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CHEMICAL PHYSICS

Supersaturated calcium carbonate solutions

are classical
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far more complex than simple ions or ion pairs have recently been proposed. Herein, we provide a tightly coupled
theoretical and experimental study on the pathways that precede the initial stages of CaCO; nucleation. Starting
from molecular simulations, we succeed in correctly predicting bulk thermodynamic quantities and experimental
data, including equilibrium constants, titration curves, and detailed x-ray absorption spectra taken from the super-
saturated CaCOs solutions. The picture that emerges is in complete agreement with classical views of cluster popu-
lations in which ions and ion pairs dominate, with the concomitant free energy landscapes following classical

nucleation theory.

INTRODUCTION

For more than a century, nucleation from electrolyte solutions has
been viewed through the lens of classical nucleation theory (CNT),
which is based on two key principles (1). First, there is a free energy
barrier to nucleation due to the surface tension associated with creation
of the solid-liquid interface; this leads to a critical size that clusters must
exceed before the chemical potential driving force allows them to grow
spontaneously. Second, clusters are able to overcome this barrier due to
the inherent thermal fluctuations of the system, which allow for the
addition of individual ions or molecules despite the uphill trend in free
energy. These two principles exhibit a self-consistency because work
must be expended to increase the size of a subcritical cluster, and
the number density of clusters falls off exponentially with size. Con-
sequently, small species (that is, ions and ion pairs) dominate cluster
populations (Fig. 1). This picture of nucleation has been recently called
into question based on experimental observations and classical molecu-
lar mechanics (MM) simulations of cluster formation in supersaturated
solutions of CaCOs, which cast doubt on one principle or on both
principles (2-7).

These studies suggest that these solutions contain populations of
oligomeric species referred to as prenucleation clusters in numbers
far in excess of what would be expected from classical solution models.
Titration experiments demonstrate that, depending on pH, approx-
imately 30 to 75% of Ca®" ions in CaCOj solutions exist in complexes
(2). The models of nucleation based on prenucleation clusters hold that
the majority of this high degree of complexation reflects the dominance
of large, oligomeric clusters (2-4). In contrast, classical descriptions
predict that species beyond ions and jon pairs should exist at concen-
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trations that are lower by orders of magnitude (1) and thus attribute
the bulk of this complexation to the formation of ion pairs, such as
CaCO; (aq) or CaHCO;" (aq), at concentrations that can be predicted
on the basis of equilibrium constants for ion pairing (8). Moreover,
nucleation of the solid in prenucleation cluster models is proposed to
proceed by aggregation of these oligomeric clusters with only a small
free energy barrier, perhaps via the formation of a dense but disordered
liquid precursor; free ions and ion pairs play little or no role in nucle-
ation (Fig. 1).

The essential discrepancy between CNT and prenucleation cluster
models lies, then, in the free energy of cluster formation, which is direct-
ly reflected in cluster populations. However, although cryogenic trans-
mission electron microscopy (cryo-TEM) data appeared to initially
provide evidence for the existence of oligomeric clusters in CaCO; so-
lutions (7), later experiments and reevaluation of the previous data led
to the conclusion that they could not be detected by this method (9).
Thus, no oligomeric clusters of any size in saturated CaCOs solutions
have been seen directly by microscopy techniques, and to date, they
have evaded detection by scattering methods. Their existence was
inferred from analytical ultracentrifugation (AUC) data (2, 3, 6), but
no direct connection between the oligomeric species detected in
AUC and the degree of complexation evident in titration experiments
has been established.

Molecular simulation of solution structure is equally challenging be-
cause of the difficulties of developing pairwise additive classical MM
potentials that correctly describe ion-pairing interactions and simulating
sufficient periods of time to adequately sample cluster configurations.
Thus, the use of standard molecular dynamics simulations of slightly
supersaturated solutions to achieve equilibrium and correctly predict
cluster stability, size distribution, and free energy of formation remains
a formidable challenge (10) and can lead to contrasting results. Although
initial applications of MM to the CaCOj3 system supported the conclu-
sion that oligomeric species far larger than simple ions or ion pairs were
abundant and stable relative to the latter (4), more recent work using the
same classical potentials extending the simulations to longer times in
dilute solutions concluded that the clusters decay into ions and ion pairs
(9). A complete CaCOj3 solution model that correctly describes ion-
pairing interactions, gives the distribution of species as a function of
solution concentration, and correctly predicts solution equilibrium
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Fig. 1. A schematic representation of the different pathways for the formation
of solid polymorphs of CaCO;. In CNT, nucleation proceeds uphill in free energy
through the addition of Ca®* (cyan), C032’ (yellow), or ion pairs where large clusters
are considered rare (but necessary) and the metastable solution phase is dominated
by monomers and ion pairs. Prenucleation is characterized by a metastable solution
phase dominated by populations of larger clusters that undergo further association
to form the solid polymorph CaCOs (2). Spinodal decomposition occurs spontaneously,
creating the solid polymorph and ions at a high degree of supersaturation.

constants is lacking, as is a direct connection between the predicted
species and those seen experimentally. Here, we combine sophisticated
experiments, simulations using advanced sampling techniques and
complex interaction potentials, and electronic structure theory to
overcome many of these limitations and thereby achieve a detailed mo-
lecular picture of ion pairing, cluster size distribution, and the initial
stages of nucleation in supersaturated CaCOjs solutions. This method-
ology can be used to study other chemical systems as well.

RESULTS
Constructing a theoretical solution model
To create a theoretical solution model, we first construct potentials of
mean force (PMFs) between Ca®" and either CO;*~ or HCO;~ using
first-principles molecular dynamics simulations with the interactions
described by Kohn-Sham density functional theory (DFT) (11, 12).
The advantage of DFT over more common MM approaches is that
DFT provides an excellent description of aqueous response to both
small and large interfaces (13) and better representation of the local
complex structure around ions, such as Ca**, as differentiated by
x-ray absorption fine structure measurements (14). Because precipita-
tion in the CaCOj5 system occurs already at concentrations <107 M,
accurate information on the solvent-mediated ion-ion interactions
can be gleaned from simulations for systems containing a single ion
pair and 96 water molecules (see the Supplementary Materials). The
comparison shown in Fig. 2B between the PMFs of CaCOj; ion pairing
generated from DFT and MM representations (15, 16) illustrates the
following important differences: (i) DFT yields a 50% smaller free
energy gain for ion pairing (at 3 to 4 A); (ii) DFT slightly favors bidentate
versus monodentate ion pairs, whereas the opposite holds for the MM
description; and (iii) DFT vyields a significantly larger barrier separating
contact ion pairs from solvent shared ion pairs (Fig. 2B). The key con-
sequence of these differences is a significantly reduced propensity to
form ion pairs in the DFT model as compared to the MM model.
Knowledge of the DFT-based PMFs allows us to construct a reduced
molecular representation consisting of Ca** and CO5>~ ions in a solvent
treated in an implicit manner (Fig. 2A). A key assumption is that the
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PMFs that describe the short-range interaction are independent of
concentration. For both the MM and the DFT methods, PMFs are
augmented with continuum electrostatics (CE) represented by the
Coulomb potential modified by the experimentally determined di-
electric constant for water to describe the long-range interactions
(Fig. 2B). Thus, we refer to the underlying potential for the reduced
model for the MM as MM/CE. Because of the relatively small systems
used to perform the DFT calculations, additional assumptions need to
be made to construct the reduced interaction potential. Specifically,
the DFT PMF requires an additional matching to the MM/CE in
the solvent-shared region. This is based on the observation that the
coordination number of the Ca®* ion with respect to water is seven
at Ca?*-CO;>" distances >4 A reflecting the isolated cation (17).
The coordination number at this separation is also consistent with a
recent two-dimensional PMF using the MM interaction potential (18).
Thus, we refer to the reduced potential based on the DFT short-range
PMF as DFT + MM)/CE, which is shown in Fig. 2B. It is of interest to
note that although we performed a one-dimensional PMF, we have
access to Ca”* coordination numbers with respect to water in our
biased ensemble. For the DFT, the coordination number of Ca** with
respect to water is roughly 4.5 at Ca>*~CO;”" separations between 2.5
and 3 A. For separations between ~3 and ~3.8 A, the coordination
number rises steeply from 4.5 to 5.5. For separations between ~3.5
and ~4 A, the coordination number is 6. Beyond the distance of ~4
A, the coordination number is 7. Last, the like-charge repulsive inter-
actions for both the DFT + MM/CM and the MM/CM models were
taken from the PMFs using the MM model.

We use this reduced model to predict cluster size and shape distri-
butions and the equilibrium constants between the interconversion of
species as a function of concentration. Recent work suggests that
cluster configurational entropy can significantly influence the size
and shape distributions of small nucleation clusters (19), making
efficient statistical sampling of the molecular configurations for con-
centrated CaCOj a necessity. In keeping with the assumption of a dilute
limit, we neglect many-body correlations between the ions but retain
both two-body correlation effects and the important water-ion correla-
tions that are encoded in the PMFs (Fig. 2B), as done previously in pre-
dicting the collective phenomena of electrolytes at low concentrations
(17, 20). Thus, our reduced model comprises two different attractive
point particles to represent Ca** and CO5>~ (Fig. 2A) that interact
according to the corresponding PMFs (Fig. 2B), where the cor-
responding terms for Ca®*~Ca** and CO;* -CO5° are strictly repul-
sive (see the Supplementary Materials for details).

This reduced model in conjunction with the aggregation-volume-
bias Monte Carlo (AVBMC) method (see the Supplementary
Materials for details) (21) allows for the fully converged statistical
sampling required to obtain the cluster concentrations, #;;

= exp(~BGy) (mo) (1o @

The subscript ij denotes stoichiometric Ca** and CO3>", respec-
tively, B = 1/kgT (where kgT is Boltzmann’s constant multiplied by
absolute temperature), and Gj; is the free energy of formation of the
ij cluster relative to the corresponding nonassociated cations and
anions. The resulting cluster populations for the DFT + MM/CE
description are dominated by free ions (1, and ng;) and ion pairs
(n11), and the concentrations of all larger species are orders of magni-
tude smaller (Fig. 2C, bottom), for example, by >100 and >1000 for 71,
and n,,, respectively.
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Fig. 2. Theoretical basis of the molecular base CaCO;3 solution model. (A) Schematic of the mapping of the explicit molecular model to the reduced molecular model. The
short-range interaction of the reduced model is computed through a PMF using a molecular model, and the long-range interaction is determined by a CE description. (B) The
computed PMFs. The color-coded maps correspond to the short-range structural moieties that are depicted in the schematics. (C) Equilibrium populations n;; of small CaCO5
clusters versus the total concentration of CaCOs as determined by the reduced model [shown in (A), right]. SEM is smaller than a symbol size. (D) Free energy of (CaCOs)s
clusters versus the radius of gyration (with some representative structures shown) comparing the present work to the explicit molecular model of Demichelis et al. (4).

Further connection of our MM/CE version of our solution model
to previous MM simulations that used explicit water is achieved by
directly comparing the predictions of absolute G;; to those reported
by Wallace et al. (5) (see fig. S3A) and to shape distributions for
(CaCO;)¢ clusters to that of Demichelis et al. (4) (Fig. 2D). These com-
parisons yield good agreement, demonstrating the efficacy and dom-
inance of the PMF in describing ion pairing under dilute solution
conditions. An important prediction of our simulations is that, despite
the agreement in cluster shape distribution obtained here with MM/CE,
DFT + MM/CE, and past simulation studies (4), neither our MM/CE nor
our DFT + MM/CE models find larger species, such as (CaCOs)s, to be
present in solution at any relevant concentrations. From the fact that we
are able to converge the sampling of the cluster populations at the cor-
rect experimental concentrations, we conclude that these larger species
are insignificant in slightly and moderately supersaturated solutions.

From PMFs to bulk thermodynamic properties

Taking the species populations from the solution model, we calculate
the equilibrium constants Kj; = nij/(niongl) for interconversion
between species (Fig. 3B). We use these DFT-based constants to
model the free Ca®" concentration in bulk solutions during titration
of Ca®" into either carbonate or bicarbonate buffers and obtain good
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agreement between the predictions and previously reported experi-
mental titration data (Fig. 3A and table S2) (2). Although this calcu-
lation ignores the secondary effects of the background electrolyte, Na*
and CI, inclusion of these species in classical solution models de-
monstrates that these species have negligible contribution to the total
speciation (table S3). Moreover, classical solution models based on
accepted equilibrium constants (8) predict amounts of ion pairs (tables
S2 and S3) and titration curves (fig. S7A) similar to those obtained in
the DFT + MM/CE model. In contrast, because of the stronger ion
pairing seen in the MM model that leads to 10- to 100-fold increases
in predicted ion complexation (Figs. 2C and 3B), the degree of ion
complexation occurring during Ca®" titration is strongly overestimated
(Fig. 3A). Although both the DFT + MM/CE and MM/CE models
produce the same qualitative conclusions regarding speciation, the
bulk titration data support the picture put forth by the DFT-based
PMFs where free Ca>* followed by ion pairs, with almost negligible
contribution from larger clusters, dominate at experimentally relevant
concentrations.

Using umbrella sampling (22) in conjunction with AVBMC, we
also calculated the free energy of cluster formation AGy as a function
of cluster size (Fig. 3C). In keeping with the predicted dominance of ions
and ion pairs, we find that AG¢ exhibits the size dependence expected
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Fig. 3. Macroscopic outcomes of the solution model. (A) Computed (magenta
and cyan) and experimental (2) titration curves of CaCl, into a carbonate buffer
solution at different pH values: The black solid line shows the total amount of Ca®*
titrated into solution, and brown dashed lines show the amount of unbound Ca**.
The blue circles correspond to the total amount of calcium added to solutions and
the green triangles refer to the amount of free calcium in the solution under
conditions where the XANES experiments are conducted (see the Supplementary
Materials, including tables S2 and S3, for details). (B) Computed equilibrium constants
for the formation of small CaCOs clusters versus equilibrium concentration of mono-
mers. Filled symbols denote DFT + MM/CE results, and open symbols indicate MM/CE
results. SEM is smaller than a symbol size if not shown. (C) Free energy of formation of
CaCO;s clusters versus cluster size. Dark green, magenta, and cyan symbols corre-
spond to total CaCO3 concentrations of 17.22, 7.264, and 3.719 mM, respectively.
These results represent the free energy landscape for nucleation and are distinct
from those of Wallace et al. (5), which only consider the free energy of individual
clusters. SEM is smaller than a symbol size.

from CNT using either the DFT + MM/CE or MM/CE solution models,
but the greater tendency toward ion pairing in the MM/CE model leads
to a weaker AGydependence and thus smaller nucleation barriers. Using
the AG; size dependence of the DFT + MM/CE model, we deduce that
the interfacial free energy for the formation of amorphous CaCOj3
(ACC) is between 14 and 25 mJ/m?, depending on the number density
(23). This value implies that at a supersaturation of between 1.5 and 2.0,
the barrier to ACC formation falls below k3T and the solution sponta-
neously phase-separates. Assuming solubility on the order of 10 to
15 mM for ACC, this estimate compares favorably to the recent exper-
imental determinations of the point at which CaCO; solutions undergo
spinodal decomposition (24).

In situ molecular-level measurements of solution speciation
We experimentally determined the Ca speciation in CaCOj3 solutions
in situ by using synchrotron-based Ca K-edge x-ray absorption near-
edge structure (XANES) spectroscopy (25, 26) to directly probe the
local chemical environment of aqueous Ca** ions. Spectra are taken
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using a liquid microjet (see the Supplementary Materials) (27, 28) at
specific Ca®" concentrations and pH values lying along published
titration curves (Fig. 3A, blue circles and green triangles) (2). The
use of state-of-the-art undulator beamlines (29) enabled measurements
on dilute supersaturated solutions extending down to submillimolar
Ca”" concentrations that are close to the solubility limit of the most
stable phase (calcite) (see the Supplementary Materials for details).
XANES spectra for various solid carbonates are also acquired for com-
parison.

The obtained XANES spectra of both the Ca** (for example, CaCl,)
and CaCO; solutions (Fig. 4A) are distinct from one another and from
those of solid ACC, aragonite, and calcite in the regions of the pre-
edge, near-edge, and white line (fig. S6). The normalized difference
spectra (Fig. 4B), that is, the difference between the CaCO; solution
spectra and the spectrum of fully hydrated Ca*" (in a CaCl, solution),
highlight the spectral changes that are due to the presence of associat-
ing ions whose structure deviates from that of normal sevenfold
coordinated aqueous Ca”" ions (30). We observe that, for constant so-
lution pH, the difference spectra show little change with Ca®* concen-
tration (fig. S2A), whereas with increasing pH (9 to 10), the magnitude
increases (fig. S2B). We also consider the possibility of compact na-
noclusters consisting of >10 cation/anion assemblies that are structur-
al analogs of ACC, calcite, or aragonite that will have XANES spectra
that are similar to those of the bulk solid (fig. S6) (31). A linear com-
bination of any of these solid phases with a representative fraction of
Ca®* (see the Supplementary Materials) yields a unique concentration-
dependent XANES spectrum that does not reproduce the experi-
mental CaCOj; solution spectra. Thus, we can exclude the presence
of nanoscale solid CaCOj; phases (10) even at supersaturations substan-
tially above the phase boundary seen in the titration data (Fig. 3A; see
Comparison of the theoretical spectra with experimental references in
the Supplementary Materials).

To identify the ion-pair species that are responsible for the observed
difference spectra, we directly compute the time-dependent DFT
(TDDFT) XANES spectra (32-34) using the species and distributions
harvested from the DFT-based PMFs and the AVBMC populations in
Fig. 2 (B and C, respectively). When the TDDFT method was applied
to the solid-phase standards, the calculated and experimental spectra
were in reasonable agreement (fig. S6). For the aqueous phases, the DFT
methods were used to calculate the spectra for mixtures of monodentate
and bidentate contact ion pairs, solvent-shared ion pairs, and free Ca**
in the two limiting conditions of pure carbonate (pH 9.75) and pure
bicarbonate (pH 7 in Fig. 4 and fig. S6). These two theory conditions
bracket the experimental pH values, providing an approximate ampli-
tude estimate for the experimental spectra acquired at pH 9 and
9.75. Intermediate pH values would be represented as a linear combi-
nation of these carbonate, bicarbonate, and free Ca>* theory spectra.
The perturbation of the aqueous Ca" structure due to the presence of
the anion in the first or second solvation shell alters the XANES
spectra in different ways (fig. S4B). For the experimental condition
of pH 9.75 in Fig. 4 (C and D), the theoretical distribution of Ca species
(Ca** with CO5*7) isin agreement with experimental models based on
available thermodynamic data (table S2). The predicted difference
spectrum (Fig. 4D) shows exceptional agreement with the experimental
spectrum in both the position of the features and their amplitudes that
lie just outside of the experimental uncertainties. Moreover, an addi-
tional observation verifying internal consistency is that the experi-
mental data, the classical solution thermodynamics, which is based
on formation energies (8) as implemented in MINTEQ (35) and
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S2 and S3. (B) Difference spectrum between a solution with ion pairs and the CaCl, standard solution for the cases shown in (A). Gray shaded region centered about the x axis
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comparison, the difference spectra of the experimental ACC (dry) and the theoretical (CaCOs), clusters are shown. For these two standards, a mixing ratio was applied to match
the amount of bound species measured by Gebauer et al. (2), in which 30% is the amount of bound species in a supersaturated CaCOs solution at pH 9. (C and D) Same set of
analysis for a solution at pH 9.75 (below the four-panel figure), where the speciation percentages are determined from the R%-weighted integral of the DFT-MM/CE potential in

Fig. 2B. In this case, the amount of bound species is about 70%.

GEMS (Gibbs Energy Minimization Selektor) (36), and the TDDFT
correctly predict the increasing fraction of ion pairs with rising pH
that is observed in titration experiments by Gebauer et al. (2).

Although our MM- and DFT-based solution models predict only
minute concentrations of multi-ion clusters [for example, (CaCO3)g],
itis instructive to ascertain whether their XANES features can be used
to rule them out. We compute TDDFT XANES spectra for a represent-
ative mixture of the four (CaCO;)s clusters ranging from globular to
linear (Fig. 2D) that were predicted by the MM model at a concentra-
tion needed to account for the bound species measured experimentally
(2). The resulting spectrum exhibits a line shape that is not consistent
with the experimental solution spectra (fig. S6C). Thus, the ability to
quantitatively calculate the XANES spectrum of candidate Ca** cluster
species provides the opportunity to test their existence as components
in experimental spectra, and the results obtained here imply that they
are not present in significant numbers.

Henzler et al., Sci. Adv. 2018;4:eaa06283 26 January 2018

DISCUSSION

The agreement between the experimental and calculated XANES
spectra demonstrates the exquisite sensitivity of the local electronic
response to changes in the structural motifs in the first and second
solvation shells of Ca** ions. The agreement between the XANES
difference spectra under varying pH conditions strongly supports
the conclusion that the solution structure is dominated by ion pairing,
even near the solution-solid-phase boundary. The observed trends in
both the experimental and theoretical XANES spectra are also
consistent with speciation calculations based on the previously
determined and widely used experimental equilibrium constants
(see the Supplementary Materials) (8). These equilibrium constants
corroborate the dominance of ions and ion pairs and show that the
overall fraction of “bound” n;; CaCOj clusters increases with pH at
constant concentrations, whereas the ratio of free CaCOs/bound (Ca)
remains constant during titration at constant pH. Both observations
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are consistent with the titration experiments (Fig. 3B; see also the Sup-
plementary Materials).

Although the calculated free energy of cluster formation (Fig. 3C)
predicts that large clusters are necessary for nucleation, the speciation
analysis, both theoretical and experimental, implies that these clusters
are exceedingly rare except at supersaturations for which the free
energy barrier approaches kgT. Thus, our findings rule out the pres-
ence of large prenucleation clusters as a dominant species, producing a
clear picture of CaCOj3 nucleation proceeding by monomer addition
from a solution rich in isolated ions and their pairs, although our find-
ings are agnostic with regard to whether the first condensed phase is
solid ACC or a dense liquid state forming in a binodal region as con-
cluded in previous computational (5) and experimental (9) studies.
This picture is further corroborated by XANES experiments demon-
strating that the speciation is unchanged as a function of concentration
at a fixed pH (fig. S2A) and ion pairing becoming less prominent at
lower pH (fig. S2B), both in accordance with a linear titration curve
(Fig. 3A), where the ratio of bound/unbound Ca depends solely on
pH. Moreover, it is in agreement with the conclusions of Smeets et al.
(9), in which cryo-TEM was used to rule out the existence of clusters
larger than 9 A in diameter and MM simulations were extended to
adequate time scales to predict that clusters placed in dilute solutions
decay into ions and ion pairs and solutions containing free ions gen-
erated few additional species beyond ion pairs (9).

It is worthwhile to briefly mention two equally important criteria
that must be fulfilled to meet the most stringent requirements of a par-
ticular speciation model. First, the experimental titration curve is
linear, reflecting equilibrium with simple ion pairs such as CaCO;.
In contrast, a model invoking equilibrium between free ions with pri-
marily a dominance of larger, oligomeric clusters would be strongly
nonlinear in accordance with Eq. 1 (fig. S7). Second, an examination
of the titration data by Gebauer et al. (2) reveals that, despite signifi-
cant changes in total calcium concentration, the total amount of
bound calcium at the moment when the nucleation starts is a constant
of ~3.9 uM for all pH values in line with observations of Kellermeier
et al. (37), adding additional credence to the validity of the solution
model derived herein that ion pairs are the species responsible for
cluster formation and eventual precipitation. Hence, it is their concen-
tration that determines the onset of nucleation. Our conclusion that
ion pairs are the fundamental unit leading to nucleation of the first
CaCOj; condensed phase parallels recent findings that this same spe-
cies is the fundamental unit leading to growth of calcite (38-40).

There is close agreement between the predicted and published
equilibrium constants, titration curves, XANES spectra, and pH
dependence of bound Ca**. There is agreement with the classical
dependence of the free energy of cluster formation on size and between
the predicted and measured concentrations at which spontaneous phase
separation occurs. In total, CaCOj solutions contain negligible concen-
trations of species beyond simple ions and ion pairs and form clusters
at a rate, in relative numbers, and with energies of formation that are
expected from CNT. Hence, all these factors point to a picture of super-
saturated CaCOj solutions defined by classical views of solution speci-
ation, cluster populations, and the initial stages of nucleation.

MATERIALS AND METHODS

Chemicals

Analytical grade calcium chloride dihydrate, sodium carbonate, sodium
bicarbonate, CaCO3, and dimethyl carbonate were purchased from
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Sigma-Aldrich and used without any further purification. Sodium hy-
droxide solutions (0.1 and 1 M) and urea were purchased from Merck
KGaA. Deionized water (electrical resistance, >18.2 megohms) was
obtained from a Milli-Q water purification system (Millipore).

Synthesis of references

Aragonite

The synthesis protocol described by Wang et al. (41) was used for the
preparation of aragonite reference. Briefly, 20 ml of deionized water,
0.735 g of CaCl,-2H,0, and 0.9006 g of urea were sealed in a 50-ml
Pyrex bottle. The mixture was held at 90°C in a convection oven for
4 hours. The precipitate was filtered using a glass fiber membrane
(Whatman, 1820-025) and then washed several times with deionized
water and, afterward, with pure ethanol. The precipitate was then
dried at 90°C in a convection oven for 16 hours.

Dry ACC

The dry ACC reference material was prepared using the procedure
described by Faatz et al. (42). A mixture of 0.001 mol of CaCl,-2H,0,
0.0049 mol of dimethyl carbonate, and 80 ml of deionized water was
combined in a 250-ml polypropylene beaker and stirred at a rate of
675 rpm (Teflon-coated magnetic stir bar). Twenty milliliters of 0.5 M
sodium hydroxide solution was then added, leading to the hydrolysis
of the dimethyl carbonate, followed by the precipitation of ACC. After
2.5 min, the products were divided into two portions, transferred to
50-ml centrifugal tubes, and centrifuged for 7 min (T = 20°C) at an
acceleration of 200g (Eppendorf centrifuge 5804R). After removal of
the supernatant with a pipette, the precipitate was dispersed in 30 ml
of ethanol using an ultrasonic sound bath and a VWR vortex mixer.
This was followed by another centrifugation round of 5 min at 200g
and at a temperature of 20°C, followed by removal of the supernatant
with a pipette. Subsequently, two additional washing steps with acetone
followed by centrifugation for 2 min at 80g were performed. After the
last washing, the wet precipitate was transferred to a 50-ml round-
bottom flask, and the residual solvent was removed by freeze-drying.
The material was stored in a desiccator under vacuum until measurement.
In situ ACC

The in situ ACC reference was freshly prepared in solution and
measured in an in situ XANES apparatus. Briefly, pure CO, was
bubbled (440 ml/min) through 100 ml of freshly prepared 15 mM
Na,CO; solution while stirring with a magnetic stirrer at 300 rpm
to set the pH at 6.3. One hundred milliliters of 10 mM CaCl, solution
(pH ~5.5) was then added, yielding an equilibration pH of 6 of the
resulting solution mixture. The pH of the solution was then slowly
increased by changing the flow rate ratio of a gas mixture of pure
CO;, and 99% N,/1% CO; at a total flow rate of 20 ml/min through
the solution. The increase in pH reduced the CaCOj solubility in the
supersaturated solution and eventually triggered precipitation, as
marked by a spontaneous pH decrease. Continuously, a small amount
of the reacting mix