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ABSTRACT: The stabilizing eﬀect of magnesium ions on amorphous calcium carbonate has
been studied extensively due to its widespread occurrence in biogenic minerals. It has long been
suggested that magnesium binds water more strongly compared to calcium given its relatively
high dehydration energy. However, recent work has shown that mobility increases in the
presence of a magnesium ion relative to the pure calcium phase. Using total scattering and EPSR
modeling, we show here that in amorphous magnesium carbonate, because of the small size of
the ion, the coordination number of magnesium is smaller and the interaction with water are
therefore limited. As a result, ∼35% of water molecules are bound exclusively by hydrogen bonds
mainly to the anions.

■

Ca1−xMgx(CO3)1−0.32x(OH)x0.64·nH2O as described in our
previous work.2 We ﬁnd that for x = 1, that is, for AMC, the
low coordination number of magnesium limits the number of
water molecules that can bind to the cation as most of the sites
are occupied by the anions, resulting in ∼35% of the water
only bound by hydrogen bonds. In the mixed phase (x = 0.5,
ACMC) the magnesium ion showed a similar local structure to
the one in AMC, but here, the calcium ion binds more water
molecules, and therefore, the amount of water not binding to
cations is reduced to ∼10%. This explains the faster diﬀusion
of water in the AMC phase with respect to ACC and ACMC
and suggests that the stabilizing eﬀect of magnesium is more
likely connected to the presence of the hydroxide ion rather
than the strong cation−water interaction.

INTRODUCTION
Magnesium has long been examined as an additive in calcium
carbonates, generally studied for its stabilizer eﬀect on the
amorphous phase1−4 but is also found as an additive in, for
example, biogenic calcium carbonates.5−7 Magnesium ions are
well-known to increase the lifetime of the amorphous phase1,8
and even control the polymorph selection during crystallization.9
The stabilizing eﬀect has long been thought to originate in
the relatively high dehydration energy of Mg2+ compared to
Ca2+, arguing that magnesium ions bind water more strongly,
thereby reducing mobility of the ions.10,11 However, recent
studies have shown that diﬀusion of water is signiﬁcantly faster
in amorphous magnesium carbonate (AMC) compared to
amorphous calcium carbonate (ACC) and even compared to
mixed phases (amorphous calcium magnesium carbonate,
ACMC) with as much as 73% Mg/(Ca + Mg), suggesting that
calcium reduces water mobility more eﬀectively than
magnesium, despite the lower dehydration energy.2,12 It has
also been shown that magnesium incorporates a much larger
portion of hydroxide ions into the amorphous carbonate phase
compared to calcium, which provides additional stabilization.2,13,14
To better understand how the cation interact with water,
more detailed structural understanding is needed and while the
structure of ACC has been discussed for over a decade,15−18
only limited number of studies address the local structure in
AMC19 and even fewer have addressed the mixed phase.20
To better understand the role of water and the local
coordination in AMC and mixed calcium/magnesium
carbonate, X-ray and neutron total scattering were used
together with empirical potential structural reﬁnement
(EPSR). The general stoichiometry of the systems considered
in this work can be expressed as
© 2020 American Chemical Society

■

EXPERIMENTAL SECTION
Materials synthesis: AMC/ACMC was synthesized and
characterized as reported previously.2 Samples were made by
rapid mixing of a 20 mL 1 M (Ca/Mg)Cl2 (CaCl2·2H2O ≥
99%, MgCl2·6H2O = 99−102%, Sigma Aldrich) solution with
480 mL Na2CO3 (Na2CO3·10H2O = 99.999%, Sigma Aldrich)
to get an initial concentration of 40 mM of both the carbonate
and the Ca/Mg ion. The solution was ﬁltered, after which the
solid was washed with cold ethanol (99.8%, Sigma Aldrich)
and dried in a vacuum desiccator for a minimum of 24 h to
remove any excess ethanol. Incoherent inelastic neutron
scattering (IINS): IINS was performed at the TOSCA28
Received: December 16, 2019
Revised: February 28, 2020
Published: February 28, 2020

6141

https://dx.doi.org/10.1021/acs.jpcc.9b11594
J. Phys. Chem. C 2020, 124, 6141−6144

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

instrument at ISIS (STFC Rutherford Appleton Laboratory,
Didcot, UK). Samples were mounted in aluminum cans and
sealed with indium wire. Samples were cooled to <30 K before
measuring and kept at ∼10 K during the measurement. FTIR:
FTIR-ATR was performed on a Nicolet IS5 (Thermo Fisher
scientiﬁc, Waltham, MA, US) with an ID5 ATR module.
Spectra were measured from 550 to 4000 cm−1 and averaged
over 64 spectra. Pair distribution function (pdf) measurement
and analysis: X-ray pdf was measured at I15 at the diamond
light source (Didcot, UK) using a 0.16 Å beam and a Perkin
Elmer detector. Neutron pdf was measured at the SANDALS
Instrument29 at ISIS (STFC Rutherford Appleton Laboratory,
Didcot, UK). Each sample was measured for ∼8 h. Data
reduction for both X-ray and neutron measurements was
performed in Gudrun. 30 He Pycnometry: Pycnometer
measurement was performed on an Ultrapycnometer 1200e
MUPY-31-T (Quantachrome Instruments, Boynton Beach,
Florida, US). Approximately 1 g was placed in a ∼4 mL sample
holder and measured using He gas. Five measurements were
averaged for the ﬁnal result.

Article

Figure 1. EPSR ﬁt (lines) of the total scattering data (dots) measured
with (A, B) neutrons and (C, D) X-rays for AMC and ACMC for
both n = 0.5−0.7 (grey) and fully hydrated n = 1.1−1.2(black) with n
= H2O/(Mg + Ca).

■

RESULTS AND DISCUSSION
Using TGA, ICP and FTIR/IINS (Figure S1) the sample
composition was determined to be
Ca1−xMgx(CO3)1−0.32(4)x(OH)x0.64(8)·nH2O as reported in our
previous study, with n deﬁned as the number of water
molecules relative to the number of cations (i.e., calcium and
magnesium).2 To investigate the eﬀect of the diﬀerent cations
on the interactions of water with ions and to describe the local
structure within the amorphous carbonates, samples with two
diﬀerent compositions were chosen, each with two hydration
levels (n = 1.1−1.2 and n = 0.5−0.7): the pure magnesium
phase (x = 1) and the 50/50 mixed phase (x = 0.5). To
present a complete picture of the structural eﬀects within the
full compositional range (0 < x 1), we compared the results
obtained here with those previously reported on the pure
calcium phase (x = 0) exhibiting equivalent hydration levels.21
To examine the local structure, X-ray and neutron pair
distribution function (pdf) was conducted together with
EPSR22,23 using the mentioned composition and experimentally determined the density as the input together with
Lennard−Jones reference potentials (Tables S1 and S2).21,24,25
Details about the simulation procedure are given in the
Supporting Information. The neutron and X-ray pdf allows for
the histogram of interatomic distance to be experimentally
determined (Figure 1B,D) from which the local structure can
be assessed using EPSR. Because the molecular moieties of the
system studied contain common atoms (O and H), in the
following, the oxygens and hydrogens will be distinguished by
the c, h, and w subscripts when belonging to carbonate,
hydroxide, and water respectively. Figure 1 shows the EPSR ﬁt
to both the structure factor (S(Q)) and the pdf (g(r)). The
agreement between data and the model is remarkable over the
whole Q range, except at low Q in the neutron data, likely
caused by the inelastic correction, which is problematic in this
region.
The EPSR model allows for a deconvolution of the pdf into
the individual partial pair distribution functions (PPDF,
Figures S2−S4) from which the coordination spheres can be
determined by the ﬁrst peak at low r and used to determine the
coordination number and the angular distribution of O around
the cations (Figure 2, Tables S3 and S4). In the pure
magnesium phase, an average of 5.0 oxygens (2.9Oc + 1.3Oh +

Figure 2. Distribution of coordination number for O around Mg in
(A) AMC, (B) ACMC, and (C) around Ca in ACMC in the ﬁrst
coordination sphere for Oc, Oh, and Ow. Distribution of angles
between two oxygen coordinating to the same metal ion in (D) AMC
and (E, F) ACMC. Oc: oxygen from CO32−, Oh: oxygen from OH−,
Ow: oxygen from H2O. The two hydration levels are shown in grey (n
= 0.5−0.7) and black (1.1−1.2).

0.8Ow) coordinating directly to the cation are observed, with
almost no change upon dehydration (Figure 2A and Table S3).
In the mixed phase, the local environment around magnesium
exhibits a lower hydroxide content relative to carbonate ions
with a mean of 5.4, directly coordinating oxygens (3.7Oc +
6142
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0.9Oh + 0.8Ow). Only a minor decrease in the number of
coordinating water molecules upon dehydration can be
observed. Similar to the pure calcium phase,21 in the mixed
phase, an average of 7.4 oxygens (5.2Oc + 0.7Oh + 1.5Ow) are
directly coordinating the calcium ion (Figure 2C and Table
S4). With respect to the hydrated mixed phase, the average
number of Ow decreases by 0.7, Oc increases by 0.7 upon
dehydration, and no change is observed in the number of Oh.
This trend is also represented in the distribution of
coordination numbers (Figure 2A−C), which shows a general
preference for cation−carbonate binding, as expected, given
the large number of Oc present in the sample. Additionally, a
higher number of water molecules are observed binding to the
calcium ion compared to the magnesium ion, while the
number of hydroxide ion binding to each ion is comparable.
The lack of change in the coordination number for AMC can
be explained by a large population (35%) of the water not
coordinating to any magnesium ions, which is reduced to 23%
after dehydration. This is also evident in the mixed phase
where the majority of the water is removed from the calcium
ions (Figure 2C), although here, only ∼10% of the water
molecules are not coordinating to a cation, similar to ACC.21
Additionally, the local environment around magnesium is more
crowded as seen by the angular distribution (Figure 2E,F)
where two peaks are seen at 90 and 180o, suggesting a
predominantly octahedral coordination. In contrast, the
calcium ion shows no preferential coordination angles to
oxygens, except the nearest neighbor angle of 65−75o and only
a weak at 140o peak in the angle between Ow, as also observed
in ACC.21 The well-ordered coordination sphere around
magnesium suggests that the small size of magnesium, and
hence, the smaller volume of the ﬁrst coordination sphere
limits the number of atoms that can be arranged around it,
forcing the oxygen atoms to adopt the octahedral coordination.
Combining this with the coordination number distribution
(Figure 2A,B) suggests that magnesium favors binding the
anions over the water molecules, resulting in the larger
population of unbound water in the absence of calcium. Unlike
magnesium, the calcium ions in the mixed phase do not show
any preferential coordination, suggesting that it can adopt
multiple diﬀerent local environments as observed in the pure
calcium phase and for calcium in the aqueous solution.21,26
This could explain the slower water diﬀusion observed in the
mixed phase (x = 0.73) compared to the pure magnesium
phase as the calcium is free to change its local coordination to
accommodate the water molecules that would otherwise only
interact via weaker hydrogen bonding to the anions.
In all the samples, we observe extensive hydrogen bonding
as observed by the peak at ∼1.8 Å in the PPDFs of the O−H
pairs (Figures S2 and S3), showing that all the oxygen and
hydrogen types are hydrogen bond acceptors and donors,
respectively. The most prominent peak is observed in pairs
with Oc, Oh, and Hw, and the most probable spatial orientation
is shown in Figure 3. The models also show that all water
molecules bind to at least one anion via hydrogen bonding.
The additional Hh···Ow hydrogen bond may also facilitate the
high population of water not binding to the cation as the Hh
binds to the same site as the magnesium ions (Figure 3).
Despite the large portion of water molecules not interacting
with the cation in AMC, no water percolation27 were observed;
instead, the water molecules favor water−anion hydrogen
bonding over water−water hydrogen bonding, consistent with
the IINS spectrum (Figure S1D), showing strong similarity
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Figure 3. Spatial density function showing the hydroxide, carbonate,
calcium, and magnesium ions in the local water environment in the
mixed phase. The remaining spatial density functions are shown in
Figures S5−S7.

with the spectrum for ACC.21 In the mixed phase, the low
population of non-cation-coordinating water (∼10%) suggests
that there is a preference to coordinate cations over hydrogen
bond formation with the hydroxide ions in the presence of the
calcium ions.

■

CONCLUSIONS
The combination of neutron and X-ray total scattering with
EPSR ﬁtting has shown that magnesium, in amorphous
carbonates, despite binding water more strongly than calcium,
exhibits a tight coordination structure that limits the number of
water molecules binding to the cation. As a result, roughly a
third of water molecules in the pure AMC phase are bound
exclusively by hydrogen bonds to other water molecules and
anions. However, in the mixed phase, only ∼10% of water are
not directly binding to the cations, as a larger amount of water
molecules is bound to calcium. This is likely due to the larger
size of the calcium ion, which results in a looser and more
dynamic coordination sphere around calcium with respect to
the one around magnesium. As a consequence, more water is
bound to cations in ACC and ACMC. This suggests that the
relatively fast diﬀusion of water observed in AMC, compared
to the mixed phase with up to 73% calcium,2,12 is a result of the
weaker binding through hydrogen bonds of around a third of
the water molecules.
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