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ABSTRACT: While biogenic calcites frequently contain
appreciable levels of magnesium, the pathways leading to
such high concentrations remain unclear. The production of
high-magnesian calcites in vitro is highly challenging, because
Mg-free aragonite, rather than calcite, is the favored product in
the presence of strongly hydrated Mg2+ ions. While nature may
overcome this problem by forming a Mg-rich amorphous
precursor, which directly transforms to calcite without
dissolution, high Mg2+/Ca2+ ratios are required synthetically to precipitate high-magnesian calcite from solution. Indeed, it is
difficult to synthesize amorphous calcium carbonate (ACC) containing high levels of Mg, and the Mg is typically not preserved in
the calcite product as the transformation occurs via a dissolution−reprecipitation route. We here present a novel synthetic
method, which employs a strategy based on biogenic systems, to generate high-magnesian calcite. Mg-containing ACC is
produced in a nonaqueous environment by reacting a mixture of Ca and Mg coordination complexes with CO2. Control over the
Mg incorporation is simply obtained by the ratio of the starting materials. Subsequent crystallization at reduced water activities in
an organic solvent/water mixture precludes dissolution and reprecipitation and yields high-magnesian calcite mesocrystals with
Mg contents as high as 53 mol %. This is in direct contrast with the polycrystalline materials generally observed when magnesian
calcite is formed synthetically. Our findings give insight into the possible mechanisms of formation of biogenic high-magnesian
calcites and indicate that precise control over the water activity may be a key element.

■ INTRODUCTION
Calcium carbonate is one of the most abundant and therefore
important biominerals.1 It represents the principal skeletal
component of invertebrates, most of which are marine
organisms, and therefore the biomineralization of this mineral
makes a huge contribution to our ecological and geochemical
systems. Biogenic calcites often contain significant concen-
trations of magnesium substituting for calcium in the crystal
lattice.2 Indeed, these Mg levels can frequently lie above 10 mol %,
which categorizes the calcite as “high-magnesian calcite”, and even
levels as high as 45 mol % have been identified.3 Further, organisms
have developed strategies that can provide exceptional control over
the level of Mg incorporation, as beautifully exemplified by sea
urchin teeth, in which calcite plates and fibers containing 10−15%
Mg are cemented together by a polycrystalline calcite matrix
containing 40−45% Mg.3

As Mg2+ ions are strongly hydrated,4 they poison the growth
of calcite nuclei such that aragonite (which does not incorporate
Mg) is preferentially precipitated rather than calcite if [Mg2+]:
[Ca2+] > 4:1.5 High-magnesian calcite is also more soluble and is
hence thermodynamically less stable than aragonite. It is

therefore highly challenging to produce high-magnesian calcite
under mild solution conditions, and synthetic methods typically
employ solid-state reactions at high temperatures and pressures6

or solutions with high Mg2+/Ca2+ ratios (up to 26:1).7 In
addition, while organisms can generate very large crystals of high-
magnesian calcite, all synthetic equivalents have been proven
resolutely polycrystalline.8

Investigation of the formation of calcium carbonate
biominerals has shown that this often proceeds through an
amorphous calcium carbonate (ACC) precursor phase.9 In many
cases, the ACC is stabilized by the incorporation of Mg2+ ions,
possibly because they retard the loss of included water, which is
necessary for crystallization.10 Hence, high-magnesian calcite is
certainly often preceded by high-magnesian ACC in vivo. Its
conversion appears to occur via a solid-state transformation
rather than full dissolution and reprecipitation9 to maintain the
incorporated Mg2+ in the product calcite phase.
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Attempts to generate high-magnesian calcite by mimicking
this scenario synthetically are met by a number of problems:
high-magnesian ACC can only be produced from solutions with
high Mg2+/Ca2+ ratios, and the Mg content of the precursor
ACC phase is typically not translated into the product calcite
lattice. The formation of ACC containing high Mg levels can be
promoted using organic additives,11 which can also enhance the
Mg levels in calcite.12 However, little control is generally
achieved over the Mg content or the resulting polymorphs as
the Mg2+ ions are released from the amorphous phase during its
dissolution and reprecipitation, which commonly leads to the
precipitation of polymorphic mixtures of aragonite, hydrated
MgCO3, and magnesian calcite.13 That the strong Mg2+

hydration is key to this process is shown in the formation of
magnesian calcites in water/alcohol mixtures, as reducing Mg2+

hydration by adding alcoholic cosolvents enhances the Mg
incorporation in calcite.14

In this work, we report a novel method that leads to the
formation of high-magnesian calcites. The strategy developed
does not aim to copy nature, but instead takes its inspiration
from the key processes that appear to lead to high-magnesian
calcites. We have therefore employed conditions that first
generate ACC including high Mg concentrations, and then
quantitatively preserve these Mg levels in the resulting calcites.
This strategy precludes crystallization of the ACC via a
dissolution and reprecipitation route and enables us to
investigate the role of bulk water in determining the product
of Mg−ACC crystallization. Our method successfully produces
high-magnesian calcite crystals with Mg levels up to 53 mol %.

■ RESULTS AND DISCUSSION
High-magnesian ACC was formed using a nonaqueous method,
and it was then transformed into high-magnesian calcite by
controlling the activity of the water in mixtures with
tetrahydrofuran (THF) or dioxane (Scheme 1). The ACC

was synthesized starting from the coordination complexes
[(CH{(CMe)(2,6-iPr2C6H3N)}2)Ca(OH)·THF]2, denoted as
(LCaOH)2, and its Mg analogue (LMgOH)2 as the Ca and Mg
precursors, respectively. ACC containing Ca ions only was
synthesized by exposing (LCaOH)2 in THF to CO2, and a gel
was produced alongside the protonated ligand (LH) (Scheme
1, step 1).15 After the sample was washed with THF to remove
the LH (Scheme 1, step 2), transmission electron microscopy
(TEM) revealed that the product material consisted of 10−15
nm nanoparticles (Figure S1a,b). Selected-area electron
diffraction (SAED) (Figure S1c) and powder X-ray diffraction
(XRD) (inset in Figure S1c) confirmed that this material was

amorphous and that it displayed two broad bands characteristic
of ACC.16 Energy-dispersive X-ray (EDX) spectroscopy
demonstrated the presence of calcium (Figure S1d), thereby
confirming the production of ACC. The ACC samples were
also characterized using thermogravimetric analysis (TGA).
Analysis of the pure Ca−ACC showed a major weight loss
around 700 °C, corresponding to decomposition of CaCO3 in
CaO and CO2 (Figure 1a).

The possibility of preparing mixed Ca/Mg−ACC samples was
then investigated by repeating these experiments with 60:40 and
50:50 molar mixtures of (LCaOH)2 and (LMgOH)2. This
resulted in particles with sizes and morphologies similar to those
of the pure Ca−ACC (Figures 2a,b and S2a,b). Diffraction

techniques again showed that these materials were amorphous
(Figures 2c and S2c), and EDX spectroscopy demonstrated Mg

Scheme 1. Synthesis of High-Magnesian Calcite

Figure 1. Characterization of the ACC, 38% Mg−ACC, and 53% Mg−
ACC precursors by thermogravimetric analysis (a) and Raman
spectroscopy (b). (a) As MgCO3 decomposes around 400 °C, while
CaCO3 decomposes around 700 °C, the ratios between the two
subsequent CO2 losses in TGA reflected the quantitative Mg
incorporation. (b) The broad carbonate peak at 1080 cm−1 typical
for ACC broadened and shifted to 1090 cm−1 for 38% Mg−ACC and
to 1092 cm−1 for 53% Mg−ACC, again demonstrating the
incorporation of magnesium.

Figure 2. Characterization of the 53% Mg−ACC precursor. (a) Low-
magnification TEM. (b) High-magnification TEM. (c) SAED pattern,
insets show the selected area and the powder XRD pattern. (d)
EDX, inset shows a scanning transmission electron microscopy
(STEM) image (scale bar: 1 μm) with the measurement positions
(8 out of 16) indicated.
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contents of 38 ± 5 and 53 ± 8 mol % Mg for the 60:40 and
50:50 molar mixtures, respectively (Figures 2d and S2d). TGA
analysis of the Mg−ACC samples showed an additional weight
loss around 400 °C, corresponding to decomposition of MgCO3
in MgO and CO2 (Figure 1a). The MgCO3 decomposition was
accompanied by crystallization of the Mg−ACC into mixtures of
calcite, vaterite, and periclase (MgO) (powder XRD not shown),
similar to earlier thermal behavior studies.17 The ratios between
both CO2 losses were well in agreement with the expected
compositions, thereby confirming the almost perfect quantitative
incorporation of the magnesium into the ACC.
All of the ACC samples also comprised ∼20% organics,

which was primarily attributed to coordinated THF. Raman
spectroscopy revealed that the carbonate peak at 1080 cm−1 for
pure ACC had shifted to 1090 cm−1 for 38% Mg−ACC and to
1092 cm−1 for 53% Mg−ACC (Figure 1b), further demonstrat-
ing the Mg incorporation.18 A peak broadening was also
observed, which is attributed to the introduction of additional
disorder in the ACC by the included Mg2+ ions.
Having demonstrated that this coordination chemistry route

can lead to the formation of high-magnesian ACC, its use as a
precursor to high-magnesian calcite was investigated under
conditions of controlled water activity. Exposure of the pure
Ca−ACC precursor to water at 20 °C resulted in conversion to
micrometer-sized rhombohedral calcite crystals (Figure S3a,b).
In contrast, the 38% Mg−ACC precursor crystallized to give a
mixture of magnesian calcite (52%), aragonite (19%), and
hydromagnesite (Mg5(CO3)4(OH)2·4H2O) (29%) under the
same conditions (the concentrations of the different poly-
morphs were determined from the powder XRD pattern in
Figure S4a). The Mg incorporation in the magnesian calcite
was calculated to be 21% from the positions of the XRD
reflections. This implies that during crystallization in water, a
significant fraction of the magnesium is lost from the 38% Mg−
ACC precursor and that it subsequently precipitates as
hydromagnesite.
To reduce the likelihood of Mg2+ loss from the Mg−ACC

during crystallization, crystallization was carried out at lower
water activities in different water/solvent mixtures (Scheme 1,
step 3), that is, in water/THF (5/95 or 10/90, v/v) or water/
dioxane mixtures (5/95, v/v), and at different temperatures
(20, 60, and 90 °C). The pure Ca−ACC precursor still readily
crystallized in water/THF (10/90, v/v) at 20 °C, but now
yielded a mixture of calcite (64%) and vaterite (36%) rather than
pure calcite (Figure S3c,d and Table 1). In contrast, the 38%
Mg−ACC precursor remained amorphous in water/THF
mixtures at room temperature (not shown), showing that the
incorporation of Mg2+ dramatically stabilizes ACC. Repetition of
this experiment at 60 °C did, however, result in crystallization,
and a mixture of high-magnesian calcite (78%) and aragonite

(22%) was produced in water/THF (5/95, v/v) (Figure S4b).
TEM and scanning electron microscopy (SEM) revealed that the
high-magnesian calcite crystals possessed uniform, elongated,
almond-like morphologies and that they had sizes of ∼2 μm
(Figure 3a,c). The SAED patterns of these crystals showed
narrow diffraction bands with an angular spread of only 16°
(Figure 3b). Significantly, EDX analysis of 12 randomly chosen
high-magnesian calcite crystals showed a Mg content of 35 ± 3%
(Figure 3d). This was also confirmed by the observed shift of the
XRD reflections to larger angles with respect to pure calcite
(Figure S4b and Table 1). Because Mg-free aragonite was also
formed in this reaction, we speculate that some magnesium must
have been lost during the crystallization and washing of the
product. These experiments clearly show that quantitative
translation of the Mg content of the ACC precursor into the
calcite product can be achieved on control of the water activity.
The influence of the water activity on the crystallization

process was therefore investigated in more detail. Increase in
the water activity from α = 0.16 (water/THF, 5/95, v/v, 60 °C)
to α = 0.33 (water/THF, 10/90, v/v, 60 °C)19 led to the
formation of nearly pure high-magnesian calcite, as shown by
the almost exclusive appearance of high-magnesian calcite
reflections in the powder XRD pattern (Figure S4c). We
ascribe this result to faster crystallization kinetics, where the
kinetic polymorph (high-magnesian calcite) is favored over the
thermodynamic polymorph (aragonite). SEM and TEM again
revealed an elongated crystal morphology (Figures 4a and
S5a,b), but SAED pointed at an angular misorientation of 34°
(Figure 4b), indicating that the crystal domains were not
perfectly aligned. This observation may result from the faster
crystallization kinetics. The Mg content was found to be 38 ±
3% by EDX (Figure S5d−f) and from the positions of the XRD
reflections (Figure S4c and Table 1), which again confirmed
quantitative Mg incorporation in the high-magnesian calcite.
Remarkably, quantitative retention of Mg2+ during the

ACC−calcite transformation was even observed for the
crystallization of the 53% Mg−ACC precursor in water/THF
(10/90, v/v, 60 °C). Some aragonite (24%) was also formed in
this reaction (Table 1). It is suggested that this is due to a
higher stability of 53% Mg−ACC as compared to 38% Mg−
ACC, which would lead to 53% Mg−ACC crystallizing more
slowly, and aragonite formation is observed as a side reaction.
Indeed, by reducing the water activity from α = 0.33 (water/
THF, 10/90, v/v, 60 °C)19 to α = 0.16 (water/THF, 5/95, v/v,
60 °C)19 and then to α = 0.12 (water/dioxane, 5/95, v/v,
90 °C),20 the amounts of high-magnesian calcite decreased from
76% to 55% to 44%, respectively, in favor of aragonite formation
(Table 1). Importantly, however, TEM and SAED showed that
the slower crystallization kinetics in water/dioxane also led to a
higher degree of perfection of the crystals (Figure 5a,b).

Table 1. Properties of the Calcite Products Obtained after Crystallizing ACC Precursors

Mg content ACC
(from EDX)

crystallization
solvent (v/v)

crystallization
temperature (°C)

calcite content
(from XRD)

Mg content calcite
(from EDX)

position (104)
reflection (from XRD)

angular spread (104)
reflection (from SAED)

0% water 20 100% 0% 2θ = 29.5° <1°
0% 10/90 water/THF 20 64% 0% 2θ = 29.5° <1°

38 ± 5% water 20 52% 21% (from XRD) 2θ = 30.0° not determined
38 ± 5% 10/90 water/THF 60 100% 38 ± 3% 2θ = 30.8° 34°
38 ± 5% 5/95 water/THF 60 78% 35 ± 3% 2θ = 30.7° 16°
53 ± 8% 10/90 water/THF 60 76% 50 ± 4% 2θ = 31.1° 48°
53 ± 8% 5/95 water/THF 60 55% 46 ± 4% 2θ = 31.0° 40°
53 ± 8% 5/95 water/dioxane 90 44% 53 ± 5% 2θ = 31.1° 12°
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Narrow diffraction bands with an angular spread of only 12°
were observed in SAED, while in water/THF mixtures the

elongated crystals were found to have rather high mosaicity
(Figure 4c,d) corresponding to angular misorientations up to
48° (Figure S6c and Table 1).
The spatial distribution of Ca and Mg inside the high-

magnesian calcite crystals was also investigated by acquiring
EDX line scans along the crystals. This revealed that the Ca and
Mg profiles in all cases had similar shapes, which demonstrates
that the magnesium is indeed equally distributed throughout
the crystals, and is not expelled to the surface during Mg−ACC
crystallization (Figures 5c,d, S5d−f, and S6d−f).

■ CONCLUSIONS
In our synthetic system, synthesis of high-magnesian ACC was
achieved by performing the reaction under anhydrous
conditions, and the nature of its transformation product was
determined by the activity of the water in the solvent present.
When pure water was used, dissolution of the Mg−ACC ions
yielded magnesian calcite with a lower Mg content (Figure 6a),
along with significant fractions of aragonite and hydro-
magnesite. In contrast, the Mg content of the Mg−ACC was
conserved successfully in its daughter high-magnesian calcite
when the crystallization was carried out at reduced water
activities (Figure 6b). These lower activities were achieved by
using mixtures of water and THF or dioxane and prevented the
dissolution of the Mg−ACC. Yet further reduction in the water
activity changes the kinetics of the crystallization process such
that aragonite, which is thermodynamically favored over high-
magnesian calcite, became the majority product (Figure 6c).
The results presented above show that our approach enables

the formation of high-magnesian calcite crystals with
predetermined Mg levels up to 53% through the direct
conversion of Mg−ACC. We would like to draw attention to
the fact that, even though the high-magnesian calcite peaks in
powder XRD are rather broad (Figure S4), which is indicative
of small crystal domain sizes, a number of our high-magnesian
calcite crystals show very little angular spread (Figures 3b and
5b and Table 1). This demonstrates that the crystalline units

Figure 3. Characterization of the high-magnesian calcite crystals formed
from 38% Mg−ACC in water/THF (5/95, v/v) at 60 °C. (a) TEM,
inset shows a low-magnification with the area of the high-magnification
TEM image indicated. (b) SAED pattern with indexation as high-
magnesian calcite; inset shows the selected crystal. (c) SEM. (d) EDX,
inset shows a STEM image with measurement positions indicated.

Figure 4. Characterization of the high-magnesian calcite crystals
formed from 38% Mg−ACC (a,b) and 53% Mg−ACC (c,d) in water/
THF (10/90, v/v) at 60 °C. (a,c) SEM and (b,d) SAED patterns
showing the angular misorientations of the crystal domains (34° and
48°, respectively); insets show the selected crystals.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja210791p | J. Am. Chem.Soc. 2012, 134, 1367−13731370



comprising the particles, which are apparent as a fibrous
substructure visible by TEM at the perimeter of the particles

(Figures 3a and 5a), are well-aligned. These fibers also appear to
be aligned along the elongation direction of the almond-like
crystals. Such a structure is consistent with the idea of a
“mesocrystal”, which is strictly defined as a crystal exhibiting
structure on the mesoscale.21 Most commonly, it is used to
describe a crystal that diffracts as a single crystal and is composed
of mutually oriented nanoparticle units.22 It has also been
suggested that some calcite biominerals are mesocrystals,23 and
that they form via the crystallization of an ACC phase, leaving a
memory of the original ACC particles in the calcite product.
The finding that we can produce high-magnesian calcite

crystals with very little angular spread may also have significance
to the question of how nature produces large single crystals of
high-magnesian calcite. It is clear that direct precipitation of
magnesian calcite from solution is highly challenging as the
Mg2+ ions effectively poison the growth of the calcite nuclei.
Subsequent growth of calcite crystals then most rapidly occurs
on aggregation of these calcite nanoparticles, which leads to the
polycrystalline high-magnesian calcite crystals observed exper-
imentally. In contrast, organisms demonstrate that it is quite
possible to produce large single crystals of high-magnesian
calcite in aqueous environments. That they may actually be
mesocrystals would provide one possible answer to how this is
achieved. Examination of the strategies used in biology to create
these minerals suggests there are at least two crucial steps: (1)
the production of high-magnesian ACC and (2) the conversion
of this precursor into high-magnesian calcite with retention
of the included Mg2+ ions. Concerted crystallization of an
aggregate of Mg−ACC particles could occur via a bridging
mechanism, leading to a “single crystal” type product (as
proposed in Figure 7). Further, that the original ACC particles
are of nanometer dimensions circumvents the problem of
the inhibited growth of the individual high-magnesian calcite
crystallites by Mg2+.

Figure 5. Characterization of the high-magnesian calcite crystals formed
from 53% Mg−ACC in water/dioxane (5/95, v/v) at 90 °C. (a) TEM.
(b) SAED pattern with indexation as high-magnesian calcite; inset
shows the selected crystal. (c) Ca and Mg profiles exhibiting similar
shapes; inset shows a STEM image of the crystal with the position of the
EDX line scan indicated. (d) The Mg concentration is constant.

Figure 6. Summary of all results. (a) Mg content in the calcite product
as a function of the Mg content in the ACC precursor, demonstrating
quantitative incorporation in water/THF and water/dioxane mixtures.
(b) Mg content in the calcite product as a function of water activity,
demonstrating quantitative incorporation at reduced water activities.
(c) Calcite content in the product as a function of water activity,
demonstrating more calcite formation at intermediate water activities.
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Many investigations on the crystallization of high-magnesian
ACC in solution have been carried out, and all have yielded
polycrystalline products.8,11−14 Our experiments suggest that
the key to producing high-magnesian calcite mesocrystals may
be control over the water activity. This could be achieved
biologically by transformation of ACC to calcite in an enclosed
environment, isolated from the bulk solution,24 as is observed,
for example, on the formation of sea urchin larvae calcite single
crystal spicules.9a

Although the reactions performed in this work, where organic
solvents are used rather than aqueous media, may seem at first
sight rather far removed from the usual biomimetic approaches
to mineral formation, they may provide some possible answers to
how nature may orchestrate the physiochemical constraints
required for the formation of high-magnesian calcite and in
particular single crystals of this phase. Indeed, to the best of our
knowledge, this is the first time that calcite mesocrystals with
such high Mg levels have been produced in a synthetic system.
We anticipate that the method demonstrated here can be used to
understand in more detail the role of water and water activity in
the formation of high-magnesian calcite. Moreover, we believe

that this approach will eventually allow us to design systems
based on more benign media and additives, and that this will lead
to the development of true biomimetic syntheses of materials
beyond the high-magnesian calcite presented here.
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