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The interactions of proteins, polysaccharides and other
biomolecules with Ca’*, CO%f, and water are central to
the understanding of biomineralization and crystalliza-
tion of calcium carbonate (CaCQO3), and their association
with the natural organic matter (NOM) in the environ-
ment. A molecular-level investigation of how such inter-
actions and thermodynamic forces drive the nucleation
and growth of crystalline CaCQj; in living organisms re-
mains elusive. This paper presents ab initio and metady-
namics studies of the interactions of Ca%t, CO%‘, and wa-
ter with the essential amino acids/functional groups, e.g.
arginine/NH; , aspartate or glutamate/COQ™, aspartic or
glutamic acid/COOH, and serine/OH, of protein/organic
molecules that are likely to be critical to the biomineraliza-
tion of CaCOj3. These functional groups were modeled as
guanidinium (Gdm™), acetate (AcO ), acetic acid (AcOH),
and ethanol (EtOH) molecules, respectively. The Gdm™ -
Ca’*-CO3™ and AcO~-Ca’>"-CO3~ systems were found to
form stable ion-complexes irrespective of the presence of
near neighbor water molecules. The strong electrostatic
interactions of these functional groups with their counter-
ions significantly affect the fundamental vibrational fre-
quencies of the functional groups, mainly the NH; stretch-
ing (str.) and degenerate (deg.) scissors modes of Gdm™
and -C=00, CC, and CO str. modes of AcO~. The
free-energy calculations reveal that EtOH forms weakly
bound molecular complexes with the Caz+-CO§_ ion pairs
in water. However, the interaction strength of EtOH with
crystalline CaCO; can increase significantly due to com-
bined effect of H-bond and electron donor acceptor (EDA)
type of interactions. These results indicate that -NH;r and
-COO™~ bearing molecules serve as potential nucleation
sites promoting crystallization of CaCQO; phases while -OH
bearing molecules are likely to control the morphology of
the crystalline phases by attaching to the growing crystal
surfaces.

The interactions of proteins, polysaccharides and other
biomolecules with CaZt, CO%‘, and water molecules are cen-
tral to understanding the biomineralization of CaCOj3 and are
also fundamental to the interactions among naturally occur-
ring organic matter, mineral surfaces, groundwater, and min-
erals ™. CaCOj3 biomineralization is an essential process in
the formation of the exoskeletons and other structural compo-
nents of many living organisms, including crustaceans, algae,
sea urchins, and avian eggshells. Crystalline CaCO3 formed
both biogenically and inorganically occurs as one of the three
polymorphs, calcite, aragonite, and less commonly vaterite.
The crystallization pathway for these phases depends greatly
on the physical and chemical conditions®!'!. The biologi-
cally produced phases have a wide range of morphologies and
physical properties due to the influence of the proteins and
enzymes present >3 and these properties can be utilized to
develop ‘smart’ materials>'®. Proteins generally carry a net
non-zero surface charge that facilitates interaction and bind-
ing with either positively charged Ca>* or negatively charged
CO%T Although it is not yet known how the binding of pro-
teins to these ions controls nucleation, it has been speculated
that the calcium-binding proteins delay nucleation and reduce
the rate of crystal growth !” by increasing the activation energy
of the process.

Calcite is formed in systems with proteins that con-
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polymorphs, calcite, aragonite, and less commonly vaterite.
The crystallization pathway for these phases depends greatly
on the physical and chemical conditions®!!. The biologi-
cally produced phases have a wide range of morphologies and
physical properties due to the influence of the proteins and
enzymes present'>~15 and these properties can be utilized to
develop ‘smart” materials ', Proteins generally carry a net
non-zero surface charge that facilitates interaction and bind-
ing with either positively charged Ca?* or negatively charged
CO%f. Although it is not yet known how the binding of pro-
teins to these ions controls nucleation, it has been speculated
that the calcium-binding proteins delay nucleation and reduce
the rate of crystal growth !” by increasing the activation energy
of the process.

Calcite is formed in systems with proteins that contain prin-
cipally aspartic acid/aspartate '®1° or have negatively charged
regions on their surface !'. The interaction of individual amino
acid residues with Ca2+-CO%_ ion pairs are also important
in biomimetics, where additives with selective charged func-
tional groups are used to control the crystallization pathway 2°
and crystal morphologies?!. For example, poly(aspartic acid)
and poly(acrylic acid), both contain COOH functional groups
and stabilize a polymer-induced liquid phase (PILP) prior to
the formation of amorphous calcium carbonate (ACC)?2. In
contrast, positively charged additives?! with amine (NH3)
groups induce phase separation driven by the interaction with
negatively charged carbonate ions forming hydrated charge-
separated (Ca”/additive/CO%f) droplets. This phase sepa-
ration induces dramatic changes in the crystal morphologies
of CaCOs3. In all these processes, charge-dipole and dipole-
dipole interactions play a major role in the association and dis-
sociation of ions from the protein surface, synthetic polymers,
or liquid organic additives. Thus, understanding the binding
affinities and interaction strengths of amino acid residues with
Ca’* and CO%‘ is an important step in understanding and pre-
dicting the crystallization behavior of biogenic CaCOj3 phases.

Despite great progress in experimental studies of the nucle-
ation and growth of biogenic and natural CaCOs3, molecular
scale understanding of the influence of biomolecules on the
crystallization pathways has remained elusive. Computational
modeling studies have the potential to provide significant in-
sight into this question. Recent studies using classical sim-
ulation methods have focused principally on the interaction
and adsorption of proteins >3, polysaccharides !°, and synthetic
peptides®* on the surfaces of crystalline CaCO3 phases. Pe-
ter et al.,>* for instance, studied the adsorption of polystyrene
sulfonate (PSS) on calcite using classical molecular dynamics
(MD) simulations. PSS is an additive to control crystal growth
in vitro. They observed that the binding of the acidic sulfonate
group on the polar (001) calcite surface is much stronger than
on the non-polar (104) surface due to the dominant interac-
tion between sulfonate functional groups and the positively

charged Ca®* on the (001) surface. In addition to this charge-
dipole interaction, solvent-mediated interaction between the
acidic functional groups and Ca”* is also crucial in this sur-
face binding, with free energy calculations showing that the
binding energies for direct and solvent-mediated adsorption
on (001) surfaces are essentially the same. In contrast, on the
non-polar (104) surface, solvent separated acidic groups form
strong hydrogen bonds with the ordered water molecules on
the surface.

Freeman et al.?® studied the binding of the eggshell pro-
tein Ovocleidin-17 on calcite surfaces. This protein has a net
+7 charge at neutral pH. These results show that the residues
alanine (functional group: CH3 ), arginine (functional group:
NH2+ ), aspartic acid (functional group: COOH), and serine
(functional group: OH™) are able to help bind the protein on
the non-polar (104) calcite surface and that the interaction of
arginine is dominant. The strong interaction between the cal-
cite surface and water molecules results in the formation of
an ordered water layer on the surface, and the most favorable
binding of the protein is achieved by solvent-mediated inter-
actions that minimize displacement of water molecules from
the surface layer.

In natural and anthropogenic environments, aqueous fluids
rich in Ca?" and carbonate species are common in near sur-
face environments and deeper in the earth’s crust. These fluids
are the medium from which CaCOs3 minerals crystallize, and
as in biomineralization, bio- and organic- molecules appear
to play a significant role. Ca®* binding is also thought to be
central to the structure and behavior of NOM, its interaction
with mineral surfaces, and even fouling of water purification
membranes 27, The relevant functional groups>?® are of-
ten the same as in biomineralization, and the molecular scale
interactions are also incompletely understood.

Modeling results concerning calcium carbonate biominer-
alization published to date have focused on the interaction of
macromolecules and preexisting calcite surfaces, but to un-
derstand the effects of these molecules on CaCO3 nucleation
and growth it is also necessary to study the interaction of the
important amino acid residues with Ca>* and CO3~ in aque-
ous solution. Ca’>* and CO%f form strong ion pairs in solu-
tion2°-3!and it is thus also important to understand these in-
teractions not just with the individual ions but also with both
ions present. Similarly, the published computational studies
of the role of Ca>* in NOM structure and binding have not in-
cluded CO%f or HCOy, despite the near ubiquitous presence
of carbonate species in natural waters.

We present here a computational study of the interaction
of Ca’* and CO%f with functional groups relevant to CaCO3
biomineralization and NOM using DFT, classical molecular
dynamics (MD) and metadynamics methods to evaluate the
structural environments, energetics of these interactions in
small molecular clusters, changes in the vibrational frequen-
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cies due to ion-association, and the effects of solvation of the
clusters in bulk water. The results illustrate quantitatively the
role of solvating H,O molecules in changing the structural ar-
rangements of the gas phase clusters.

There have been several previously published computa-
tional studies relevant to our results. Hamm et al. 3% performed
classical MD simulations of hydrated Ca>* in the presence of
negatively charged aspartate (Asp) using CHARMM*? force
field parameters. They showed that the strong interaction
between these species triggers dehydration of Ca?" by re-
ducing the energy barrier of Ca?* dehydration. Nielsen et
al.** considers this to be the rate-limiting step for the cal-
cium carbonate nucleation and growth. Gale et al.?> used
modified CHARMM parameters to perform similar calcula-
tions to study the free energy landscape for the binding of
Asp/Aspartic acid to the surfaces of amorphous and crystalline
CaCOj;. Freeman et al.?>3 used AMBER? parameter set
in their study of Ovocleidin-17 on calcite surfaces, although
this parameter set underestimates the hydration free energies
of Ca?* and CO%™.

For the classical MD and metadynamics calculations here,
we use CHARMM parameters for Ca%t, CO%‘, and the or-
ganic molecules and TIP3P3® for water molecules. The
functional groups modeled are NH; (guanidinium, CN3Hs,
Gdm™), COO- (acetate, AcO~), COOH (acetic acid, AcOH)
and OH (ethanol, EtOH). These groups are relevant models
for arginine, aspartate/glutamate, aspartic acid/glutamic acid,
and serine, respectively and are common functional groups in
NOM.

1 Simulation Details

To study amino acid-CaCOjz-water interactions in the gas
phase, we performed quantum-chemical calculations using the
Gaussian093° suite of programs at the B3LYP/6-311+G(d,p)
level. The Cy, atoms of alanine, aspartic/glutamic acid, and
serine were modeled as methyl groups. We will refer to these
residues as ethanol (EtOH), acetate (AcO™) and acetic acid
(AcOH). The arginine side chain was modeled as a positively
charged guanidinium ion (Gdm™). Vibrational analysis of the
optimized geometries do not show any imaginary modes that
represent a stable geometry.

Classical MD simulations of aqueous solutions containing
a formula unit of CaCOj3 and a model residue, Re (Re = EtOH,
AcO™, AcOH, Gdm™), were carried out using the NAMD
software*’ package, the CHARMM 27 all-atom force-field 3
parameters, and the TIP3P water model33. The simulations
were performed in the NPT ensemble at 310 K and 1 atm pres-
sure. The system pressure was controlled using a Langevin
piston with a period of 100 fs. The temperature was con-
trolled by a Langevin thermostat. The cubic box dimensions
of the EtOH-, AcO~-, AcOH-, and Gdm™-CaCO3 systems

were 29.1, 22.8, 22.3, and 19.1 A3, respectively. The AcO~
and Gdm™ systems were neutralized by one Na™* and one CI~,
respectively. The number of water molecules in these systems
were 826, 400, 285, and 233, respectively. The non-bonded in-
teractions were smoothed using a switching function between
10 and 12A. Electrostatic interactions were calculated using
the particle mesh Ewald (PME) method with a distance cutoff
of 12A. Each system was run for total 4 ns including 2 ns of
initial equilibration.

The metadynamics methods implemented in the NAMD
software package were used to study the free energy profiles
for the association of the ion pairs in bulk solution using col-
lective variable (CV) module. Each CV is the measure of dis-
tance between a particular pair of atoms. The CVs for each
system are described in the respective sections of this paper.
For these calculations, each system was run for total 22 ns in-
cluding 2 ns of initial equilibration. During the simulation,
Gaussian hills of width 2° were added at a regular interval of
100 fs.

2 Validation of Force Field Parameters

The applicability of MD models involving organic and in-
organic species depends greatly on the quality of the force
field parameters. To validate the suitability of the CHARMM
force field parameters to study the interactions between or-
ganic molecules and CaCO3 we calculated the hydration free
energies of the Ca>* and CO? and the local hydration shell
around Ca’* using the NAMD software package. These
values were compared with the existing theoretical and ex-
perimental values. The hydration free energy of a particu-
lar ion was calculated by the Free-Energy-perturbation (FEP)
method, implemented in NAMD package, where the interac-
tion strength of the ion with the was gradually increased or
decreased. For example, if the interaction strength (A) is 0
then the ion is considered to be non interacting and is placed
infinitely far apart from the solvent molecules. In contrast,
A = 1 indicates favorable interaction between the ion and the
solvent. Thus, the potential energy of a system containing so-
lute (here, the ion) and solvent is given by

ETotaI = Esolure—solute + Esolvent—solvent + }\'Esolute—solvent (1)

The change in free energy between two A states (i, i+1) is

1
AG; = —Bln < exp[—B(E;VH —E,)] > 2)
and the hydration free energy is
N
AGpya = Y AG; ©)
i=1

=
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where N=total number of A points, A; =0 and Ay = 1. During
the FEP calculations, the A value was varied in steps of 0.5 for
both the forward (A= 0— 1) and reverse (A= 1— 0) processes.
Each model system was generated by solvating an ion (Ca2*
or CO?) in a cubic water box of dimension 30A and was
equilibrated for 1 ns before initializing the FEP calculations.
At each A value, the equilibrium run length was 60 ps and the
production run length was 1.4 ns. To overcome the singularity
issue at the terminal windows, A=0 and 1, a soft-core potential
was used.

Table 1 lists the hydration free energies of the ions from
the existing literature and the results from our calculations.
The AGyyq of Ca?t and CO%f calculated using the CHARMM

Table 1 Hydration free energies (kJ mol~!) of Ca®t and CO%f

Theoretical

-1384. (this work)
-1333.3642
-1447.42

-1247.34 (this work)
-1175.36:42
-1301.42

Ion type

Ca2+

Experimental
-1446.4%41

Cco3~ -1314.%

parameter set are -1384 kJ/mol and -1247.34 kJ/mol, respec-
tively. Compared to the experimental values, our simula-
tion results yield a slightly lower AGy,y,. Previous simulation
studies of calcium carbonate biomineralization using the AM-
BER %7 force field parameters for the biomolecules and Pavese
et al.’s parameters** for CaCO3 show much lower values of
the AGy,yq and underestimate the solubilities of both Ca*t and
CO%f. In a recent publication*?, Gale et al. provided a new
set of force field parameters for CaCOj3 that yield better agree-
ment with the experimental AGy,4 values. However, the com-
patibility of these parameters with the existing force field pa-
rameters for biomolecules are not yet verified. Moreover, mix-
ing two different types of force fields may lead to systematic
errors in the calculations. Thus, we chose to use CHARMM
parameters for both organic and inorganic species.

To further test the applicability of the CHARMM parame-
ters, we also studied the near neighbor hydration shell around
Ca?*. The radial distribution function of atom pair Ca,0y4rer
(gca—oyy» Figure 1) shows a nearest neighbor peak at 2.26A,
a minimum at 2.56A, a second neighbor peak at 4.5A, and a
second minimum at 5.5A. The running coordination number
at the first minimum is 6.8. These values compare well with
the X-ray diffraction studies*> which show the position of the
first minimum is at ~2.5 A and a corresponding running coor-
dination number of ~7. Based on the agreement between the
calculated and experimental hydration free-energies and near-
est neighbor distance and coordination number, we conclude

2.sf /

75 9

Rl

i v a5
Feao,, )

Fig. 1 Radial distribution function (solid line) and running
coordination number (dashed line) for the atom pair Ca?t and
oxygen of water (O ) molecules.

that the force field parameters used here are suitable for our
purposes.

3 Results and Discussion

For each model residue, we first discuss the ground state prop-
erties of the gas-phase systems with and without neighboring
water molecules. Then we discuss the solvation effects on
these systems from the MD and metadynamics results.

3.1 Gdm™"
3.1.1 Gas-phase

The optimized gas phase structures of the Gdm™ clusters show
that H,O has a significant effect on the equilibrium structural
relationships among the Gdm*, Ca®* and CO%~ (Figure 2).
For the system without H,O, two NH; groups of the Gdm™ are
located directly perpendicular to the CO%‘ ion forming two
hydrogen bonds with two oxygens of CO%‘ (Oco,) forming
a ‘twin nitrogen-twin oxygen’ (TNTO) geometry***® (Fig-
ure 2A). This is a common structural arrangement for Gdm™
and COO™ containing residues. The Ca®* is in bidentate co-
ordination with two Ocp, and is not directly coordinated to the
Gdm™. In general, this geometric relationship between Ca>*
and CO%‘ is the most stable gas phase structure?, and all
the Gdm™ -containing clusters here have this geometry, irre-
spective of the number of near-neighbor water molecules. The
strong interaction between Ca>* and CO%f results in changes
in the lengths of the C-O bonds in CO? relative to the bare
CO3™. Inisolated CO3 ™, the C-O bond length is 1.31A. This
value increases to 1.32 and 1.36A for the two Oco, coordi-
nated to Ca®" and decreases to 1.23A for the Oco, not coor-
dinated to Ca2+. The presence of the Ca>*t also causes the
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Fig. 2 Geometry optimized structures of Gdm™ containing clusters
with (A) Ca>* and CO3~, (B,C,D) Ca>*, CO3™ and one H,0, (E,F)
Ca?™, CO%f and two H>O. Color scheme: carbon (cyan), nitrogen
(green), oxygen (red), calcium (blue), hydrogen (gray).

H-bonds donated to the Ocp, by the Gdm+ to have different
lengths.

In systems with one water molecule, the Gdm™ and CO%f
are coplanar, and the TNTO geometry between them remains
present. There are three optimized structures with one wa-
ter molecule in which the H>O interacts with, (i) Gdm™ and
CO? (Figure 2B), (ii) Ca’* (Figure 2C), and (iii) Gdm™
(Figure 2D). The energetically most stable arrangement (Fig-
ure 2C, Table 2) is the one in which H,O is coordinated to a
Ca’*. The positions of the water molecule in these clusters
are very different from that in an isolated Gdm™-water com-
plex#, in which the oxygen of water (Oy) lies in the plane
of Gdm™ and forms two hydrogen bonds with the hydrogens
of two adjacent NH2+ groups. Moreover, the distance between
the Gdm™ and CO%‘ is significantly changed by the presence
of a water molecule that interacts with both of these ions (Fig-
ure 2B) and in the situation where it interacts with one of them
(Figure 2C,D). The closest distances between Ocp, and Hggy,
in structure B increase by ~0.12A than the structure in Fig-
ure 2C. The strong H-bond interaction between Gdm™ and
H,O0 in the structure in Figure 2D increases these distances
even more by pulling the Gdm™ away from CO%T

For systems with two water molecules, the minimum en-
ergy structure (Figure 2E) has one water that interacts with
both CO%‘ and Gdm™ at essentially the same position as in
the minimum energy one-water (Figure 2B) system and a sec-

Table 2 Binding energies of the optimized ion-complexes.

Superscript on left indicates the corresponding Figure
number for the optimized geometry of the complex. The
energy difference, AE, for CaCO3 containing complex
(Re[CaCO3][H,0],) is AE = E(complex) - E(Re) - E(CaCO3)
- nE(H,0) and that of Ca* / CO%‘ containing complex is
AE = E(complex) - E(Re) - E(Ca”/CO%‘) - nE(H,0), where
Re and n are the model functional group and number of water

molecules, respectively.

Complex AE (kcal/mol)

2¢Gdm[CaCO3]* -46.24
2bGdm[CaCO3][H,0]" -55.50
2¢Gdm[CaCO3][H,0] " -75.30
2dGdm[CaCO3][H,0] " -59.45
2¢Gdm[CaCO3][2H,0]* -85.43
2fGdm[CaCO3][2H,0]* -67.90

baAcO[Calt -321.99

60 AcO[CaCO3]~ -89.22

6d AcO[CaCO3][H,0]~ -107.92
e AcOH[Ca]*t -83.38

6f AcOH[Ca]**[H,0] -109.87
13¢EtOH[CaCO3] -8.61
BbEtOH[CaCO;3][H,0] -45.63

ond water molecule that donates an H-bond to the CO%‘. This
structure does not show the TNTO geometry. Rather, the
CO? is coordinated to the Gdm™ by two H-bonds donated
to a single O¢op, from two different NH, groups. We will refer
this arrangement as ‘twin-nitrogen-single-oxygen’ (TNSO).
In the less stable complex with two water molecules (Fig-
ure 2F), Gdm™ is in TNTO geometry with CO? and the sec-
ond water molecule interacts only with Gdm™ and forms two
H-bonds with the NH; group. Thus, the position of the near-
est neighbor water molecule significantly affects the strength
of H-bond interaction between Gdm™ and CO%‘. Systems
with more water molecules could not be optimized. Our MD
simulation of the bulk system shows that the association of
more than two water molecules with the ion-complex requires
an H-bond network among the neighboring water molecules.

3.1.2 Vibrational Spectra

The presence of near-neighbor water molecules has a signif-
icant effect on the vibrational modes of Gdm™ (Figure 3).
The NH stretching modes at 3592 cm ™! (symmetric str.) and
3714 cm~! (asymmetric str.) and the NH, degenerate scis-
sors modes at 1713 cm™! are most sensitive to the presence
of CO%‘ in the TNTO geometry. The establishment of strong
H-bonds shifts the str. modes of the participating NH bonds

This journal is © The Royal Society of Chemistry [year]
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A NH, deg. scissors NH, asym. str.
NH, sym. str.
L 1 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000
B boNH, sym. 5‘{ nbNH, sym. str.
boNH, asym. str.
l?NHX-sym.xlr.
0 500 1000 1500 2000 2500 3000 3500 4000
C boNH, str.

2

\\ Water a7ym str.

nbNH, asym. str.

T . . i
0 1000 2000 3000 4000

Wavenumber (cm'l)

Fig. 3 Power spectra of (A) Gdm™, (B) Gdm-CaCO3, and (C)
Gdm-CaCO3-2H; 0 clusters.

to much lower frequencies that appear at 2965 and 3200 cm ™!
for N-H...O-C distances of 1.64 and 1.8A, respectively. How-
ever, this effect is less prominent for the non-donating NH
bond. This restricted motion also splits the NH, deg. scis-
sors modes into lower frequency modes. Ab initio studies™°
of solvated and isolated Gdm™ show that the presence of the
first hydration shell has a negligible effect on the vibrational
modes of the ion. One of the reasons for this could be that
the N-H (in Gdm™) and O-H (in water) stretching frequencies
are almost the same, and it is difficult to identify the effect
of water that is H-bonded with the ion and with other water
molecules. In the two-H>O complex here, the transformation
from TNTO geometry in the dry complex to TNSO geometry
with two waters relaxes the NH vibration modes of the NH,
groups that are bonded to the CO? and shifts them towards
higher frequencies, although these modes are still at lower fre-
quencies than the non-bonded NH, (Figure 3C). The deproto-
nated state of the arginine side chain is also important in this
context. Braiman et al.>! show that deprotonation of the argi-
nine side chains will red-shift the CN stretching mode by ~50-
100 cm ™! relative to the protonated state. In a hydrophobic
environment, the association of an arginine side chain with a
counter-ion depends on the position and characteristics of the
counter-ion and the strength of the H-bond>'.

3.1.3 Free Energies

The free energy profile (Fguano(tcor)) of the Gdm™-Ca-CO;3
ion-complex solvated in bulk water as a function of the dis-
tance between carbon atoms of Gdm™ and CO%f (r¢o1) con-
tains a global minimum at 3.83A that is 4 kcal/mol more
stable than the non-interacting, dissociated state at 8A and
a secondary minimum at 4.5A that is 3 kcal/mol more sta-

) (kcal/mol)
S5 & &

Fguan(rcol
S N s N R

l'(:ol (A)

Fig. 4 Potential of mean force for the binding of Gdm™ to CaCOj3
ion-pair.

c
2
™
I
T

N,
- 3
1

400 ———— T .
A 300 d 4
8 P00
o 2001 1 F
S 100] J b
0 |A PR T |
0 2 4 6 8 100

Fig. 5 Radial distribution functions for (a) nitrogen (Ng,,) of
Gdm™ and carbon (Cco,) of CO3, (b) Nggp, and oxygen of water
(Ow), (c) carbon (Cggy,) of Gdm™ and Oy, (d) CO%f and Ca?t,

ble than the dissociated state (Figure 4). The arrangement of
the Gdm™, Ca®* and CO3~ at the global energy minimum is
generally similar to that of gas phase complex without water
molecules (TNTO) except that the Gdm™ and CO%‘ are not
coplanar. At this minimum, the CO%‘ receives two H-bonds
from the Gdm™, and the Ca?* is in bidentate coordination with
the CO%f throughout the simulation due to strong electrostatic
interaction with a binding energy of nearly 8.84 kcal/mol>2.
At the secondary minimum, the CO%f is almost perpendicular
to the Gdm™ and this twist in the 0 angle leads to the formation
of only one H-bond while maintaining the same Hgg,-Oco,
distance as at the global minimum.

3.1.4 Bulk Solution

The intermolecular radial distribution functions (RDFs) ob-
tained from the classical MD simulations of Gdm™, Ca?", and
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CO%‘ solvated in bulk water show that the Gdm™ and CO%‘
retain the TNTO structural arrangement (Figure 5a) and that
the Ca* is mostly in bidendate coordination with Cng (Fig-
ure 5d). Previous MD calculations®® of Gdm™*s and CO3 s
solvated in bulk water show that even at high concentration
of Ca** and CO%f, TNTO is the preferred geometry. As
observed in our free-energy calculations, the strong H-bond
interactions between Gdm™ and CO%‘ inhibits the dissocia-
tion of the Gdm-CO3 ion-complex. This result indicates that
guanidinium groups or, in general, arginine residues on pro-
tein surfaces and amine groups in NOM help bio- and organic-
molecules recognize and bind to the CO%f groups on calcium
carbonate surfaces or CO%f in solution. The RDF for the
NGam-Cco, atom pair (Figure 5a) shows two isolated peaks
at 3.4 and 5.1A, where the first peak corresponds to the ni-
trogen atoms H-bonded to CO? and the second peak cor-
responds to the unpaired nitrogen atoms. Compared to the
gas-phase clusters, the shortest N-C distance is increased by
~0.7A in solution. This increase is due to the presence of the
hydration shell around both Gdm™ and CO%‘ which weak-
ens the H-bond strength. The RDF for the Ng4,-Ow atom
pair (Figure 5b) shows three prominent peaks at 2.8, 3.5, and
5.0A. The running coordination numbers at each of these dis-
tances are 1.0, 3.6, and 15, respectively. This result shows
that even in the bulk solution, the Gdm™*-CaCQj3 ion-complex
can accommodate a maximum of one water molecule in the
first hydration shell. The RDF for the Cg4,-Ow atom pair
(Figure 5c) shows a peak at 3.7A and a broad peak at 6.9A.
Analysis of the arrangements related to these peaks indicate
that there are two types of hydration waters around Gdm: (1)
in-plane water molecules that receive H-bonds from Gdm™,
and (2) out-of-plane water molecules in the plane parallel to
the plane of Gdm™ interacting with the lone-electron pair of
the Ngg,, atoms.

Classical MD study of the hydration of Gdm™, Soetens
et al.* used both polarizable and non-polarizable water
molecules and found no dramatic differences in the solvent
structure around the ions except that the number of nearest
neighbor water molecules is more with the polarizable model.
The structural properties extracted from our results match well
with those of Soetens ef al. using a polarizable water model.
Thus, we believe that our results with the non-polarizable
TIP3P water model are useful in understanding biomineral-
ization.

32 AcO™
3.2.1 Gas phase

The geometry optimized structures of gas phase systems con-
taining AcO™, Ca?t, CO%‘, and H,O show that in all cases
coordination to the COO™ group occurs through the Ca’>* and
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Fig. 6 Geometry optimized structures of (A,B,C,D) AcO™ and
(E,F) AcOH containing clusters. Front and top views of the
AcO’—CazﬂL—CO%* complexes are shown in panels B and C,
respectively. Color scheme: Carbon (cyan), Oxygen (red), Calcium
(blue), hydrogen (gray).

that the presence of one water molecule changes the struc-
ture significantly (Figure 6). For the AcO~-Ca’** ion com-
plex (Figure 6A), Ca>* is coplanar with the COO~ group and
is equidistant from the two carboxyl oxygens at 2.17A. The
binding energies of the ion complexes are listed in Table 2.
For the AcO~-Ca>*-CO?~ complex (Figure 6B) Ca>* bridges
the two anions via coulombic interaction, with the Ca2* -Oco,
bond distances 0.23A shorter than for Ca?t-O4.0. The COO
planes of the AcO™ and CO%f are perpendicular to each other
(Figure 6C). The Ca>*-Oy4.o distances are larger than for the
AcO™-Ca’* complex (2.41A vs. 2.17A) due to strong inter-
action between Ca>" and CO3 .

As for the Gdm™ clusters, in the AcO’—Caer-CO%_ com-
plex with one H,O, the water molecule is coordinated to the
Ca%t. It donates an H-bond to Oco; and is not coordinated
to the AcO™, demonstrating the more hydrophilic nature of
CO%f—(Figure 6D) relative to COO~ of AcO~. The Ca?* in
this complex is coordinated by a total of 5 oxygen atoms. We
modelled several initial structures of the AcO’-Ca”-COg_
complex with more than one water molecules but could never
achieve a stable geometry-optimized structure other than the
one in Figure 6D. This observation is in line with our MD re-
sults which show that in bulk water, the Ca%" is in bidentate
coordination by AcO™ and there is a maximum of one water
molecule in the first hydration shell. Recent infrared spec-
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Fig. 7 Power spectra of (a) AcO~, (b) AcO—-Ca®*, (c)
AcO™-CaCOs3, (d) AcO™-CaCO3-H,O

troscopy experiments>* show that even when the counter ion
is Na*t rather than Ca?", the hydration number per -COO~
is 1.0. Thus, in comparison to solvated AcO~ without any
counter ion>> where the Oy is coordinated by 3.4 Oy (oxy-
gen of water), the presence of Ca>* reduces the water coor-
dination around the carboxyl group significantly. This inner
sphere bridging of the carboxylic group and the CO%‘ by Ca**
is likely to play an important role in adsorption of bio- and or-
ganic molecules on the CaCO3 surfaces at neutral and basic
pHs and in helping these molecules structure the ions in solu-
tion during nucleation.

3.2.2 Vibrational Spectra

The calculated power spectra of isolated AcO™ and the AcO™ -
Ca>*, AcO™-Ca’*-C0O3 ", and AcO~-Ca?*-CO3-H,0 com-
plexes are significantly different (Figure 7). The -C=00
stretching mode at 1652 cm ™! and CC, CO stretching modes
at 856 cm~! are most sensitive to the presence of Ca’>* in the
AcO~-Ca’* complex (Figure 7b). The strong interaction in
the ion pair splits and shifts the -C=00 stretching modes to
1477 and 1428 cm™!, which are much lower frequencies than
for isolated AcO~ (1664 cm™!) (Figure 7a). There are simi-
lar changes™* in a comparable system containing Na™. This
effect is however less prominent in the presence of CO3 ™,
because the carbonate significantly weakens the AcO~-Ca>*
binding. In the AcO™-CaCO3-H,O complex, the formation
of strong H-bond between H,O and CO%‘ red shifts the OH
stretching mode of the bonded OH (Figure 7d). Because the
H,0 does not directly interact with AcO™, the effect on the
AcO™~ modes is small. Previous IR spectroscopic>®>7 and the-
oretical ¥’ studies have shown that in bulk AcO~/AcOH solu-
tion, there can be at least three types of hydrated species con-
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Fig. 8 Potential of mean force for the binding of AcO™ with
Ca,COj3 ion-pair. The most probable geometries of these ions at
each energy minima are shown with ball-and-stick representation.
Color scheme: Carbon (cyan), Oxygen (red), Calcium (blue).

taining acetic acid with one or two nearest neighbor (NN) H,O
molecules and an acetate ion with two NN HO. In systems
with protonated AcOH the mode at ~1700 cm™! appears due
to a Fermi resonance between the CO stretching mode and the
first overtone of the CC stretching (885 cm~ 1) mode>3. The
splitting of this mode in our AcO~-Ca”* complex may be due
to the absence of the Fermi resonance.

3.2.3 Free-energy Calculations

The free energy profile for the solvated AcO’-Ca”-COg_
complex as a function of distance between Ccpp— of AcO™
and Ca®" (r.,;) obtained from the metadynamics calculations
shows a global energy minimum at r.,;=2.62A, a secondary
minimum at 3.32A that is 1.9 kcal/mol less stable, a transition
state at 3.8A, and a total energy barrier from the global min-
imum to the dissociated state of 9 kcal/mol (Figure 8). The
energy barrier between the two minima is 3.9 kcal/mol. In the
global minimum energy configuration, Ca>* is in bidentate
coordination with both anions, as in the gas phase structure. At
the secondary energy minimum, Ca>* is in monodentate coor-
dination by the AcO™ and in bidentate coordination by O¢g,.
The high affinity of COO groups for Ca>* and their selective
binding is in agreement with the observation that acetate bind-
ing sites are in general Ca®>" philic. A recent study?® of the
complexation of Ca>* with the carboxylic groups of a model
molecule of NOM in the absence of CO%‘ showed a similar
free energy profile. This study also showed only small differ-
ences in the free energy profiles for carboxylic side chains and
an isolated acetate group, confirming that the interactions be-
tween -COO~ groups and Ca®* are strong irrespective of their
end groups and the presence of other ions.

For a more detailed structural analysis of the AcO~-Ca’*-
CO%‘ complex in solution, we define two angles, 6 and ¢
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Fig. 9 Variation of 0 and ¢ angles in metadynamics simulations at
Ico1=2.62 (the global energy minimum; black dots), 3.32 (secondary
energy minimum; red dots), and 3.8A (transition state; blue dots).
Scheme: Definition of 8 and ¢ angles. These two angles are between
the C-Ca vector and the normal (nl and n2 vectors) to the COO
plane (shaded regions) for the CO§_ and AcO™ groups,
respectively.

(Figure 9), and investigate their variation in the metadynam-
ics simulations at r,,;=2.62 (the global energy minimum),
3.32 (the secondary energy minimum), and 3.8A (the tran-
sition state) of distance between Ccpo— of AcO~ and Ca?*t
(rzo1) obtained from the metadynamics calculations shows a
global energy minimum at ro=2.62A, a secondary minimum
at 3.32A that is 1.9 kcal/mol less stable, a transition state at
3.8A, and a total energy barrier from the global minimum to
the dissociated state of 9 kcal/mol (Figure 8). The energy bar-
rier between the two minima is 3.9 kcal/mol. In the global
minimum energy configuration, Ca’>* is in bidentate coordi-
nation with both anions, as in the gas phase structure. At the
secondary energy minimum, Ca?" is in monodentate coordi-
nation by the AcO™ and in bidentate coordination by Oco,.
The high affinity of COO groups for Ca>* and their selective
binding is in agreement with the observation that acetate bind-
ing sites are in general Ca>" philic. A recent study?® of the
complexation of Ca>* with the carboxylic groups of a model
molecule of NOM in the absence of CO%‘ showed a similar
free energy profile. This study also showed only small differ-
ences in the free energy profiles for carboxylic side chains and
an isolated acetate group, confirming that the interactions be-
tween -COO™~ groups and Ca”* are strong irrespective of their
end groups and the presence of other ions.

For a more detailed structural analysis of the AcO~-Ca’*-
CO%f complex in solution, we define two angles, 6 and ¢
(Figure 9), and investigate their variation in the metadynamics
simulations at r,,;=2.62 (the global energy minimum), 3.32
(the secondary energy minimum), and 3.8A (the transition

a I I, i SRiid]
60 200 400 600 800 1000 1200 1400
— da — 7

] ‘11 \mi J‘ i f\l l”lvhf 1|\.

U p, Ll

800 1000 1200 1400
Occurence

r (om - Caz*)
w h n

b
<

Fig. 10 Distribution of 6 and ¢ angles (upper panel) and the
corresponding Oy4.0-Ca distances (lower panel) at the transition
state of the free-energy profile. Atom-numbering is shown in
Figure 6.

state). These two angles are between the C-Ca vector and the
normal to the COO plane for the CO%‘ and AcO™ groups, re-
spectively. At the global and secondary energy minima, both
the 6, ¢ distributions have maxima at 90° with a distribution
between 60 and 120°. This geometry indicates that on av-
erage Ca’" is co-planar with both AcO~ and CO%™. These
structures are similar to that of the gas phase complex. In the
transition state configuration (Figure 9), the average ¢ value is
907, but there is a broad distribution of 8 angles with maxima
near 90 and 15°. The distribution of distances between the car-
boxylic oxygens of AcO™ (O4c0) and Ca>* (Figure 10) shows
that the transition state is composed of two structural arrange-
ments. One is an in-plane monodentate structure in which the
shortest O4.0-CaT distance is 2.5A and 6=90°. The other is
an out-of-plane bidentate structure in which Ca>* is equidis-
tant from the O4.0 at ~4A and 6=15° (Figure 10). At the tran-
sition state, the structural arrangement of the ions oscillates
rapidly between these bidentate and monodentate geometries.

Throughout the metadynamics simulation, Ca>* remains
in in-plane bidentate coordination with the CO_%*. The 9
kcal/mol energy penalty for the transition from in-plane (at
the global minima) to out-of-plane (at the transition state) ge-
ometry is much higher than the thermal energy at 310K (0.6
kcal/mol). Thus, the dissociation of this ion-complex at am-
bientThese two angles are between the C-Ca vector and the
normal to the COO plane for the CO? and AcO™ groups, re-
spectively. At the global and secondary energy minima, both
the 0, ¢ distributions have maxima at 90° with a distribution
between 60 and 120°. This geometry indicates that on av-
erage Ca”" is co-planar with both AcO~ and CO%‘. These
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Fig. 11 Radial distribution functions for (a) carbon (Ccpp-) of
AcO~ and Ca*, (b) oxygen (O¢cpo-) of AcO™ and oxygen of
water (Ow), (c) Ocpo- and Hy, (d) Cog_ and Oy .

structures are similar to that of the gas phase complex. In the
transition state configuration (Figure 9), the average ¢ value is
90°, but there is a broad distribution of 8 angles with maxima
near 90 and 15°. The distribution of distances between the car-
boxylic oxygens of AcO™ (O4c0) and Ca?t (Figure 10) shows
that the transition state is composed of two structural arrange-
ments. One is an in-plane monodentate structure in which the
shortest O4.0-Ca®t distance is 2.5A and 6=90°. The other is
an out-of-plane bidentate structure in which Ca®* is equidis-
tant from the O at ~4A and 6=15° (Figure 10). At the tran-
sition state, the structural arrangement of the ions oscillates
rapidly between these bidentate and monodentate geometries.
Throughout the metadynamics simulation, Ca?" remains
in in-plane bidentate coordination with the CO3~. The 9
kcal/mol energy penalty for the transition from in-plane (at
the global minima) to out-of-plane (at the transition state) ge-
ometry is much higher than the thermal energy at 310K (0.6
kcal/mol). Thus, the dissociation of this ion-complex at am-
bient temperature is a rare event, and binding of Ca’*, CO?
ion pairs to carboxylic groups may play an important role in
facilitating calcium carbonate nucleation and growth.

3.2.4 Bulk Solution

The RDFs obtained from the classical MD simulations of the
bulk solution of AcO™ show features that correspond to the
global and secondary energy minima in the metadynamics cal-
culations (Figure 11). The RDF for the C¢- and Ca>* pairs
(Figure 11a) shows two peaks at 2.55 and 3.3 A that corre-
spond to the global and secondary energy minima in the free-
energy profile, respectively (Figure 8). The non-zero prob-
ability of the RDF in the range of 2.4 and 3.6 A indicates
the presence of a strongly bound undissociated ion complex

throughout the molecular dynamics trajectory. The O¢cpo--
Ow RDF (Figure 11b) shows a well-defined first hydration
shell around AcO~ with a nearest neighbor coordination of
5 water molecules. However, analysis of the O4.0o-Hy RDF
(Figure 11c) indicates the formation of only one H-bond be-
tween AcO™ and solvent water, in agreement with our gas-
phase calculations in which the geometry optimized cluster of
AcO™-CaCOs3-H,0 has only one water molecule H-bonded
with AcO™.

3.3 AcOH
3.3.1 Gas phase

For AcOH, protonation of the carboxylic group causes the in-
teractions between Ca’" and CO%‘ to be drastically differ-
ent than for deprotonated AcO~. For the AcOH-Ca’>* clus-
ter (Figure 6E), the geometry optimized structure has Ca’*
in monodentate coordination by the O4.oy and colinear with
the C=0 bond at 2.09A from the oxygen. The binding energy
for this ion-complex is -83.38 kcal/mol. For the AcOH-Ca>*-
H,O system , the only stable structure has the Ca>* in mon-
odentate coordination with the O-atom and the H,O receiving
an H-bond from the OH group (Figure 6F). The H,O molecule
does not coordinate the Ca>*. The binding energy of this com-
plex is -109.87 kcal/mol. For the ACOH-CaZ’L-CO%_ system
there is no stable, energy minimized structure. Instead, the
proton from the hydroxyl group of AcOH readily migrates to
the carbonate forming a bicarbonate ion. Several initial struc-
tures were modeled by placing carbonate ion at different posi-
tions around the optimized structure of the AcOH-Ca>* com-
plex, but in all cases the proton migrates to the CO%‘. This
result is expected, since the pKa of carboxylic groups are typ-
ically near 4, and HoCOs is the stable carbonate species under
these conditions. This result is also in line with experimental
results that show rapid decomposition of CaCO3 particles that
are interacting with acetic acid>*-6%.

Our results, thus, show that at low pHs or in a water-
deficient region on a protein surface, aspartic or glutamic
acids are likely to associate principally with Ca>* rather than
CO§7 63, Consequently, a large number of protonated side
chains on a protein surface may help the protein adsorb onto
the positively charged calcite (001) surface through direct in-
teraction, whereas its adsorption on the neutral surface (104)
may be due to solvent mediated interactions.

3.3.2 Free Energy

The free energy for the AcOH-Ca”-CO? system as a func-
tion of distance between the Cat atom of AcOH and Cco, rises
sharply for low values of r.,; where the planes of AcOH and
CO%‘ are almost parallel and the carbon and oxygen atoms of
these species are perpendicular to the like atoms (Figure 12).
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Fig. 12 Potential of mean force for the binding of AcOH with
Ca,CO3 ion-pair. The most probable geometries of these ions and
molecule at each energy minima are shown with ball-and-stick
representation. Color scheme: Carbon (cyan), Oxygen (red),
Calcium (blue).

There is a weak global energy minimum at r.,;=4.25A where
the hydroxyl group of AcOH points towards the oxygen of
CO%f forming a strong hydrogen bonded interaction. The free
energy landscape is quite flat between 5 and 8A and the activa-
tion barrier for dissociation of the Ca2+-CO§_ ion pair from
the AcOH is only 1.2 kcal/mol, of the order of the thermal
energy at ambient conditions.

As AcOH in presence of Ca’*, CO? ion-pair dissociates
readily in a water-rich environment, we did not perform classi-
cal MD simulations of bulk solution containing these species.

34 EtOH
3.4.1 Gas phase

For the EtOH-CaCOj; cluster (Figure 13A), the geometry op-
timized structure has the OH- group of EtOH donating an
H-bond to one of the O¢p, and the Ca%" in in-plane biden-
tate coordination with CO%T The OH bond of EtOH is al-
most parallel to the CO? plane. The binding energy for this
ion-complex is -8.61 kcal/mol. This geometry is different
from that of the system containing EtOH and a neutral CO,
molecule in which the most stable configuration is achieved
through an electron donor-acceptor (EDA) type of interaction
between the oxygen of CO3 (Ocp,) and the hydroxyl group of
EtOH®. An EDA type of arrangement dominates even in a
dense supercritical CO,-EtOH mixture %

For the EtOH-CaCO3-3H,0 system (Figure 13B), the pres-
ence of NN water molecules significantly affect the arrange-
ment of EtOH, Ca%*, and CO%‘ relative to the anhydrous
system. Here, EtOH donates an H-bond to Ocp, where

Fig. 13 Geometry optimized structures of EtOH containing clusters.
Color scheme: Carbon (cyan), Oxygen (red), Calcium (blue). Blue
line represents H-bond.

the OH bond is at 90° to the CO%‘ plane. The oxygen of
EtOH (Og;op) receives an H-bond from the neighboring H,O
molecule, which is also in the first coordination shell of Ca2*.
The H-bond distances are 1.72 and 1.56A, respectively. Ca>"
is in out-of-plane bidentate coordination by the CO%‘ with all
three water molecules coordinated to it at distances of about
2.3A. Based on these results, in a wet system, protein side
chains containing serine will form H-bonds with both water
and CO%T Due to the hydrophilic nature of EtOH, or in
general the hydroxyl group, the dominant interaction between
these amino acids and oxy-anions could be through both sol-
vent mediated and direct interactions, whereas interaction with
cations should be through solvent or anion mediated interac-
tions. The binding affinity of the alcohols also depends on the
CH; chain length, with the affinity increasing with increasing
chain length®. Proton transfer from the EtOH to the CO%‘
did not occur in our calculations.

3.4.2 Free energy

The free energy profile as a function of separation (r,;) be-
tween Of;on and Cco, obtained from the metadynamics cal-
culations (Figure 14) shows that the stable configuration is
the dissociation of the EtOH and the Ca”-CO%f ion pair.
The free energy increases at low values of r.,; up to Teoi=4A,
and there is a metastable association of EtOH and the ions at
reor=3.45A with an activation energy for dissociation of 0.5
kcal/mol. This energy minimum is composed of two types of
complexes. In one of these, EtOH is H-bonded to the Cng
as in the gas phase calculations, and in the other the electron
lone pair of Ogoy interacts with the Ccp, forming an EDA
complex. During the entire metadynamics simulation, the H-
bonded structure is much more abundant than the EDA com-
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Fig. 14 Potential of mean force for the binding of EtOH with
Ca”—CO%f ion-pair. The most probable geometries of these ions
and molecule at the local minimum at r,,;= 3.45A are shown with
ball-and-stick representation. Color scheme: Carbon (cyan),
Oxygen (red), Calcium (blue), Hydrogen (gray).

plex, supporting the results of our gas phase calculations. In
comparison to the AcOH, EtOH shows higher binding affinity
towards CO3~. Experimental studies® show that the strong
interaction with OH- containing groups can displace water
molecules from a calcium carbonate surface facilitating direct
interaction with the biomolecules that can control the crystal
morphology and growth .

3.4.3 Bulk Solution

The RDFs between EtOH and the Ca2+-CO§_ ion pair ob-
tained from our classical MD calculations show that in a
water-rich environment the H-bond interaction between EtOH

02 4 6 81012 14
LA

Fig. 15 Radial distribution functions for (a) oxygen (Og;op) of

EtOH and Ca2™, (b) Og;0n and oxygen (Ocp,) of CO%f, (©)

hydroxyl hydrogen (Hg;ox) of EtOH and Ocg,.

and CO%‘ is predominant and that the direct interaction with
Ca’* is rare (Figure 15). The minimum distance between the
Ogron and Ca2t is ~3.5A and the first and second maxima
appear at 4.7 and at ~6A, respectively (Figure 15a). In con-
trast, there is a strong interaction between these species in
alcohol-rich environments % with a well defined maximum at
2.5A. The RDFs for the Ocgror-Oco, (Figure 15b) and Hg;om-
Oco, (Figure 15¢) atom pairs indicate strong H-bond forma-
tion between EtOH and CO%‘. However, during the adsorp-
tion of EtOH onto the charge-neutral (104 )surface of cal-
cite 89 the ethanol molecules bind strongly with the surface
through both electron-donor-acceptor (EDA) interaction be-
tween Og;on and Ca2t and H-bond interaction between Hg; o,
and one of the oxygen atoms of CO? forming a layer of
ethanol molecules. This EtOH layer transforms the polar cal-
cite surface into a hydrophobic one due to the methyl groups
of the ethanol molecules, which then facilitate the removal
of water molecules from the surface and formation of second
layer of ethanol through hydrophobic interactions. Thus, in
a water-rich environment, OH- bearing amino acids are less
likely to form CaCO3 nucleation sites than during biominer-
alization where the concentration of Ca2+-CO§* ion pairs is
generally high.

4 Discussion

Insights from our study shed light on the atomistic details of
how the NH;r , protonated and deprotonated COO™, and C-
OH functional groups of amino acids or organic molecules
interact with Ca2+-CO§_ ion pairs in water-rich and water-
deficient environments relevant to biomineralization of cal-
cium carbonate and natural and anthropogenic environmen-
tal situations. We modeled these functional groups as proto-
nated guanidinium ion (Gdm™), acetate (AcO™), acetic acid
(AcOH), and ethanol (EtOH), respectively, and used multi-
ple computational techniques to study the structure and dy-
namics of these complexes in both isolated and bulk sol-
vated systems. The gas-phase results indicate that the inter-
actions of charged molecules (Gdm™ and AcO™) with Ca’*,
CO%‘ ion-pair are significantly stronger than those of neutral
molecules and that the presence of the first hydration shell
around all these molecular-assemblies is energetically more
stable than the dry state due to the formation of favorable
H-bonds. Our free energy calculations show that although
the free-energy differences between the bound and dissociated
ion-assemblies containing Gdm™ and AcO™ are almost equal
at ~5 kcal/mol, bound AcO~ is more stable with a barrier
height of ~9kcal/mol. Thus, the high affinity of arginine and
other NH2+ bearing species and glutamate, aspartate, and other
COO™ bearing species towards the Ca, CO3 ion-pair indicates
that these functional groups could be the potential locations of
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the nucleation sites for the crystallization of calcium carbon-
ate.

The activation barrier energy for the formation of EtOH-
CaCOs3 is negligibly small, ~0.5kcal/mol, and thus this
molecular assembly is very unstable in a dilute, water-rich
environment. However, ethanol or OH- bearing organic
molecules may play an important role in controlling the mor-
phology of the crystalline phase by stabilizing the already
formed crystalline CaCO3 surfaces through H-bond interac-
tions with the CO%‘ and electron-donor-acceptor interaction
with the Ca®*. In contrast, AcOH reacts with the neighboring
CO? and dissociates into AcO™ and HCO™. Experimental
studies show that the presence of solvent water expedites this
reaction, and thus the formation of a stable molecular assem-
bly with AcOH is not feasible.
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A computational study of the interaction of Ca* and CO?*;, with functional groups relevant to
CaCOs3 biomineralization and NOM using DFT, classical molecular dynamics and
metadynamics methods to evaluate the structural environments, energetics of these
interactions in small molecular clusters, changes in the vibrational frequencies due to ion-
association, and the effects of solvation of the clusters in bulk water.



