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Abstract

The adsorption of small molecules containing two different organic functional groups at terrace
and step sites on the morphology-dominating {1014} surface of calcite at the interface with
aqueous solution was studied using free energy methods. Polarizability was taken into account
through using a thermodynamically-based force field developed for calcium carbonate using
the AMOEBA model that contains static multipoles and self-consistent induced dipoles. The
influence of including polarization was examined by comparing to data obtained with a fixed
charge rigid-ion model. The strong hydration layers above the basal plane of calcite were
shown to hinder the direct attachment of the small species studied, including the constituent
ions of the mineral. Only the species bearing an amino group, namely methylammonium and
glycine, demonstrated favorable adsorption free energies. The ability of amino groups to more
readily pass through the hydration layers than carboxylate and carbonate groups can be
explained by their weaker solvation free energies, while the carbonate ions within the calcite
surface with which they bind are also less strongly hydrated than calcium ions. Acetate, glycine
and methylammonium were all found to be able to directly bind to one growth site at the acute
step of calcite. This is at variance with results obtained with a rigid-ion model, in which all
binding free energies are endergonic. Thus, including polarization allows for a description of
the adsorption process that is more consistent with experimental observations, particularly at
calcite steps, and for determination of more reliable atomic scale mechanisms for calcite

growth and its modification by organic additives.

1. Introduction

Biomineralization is an organism-driven process involving the selective uptake of

aqueous ions from the local environment to form precise functional architectures (1). When
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biogenic in origin, the naturally formed material is in fact an organo-mineral composite in
which the organic matrix and mineral fraction are closely intertwined from the microscopic to
the macroscopic scale, forming highly specific hierarchical structures. The organic substance
is mainly composed of lipids, polysaccharides and proteins (2). Along with other processes,
such as confinement (3) and local pH regulation (4, 5), the inclusion of soluble organic
molecules and macromolecules allows for precise control over the nucleation and growth of
the biomineral, resulting in the production of a wide range of crystal sizes, morphologies and
compositions with varied functions (e.g. 6, 7, 8). The presence of organic material is indeed
known to affect the morphology and polymorphism of the resulting crystal (9,10, 11) and the
effect of a specific organic species on the mineral formation is highly dependent on the physico-
chemical conditions (12, 13, 14). Among the more than 64 different biomineral phases, either
amorphous or crystalline, that have been documented, calcium carbonate CaCOj is the most
abundant (2). It has three anhydrous polymorphs — calcite, aragonite and vaterite. Calcite is the
most stable polymorph at ambient conditions and its morphology is dominated by the {1014}
cleavage plane, which therefore is the most widely studied calcite surface (15). In addition to
being important for biomineralization processes, the control of calcite growth by organic
molecules is also relevant for the development of new hybrid functional materials (16, 17), the
inhibition of scale formation in water systems for industrial applications and cultural heritage
preservation (18, 19), the sequestration of CO2 (20), and the prevention of medical conditions
affecting gravity sensors, such as positional vertigo (21). A greater understanding of how
organic molecules interact with calcium carbonate is thus relevant to many potential
applications.

A large number of experimental studies have explored the effects of organic molecules
such as polysaccharides (22, 23), alcohols (24), amino acids and peptides (25, 26, 27, 28) on
calcium carbonate nucleation and growth. In particular, the effects of amino acid residues in
which sequences of proteins are rich, such as glycine, aspartate and glutamate, have been
extensively documented, both as monomers and longer-chain polymers (29, 30, 28, 31).
However, the mechanisms by which specific organic functional groups control the growth
process remain poorly understood, particularly in regard to the binding of the organic species
at the step edges and growth sites, and the competition with constituent ions for adsorption.
Indeed, limitations lie in the difficulty to experimentally probe the dynamics of atomic-scale
interactions between the mineral surface and the adsorbing organic species.

Computer simulations can help better understand experimental observations and gain

insight into the mechanisms involved by providing an atomic scale description of these



processes along with quantitative data such as binding free energies. However, most studies
based on molecular dynamics conducted to date have used forces derived from either a rigid-
ion model (e.g. 32, 33, 34) or a shell model (35) which proved unsatisfactory for describing
liquid water (36). While rigid-ion models can be parametrized to describe the aqueous phase
and the bulk mineral well, achieving transferability between the two is more difficult. Recently,
Raiteri et al. (37) developed a polarizable force field based on the AMOEBA model for calcium
carbonate and its interactions with water. It was successfully applied to the solid phase and
found to compare well with experiment and DFT in describing the calcite {1014} — water
interface (38). In this work, we use classical molecular dynamics (MD) based on this
polarizable force field to investigate the interactions of carboxylate and ammonium functional
groups with calcite, by studying the adsorption of acetate, methylammonium and zwitterionic
glycine, along with the constituent ions, calcium, and carbonate, onto the basal plane and steps
of the {1014} surface of calcite. In order to elucidate the effect of polarization we also perform
MD simulations with an AMOEBA based force field that was developed and characterized in
our previous work (39). Implications for calcite growth inhibition or promotion by organic
additives will be discussed, as well as the effect of accounting for polarization in the modelling

of adsorption processes.
2. Methods

2.1. Force fields

All simulations were performed using classical molecular dynamics (MD) based on
force fields. Fixed charge models, when fitted carefully against structural properties and
relevant thermodynamic quantities, such as solvation free energies, can provide an accurate
description of ions in solution at reasonably low computational cost (40). However, they do
not account for many-body effects, such as electronic polarization, which makes the description
of heterogeneous chemical systems more challenging. Processes at the mineral-water interface,
such as adsorption on a crystalline surface, require the adsorbate to progress from an aqueous
environment with a high dielectric constant to a bound state with a crystalline material
characterized by a low dielectric constant and stronger ionic interactions. Although it comes at
a higher computational cost, including polarizability should improve the transferability
between the aqueous phase and the crystalline state, and is expected to provide a more robust
description of the adsorption process. For these reasons, in this work we have used the
polarizable force field that was recently developed for calcium carbonate in water based on the

AMOEBA model (37). Additionally, the force field developed by Raiteri et al. (41) for calcium



carbonate systems in conjunction with the flexible simple point charge water model (SPC/Fw)
by Wu et al. (42) was used for comparison with a fixed charge rigid-ion model.

All MD simulations conducted with the polarizable AMOEBA force field were
performed with the OpenMM code (43) and run on GPUs using mixed precision (44, 45) with
the inclusion of the PLUMED plug-in (46, 47). Simulations were run at 300 K in the NVT
ensemble after an equilibration run for 100 ps in the NPT ensemble and with a 1 fs time step.
The temperature was controlled by a Langevin thermostat with a friction coefficient of 1 ps!.

For the rigid-ion force field, all MD simulations were performed using the LAMMPS
code (48) again in conjunction with the PLUMED library. Simulations were run using a 1 fs
time step in the NVT ensemble after equilibration of the simulation cell along the direction
perpendicular to the calcite surface. The temperature was maintained at 300 K by a Nosé-

Hoover thermostat with a relaxation time of 0.1 ps.

2.2. Adsorption on the basal plane of calcite

The aqueous {1014} terrace of calcite was modelled using a 50 x 50 x 85 A3 3D
periodic cell, which consisted of an approximately 35 A thick calcite slab (1,440 CaCOs
formula units) repeating in the xy plane covered by a layer of water of about 50 A (3,914 water
molecules). The full system was composed of this calcite-water interface and one adsorbate
species. The adsorbate was either a small molecule containing at least one organic functional
group (ammonium and/or carboxylate) or a constituent ion of the mineral.

The thermodynamics of adsorption on the calcite {1014} flat surface was determined
using well-tempered (49) multiple walker (50) metadynamics (51). The binding free energy
profiles were constructed using two collective variables in order to bias the distance to the
surface and accelerate water exchange. The distance between the adsorbate and the surface was
taken as the projection along z (i.e. the surface normal) of the distance between the position of
Ca, C, or N as appropriate to the adsorbing species and an appropriate Ca or C atom located
below the adsorption site, but in the middle of the calcite slab (a Ca or C atom from the
interfacial layer was not chosen to avoid the risk of pulling this ion out of the surface). The
water coordination number at a given adsorption site on the calcite surface was described using

the switching function;
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where 7; is the distance between the ion and the oxygen of the ith water molecule. The
parameters were chosen so that the function would overlap with the first peak of the pair
distribution function with the water oxygen, i.e., n =6, m =12, d, = 1.8 A (Ca*) and 0.8 A
(COs%), 15 =1.0 A (Ca%") and 3 A (CO;%) for all the simulations run with AMOEBA. With the
rigid-ion force field, the coordination number of calcium was systematically biased regardless
of the adsorbing species and the chosen parameters were n =4, m=10,d, = 2.1 A, 15 =1.0 A.

Metadynamics simulations were run with 16 or 30 independent walkers for the
AMOEBA and rigid-ion forcefields, respectively, with a bias factor of 5 in both cases.
Gaussians were laid every 1 ps with a height of kg T and width of 0.1 A for the distance and 0.1
for the coordination number. Aggregate simulation times of about 300 ns were performed for
each adsorption free energy calculation to ensure well-converged sampling. A cylindrical
harmonic restraining wall with a spring constant of 10,000 kJ/mol nm? was implemented
parallel to z to ensure the adsorbate remained laterally confined near the surface site of interest.
An additional harmonic wall restraining the adsorbing ion to stay within 15 A from the calcite
surface along z was used to limit the space explored given that the free energy reaches a plateau

well before this point; the same spring constant of 10,000 kJ/mol nm was used.

2.3. Adsorption at calcite steps

The {1014} calcite-water interface built for the AMOEBA and rigid-ion simulations of
the adsorption processes at the steps was modelled through a monoclinic unit cell with lattice
parameters of 51.6 A, 51.6 A, 58.1 A, 90°, 90°, 101.9° which contains 1,216 CaCOs formula
units and 2,600 water molecules. Both the calcite and water layers were approximately 30 A
thick. As described in De La Pierre et al. (34), half of the uppermost calcite layer was removed
to create periodic acute and obtuse steps separated by equal amounts of upper and lower terrace.
The steps ran parallel to the [100] crystallographic direction of the above monoclinic cell. In
total, the system has sixteen potential binding sites immediately adjacent to the steps; eight
different sites at both the acute and obtuse steps, due to four symmetry inequivalent positions
along each step with the possibility of binding at the top and bottom of the step edge (Figure
1). There are numerous further terrace sites as a function of the distance from the step edge that
may differ slightly from the two ideal terrace sites corresponding to being above Ca*" or CO3*
, but examination of this large number of possible configurations is beyond the scope of the

present work.



The free energy of adsorption at the step edges was computed using a similar protocol
to the metadynamics calculations performed for the flat surface. In all cases we used the z
component of the distance between the Ca, C and N of the adsorbing species to a Ca or C
underneath the adsorption site, which was located in the middle of the slab. The adsorption site
was defined as a calcium or carbonate ion at the step edge. In the case of glycine two free
energy calculations were performed, one for the adsorption of the NH3" terminus and one for
the carboxylate terminus. For the adsorption of the negatively-charged species and functional
groups, we also used the coordination number of the Ca on the lower terrace that was closest
to the adsorption site as a second collective variable. For all these calculations, the cylindrical
restraint was replaced with an elliptical one, which had a short axis of 3 A parallel to the step
edge and a long axis of 4 A normal to the step edge (i.e. this corresponds to maximum region
widths of 6 and 8 A, respectively). This restraint shape was chosen to allow the adsorbate to
explore a wider region of space on the upper and lower terraces, without being able to reach
the adjacent adsorption site. The harmonic restraining spring constant remained unchanged. A
restraining wall was then used to limit the adsorbing ion to stay within 15 A from the calcite
surface along z. As per the adsorption on the calcite flat {1014} surface, the free energy profiles
were obtained using well-tempered multiple walker metadynamics with all parameters kept the
same excepted for the bias factor which was increased from 5 to 10 for the adsorption of
carboxylate and carbonate groups. For the adsorption of acetate and the carboxylate group of
glycine at site 1 on the acute step (Figure 1), we noticed that during the metadynamics
simulations the walkers were not able to freely cross the adsorption free energy barrier, which
is normally an indication that an important (slow) degree of freedom has been missed. Hence,
we repeated the simulations using one extra collective variable that allowed us to describe the
orientation of the adsorbate relative to the step edge. To achieve this, we used the cosine of the
angle of the C-C and C-N bond vector and the [101] lattice vector, which allows us to
discriminate between all the possible orientations of the adsorbate at the step edge. However,
because of the use of one extra collective variable the metadynamics simulations are much
slower to converge and we decided to limit the exploration of the z collective variable to 5 A
from the surface. The projection of the free energy along the z axis can then be generated for
the full range of distances by connecting the curves computed with 2 and 3 CVs at a height

were there was no longer a preferential orientation of the adsorbate.

3. Results and Discussion



3.1. Adsorption free energies on the basal plane of calcite

The adsorption of the constituent ions of calcite, and of several molecules bearing
carboxylate (-CO;") and/or (protonated) amino (-NH3") functional groups, was first
investigated on the terraces of the defect-free {1014} surface.

The 2D free energy maps as a function of the adsorbate-surface distance and water
coordination number for the AMOEBA force field are given in Figure 2. All free energy plots
show a monotonous profile upon reduction of the distance between the adsorbate and the calcite
surface until the adsorbing ion or molecule comes into contact with the hydration layers at a
distance of ~4 A. The interaction between a calcium ion and the second water layer on the
surface is accompanied by a decrease in its coordination number from ~7 to ~6. For all
negatively charged adsorbates, the coordination number of the calcium ion by water at the
adsorbing terrace site decreases from 1 to 0 when forming the contact bound state. These maps
confirm that biasing the water coordination number of calcium as the adsorbing site is essential
in obtaining accurate energetics for the adsorption process, as shown by the high activation
free energy to reach the surface adsorbed state, and is consistent with the slow water exchange
rate of ~4 ns calculated at the surface which is more than ten-times slower than that of calcium
in bulk solution (38). In contrast, the adsorption of amino groups does not require a significant
variation of the water coordination number of the carbonate group at the surface. With a shorter
residence time of water on surface carbonates of ~1 ns, increasing water exchange at these
sites through application of an explicit bias is not as crucial as for the adsorption on calcium
surface sites. Therefore, for the adsorption of cations, including calcium, at the step edges we
did not use the coordination number collective variable to improve the convergence of the 1D
free energy profile as this was unnecessary.

The 1D adsorption free energy profiles calculated with the AMOEBA and rigid-ion
force fields, obtained by integrating out the water coordination number, are shown in Figure 3
and the corresponding adsorption free energies, taken as the energy difference between the
minimum and the free ion in solution, are listed in Table 1. In order to adsorb onto the flat
surface of calcite, negatively-charged species must replace the water molecules located directly
above calcium sites that form the first hydration layer, whereas the cations are expected to
substitute for water molecules located above carbonate groups in the second hydration layer
(Figure 4). All the adsorption free energy profiles of negatively- and positively-charged species
obtained with the AMOEBA force field reveal a repulsive potential associated with replacing

a water molecule in the first hydration layer, whose position is taken to be at 2.19 A from the



surface (38), indicating that these species are unable to penetrate the first hydration layer. In
contrast, a free energy minimum can be found for each species in the region of the second
hydration layer around 3.33 A (38). The adsorption free energies of the positively-charged
species in the second hydration layer are all exergonic relative to the free cation in solution,
with -8.5, -4.7 and -4.6 kJ/mol for calcium, glycine N-terminus and methylammonium,
respectively. However, while the substitution of the amino groups for water in the second
hydration layer only requires a moderate energy barrier of about 7-8 kJ/mol to be overcome,
calcium substitution for water is accompanied by a more significant barrier of about 19 kJ/mol.
For the negatively-charged species, the binding free energies of carbonate and acetate, +7.0
and +4.8 kJ/mol, respectively, are both endergonic relative to the free anions in solution,
whereas the binding free energy of the glycine C-terminus is slightly negative, though is
comparable to thermal fluctuations at ambient conditions (-1.4 kJ/mol). The configuration
corresponding to the stable free energy minimum on the free energy profile of glycine N-
terminus at 3.4 A is identical to that found in the free energy profile of the C-terminus at 4.8 A
(with the difference in height being due to the N-C distance) and is shown in Figure 4. Overall,
direct binding to the surface is not favorable for any of the species studied and significant
indirect binding via a solvent-shared state is achieved only by positively-charged species, i.e.
calcium and amino groups.

Similar trends are observed in the 1D free energy profiles calculated for the organic
species using the rigid-ion force field, with none of the species being able to bind directly to
the surface. The profiles for the acetate and glycine C-terminus present significantly higher
energy barriers (more than 30 kJ/mol) to reach less stable minima in the region of the second
hydration layer. The energy barrier to substitute for water molecules in the second water layer
is significantly lower for amino groups (about 10 kJ/mol), although the resulting adsorption
free energies relative to the free species in solution are positive, with +7.1 and +9.3 kJ/mol for
methylammonium and glycine, respectively, and correspond to shallow minima. However, the
constituent ions of calcite, calcium and carbonate, show free energy profiles with the rigid-ion
model that are significantly different from those determined with the polarizable force field.
While the AMOEBA model predicts a thermodynamically favorable substitution of calcium
for water in the second hydration layer, the rigid-ion model not only found that this process led
to a highly endergonic binding free energy, +27.3 kJ/mol, but also that the configuration
corresponds to something more akin to an inflexion point in the free energy profile rather than
a significant minimum. Unlike the carboxylate group of glycine, which is essentially unable to

penetrate the hydration layers (adsorption free energy of +51.4 kJ/mol), carbonate ions meet



with the least resistance when crossing the hydration layers. In contrast to the other species,
the adsorption free energy profile of carbonate not only shows a stable minimum (-2.5 kJ/mol)
in the region of the second water layer at 3.4 A, but also in the first water layer at 2.7 A,
although the latter is shallow (~1 kJ/mol deep) and corresponds to a positive adsorption free
energy of +3.5 kJ/mol, relative to the energy of the free ion in solution. Despite differences in
the free energy profile of carbonate between polarizable and non-polarizable force fields, a
similar conclusion can be drawn that direct binding of carbonate ions onto the {1014} plane
surface of calcite is unfavorable. Overall, all species are found to be unable to substitute
efficiently for water molecules in the hydration layers and present exclusively positive binding
free energies with the exception of carbonate, for which solvent-shared binding is exergonic,
but only to an extent that is of the order of ambient thermal fluctuations. Compared to
AMOEBA, most adsorption free energies are shifted toward more endergonic values with the
rigid-ion force field, which is consistent with the changes in the polarization as species
transition from solution to interact with the surface.

Both the force fields with and without polarizability show that the strong hydration of
the {1014} plane is responsible for the weak binding of constituent ions and small organic
molecules on the surface. This has also been reported in several other studies. For instance,
Kerisit and Parker (52) calculated adsorption free energy profiles of calcium and other metal
ions using classical molecular dynamics with a shell model force field, and found that calcium
could not penetrate the first hydration layer due to highly repulsive electrostatic interactions
with the water layer. Furthermore, Magdans et al. (53) used grazing incidence X-ray diffraction
and classical MD to show that glycine preferentially substitutes for water molecules in the
second hydration layer instead of binding directly to the surface. Similarly, Nada (33) found
via classical MD that aspartic acid, another molecule bearing both amino and carboxylate
organic functional groups, could not directly bind to the calcite {1014} surface.

The trend we observed with both force fields that amino groups seem to approach the
surface more easily than carboxylate groups was also reported by Aschauer et al. (54) who,
using a shell model force field, calculated more exergonic adsorption free energies for
polyaspartic acid than polyacrylic acid owing to the presence of nitrogen on its backbone. The
fact that carbonate groups, to which amino groups preferentially bind, are less strongly
hydrated than calcium ions could account for the smaller energy barriers amino groups are
faced with when approaching the surface. Furthermore, amino group-containing species have

less exergonic solvation free energies compared to carboxylate-bearing molecules (-264 kJ/mol



for methylammonium vs. -330 kJ/mol for acetate (39)) and thus interact less strongly with their
hydration shell. This makes the case of glycine, containing both an amino and carboxylate
group, particularly interesting. While its N-terminus is able to indirectly bind to the terraces
with an exergonic adsorption free energy, the penalty for dehydration of is too high for the C-
terminus to cross through the hydration layers. At neutral pH, glycine is a zwitterion but in
acidic and alkaline conditions it behaves either as a glycinium cation or a glycinate anion,
respectively. While the effect of glycine on the growth rate of calcite is moderate (28), this
amino acid has been shown to alter crystal morphologies and exert control on polymorph
selection (25, 55, 27, 56). In particular, glycine’s ability to stabilize vaterite over calcite was

attributed by Shivkumara et al. (57) to its bifunctional nature.

3.2. Adsorption free energies at the obtuse and acute steps of calcite

Crystallization processes on mineral surfaces, such as adsorption or dissolution, occur
preferentially at sites associated with structural inhomogeneities such as defects, dislocations,
steps and kinks. The {1014} surface of calcite shows two non-equivalent step orientations, one
forming an acute angle with the basal plane, and the other an obtuse angle (Figure 4). We thus
explored the adsorption of the constituent ions and organic molecules at both the acute and
obtuse steps of calcite {1014}. Binding energies corresponding to the most significant minima
and obtained from the 1D projection are reported in Table 2. Given that in some cases,
particularly when two free energy basins overlap along the coordination number coordinate,
the projection along the distance collective variable may not reflect properly the barrier heights,
which could lead to an underestimation of the adsorption free energies, the binding energies
obtained from the minimum energy path of the 3D free energy profiles are also reported in
Table S1 along with the full list of all free energy minima. Distances to the surface are given
relative to the upper layer of calcium ions. A distance of ~0 A from the surface thus indicates
that the adsorption occurs directly on the lower terrace next to the step whereas a height of ~2
A points to adsorption at the edge of the upper terrace. The same notation as that introduced in
De La Pierre et al. (34) was used to identify the symmetry non-equivalent adsorption sites

(Figure 1).

3.2.1 Adsorption of constituent ions
Adsorption free energy profiles of the constituent ions of calcite, calcium and
carbonate, obtained with the polarizable force field are shown in Figure 5. Adsorption of

calcium ions is not favorable at the obtuse steps, nor at position B of the acute step, with either
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positive adsorption free energies being obtained or negative ones that are only of the order of
ambient thermal energy. However, the symmetry non-equivalent site (position A) on the acute
step appears to provide more favorable binding sites, with more significant binding energies of
-13.8 and -11.0 kJ/mol at the lower and upper terraces, respectively. This is at variance with
both current (this work) and previous (34) results obtained with the rigid-ion force field that
only found positive adsorption free energies for Ca** and particularly unfavorable binding on
the lower terraces, where the natural growth site is expected. However, a high energy barrier
of ~16 kJ/mol has to be overcome in the AMOEBA simulations in order to reach the natural
‘growth site’ on the lower terrace. This indicates that even though stable minima are identified
on the lower terrace by the polarizable force field, direct migration to the growth site remains
kinetically limited as suggested by De La Pierre et al. (34). A similar conclusion can be drawn
for carbonate ions as the adsorption free energies on the lower terrace are positive for all four
adsorption sites. Significantly stable minima, corresponding to adsorption free energies of -
20.5 and -10.5 kJ/mol, were only found on the upper terrace sites of the obtuse step, at positions
1 and 2, respectively. In contrast, results obtained from the rigid-ion force field show that
thermodynamically favorable binding can occur at all upper terrace sites, with the most
exergonic adsorption free energy (-20.8 kJ/mol) corresponding to position 1 on the acute step.

Results obtained with the polarizable force field challenge some of the findings related
to the calcite growth mechanism proposed by De La Pierre et al. (34) from classical MD based
on the rigid-ion model. In particular, the finding that calcium ions can only adsorb after
carbonate can be questioned in light of the new data from the AMOEBA calculation. While
carbonate is faced with essentially no energy barrier to adsorb at the obtuse upper step edge,
the same is also true for calcium at the acute step, though the trend in the relative strength of
adsorption still remains valid. Although both calcium and carbonate are now found to adsorb
at clean steps, because the ions only bind at the acute or obtuse step, respectively, the formation
of ion pairs will be necessary to add the oppositely charged species at that step, as previously
found for the rigid-ion model. As carbonate again prefers to bind at the upper step edge with
AMOEBA, it appears likely that occupation of the site at the lower step edge that is
commensurate with the underlying crystal structure will only occur following ion pair
formation, though further work is required to verify this. The difference between calcium and
carbonate in terms of choice of preferred step edge with the AMOEBA model also appears to

be consistent with the observed rates of single-ion growth determined experimentally (58, 59).

3.2.2 Adsorption of carboxylate groups
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For simulations conducted with a given force field, the 1D adsorption free energy
profiles of the two molecules bearing carboxylate functions, namely acetate and glycine, show
similar trends (Figure 6; note the full 2D free energy maps are given in Figures S1 and S2).
Results obtained using the AMOEBA model indicate that adsorption of acetate and glycine on
the lower terraces of both obtuse and acute steps is characterized by exclusively positive values
of the free energy, except for position 1 on the acute step where glycine binds exergonically,
although with a free energy of the order of ambient thermal energy (-2.1 kJ/mol). Instead, both
acetate and glycine C-terminus adsorb preferentially on the upper terrace at position 2 of the
obtuse step, with adsorption free energies of -8.5 and -10.4 kJ/mol, respectively. From these
configurations, shown in Figure 7e for acetate and Figure 7f for glycine, high energy barriers
of ~29 and ~23 kJ/mol, respectively, must be traversed for the molecules to transition from
the upper to the lower terrace.

The case of the adsorption at position 1 on the acute step is notably different from that
of the other possible binding sites. As mentioned in the methods section, the use of a third
collective variable describing the orientation of the adsorbate relative to the step was required
to achieve accurate sampling of the configuration space. The 1D profile showed that glycine
could transition more easily from the upper to the lower terrace of the acute step at position 1,
with a barrier height of ~27 kJ/mol compared to ~38 kJ/mol for acetate. The 2D maps of the
free energy as a function of the distance to the surface and the orientation of the adsorbate
shown in Figure 8 can provide more information on the mechanisms involved. First, they
confirm that a significantly higher energy barrier is required for acetate (~50 kJ/mol) to
transition from the upper to the lower terrace compared to glycine (~33 kJ/mol). They also
reveal that, for both acetate and glycine, there are in reality two possible configurations
associated with a free energy minimum on the lower terrace and that the free energy barrier for
acetate to transition between the two states (~22 kJ/mol) is twice that of glycine (~11 kJ/mol).
In the case of acetate, the two minima are about 9 kJ/mol less stable than the configuration in
which acetate is bound to the upper terrace. In contrast, the minimum free energy path for
glycine to move from the upper to the lower terrace involves first reaching a configuration on
the lower terrace that is about 5 kJ/mol less stable than when the molecule is bound to the upper
terrace, followed by moving to a second configuration that is equally as stable as the upper
terrace state.

The different configurations corresponding to free energy minima at position 1 of the

acute step are all shown as inserts on Figures 9 and 10, representing the 3D maps of the free
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energy as a function of the distance to the surface, the coordination number of the adsorption
site and the orientation of the adsorbate, for acetate and glycine, respectively. Acetate is found
to adsorb on the lower terrace either with its C-C bond oriented nearly perpendicular to the
surface (i.e. tilted by only 20° from the [101] direction), or with its C-C bond aligned with the
direction of step propagation. For glycine, only configurations in which the C-N bond is
oriented nearly parallel to the step correspond to free energy minima on the lower terrace, and
the two minima differ by the orientation of the amino group, which points to either extreme of
the [110] step direction.

Overall, similar trends are found with the AMOEBA force field for both molecules
bearing a carboxylate group, but glycine is altogether more strongly bound to the surface,
regardless of whether this to the upper or lower terrace sites. Glycine can also transition more
easily from the upper terrace to the adsorption site on the lower terrace of the acute step, to
which it binds more strongly than acetate.

The bifunctional nature of glycine could account in part for its stronger binding ability
to the calcite steps than acetate, as observed with the polarizable force field. As discussed in
the earlier section on the calcite terraces, amino groups interact less strongly with water than
carboxylate groups due to their less hydrophilic character. Compared to acetate, the presence
of an amino group at the other extremity of the molecule could help glycine cross through the
hydration layers more easily and facilitate its approach to the growth site. Furthermore, the
amino group could also contribute to stabilizing glycine once it has reached the binding site.
Indeed, contrary to acetate, glycine is not linear and the molecule is bent at the level of the
aliphatic carbon with a NCC angle of about 107°. As a result, the amino group remains at the
level of the upper terrace when the carboxylate group is bound to the lower terrace and is thus
able to interact with the adjacent carbonate groups. In particular, in the case of the configuration
shown in the bottom right insert of Figure 10, two hydrogen atoms are found to be at a distance
of ~1.9 A and ~2.5 A from the oxygen of the adjacent carbonate groups at the upper and lower
terraces, respectively (Figure S3). It is possible that hydrogen bonds between hydrogen atoms
of the amino group and carbonate oxygens could stabilize the two configurations of glycine
adsorbed on the lower terrace relative to that of acetate and lead to less endergonic binding
energies.

Two factors could explain the preference of both acetate and glycine for one specific
binding site at the acute step (i.e., position 1); the geometry of that particular site and/or

possible differences in water exchange rates relative to the other binding sites. For instance,
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the trends in water exchange rates calculated with the rigid-ion force field were found to be
significantly different between the obtuse step, at which an alternating sequence of fast and
slow waters was observed, and the acute step at which water exchange was uniformly slow,
suggesting different kinetics of ion adsorption (60). While the wider angle between the lower
and upper terraces at the obtuse step could limit the possibility of stabilizing interactions with
the adjacent carbonate groups compared to the acute step, it is more difficult to understand why
binding at position 1 of the acute step is more favorable than at the adjacent site, at position 2.
Survival functions for the water molecules around positions 1 and 2 of the obtuse and acute
steps are shown in Figure S4. Slower water exchange is found for position 1 at the acute step,
with a residence time of 6.1 ns, whereas the fastest exchange is observed at site 2 of the obtuse
step with a residence time of 0.7 ns. While a longer residence time explains the relatively high
energy barrier found at site 1 of the acute step, it is also indicative of a stronger interaction
between calcium and water, which subsequently results in greater binding between this calcium
site and the adsorbing molecule. In any case, these findings are consistent with the experimental
observation that adding glycine to a solution in which calcite is being grown affects the
morphology of the acute steps but not that of the obtuse steps (25).

In contrast to the above results, when polarizability is not included in the simulations,
acetate and glycine are unable to bind at any of the expected potential growth sites for
nucleation of a new row of the step edge on calcite. The free energy profiles (Figure 6) and
maps (Figure S2) for acetate and glycine obtained with the rigid-ion model show that both
acetate and glycine are met with a repulsive potential when approaching the step edges. Free
energy minima are only found for acetate at position 1 of the acute step on both the lower and
upper terraces, but they both correspond to significantly endergonic binding free energies
relative to the free species in solution. As per the flat surface, simulations carried out with the
non-polarizable force field predict an unfavorable binding of acetate and glycine onto the
calcite steps. This is inconsistent with the competitive adsorption of molecules other than
constituent ions at the growth sites as the reason commonly provided for calcite growth
modification by organics in experimental studies (e.g. 25, 19, 28) unless the thermodynamic
trends at kink sites turn out to be radically different. For instance, the mechanism proposed by
et Gan al. (61) to explain glycine’s ability to stabilize vaterite over calcite in an alkaline silica
gel involves the inhibition of calcite growth by adsorption of the molecule at the calcite growth
site. Contrary to the conclusions drawn from simulations carried out with the rigid-ion force
field, our results obtained with the polarizable force field show that it is possible for glycine to

bind directly to one of the lattice sites adjacent to the step and lower terrace with an exergonic
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binding free energy, although this is only of the order of ambient thermal energy. This is
consistent with the proposed mechanism, although the magnitude of the binding would suggest
it is a reversible process. Even though calcite grows primarily by screw dislocations, sufficient
binding of glycine at the step would eventually block the propagation of the kink and inhibit
growth.

3.2.3 Adsorption of amino groups

The 1D adsorption free energy profiles of the two molecules bearing amino functional
groups, namely methylammonium and glycine, are shown in Figure 11. The simulations
conducted using AMOEBA reveal that methylammonium adsorbs preferentially via solvent-
shared binding at 3.4 A from the surface (e.g. Fig. 7g), although the adsorption free energies,
ranging from -1.0 to -4.0 kJ/mol, are mostly within ambient thermal fluctuations (Table S2).
From this state, the molecule is able to adsorb directly onto position A of the upper terrace at
the acute step (Fig. 71) by crossing a low energy barrier of about 3 kJ/mol. A minimum of the
same depth, -0.5 kJ/mol, can then be reached on the lower terrace but requires crossing a ~6
kJ/mol energy barrier. All other minima correspond to endergonic adsorption free energies.
Similarly, the AMOEBA adsorption free energy profiles of glycine on calcite steps show
thermodynamically favorable solvent-shared binding at about 3.4 A from the surface, with the
free energies ranging from -2.4 to -4.0 kJ/mol. However, a more exergonic binding site was
found on the lower terrace at position A on the acute step, with an adsorption free energy of -
13.0 kJ/mol. Overall, glycine can access a more stable lattice site adjacent to the acute step on
the lower terrace (position A) and reach this more easily than methylammonium as the energy
barrier is about half the magnitude.

Comparison with simulations carried out with the rigid-ion force field shows that, as
for carboxylate groups, binding of methylammonium and glycine through its N-terminus on
calcite steps is thermodynamically unfavorable when polarization is not accounted for. None
of the adsorption sites located at the acute step, whether the ones corresponding to continuation
of the crystal lattice immediately adjacent to the step, or to the step edge of the upper terrace,
are associated with free energy minima. Shallow free energy minima are only found at the
obtuse step, and they all correspond to endergonic values relative to the free molecule in
solution. Note that positions further away from the steps were not explored with either force
field owing to their higher computational cost, therefore the possibility of more favorable direct
binding sites than the expected growth sites for nucleation of a new row cannot be excluded,

though it would be surprising if these sites differed substantially from those on the terraces.
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Direct comparison between calculated binding free energies and values obtained by
fitting adsorption isotherms is not straightforward, as experimental datasets describe a
macroscopic phenomenon encompassing multiple individual reactions. However, the average
binding free energies calculated here for glycine (+6.7 and -1.7 kJ/mol for C-terminus and N-
terminus, respectively) at the lattice sites adjacent to the step and the lower terrace are
comparable to that of calcium (-1.4 kJ/mol), where the relative values are in agreement with
the findings of Montanari et al. (28) who measured adsorption free energies ranging from -20
to -25 kJ/mol for glycine and concluded it could compete with calcium for adsorption after
comparison to the -28.3 kJ/mol adsorption free energy for calcium measured by Huang et al.
(62). Compared to calcium, the average binding free energy of acetate, +11.3 kJ/mol, is
significantly weaker. This was also observed by Dobberschutz et al. (63) who reported a 17.4
kJ/mol difference between the two adsorption free energies obtained using a microkinetic
model to fit data resulting from growth inhibition experiments. However, the authors calculated
similar adsorption free energies for calcium and carbonate, -18.5 and -19.1 kJ/mol respectively,
which is at variance with our results showing carbonate as the species with the weakest average
binding free energy at the lattice sites adjacent to the step and the lower terrace (+15.7 kJ/mol).
In addition to our results pertaining to adsorption at steps rather than kinks, this discrepancy is
also likely related to the assumptions made in the microkinetic model whereby the macroscopic
growth rate and fitted adsorption free energy would reflect that of the growing step with the
weakest inhibition, illustrating the difficulty to reconcile quantities calculated from atomic

scale simulations with macroscopic measurements.
4. Conclusions

Including polarizability is found to significantly improve the description of the
adsorption process by classical molecular dynamics simulations. While for the terraces, the
binding free energies are simply more endergonic in the absence of polarization, discrepancies
between the polarizable and non-polarizable force fields are more pronounced in the case of
adsorption at calcite steps. With the rigid-ion model, direct binding of the organic molecules,
acetate, methylammonium and glycine, was found to be unfavorable at all the lattice sites
adjacent to the step and the lower terrace, with either no free energy minima or exclusively
endergonic binding free energies relative to the free species in solution. In contrast, all three
molecules showed exergonic binding free energies at least one of the growth sites with the
AMOEBA model. These findings are more consistent with the experimental observations that

calcite growth can be inhibited or slowed down in the presence of such molecules in solution,
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along with the commonly proposed mechanism of competitive adsorption of organics over
constituent ions at the growth sites. Quantitatively, we find that in the situations where
adsorption of organic functional groups is favorable, the binding is only of the order of a few
kgT at best. While this may be at odds with some previous theoretical estimates that are
significantly exothermic, often based on extracting only internal energies of adsorption with
incomplete sampling of competing hydration, we believe that the present modest binding free
energies are more reasonable. Experimentally, peptides are usually more effective as growth
modification than individual amino acids and there is a variation with the number of residues,
all of which suggests the need for multiple functional groups to achieve significant adsorption
strength. Furthermore, in the context of biomineralization, adsorption of organics often needs
to be reversible to avoid stoichiometric incorporation.

Of course, it is important to note here that the primary growth sites will be at kinks,
whereby a given step edge row will be propagated. Here the results are more relevant to the
nucleation of a new additional row at a step edge, which is required for propagation across the
terrace, though given the common occurrence of screw dislocations at the calcite surface this
nucleation barrier can often be avoided. While the study of the 16 possible kink sites is
challenging and beyond the scope of this study, it is likely that similar trends may occur for
these positions as for the step edges. This calls for further work on the binding of ions and
organic molecules at all possible kink sites that also takes into account polarizability in order
to gain a full picture of calcite growth processes at the atomic scale. The high computational
cost associated with using the currently available polarizable force field means such
simulations will have to rely on the increasing availability and performance of GPUs and/or

the development of exascale computing.
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Figure 1. Side view of the obtuse (left) and acute (right) steps on top of the {1014} surface of
calcite (lower panel), with images taken orthogonal to the step edge (upper panel) where the
calcium and carbonate ions are represented as small and large spheres (brown and cyan for
lower terrace and pink and gray for the upper terrace), respectively, away from the step edge
with only the sites at the step being shown in ball and stick representation (calcium in green,
oxygen in red, carbon in cyan). Labels are given for the sites along the step edge to indicate

the symmetry unique sites.
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Figure 2. Adsorption free energies for calcium, carbonate, methyl ammonium, acetate and
zwitterionic glycine (for both functional groups) as a function of the distance to the calcite
surface and of the water coordination number obtained from simulations run with the
AMOEBA force field. The free energy landscapes are color coded according to the scale bars
on the right-hand side of each panel. For the adsorption of calcium, the coordination number
refers to the coordination number of the adsorbate, while in all other cases the coordination

number of the adsorption site was used as a second collective variable.
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Figure 3. Adsorption free energy profiles as a function of the distance above the surface of
calcium (purple), carbonate (green), acetate (blue), glycine C-terminus (light blue), glycine N-
terminus (black) and methylammonium (orange) on the {1014} terrace of calcite obtained
using the AMOEBA (top) and rigid-ion (bottom) force fields. Curves are aligned to AG =0 in
the long-range limit. The location of the first two water layers (38) are indicated by vertical

dashed lines. The adsorption free energies for calcium and carbonate are taken from Heberling
et al. (64).
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Figure 4. Side (left) and top (right) views of the calcite {1014} interfacial structure showing
the iso-density surfaces for the oxygen atoms of the water molecules in the first (orange) and
second (yellow) hydration layers, and the minimum energy configuration for glycine adsorbed
onto the terrace. Calcium in green, oxygen in red, carbon in cyan, hydrogen in white, nitrogen

in blue.
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Figure 5. Adsorption free energy profiles obtained with the AMOEBA (left) and rigid-ion force
(right) fields of calcium (top) and carbonate (bottom) on the acute and obtuse steps of calcite.
The dashed vertical line indicates the approximate position of the upper terrace. Letters

adjacent to minima correspond to the atomic configurations shown in Figure 7.
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Figure 6. Adsorption free energy profiles obtained with the AMOEBA (left) and rigid-ion
(right) force fields for acetate (top) and glycine C-terminus (bottom) on the acute and obtuse
steps of calcite. The dashed vertical line indicates the approximate position of the upper terrace.

Letters adjacent to minima correspond to the atomic configurations shown in Figure 7.
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Figure 7. Selected configurations corresponding to the most significant energy minima
calculated with the AMOEBA polarizable force field for adsorption onto calcite steps. The
letters on the images refer to the free energy minima with the corresponding labels in Figures
5, 6 and 11. Calcium atoms are shown in green, oxygen in red, carbon in cyan, hydrogen in
white, nitrogen in blue. The water molecules are represented as thin lines with gray hydrogen

atoms to allow the adsorbate to clearly seen.
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Figure 8. Adsorption free energy maps obtained with the AMOEBA force field for acetate (left)
and glycine C-terminus (right) on the acute steps of calcite (site 1) as a function of the vertical
distance of the adsorbate from a Ca atom on the lower terrace and of the orientation of the

adsorbate with respect to the [101] crystallographic direction (see text for more details).
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Figure 9. 3D adsorption free energy surface of acetate at the acute step (site 1) obtained with
the AMOEBA force field. The insets show typical atomic configurations observed in the main
free energy minima. The free energy iso-surfaces were at 5, 15, 30, 45 and 60 kJ/mol from the

global minimum and colored in black, orange, red, gray and white, respectively.
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Figure 10. 3D adsorption free energy surface of glycine-CO,™ terminus at the acute step (site
1) obtained with the AMOEBA force field. The insets show typical atomic configurations
observed in the main free energy minima. The free energy iso-surfaces were at 5, 15, 30 and

45 kJ/mol from the global minimum and colored in black, orange, red and gray, respectively.
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Figure 11. Adsorption free energy profiles obtained with the AMOEBA (left) and rigid-ion

(right) force fields of methylammonium (top) and glycine N-terminus (bottom) on the acute

and obtuse steps of calcite. The dashed vertical line indicates the approximate position of the

upper terrace. Letters adjacent to minima correspond to the atomic configurations shown in

Figure 7.
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Table 1 Adsorption free energies (kJ/mol) of acetate, glycine, methylammonium, carbonate
and calcium on the {1014} surface of calcite relative to bulk solution. Distances between the
adsorbing species and the surface are given relative to the first layer of calcium ions. Only the
energy minima in the region of the second hydration layer (HL2) and from the 1D profiles are
reported, except for carbonate where the values are also provided for the first hydration layer
(HL1) in the case of the rigid-ion model. The full list of all minima both from 1D profiles and

from the minimum energy paths of the 2D profiles can be found in Supporting Information.

Adsorbate Distance to surface AGaMOEBA Distance to surface (A) AGegigidion (1D)
&) (1D)

Ca?*9 3.1 -8.5 3.6 +27.3
CO5> 9 33 +7.0 HL12.7/HL2 3.5 +3.5/-2.5
Acetate 3.1 +4.8 3.6 +31.7
Gly C-terminus 32 -1.4 3.0 +51.4
Gly N-terminus 34 -4.7 33 +9.3
Methylammonium 3.6 -4.6 33 +7.1
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Table 2. Adsorption free energies (kJ/mol) of acetate, glycine, methylammonium, carbonate
and calcium on the obtuse and acute steps of the {1014} calcite surface relative to bulk solution.
Distances between the adsorbing species and the surface (heights) are given relative to the
upper layer of calcium ions. Only the main energy minima from the 1D profiles are reported.
The full list of all minima both from 1D profiles and from the minimum energy paths of the

2D profiles can be found in Supporting Information.

Adsorbate Site Height  AGamoEsa AGrigidion Site Height (A)  AGamoesa AGRigidion
&)
Ca? Obtuse A -0.1 +1.2 +44.5,+25.9%  Acute A 0.0 -13.8 +15.9, +5.5%
29 -0.3 +11.5,+3.5% 2.0 -11.0 +12.5, +6.83
Obtuse B 0.0 +2.4 +43.3,+37.5%  Acute B 0.0 +4.7 +23.8,
+42.0%
25 3.2 +15.5, +7.03 2.1 +4.4 +17.6, +5.7%
3.1 -1.4 +7.0 3.0 +3.0 +6.3
COz* Obtuse 1 0.1 +8.6 +9.9, +0.33 Acute 1 0.0 +7.8 -0.5, -10.0%
2.1 -20.5 -9.0, -12.6* 2.5 +7.2 -20.8, -20.23
Obtuse 2 0.0 +26.8 +7.6, +9.5% Acute 2 0.2 +19.7 +5.5, +12.23%
2.7 -10.5 -7.3,-7.7%# 22 No min -6.4,-7.5%
Acetate Obtuse 1 0.2 +17.9 +55.6 Acute 1 0.0 +8.0 +28.1
2.1 +3.4 +14.8 3Cv) 2.8 -2.9 +7.3
Obtuse 2 0.0 +13.8 +57.5 Acute 2 0.3 +15.4 +64.3
2.7 -8.5 No min 33 +7.4 No min
Gly C-ter  Obtuse 1 0.1 +12.0 +62.8 Acute 1 0.0 -2.1 +81.1
1.5 +6.2 No min 3CV 1.7 -0.1 No min
Obtuse 2 0.0 +9.7 No min 3.1 +0.3 No min
2.8 -10.4 No min Acute 2 0.2 +7.3 +69.7
Gly N-ter  Obtuse A 0.6 +0.6 +20.8 Acute A 0.4 -13.0 No min
2.1 +5.7 No min 2.1 -3.8 No min
35 -2.6 +4.3 32 -4.0 +8.5
Obtuse B 0.5 +3.9 +24.0 Acute B 0.5 +1.8 No min
34 2.4 +6.2 34 -34 No min
CH3;NH;"  Obtuse A 0.5 +3.3 +18.5 Acute A 0.4 -0.5 No min
24 +3.1 No min 23 -0.5 No min
34 -3.0 +5.4 34 -4.0 +5.6
Obtuse B 0.4 +6.6 +25.2 Acute B 0.5 +8.7 No min
33 -1.0 +7.4 34 24 No min
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