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Organic additives are well known to influence the nucleation and growth of
minerals. A combination of experimental and theoretical methods has been
used to probe how three simple additives, containing varying numbers of
carboxylate groups, influence the early stages of the growth of calcium
carbonate. Computationally, the free energy landscape has been examined
for each additive binding to Ca®’, the calcium carbonate ion pair, the
surface of an amorphous calcium carbonate nanoparticle, and the basal
plane of calcite. The different influence of the three organic ligands on the
early stages of growth of calcium carbonate observed experimentally can be
rationalised in terms of the degree of association of each anion with the
species present prior to, and immediately after nucleation.

1 Introduction

Calcium carbonate occurs naturally in the structures of many organisms as a result
of biomineralisation.' Aside from playing either a protective role in shells® or a
support function in skeletons,” it has also been found in primitive vision systems as
an optical material.* Unsurprisingly, this diversity of purpose and wide occurrence
in nature has led to calcium carbonate being one of the most extensively studied
substances in the field of biomineralisation.”® Despite this, there remains much to

s learn regarding the pathways by which organisms can selectively choose between

polymorphs and organise crystallites into complex morphologies.7 Factors including
the control of ion concentration,’ use of confined environments,® and the interaction
of organic species during crystal glrowth9 are all possible influences, though a clear
picture of the atomic level detail remains elusive.

Even without the full complexity of an in vitro environment, understanding the
crystallisation of calcium carbonate presents many challenges. Three crystalline
polymorphs of CaCO;, namely calcite, aragonite and vaterite, in order of stability at
ambient conditions, compete with each other, in addition to two hydrates
(monohydrocalcite and ikaite) under certain conditions.'®'' While the structures of

s calcite and aragonite are well known, the nature of the disorder within vaterite

continues to be debated.'>'* Under conditions appropriate to biomineralisation there
is increasing evidence that formation of crystalline polymorphs occurs via the initial
nucleation of amorphous calcium carbonate (ACC), which subsequently transforms
upon agglomeration of nanoparticles.6 ACC itself is a complex material that exhibits
variable characteristics depending on whether it is biogenic or not.'* This may
reflect varying degrees of water content from anhydrous to 1-2 waters per formula
unit,'® the presence of impurities, most notably magnesium,'® but potentially even

incorporation of organics,'” as well as perhaps intrinsic polyamorphism.'®
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In the last few years it has become apparent that the fascinating growth
mechanisms of calcium carbonate can challenge our understanding even prior to the
appearance of ACC. In contravention of classical nucleation theory, the presence of
stable pre-nucleation clusters beyond simple ion pairs can be detected
experimentally.'® Through a combination of computer simulation and experiment,
these precursor species have been shown to be a supramolecular polymer of calcium
and carbonate ions that is constantly changing structure and remains in equilibrium
with the solution, thereby avoiding a phase boundary.?’ Furthermore, such clusters
can change from rings to linear to branched chains all with a free energy difference
that is comparable to ambient thermal energy. Because of these characteristics, this
new species has been named as a Dynamically Ordered Liquid Like Oxyanion
Polymer (DOLLOP). The dominant coordination numbers for calcium and carbonate
ions by other anions or cations, respectively, in DOLLOP are 1, 2 and 3, thereby
making it quite distinct from ACC.2%!

While the influence of the biological environment on ACC remains the focus of
many studies,? the identification of pre-nucleation species raises the possibility that
the control of biomineralisation might begin even earlier in the crystal growth
processes.”>** Indications that this may be possible come from the prior discovery of
Polymer-Induced Liquid-Precursor (PILP).®** Here the addition of polyaspartate to a
solution of calcium carbonate is found to generate a phase separated liquid mineral
precursor whose shape can be manipulated. Inspired by this possibility, the aim of
the present study is to perform a first examination of how the presence of organic
species may alter the nature of pre-nucleation species of calcium carbonate. Rather
than attempt to probe an in vitro system with all its inherent complexity, we begin
by exploring the effects of several simple organic additives under controlled
conditions. Specifically, we consider the three anions of acetate (CH3CO,),
aspartate ((O,CCH(NH;")CH,CO,') and citrate ((O,CC(OH)(CH,CO,"),) that contain
a varying number of carboxylate groups from one to three, as well as different net
charges. It is hoped that this information may offer preliminary insights as to how
larger and more complex organics with similar functional groups may direct the
nucleation and growth of calcium carbonate.

2 Methodology
2. A Experimental

All chemicals were used without further purification. Aqueous solutions were
prepared with water taken from a Milli-Q system. Details regarding our pH-constant
experimentation have already been described extensively in the literature.'®?*2
However, we now utilize vessels that are surrounded by a jacket fed with oil from a
thermostat, keeping the solution temperature constant at (25 £ 0.2)°C. Titrations
were carried out by dosing 10 mM calcium chloride solution (Ca ion standard,
Metrohm) into 50 mL of a 10 mM carbonate buffer (pH = 9.00, prepared using
sodium hydrogen carbonate from Riedel-de Haen (ACS reagent, > 99.7%) and
anhydrous sodium carbonate from Sigma-Aldrich (ACS reagent, > 99.9%)) at a
constant rate of 10 pL min™', while the calcium potential was recorded with an ion-
selective electrode and the pre-set pH was kept constant by means of counter-
titration with 10 mM NaOH (Alfa Aesar, standard solution). This procedure allows
to determine the concentration of free calcium and carbonate ions throughout the
different early stages of precipitation (i.e. pre-nucleation, nucleation, post-
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nucleation).'”* The reference experiment without additives was compared to assays
in which 1 mM, 5 mM, and 10 mM of L-aspartic acid (Acros, > 98%) or sodium
acetate (NaOAc, Merck, anhydrous, p.a.) were added to the carbonate buffer of the
same pH prior to titration. Additive-containing buffers were prepared by mixing 20
mM carbonate buffer with an equal volume of a 2, 10, or 20 mM solution of the
respective additive in water, which had previously been adjusted to pH 9.00 with
NaOH. For further comparison and to elucidate the role of ionic strength, additional
reference runs were carried out in which carbonate buffers containing different
amounts of sodium chloride (VWR Prolabo, AnalaR, > 99.9%) were used. Finally, in
order to assess binding of Ca?" ions by the additives, independent titration
experiments were conducted where CaCl, was dosed into aqueous solutions of the
additives (as well as NaCl) at corresponding concentrations (likewise set to pH
9.00), but in the absence of carbonate.

2. B Simulation methods

In order to probe the atomistic detail of what is occurring when organic additives are
present during the pre- and early post-nucleation period of calcium carbonate
formation from aqueous solution we have performed molecular dynamics
simulations based on force field methods.

The key to reliable simulations is the quality of the force field parameterisation.
We have extensively studied this aspect in previous works, to ensure that important
aspects of the thermochemistry of calcium carbonate are correctly described.?’ In
particular, a model has been developed that accurately reproduces the free energy
difference between calcite and aragonite at ambient conditions, while also capturing

s the metastability of the disordered vaterite phase. Furthermore, the interactions of

the component ions, Ca®" and CO5”, with water, as represented by the SPC/Fw force
field,”® have been fitted in order to reproduce experimental free energies of solvation
of the species. Here we adopt the latest version of the force field that includes
anharmonic bond-bond and bond-angle coupling within the carbonate anion. A full
description of the force field, including the parameters can be found elsewhere.”’ By
combining the quasiharmonic lattice free energy with the solvation free energies of
the ions, as well as correcting for the gas phase translational and rotational entropy
(for carbonate) of the ions, the free energy of dissolution can be estimated. Here our
computed value for calcite of +46.3 kJ/mol compares favourably with the

s experimental value of +48.4 kJ/mol.

In the present work it was necessary to extend the parameterisation of the force
field to include organic species and their interaction with Ca*" and the other species
present in solution. There are many different organic force fields already available
from the biological community and there have already been numerous works that
have used several of these models to consider the interaction of organic molecules
with calcium carbonate. One of the earliest was that of Griffiths and Heyes” who
used the CVFF force field*® to study the binding of sulfonates and phenates to small
amorphous CaCOjs clusters. Later de Leeuw and Cooper’' also employed the same
organic force field to examine the binding of small C1 & C2 organics on calcite,

s though in combination with a shell model for water that was subsequently found to

freeze at longer timescales. Recently Aschauer et al*> have extended this combined
shell model water approach to the study of polyacrylic and polyaspartic acids on
calcite, but now using Dreiding®® instead of CVFF. Duffy, Harding and co-workers
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have examined the influence of self-assembled monolayers on the nucleation and
growth of calcium carbonate®*®, in particular for stearic acid, using the
CHARMM?* force field for the organic part. A recent study of the binding of
alkaline metal cations to the aspartate anion by Hamm et al’” also favours the use of
CHARMM for the organic interactions. In contrast, Metzler et al’® have used the
AMBER?Y force field to examine peptide-induced aggregation of calcium and
carbonate ions in solution. An attempt to produce a general force field for the
simulation of biomineralisation was made by Freeman ef al*® based on the CaCOs
model of Pavese and co-workers’' combined again with the use of AMBER for the
organic part. Surveying the trends in the above literature, it is clear that the trend is
towards the use of more extensive and specific organic force fields, such as AMBER
and CHARMM, as opposed to more generic parameterisations like CVFF and
Dreiding. Here we choose to adopt the CHARMM force field for the intramolecular
organic interactions.

When considering the organic-water interactions it is necessary to refit the
interaction parameters, rather than taking them unmodified from the existing
CHARMM force field, for two reasons. Firstly, we are using the SPC/Fw force field
for water, whereas CHARMM parameters were derived for the TIP3P water model.
Secondly, an important part of our philosophy is to try to ensure that the
experimental thermodynamics are reproduced where possible, and in particular, the
free energy of solvation of all ions. Failure to consider this may lead to incorrect
binding energies in the simulations. Hence the organic-water parameters have been
varied to ensure the solvation properties are correct (final parameters are given in
the Electronic Supplementary Information as Tables S1-3).

One of the issues that must be addressed in the above approach is to determine the
reference value of the free energy of solvation. While there are numerous
experimental and theoretical studies available for the solvation of acetate anion,
values for L-aspartate and citrate in the protonation state appropriate to the pH of
interest are harder to find. In order to supplement the experimental information
available, which will be discussed during the results section, we have also performed
quantum mechanical calculations to estimate the free energy of solvation. Here the
relevant anions were optimised using density functional theory with the M06 meta
hybrid exchange-correlation functional of Zhao and Truhlar,*” in conjunction with a
6-31+G** Gaussian basis set. These calculations were performed within the
framework of the SM8* implicit solvation model with the parameters, including
dielectric constant, set appropriate to water. All calculations have been performed
using the QChem software.** While inclusion of an explicit solvation shell of water
is often required in order to obtain an accurate description of species in solution, the
SM8 model has been calibrated to yield accurate solvation free energies without
this.

Interactions between the organics and water were initially taken from the
bicarbonate-water interactions taken from our previous study with rescaling of the 4
parameter by the ratio of the charges. The parameters for the water-carboxylate
interactions were then refined against the target free energy of solvation. All initial
free energies of solvation were computed using a modified version of
DL_POLY 2.19*+ by use of a two-stage perturbation approach, as described in
previous work. Subsequent refinement was performed by using the perturbation
between two sets of interatomic parameters to compute the change in the free energy
of solvation.

4 | [journal], [year], [vol], 00-00
This journal is © The Royal Society of Chemistry [year]



a

4

o«

o

&

=3

The final set of force field parameters required for the present work involves the
interaction between Ca’’ and the organic species. Given that there is limited
crystallographic or other experimental evidence to fit against, we have taken a
similar approach to previous works by using scaling relationships to determine the
coefficients for a Buckingham potential in the case of the Ca-O interaction:

r, | C,
- L '}
Uy =A;exp 3

Py) T
Here the leading coefficient is scaled by the charge of the oxygen with which the

calcium is interacting (given that the calcium charge is fixed at +2) relative to the
parameter fitted for Ca-O in bulk calcium carbonate:

_ 4ca-co;| Yo
Aii - Alf/' —
Yo(co,)

While this scaling relationship was found to work well in transferring parameters
from carbonate to bicarbonate, evaluation of the ion pair free energies based on the
resulting short-range potentials showed a systematic over-binding. To correct for
this, a uniform scaling was applied of 1.34 to the Buckingham A parameters between
calcium and carboxylate oxygen. The final set of intermolecular force field
parameters used in the present work, including those previously published for
aqueous calcium carbonate systems, are given as Electronic Supporting Information
(Tables S1-S3 with Figures S1-S3 showing the charges used). Intramolecular
interactions are generated from the CHARMM force field”’ using the CGenFF
program.*® Note that long-range interactions, including Coulomb terms, are excluded
for 1-2 and 1-3 connected atoms, with the exception of bicarbonate and acetate,
where the 1-4 interactions were also excluded.

One of the issues that must be addressed when simulating carbonate speciation in
water, as well as that of polybasic organics, is that of pH. The pKa of acetic acid is
4.76 and so we can consider it as being essentially fully dissociated under the basic
conditions of interest here. Aspartic acid has three pKa values of approximately 2.1,
3.9 and 9.8 and so will have lost both carboxyl protons under mildly basic
conditions. Hence we consider aspartate as being in the zwitterionic form in which
the amine group remains protonated to give a net charge of -1. Citric acid is also
tribasic, but with pKa values of 3.2, 4.8 and 5.2 the citrate anion can be regarded as
completely deprotonated under relevant conditions.

In the conventional molecular mechanics force field derived above the
protonation state of all functional groups must be specified a priori and thus this
represents an approximation. In order to test the validity of the assumptions made
we have also chosen to perform simulations using a reactive force field model. Here
we use the ReaxFF formalism of van Duin and co-workers* as implemented in the
program GULP.*® Parameters for aqueous calcium carbonate systems in ReaxFF
have been determined by Gale e al’' using a fixed charged model for the calcium
cation, which essentially remains fully ionic in aqueous conditions. A fully reactive
model for calcium-containing systems has subsequently been derived,” though this
appears not to be offer substantial benefits for the present system and yields inferior
results for calcite. Thus the unreactive calcium model is retained in the present
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study. To allow for the incorporation of organics the parameters developed for the
simulation of peptides™ in water have been used.

All molecular dynamics simulations using ReaxFF have been performed using a
domain decomposition algorithm with iterative charge solution. A time step of 0.5 fs
was employed in combination with a stochastic integrator.sz"55 For each combination
of ions studied, the species were placed in a system containing 308 water molecules
within a cubic cell of just over 20 A along each side. An NPT ensemble was used
with the cubic cell being allowed to vary isotropically at 298.15 K. Where the
system was charged, a neutralising background charge was applied, as well as a
Madelung correction, to remove the spurious interaction between images. All
simulations were run for 100 ps of equilibration followed by 2.5 ns for production.

All MD simulations using the standard unreactive force field approach have been
performed with LAMMPS?* (version as of 27" October 201 1) using a 1 fs time step
and the PPPM algorithm for the calculation of the reciprocal space contribution to
the electrostatics. A chain of 5 Nosé-Hoover thermostats and barostats with
relaxation times of 0.1 and 1.0 fs, respectively, has been used in all simulations to
control temperature and pressure ensuring that the correct ensemble was sampled.
The free energy calculations have been performed using the PLUMED 1.3 plug-in®’
in the NVT ensemble. The distance, or minimum distance, was used as a collective
variable, depending on the number of carboxyl groups that were present in the
binding species. Well-tempered metadynamics™ with a bias factor equal to 11 and
50 multiple-walkers®® have been used in all calculations. The initial Gaussian height
and width were kT and 0.1A, respectively, with a new Gaussian being added every
0.5 ps during a total simulation length of 130 ns.

Car-Parrinello molecular dynamics (CPMD) simulations of the citrate-water
system were also carried out to provide additional points of comparison for the force
fields developed in this work. Due to the computational expense inherent to first-
principles simulations, we considered only modest length-scales and time-scales
here, with a system comprising one citrate molecule (featuring three carboxylate
anionic groups), 128 water molecules, and three Na' counter ions (405 atoms in
total). To perform these simulations we used the CPMD software package®® version
3.13.2, with the BLYP®"*? functional and ultrasoft®® pseudopotentials, along with a
plane wave cut-off of 340.1 eV. The system was contained in a cubic simulation cell
of side-length 16.1A, with 3-D periodic boundary conditions used throughout. Prior
to the CPMD run, the system was geometry optimised to a threshold of 2.57 eVA™.
All atoms were free to move in the simulation, which was conducted in the NVT
ensemble at 300 K, using a Nosé-Hoover thermostat with a coupling-constant of
2915 em™. A time-step of 0.0968 fs and a fictitious electron mass of 400 atomic
units were used, and k-point sampling included the I'-point only. The duration of the
CPMD simulation was 5 ps in total, of which the first 2 ps was treated as
equilibration and only the last 3 ps was used for subsequent analysis.

For the purposes of our analysis of the first principles molecular dynamics, we
define two types of carboxylate present in citrate, denoted as OM and OE, signifying
the central and end carboxylates respectively, with the label OH indicating the
oxygen of the central hydroxyl group. We have calculated radial distribution
functions (RDFs) around the OM, OE and OH sites using a bin width of 0.02 A.
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3 Results
3. A Pre-nucleation clusters in the absence of organics

The nature of pre-nucleation clusters in the absence of additives other than a
background electrolyte has already been previously described in earlier work.?® Here
we describe the salient features that are relevant to any discussion of the influence of
additives. In our previous studies we have demonstrated that calcium and carbonate
ions come together in solution to create both ion pairs and higher aggregates known
as DOLLOP. These DOLLOP structures involve dynamically evolving chains of
alternating calcium and carbonate ions that can branch, form rings, lose and gain
ions. Because of the rapid exchange of ions with solution there is no phase boundary
between these species. The combination of strong hydration, leading to enthalpic
stabilisation, and favourable entropic contribution, resulting from the large number
of microstates available within an almost degenerate energy, means that these
species are thermodynamically stable with respect to ions and ion pairs in solution at
mM concentrations and alkaline pH. The DOLLOP species remain structurally
distinct from ACC, including hydrous ACC; whether there is an activated process
that connects DOLLOP to ACC or whether conversion occurs by dissolution and
regrowth remains unknown at present.

3. B Solvation of isolated organic anions

Following the approach taken for the derivation of a force field model to describe
both Ca®" and CO;* in aqueous solution, the interaction of the three organic anions
with water has been parameterised in order to reproduce the free energy of
hydration, while also trying to ensure a reasonable solvation environment about the
key functional groups. Any error in the thermodynamics of solvation is likely to
impact on the competition between the anions binding to cationic species versus
remaining isolated in aqueous solution.

In the case of acetate there are numerous values for the free energy of hydration
available in the literature, as summarised in Table 1. Because the experimental
values for this quantity can only be inferred indirectly, in the case of an anion via a
thermodynamic cycle, this leads to a degree of variability. Theoretically, there is
also some scatter in the values with Gao et al** demonstrating that the value
obtained from ab initio calculations is sensitive to the combination of the level of
quantum mechanical theory, basis set and solvation model chosen. Similarly within
force field studies the results will depend on the parameterisation of the water model
and whether polarisation effects are included.®® Here the value for the free energy of
hydration from the model adopted spans the range of several of the less extreme
values, to within the statistical uncertainty in the final result, while being slightly
less exothermic than the value obtained from the quantum mechanical calculations
performed in the present work.

There are also many studies of the aspartate anion in the literature because of its
relationship to biological molecules. This includes examinations of conformational
and tautomeric equilibria,®® and calculation of the pK, values.” Despite this, there
appears to be no explicit estimate of the free energy of hydration available.
Furthermore, because the zwitterionic configuration that is adopted by the anion in
solution is unstable in the gas phase, it is not possible to construct a purely
experimental thermodynamic cycle to obtain the free energy of hydration.
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Consequently we have adopted the SM8/M06/6-31+G** value for this quantity as an
appropriate target. Although it would be possible to precisely reproduce the quantum
mechanical free energy of solvation by fine-tuning of the water interactions, it was
considered that a slight overestimate was acceptable given the uncertainties in the
target value and that the acetate value also deviates from the quantum mechanical
estimate in the same direction.

For both citric acid and citrate there is also a dearth of information in the
literature regarding the thermodynamics of hydration, again leading us to take the
SM8/M06/6-31+G** value as the best available estimate for evaluation of the force
field. As per acetate and aspartate, the absolute magnitude of the solvation free
energy with the force field model is slightly under-estimated, but only by a few
kJ/mol, which is well within the uncertainty of the target quantity.

Table 1 Comparison of literature values (experiment and theory) for the free energies of hydration
of the acetate, aspartate and citrate anions with the computed values at the M06/6-31+G** level of
theory within the SM8 solvation model (QM) and force field calculations, as determined in the
present work. All values are in kJ/mol.

Acetate Aspartate Citrate
Experiment -337.4°
-322.2°
-313.8°
Theory -343.8"
-341¢
-278 to -338°
-320 to -325°
-324.3"
QM (this work) -334.4 -418.9 -1774
Force field (this work) -326+3 -414+£3 -177143

a. from Ref.*® b. from Ref.* c. from Ref.” d. from Ref.”' e. from Ref.* . from Ref.®

Aside from considering the thermodynamics of solvation, it is also important to
examine whether the structure of water around the organics is reasonable. While
both acetate and aspartate have been studied previously in the literature, the least
well-calibrated system is that of citrate. Given that it is the most highly charged of
the three anions, it is also represents the most severe test of the degree of water

s ordering in the first hydration shell. As there is no experimental data to compare

against, that we are aware of, first principles simulations of citrate in water have
been performed to provide comparative information. Sodium counter-ions were
employed for charge neutrality as they have a low tendency to associate with the
citrate anion. It is important to note that there are limitations on the interpretation of
the data obtained from the first principles molecular dynamics too, including the
systematic errors of current GGA functionals for the structure and dynamics of
water, and also the short time scale that is accessible. We note that inclusion of van
der Waal’s interactions appears to improve some aspects of the description of
water,’” and artificially increasing the temperature may be a pragmatic approach to

s improve the results. However, neither of these approaches was used in the present

work.
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Figure 1 Radial distribution function (g(r)) for the oxygens (OE) of the two equivalent carboxylate
groups of citrate to H (top) and O (bottom) of water.

s In Figure 1 the radial distribution functions for selected interactions between
citrate and water are given, as determined according to the conventional force field,
ReaxFF and first principles molecular dynamics (CPMD). Starting with the
carboxylate groups, all three methods show good agreement as to the position of the
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first peaks for OE to both the hydrogen and oxygen of water. Even the subsequent
solvation shells seen in the OE-OW distribution are in good agreement, allowing for
the inherent noise present in the CPMD data due to the restricted sampling. The
main discrepancy is that the ReaxFF model indicates some splitting of the first peak
s for both OE-OW and OE-HW, while this is absent for the other two methods. This is
due to the fact that the ReaxFF citrate RDFs are computed from a simulation that
also contains a Ca’* counter ion. Although this cation is initially separated by half of
a box length, during the course of the 2.5 ns run the ions diffuse together to form a
solvent separated ion pair, thereby perturbing the distribution of hydrogen bonds
10 around citrate.

14 T T T I I I
12
10
08
g Force Field —=—
ReaxFF —e— |
06 CPMD ——
0.4 _
0.2 -
00 | | | |
1 2 3 4 5 6 7 8

Distance (A)

Figure 2 Radial distribution function for oxygen of the hydroxyl group of the citrate anion to the
hydrogens of water molecules as computed with three different methods.

Turning to consider the radial distribution functions for the hydroxyl group of
15 citrate, as shown in Figure 2, here the different techniques are less in accord. In
comparison to the first principles data, the hydroxyl group of citrate interacts too
strongly with water as an acceptor of hydrogen bonds. However, the aforementioned
caveats must be borne in mind before deciding where the correct result lies. In
particular, it was observed in the ReaxFF simulations that an intramolecular
hydrogen bond between the OH and a carboxylate group of citrate could persist for
considerably longer than the time scale of the first principles run. Consequently the
initial configuration will influence the outcome, as there is insufficient time to

<)
S

equilibrate the intra- and inter-molecular configurations with the proper statistical
weight. Given that the first principles dynamics starts from a conformation that has

s an intramolecular hydrogen bond, which lasts for 85% of the production phase,
while the conventional force field shows little or no evidence of the same interaction
in the long time limit, the deviations in the radial distribution function can be
apportioned to the different conformations being sampled.

>
O
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3. C Influence of organics on pre-nucleation clusters

Having calibrated the free energies of hydration for acetate, aspartate and citrate, we
now turn to consider the simulation of the association between these anions and

s species that would be present in solution prior to nucleation. In particular, the ion
pairing between Ca’" and the above organics is likely to be the initial mode of
association:

- CaX(Z—n)+

(aq)

2+ n-
Ca(aq) + X(aq)
Using metadynamics, we have computed the free energy profiles for each of the
10 above ion pairing reactions, as shown in Figure 3. The overall free energies of
binding, after correction for the radial dependence of the entropy, are given in Table
2 along with literature values.

10 T T T T T T
Acetate —=—
Aspartate —e—
S Citrate —— ]|

Free Energy ( kJ/mol)

25 1 1 1 l 1 1

2 4 6 8 10 12 14 16
Ca-Cc distance (A)

15 Figure 3 Free energy as a function of the minimum distance between calcium (Ca) and the nearest
carbon of any carboxylate group (Cc) of the organic anions, acetate, aspartate and citrate, in aqueous
solution. The zero of free energy is specified with reference to the fully separated ions.

It should be noted that computed values are in effect for the system at high
dilution since the difference is taken between the free energy minimum and the
20 asymptotic limit for long-range separation. Under standard conditions of 1 M the
average separation between ions is reduced and so taking the commensurate free
energy at this distance reduces the binding strength by up to 5 kJ/mol, depending on
the species. Hence the discrepancy with the experimental values is actually less than
that apparent from Table 2 when this is kept in mind. In the case of citrate we note
»s that the interaction with Ca*' has a longer range than for the other organics and so
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the free energy curve has not quite reached the plateau by the maximum distance
sampled. However, the error is comparable with the statistical uncertainty.

Table 2 Comparison of literature values (experiment and simulation) for the free energies of ion
pairing of calcium with the acetate, aspartate and citrate anions with the computed values from force
field simulation in the present work. Experimental values for acetate and aspartate/citrate are taken
from ref.” and ref.”*, respectively. All values are in kJ/mol.

Acetate Aspartate Citrate
Experiment -4.4t0-7.1 -6.7 -19.0
Previous simulation -16.7
Simulation -9.5 -12.2 -20.7

As initially computed with the straight scaling relationship for the repulsive Ca-O
interaction, all of the ion pairs were found to be over bound by a significant amount.
Consequently, a single scaling factor of 1.34 was introduced for the Buckingham 4
parameter of this interaction. Following this modification the general trend in the ion
pairing free energies was found to be in good agreement with experiment, with
citrate being the most strongly bound by a significant margin. Whether or not acetate
and aspartate have the correct relative order depends on the choice of experimental
value, but the upper bound to the ion pairing free energy would be most consistent
with the simulation data. In terms of the absolute free energy values, once the
correction for the concentration back to standard conditions is allowed for, all of the
simulation values are within ambient thermal energy from experiment. It should be
noted that although the well-tempered metadynamics is converged to ~0.001 kJ/mol,
the remaining discrepancy in the absolute values is hard to remove since it is within
the residual statistical uncertainty due to fluctuations.

Although the above results justify the introduction of a modified scaling
procedure, there is a risk that fitting of free energy differences for solution species
might lead to a model that yields unreasonable results for other properties. This
would especially be the case if the original error in the binding data was as a
consequence of an incorrect free energy of solvation for one or more of the
component species. Finding data to validate against is difficult though. One option
might be to use gas phase quantum mechanical data. However, the charge
distribution would be radically different from the condensed phase unless the ion
pair is surrounded by at least the first solvation shell of water. An alternative choice
is to use crystallographic data for solid forms as a reference point. Taking the
calcium-aspartate interaction as our test case, there is a known crystal structure for
Ca(L-Asp).2H,0,” which adopts an orthorhombic cell containing four formula
units. Two complications exist in using this as a reference structure. Firstly, only the
heavy atom positions are reported as X-ray diffraction was used. This is easily
resolved as the majority of the approximate hydrogen positions are unambiguous
given the heavy atom geometry. Secondly, the structure contains the aspartate
dianion, rather than the zwitterionic singly charged anion being considered in the
present study. To handle this, the charge of the -NH;" group was redistributed in the
~NH, moiety to achieve the correct overall charge and the Ca’*-N interaction was
set equal to that of the calcium to oxygen of the carboxylate groups given that the
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resulting charges of N and O are similar.

In the experimental crystal structure for Ca(L-Asp).2H,0, the calcium-oxygen
bond lengths fall in the range of 2.429-2.608 A. Based on the original scaled force
field parameters there is a systematic underestimation of these distances (2.324-
2.540 A), while using the parameters corrected against the ion pairing free energy
the bond lengths (2.439-2.601 A) are now in excellent agreement. Hence, while this
is a somewhat indirect validation, it suggests that increasing the Ca-O repulsive
interaction for the ion pairs is indeed justified and likely to improve structural
properties.

Beyond just the overall free energy of ion pair formation, we can analyse the
nature of the complete free energy landscape, as shown in Figure 3. Both aspartate
and citrate show qualitatively similar free energy profiles, though they are
quantitatively different. There is a minimum in which the anion binds in a
monodentate configuration to calcium, at 3.5-3.6 A, with a point of inflection at
shorter distances corresponding to the bidentate arrangement. In effect, the bidentate
form is a transition state for exchanging the oxygen atom of the organic that is
coordinated to the calcium cation. Beyond this inner minimum there are discernable
minima corresponding to solvent separated states, though the binding in these
configurations is weaker than for the contact ion pair. Furthermore, the barrier to go
from the solvent separated minima to the directly coordinated state is generally less
than ambient thermal energy and so there is little in the way of an activation barrier
to contact ion pair formation. In line with experiment, we find that citrate exhibits
much stronger binding to calcium than for aspartate, as would be expected from the
charge of the anion being three times as large.

Acetate is found to have a quite different free energy profile of binding to that for
aspartate and citrate with the curve exhibiting two distinct minima for the bi- and
mono-dentate configurations. Although the monodentate form remains marginally
more stable than the bidentate configuration, the free energy difference is small. In
terms of rationalising this different behaviour for acetate relative to the other two
anions, the most probable factor is the different charge distribution for the
carboxylate groups; in acetate the carboxylate is less polar than in aspartate or
citrate, where the charges are similar. The rationale for this is that in the case of
acetate it proved difficult to adopt the same degree of polarity while still obtaining
both a reasonable free energy of solvation and a good description of water structure
around the carboxylate group.

For the case of aspartate, free energy profiles for ion pairing have been computed
by Hamm et al’’ for the binding with Mg?*, Ca*" and Sr**. In this prior work the
binding free energy for aspartate to Ca*" is found to be exothermic to the extent of
~16 kJ/mol, making it more strongly bound than in the present study and further
from the experimental values.

As an additional qualitative validation of the results obtained with the
conventional force field model, we have also performed simulations of the
association of the organics with calcium ions using the reactive ReaxFF approach.
Although obtaining quantitative free energies is more complex within this model, it
does allow some of the assumptions regarding protonation state to be tested, while
providing an indication of whether a totally different parameterisation and functional
form of interaction would alter any of the behaviour observed for this system.

Considering first the case of acetate binding with Ca®', the reactive model
indicates that monodentate coordination by the carboxylate group is strongly
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preferred with a Ca-O distance of 2.29 A. Bidentate coordination appears to be
predominantly a transition state during swapping of the oxygen that is bound to
calcium, which occurs on 8-9 occasions during 2.5 ns. Very similar behaviour is
observed for aspartate binding to Ca". The fact that the reactive model shows
consistent modes of coordination in the ion pair for acetate and aspartate may
suggest that the results from the conventional force field overestimate the presence
of the bidentate configuration for acetate as a result of the charge distribution.

The ReaxFF simulations for citrate were run from several different initial
configurations to probe the binding with the distinct functional groups. Some
starting geometries led to the ion pair dissociating, though the ions tended to remain
in a solvent separated state rather than diffusing apart, consistent with the free
energy profile computed with the conventional model. In other cases a carboxylate
group that was not initially bound to calcium would enter its coordination
environment such that the cation was chelated by either two carboxylate groups or
one carboxylate and the hydroxyl oxygen. Even when only one carboxylate group is
directly attached to Ca®', a second one is clearly hydrogen bonded to a water
molecule from the first solvation shell of calcium.

Having considered the ion pairing between Ca’" and the three organics alone, it is
now possible to examine whether there may be some association between the
additives and stable pre-nucleation clusters. In our previous work we have shown
that it is possible to simulate the formation of DOLLOP species through the use of a
“brute force” approach, provided that the concentration is elevated to overcome the
time scale for diffusion and collision of ions. DOLLOP formed in this way can then
be examined at realistic concentrations in the presence of a background electrolyte,
as per the experiments of Gebauer er al,'” and be shown to be stable.”* Here we
performed a limited number of simulations following this same strategy but now in
the presence of organic anions. Unfortunately, the timescale accessible at present
was insufficient to be able to identify any influence within the statistical uncertainty
given that the binding of the organics is generally weaker than that of carbonate with
calcium. While some association between aspartate and citrate was observed with
DOLLOP species, a more systematic approach is required to quantify any possible
binding. That said, some interesting behaviour was seen for the case of aspartate,
where the organic anions began to associate with each other to form a
supramolecular polymer. While this can be ascribed to the particular concentration
of aspartate present in the simulations, we believe that the binding is not an artefact
of the force field parameters for two reasons. First, the interaction distances found
between two aspartate anions held together by two N-H--O hydrogen bonds in vacuo
agree well between the force field and a quantum mechanical calculation at the
MO06/6-31+G** level (we note that any discrepancy in the distances would be
reduced by improving the basis set quality further). Second, there is evidence from
experiment that such association can and does occur under certain conditions.”®

As a first attempt to shed some light on the possible binding of the three organics
to DOLLOP-like species, we have quantified the thermodynamics of association
with a single CaCO;® ion pair. Unfortunately this is not as straight forward as for
the previous ion pairing calculation because of the non-negligible probability that
the ion pair will dissociate during the metadynamics simulation. To circumvent this
problem we applied the following two-step procedure. First of all we performed a
metadynamics simulation as above to construct a free energy profile for the
collective variable s subject to an artificial harmonic restraint (K=2 eV/A% r=3.4 A)
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between the Ca and carbonate carbon to keep the ion pair together. The resulting
free energy profile was then used as a fixed bias for a set of 50 independent 5 ns
unrestrained simulations, in which any deviations from a uniform sampling in s
result from differences between the restrained and unrestrained free energy
landscapes. During these simulations we calculated the probability distribution for
the system along the biased collective variable and then extracted the free energy
contribution due to the removed harmonic bond using;

dA = -k,Tn(P(s))

where P(s) is the calculated probability distribution along s. This free energy
contribution was then added to the one previously calculated with metadynamics to
obtain the total pairing free energy profile for the CaCO;® ion pair to the organic
molecules. This procedure did not completely eliminate the probability that the ion-
pair was broken during the calculations but it has the advantage that the parts of the
trajectories not relevant to the calculations (when the Ca-Cc distance was longer
than 4A) could be easily removed during the post processing. At large distances the
effect of the restraint on the Ca-Cc distance on the free energy profile is limited and
this indeed was reflected by the fact that the probability distributions obtained
during the second set of simulations was flat within thermal noise, as it should be
once the free energy profile is exactly compensated by the metadynamics bias.
Results for the free energy of interaction between the three organic anions and the
calcium carbonate ion pair in solution are given in Figure 4. In comparison to the
binding of the organics to the Ca®" ion alone, the free energy is less exothermic, as
would be expected, due to the repulsion between the two anions that are within the
first coordination sphere. What is less expected is that the effect is non-uniform and

s that citrate is the least affected, despite being the most highly charged anion. Clearly

the presence of the aqueous environment screens the Coulomb repulsion between
carbonate and more remote charged functional groups of the other ligand
coordinated to calcium. In contrast, the electrostatic binding between Ca®’ and the
more highly charged citrate is less screened since the interactions are through the
ligand, which has a much lower dielectric constant than water.

While citrate and aspartate maintain their similarity in having a minimum for
direct coordination to the calcium of CaCO5?, the minimum free energy for acetate
occurs at a longer distance intermediate between the contact and first solvent
separated state for the Ca-Ace’ ion pair. Even though aspartate has a minimum that

s is at a shorter distance than acetate, the strength of binding surprisingly goes as

citrate >> acetate > aspartate. Based on this, it would be likely that acetate has more
influence on ion pairing and perhaps DOLLOP formation than aspartate. However,
the minimum in which aspartate coordinates to the calcium carbonate ion pair has a
larger activation energy between it and the solvent separated state. Therefore
aspartate may exert a similar influence because of this kinetic factor. One thing is
definitely clear from the simulation results — citrate is the only ligand that is likely
to show significant association with pre-nucleation species in calcium carbonate
solution.
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Figure 4 Free energy surface for association of the acetate, aspartate and citrate anions with the
CaCO0;"“ ion pair in aqueous solution as a function of the minimum distance between Ca or C of
carbonate (CaCOs) and the carbon (Cc) of the nearest carboxyl group of the organic species.

Reactive force field simulations have also been performed for the ion pair +
organic systems described above. The most important finding was that the organic
anions remained in the same protonation state as per the conventional model
throughout the molecular dynamics in all cases. In order to verify that this was not
just an issue of timescale or an overly high barrier to protonation, a simulation was
performed in which an excess proton was added to the simulation of the (CaCOs;-
citrate)®” complex. Although the proton was initially part of a hydronium ion that
was as far as possible from the ion pair within the simulation box, it rapidly diffuses
via a Grotthus mechanism and leads to protonation of a carboxylate group of citrate.
Hence the system appears to have sufficient opportunity to sample the protonation
states during 2.5 ns.

3. D Binding of organics to calcium carbonate

Aside from the influence of organic anions on pre-nucleation clusters of calcium
carbonate, there is also the possibility that additives may alter the growth process via
binding to post-nucleation species. In order to probe this possibility we have used
metadynamics to determine the free energy profiles for binding of acetate, aspartate
and citrate to two forms of post-nucleation calcium carbonate. First, given that under
conditions relevant to biomineralisation the initial product is amorphous calcium

s carbonate, we have considered binding to a 36 formula unit ACC nanoparticle taken

from our previous work.?' Since we predict that water content increases with
increasing particle size, we have taken a nominally dry ACC nanoparticle for this
smaller nanoparticle. Second, as the ultimate macroscopic product will be a
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crystalline phase, we have also examined the binding of the organics to the basal
(10-14) surface of calcite as the dominant facet of the most stable phase.
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Surf-Cc distance (A)

Figure 5 Free energy profile as a function of the normal distance above the calcite (10-14) surface

to the nearest carbon of any carboxyl group of the three organics, acetate, aspartate and citrate. On

the right hand side of the figure the free energy becomes asymptotic to zero, which is set as the free
energy of the anion in bulk solution.

The resulting free energy curves for acetate, aspartate and citrate approaching the
surface of the above two calcium carbonate materials are shown in Figures 5 and 6.
Considering first the basal surface of calcite, all three ligands show slightly distinct
behaviour. Acetate has a negligible degree of association with the basal surface of
calcite as all minima are barely above the level of statistical noise. Experiments and
simulations have both shown that there are two relatively strongly-ordered water
layers over the basal face of calcite,”’ and it appears that acetate is unable to
penetrate this interfacial region. Aspartate on the other hand is initially slightly
repelled by the surface, but can attain a solvent separated state that may be
marginally stable at 5-6 A above the surface. This parallels the behaviour previously
seen for the carbonate anion.”” While the absolute depth of the minimum is no
greater than for acetate, the barrier to exit the state is more pronounced. Finally,
citrate exhibits no binding at the flat calcite surface as a result of the strong
hydration experienced in aqueous solution.

Overall, it is found that none of the anions show any real association with the
basal surface of calcite. This does not preclude any possible influence of additives
on calcite growth, but we predict this would require either binding to steps or kink

. . . . 78
s sites, or expression of other surfaces where calcium is more exposed.”” Indeed

Elhadj et al”® have computed average binding enthalpies of over 400 kJ/mol for the
aspartate anion at steps on the calcite basal surface using semi-empirical cluster
calculations in combination with a mix of explicit and continuum water models.
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Although we have yet to examine the influence of steps on binding with the present
model, it appears unlikely that the free energy of binding of aspartate to calcite steps
will be as exothermic as the above value based on the strength of interaction with
the flat surface alone. Aside from the quantitative details, based on the indications

s from the flat surface, it can be speculated that the order of influence for the additives
considered would be aspartate > acetate >> citrate for processes involving calcite
surfaces or interfacial environments where water is strongly ordered.
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Figure 6 Free energy profile for bringing an organic anion from solution (right-hand side) towards a
0 36 formula unit nanoparticle (NP) (left-hand side) of dry amorphous calcium carbonate.

Turning now to consider the interaction of the three organics with ACC, a more
complex situation is found to occur. Both acetate and aspartate exhibit a similar
minimum that corresponds to a solvent separated complex with the nanoparticle.
Although the bound minimum only has a slightly lower free energy than the anions
sin bulk solution, there is a small activation barrier to separation from the
nanoparticle, and so there is the possibility for acetate and aspartate to spend some
time associated with ACC. In the case of citrate, the free energy profile of binding is
radically different from that for the calcite surface, and to the profile for the other
two organics. At first sight there is now a significantly exothermic state
corresponding to citrate coordinating directly to the ACC nanoparticle. However, the
unusual variation with distance indicates that something unexpected is occurring.
Further analysis of the trajectories for the multiple walkers indicates that in some
cases the citrate ligand pulls a calcium ion from the surface of ACC and so as it
detaches the asymptotic limit is for formation of the Ca-(Cit)" ion pair. Associated
s with this fragmentation, some times a carbonate anion is also ejected from the ACC

nanoparticle in order to remove the excess negative charge, as shown in Figure 7.

Because of these observations we can deduce that the curve for citrate in Figure 6 is

actually the convolution of the calcium-citrate ion pair and the underlying curve
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actually being sought. This illustrates the difficulty of trying to map the free energy
surface for complex systems in which they are alternative competing reactions to
that of the collective variable under consideration. Part of the problem here may be
because one of the smallest possible nanoparticles of ACC was employed as the
model and so the more open structure makes it easier for calcium ions to be removed
by water in combination with the ligand. Although it has not been possible to
quantify the interaction of citrate with ACC in the present work, it is also clear that
citrate is not repelled by ACC in the same manner as the basal surface of calcite.
The absence of a strongly ordered water layer makes it possible for citrate to
occasionally reach the surface of ACC and bind to calcium, though this sometimes
leads to removal of the ion from the surface. Preliminary unbiased simulations for
larger nanoparticles of ACC suggest that the tendency to remove calcium is a
consequence of the small particle size for 36 formula units.

Figure 7 Configuration taken from the simulation of citrate in contact with an amorphous calcium
carbonate nanoparticle initially containing 36 formula units. The citrate anion (top right) has
detached taking a calcium cation with it. A carbonate ion (top centre right) then also dissociates
from the nanoparticle. Surrounding water molecules are hidden for clarity.
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3. E Influence of acetate, L-aspartate and citrate on in vitro precipitation
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Figure 8. The influence of acetate and aspartate on the early stages of calcium carbonate
precipitation. A: Development of the amount of free calcium in 50 mL carbonate buffer (10 mM, pH
=9.00) upon addition of dilute calcium chloride solution, in the absence (reference) and presence of
different amounts of additives as indicated. The steep drop in the detected free calcium identifies the

10 nucleation event. B: Corresponding free ion product as a function of the amount of calcium added.
Dashed lines mark the solubilities of proto-vaterite ACC (pv-ACC), proto-calcite-ACC (pc-ACC),"
vaterite, and calcite.'™*" Note that the curves of 5 and 10 mM acetate largely overlap.

In order to assess the effect of the different additives on in vitro crystallisation,
quantitative assays with and without the different molecular additives have been
15 conducted. The experiments were carried out at constant pH = 9.00, starting with
pure carbonate buffer. Upon slow addition of dilute calcium solution into the buffer,
supersaturation was generated until nucleation occurred, and solid forms of calcium
carbonate were precipitated. This process was traced utilising a calcium ion selective
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electrode and, as discussed in detail in previous work,?? the calcium curves can be
used to quantitatively characterise the influence of additives on the early stages of
calcium carbonate precipitation through comparison with the reference experiment
carried out in the absence of additives. In principle, there are five different effects
that can be identified and quantified based on the calcium curves; (i) complexation
of calcium ions, which is apparent from a delayed increase in calcium; (ii) influence
of the additives on the pre-nucleation equilibria, which is associated with an altered
slope for the pre-nucleation calcium development; (iii) inhibition of nucleation can
be identified by a shift of the maximum in the curves to later times (more addition of
calcium required) and to higher amounts of detected calcium; (iv) adsorption of the
additives on nucleated particles can become apparent from a new increase of
detected calcium after nucleation, i.e. an constant solubility is not maintained; (v)
the solubility can be directly determined and shows whether the additives influence
the type of amorphous phase or crystalline polymorph formed.

In the reference experiment (Figure 8 A), the amount of free calcium in the
carbonate buffer at first increases linearly upon constant addition of calcium
chloride solution, while less calcium is detected than actually added. This is the pre-
nucleation stage, and the calcium binding in combination with the pH-titration can
be used to quantitatively characterise the pre-nucleation cluster equilibrium.'® When
a critical point is reached, nucleation occurs and the amount of free calcium drops to
a value that corresponds to the solubility of the precipitated phase (which is proto-
calcite ACC at this pH-level, and relates to calcite in terms of its short-range
order)'®!°.

Titration curves obtained in the presence of 1, 5 and 10 mM acetate show no
distinct deviation from the reference experiment within the common limits of
accuracy and reproducibility (Figure 8 A). The slight tendency towards inhibition of
nucleation seen at 10 mM (i.e. when acetate is equimolar to the carbonate buffer and
thus is at a large excess over calcium carbonate species) cannot be regarded as
significant (see ESI Figure S4). Indeed, similar observations were made when 10
mM sodium chloride was added to the buffer and therefore, if anything,
corresponding effects are likely to originate from the higher salinity of the system
(ESI Figure S4). At 1 mM L-aspartate, the delay of nucleation is somewhat more
pronounced than at 10 mM acetate. With increasing concentration of aspartate,
inhibition of nucleation becomes much more distinct and approximately twice the
amount of calcium has to be added at 10 mM aspartate for nucleation to occur.
Furthermore, the level of free calcium after nucleation — which reflects the
solubility of the precipitated calcium carbonate phase — appears to be higher than in
the reference experiment (Figure 8 A). This indicates that L-aspartate stabilises
calcium carbonate phases that are less stable than those precipitated without
additives or in the presence of acetate. This is consistent with the findings of the
simulations that aspartate has a stronger association with more disordered and
solvated species (i.e. the stability of binding is Ca>* > CaCO3® > ACC >> calcite).

In addition to the above, we find that the pre-nucleation development in terms of
the amount of free calcium ions (Figure 8 A) is slightly flatter in both aspartate- and
acetate-containing samples than in the reference case. This effect can be attributed to
a decrease in ionic activity caused by the charged additives, as evidenced by the fact
that these differences become larger when the concentration of the additives is
increased. Moreover, flattening of the pre-nucleation regime was also observed
when sodium chloride was added to the buffer (cf. ESI Figure S4), and titrations of
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aqueous additive solutions without carbonate confirm their non-ideality by revealing
a consistent influence of ionic strength on the measured calcium potential (see ESI
Figure S5 & Table S4). However, it is worth noting that these changes in the pre-
nucleation slope may not exclusively be due to activity effects when it comes to the
experiments in carbonate buffer. Comparing the data recorded for aspartate and
acetate with those obtained in the presence of sodium chloride suggests that average
slopes at a given concentration of aspartate and acetate are by trend smaller than
those found for NaCl at the same ionic strength (see ESI Figure S6 & Table S4). We
note that the differences do only slightly exceed the common limits of experimental
error, while we regard the rather high number of experiments that would be required
to achieve good statistical quantification of this minor effect unjustified. Therefore,
we can only speculate that there may be a stabilising influence of these two additives
on pre-nucleation clusters (apparent from the fact that more calcium is bound in
clusters in their presence), which appears to be somewhat more distinct in the case
of aspartate. This indicates that the degree of cluster stabilisation increases with the
number of carboxylate functional groups in the molecular additives, given that
citrate shows a pronounced effect (see below). However, such a stabilising effect
cannot be found for the polyacids.”*?® These findings agree with the results of the
simulations for the association of the three organics with the CaCO5® ion pair;
acetate and aspartate have at best a weak association with this species, while citrate
definitely is capable of binding. Given that larger pre-nucleation clusters adopt the
flexible DOLLOP structure that includes ion pair chains, we would expect the
influence of the organics such species to be similar to that for the neutral ion pair,
which accords with the experimental findings.

When dilution effects are corrected for by calculation of actual free ion products
(Figure 8 B), it becomes evident that in the reference experiment, as well as in the
presence of acetate, proto-calcite ACC (pc-ACC) is initially nucleated, in agreement
with earlier findings.'®* During the early post-nucleation stage, this metastable
intermediate appears to transform into more stable species, as the calculated ion
product gradually approaches the solubility of vaterite (note that the concurrent
formation of more stable species such as calcite is not necessarily reflected by the
measured solubility, which is governed by the most soluble phase, because the
system has not reached equilibrium according to Gibbs' phase rule). X-ray
diffraction analyses of precipitates isolated after completed titration show that
calcite and vaterite co-exist in all samples, at varying relative amounts (data not
shown). We could not discern any clear trend that would indicate polymorph
selection. Only in the case of aspartate, a distinct influence on the stability of the
initially precipitated phase can be detected (Figure 8 B). At 5 and 10 mM aspartate,
the free ion product decreases very slowly to the solubility value corresponding to
pc-ACC after nucleation: again, this suggests that more soluble (i.e. less stable)
amorphous phases are stabilised by the additive. It remains unclear, though, whether
(energetically downhill) transitions between different forms of ACC occur, or
interactions of ACC with the additive impede the establishment of a constant
solubility product via inhibition of growth (e.g. by adsorption onto nucleated
particles).

The influence of citrate ions on the early stages of calcium carbonate
crystallisation has been discussed already in a previous study,”® and we summarise
the main observations here. First, it was found that citrate and calcium ions associate
in solution (complexation), which is the reason for the common application of citrate
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as an antiscalant. This effect became manifest through a distinct upward bend of the
pre-nucleation curve prior to becoming asymptotically linear, as a result of
complexation of calcium by citrate retarding the onset of pre-nucleation cluster
formation by reducing the concentration of free calcium.”* In the present work,
such association equilibrium between calcium and acetate, as well as aspartate,
could neither be detected in carbonate buffers (Figure 8 A) nor in pure water (ESI
Figure S5 and Table S4). Experiments with citrate further revealed a distinct
flattening of the pre-nucleation slope already at very low concentrations (50 mg/L,
corresponding to ca. 0.26 mM), which was much more pronounced than what has
been observed for 10 mM acetate and aspartate in this work. Although citrate carries
three carboxylate groups that all are completely deprotonated at the investigated pH
level, simple activity effects can be neglected due to the small concentration of
additive used. Therefore, the flatter slope in the pre-nucleation stage indicated that
more calcium was bound in clusters than in the absence of citrate or, in other words,
that the clusters were stabilised by the additive. Quantitative evaluation suggested
that this stabilisation was ca. 1-2 kJ mol™ (relative to the additive-free case and in
terms of the free enthalpy change for the formation of a CaCOj; unit within a pre-
nucleation cluster).”® In contrast to aspartate, citrate was shown to only slightly
inhibit nucleation, mainly as a consequence of calcium ion complexation, and
moreover did not stabilise nucleated particles to any noticeable extent. In turn, it
appeared to control the polymorphism of the final solid product, since pure-phase
calcite was found in presence of citrate.”®

4 Discussion

Surprisingly, the investigated molecular additives show quite marked differences
with respect to their influence on the early stages of in vitro calcium carbonate
crystallisation, although they essentially differ merely by the number of charged
carboxylate functions (at 25°C: acetate, pK, = 4.76; L-aspartate, pK,(a-COOH) =
1.95; pK,(B-COOH) = 3.71; citrate, pK,(1) = 3.13, pK,(2) = 4.76, pK,(3) = 6.40).%!
In terms of our recently introduced categorisation of additives,”® L-aspartate can be
classified as a type III (inhibition of nucleation) and possibly also weak type II
additive (stabilisation of pre-nucleation clusters). The latter could also apply for
acetate, which otherwise did not show any significant effect. Citrate belongs to types
I/IVII/V  (complexation of calcium, stabilisation of pre-nucleation clusters,
inhibition of nucleation, polymorph selection toward calcite). Interestingly, while
both aspartate and citrate are capable of inhibiting nucleation, this effect is not
necessarily based on ion complexation, as classically assumed. The titration data
recorded in the present work demonstrate that aspartate does not form complexes
with calcium under the given experimental conditions, whereas citrate-calcium
association is evident already at the lowest concentrations investigated.”® Finally,
our results suggest that of the three additives considered here only aspartate can
stabilise intermediate phases. In this regard, already monomeric L-aspartate appears
to exhibit additive properties that are related to its macromolecular analogue,
poly(aspartic acid), which has proven to be capable of stabilising an unstable
intermediate?® that presumably corresponds to PILP.>> The atomistic basis
underlying the substantially different effects exerted by these rather simple
molecules is at first puzzling.

The experimental finding that acetate does not interact with the species present
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during the early stages of precipitation is largely in accord with the computer
simulations. When it comes to interactions with the surface of ACC, the simulations
do not show a distinct difference between acetate and aspartate since both only show
a weak solvent separated association. Given that the strongest difference in
behaviour between acetate and aspartate occurs when they bind to calcium, either
alone or in an ion pair (or potentially DOLLOP through association with other ion
pairs), this suggests that the stabilisation of nucleated amorphous nanoparticles may
be based upon additional interaction with other species. In previous work®' it was
shown that ion pairs of calcium carbonate readily bind to the surface of ACC
nanoparticles, and so it may be possible that calcium-organic ion pairs may also do
so. Because the association of aspartate with Ca2+(aq) is stronger than for acetate,
while it is the opposite for CaCO,'”, this suggests that the altered stabilisation of
amorphous nanoparticles is more likely to occur through attachment of calcium-
organic ion pairs to the nanoparticle surface.

The simulations show that citrate forms complexes with calcium ions, and
moreover indicate that it interacts more strongly than the other additives with pre-
nucleation clusters, but not with the ordered surfaces of crystalline forms of calcium
carbonate. The strong interaction of citrate with pre-nucleation clusters may
rationalize why the clusters are experimentally found to be stabilised, while the
weaker interaction with aspartate might be reflected in the experimental findings as
well. Experimentally, both aspartate and citrate do interact with pre-nucleation
clusters and amorphous nanoparticles, however the effects are distinct (aspartate:
inhibition of nucleation and stabilisation of amorphous forms; citrate: minor
inhibition of nucleation, mostly based on a lowered level of supersaturation due to
complexation of ions). That the inhibition of nucleation and the stabilisation of
amorphous intermediates would be more efficient at intermediate strength of
interactions is counter-intuitive. Since the mechanism of calcium carbonate
nucleation has yet to be determined within the simulations, it is difficult to
unambiguously explain this effect based on atomistic considerations. However, there
are at least two possible hypotheses. Firstly, citrate binds more strongly to pre-
nucleation species than post-nucleation forms, while aspartate binds with a similar
exothermicity to all species. Hence the concentration of aspartate on ACC
nanoparticles may be higher due to less competition. Secondly, since nucleation of
amorphous calcium carbonate nanoparticles appears to proceed via aggregation of
pre-nucleation clusters,® aspartate may be effective through colloidal stabilisation.
Binding of the additives to DOLLOPs may render their aggregation to yield larger
ACC nanoparticles difficult. In this context it is important to note that aspartate
appears to be distinct from citrate as it readily assembles into supramolecular
polymers too. These species may be much more efficient in colloidal stabilisation
than monomers, perhaps in coarse analogy to the steric stabilisation of nanoparticle
dispersions by polymers. The tendency of aspartate to form clusters may moreover
explain the fact that it can stabilise amorphous nanoparticles efficiently. However, it
should be noted that the mere occurrence of clusters of an organic additive is not
necessarily connected to a clear and distinct influence on the early stages of calcium
carbonate crystallisation. The geometry and energetics of all possible interactions
(that is, with ions, ion pairs, DOLLOP, ACC and crystalline forms) are expected to
be different and dependent on the particular additive. This is comparable to the
situation for "classical" polymers that are joined by covalent bonds; polymeric
additives with the same chemical function but different backbones can have distinct
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"fingerprints" during the early stages of calcium carbonate crystallisation, for
instance, poly(aspartic acid) and poly(acrylic acid).”*® Thus it is also possible that
certain supramolecular polymers of organic additives do not exhibit any influence on
the early stages of precipitation of calcium carbonate at all. Of the two hypotheses
mentioned above, the simulation data is consistent with the first proposal in showing
that competition between species may result in the selectivity for post-nucleation
species, while the second hypothesis has yet to be tested theoretically.

Last, but not least, it may be speculated that the ability of citrate to interact with
all species that occur during the early stages of calcium carbonate crystallisation is
the basis of polymorph selection toward calcite by this additive; the interactions may
lead to the stabilisation of proto-calcite'® structural forms throughout the different
stages of precipitation. Indeed the scenario here may have parallels with that
proposed by Freeman et al® for the egg shell protein ovocledin-17 and ACC. Citrate
initially interacts favourably with the pre-nucleation clusters and perhaps the early
amorphous phases, and may preferentially alter their stability. However, when
nucleation to the crystalline phase occurs then citrate would be expelled since it fails
to bind to ordered flat surfaces. Given the lack of binding to the majority of the
basal surface of calcite (i.e. away from steps and kinks) substantial energy would be
released through the dissolution of citrate from this polymorph that might drive its
formation.
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