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Molecular dynamics was utilized to investigate the ability of anionic macromolecules to drastically change the morphology of
calcite in the presence of magnesium ions. Anionic poly(acrylic acid) and poly(methacrylic acid) were compared with cationic
poly(ethylene imine) in their binding behavior on calcite (104) and (110) surfaces. Poly(acrylic acid) and poly(methacrylic acid)
showed preferential binding on (110) with strong electrostatic attractions, whereas poly(ethylene imine) was only weakly attracted
to (104). The extent of the charge imbalance on the surfaces appeared responsible for the current results, which originated from the
deficient number of the coordinating oxygen atoms of carbonate around the surface calcium. The results of the current study were in
accordance with the previous experimental observations, where the {hk0} surfaces of calcite were elongated under the coexistence
of the anionic polymers and magnesium ions. These results could be generally utilized in the polymer-controlled crystallization

with broad implications in the specific interactions with crystal surfaces.

1. Introduction

Biominerals have been studied as unusual model systems of
crystallization because of their exquisite structural character-
istics [1]. Particularly, calcium carbonate-based biominerals
have provided interesting examples of the crystals with highly
controlled polymorphs and morphologies [2, 3]. Both the
polymorphic selection and morphological control have been
attributed to the organic macromolecules acting on the
inorganic crystallization [2-4]. While the full details of the
macromolecular controls are to be revealed upon the more
extensive future examinations, one of the most important
features appears to be the specific interactions between the
macromolecules and the crystals of calcium carbonate.
Magnesium is also another contributory factor, which
has been recognized as being important in the formation of
amorphous precursor as well as the morphology control of
calcium carbonate [1, 3, 5-8]. In addition, the cooperative
effects of the biomacromolecules and the magnesium ions
were found in the case of Asprich proteins from Atrina
rigida [9, 10]. The coexistence of the acidic proteins and
magnesium dramatically changed the morphology of the

calcite polymorph of calcium carbonate to create crystals
exposing predominantly {hk0} faces, whereas {104} was
dominant without either one of the components (Figure 1).
This behavior was also mimicked through the use of synthetic
polymers rich in carboxylic acids, confirming the cooperative
effects [11].

In the present study, the mechanism of the modifica-
tion of calcite morphology by the acidic macromolecules
was further explored with the aid of molecular dynamics.
The previous molecular model was based on the differ-
ent oxygen-coordinating numbers around calcium ions on
different calcite surfaces (thermodynamically stable {104}
and magnesium-stabilizing {hk0}) [10, 11]. While this model
appeared qualitatively reasonable to explain the varying
degree of the macromolecular interactions, it could be too
simplistic not considering the dynamic nature of mineral
surfaces in the presence of water molecules. On the other
hand, approaches using molecular dynamics have been
successfully utilized to explain the interactions of various
organic molecules on the calcite surfaces [12-16]. Similarly,
the present molecular dynamics study could generate a more
realistic model to clarify the mechanism of the cooperative
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FIGURE 1: Schematic description of the morphological variation of
calcite with the cooperative effects of anionic polymers and Mg(II).

effects. This might in turn provide interesting implications
useful in the field of polymer-induced crystallization [17-19].

2. Methods

The generation of the calcite surfaces was based on the known
crystallographic structure [20]. Forcite Plus module of Mate-
rials Studio software (2016, BIOVIA, San Diego, CA, USA)
was utilized to import and optimize the structure through
energy minimization under COMPAS II force field [21, 22].
The optimized calcite structures were cleaved to expose either
(104) or (110) surfaces. The thickness normal to the surfaces
was set to have four layers of calcium carbonate parallel to
the cleaved surfaces. The top two layers of the surfaces were
then relaxed during geometrical optimization. Finally, three-
dimensional simulation boxes were constructed from the sur-
faces to be able to contain water and the polymer molecules.

The sizes of the boxes were 81 x 100 x 65 A’ and 81 x 102 x
65A° for (104) and (110), respectively.

The aqueous solutions of polymers to be set in contact
with calcite surfaces were constructed in three steps. Firstly,
polymer molecules with ionized functional groups were
formed according to the chosen experimental conditions
(molecular weights of polymers and pH) in the previous
study [11]. The number of repeating units of poly(acrylic acid)
(PAA), poly(methacrylic acid) (PMAA), and poly(ethylene
imine) (PEI) was 25, 25, and 30, respectively. After structural
optimization in the same way for the calcite, 20 carboxylic
acids and 3 primary amines were ionized according to the
ionization degrees at pH 8: 0.8 for PAA and PMAA and 0.1 for
PEI [23-25]. Specific functional groups in the polymer chains
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to be ionized were selected through random number gen-
eration using the RANDBETWEEN function of Microsoft
Excel software. Secondly, the ionized polymer molecules were
placed in the simulation boxes. They were located at the cen-
ter of each surface and at least 5 A afloat from the surface. Cal-
cium and chloride were selected as counterions to create neu-
tral systems (total charge of zero), which were located at least
20 A away from the polymers. Finally, the simulation boxes
were packed with water molecules with a density of 1g/cm’
using the Amorphous Cell module of Materials Studio.

The molecular dynamics was performed in NVT (con-
stant number, volume, and temperature) ensemble at 288 K
using Nosé thermostat to follow the experimental tempera-
ture in the previous study [11, 26]. The systems were equi-
librated for 100 ps with a time step of 1fs under COMPASS
I force field, and the charges assigned in the force field
were adopted [27]. Ewald and atom-based summations were
applied for Coulomb and van der Waals interactions, respec-
tively [28].

Binding energies of the polymers to the calcite sur-
faces, E(binding), were calculated as E(binding) = E(calcite-
polymer-water) — E(calcite-water) — E(polymer-water) —
E(calcite) — E(polymer) — E(water), where E(calcite-polymer-
water) is the total energy, E(calcite-water) is the interaction
energy between calcite and water, and E(polymer-water) is
the interaction energy between polymer and water. E(calcite),
E(polymer), and E(water) are the energies of free calcite,
polymer, and water, respectively. The reported average values
of the binding energies were from the three final structures.

3. Results and Discussion

Calcite (104) and (110) surfaces were selected to compare the
binding behaviors of PAA (25-mer), PMAA (25-mer), and
PEI (30-mer). The (104) is the typical face observed in the
well-shaped crystals of calcite [29, 30]. The (110) is used to
represent {hk0} faces [10, 12, 14]. In calcite, one calcium is
surrounded by six oxygen atoms from carbonate. The spatial
atomic arrangement of calcite is such that the calcium on the
(104) surface is encircled by five oxygen atoms while that on
the (110) only by four [20]. The less favorable nature of the
(110) to become an exposed surface was also pointed out in the
periodic bond chain model of Hartman and Perdok, where
the (110) was classified as less strong F (flat) or S (stepped);
(104) displayed the strongest F [31]. (The lack of oxygen is
similar for other simple {hk0} surfaces; e.g., calcium on K
(kinked) (120) and S (100) surfaces was surrounded by four
and three oxygen atoms, resp.) Figure 2 shows the structure
of calcite (104) and (110) surfaces stabilized in the presence
of water under the molecular dynamics conditions utilized in
this study. The (110) surface underwent severer modification
than (104) (Figures 2(a) and 2(b)), which was expected from
the less charge-balanced state as previously described. This is
also in accordance with the more disrupted nature of the (110)
surface found in the previous studies [12, 14]. Particularly,
the disruption is notable with the disorganized carbonate
molecules and the penetration of water molecules into the
outer layer of calcite (110). The concentration profiles for the
atoms in calcite and water (Figures 2(c) and 2(d)) distinctly
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FIGURE 2: Representative structures of calcite surfaces stabilized in the presence of water: (a) (104); (b) (110). Concentration profiles of atoms

in calcite and water are displayed for (c) (104) and (d) (110) systems.

TaBLE 1: Binding energies (kcal/mol) of PAA, PMAA, and PEI on
the calcite surfaces.

Surface PAA PMAA PEI
(104) —-244.6 + 87.6 —-399.3 +174 -22.8+79
(110) —471.0 + 29.7 -521.9 £100.1 33.8+21

show the relatively low carbonate concentration and the
water penetration on (110) and well-structured carbonate and
adjacent water layers on (104) (see the arrows in Figures 2(a)
and 2(b)) [14].

Binding energies of PAA, PMAA, and PEI on calcite (104)
and (110) surfaces were summarized in Table 1. PAA and
PMAA preferred the (110) over the (104) surface for their
binding. The differences of the binding energies between
the studied surfaces were ca. 226 and 123 kcal/mol for PAA
and PMAA, respectively. The differences were quite large
compared to the thermal energy (RT) of 0.57 kcal/mol at the
simulation temperature of 288 K. In addition, the individual
binding energy on (104) (ca. —245 and —399 kcal/mol for
PAA and PMAA, resp.) was in the same order as that of
the (104) attachment energy (ca. —367 kcal/mol) calculated
by the growth morphology task (Morphology module in
Materials Studio) using the same force field COMPASS II.

This is in accordance with the experimental observation of
PAA and PMAA frustrating the normal growth of calcite to
form staircase-like crystal morphologies [11]. (We note here
that the similar studies reported a diverse range of binding
energies for several carboxylic acid-containing adsorbates
probably because of the various stages of energy minima
found in the particular studies [13, 15, 16]; e.g., simple tartrate
showed preferred adsorption on (1-10) (—9.1kcal/mol) over
(104) (-1.6 kcal/mol), and nonanoic acid with one carboxylic
acid showed interaction energy of —40 kcal/mol with (110)
[13, 16].) In contrast, PEI showed weak preferential binding
on (104) (ca. —23kcal/mol), and its binding on (110) was
unstable with a positive value of binding energy. In addi-
tion, its binding energy on (104) was much less than the
attachment energy of (104), which was also in accordance
with the experimental observation of PEI not affecting the
general rhombohedral morphology of calcite [11]. Overall, the
calculated binding energies clearly showed that the negatively
charged PAA and PMAA preferred the (110) surface of calcite
over (104), which could explain their ability to elongate the
{hkO} surfaces during crystal growth with the aid of Mg(II)
initially stabilizing a small area of the {hk0} [10, 32].

The representative conformations of PAA, PMAA, and
PEI on calcite (104) and calcite (110) are shown in Figure 3.
The overall conformations of the polymers were subtly
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FIGURE 3: Representative binding conformations of polymer molecules on calcite: (a) PAA on (104); (b) PMAA on (104); () PEI on (104); (d)
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grey, and white, respectively. Water molecules are not shown for clarity.
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FIGURE 4: Pair distribution functions of Ca (calcite)-O (carboxyl) for PAA on (104) (a) and (110) (b); PMAA on (104) (c) and (110) (d). Pair
distribution functions of O (calcite)-H (amino) for PEI on (104) (e) and (110) (f).

affected by the calcite surfaces, and the level of the influence
was greater for PAA and PMAA than PEI The end-to-end
distances were 52.3 A (before interacting with calcite), 36.8 +
0.4 A (after binding on 104), and 39.4 + 1.7 A (after binding
on 110) for PAA; 48.0 A (before), 39.1 + 0.1 A (on 104), and
43.1+ 1.1 A (on 110) for PMAA; 60.8 A (before), 61.6 + 0.4 A

(104), and 60.1 + 0.2 A (110) for PEL The values after binding
were formed from the average of three final structures.
Analysis of the spatial profiles of the polymers bound
on calcite surfaces showed the distinct difference between
PAA/PMAA and PEI Figure 4 displays the pair correlation
functions that quantify the spatial relationships. For the
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FIGURE 5: Concentration profiles of various atoms in calcite, water, and polymers in the (104) and (110) systems.



negatively charged PAA and PMAA, the pair correlation
functions show the distance between the calcium in the top
layer of calcite and the oxygen of the carboxylic groups of the
polymers. For the positively charged PEIL it is between the
surface oxygen atoms of calcite and the hydrogen atoms of
the amine groups of the polymer. The shortest distances are
2.21A (110) and 2.21 A (104) for PAA with a slightly higher
intensity at (110); 2.03 (additionally 2.11) A (110) and 2.13 A
(104) for PMAA; 6.59 A (110) and 1.59 A (104) for PEL To the
(104) surfaces, the charged carboxylic acid groups of PAA and
PMAA as well as the charged primary amine groups of PEI
were attracted. However, to the (110), the charged carboxylic
acids of PAA/PMAA were attracted, and the charged primary
amines of PEI were relatively repelled. Again, this is in a
good agreement with the experimentally observed {hko}
enlargement in the presence of PAA and PMAA. No such
effect was observed with PEL

Figure 5 provides more comprehensive information on
the spatial distributions of atoms involved in the current
study. As stated with Figure 2, the (110) surfaces possessed
the more disrupted top layers than (104), which originated
from the fact that the calcium on (110) was more deficiently
surrounded by the oxygen atoms from carbonate: four
oxygen atoms at (110) versus five at (104). The deficiently
surrounded calcium on (110) apparently contributed to the
high binding energies of the negatively charged PAA and
PMAA (Figures 5(a)-5(d)). Also, the repulsive interactions
with carbonate appeared less severe on (110), since the relative
concentration of carbonate on (110) was intrinsically low, and
the water molecules penetrating into the less organized top
layers appeared to suppress the repulsive contribution further
(Figures 5(b) and 5(d)) [14, 16]. The situation was reversed for
the positively charged PEI. While PEI was weakly attracted to
the (104) surface with well-organized carbonate and adjacent
water layers, it experienced dominant electrostatic repulsion
by calcium on (110) (Figures 5(e) and 5(f)). The binding of
the PAA and PMAA on both (110) and (104) was mostly of
electrostatic nature (>95% of the total binding energy). When
PEI was weakly attracted to the (104) surface the electrostatic
contribution was about 46% of the binding energy, the rest
being the van der Waals interactions. Overall, the atomic
concentration profiles combined with the binding energy
analysis clarified the nature of the strong binding of the PAA
and PMAA on calcite (110).

We note that anionic polymers including PAA have been
extensively studied as scale inhibitors as well as particle
stabilizers when calcite was the inorganic phase [33-37]. In
both cases, the polymeric adsorption on calcite was one of
the key processes, and it was often accompanied by the subtle
morphological changes of calcite. Therefore, the results of the
current study might be also useful in designing the optimal
scale inhibitors or particle stabilizers.

4. Conclusions

In summary, the mechanism of morphology modification
observed in the biomimetic and bioinspired mineralization
of calcite was studied using molecular dynamics simulation.
The previous experimental study showed the ability of PAA
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and PMAA to form the staircase-like morphology of calcite
surrounded by {104} faces when acting alone and generate
the extended morphology largely covered by new {hko} faces
when Mg(II) coexisted [11]. The current study showed that the
binding energies of PAA and PMAA to (104) were compara-
ble to the attachment energy of (104), and more importantly
they preferred to bind Mg(II)-stabilized (110) over the typical
(104). The involved binding energies of PAA and PMAA
were mostly of the electrostatic nature, which confirmed
the importance of the charge imbalance on the specific
surface of calcite. In essence, the current study reinforced
the previous simple molecular model by providing more
quantitative information on the preferential binding of the
macromolecules. Further study would be necessary to search
for other pairs of molecules exhibiting similar combined
effects. Eventually, such cooperative effects, if established as
general approaches, could expand the utility of the polymeric
additives in the control of crystal growth morphology [17-19].
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