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ABSTRACT: Adsorption and incorporation of ions are known to influence the
morphology and growth of calcite. Using surface X-ray diffraction, the interfacial structure
of calcite in contact with CaCO3, MgCl2, CaCl2, and BaCl2 solutions was determined. All
of these conditions yield a comparable interfacial structure, meaning that there is no
significant ion adsorption on the terraces under the investigated conditions. This allows,
for the first time, a thorough comparison in all three dimensions with state-of-the-art
computer simulations, involving molecular dynamics based on both density functional
theory (DFT) and two different force field models. Additionally, the simulated structures
are used to calculate the corresponding structure factors, which in turn are compared to
those obtained from experiment, thereby avoiding the need for fitting or subjective
interpretation. In general, there is a good agreement between experiment and the simulations, although there are some small
discrepancies in the atomic positions, which lead to an inadequate fit of certain features characteristic of the structure of water at the
interface. Of the three simulation methods examined, the DFT results were found to agree best with the experimental structure.

■ INTRODUCTION
Several methods have been employed to study the atomic
structure of solid−liquid interfaces. Reliable structural data are
needed to gain a genuine understanding of the processes
occurring at such interfaces. The aim of this investigation is to
assess how well we understand the well-studied and relevant
calcite (101̅4)-aqueous interface in all three dimensions. This
is carried out by comparing the independent results from state-
of-the-art X-ray diffraction and computer simulations.
The crystal structure accurately provides the bulk atomic

positions within an ordered mineral. In contrast, the precise
structure on the surface of the mineral is often unknown. A
limited number of experimental techniques can be used to
investigate the mineral surface structure, especially when the
surface is in contact with a liquid. One of the techniques
capable of probing such solid−liquid interfaces is surface X-ray
diffraction (SXRD).1−3 SXRD allows for the determination of
the ordered part of the interface, which includes not only the
positions of the surface atoms of the crystal but also the partly
ordered structure of the liquid at the interface, including
hydration shells and adsorbed ions. Recent advances in SXRD,
such as the increase in synchrotron brilliance and the use of
two-dimensional detectors, allow for rapid acquisition of data
sets containing thousands of unique reflections. However, the
analysis of these data through fitting has barely changed during
the period of such advances. Because of the phase problem, the
electron density at the interface cannot be derived directly
from the measured intensities. Instead, an initial guess of the
structure is made, often based on the bulk crystal structure.
During the fitting procedure, the positions, occupancy, and
disorder of the atoms are varied to find the structure which

best describes the measured data. The disadvantage of this
approach is that the structural model has to be constructed
manually and features of the interface can remain undiscovered
if they are not part of the model. In addition, X-rays are
sensitive to the electron density and it can be ambiguous to
assign a specific atom to a measured density in combination
with the (partial) occupancy of that atom. This is, of course,
only a problem if multiple species are present in the system.
Finally, SXRD is insensitive to the position of hydrogen atoms.
Ideally, these problems can be avoided if the interfacial
structure is examined in parallel by computer simulations, such
as molecular dynamics (MD) or Monte Carlo methods.
Simulations also involve assumptions, but when a consistent
picture emerges using two methods, the reliability is high. The
combination of diffraction data and simulations has been
employed several times,4−9 but so far, this never involved
directly fitting all three-dimensional atomic coordinates (i.e.,
height and lateral position) to the structure factors measured
with SXRD. This approach can be used to verify the
correctness of the simulation structure and does not require
any additional interpretation steps.
Another powerful technique to study solid−liquid interfaces

is atomic force microscopy (AFM), where technological
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advances have led to a sensitivity that allows probing the liquid
ordering at the interface.6,10−12 Because of the convolution and
interaction with the tip, however, the interpretation of the data
can be complex. Reliable (benchmark) structures would
therefore be beneficial for the development of AFM as well,
including applications in which the local structure imaging of
this technique is exploited.
In the present study, calcite is chosen as the solid

component of the interface as this is one of the most studied
minerals and is often encountered in geological sediments and
biomineralization. Aside from the wealth of experimental data
available for this system, there has already been extensive use
of computer simulation to probe the atomic-level structure of
the calcite basal surface. Although earlier studies considered
the dry surface13 and questions such as whether a (2 × 1)
reconstruction, as reported in surface science experiments, was
possible,14,15 the focus rapidly shifted to the more relevant
interface with aqueous solution. Incorporation of water has
been modeled via adsorption of individual molecules or
monolayer coverage with optimization based on force fields16

and quantum mechanical calculations,17 although the majority
of studies have employed MD in order to probe the situation
in the presence of bulk water.18−20 This approach has now
made it feasible to study a range of properties spanning the
thermodynamics of adsorption of ions and molecules at the
calcite terrace21,22 through to the properties of steps and
kinks,23,24 although accurate simulations of rough surfaces
present some challenges because of the lower symmetry and
reduced dynamics of water.25

The calcite (101̅4)−water interface was also examined
previously using X-ray diffraction,26−30 in which mostly calcite
in contact with a saturated CaCO3 solution was studied.
Besides obtaining experimental data for this well-studied set of
conditions, we also investigate three other electrolyte solutions
(100 mM MgCl2, 100 mM CaCl2, and 100 mM BaCl2), aiming
to see the effect of the different ions on the interfacial
structure. In all cases, we used 90% saturated solutions with
respect to CaCO3 in order to reduce roughness through
moderated etching31 and we measured a large number of
crystal truncation rods to obtain reliable data sets for
comparison with simulations. It has been shown that the
presence of Mg2+ ions during crystallization can greatly
influence the morphology and growth of CaCO3 crystals.32

Furthermore, Mg2+ is more strongly hydrated than the other
cations,33 which, according to AFM measurements, also leads
to a more strongly hydrated calcite interface.34 However, in
our SXRD experiments, such significant differences were not
found when comparing the four sets of conditions. We
compared the structural model developed from the SXRD
reflections to the structures simulated using MD based on both
density functional theory (DFT) and two different force field
models. Furthermore, the SXRD signal was calculated for these
simulated structures. In general, we find good agreement
between the structures, as well as with those reported
previously in the literature. A thorough understanding of the
structure of the calcite solid−liquid interface is an important
step toward simulating more complex systems, such as the
interfacial structure close to step edges and defects.

■ EXPERIMENTAL AND THEORETICAL METHODS
Experimental Section. Sample Preparation. A calcite

single crystal (Iceland spar, MTN Giethoorn) was freshly
cleaved using a hammer and directly submerged in a 90%

saturated solution of calcium carbonate, which has a calculated
concentration of approximately 0.1 mM for both ions. The
90% saturated solution of calcium carbonate is prepared by
placing calcite crystals in demineralized water for several hours
and subsequently adding 10% demineralized water after the
calcite crystals were removed. Based on this procedure, the
calcite crystal undergoes a small amount of etching via
dissolution, which we found to result in a flat surface, that is, a
surface with a roughness factor β of 0.35 In some experiments,
MgCl2·6H2O (Sigma-Aldrich, ≥99% pure), CaCl2·2H2O
(Fluorochem, ≥99% pure), or BaCl2 (Merck, >99% pure)
was added to this undersaturated solution to make a 100 mM
solution of these salts. This gives the following solution
compositions: 90% saturated solution: 0.1 mM Ca2+, 0.1 mM
total dissolved carbon; 100 mM Mg2+: 0.1 mM Ca2+, 0.1 mM
total dissolved carbon, 100 mM Mg2+, 200 mM Cl−; 100 mM
Ca2+: 100.1 mM Ca2+, 0.1 mM total dissolved carbon, 200 mM
Cl−; and 100 mM Ba2+: 0.1 mM Ca2+, 0.1 mM total dissolved
carbon, 100 mM Ba2+, 200 mM Cl−. Dissolution of the crystal
is expected to saturate the 90% saturated solution with respect
to CaCO3 during the experiment. The pH of the solution was
not adjusted. The amount of released Ca2+ ions by dissolution
of the calcite is negligible compared to the concentration of the
salt. After an equilibration time of 30 min, the calcite crystal
was transferred into the SXRD cell and a few drops of the
solution were applied to maintain a stable environment, and
then, the crystal was covered by 13 μm-thick Mylar foil
(Lebow Company) to prevent evaporation and was finally
mounted on the diffractometer. By gently wiping over the
Mylar foil using a tissue, excess liquid was removed.36

Surface X-ray Diffraction. SXRD measurements were
performed at the I07 beamline of the Diamond Light Source,
using a vertical (2 + 2)-type diffractometer and a Pilatus 100K
area detector. A beam size of 200 × 20 μm2 and an X-ray
energy of 23 keV were selected. The calcite atomic positions
and lattice parameters (R3̅c, a = b = 4.9900 Å, c = 17.061 Å, α
= 90.0°, β = 90.0°, and γ = 120.0° in the hexagonal setting)
were obtained from Graf.37 Anomalous dispersion coefficients
at 23 keV38 and atomic scattering factors39 were used. Four
data sets were acquired consisting of the following 19 crystal
truncation rods: (0 0), (0 1), (0 1̅), (0 2), (0 2̅), (1 1), (1 1̅),
(1̅ 1), (1̅ 1̅), (2 0), (2̅ 0), (2 1), (2 1̅), (2̅ 1), (2̅ 1̅), (3̅ 1), (3̅
1̅), (4 0), and (4̅ 0). For nonspecular crystal truncation rods, a
constant angle of incidence of 1.2° was used. No changes were
observed when some crystal truncation rods were remeasured
after a few hours, indicating that the interface is not damaged
by the X-ray beam. The agreement factor in the data was
determined from symmetry equivalent reflections and lies
between 5.5 and 12.2%. Data points close to a Bragg peak were
given a larger error of up to 30% to increase the relative weight
of surface-sensitive data points. Using the “ARTS” Matlab
script, integrated intensities were converted into structure
factors. The acquired data were fitted with a model of the
interfacial structure using ROD software.40

Simulations. All simulations were performed using MD
based on either force fields or DFT. Obviously, the quality of
these simulations will be determined by the choice of the
underlying models, especially in the case of the force fields.
Over the last decade, the principles of how to construct an
accurate force field model for mineral crystallization have been
established by paying careful attention not only to structural
properties but also the thermodynamics of solvation and
solubility.20,41 Here, we use a rigid ion model derived based on
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these principles.42 However, it is important to recognize that
polarizability is important in enhancing the transferability of
models between different environments. Although there were
earlier attempts to use a shell model representation for water in
simulations of aqueous calcium carbonate systems,18 this was
compromised by the fact that the water model was
subsequently shown to freeze at room temperature.41,43

Therefore, in this work, we introduce dipolar polarizability
alongside static multipoles via a recently developed AMOEBA
model for calcium carbonate in contact with water.44 The
details of the simulation protocols are described below for each
specific case.
Rigid Ion Force Field. All MD simulations based on a rigid

ion force field were performed with the LAMMPS code45 using
a 1 fs time step. The simulation cell was created with a 12
layer-thick calcite slab oriented with the [104] direction
parallel to the z-axis covered with approximately 5 nm of water.
Periodic boundary conditions were applied in all Cartesian
directions, and no vacuum spacing was used. The cell was
initially equilibrated in the z direction to ensure that the water
had the correct bulk density, and production runs were carried
out at a constant volume. The canonical sampling through the
velocity rescaling algorithm46 with a relaxation time of 0.1 ps
was used to keep the temperature at 300 K. The final size of
the simulation cell was approximately 50 × 50 × 85 Å3, and it
contained 1440 formula units of CaCO3 and 3914 water
molecules. Thirty independent simulations were run using
different initial coordinates and velocities. The atomic
positions were recorded every 1 ps, and a total of 150,000
frames were analyzed using an in-house code to compute the
density maps. The molecular interactions were computed using
the force field developed in our previous work.42 This
parametrization has been demonstrated to offer a good
description of the thermodynamics of aqueous calcium
carbonate systems, including the solubility of calcite.
AMOEBA Force Field. All MD simulations with the

polarizable AMOEBA force field were performed with the
OpenMM47 code and run on GPUs using mixed precision.48,49

The same simulation box was used for the AMOEBA
calculations as per the rigid ion force field. The MD
simulations were run in the NVT ensemble after the cell was
equilibrated in the NPT ensemble. The temperature was
maintained at 300 K using a Langevin thermostat with a
friction coefficient of 0.1 ps. Three independent simulations
were run with a time step of 0.5 fs, while the atomic trajectories
were recorded every 0.5 ps, and a total of 12,000 frames were
analyzed.
The molecular interactions were computed using a set of

parameters that have been recently developed by some of us to
reproduce the solvation free energy of the Ca2+ and CO3

2− ions
and the properties of calcite. Details can be found in our
previous work.44

Density Functional Theory. Ab initio MD (AIMD)
simulations of the calcite−water interface were conducted
using the Gaussian plane-wave method as implemented in the
Quickstep module of CP2K.50 All calculations were performed
using the BLYP exchange−correlation functional51,52 with
dispersion corrections using the D3 approach of Grimme and
co-workers.53 Pseudopotentials of the GTH form54 were used
with a small core for Ca, while the valence orbitals were
expanded using a triple-zeta doubly polarized Gaussian basis
set (TZV2P) except for Ca where a double-zeta polarized
(DZVP) basis was chosen. An auxiliary basis set of plane waves

was used for the electron density with a cutoff of 400 Ry. The
self-consistent field procedure used the orbital transformation
algorithm55 with full kinetic preconditioning at the gamma
point only. Because of the considerably increased cost of
AIMD relative to the force field methods, a relatively small unit
cell in the surface plane was used for the simulations with
orthorhombic cell parameters of 14.973 by 16.194 by 51.00 Å3.
This corresponds to six layers of calcite separated by 3 nm of
water with the cell containing 1164 atoms. Hydrogen atoms
were replaced by deuterium to improve the integration of the
nuclear dynamics, although shorter simulations for hydrogen
demonstrated that this had a negligible effect on the interfacial
structure to within the statistical fluctuations. MD was
performed using a time step 0.5 fs, again with the temperature
controlled via the canonical sampling through the velocity
rescaling algorithm using a relaxation time of 0.01 ps.
Simulations were performed at both 300 and 330 K, where
the former represents the temperature of interest, while the
latter has been proposed for use in AIMD to partially correct
for the systematic overstructuring of water because of the
choice of the exchange−correlation functional.56 Total run
lengths of 75 and 125 ps were carried out for the two
temperatures.

Calcite Surface Unit Cell. A coordinate transformation
was applied to the nonprimitive hexagonal calcite unit cell to
obtain a surface unit cell parallel to the basal surface plane.57 In
this way, the calcite (104) surface plane becomes the (001)
plane in the new setting, in which two unit cell vectors lie
within the surface plane and the third vector is nearly
perpendicular to this. This transformation is given by
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and results in the atomic positions in the new nearly
orthorhombic unit cell with a = 8.0960 Å, b = 4.9900 Å, c =
24.2880 Å, α = 90.0°, β = 90.75°, and γ = 90.0°.

Conversion of the Simulation Cell to the Surface Unit
Cell. In an SXRD experiment, not only the surface but also a
part of the bulk crystal is probed. The simulated structures
only contain a finite number of atoms, which is considerably
smaller than the volume probed experimentally.4 To make the
simulated structures compatible with the SXRD data, a few
alterations, therefore, have to be made. Specifically, the atomic
positions of the simulated interface have to be added on top of
the bulk crystal structure of calcite. In addition, force field
parameters are typically optimized to reproduce a range of
properties, which may include structural, mechanical, and
thermodynamic data, while DFT often exhibits systematic
errors that depend on the exchange−correlation functional. As
a result, simulations will often yield lattice parameters that
deviate from experimental values. This would give large
discrepancies when compared directly to diffraction data. To
overcome these problems, all atomic positions were converted
to fractional coordinates, a procedure that essentially normal-
izes the different unit cells. In the in-plane directions, the
simulation has periodic boundary conditions, yielding a precise
estimate of the lattice parameters a and b. In the perpendicular
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direction, the simulation only has a limited number of layers
and no genuine periodicity for calcite. However, the length of
the c-axis can be estimated from the distance between the Ca2+

atoms in different layers.
In the literature, often only relaxations in the top two

CaCO3 layers were taken into account, as relaxations below
these two layers are very small,27,29,58 which is also
corroborated by our analysis. Therefore, the atomic positions
of the top two CaCO3 layers and additional water molecules
above the surface, as derived from the simulations, were placed
on top of the bulk structure. From the third CaCO3 layer
down, the atomic positions were set to the bulk positions,
which was carried out for both SXRD and simulated structures.
To find the right position to overlay the interface and bulk
structure, the Ca2+ atoms in the third layer of the simulated
structure were translated to agree with the position of the same
atom in the bulk structure.
To derive the atomic positions and occupancies from the

simulations, the distribution of the atoms was fitted with a
three-dimensional Gaussian distribution per molecule. Debye−
Waller (B) parameters were derived from the standard
deviation (σ) of the Gaussian fit , according to

B (2 2 ln 2 )
ln(2)

2 2

= π σ . For all (solution) atoms above the crystal,

in-plane and out-of-plane Debye−Waller parameters were
derived. In the crystal, only isotropic Debye−Waller
parameters were used because anisotropy was found to be
negligible. Moreover, based on our current analysis, the
occupancies of all atoms in the crystal were set to 100%.
The derivation of the position, Debye−Waller parameters, and
occupancies of the water molecules from the simulations is

described in the Supporting Information S1. For a direct
comparison with the SXRD model, an isotropic liquid layer,
representing the bulk electrolyte solution, was added above the
ordered part of the interface.36 The simulated structures were
used to fit the experimental data without additional fitting
parameters, except for the aforementioned isotropic liquid
layer and a scale factor.
From our analysis, we find that small changes made during

the translation of the simulation cell do not have a large impact
on the goodness-of-fit. The distribution of water molecules
from the simulations was found to deviate from a Gaussian
distribution, and a slightly improved description could often be
obtained by fitting the simulated water distribution with two
Gaussian distributions, each with a reduced occupancy. This
gives a better agreement with the simulated water structure but
was found to give only slightly different results in terms of the
goodness-of-fit and calculated structure factors. This shows
that the conversion from the simulation cell to the surface unit
cell is robust and quite independent of the approximations
made during the conversion.

■ RESULTS AND DISCUSSION

SXRD Experiments. Using SXRD, 12 unique crystal
truncation rods were measured for calcite in contact with the
four electrolyte solutions mentioned earlier: calcite in contact
with a 90% saturated CaCO3 solution, 100 mM MgCl2, 100
mM CaCl2, and 100 mM BaCl2. The crystal truncation rods of
calcite in contact with 100 mM BaCl2, shown in Figure 1, are
typical for all experiments. The crystal truncation rods
belonging to the other electrolyte conditions can be found in

Figure 1. Experimental specular and seven unique nonspecular rods (blue symbols with error bars) for calcite in contact with 100 mM BaCl2. The
best model fit, as described in the text, is shown as the blue curve. The red curve shows the rods as calculated for a bulk terminated calcite structure
without any liquid molecules.
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the Supporting Information S2. The red curves in Figure 1
show a calculation for a bulk terminated calcite structure,
which clearly does not give a satisfactory fit. The data are fitted
using a model that is similar to interface models used
previously.27−29 In the best fit model (blue curves in Figure
1), the bulk atomic positions of calcite were used as initial
positions,37 followed by selected relaxations: For the calcium
atoms in the top two layers, displacements in the x, y, and z
directions were allowed, while the carbonate ions were
considered as a rigid group, allowing fitting of displacements
in the x, y, and z directions and rotations around the x, y, and z
axes. The (isotropic) Debye−Waller parameters of the top
calcium and carbonate ions were also allowed to vary. The
occupancy of the upper calcium carbonate layer was initially
varied but was always found to be close to 100% and was
therefore fixed at this value. Above the calcium carbonate
layers, two independent water molecules with anisotropic
vibrational amplitudes were added. In the structural model, the
glide plane symmetry of calcite was retained. This means that
two water molecules are present in each water layer per surface
unit cell, of which the position of one water molecule defines
the position of the other water molecule. Water was modeled
as an oxygen atom because SXRD is insensitive to the
hydrogen positions. Debye−Waller parameters and occupan-
cies were used as additional fitting parameters for the water
molecules. The final component in the model is a liquid layer
without in-plane order. This model is found to be the simplest
model to give a good fit. A model with only one water
molecule instead of two gave a significantly worse fit, whereas
adding an extra ordered water layer did not improve the fit
significantly.
Any change in the interfacial structure induced by the

electrolyte solution should be most noticeable in the specular
or (00) crystal truncation rod because this is also sensitive to
structural elements without in-plane ordering. This effect is
expected to be the most pronounced when looking at the 100
mM BaCl2 solution because barium is the heaviest element
used here and would thus exhibit the strongest X-ray scattering
if adsorbed close to the interface. Figure 2 shows the specular
and four nonspecular crystal truncation rods for the four
different electrolytes. Only minor differences can be observed
between the different conditions. Furthermore, we do not see
systematic changes in the data when the cation (Mg2+, Ca2+, or
Ba2+) is changed. This is in contrast to, for example, sodium

nitrate, which is known to induce changes in the top layers of
the calcite structure and to disrupt the hydration structure.6

Also, the introduction of the Cl− anion does not induce clear
changes compared to a solution containing only the CO3

2−

anion. This means that for the tested conditions, only a
negligible number (<5%) of solution cations and anions are
adsorbed on the calcite surface or present in the first two water
layers at the interface. This can be understood in the view of
the low reactivity of the flat calcite surface caused by the strong
hydration of the ions in solution relative to the thermodynamic
benefit of displacing surface water in order to adsorb on the
terrace.6 At step edges and kinks, where higher coordination
numbers are possible through adsorption, the effect of the ions
is expected to be the most visible.6 Also, more weakly hydrated
ions than the divalent cations used in this study can enter the
hydration layers, as was shown for Rb+ ions.59 Moreover, for
our experimental conditions, the incorporation of ions into the
crystal structure is not expected because the solution is not
supersaturated with respect to calcium carbonate.
Our computer simulations show that indeed Ca2+, Mg2+, and

Sr2+ do not adsorb close to the calcite surface as they only
exhibit either a point of inflection or an unstable minimum
with a depth that is less than the ambient thermal energy [see
the Supporting Information (Figure S12) for more details].
Although Ba2+ has a more pronounced minimum, it is again
unstable with respect to the ion in solution and is situated on
top of the second water layer. On the other hand, a more
significant (local) minimum in the adsorption free energy is
observed for Cl− at a height of approximately 2.75 Å, where 0
is defined as the bulk height of the topmost Ca2+ layer and
corresponds to the chloride ion between the two ordered water
layers. However, again a considerable free energy barrier (≈30
kJ/mol) has to be overcome for adsorption at this site to occur.
At the concentrations of the present experiments, only a very
small fraction of Cl− is expected to adsorb. An attempt to fit
the SXRD data with a model containing this additional Cl−

adsorption site resulted in a worse fit. This means that Cl− has
a low occupancy at this site (<5%), if present at all.
Because of the small differences in the interfacial structures

of the four different conditions, from now on, we will consider
the interfacial structure averaged over the four data sets. The
differences between the structures give an indication of the
accuracy in the SXRD structure determination. In the
following sections, we will shift our focus from the different

Figure 2. Experimental (a) specular and (b) a selection of four nonspecular crystal truncation rods for calcite in contact with four electrolyte
solutions (symbols with error bars). The best model fits for each set of conditions, as described in the text, are shown as solid curves.
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electrolyte solutions to the comparison of the experimental
data with state-of-the-art simulations.
Experimental Calcite Interfacial Structure. The inter-

facial structure was determined by fitting the measured crystal
truncation rods (Figures 1 and S2) and is shown in Figures 3

and 4. Two independent water molecules are found at heights
of 2.36 ± 0.03 and 3.17 ± 0.08 Å above the calcite surface, as
can be seen from the electron density perpendicular to the
surface (i.e., the (00) Fourier component) shown in Figure 5.
The inset of this figure displays the (11) Fourier component,
which only shows atoms with in-plane order.60 The electron
density of both water peaks in the (11) Fourier component is
similar to the (00) Fourier component, and this indicates that
these two water layers are strongly ordered. The next layer,
however, is completely disordered. Such an abrupt change in
ordering has also been seen for other minerals, such as
brushite,9,61 quartz,62 and rhodochrosite.63 The dynamic
nature of hydrogen bonding in water apparently results in a
more rapid decay of ordering moving away from the surface
compared to metals, for example, where layering can exist over
many more layers.64−67 However, additional layering has also
been reported for water.68 An AFM study12 and some of our
simulations discussed later indicate the existence of additional

hydration layers. In light of these findings, we have investigated
if the addition of a third water molecule would improve the fit
to the SXRD data. Such an additional water layer does indeed
improve the fit slightly, but the water molecule was found at an
unreasonable distance from the surface, where such an
ordering should not occur. This means that a third ordered
water layer does not exist or is too disordered to observe using
our data. These findings do not agree with AFM measurements
by Araki et al., where the addition of Mg2+ ions leads to two
additional detectable water layers.34 Potentially, this could be
caused by different experimental conditions as the solutions
used in the AFM experiments are supersaturated with respect
to calcium carbonate, whereas our solutions are under-
saturated. Also, differences in sensitivity between the two
techniques could play a role.
The water molecule closest to the surface is located directly

above calcium, completing the sixfold oxygen coordination of
calcium found in the bulk (Figures 3 and 4). This water
molecule has an occupancy of 92 ± 7% (Table 1), which
means that for each surface Ca2+ ion, nearly one water
molecule is available. The average Ca−O distance is 2.47 ±
0.05 Å, which is slightly longer than a bulk Ca−O distance of
2.36 Å. The second water molecule is located at an average
height of 3.17 ± 0.08 Å. This molecule is located at an average
distance of 2.58 ± 0.08 Å from the topmost oxygen atom of
the carbonate group and is probably interacting with this
oxygen via a hydrogen bond. This distance is longer than the
distance between the topmost oxygen atom of the carbonate
group and the Ca2+ atom in the layer above (2.36 Å). As will
be discussed later, the topmost oxygen atom interacts with the
H atom of the second water molecule, which explains the
longer distance. This water layer has an occupancy of 71 ± 5%.
Only small relaxations compared to the bulk structure are

found in the two topmost calcium carbonate layers. Ca2+ atoms
retain their bulk positions. We find a small rotation of the
carbonate group in the top layer of approximately 2° in the x
direction and 3.5° in the y direction compared to the bulk
structure. This leads to a small inward displacement for the
topmost oxygen atoms in the calcite structure. One layer

Figure 3. Schematic illustration of the model of the interfacial
structure of calcite in contact with an electrolyte solution, viewed
along the b-axis. The size of the drawn atoms is determined by their
(anisotropic) thermal vibration amplitude.

Figure 4. (a) Top view and (b) side view along the a-axis of the
calcite interfacial structure. The rectangle in (a) indicates the surface
unit cell used here. For the color coding of the atoms, we refer to
Figure 3.

Figure 5. Electron density perpendicular to the surface for calcite in
contact with a 90% saturated CaCO3 solution and 100 mM solutions
of MgCl2, CaCl2, and BaCl2. The inset shows the (11) Fourier
component.
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below, these rotations are even closer to zero (<1.5°); thus, the
atoms have essentially assumed bulk positions. All structural
parameters can be found in the Supporting Information S4.
Our results given in Table 1 compare favorably with the

literature, showing that the calcite−water interface is quite well
understood. Most studies also find small relaxations in the top
calcium carbonate layers with two adsorbed water molecules
above these layers. However, when focusing on the details
some differences can be seen. In our experiments using the
four different solution compositions, the height of the first
water layer varies between 2.33 and 2.40 Å above the surface.
In the literature, heights of 1.9(1),28 2.07 ± 0.02,4 2.14 ±
0.02,30 2.3 ± 0.1,27 2.35 ± 0.10,29 and 2.50 ± 0.12 Å26 were
reported. The distance between this water molecule and the
Ca2+ ion (2.47 ± 0.05 Å) does agree well with previous
experimental and theoretical studies. Heberling et al. reported
an average distance of 2.41 ± 0.1 Å,29 and Magdans et al.
found a distance of 2.4 Å,28 whereas simulations by de Leeuw
and Parker suggested a similar distance of 2.4 Å.69 On the
other hand, Geissbühler et al. found a larger Ca−O distance of
2.97 ± 0.12 Å instead.27 Also, the height of the second water
molecule, which varies in our experiments between 3.10 and
3.29 Å, lies close to literature values (3.1,28 3.24 ± 0.12,29 3.37
± 0.11,4 3.44 ± 0.11,30 and 3.45 ± 0.2 Å27). In some of these
studies, the occupancies of water were set to 100%. For the
first water molecule, this is a good assumption. For the second
water layer, this is probably an overestimation as we find an
average occupancy of 71 ± 5%. In summary, our results agree
reasonably well with earlier studies. In particular, we find

excellent agreement with the most recent SXRD study of the
calcite−water interface performed by Heberling et al.29

Computational Calcite Interfacial Structure. The
calcite interface was simulated using DFT and the rigid ion
and AMOEBA force fields. Putting aside specific issues of
parametrization or numerical factors, it would be expected that
the accuracy of the models should increase going from the
nonpolarizable rigid ion force field to AMOEBA, which
incorporates induced dipoles and static quadrupole moments.
Similarly, DFT should be superior to both force field methods
(provided the greater transferability to the interface overcomes
any systematic error of the specific functional), although it will
be subjected to greater statistical uncertainty because of the
necessarily shorter run lengths. In this article, we compare the
three simulated structures to the experimental structure in two
ways. First, we compare the interfacial structures extracted
from all methods. Second, we calculate the crystal truncation
rods from the three simulated structures, which are then
compared to the experimental crystal truncation rods. The
latter allows us to directly compare the experimental data
without an intermediate interpretation step (except for the
coordinate transformation), that is, the derivation of the
interfacial structure from the measured SXRD data.
In all three simulations, the same features as observed in the

experimental interfacial structure are present. The simulations
show small displacements and rotations in the calcium
carbonate layers, and the two water molecules are, at first
glance, found close to the expected positions. The atomic
positions of the atoms in the first two calcium carbonate layers

Table 1. Structural Parameters of the Two Water Layers at the Solid−Liquid Interface of Calcitea

parameter SXRD average bulk extrapolated rigid ion AMOEBA DFT literature

First Water Layer
height (Å) 2.36 ± 0.03 2.26 2.08 2.19 2.34 1.9−2.5
Ca−O distance (Å) 2.47 ± 0.05 2.36 2.27 2.34 2.42 2.3−3.0
occupancy (%) 92 ± 7 100 104 98 102

Second Water Layer
height (Å) 3.17 ± 0.08 3.04 3.35 3.33 3.26 3.1−3.5
O−O distance (Å) 2.58 ± 0.08 2.36b 2.58 2.63 2.60
occupancy (%) 71 ± 5 100 73 80 75

aThe bulk position of the Ca2+ atom of the top layer is defined as 0 in the z direction. bThe bulk Ca−O distance, as a reference for the O−H2O
distance determined here. For more details, see the text.

Figure 6. Atomic positions of the two topmost CaCO3 layers and two water layers in the (a) ac-plane and (b) bc-plane for all methods discussed
here. The horizontal black line separates the crystal and the electrolyte solution.
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and the two interfacial water layers are shown in Figure 6. All
atomic positions and structural parameters can be found in the
Supporting Information S5 and S6.
The SXRD measurements show that the positions of the

atoms in the second calcium carbonate layer can be
approximated by the bulk positions, which are accurately
reproduced by both the rigid ion force field and DFT. All
methods find rotations of the carbonate group of less than 1°,
which is in good agreement with the experiment. AMOEBA
fails to accurately describe the first two crystalline layers, which
is because the method exhibits a larger error in the c/a ratio for
the bulk structure of calcite than the other methods. The rigid
ion model also finds inaccurate positions for the interfacial
calcite layer, mainly in the a direction. On the other hand,
atomic positions in these two layers determined by DFT are in
excellent agreement with the SXRD positions and bulk
positions, except for the topmost O atoms. According to
SXRD, these atoms undergo a small inward relaxation
compared to the bulk position, which is not captured by any
of the three simulation techniques. In all simulations, the
rotations of the topmost carbonate group are smaller than
those in the SXRD structure and therefore do not show the
inward relaxation. Regarding the first water layer, the height
derived from DFT is in agreement with the experimentally
found height, whereas the other simulation techniques find the
O atom too close to the surface (Table 1). This difference in
height is worse for the rigid ion force field than for AMOEBA.
The discrepancy in this case can be explained by the
parametrization of the model against the hydration free
energy: In the absence of polarization, it is necessary for the
first solvent shell of a Ca2+ ion to be too close in order to
capture the thermodynamics correctly. The position of the
second water layer is only roughly captured by the simulations,
although DFT has the best agreement with SXRD in height.
Overall, we can conclude that DFT is significantly better than
the two force field techniques, as would be expected, and is
capable of reproducing the crystalline layers and giving the
closest agreement with the positions of the water layers. The
atomic positions of the two crystalline layers of the DFT
structure differ, on average, by 0.02 Å from the experimental
study, while for the rigid ion and AMOEBA force fields, the
difference is 0.05 Å for both. The same holds for the first and
second water layers, which differ, on average, by 0.09 Å from
the experimental values for DFT, whereas the AMOEBA and
rigid ion force fields differ by 0.11 Å and 0.23 Å, respectively.
Another way to compare the results is to look at the

projected electron density (Figure 7). This shows that the
deviations in the height in the crystalline layer are actually very
small. The occupancies of all atoms in the crystal are set to
100%; therefore, differences in intensity are only caused by
varying heights and Debye−Waller factors. For the water
layers, we again see the good agreement of DFT with the
experiment, whereas the heights of the two force field
simulations differ. The occupancies of the first (98−104%)
and second (73−80%) water layers in simulations are close to
the experimental values (92 ± 7% and 71 ± 5%, respectively),
giving rise to peaks in the electron density projection with an
area comparable to experiment.
Subsequently, we have used the simulated structures to

directly fit the experimental crystal truncation rods. These
results are shown in Figure 8 for the (00), (01), (11), and (02)
rods, which are the most sensitive to the structure of the
interface. The other rods can be found in the Supporting

Information S7. The DFT structure gives a satisfactory fit to
the specular or (00) rod. We noticed earlier, when looking at
Figure 7, that the heights in the DFT structure are in good
agreement with the SXRD structure. Because the (00) rod is
only sensitive to the height and not to the lateral position, a
good fit was anticipated. Surprisingly, none of the simulations
fully reproduces the “bumps” at 6 < < 9 in the (01) rod and
at 3 < < 9 in the (11) rod. These features mainly originate
from the ordered water molecules, and they appear to be
strongly affected by the positions of the water molecules. By
changing the occupancies of the water layers, we find that the
feature in the (01) rod is strongly affected by both water
molecules, whereas the feature in the (11) rod only depends
on the first water layer. Although the DFT structure seems to
resemble the experimental structure the most, this is less clear,
visually, when judging the fits of the crystal truncation rods.
More objectively, the DFT fit has the best goodness-of-fit with
an average normalized χ2 value of 4.6, compared to 6.8 for the
rigid ion force field and 8.9 for AMOEBA. All of these values
are worse than the value of 2.1 for the model fit, as expected.
The good agreement of the simulations partly arises from the
correction used for differences in the bulk lattice parameters.
Without this correction, the agreement is much worse.
Because of their low X-ray scattering cross section, H atoms

are nearly invisible in SXRD experiments, and therefore, the
orientations of water molecules cannot be determined from the
experiments. The coupling with simulations allows us to find
out the position of the H atoms (see Figure 9). As expected,
the H atoms of the first water molecule are pointing away from
the Ca2+ atom as the O atom completes its coordination
sphere. The H atoms in the second water layer are pointing
toward the topmost O atom of the carbonate group with a
distance of 1.64 Å between them, according to the rigid ion
model. Water adsorption thus compensates the broken bonds
at the interface. Please note that the different simulations yield
somewhat different positions for the H atoms, but their average
positions give a reliable orientation of the water molecules with
respect to the calcite surface.

Figure 7. Electron density perpendicular to the surface for calcite in
contact with the average of the four sets of experimental conditions
shown in comparison to the three simulation results. The inset shows
the (11) Fourier component.
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Although SXRD provides valuable information on the
average structure of the calcite−water interface, one thing
that cannot be addressed is whether the ordered water layers
are static or dynamic. Here, simulation provides additional data
regarding the mean residence time for water molecules on the
calcite surface. Although Wolthers et al.70 have suggested a
mean residence time of only 42 ps at calcite terraces, which
implies faster water exchange than for Ca2+ in solution, this is
likely to be because vibrational modes were not excluded from
the analysis. Analysis of the results for the present rigid ion
water model by De La Pierre et al.25 yielded a more realistic
mean residence time of 2 ns, which represents 1 order of
magnitude longer than that for a cation is bulk solution. Here,
we have performed the same analysis for the AMOEBA-based
model using simulations with a Nose−Hoover thermostat in

order to obtain more correct time-correlation data. This results
in a mean residence time for water on the calcite surface of the
order of 4 ns, which is similar to or greater than that for the
rigid ion model, despite the fact that water exchange is faster
for Ca2+ in solution with AMOEBA.44 Unfortunately, it is not
feasible to obtain a comparable value for the DFT simulations
because of the run lengths being shorter than the mean
residence time. Based on the dynamical information available,
it can be ascertained that the absence of adsorbed ions at the
calcite terraces under the present conditions is a consequence
of the thermodynamics, rather than any kinetic inhibition due
to the ordered water layers.

■ CONCLUSIONS

Using SXRD, the interfacial structure of calcite (101̅4) terraces
in contact with four different electrolyte solutions was
measured. The structures only varied marginally, showing
that the presence of Mg2+, Ca2+, Sr2+, Ba2+, and Cl− ions does
not significantly affect the structure under the tested
conditions. A good fit of the measured SXRD rods is obtained
with a model containing the calcite bulk structure with two
calcite layers and two water molecules on top, which were free
to vary. The final interfacial model is generally in good
agreement with previously reported structures.
The experimentally found structure was compared to the

structures simulated using DFT and two force field-based
methods. For a proper comparison, we use fractional
coordinates to avoid issues with differences in lattice constants
that arise from simulations. Although there is good agreement
on the major features present at the interface, there are still
some discrepancies in the atomic positions. This has a large
effect on the fits of the experimental data with the simulated

Figure 8. Selection of the measured nonspecular crystal truncation rods for calcite in contact with 100 mM CaCl2, typical for all measured
experimental conditions. The fits using the simulated structure are shown as solid lines.

Figure 9. Side view of the calcite interfacial structure, along the b-axis,
as determined by the rigid ion model. H atoms are shown in white.
For the color coding of the atoms, we refer to Figure 3. The positions
of the H atoms represent the dominant orientation, as derived from
the average over a distribution of positions.
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structures, which turn out to inadequately fit certain character-
istic features. Overall, we assess that the DFT structure agrees
best with the experimentally found structure. The agreement
between SXRD and DFT means that we can state that the
structure of the calcite−water interface is known with an
accuracy of 0.1 Å. This could be used as a benchmark for
understanding the liquid features that are found in AFM
measurements. A consistent three-dimensional picture from
these three important techniques would be an important step
in reliably applying these methods to the solid−liquid structure
at steps, that is, the location where processes such as growth
and reactions take place.
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