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A comprehensive review of the chemical and
structural behavior of MgCOs-3H,0 nesquehonite:
insights into its stability and functionality

B. D. Botan-Neto @ and D. Santamaria-Pérez @ *

Considering the geological abundance, stability, and pivotal role of nesquehonite (MgCO=z-3H,0) within the
MgO-CO,-H,0 system, this review highlights key aspects of this hydrated magnesium carbonate. These
include its synthesis process, crystal morphology, the influence of additives, thermal stability, high-pressure
behavior, combined effects of pressure and temperature, as well as insights into hydrogen bonding in
nesquehonite and related basic and hydrated carbonates. Finally, the review discusses the potential
practical applications of nesquehonite. We conclude that an integrated experimental and theoretical
approach provides a clear and accessible framework for understanding nesquehonite’s structure,
properties, and phase behavior, thereby offering valuable insights to guide further research across multiple

rsc.li/crystengcomm scientific disciplines.

Introduction

Internal geological processes on Earth require a thorough
understanding of the structural stability of carbonate
phases." Notably, carbonates represent the largest carbon
reservoir in the Earth's crust and are recycled into the mantle
through subduction processes, playing a crucial role as
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carbon stores in the Earth's interior and, consequently, an
important role in the deep carbon cycle.>* The most
abundant and stable carbonate phases in the Earth's crust
are magnesite (MgCO;), calcite (CaCO;), and dolomite
(CaMg(CO0s3),), which together account for more than 90% of
the carbonates found in this layer.””

In subduction zones, carbonates are likely to interact with
water-rich fluids, underlining the importance of studying
hydrated carbonate compounds.® This context fosters the
interest in exploring the ternary system MgO-CO,-H,O0.
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Magnesium carbonates are present in a variety of naturally
occurring minerals within the MgO-CO,-H,0 system. These
include anhydrous magnesite,’” the hydrated phases
barringtonite (MgCO5;-2H,0),'® nesquehonite (MgCO;-3H,0),"
lansfordite (MgCO5-5H,0),"* and basic magnesium carbonates
such as hydromagnesite (Mg5(CO5)4(OH),-4H,0),"?
protohydromagnesite (Mgs(CO;3)4(OH),-11H,0),"* and an
unnamed phase (Mgs(CO;)4(OH),-8H,0)."> Other related
minerals include dypingite and giorgiosite (both
Mg;(CO;3)4(OH),-5-6H,0),"*® as well as artinite (Mg,(CO;)
(OH),-3H,0)."” Additionally, a novel hydrate of magnesium
carbonate, MgCO;-6H,0, has been recently synthesized in the
laboratory.'® Fig. 1 shows the ternary diagram of the MgO-
CO,-H,O0 system based on molar composition. Aqueous-phase
carbonation reactions produce hydrated magnesium
carbonates (HMCs), with nesquehonite standing out as the
predominant and most stable pure hydrated magnesium
carbonate phase under ambient conditions."*°

Nesquehonite was discovered in June 1888 by Mr. Keeley
at the Nesquehoning Mine in Pennsylvania, USA, and was
subsequently named ‘nesquehonite’. The first report on the
mineral was published by Genth and Penfield in 1890.>!
Nesquehonite is described in the monoclinic system with the
P2,/n space group, exhibiting a pseudo-orthorhombic nature.
The unit cell parameters are approximately: a = 7.68-7.71 A,
b = 5.36-5.39 A, ¢ = 12.00-12.13 A, with the $ angle ranging
from 90.40° to 90.45°, and Z = 41?223

The structure of nesquehonite is shown in Fig. 2. Its
crystal structure comprises infinite double chains of corner-
sharing, distorted [MgOs] octahedra and [COj;] trigonal
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groups, oriented parallel to the bc-plane. Each [MgOg]
octahedron is coordinated to four oxygen atoms from
carbonate groups and two from water molecules. The
distortion of the octahedra arises primarily from edge-
sharing with adjacent carbonate groups, resulting in notably
short O-O distances. Each octahedron shares two corners
and one edge with three carbonate groups, while each [CO;]
unit is linked to three [MgOs] octahedra through two corners
and one shared edge. A unique feature of this connectivity is
that the oxygen atom shared between two octahedra is also
located on the shared edge with a carbonate group. This
intimate coupling between polyhedral units contributes to
the distortions observed in both the [MgO¢] octahedra and
[CO;] groups. Beyond the coordinated water molecules, the
structure also includes “lattice” water molecules situated
between the chains, not directly bonded to a Mg>* cation.
These waters form a network of hydrogen bonds that bridge
the octahedral chains, providing additional structural
stability. The stability and integrity of the nesquehonite
framework are sustained through a combination of ionic,
covalent, and hydrogen bonding interactions, with hydrogen
bonding playing a particularly critical role in linking and
stabilizing the structural chains.>***

Based on the widespread interest in MgO-CO,-H,0O
phases and the abundance and stability of nesquehonite, this
work aims to provide a comprehensive overview of this
mineral. The paper is organized into several sections: the
synthesis process and crystal morphology of nesquehonite
are discussed, along with the influence of additives; the
thermal stability of nesquehonite is examined through
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Fig. 1 Ternary diagram of the MgO-CO,-|

H,0 system based on molar composition. Black squares represent the equimolar compounds found in

the system, red circles indicate hydrated magnesium carbonates, and blue triangles denote basic magnesium carbonates.
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Fig. 2 Projection of MgCO3-3H,0 nesquehonite along the b-axis (left) and a-axis (right) at room conditions. Magnesium (Mg), oxygen (O), carbon
(C), and hydrogen (H) atoms are represented in orange, red, brown, and white, respectively.

Derivative Thermogravimetry (DTG) and Differential Thermal
Analysis (DTA) results; high-pressure behavior is then
explored using diamond anvil cell (DAC) experiments; the
combined effects of pressure and temperature are analyzed;
insights into hydrogen bonding in nesquehonite are
provided, with comparisons to other basic and hydrated
carbonates; and finally, the potential and practical
applications of nesquehonite are highlighted.

The MgO-CO,-H,0 system and the
formation of Mg-carbonates

The magnesia-carbonia-water system displays a rich and
complex chemistry in which a variety of hydrated and basic
magnesium carbonates can form. The hydrated phases are
thermodynamically metastable, yet they dominate the
assemblages produced at low temperature and near-surface
conditions. Thermodynamic calculations demonstrate that,
among all known magnesium carbonates, magnesite
(MgCO3) is the only phase stable at equilibrium with aqueous
solutions containing Mg>" and dissolved CO, over a broad
range of temperature and pressure. At very low CO, partial
pressure, brucite is the stable solid, but as CO, activity
increases, magnesite remains the ultimate equilibrium
product. Calorimetric and solubility measurements, coupled
with refined thermodynamic models, have firmly established
magnesite as the most stable Mg-carbonate under all relevant
conditions.>>”

Despite its stability, magnesite is notoriously difficult to
precipitate at ambient conditions. At 25 °C and moderate
CO, pressures, direct magnesite crystallization is virtually
absent.>®?° The hydrated carbonate nesquehonite forms
readily instead from aqueous solutions.”” With increasing
temperature (typically above 50 °C), precipitation favors basic
carbonates such as hydromagnesite, which itself often derives
from the transformation of nesquehonite. Experimental work
has documented the progressive dehydration of nesquehonite

This journal is © The Royal Society of Chemistry 2025

to hydromagnesite between 50 and 100 °C in the presence of
residual water vapor, as we will see later. Formation of
anhydrous magnesite requires even more extreme conditions:
temperatures of at least 60-100 °C combined with elevated
CO, pressures, and the process is typically slow, requiring
days to weeks at sub-150 °C conditions. Higher salinity,
elevated CO, fugacity, and lower Mg>" concentration can
accelerate dehydration and favor direct magnesite
crystallization.*®

The sequence of phase formation—from highly hydrated
carbonates (nesquehonite, lansfordite) to less hydrated ones
(hydromagnesite, dypingite) and finally to anhydrous
magnesite—illustrates that during crystallization, the system
passes through a succession of intermediate, metastable
phases before reaching the most stable configuration. The
phenomenon reflects the strong hydration of Mg>" ions,
which imposes a substantial kinetic barrier to the nucleation
of magnesite. Magnesium, as a small divalent cation with
high charge density, is surrounded by a tightly bound layer
of water molecules, creating around it a hydration shell.*!
Saline environments, by lowering water activity, help
destabilize these hydration shells and thus promote
dehydration and carbonate crystallization.**

In summary, the Mg-carbonate system exemplifies the
interplay between thermodynamics and kinetics in mineral
formation. Magnesite represents the ultimate stable sink for
CO,, yet its direct precipitation is hindered at Earth-surface
temperatures by the strong hydration of Mg>". As a result,
nesquehonite plays a pivotal role as the primary low-
temperature carbonate, commonly forming first and serving
as a precursor to hydromagnesite and eventually magnesite.

Synthesis and morphological
characteristics of nesquehonite

Naturally occurring minerals are fundamental for
understanding geological and geochemical processes.
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However, their availability is often constrained by natural
occurrence, and they typically contain impurities or structural
defects that may hinder precise characterization.
Consequently, the controlled synthesis of these phases in the
laboratory is essential to obtain high-purity materials with
well-defined properties, facilitating systematic studies on
their crystallographic, thermal, and chemical behavior.

Due to the high hydration capacity of Mg”>* ions, HMCs
commonly precipitate from bicarbonate-rich aqueous
solutions. As aforementioned, this precipitation process is
driven by the interaction between Mg>" and HCO;™ ions and
is influenced by various environmental factors, including
temperature, hydrogen potential (pH), and partial pressure of
CO, (pCO,).>”**7* Although nesquehonite was discovered in
1888, artificial crystals of nesquehonite were first synthesized
and described by Klaproth in 1808 and later further
characterized crystallographically by Marignac in 1855.>'%¢

The most common and widely reported synthesis route for
nesquehonite involves the use of magnesium chloride
hexahydrate (MgCl,-6H,0),"**"*""*! magnesium bicarbonate
(Mg(HCO3),),>** or magnesium nitrate (Mg(NO;),),*>™** as
well as, alternatively, brucite*®™> as the Mg®" ion source.
However, brucite carbonation is complex, as it favors the
formation of metastable HMC phases.”" The carbon source is
typically sodium carbonate (Na,CO;), although in some cases,
a CO,rich aqueous environment is employed. Table 1
summarizes literature data on nesquehonite synthesis,
highlighting the different magnesium and carbon precursors,
as well as the pCO, and temperature conditions. The
synthesis yield is not reported, as most previous studies do
not provide this information in a standardized format or with
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Simple synthesis routes typically rely on mechanical
factors, such as stirring, to dissolve the precursors, leading to
the precipitation of nesquehonite, which subsequently
undergoes crystallization. Nesquehonite crystals exhibit
distinct morphologies, with sharply faceted long needles
being the most common (see the specimen obtained by
Genth and Penfield*! in Fig. 3). The morphology of hydrated
magnesium carbonates is strongly related to formation
conditions—primarily pH and temperature, but also the
stoichiometry. The formula MgCO;xH,O 1is generally
associated with the formation of needle-shaped crystals.*’
However, morphology is not the only parameter influenced
by formation conditions. The structural formula of
nesquehonite is also highly dependent on the pH of the
solution. Two distinct structural formulas have been
reported: below pH 8, nesquehonite forms as Mg(HCO;)
(OH)-2H,0, incorporating bicarbonate (HCO; ) and hydroxyl
(OH") groups into its structure; whereas in the pH range of
8.5 to 12.5, nesquehonite crystallizes as MgCO;-3H,0,
containing carbonate (CO;>7) groups instead.>**’

Recently, Back et al® investigated various synthesis
approaches for nesquehonite, including production from
MgCl, in the presence of Mg-acetate, synthesis from
magnesium sulfate heptahydrate (MgSO,-7H,0) with sodium
dodecyl sulfate (SDS), and formation from brucite under high
temperature and overpressure CO, conditions, aiming to
demonstrate the effect of pressure and temperature on
nesquehonite crystallization. Their study showed that in the
presence of Mg-acetate, nesquehonite formation is
consistently  favored regardless of the Mg-acetate
concentration. However, the size and morphology of the

sufficient detail for reliable comparison. nesquehonite crystals depend strongly on Mg-acetate
Table 1 Summary of literature data on nesquehonite synthesis

Magnesium precursor Carbon precursor pCO, (atm) Temperature (°C) Reference
MgCl,-6H,0 Na,CO; 3.91x107* 10 37
MgCl,-6H,0 CO, 1 20 38, 39
MgCl,-6H,0 Na,CO; 3.91x 107" 25 53
MgCl,-6H,0 Na,COj; + CO, 9.90 x 107 25 27
MgCl,-6H,0 Na,CO; 3.91x 107 40 37, 40
MgCl,-6H,0 Na,CO; + C,H,NO, 3.91x 107" 45 41
Mg(HCOs;), CO, 3.91x107* 10 35
Mg(HCO3), CO, 3.91x 107" 60 42
Mg(NO;), HCO;~ 3.91x 107" 45 44
Mg(NO3), K,CO,4 3.91x 107" 75 43
Mg(NO3), (NH,),CO; 3.91x 107 130 45
Mg(OH), CO, 15 20 46
Mg(OH), CO, 0.1 25 47
Mg(OH), CO, 0.5 25 47
Mg(OH), CO, 1 25 47
Mg(OH), Co, 3.91x 107 28 48
Mg(OH), CO, 1 35 49
Mg(OH), CO, 3.91x 107" 38 48
Mg(OH), CO, 81.2 50 50
Mg(OH), CO, 1 58 52
Mg(OH), Co, 1 70 49
Mg(OH), CO, 15 70 51
CgH1,MgN,Oq Na,CO, 3.91x107* 45 41
MgS0,-6H,0 Na,CO3 3.91 x 107 25 54
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Fig. 3 Scanning Electron Microscope (SEM) image obtained using a
high-resolution Hitachi S4800 equipment (scale at the bottom right),
showing the characteristic needle-like morphology of a small single
crystal of synthetic nesquehonite, provided by the Yale Peabody
Museum (specimen YPM MIN 031567). The sample was originally
synthesized by Genth and Penfield®® over a century ago. The inset
shows the entire analyzed crystal.

concentration. The aspect ratio of the crystals (defined as the
ratio between crystal length and width, serving as a
quantitative measure of morphological elongation) increases
from 7 to 13 as the Mg-acetate concentration rises to 0.01 M,
but decreases with further increases in concentration,
dropping to 4 at 1 M Mg-acetate. Similarly, in the presence of
SDS, the crystal aspect ratio of nesquehonite increases
significantly—from 2.48 to about 5.7 times larger compared
to crystals formed without SDS. In this system, the aspect
ratio can reach values as high as 26.8, showing a strong effect
on crystal morphology like that observed with Mg-acetate.

Finally, aqueous supercritical carbonation of brucite
demonstrated that, at 40 °C, large amounts of nesquehonite
can be produced across the entire pressure range of 20-100
bars. At 55 °C, however, the process became more pressure-
sensitive, producing a nesquehonite-rich hydromagnesite
mixture at 100 bars, while strongly favoring hydromagnesite
formation at 60 and 20 bars, although nesquehonite was
never completely absent in any batch. Comparing the
morphology of nesquehonite obtained under these over
pressurized conditions with crystals synthesized in the
presence of additives reveals that growth occurs from fewer
nucleation points, indicating a lower nucleation density than
in the Mg-acetate and SDS systems.

Another recent study, conducted by Xu et al,*
investigated the influence of r-aspartic acid on the
morphology, structure, and thermal stability of nesquehonite.
The presence of r-aspartate played a crucial role in promoting
the formation of thermally stable nesquehonite crystals. The
interaction between Mg>" ions and r-aspartate led to the
formation of O-Mg complexes, which, in turn, induced the
self-assembly of nesquehonite. Under the regulation of

This journal is © The Royal Society of Chemistry 2025
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L-aspartate, two competing reactions occur in the system: one
involving the interaction between Mg>" and CO,*” ions, and
the other involving Mg>" and the carboxyl functional groups
of r-aspartate. The negatively charged carboxylate groups
engage in specific interfacial molecular recognition with
crystal planes of nesquehonite, providing favorable
nucleation sites and facilitating oriented crystal growth. This
study offers new insights into how organic molecular
additives can direct the mineralization of nesquehonite
crystals.

To the best of our knowledge, only a limited number of
studies have explored the mechanism of nesquehonite
crystal formation from magnesium salts,?”4%47:50:51,56,57
Recently, Yahyazadeh et al> proposed a three-stage
crystallization =~ mechanism using magnesium sulfate
heptahydrate (MgSO,-7H,0) and sodium carbonate, based
on morphological, crystallographic, vibrational, and thermal
analyses. The mechanism involves an induction period
followed by nucleation, crystal growth, and ripening. During
the induction period, nesquehonite nucleation occurs at a
very low rate, characterized by a liquid phase that forms
immediately after mixing the reactants, resulting in semi-
spherical, amorphous nanoparticles with average sizes
around 100 nm. In the intermediate stage, corresponding
to a semi-solid phase, these amorphous nuclei transform
into whisker-like crystals through the formation and
stacking of thin, sheetlike structures composed of
aggregated nanoparticles, reaching average lengths of
approximately 10 pm, although some particles may retain
their initial amorphous morphology. The final stage is
characterized by a non-Newtonian liquid phase, in which
nearly all nanoparticles have disappeared, indicating the
completion of nesquehonite crystallization. At this point,
only elongated whisker-like crystals remain, with no visible
semi-spherical or amorphous particles. Notably, the
formation of the intermediate sheet-like structures during
the second stage is identified as the rate-determining step
in the overall crystallization process.”

Thermal stability of nesquehonite

Given the crucial role of carbonates in internal geological
processes, understanding their behavior under varying
pressure and temperature conditions is essential. As both
pressure and temperature increase with depth, the conditions
encountered in subduction zones differ significantly from
ambient conditions. Over the years, studies have
progressively refined our understanding of the thermal
stability of nesquehonite, primarily through Derivative
Thermogravimetry (DTG) and Differential Thermal Analysis
(DTA) measurements. However, discrepancies persist in
literature, often attributed to variations in experimental
conditions and methodologies—such as heating ramp rates
and atmospheric environments.>****%°° To improve the
resolution of the decomposition steps, controlled rate
thermal analysis (CRTA) has been employed experimentally.*®
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Nevertheless, to account for these variations and provide a
more comprehensive perspective, a literature-based overview
of nesquehonite’s thermal stability is presented.

Nesquehonite decomposition is commonly described as a
two-stage process: dehydration occurring below 300-350 °C,
followed by decarbonation above this temperature range.
However, nesquehonite undergoes a more complex, multi-
step decomposition involving five
stages,>>3%39:41,44,54,58,59,61°63 aple 2 summarizes selected
publications reporting on the thermal decomposition of
nesquehonite.

The dehydration stage of nesquehonite consists of three
distinct steps. The first step involves the loss of one water
molecule, leading to the formation of the so-called “Phase
X”, a dihydrated magnesium carbonate (MgCOj;-2H,0). This
transformation is attributed to the release of the non-
coordinated water molecule present in the nesquehonite
structure. Although Phase X has been identified
compositionally, its crystal structure remains unsolved to
date. It corresponds to a mass loss of 13(1) wt% and
occurs over a temperature range typically starting between
40-70 °C and ending between 117-144 °C, depending on
the experimental conditions. Subsequently, the second step
involves the loss of an additional water molecule,
resulting in the formation of a monohydrated magnesium
carbonate (MgCO;-H,0). This phase progressively evolves
from Phase X and is typically amorphous. It accounts for
a mass loss of 12(1) wt% and occurs over a temperature
range that starts between 117-144 °C and ends between
183-200 °C. The third step is traditionally considered to
involve the release of the final water molecule. However,
it is now recognized as a partial dehydration step—a

consecutive
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subject of ongoing  debate in literature.***®®!
Approximately 0.7 water molecules are lost during this
stage, resulting in a compound with an approximate
composition of MgCO;-0.3H,0O. This step accounts for a
mass loss of 9(1) wt% and occurs over a temperature
range starting between 183-200 °C and ending between
210-305 ©°C. With the completion of this step, the
dehydration of nesquehonite is considered complete,
totaling a mass loss of 34(1) wt% across the three
dehydration stages. A representative thermogravimetric
model profile built based on literature-reported data is
shown in Fig. 4, summarizing the overall decomposition
behavior of nesquehonite.

Some studies also report the formation of oxymagnesite
(MgO-2MgCO3), a metastable phase observed as a product of
the thermal decomposition of hydrated magnesium
carbonates at these temperatures.”>*® Its crystal structure
was theoretically determined via Monte Carlo simulations
and later experimentally supported by Rietveld refinement.
Its formation was attributed to hypothetical non-equivalent
positions of [COz] groups in the nesquehonite crystal
structure—a feature that would allow one-third of the
carbonate groups to release CO, at a lower temperature than
the remaining [CO;] groups during thermal treatment.®*®°

The second stage corresponds to decarbonation, which
has mostly been reported to involve the conversion of the
magnesite formed in the third step into periclase (MgO),
whose structure still contains residual water. This step
accounts for a mass loss of 30(2) wt% and occurs over a
temperature range of approximately 300-400 °C to 410-476 °C.
The fifth and final step consists of the release of the residual
water, corresponding to a mass loss of 3.0(5) wt%. The

Table 2 Selected literature data on nesquehonite thermal decomposition at room pressure. Reported parameters include heating ramp, experimental
atmosphere, decomposition temperature range, associated mass loss in each step, and identified decomposition products

Heating ramp Temperature range Mass loss Decomposition
Reference (°C min™) Atmosphere (°C) (Wt%) product
Dell and Weller (1959)* 9 Air 25 to 100 26.0 MgCO5-H,0
100 to 305 13.1 MgCO; (amorphous)
305 to 410 30.9 MgO
Vagvolgyi et al. (2008)** 5 Air 79 to 174 19.3 Mg(HCO;)(OH)-H,0
174 to 307 16.1 Mg(HCO;)(OH)
307 to 449 12.0 MgCO;
449 to 501 14.5 MgO + CO, (residual)
501 to 534 5.0 MgO
Ferrini, De Vito, and Mignardi (2009)*® 10 — 100 to 200 29.4 MgCO;-H,0
200 to 400 7.8 MgCO;
400 to 500 31.4 MgO + CO, (residual)
500 to 1000 3.9 MgO
Ren et al. (2014)% 5, 10, 15, and 20 N, 40 to 129 14.5 MgCO;-2H,0
129 to 190 12.6 MgCO;5-H,0
190 to 305 7.9 MgCO0;-0.32H,0
305 to 476 31.8 MgO0-0.32H,0
476 to 600 3.2 MgO
Jauffret, Morrison, and Glasser (2015)*® 5 N, 61 to 135 12.5 MgCO;-2H,0
135 to 185 11.6 MgCO;-H,O
185 to 247 17.8 MgO-2MgCO;
363 to 474 28.5 MgO + CO, (residual)
474 to 526 3.2 MgO
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Fig. 4 Representative thermogravimetric model profile of nesquehonite based on literature-reported decomposition steps.

temperature range for this step is reported between 473-487 °C
and 510-600 °C. Upon completion of this step, the
decarbonation and dehydration processes are considered
complete. Overall, the decomposition of nesquehonite results
in a total mass loss of 69(4) wt%.

Chaka and Felmy,®” using density functional theory (DFT)
calculations with heat of formation correction (HFC),
determined the phase boundary temperatures for
nesquehonite at ambient conditions (pCO, = 400 ppm and
pH,O = 32 mbar). Their results indicate a transformation of
nesquehonite into magnesite + H,O at —-12 °C, and into
periclase + CO, + H,O at 57 °C, but kinetic effects seem to
play an important role in nesquehonite decomposition.

The morphology of magnesium carbonates is also
influenced by the thermal stability of the system. As previously
mentioned, nesquehonite predominantly exhibits a needle-
like morphology. At lower temperatures (up to 55 °C) and low
pH, magnesium carbonate hydrates typically form needle-like
crystals, with particle diameter decreasing as temperature and
pH increase. At moderately higher temperatures (60-95 °C)
and pH values, sheet-like crystallites become the dominant
morphology. Further increases in temperature and pH lead to
the formation of layered assemblies with diverse
morphologies, including rosette-like spherical particles and
cake-like aggregates composed of sheet-like units.*® Structural
modifications also affect thermal stability. For instance, Xu
et al* demonstrated that the presence of r-aspartic acid
enhances the thermal stability of nesquehonite. During the
synthesis, L-aspartic acid was carefully added, promoting the
incorporation of r-aspartate anions that compete with CO3*”
ions and partially occupy lattice sites at the nesquehonite
interface. The exposed cations and anions on the surface of the
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nesquehonite crystals interact with r-aspartic acid, resulting in
the formation of a layer that acts as a barrier or “protective
film” on the crystal surface. As a result, the thermal stability of
the nesquehonite crystals is enhanced.*"

High-pressure behavior of
nesquehonite

Given the relevance of carbonates in deep Earth processes (as
previously noted), investigating their behavior under high-
pressure (HP) conditions is fundamental to understanding
carbon cycling in subduction environments. Moreover, the
pressure-dependence of the mechanical properties and
thermodynamic behavior of hydrated carbonate materials
needs to be evaluated. Compared to their thermal stability,
the response of nesquehonite to high pressures remains less
comprehensively studied. Static high-pressure techniques,
such as diamond anvil cells (DACs), offer a powerful means
to alter atomic interactions in solids while enabling in situ
characterization.®®®® Under compression, interatomic and
intermolecular forces become increasingly repulsive, often
leading to phase transitions that minimize the system's free
energy. Recent advancements in in situ X-ray diffraction
(XRD) have improved our ability to probe structural changes
in nesquehonite.”® This section presents an overview of its
structural evolution and high-pressure stability, integrating
both experimental and computational findings to elucidate
its behavior beyond room conditions.

Recently, Santamarfa-Pérez et al.>* reported the equation
of state (EoS) of nesquehonite based on compression
experiments conducted in a DAC. Two different pressure-
transmitting media (PTMs)—neon and silicone oil—were
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used, and the structural evolution was monitored in situ via
HP synchrotron-based angle-dispersive powder XRD at room
temperature. The experimental results were complemented
by DFT calculations. The pressure dependence of the unit cell
volume and lattice parameters revealed two discontinuities
up to 19 GPa, indicating phase transitions at 2.4(2) GPa and
4.0(3) GPa. These transitions correspond to the formation of
two distinct high-pressure dense phases, HP1 and HP2. Fig. 5
shows the pressure-induced evolution of nesquehonite's
volume per formula unit, measured using neon as the
pressure-transmitting medium.

To further investigate these structural changes, two in-
house single-crystal XRD (SC-XRD) experiments were
performed using a 4:1 methanol-ethanol mixture and
paratone oil as PTMs, up to 2.82 GPa. At this pressure, the
refined crystal structure remained within the same space
group as the initial phase, P2,/n, with lattice parameters
exhibiting a small but distinct discontinuity relative to the
room pressure nesquehonite structure. The main structural
differences arise from slight displacements of the O atoms,
which cause the [CO;] groups to deviate from being perfectly
perpendicular to the g-axis. As a result, the [MgO¢] octahedra
become more distorted.

Later, Botan-Neto et al.”' performed synchrotron-based
SC-XRD experiments using helium as the PTM at 3.1 and
11.6 GPa to determine the crystal structures of the HP1 and
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Fig. 5 Pressure dependence of the volume of nesquehonite per
formula unit up to 19 GPa, using neon as the pressure-transmitting
medium. Black squares, red circles, and blue diamonds correspond to
experimental powder data for the nesquehonite, HP1l, and HP2
phases, respectively. The solid green line represents DFT results
obtained with the B86bPBE functional combined with the exchange-
hole dipole moment (XDM) dispersion correction. Solid magenta lines
indicate fits to the third-order Birch-Murnaghan equation of state to
experimental data. The inset shows DFT-calculated enthalpy variation
as a function of pressure for the three polymorphs, using
nesquehonite as the reference structure. Estimated standard
deviations (ESDs) for the experimental data are smaller than the
symbol sizes. Figure adapted from Santamaria-Pérez et al.?* Licensed
under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
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HP2 phases. A comparison between the synchrotron SC-
XRD data collected at 3.1 GPa (HP1 phase) and previously
reported in-house SC-XRD data revealed several weak
reflections that had likely been overlooked in the earlier
study. Thus, HP1 was indexed in the monoclinic space
group P2,/c, with lattice parameters a = 24.9959(11) A, b =
7.0883(17) A, ¢ = 10.3597(5) A, and g = 101.549(4)°
yielding a unit cell volume of 1798.2(4) A* (Z = 16, p
2.04(3) g cm™). The key difference is that the previously
reported phase contained four times fewer
crystallographically independent atoms, resulting in fewer
orientations of carbonate groups and water molecules.
The presence of multiple polymorphs for HP1, differing
in water orientations and lying close in energy at distinct
local minima of the energy landscape, cannot be ruled
out. The HP2 phase at 11.6 GPa was indexed in the I2/a
space group, with lattice parameters a = 9.4473(8) A, b =
6.748(5) A, ¢ = 11.8426(11) A, and S = 95.703(6)°,
corresponding to a unit cell volume of 751.2(6) A® (Z = 8,
p =2.45(8) g cm ™).

Fig. 6a shows the HP1 structure projected along two
different crystallographic axes. The HP1 phase retains the
fundamental structural topology of the initial nesquehonite,
which is characterized by double chains composed of trigonal
[CO;] groups and highly distorted [MgOs] octahedra running
parallel to the ¢ axis (equivalent to the b axis in initial
nesquehonite). The strong distortion of the [MgOg] units
arises from the edge-sharing connectivity with the [CO;]
groups, leading to very short O-O equatorial distances within
the octahedra. Two additional equatorial O atoms in each
[MgOg] octahedron are corner-sharing with [CO;] groups,
while the apical O atoms are coordinated to two H,O
molecules, forming chains with a stoichiometry of
MgCO;-2H,0. An additional “lattice” H,O molecule lies
between these double chains, linking them wvia hydrogen
bonds.

The orientation of the three water molecules, as well as
the number and directionality of O-H hydrogen bonds,
impart a distinct structural character to the HP1 phase. The
carbonate groups, which are approximately parallel to the bc
plane in nesquehonite, are tilted in the HP1 phase with
respect to the ac plane by angles ranging from 3.17° to
10.56°. These tilts result in further distortion of the [MgOs]
octahedra. Moreover, the spatial arrangement of the
MgCO;-2H,0 chains is significantly modified in the HP1
phase. An analysis of the shortest O-O interchain distances
reveals that the chains move closer together in the vertical
direction, while becoming more widely separated
horizontally, indicating anisotropic compression and
structural reorganization under pressure. This coordinated
displacement between chains is either driven by—or leads
to—an increased number of highly directional hydrogen
bonds aligned along the long axis, which likely contribute
to the stabilization of the HP1 structure (hydrogen bond
details and discussion are provided in the hydrogen bond
section).

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (a) Crystal structure projections of the HP1 phase along the c-axis (left) and b-axis (right) at 3.1 GPa. (b) Crystal structure projections of the
HP2 phase along the a-axis (left) and b-axis (right) at 11.6 GPa. Magnesium (Mg), oxygen (O), carbon (C), and hydrogen (H) atoms are shown in

orange, red, brown, and white, respectively.

Fig. 6b shows the HP2 structure projected along two
different crystallographic axes. The HP2 phase also consists
of chains with the stoichiometry MgCO;-2H,0 and includes a
“lattice” water molecule located in the interchain space, like
the initial nesquehonite and the HP1 phase. However, this
second pressure-induced transition is characterized by an
increase in the coordination number of Mg atoms from 6 to
7, leading to the formation of distorted [MgO;] pentagonal
bipyramids. Unlike HP1, the carbonate groups in HP2 share
two of their edges with equatorial positions of the pentagonal
bipyramids. The [CO;] groups are more tilted relative to the
equatorial plane of the chains, with an inclination angle of
21.95°. Once again, hydrogen bonds play a crucial role in
linking the polyhedral units within and between chains, as
well as the interchain water molecules. An analysis of the
shortest O-O interchain distances reveals that the facing
chains move closer together, while also adopting a
configuration with greater lateral overlap under compression.
These structural modifications are associated with the
enhanced directionality of the hydrogen bonds along the ¢
axis in the HP2 phase.

Third-order Birch-Murnaghan (BM3) EoS parameters were
fitted to the P-V datasets. For nesquehonite, the BM3 fit
yielded a zero-pressure unit cell volume (V,) of 500.3(7) A%, a
bulk modulus (B,) of 24(2) GPa, and a first pressure

This journal is © The Royal Society of Chemistry 2025

derivative (Bj) of 12(3). These results are in good agreement
with DFT calculations, which provided V, = 494.8(2) A%, B, =
38.2(5) GPa, and Bj = 4.43(16). The compressibility of the
HP1 phase could not be evaluated due to the limited number
and significant dispersion of the available pressure-volume
(P-V) data points. For HP2, the experimental bulk modulus
was determined as B, = 25.2(12) GPa, with the first pressure
derivative fixed to the theoretical value Bj=6. DFT
calculations yielded a slightly higher value of B, = 30.0(2) GPa
for this phase.

The anisotropy of both nesquehonite and the HP2 phase
was also investigated, revealing pronounced anisotropic
compressibility in both structures. In nesquehonite, the g-axis
is the most compressible, followed by the b-axis, while the
c-axis exhibits a negative axial compressibility. The axial
compressibilities estimated from experimental (theoretical)
data are: x, = 21.6 x 10 GPa " (14.2 x 10 GPa '), xp, = 7.5 X
107 GPa™* (6.66 x 10° GPa™'), and k. = -8 X 10> GPa™" (2.34 x
107 GPa™"). In the HP2 phase, the g-axis is again the most
compressible, followed by the b-axis and then the c-axis. The
corresponding axial compressibilities are: «, = 8.5 x 107> GPa™
(4.7x107° GPa™), k, =5.7 x 10> GPa™* (5.1 x 10 GPa™"), and .
=5.0x10*GPa " (1.3x 107 GPa™).

As previously mentioned, DFT calculations exhibit
excellent agreement with the experimental data, as shown in

CrystEngComm, 2025, 27, 6865-6883 | 6873
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Fig. 5. Furthermore, DFT results indicate that the
nesquehonite-to-HP2 phase transition occurs at

approximately 5 GPa (see the enthalpy-pressure graph as
inset in Fig. 5), closely matching experimental observations.
On the other hand, the calculations suggest that the HP1
phase is a metastable intermediate along the transition
pathway to the denser, thermodynamically stable HP2 phase.
Consequently, the existence of other metastable phases
within the 2.4-4.0 GPa pressure range cannot be ruled out.
Additional DFT calculations were also performed to evaluate
the energetics of the MgCO;-:3H,0 = MgO + 2H,0 + H,CO;
reaction at high pressures. These results demonstrate that
the formation of carbonic acid is energetically unfavorable,
as the combined enthalpy of the right-hand side of the
reaction is more than 0.2 eV higher per formula unit than
that of MgCO;-3H,0.

Nesquehonite and its dense polymorphs were also
characterized by Raman spectroscopy up to 17 GPa. The
Raman spectra of nesquehonite display characteristic peaks
in the typical spectral regions of carbonates, which can be
divided into three frequency ranges associated with the
internal vibrations of the [CO;] groups and their lattice
vibrations involving the cation.”””® According to the
literature, the most intense Raman peak of nesquehonite is
observed around 1100 em ™, corresponding to the symmetric
stretching vibration (v;) of the carbonate group.”*”® In the
low-frequency region, nesquehonite exhibits several lattice
vibration peaks between 119 and 344 cm '.>®”® Very weak
peaks observed near 707 and 773 cm™* correspond to the in-
plane bending mode (v4) of the carbonate group.”*”®””

Raman spectroscopy reveals phase transitions near 2.5
and 4.1 GPa, followed by a region of vibrational instability
between 4.1 and 7.8 GPa, during which a continuous
transformation into the HP2 phase occurs. The pressure
dependence of the Raman-active modes was experimentally

Lattice Modes V1

Intensity (a.u.)

2.5GPa | \
Room Pressure k
1 1 1 1

100 200 300 400 500 600 700 800 900 1000 1100 1200

W
~Mo

|

Wavenumber (cm™)

Fig. 7 Room-temperature Raman spectra of nesquehonite
polymorphs at room pressure, 2.5 GPa (HP1 phase), and 8.9 GPa (HP2
phase) during compression.
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analyzed for the nesquehonite, HP1, and HP2 phases and
compared with DFT results. Fig. 7 depicts representative
Raman spectra of the three phases—nesquehonite at room
pressure, HP1 at 2.5 GPa, and HP2 at 8.9 GPa.

The structural transformations occurring below 5.7 GPa
primarily involve changes in the intensity of lattice vibration
bands below 260 cm™. Notably, four lattice vibration modes
associated with Mg atoms, observed below 185 cm™" in the
nesquehonite spectra at pressures below 2 GPa, soften with
increasing pressure, indicating the onset of the transition to
the HP1 phase above this range. Following the phase
transition, these lattice modes exhibit a slight hardening as
pressure increases.

At 5.7 GPa, the Raman spectra show the onset of
additional features in the frequency range between 600 and
800 cm '. Above 7.8 GPa, at least four new Raman bands
clearly emerge in the 260-430 cm™* region, along with two
additional bands band appearing near ~720 cm™*, which are
assigned to the in-plane bending vibration (v, mode) of the
carbonate group. The increase in intensity of this band
appears to be associated with structural changes in the HP2
phase, particularly the sharing of two edges between the
[CO;] group and [MgO;] pentagonal bipyramids.

XRD experiments and Raman spectroscopy measurements,
supported by DFT calculations, are highly complementary
and provide a detailed overview of nesquehonite upon
compression. While XRD reveals the sequence of phase
transitions, Raman spectroscopy not only confirms these
transitions but also highlights the emergence of new
vibrational modes associated with changes in the
coordination environment of Mg atoms.

Coupled effects of pressure and
temperature on nesquehonite

Beyond the compression behavior of nesquehonite,
Santamaria-Pérez et al.>* investigated the coupled effects of
pressure and temperature on this mineral. The experiments
were conducted using resistive heating in a DAC system,
which included a heating ring that uniformly heated all
components of the DAC to ensure homogeneous temperature
distribution across the sample. Silicone oil was used as the
PTM. The thermal behavior of nesquehonite was examined at
0.7(1) GPa, with temperatures up to 160 °C, and was
monitored in situ using HP synchrotron-based angle-
dispersive powder XRD.

Fig. 8 shows the temperature-induced evolution of
nesquehonite's XRD patterns at 0.7 GPa. The initial
nesquehonite phase remains stable up to 110 °C, where a new
phase emerges. The unit cell volume of nesquehonite shows a
smooth increase upon heating, with the unit cell axes
exhibiting markedly anisotropic behavior, like that previously
reported at room pressure.”® Axial thermal expansion is
positive only along the c-axis, which consistently expands
upon heating. The experimentally determined thermal
expansion coefficients for the c-axis are o, = 1.24(2) x 10> K™*

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 High-temperature X-ray diffraction patterns of nesquehonite
up to 160 °C at 0.7 GPa, measured using silicone oil as the pressure-
transmitting medium. The red and olive solid lines represent the Le Bail
fits and the difference profiles, respectively. Blue, magenta, and orange
vertical ticks indicate the Bragg reflection positions corresponding to
nesquehonite, the high-temperature (HT) phase, and magnesite,
respectively. Unindexed bands in the patterns, not accounted for by
the Le Bail refinement, come from the silicone oil.

at room pressure and 1.06(2) x 10 K" at 0.7 GPa. In contrast,
the b-axis contracts at high temperature, showing a roughly
linear decrease, with thermal expansion coefficients of o =
-8.8(13) x 107> K™ at room pressure and -9.0(3) x 10> K " at
0.7 GPa. The a-axis parameter decreases slightly up to 50 °C
and 70 °C for the room pressure and high-pressure runs,
respectively, and then begins to increase.

At 115 °C, a new phase appears, while coexisting with
nesquehonite. This temperature is close to where the phase
transition to Phase X has been reported under room
pressure. However, no such transition is observed in that
study.”® The HP-HT phase has a narrow region of stability. At
125 °C no nesquehonite peaks are present. Above this
temperature, the intensity of the diffraction peaks of the
hydrated HT phase gradually decreases, while other
reflections—identified as belonging to MgCO; magnesite—
increase progressively. At 140 °C, the magnesite reflections
become very pronounced, and by 160 °C, the XRD pattern is
dominated by reflections corresponding to anhydrous
magnesium carbonate. In other words, at 0.7 GPa and 160 °C,
the newly formed hydrated HT phase undergoes complete
dehydration and transforms into MgCO; magnesite.

The structure of the HT phase could not be definitively
identified. However, an indexing procedure was carried out

This journal is © The Royal Society of Chemistry 2025
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using 13 reflections collected at 125 °C, yielding an
orthorhombic unit cell with lattice parameters a = 9.183(6) A,
b =5.736(2) A, and ¢ = 5.324(6) A, corresponding to a unit cell
volume of 280.4(4) A’. This solution suggests a volume
increase of approximately 14% per formula unit, which may
indicate a disproportionation of nesquehonite and the
formation of a new phase, MgCO;-4H,0, and magnesite.
Upon further heating, this novel HT-hydrated phase gradually
releases water molecules, eventually resulting in complete
dehydration and transformation into magnesite. The
existence of an intermediate phase as a thermal
decomposition product of nesquehonite is supported by
transitions reported in the literature. However, a direct
comparison of d-spacings between this phase and the
previously reported “Phase X” evidence that they do
correspond to different phases. Likewise, the previously
mentioned oxymagnesite®"**—formed as a decomposition
product of hydrated magnesium carbonates and crystallizing
in the cubic space group I43m with lattice parameter a =
8.5205(1) A—is inconsistent with the observed reflections and
the orthorhombic structure tentatively suggested in ref. 24.

Hydrogen bonding in nesquehonite
and related hydrated carbonates

Understanding the structural framework of hydrated
carbonates requires a detailed analysis of hydrogen bonding
interactions.>* These non-covalent interactions, typically
denoted as D-H---A, arise between a hydrogen atom
covalently bound to a donor (D) and a nearby acceptor (A).
The strength and nature of such bonds are influenced by
factors such as the H---A distance and the #DHA angle, as
schematically illustrated in Fig. 9a. Often found in systems
with moderately polar donor groups, hydrogen bonds
significantly affect the stability and arrangement of
hydrogen-bearing  phases. For  classification and
characterization purposes, the Steiner and Jeffrey criteria
offer a widely accepted approach.””8783

As described earlier, the structure of nesquehonite
consists of strongly distorted, corner-sharing [MgO¢]
octahedra. Each octahedron shares one equatorial edge with
a carbonate group and the remaining two equatorial corners
with two other carbonate groups, while the apical positions
are occupied by two water molecules. An additional non-
coordinated “lattice” water molecule resides in the
interchain space. These water molecules are responsible for
connecting the double chains via hydrogen bonding. This
structural role and pattern are preserved in the two high-
pressure polymorphs of nesquehonite (HP1 and HP2),
despite  differences in coordination
transitioning from [MgOg] octahedra to distorted [MgO-]
pentagonal bipyramids in HP2. The primary difference lies in
the hydrogen bond directionality, which roughly aligns along
the ¢, a, and ¢ crystallographic axes in nesquehonite, HP1,
and HP2, respectively. Fig. 9b-d illustrate the magnesium
coordination environments and the interactions between

environments—

CrystEngComm, 2025, 27, 6865-6883 | 6875
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(a) Schematic representation of a D-H::-A hydrogen bond between two water molecules, illustrating the donor (D), acceptor (A), H---A

distance, and «DHA angle. (b) Nesquehonite [MgOg¢] coordination and hydrogen bonding. (c) HP1 [MgOg] coordination and hydrogen bonding
involving the four independent [COs] groups. (d) HP2 [MgO;] coordination and hydrogen bonding. Magnesium (Mg), oxygen (O), carbon (C), and
hydrogen (H) atoms are shown in orange, red, brown, and white, respectively. Covalent bonds are represented as solid lines, and hydrogen bonds
as dashed lines. Figure adapted from Botan-Neto et al.”* Licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

water molecules and carbonate groups in these three phases,
highlighting the orientation of the hydrogen bonds. The
average H---O distances and #DHA angles are 1.96(3) A and
170(2)° for nesquehonite, 1.90(3) A and 155(3)° for HP1, and
1.76(5) A and 160(7)° for HP2. According to the Steiner and
Jeffrey criteria, these values classify the hydrogen bonds as
moderate in strength, exhibiting ionic character with
moderate directionality.

As the investigation of hydrogen bonding is inherently
dependent on the resolved crystal structure of each mineral
—and considering that only a few hydrated magnesium

carbonates (HMCs), such as nesquehonite, lansfordite,
hydromagnesite, and artinite, have well-characterized
structures—it becomes particularly valuable to extend such
studies to other M, 0-CO,-H,O systems, where M may be
calcium (n = 1), sodium (n = 2), or even mixed cations.
Table 3 summarizes the chemical formula, space group,
coordination environment, water position in the Mg
polyhedra, and average H---O distances and #DHA angles for
various hydrated carbonate minerals.

Water position within the polyhedral coordination
environment of the selected hydrated carbonates was

Table 3 Summary of hydrogen bonds based on the chemical formula, space group, coordination environment, water position in Mg polyhedra, and
average H---O distances and #~DHA angles for various hydrated carbonate minerals

Space Coordination =~ Water position in H---O «DHA angle
Mineral name Chemical formula group environment polyhedron N ©) Reference
Nesquehonite MgCO3-3H,0 P2,/n (14) MgO¢ Apical 1.96(3) 170(2) 24
Nesquehonite HP1 MgCO3:3H,0 P24/c (14) MgO¢ Apical 1.90(3) 155(3) 71
Nesquehonite HP2 MgCO;-3H,0 I2/a (15) MgO, Apical 1.76(5)  160(7) 71
Lansfordite MgCO3-5H,0 P24/c (14) MgO¢ Apical/equatorial 1.84(6) 167(5) 84
Artinite Mg,(CO5)(OH),:3H,0 C2/m (12) MgO; + OH Apical/equatorial 1.89(6)  166(6) 85
Hydromagnesite Mg5(CO3)4(OH),-4H,0  P24/c (14) MgOs; + OH Apical 1.93(1) 163(1) 13
Monohydrocalcite CaCO;-H,0 P3,21 (152)  CaO, Apical 1.88(1)  180(1) 86
Tkaite CaCO;-6H,0 C2/c (15) CaOg Apical/equatorial 2.01(2) 170(2) 87
Thermonatrite Na,CO5-H,0 P2,ab (29) NaOg/NaO, Apical 1.84(1) 164(1) 88
Natron Na,C0;-10H,0 Cc (9) NaOg Apical/equatorial 1.99(5)  163(5) 89
Trona NazH(CO3),-2H,0 C2/c (15) NaOg Basal 1.92(3) 171(5) 90
HP trona at 17.9 GPa  NazH(CO3),:2H,0 Pi(2) NaO,/NaOg Apical/equatorial 1.77(6) 146(7) 91
Pirssonite Na,Ca(C03),-2H,0 Fdd2 (43) NaO,/CaOg Apical/equatorial 1.83(3) 177(2) 92
Gaylussite Na,Ca(CO0s),-5H,0 C2/c (15) NaOg/CaOg Apical/equatorial 1.84(1) 171(1) 93
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evaluated, revealing no evidence of systematic behavior.
Water molecules occupy exclusively apical positions in
nesquehonite and its high-pressure polymorphs, as well as in
hydromagnesite, monohydrocalcite, and thermonatrite. In
contrast, a combination of apical and equatorial sites is
observed in lansfordite, artinite, ikaite, natron, high-pressure
trona, pirssonite, and gaylussite. Notably, trona is the only
structure among those analyzed in which water molecules
occupy basal positions of a trigonal prism. Interestingly,
nesquehonite and its polymorphs are also the only structures
exhibiting non-coordinated water molecules within their
crystal framework.

Otherwise, when analyzing the degree of hydration in
relation to the hydrogen-bonding network, certain trends and
noteworthy structural behaviors can be identified. To begin
with, it is essential to define the concept of a hydrogen-bond
network within the context of hydrated carbonates. Here, it
refers to the spatial arrangement of hydrogen bonds
primarily formed between water molecules, carbonate groups,
and, in some cases, hydroxyl groups. These interactions
collectively  contribute to the structural cohesion,
stabilization, and connectivity of the crystal lattice.”**”

While this definition provides a general framework, the
dimensionality of the hydrogen-bonding network must also
be considered. A discrete (0D) hydrogen-bond network refers

(a) (b) ()
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to a non-continuous arrangement in which water molecules
form localized interactions with nearby ions, without
extending connectivity beyond the immediate coordination
environment. A 1D network is characterized by linear or
chain-like hydrogen bonds, typically involving water
molecules bridging adjacent structural units. A 2D hydrogen-
bond network consists of planar arrangements that
interconnect structural units within a single crystallographic
layer, thereby enhancing cohesion perpendicular to the
stacking direction. A 3D hydrogen-bond network involves a
fully interconnected framework of hydrogen bonds, extending
in all spatial directions and reinforcing the overall integrity
of the structure. Finally, cage-like or clustered hydrogen-bond
networks are defined by closed or semi-closed groupings of
water molecules (e.g., rings or cages), which often surround
cations or carbonate groups contributing to the stabilization
of metastable or low-temperature phases.

Based on these definitions, the hydrated carbonates
analyzed in this work can be classified according to the
dimensionality of their hydrogen-bond networks. Fig. 10
illustrates the representative hydrogen-bonding motifs
observed in each structure.

Minerals exhibiting 0D hydrogen-bond networks include
monohydrocalcite, pirssonite, and thermonatrite, illustrated
in Fig. 10a, b and c, respectively. These structures are
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Fig. 10 Hydrogen bond networks of selected hydrated carbonates viewed along specific crystallographic axes: (a) monohydrocalcite, b-axis; (b)
pirssonite, c-axis; (c) thermonatrite, c-axis; (d) trona, b-axis; (e) artinite, b-axis; (f) nesquehonite, b-axis; (g) nesquehonite HP1, b-axis; (h)
nesquehonite HP2, a-axis; (i) HP trona, a-axis; (j) hydromagnesite, b-axis; (k) gaylussite, b-axis; (l) natron, b-axis; (m) lansfordite, b-axis; and (n)
ikaite, a-axis. Oxygen (O) and hydrogen (H) atoms are shown in red and white, respectively.
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characterized by isolated hydrogen-bonded clusters, in which
water molecules interact primarily within their immediate
coordination environments, without establishing extended
connectivity across the lattice. The 1D category includes trona
and artinite, illustrated in Fig. 10d and e, respectively, in
which hydrogen bonds form chain-like motifs along a single
crystallographic direction. In these cases, water molecules
typically bridge adjacent carbonate groups or cations, giving
rise to extended one-dimensional hydrogen-bonded ribbons.
2D hydrogen-bond networks are found in nesquehonite and
its high-pressure polymorphs, HP trona, hydromagnesite,
and gaylussite, illustrated in Fig. 10f, g, h, i, j and k,
respectively. In these minerals, hydrogen bonds form either
multiple chains or continuous layers within a specific
crystallographic plane, interconnecting structural units and
enhancing interchain and interlayer cohesion. Minerals such
as natron, lansfordite, and ikaite, illustrated in
Fig. 10, m and n, respectively, exhibit 3D (framework)
hydrogen-bond  networks, characterized by a fully
interconnected system of hydrogen bonds extending in all
three spatial directions. It is worth noting that ikaite
represents a special case within the 3D category, as its
hydrogen-bond network also features cage-like motifs, in
which water molecules form closed clusters surrounding
cations and carbonate groups. This special configuration
plays a critical role in the stabilization of its low-temperature
phase. This arrangement has been noted in the literature as
structurally significant, as high-pressure conditions are
expected to stabilize ikaite; indeed, the volume occupied by
ikaite is approximately 20% less than that of an equivalent
mixture of CaCO; and six water molecules.”®

There is a systematic trend in hydrogen-bond
dimensionality across hydrated carbonates, although it is not
strictly linear. The degree of hydration facilitates the
formation of more extended hydrogen-bond networks,
resulting in higher-dimensional connectivity. For instance, a
low degree of hydration (1-2H,O) tends to support 0D
networks, where hydrogen bonding is limited to isolated
water clusters. A moderate degree of hydration (2-3H,O)
typically supports 1D networks, in which water molecules
bridge adjacent polyhedral chains. Moderate to high
hydration levels (3-5H,0O) may give rise to 2D networks,
where water molecules link layers of carbonate groups and
cation-centered polyhedra. An exception to this pattern is
high-pressure (HP) trona, which illustrates how elevated
pressure conditions alter the fundamental chemistry of
solids. Under compression, atomic interactions become
increasingly repulsive, promoting structural rearrangements
and phase transitions that reduce the system's free energy.
These changes can lead to localized, layer-like hydrogen-bond
networks despite the mineral's high-water content.”**°* The
formation of three-dimensional (3D) hydrogen-bond networks
appears to require a high degree of hydration (>=5H,0).

Ultimately, the dimensionality of hydrogen-bond networks
arises not solely from hydration level but from the interplay
among water content, cation coordination environment,

6878 | CrystEngComm, 2025, 27, 6865-6883
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crystallographic symmetry, and structural topological
flexibility. While the observed trends provide useful insight,
further studies—particularly those focused on phases with
intermediate stoichiometries—are needed to fully elucidate
the relationship between hydration and H-bond
dimensionality.

Nonetheless, a consistent feature among all analyzed
carbonates is the predominance of ionic hydrogen bonds
exhibiting moderate but systematic directionality. This
characteristic is preserved regardless of hydration degree,
crystal structure, presence of hydroxyl or bicarbonate groups,
or the coordination geometry of the metal cation, which
ranges from [MOg] to [MOg] polyhedra.

Applications of nesquehonite

Nesquehonite and other HMCs have a wide range of
applications. Industrial wuses include pharmaceuticals,
cosmetic manufacturing, the rubber industry, filter materials,
and lithographic inks, as well as serving as precursors for
other magnesium-based chemicals. In geological and
environmental contexts, they are particularly relevant for
carbon capture and sequestration (CCS)—the most
prominent and widely studied application—and can also be
used as cementitious materials.>*****'% gome of the
numerous applications of nesquehonite will be presented in
this section.

The production and release of metal-rich drainage during
carbon mineralization may lead to both on-site and off-site
contamination of surface waters, groundwater, soils, and
sediments under various implementation scenarios. As a
primary mineral product of carbon mineralization reactions
at Earth's surface, nesquehonite and other hydrated Mg-
carbonate minerals may serve as important—and previously
unrecognized—sinks for mobilized trace metals. Hamilton
et al.'® demonstrated nesquehonite's capacity to sequester
trace metals such as chromium (Cr), nickel (Ni), manganese
(Mn), cobalt (Co), and copper (Cu) through substitution for
Mg>" in the crystal structure. This finding indicates that
nesquehonite can act as an effective crystal trap for transition
metals, suggesting its potential as a relatively long-term and
stable storage option.

Reactive magnesia cement (RMC) is considered an
effective alternative to Portland cement (PC) in the search for
sustainable cementitious materials with a lower carbon
footprint, due to its lower calcination temperature. The
strength development of RMC depends on the hydration of
MgO to form Mg(OH),, followed by carbonation of Mg(OH),,
which produces a series of crystalline hydrated magnesium
carbonates (HMCs) and amorphous magnesium carbonate
phases. These HMCs form interconnected microstructural
networks within the hardened RMC, reducing porosity and
significantly improving its strength. Li et al.'®* demonstrated
that the inclusion of nesquehonite at dosages below 1 wt%
enhanced both hydration and carbonation, leading to
reduced porosity and improved early and final compressive

This journal is © The Royal Society of Chemistry 2025
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strength of RMC. However, dosages above 1 wt% inhibited
MgO hydration. Shi et al.*® further showed that, regardless
of whether the cement was cured in air or in water, the
addition of nesquehonite increased the compressive strength
of MgO paste. Under air curing, the maximum strength
reached 9 MPa for a sample containing 4.14 wt%
nesquehonite after 28 days, compared to 6 MPa for pure
MgO under the same conditions. Under water curing,
samples with 4.14 wt% and 7.87 wt% nesquehonite exhibited
approximately the same maximum strength of 5 MPa, in
contrast to 1.5 MPa for pure MgO. Later, Montserrat-Torres,
Winnefeld, and Lothenbach'® reported similar effects at
higher concentrations: after 28 days, an inclusion of 50 wt%
nesquehonite resulted in compressive strengths of 43-44
MPa. Their study also demonstrated that the flexural strength
was independent of the nesquehonite dosage, improving
from 2 MPa in pure MgO to 5-6 MPa regardless of the
amount added.

Current global warming and climate change have raised
numerous concerns, particularly regarding the reduction of
anthropogenic CO, emissions and the stabilization of this
greenhouse gas's concentration in the atmosphere. CCS is a
promising approach, especially through its sequestration in a
stable mineral form over long periods via mineral
carbonation. However, making long-term predictions about
the safety of underground CO, storage remains challenging.
Complementary CCS technologies that promote CO,
sequestration through the neoformation of carbonates offer
permanent and safe storage, as these carbonates are
thermodynamically stable under ambient conditions. This
natural process has formed the vast carbonate rock deposits
found on Earth's surface. The interaction between alkaline
earth metal ions and CO, in aqueous solution favors the
precipitation of calcium and magnesium carbonates.
Focusing on magnesium offers an advantage because Mg
carbonates contain approximately 21% more CO, by weight
compared to calcium carbonates. Nesquehonite presents
advantages  that  make its application
attractive,>***'%7 1% However, its direct application for this
purpose is not yet fully established. Ongoing research aims
to better understand key aspects of nesquehonite's behavior
to enable more effective and targeted applications. For
example, Ferrini et al®® experimentally demonstrated that
the application of nesquehonite in the CCS process offers
several advantages: the process is kinetically favored and
straightforward; nesquehonite forms in a very short time; it
is a chemically stable solid product, enabling long-term CO,
storage; the starting reactants are locally abundant, providing
the potential for a cost-effective niche in CO, sequestration
via mineralization; and nesquehonite can potentially be used
for industrial purposes, with its disposal near the surface or
underground posing limited environmental risks. Meanwhile,
Pokharel et al.''® investigated the formation, stability, and
phase transformations of nesquehonite in the presence of
dissolved silica. On the other hand, several authors®®*%!
demonstrated that nesquehonite remains stable up to 323 K,

several
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suggesting that it can serve as a CO,-sequestering medium
under typical surface temperature conditions on Earth. Their
work provides valuable insights into the thermal behavior of
nesquehonite. In addition to that, the studies by Santamaria-
Pérez et al.>* and Botan-Neto et al.”' have explored the P-T
phase diagram, the equation of state and the anisotropy at
different thermodynamic conditions, assessing the structural
stability of nesquehonite under pressures and temperatures
well above those with practical applications in CCS
technologies. These studies, however, determine the
mechanical properties and the systematic crystallochemical
behavior of this compound. To effectively model CO, mineral
trapping within this mineral, it is essential to develop a
comprehensive understanding of its thermal, Kkinetic,
structural, and mechanical properties, as well as synthesis
conditions and morphological behavior. Such knowledge
offers critical information for advancing CO, storage using
nesquehonite in industrial applications and may support
more accurate modeling of CO, sequestration in hydrated
Mg-carbonate minerals.

Conclusions

This work provides a comprehensive review of the
investigation on nesquehonite (MgCO;-3H,0), motivated by
its geological abundance, stability, and pivotal role within the
MgO-CO,-H,O0 system. We have revisited the different
synthesis routes and morphological characteristics of
nesquehonite, emphasizing the influence of additives on
crystal growth and morphology. Thermal stability was
thoroughly assessed via thermogravimetric and differential
thermal analyses, revealing distinct dehydration steps and
intermediate phases, with particular attention to the debated
nature of the dehydration products.

High-pressure synchrotron X-ray diffraction experiments
identified two pressure-induced polymorphs, HP1 and HP2,
with their structural evolution and transition pressures
validated by density functional theory calculations.
Complementary  high-temperature  experiments  under
pressure confirmed the formation of a unique thermal phase
preceding the decomposition into magnesite. Raman
spectroscopy under compression provided additional insights
into vibrational behavior and phase stability of the
polymorphs, supporting the observed transitions.

Hydrogen bonding analysis demonstrated predominantly
ionic and moderately directional interactions, consistent
across nesquehonite and related hydrated carbonates,
irrespective of structural complexity or hydration state.
Additionally, a comparative evaluation with minerals
exhibiting distinct structural motifs was conducted,
addressing the role of “lattice” water molecules in
nesquehonite and the diversity of cation coordination
geometries.

Finally, the study highlights the significant potential of
nesquehonite  in  applications ranging from CO,
mineralization to materials science and sustainable
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cementitious  technologies.  Its  favorable  kinetics,
thermodynamic stability, and structural characteristics

position nesquehonite as a promising candidate for
environmentally relevant processes.

In summary, this integrated experimental and theoretical
overview establishes a clear and accessible framework for
understanding nesquehonite's structure, properties, and
phase behavior, thereby providing valuable insights for
further research across multiple scientific domains.
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