 -3.93 351.58 -3.87 374.18

5 -3.32 316.72 -3.30 341.20 -3.47 307.60 -3.32 336.99 -3.27 346.92
-2.93 320.52 -2.96 334.50 -2.98 312.85 -2.92 298.28 -2.71 330.46

6 -2.28 1392.31 -2.29 1402.50 -2.32 1493.80 -2.37 1150.58 -2.31 1122.36

7 -1.60 309.12 -1.64 324.45 -1.69 302.90 -1.66 313.47 -1.66 286.23
-1.11 569.47 -1.16 608.69 -1.23 549.74 -1.21 615.50 -1.16 630.89
-0.61 307.22 -0.67 324.24 -0.58 281.46 -0.76 294.05 -0.70 278.25

8 0.00 1396.11 0.00 1401.50 0.00 1457.19 0.00 1085.17 0.00 1101.40

9 0.64 318.62 0.67 343.76 0.90 342.96 0.44 312.37 0.41 291.21
1.03 371.83 1.08 471.87 1.41 261.19 0.85 269.91 0.96 333.71

10 1.37 571.37 1.56 507.77 2.13 237.13 1.51 287.74 1.27 246.17
1.69 550.47 1.89 235.33 2.07 231.84

11 3.79 590.37 4.02 520.38 3.41 335.98 3.62 198.65 3.31 267.01
4.11 639.78 4.17 194.72
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1
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11

Figure G.1: Electron density normal to the brushite-water interface calculated using MD-C2
with labelled peak positions corresponding to Table G.2.

(a) (b)

Figure G.2: The atom density isosurfaces for brushite and water averaged over the molecular
dynamics simulation (MD-C2). (a) The {010} surface of CaHPO4·2H2O is shown
through the [201] plane. For the calcium and phosphate ions, H is white, O
is red, P is tan, and Ca is cyan, while for the water density isosurfaces the
bulk water is blue and H is white (all isosurfaces at 2 atoms/Å3). Oxygens
of water from beyond the first layer are shown with yellow isosurfaces (0.02
atoms/Å3). (b) Top view of the 3D atomic structure of the flat brushite-water
interface for the {010} plane. Average positions of the crystal are represented
with a ball-and-stick model with only the top layer of the phosphate bilayer
shown and calculated density isosurfaces for the first two water layers. For
average positions, H is white, O is red, P is tan, and Ca is cyan. In the water
density isosurfaces the first layer H is white and the first layer O is blue (both
isosurfaces set to 2 atoms/Å3), the second layer O is yellow (0.02 atoms/Å3)
The surface unit cell is indicated with a dashed black line.
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57

Row of atoms L1 Row of atoms L2

Row of atoms U1 Row of atoms U2

Bulk Ca Surface Ca

Figure G.3: Radial distribution functions for the oxygen atoms of water around selected
surface calcium sites near the step, where labels are indicated as per Figure
6 in the main manuscript. The integral of the radial distribution function at
shorter distances is shown in the inset graphs. Black curves refer to a step with
hydrogens pointing outward towards the bulk water and red curves indicate
hydrogen pointing inward towards the bulk brushite. Blue indicates a flat
surface where “surface” refers to a calcium at the {010} brushite- water interface
and “bulk” refers to a calcium within the brushite solid.
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L3 L’3

U’3

Figure G.4: Top view of the density isosurfaces for the [101] steps with (left) hydrogens
facing outward towards water and (right) hydrogens facing inward towards
the bulk. Average positions of the crystal are represented with a ball- and-stick
representation where H is white, O is red, P is tan, and Ca is cyan. The first
water layer is shown via isosurfaces where O is blue and H is white. The step
edge lies horizontally at the center of the figure.
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70

Row of atoms L1/L’1 Row of atoms L2/L’2

Row of atoms L3/L’3 Row of atoms L4/L’4

Figure G.5: Survival functions (logarithmic scale) for water molecules around a set of
calciums on the lower row of the step with hydrogen facing outward towards
the bulk water (red) and hydrogen facing inward away from the bulk water
(blue). Lines of best fit are shown in black.
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71

Row of atoms U4/U’4

Row of atoms U1/U’1 Row of atoms U2/U’2

Row of atoms U3/U’3

Row of atoms U5/U’5

Figure G.6: Survival functions (logarithmic scale) for water molecules around a set of
calciums on the upper row of the step with hydrogen facing outward towards
the bulk water (red) and hydrogen facing inward away from the bulk water
(blue). Lines of best fit are shown in black.



H
A PAT I T E D I S S O L U T I O N S U P P L E M E N TA L I N F O R M AT I O N

h.1 supplementary methods

Pure synthetic apatite crystallites (flat and elongated needle-like crystals ⇠1 -2mm

long) were prepared at the GeoForschungsZentrum Potsdam, Germany as described

by Cherniak et al.378 and Prener et al.379 using the slow-cooled molten flux method.

As described by Hovis and Harlov,58,292 the flux consisted of a mixture of fine

powders of CaCl2 and/or CaF2 in varying proportions which results in fine crystals

of FA and CA.

h.2 supplementary discussion

Conversely to the discussion of the dissolution of natural apatite in the main

manuscript, etch pits were not observed during the dissolution of the synthetic

apatite for either CA or FA (see Supplemental Figure H.3). However, there was

significant difficulty in obtaining well-resolved images for both CA and FA, as the

high roughness and small size of the synthetic samples meant that image scans

were limited in location and size. The needle morphology of CA means that the

face exposed for scanning was parallel to the [0001] direction; however, for FA the

small crystals would need to form etch pits to be able to establish crystallography,

and none were observed. Instead, dissolution appeared to proceed slowly by the

retreat of existing step edges and particle removal.

h.3 supplementary figures and tables

303
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Tube inlet

Solution inlet

Solution outlet

Figure H.1: Schematic diagram of the fluid cell. On each side a hole allows for a tube
attachment. The tube inlet leads to seven solution inlet holes (here only three
shown) into the fluid cell. The solution flows out from the seven outlet holes
(here only four represented). These solution outlet holes connect to the tube
outlet, not shown due to perspective. The central cell is depressed such that a
Teflon puck with a sample can be mounted and removed without disturbing
the sample.
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Figure H.2: Examples of how (a-c) the depth profiles are measured and (d-f) the side
lengths are chosen. In (d) the angles measured are shown. For the morphology
where two etch pits are merging, four angles (between 2-3, 3-4, 5-6 and 6-1) are
reported.
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(a) (b) (c)

Figure H.3: The dissolution of CA after (a) 47, (b) 89 and (c) 103 min after addition of
acidified water (pH 2 HCl solution) showing dissolution via step retreat. Arrows
indicate positions of step-edge retreat with step height of ⇠5 nm.

Figure H.4: Apatite dissolution in pH 2.0 HCl solution where arrows show the shrinking

and eventual disappearance of certain features. Though arrows indicate partic-

ularly striking features, it should be noted that there is shrinking of particle

size across the surface.
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Figure H.5: (left) 2D error image and (right) 3d height image of the polished 001 face of the

apatite surface after 5 minutes in pH 2.0 HCl solution.
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Figure H.6: Example AFM height images of the (101̄0) surface after (left) 41 and (right) 62

minutes of dissolution in pH 2 HCl solution. Imaged in contact mode, scale bar

inset indicates 1µm and height z-scale is indicated on the right of each image.
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Figure H.7: Volume, width, and height as a function of time, where computed slopes are

shown inset. For width and height, colors correspond to the depth profiles

given in Figure H.2. Volume is measured via manual outline of the etch pit

and a Laplacian fit. Width is measured from one etch pit edge to another, and

height is calculated by measuring between the average of the left and right top

height (as defined in Figure H.3), and the lowest height.
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Figure H.8: Example AFM height images of the (101̄0) surface after (left) 9 and (right) 35

minutes of dissolution in pH 2 HCl solution. Imaged in contact mode, scale

bar inset indicates 400 nm and height z-scale is indicated on the right of each

image.
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Figure H.9: Volume, width, and height as a function of time, where computed slopes are

shown inset. For width and height, colors correspond to the depth profiles

given in Figure H.2. Volume is measured via manual outline of the etch pit

and a Laplacian fit. Width is measured from one etch pit edge to another, and

height is calculated by measuring between the average of the left and right top

height (as defined in Figure H.3), and the lowest height.
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Figure H.10: Example AFM height images of the (101̄0) surface after (left) 35 and (right) 41

minutes of dissolution in pH 2 HCl solution. Imaged in contact mode, scale

bar inset indicates 1µm and height z-scale is indicated on the right of each

image.
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Figure H.11: Volume, width, and height as a function of time, where computed slopes are

shown inset. For width and height, colors correspond to the depth profiles

given in Figure H.2. Volume is measured via manual outline of the etch pit

and a Laplacian fit. Width is measured from one etch pit edge to another, and

height is calculated by measuring between the average of the left and right

top height (as defined in Figure H.3), and the lowest height.
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Figure H.12: Example AFM height images of the (101̄0) surface after (left) 145 and (right)

183 minutes of dissolution in pH 2 HCl solution. Imaged in contact mode,

scale bar inset indicates 1µm and height z-scale is indicated on the right of

each image.
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Figure H.13: Volume, width, and height as a function of time, where computed slopes are

shown inset. For width and height, colors correspond to the depth profiles

given in Figure H.2. Volume is measured via manual outline of the etch pit

and a Laplacian fit. Width is measured from one etch pit edge to another, and

height is calculated by measuring between the average of the left and right

top height (as defined in Figure H.3), and the lowest height.
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Figure H.14: Example AFM height images of the (101̄0) surface after (left) 58 and (right)

112 minutes of dissolution in pH 2 HCl solution. Imaged in contact mode,

scale bar inset indicates 2µm and height z-scale is indicated on the right of

each image.
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Figure H.15: Volume, width, and height as a function of time, where computed slopes are

shown inset. For width and height, colors correspond to the depth profiles

given in Figure H.2. Volume is measured via manual outline of the etch pit

and a Laplacian fit. Width is measured from one etch pit edge to another, and

height is calculated by measuring between the average of the left and right

top height (as defined in Figure H.3), and the lowest height.
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Figure H.16: Example AFM height images of the (0001) surface after (left) 68 and (right) 75

minutes of dissolution in pH 2 HCl solution. Imaged in contact mode, scale

bar inset indicates 1µm and height z-scale is indicated on the right of each

image.
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Figure H.17: Volume, width, and height as a function of time, where computed slopes are

shown inset. For width and height, colors correspond to the depth profiles

given in Figure H.2. Volume is measured via manual outline of the etch pit

and a Laplacian fit. Width is measured from one etch pit edge to another, and

height is calculated by measuring between the average of the left and right

top height (as defined in Figure H.3), and the lowest height.
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Figure H.18: Example AFM height images of the (0001) surface after (left) 68 and (right) 75

minutes of dissolution in pH 2 HCl solution. Imaged in contact mode, scale

bar inset indicates 1µm and height z-scale is indicated on the right of each

image.
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Figure H.19: Volume, width, and height as a function of time, where computed slopes are

shown inset. For width and height, colors correspond to the depth profiles

given in Figure H.2. Volume is measured via manual outline of the etch pit

and a Laplacian fit. Width is measured from one etch pit edge to another, and

height is calculated by measuring between the average of the left and right

top height (as defined in Figure H.3), and the lowest height.
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Figure H.20: Example AFM height images of the (0001) surface after (left) 89 and (right)

199 minutes of dissolution in pH 2 HCl solution. Imaged in contact mode,

scale bar inset indicates 4µm and height z-scale is indicated on the right of

each image.
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Figure H.21: Volume, width, and height as a function of time, where computed slopes are

shown inset. For width and height, colors correspond to the depth profiles

given in Figure H.2. Volume is measured via manual outline of the etch pit

and a Laplacian fit. Width is measured from one etch pit edge to another, and

height is calculated by measuring between the average of the left and right

top height (as defined in Figure H.3), and the lowest height.
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Table H.1: Van der Waals radii, target solvation free energy (in eV), computed solvation free

energies (in eV) using the tabulated VDW radius, and percent error between the

target and computed solvation free energies. For F, Cl and Ca target solvation

free energy values are based on experimental values.380 For PO3�
4 (atoms P1

and O7), HPO2�
4 (atoms P2, O8, O9 and H8) and H2PO�

4 (P2, O10, O11, H10)

target solvation free energy values are based on QM values from130, which is

also where the atom naming scheme originates from. For phosphates, QM values

are used due to the wide range of experimental values. The solvation energy

is evaluated using COSMO method. The calculation was performed using the

default maximum distance and smoothing range, an Rsolv=1.2 Å, DRsolv=1.2 Å,

a range for smoothing of 0.2, 110 segments and 110 points.

Atom VDW radius (Å) Target (eV) Computed (eV) % Error

F 1.4520 -4.861 -4.864 -0.07

Cl 1.9800 -3.565 -3.567 -0.05

Ca 1.8885 -10.25 -10.273 -0.22

P1 1.8000
-25.853 -25.853 -0.002

O7 1.3527

P2 1.8000

-11.815 -11.819 -0.03
O8 1.3527

O9 1.4867

H8 1.6491

P2 1.8000

-3.497 -3.497 -0.01
O10 1.5200

O11 1.7970

H10 1.6000
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Table H.2: Surface energy comparison between Demichelis et al. phosphate force field130

and the Mkhonto et al. phosphate force field.381

Mkhonto Mkhonto (recalc) Demichelis

Surface gunrelaxed (Jm�2) grelaxed (Jm�2) (Jm�2) (Jm�2)

{0001} 1.19 0.77 0.747 0.856

{101̄1} 1.81 1.00 1.052 1.235

{112̄1} 2.62 1.11 1.190 1.425

{112̄0} 2.28 1.12 1.075 1.270

{101̄0} 2.84 1.32 0.992 1.375

{101̄3} 2.98 1.94 1.296

Table H.3: Bulk modulus (GPa) comparison between Demichelis et al. phosphate force

field,130 the Mkhonto et al. phosphate force field381 and experiment.382

Experiment Mkhonto Mkhonto (recalc) Demichelis

Reuss 102.72 97.06

93.4 98.8 Voigt 102.84 97.62

Hill 102.78 97.34

Table H.4: Elastic constant (1010Pa) comparison between Demichelis et al. phosphate force

field,130 the Mkhonto phosphate force field381 and experiment.383

C11 C33 C44 C12 C13

Experimental 152.00 185.70 42.80 50.00 63.10

Mkhonto EC 150.60 176.60 53.20 62.80 73.60

% Error 0.92 4.90 -24.30 -25.60 -16.64

Mkhonto (recalc) EC 156.30 172.00 50.50 75.60 72.50

% Error 2.83 -7.38 17.99 51.20 14.90

Demichelis EC 169.75 195.12 53.33 53.73 59.12

% Error 11.68 5.07 24.61 7.45 -6.31
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[198] D. Nečas and P. Klapetek. In: Central European Journal of Physics 10.1 (2012),
pp. 181–188.

[199] G. Treboux, P. Layrolle, N. Kanzaki, K. Onuma, and A. Ito. In: Journal of the
American Chemical Society 122.34 (2000), pp. 8323–8324.

[200] G Mancardi, U Terranova, and N H de Leeuw. In: Crystal Growth & Design
16.6 (2016), pp. 3353–3358.

[201] J. Ma. In: Journal of Materials Science 49.8 (2014), pp. 3099–3106.

[202] M. Kellermeier, P. Raiteri, J.K. Berg, A. Kempter, J.D. Gale, and D. Gebauer.
In: ChemPhysChem 17.21 (2016), pp. 3535–3541.

[203] R.W. Zwanzig. In: The Journal of Chemical Physics 22.8 (1954), pp. 1420–1426.



334 bibliography

[204] G. Hummer, L.R. Pratt, and A.E. García. In: The Journal of Chemical Physics
107.21 (1997), pp. 9275–9277.

[205] G.A. Tribello, M. Bonomi, D. Branduardi, C. Camilloni, and G. Bussi. In:
Computer Physics Communications 185.2 (2014), pp. 604–613.

[206] M. Brehm and B. Kirchner. In: Journal of Chemical Information and Modeling
51.8 (2011), pp. 2007–2023.

[207] P. George, R.J. Witonsky, M. Trachtman, C. Wu, W. Dorwart, L. Richman,
W. Richman, F. Shurayh, and B. Lentz. In: Biochimica et Biophysica Acta (BBA)
- Bioenergetics 223.1 (1970), pp. 1–15.

[208] Y. Marcus. In: Biophysical Chemistry 51.2 (1994), pp. 111–127.

[209] J. Florián and A. Warshel. In: The Journal of Physical Chemistry B 103.46 (1999),
pp. 10282–10288.

[210] A.T. Moser. PhD thesis. 2009.

[211] R.M. Fuoss and C.A. Kraus. In: J. Am. Chem. Soc. 55.1 (1933), pp. 1019–1028.

[212] E. Busenberg and N.L. Plummer. In: Geochimica et Cosmochimica Acta 53.6
(1989), pp. 1189–1208.

[213] W.W. Rudolph and G. Irmer. In: Applied Spectroscopy 61.12 (2007), pp. 1312–
1327.

[214] J.D. Kubicki, K.W. Paul, L. Kabalan, Q. Zhu, M.K. Mrozik, M. Aryanpour, A.
Pierre-Louis, and D.R. Strongin. In: Langmuir 28.41 (2012), pp. 14573–14587.

[215] C. Pye and W. Rudolph. In: The Journal of Physical Chemistry A 107 (2003),
pp. 8746–8755.

[216] M. Cherif, A. Mgaidi, N. Ammar, G. Vallée, and W. Fürst. In: Journal of
Solution Chemistry 29.3 (2000), pp. 255–269.

[217] N. A. Garcia, R. I. Malini, C. L. Freeman, R. Demichelis, P. Raiteri, N. A.
J. M. Sommerdijk, J. H. Harding, and J. D. Gale. In: Crystal Growth & Design
19.11 (2019), pp. 6422–6430.

[218] W. Suchanek and M. Yoshimura. Vol. 13. 1998, pp. 94–117.

[219] V.C. Ghantani, S.T. Lomate, M.K. Dongare, and S.B. Umbarkar. In: Green
Chemistry 15.5 (2013), pp. 1211–1217.

[220] F. Hilbrig and R. Freitag. In: Biotechnology Journal 7.1 (2012), pp. 90–102.

[221] A. Corami, S. Mignardi, and V. Ferrini. In: Journal of Colloid and Interface
Science 317.2 (2008), pp. 402–408.

[222] E.M. Pouget, P.H.H. Bomans, J.A.C.M. Goos, P.M. Frederik, G. de With, and
N.A.J.M. Sommerdijk. In: Science 323.5920 (2009), pp. 1455–1458.

[223] D. Quigley, C.L. Freeman, J.H. Harding, and P.M. Rodger. In: Journal of
Chemical Physics 134.4 (2011).

[224] P.J.M. Smeets, A.R. Finney, W.J.E.M. Habraken, F. Nudelman, H. Friedrich,
J. Laven, James J De Yoreo, P Mark Rodger, and Nico A J M Sommerdijk. In:
Proceedings of the National Academy of Sciences 114.38 (2017), E7882 LP –E7890.

[225] K. Henzler et al. In: Science Advances 4.1 (2018).

[226] D. Zahn. In: Zeitschrift für anorganische und allgemeine Chemie 630.10 (2004),
pp. 1507–1511.



bibliography 335

[227] Neyvis Almora-Barrios and Nora H De Leeuw. In: Crystal Growth & Design
12.2 (2012), pp. 756–763.

[228] X. Yang, M. Wang, Y. Yang, B. Cui, Z. Xu, and X. Yang. In: Physical Chemistry
Chemical Physics 21 (2019), pp. 14530–14540.

[229] N. A. Garcia, P. Raiteri, E. Vlieg, and J. D. Gale. “Water Structure, Dynamics
and Ion Adsorption at the Aqueous [010] Brushite Surface.” In: Minerals 8.8
(2018), p. 334.

[230] B. Xie, T.J. Halter, B.M. Borah, and G.H. Nancollas. In: Crystal Growth &
Design 14.4 (2014), pp. 1659–1665.

[231] K Onuma and A Ito. In: Chemistry of Materials 10.11 (1998), pp. 3346–3351.

[232] Q.X. Li, B.Z. Song, Z.Q. Yang, and H.L. Fan. In: Carbohydrate Polymers 63.2
(2006), pp. 272–282.

[233] A.F. Wallace, L.O. Hedges, A. Fernandez-Martinez, P. Raiteri, J.D. Gale, G.A.
Waychunas, S. Whitelam, J.F. Banfield, and J.J. De Yoreo. In: Science 341.6148
(2013), pp. 885–889.

[234] C.L. Freeman, J.H. Harding, D. Quigley, and P.M. Rodger. In: Angewandte
Chemie-International Edition 49.30 (2010), pp. 5135–5137.

[235] L.B. Gower and D.J. Odom. In: Journal of Crystal Growth 210.4 (2000), pp. 719–
734.

[236] J.S. Evans. In: Chemical Reviews 108.11 (2008), pp. 4455–4462.

[237] Q. Hu et al. In: Faraday Discussions 159 (2012), pp. 509–523.

[238] B. Lu, N.A. Garcia, D.M. Chevrier, P. Zhang, P. Raiteri, J.D. Gale, and D.
Gebauer. In: Crystal Growth & Design 19.5 (2019), pp. 3030–3038.

[239] H.A. Lowenstam and S. Weiner. In: Science 227.4682 (1985), pp. 51–53.

[240] S.V. Dorozhkin. In: Acta Biomaterialia 6.12 (2010), pp. 4457–4475.

[241] N. Michaud-Agrawal, E.J. Denning, T.B. Woolf, and O. Beckstein. In: Journal
of Computational Chemistry 32 (2011), pp. 2319–2327.

[242] Douglas L Theobald. In: Acta Crystallographica Section A 61.4 (2005), pp. 478–
480.

[243] P. Liu, D. K. Agrafiotis, and D. L. Theobald. In: Journal of Computational
Chemistry 31 (2009), pp. 1561–1563.

[244] M Catti, G Ferraris, and A Filhol. In: Acta Crystallographica Section B 33.4
(1977), pp. 1223–1229.

[245] R. Pramanik, J.R. Asplin, M.E. Jackson, and J.C. Williams. In: Urological
Research 36.5 (2008), pp. 251–258.

[246] R. Siener, L. Netzer, and A. Hesse. In: PLoS ONE 8.11 (2013), pp. 1–6.

[247] G. Cama, F. Barberis, M. Capurro, L.D. Silvio, and S. Deb. In: Materials
Chemistry and Physics 130.3 (2011), pp. 1139–1145.

[248] A. Bannerman, R.L. Williams, S.C. Cox, and L.M. Grover. In: Scientific Reports
6 (2016), p. 32671.

[249] R. Laviano and S. Fiore. In: Am. Miner. 76 (1991), pp. 1722–1727.

[250] L. Tortet, J.R. Gavarri, G. Nihoul, and A.J. Dianoux. In: Solid State Ionics 97.1
(1997), pp. 253–256.



336 bibliography

[251] M. Kumar, H. Dasarathy, and C. Riley. In: Journal of Biomedical Materials
Research 45.4 (1999), pp. 302–310.

[252] C. Yan, J. Nishida, R. Yuan, and M.D. Fayer. In: Journal of the American
Chemical Society 138.30 (2016), pp. 9694–9703.

[253] W.M.M. Heijnen and P. Hartman. In: Journal of Crystal Growth 108.1 (1991),
pp. 290–300.

[254] A. Pinto, A. Jiménez, and M. Prieto. In: American Mineralogist 94.2-3 (2009),
pp. 313–322.

[255] A.J. Pinto, E. Ruiz-Agudo, C.V. Putnis, A. Putnis, A. Jimenez, and M. Prieto.
In: American Mineralogist 95.11-12 (2010), pp. 1747–1757.

[256] F. Abbona, F. Christensson, M.F. Angela, and H.E.L. Madsen. In: Journal of
Crystal Growth 131.3 (1993), pp. 331–346.

[257] N. Kanzaki, K. Onuma, G. Treboux, and A. Ito. In: Journal of Crystal Growth
235.1 (2002), pp. 465–470.

[258] L. Scudiero, S.C. Langford, and J.T. Dickinson. In: Tribology Letters 6.1 (1999),
pp. 41–55.

[259] J.L. Giocondi, B.S. El-Dasher, G.H. Nancollas, and C.A. Orme. In: Philo-
sophical Transactions: Mathematical, Physical and Engineering Sciences 368.1917
(2010), pp. 1937–1961.

[260] M.F. Reedijk, J. Arsic, F.F.A. Hollander, S.A. de Vries, and E. Vlieg. In: Physical
Review Letters 90.6 (2003), p. 66103.

[261] W. Jiang, H. Pan, Z. Zhang, S.R. Qiu, J.D. Kim, X. Xu, and R. Tang. In: Journal
of the American Chemical Society 139.25 (2017), pp. 8562–8569.

[262] W.L. Jorgensen, D.S. Maxwell, and J. Tirado-Rives. In: Journal of the American
Chemical Society 118.45 (1996), pp. 11225–11236.

[263] W.L. Jorgensen, J. Chandrasekhar, J.D. Madura, R.W. Impey, and M.L. Klein.
In: The Journal of Chemical Physics 79.2 (1983), pp. 926–935.

[264] S. Hauptmann, H. Dufner, J. Brickmann, S.M. Kast, and R.S. Berry. In:
Physical Chemistry Chemical Physics 5.3 (2003), pp. 635–639.

[265] J.V. Vondele, M. Krack, F. Mohamed, M. Parrinello, T. Chassaing, and J.
Hutter. In: Computer Physics Communications 167.2 (2005), pp. 103–128.

[266] G. Lippert, J. Hutter, and M. Parrinello. In: Molecular Physics 103.2 (1999),
pp. 124–140.

[267] S. Grimme. In: Journal of Computational Chemistry 27.15 (2006), pp. 1787–1799.

[268] S. Goedecker, M. Teter, and J. Hutter. In: Phys. Rev. B 54.50 (1996), pp. 1703–
1710.

[269] A. Bankura, A. Karmakar, V. Carnevale, A. Chandra, and M.L. Klein. In: The
Journal of Physical Chemistry C 118.50 (2014), pp. 29401–29411.

[270] D.B. Asay and S.H. Kim. In: The Journal of Physical Chemistry B 109.35 (2005),
pp. 16760–16763.

[271] J.X. Lu, M. Descamps, J. Dejou, G. Koubi, P. Hardouin, J. Lemaitre, and
J.P. Proust. In: Journal of Biomedical Materials Research 63.4 (2002), pp. 408–412.



bibliography 337

[272] L.J. Pullen and K.A. Gross. In: Journal of Materials Science: Materials in Medicine
16.5 (2005), pp. 399–404.

[273] Y. Bao, Y. Wang, M. Hu, and Q. Wang. Vol. 18. 2017, ws2017151.

[274] D.E. Harlov. In: Elements 11.3 (2015), pp. 171–176.

[275] R.M. Cornell, A.M. Posner, and J.P. Quirk. In: Journal of Inorganic and Nuclear
Chemistry 36.9 (1974), pp. 1937–1946.

[276] A. Danesh, S.D. Connell, M.C. Davies, C.J. Roberts, S.J.B. Tendler, P.M.
Williams, and M J Wilkins. In: Pharmaceutical Research 18.3 (2001), pp. 299–
303.

[277] J.R.A. Godinho, C.V. Putnis, and S. Piazolo. In: Crystal Growth and Design
14.1 (2014), pp. 69–77.

[278] X.B. Chen, J.V. Wright, J.L. Conca, and L.M. Peurrung. In: Environmental
Science & Technology 31.3 (1997), pp. 624–631.

[279] M.W. Guidry and F.T. Mackenzie. In: Geochem. Cosmochim. Acta 67.16 (2003),
pp. 2949–2963.

[280] A.E. Porter, N. Patel, J.N. Skepper, S.M. Best, and W. Bonfield. In: Biomaterials
24.25 (2003), pp. 4609–4620.

[281] C. Chaïrat, J. Schott, E.H. Oelkers, J. Lartigue, and N. Harouiya. In: Geochim-
ica et Cosmochimica Acta 71.24 (2007), pp. 5901–5912.

[282] N. Harouiya, C. Chaïrat, S.J. Köhler, R. Gout, and E.H. Oelkers. In: Chemical
Geology 244.3 (2007), pp. 554–568.

[283] J. Oliva, J. Cama, J.L. Cortina, C. Ayora, and J. De Pablo. In: Journal of
Hazardous Materials 213-214 (2012), pp. 7–18.

[284] C Fischer, I Kurganskaya, and A Luttge. In: Applied Geochemistry 91.February
(2018), pp. 140–148.

[285] S.V. Dorozhkin. In: World Journal of Methodology 2 (2012), pp. 1–17.

[286] S.A. Welch, A.E. Taunton, and J.F. Banfield. In: Geomicrobiology Journal 19.3
(2002), pp. 343–367.

[287] I. Alencar, S. Guedes, R. Palissari, and J.C. Hadler. In: Physics and Chemistry
of Minerals 42.8 (2015), pp. 629–640.

[288] N. Kanzaki, K. Onuma, A. Ito, K. Teraoka, T. Tateishi, and S. Tsutsumi.
Vol. 102. 1998.

[289] H. Pan, J. Tao, X. Xu, and R. Tang. In: Langmuir 23.17 (2007), pp. 8972–8981.

[290] R. Bhowmik, K.S. Katti, and D.R. Katti. In: Journal of Materials Science 42.21
(2007), pp. 8795–8803.

[291] K. Wang, M.H. Wang, Q.G. Wang, X. Lu, and X.D. Zhang. In: Journal of the
European Ceramic Society 37.6 (2017), pp. 2509–2520.

[292] G. Hovis et al. In: American Mineralogist 100.5-6 (2015), pp. 1040–1046.

[293] H.A. Lowenstam. Ed. by Stephen Weiner 1948-. New York: Oxford University
Press, 1989.

[294] Y. Han, K. Xu, G. Montay, T. Fu, and J. Lu. In: Journal of Biomedical Materials
Research 60.4 (2002), pp. 511–516.



338 bibliography

[295] V.C. Mendes, R. Moineddin, and J.E. Davies. In: Biomaterials 28.32 (2007),
pp. 4748–4755.

[296] K. Kwon, E. Wang, A. Chung, N. Chang, E. Saiz, U. Choe, M. Koobatian,
and S. Lee. In: Langmuir 24.19 (2008), pp. 11063–11066.

[297] K.Y. Kwon, E. Wang, N. Chang, and S.W. Lee. In: Langmuir 25.13 (2009),
pp. 7205–7208.

[298] M. Li, L. Wang, W. Zhang, C.V. Putnis, and A. Putnis. In: Crystal Growth &
Design 16 (2016), pp. 4509–4518.

[299] S. Busch, U. Schwarz, and R. Kniep. In: Chemistry of Materials 13.10 (2001),
pp. 3260–3271.

[300] D. Mkhonto and N.H. de Leeuw. In: Journal of Materials Chemistry 12.9 (2002),
pp. 2633–2642.

[301] D. Chew, M. Babechuk, N. Cogné, C. Mark, G. O’Sullivan, I. Henrichs, D.
Doepke, and C. McKenna. In: Chemical Geology 435 (2016).

[302] M.J. Hughes, M. Cameron, and D.K. Crowley. In: American Mineralogist 74
(1989), pp. 870–876.

[303] M.P. Allen. In: Computational Soft Matter 23 (2004), pp. 1–28.

[304] J.T. Kloprogge, R. Lavinsky, and S. Young. Photo Atlas of Mineral Pseudomor-
phism. 1st ed. Elsevier, 2017, p. 290. isbn: 9780128037034.

[305] E.T. Pedrosa, I. Kurganskaya, C. Fischer, and A. Luttge. “A Statistical Ap-
proach for Analysis of Dissolution Rates Including Surface Morphology.” In:
9.8 (2019).

[306] K. Onuma and M. Iijima. “In Situ Atomic Force Microscopy Observation of
Octacalcium Phosphate (100) Face Dissolution in Weak Acidic Solutions.”
In: Journal of Crystallization Process and Technology 5 (2014), pp. 1–8.

[307] K. Kwon, E. Wang, M. Nofal, and S. Lee. “Microscopic Study of Hydroxya-
patite Dissolution As Affected by Fluoride Ions.” In: Langmuir 27.9 (2011),
pp. 5335–5339. issn: 0743-7463.

[308] S.K. Lower, P.A. Maurice, and S.J. Traina. “Simultaneous dissolution of
hydroxylapatite and precipitation of hydroxypyromorphite: direct evidence
of homogeneous nucleation.” In: Geochimica et Cosmochimica Acta 62.10 (1998),
pp. 1773–1780. issn: 0016-7037.

[309] A.C. Lasaga and A. Luttge. In: Science 291.5512 (2001), pp. 2400–2404.

[310] H. He, J. Cao, and N. Duan. “Defects and their behaviors in mineral dissolu-
tion under water environment: A review.” In: Science of The Total Environment
651 (2019), pp. 2208–2217. issn: 0048-9697.

[311] D. Janes. “Characterizing defects and dislocations in apatite using scanning
electron microscopy: implications for U-Th-Sm/He dating.” PhD thesis.
Lehigh University, 2017.

[312] P.S. Charifson, R.G. Hiskey, L.G. Pedersen, and L.F. Kuyper. In: Journal of
Computational Chemistry 12.7 (1991), pp. 899–908.

[313] A. Kawska, O. Hochrein, J. Brickmann, R. Kniep, and D. Zahn. In: Angewandte
Chemie International Edition 47.27 (2008), pp. 4982–4985.



bibliography 339

[314] B.R. Brooks, R.E. Bruccoleri, B.D. Olafson, D.J. States, S. Swaminathan, and
M. Karplus. In: Journal of Computational Chemistry 4.2 (1983), pp. 187–217.

[315] J.D. Gale. 2005.

[316] J. VandeVondele, M. Krack, F. Mohamed, M. Parrinello, T. Chassaing, and
J. Hutter. In: Computer Physics Communications 167.2 (2005), pp. 103–128.

[317] J. VandeVondele and J. Hutter. In: The Journal of Chemical Physics 118.10
(2003), pp. 4365–4369.

[318] J. Wang, G. Román-Pérez, J.M. Soler, E. Artacho, and M.V. Fernández-Serra.
In: The Journal of Chemical Physics 134.2 (2011), p. 24516.

[319] R.A. DiStasio, B. Santra, Z. Li, X. Wu, and R. Car. In: The Journal of Chemical
Physics 141.8 (2014), p. 84502.

[320] M. Guidon, J. Hutter, and J. VandeVondele. In: Journal of Chemical Theory and
Computation 6.8 (2010), pp. 2348–2364.

[321] David R. Lide. CRC handbook of chemistry and physics. Vol. 85. 2004.

[322] Y. et al. Shao. In: ().

[323] A.V. Marenich, R.M. Olson, C.P. Kelly, C.J. Cramer, and D.G. Truhlar. In:
Journal of Chemical Theory and Computation 3.6 (2007), pp. 2011–2033.

[324] Y. Zhao and D.G. Truhlar. In: Theoretical Chemistry Accounts 120.1 (2008),
pp. 215–241.

[325] L. Pegado, O. Marsalek, P. Jungwirth, and E. Wernersson. In: Physical Chem-
istry Chemical Physics 14.29 (2012), pp. 10248–10257.

[326] M. Mathew, L.W. Schroeder, B. Dickens, and W.E. Brown. In: Acta Crystallo-
graphica Section B 33.5 (1977), pp. 1325–1333.

[327] A. Pedone, M. Corno, B. Civalleri, G. Malavasi, M.C. Menziani, U. Segre,
and P. Ugliengo. In: Journal of Materials Chemistry 17.20 (2007), pp. 2061–2068.

[328] L. Liang, P. Rulis, and W.Y. Ching. In: Acta Biomaterialia 6.9 (2010), pp. 3763–
3771.

[329] K. Sugiyama and M. Tokonami. In: Physics and Chemistry of Minerals 15.2
(1987), pp. 125–130.

[330] S. Zhai et al. In: American Mineralogist 98.10 (2013), pp. 1811–1816.

[331] M. Yashima, A. Sakai, T. Kamiyama, and A. Hoshikawa. In: Journal of Solid
State Chemistry 175.2 (2003), pp. 272–277.

[332] B. Viswanath, R. Raghavan, N.P. Gurao, U. Ramamurty, and N. Ravishankar.
In: Acta Biomaterialia 4.5 (2008), pp. 1448–1454.

[333] X. Yin and M.J. Stott. In: The Journal of Chemical Physics 118.8 (2003), pp. 3717–
3723.

[334] M.G. Taylor, K. Simkiss, and M. Leslie. In: Journal of the Chemical Society,
Faraday Transactions 90.4 (1994), pp. 641–647.

[335] J.D. Gale and N.J. Henson. In: Journal of the Chemical Society, Faraday Transac-
tions 90.20 (1994), pp. 3175–3179.

[336] C. Meis, J.D. Gale, L. Boyer, J. Carpena, and D. Gosset. In: The Journal of
Physical Chemistry A 104.22 (2000), pp. 5380–5387.



340 bibliography

[337] W.T. Lee, M.T. Dove, and E.K.H. Salje. In: Journal of Physics: Condensed Matter
12.48 (2000), pp. 9829–9841.

[338] R.I. Ainsworth, D.D. Tommaso, J.K. Christie, and N.H. de Leeuw. In: The
Journal of Chemical Physics 137.23 (2012), p. 234502.

[339] T. Lin and H. Heinz. In: The Journal of Physical Chemistry C 120.9 (2016),
pp. 4975–4992.

[340] R.W. Nurse, J.H. Welch, and W. Gutt. In: Journal of the Chemical Society 0
(1959), pp. 1077–1083.

[341] M. Catti, G. Ferraris, and S.A. Mason. In: Acta Crystallographica Section B 36.2
(1980), pp. 254–259.

[342] D.D. Wagman, W.H. Evans, V.B. Parker, R.H. Schumm, and I. Halow. In:
National Standard Reference Data System (1982).

[343] M.B. Tomson and L. Vignona. In: ed. by Jerome O Nriagu and Paul B Moore.
Berlin, Heidelberg: Springer Berlin Heidelberg, 1984, pp. 386–399.

[344] W.F. Jaynes, P.A. Moore, and D.M. Miller. In: Journal of Environmental Quality
28.2 (1999), pp. 530–536.

[345] L.C. Chow. In: Monographs in oral science 18 (2001), pp. 94–111.

[346] S.V. Dorozhkin. In: Biomatter 1.2 (2011), pp. 121–164.

[347] R.I. Martin and P.W. Brown. In: Journal of the American Ceramic Society 80.5
(1997), pp. 1263–1266.

[348] E. Fernandez, F.J. Gil, M.P. Ginebra, F.C.M. Driessens, J.A. Planell, and S.M.
Best. In: Journal of Materials Science: Materials in Medicine 10.3 (1999), pp. 169–
176.

[349] W. Habraken, P. Habibovic, M. Epple, and M. Bohner. In: Materials Today
19.2 (2016), pp. 69–87.

[350] L Addadi, S Raz, and S Weiner. In: Advanced Materials 15.12 (2003), pp. 959–
970.

[351] L.B. Gower. In: Chemical Reviews 108.11 (2008), pp. 4551–4627.

[352] M.J. Glimcher, L.C. Bonar, M.D. Grynpas, W.J. Landis, and A.H. Roufosse.
In: Journal of Crystal Growth 53.1 (1981), pp. 100–119.

[353] K. Nitiputri, Q.M. Ramasse, H. Autefage, C.M. McGilvery, S. Boonrungsiman,
N.D. Evans, M.M. Stevens, and A.E. Porter. eng. In: ACS nano 10.7 (2016),
pp. 6826–6835.

[354] K. Yamashita, Y. Horisaka, K. Satomura, and T. Takagi. In: Japanese Journal of
Oral Biology 33.2 (1991), pp. 166–173.

[355] M.J. Olszta, E.P. Douglas, and L.B. Gower. In: Calcified Tissue International
72.5 (2003), pp. 583–591.

[356] K. Bleek and A. Taubert. In: Acta Biomaterialia 9.5 (2013), pp. 6283–6321.

[357] K. Jiao, L. Niu, C. Ma, X. Huang, D. Pei, T. Luo, Q. Huang, J. Chen, and
F.R. Tay. In: Advanced Functional Materials 26.38 (2016), pp. 6858–6875.

[358] C. Holt, M.J.J.M. van Kemenade, J.E. Harries, L.S. Nelson, R.T. Bailey, D.W.L.
Hukins, S.S. Hasnain, and P.L. De Bruyn. In: Journal of Crystal Growth 92.1
(1988), pp. 239–252.



bibliography 341

[359] Carl Holt, Mathea J J M van Kemenade, Lowell S Nelson, Lindsay Sawyer,
John E Harries, Raymond T Bailey, and David W L Hukins. In: Journal of
Dairy Research 56.3 (1989), pp. 411–416.

[360] Z. Zyman, M. Epple, A. Goncharenko, D. Rokhmistrov, O. Prymak, and
K. Loza. In: Journal of Crystal Growth 450 (2016), pp. 190–196.

[361] Zoltan Zyman, Anton Goncharenko, and Dmytro Rokhmistrov. In: Journal of
Crystal Growth 478 (2017), pp. 117–122.

[362] P. Layrolle and A. Lebugle. In: Chemistry of Materials 6.11 (1994), pp. 1996–
2004.

[363] C. Holt, M.J.J.M. van Kemenade, L.S. Nelson, L. Sawyer, J.E. Harries, R.T.
Bailey, and D.W.L. Hukins. In: Journal of Dairy Research 56.3 (1989), pp. 411–
416.

[364] R.Z. LeGeros. In: Calcified Tissue International 37.2 (1985), pp. 194–197.

[365] S. Grimme, J. Antony, S. Ehrlich, and H. Kreig. In: The Journal of Physical
Chemistry 132.15 (2010), p. 154104.

[366] E. Chamorro, F. De Proft, and P. Geerlings. In: The Journal of Chemical Physics
123.15 (2005), p. 154104.

[367] R.T. Bailey and C. Holt. In: ed. by David W L Hukins. London: Macmillan
Education UK, 1989, pp. 93–120.

[368] D. Eichert, M. Salomé, M. Banu, J. Susini, and C. Rey. In: Spectrochimica Acta
Part B: Atomic Spectroscopy 60.6 (2005), pp. 850–858.

[369] A.P. Shpak, V.L. Karbovskii, and V.V. Trachevskii. In: Journal of Electron
Spectroscopy and Related Phenomena 88-91 (1998), pp. 973–976.

[370] L.S. Nelson, C. Holt, J.E. Harries, and D.W.L. Hukins. In: Physica B: Condensed
Matter 158.1 (1989), pp. 105–106.

[371] C. Holt and D.W.L. Hukins. In: International Dairy Journal 1.3 (1991), pp. 151–
165.

[372] D. Gebauer et al. In: Angewandte Chemie International Edition 49.47 (2010),
pp. 8889–8891.

[373] M. Farhadi-Khouzani, D.M. Chevrier, P. Zhang, N. Hedin, and D. Gebauer.
In: Angewandte Chemie International Edition 55.28 (2016), pp. 8117–8120.

[374] A.L. Ankudinov, B. Ravel, J.J. Rehr, and S.D. Conradson. In: Phys. Rev. B
58.12 (1998), pp. 7565–7576.

[375] J.E. Harries and D.W.L. Hukins. In: Journal of Physics C: Solid State Physics
19.34 (1986), pp. 6859–6872.

[376] M. Newville, B.I. Boyanov, and D.E. Sayers. In: Journal of Synchrotron Radiation
6.3 (1999), pp. 264–265.

[377] S. Somrani, C. Rey, and M. Jemal. In: J. Mater. Chem. 13.4 (2003), pp. 888–892.

[378] D.J. Cherniak. In: Geochimica et Cosmochimica Acta 64.22 (2000), pp. 3871–3885.

[379] J.S. Prener. In: Journal of the Electrochemical Society 114.1 (1967), p. 77.

[380] Y. Marcus. Ion properties. English. New York, 1997.

[381] D. Mkhonto, P.E. Ngoepe, T.G. Cooper, and N.H. de Leeuw. In: Physics and
Chemistry of Minerals 33.5 (2006), pp. 314–331.



342 bibliography

[382] P. Comodi, Y. Liu, P.F. Zanazzi, and M. Montagnoli. In: Physics and Chemistry
of Minerals 28.4 (2001), pp. 219–224.

[383] M.C. Sha, Z. Li, and R.C. Bradt. In: Journal of Applied Physics 75.12 (1994),
pp. 7784–7787.



colophon

This thesis was typeset using the typographical look-and-feel classicthesis devel-
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