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Structural Water in Amorphous Carbonate Minerals: Ab Initio 
Molecular Dynamics Simulations of X-ray Pair Distribution 
Experiments  
Micah P. Prange,a Sebastian T. Mergelsberga and Sebastien N. Kerisit*a 

Water is known to play a controlling role in directing mineralization pathways and stabilizing metastable amorphous 
intermediates in hydrous carbonate mineral MCO3·nH2O systems, where M2+ is a divalent metal cation. Despite this 
recognition, the nature of the controls on crystallization are poorly understood, largely owing to the difficulty in 
characterizing the dynamically disordered structures of amorphous intermediates at the atomic scale. Here, we present a 
series of atomistic models, derived from ab initio molecular dynamics simulation, across a range of experimentally relevant 
cations (M=Ca, Mg, Sr) and hydration levels (0 ≤ n ≤ 2). Theoretical simulations of the dependence of the X-ray pair 
distribution function on the hydration level n show good agreement with available experimental data and thus provide 
further evidence for a lack of significant nanoscale structure in amorphous carbonates. Upon dehydration, the metal 
coordination number does not change significantly, but the relative extent of water dissociation increases, indicating that a 
thermodynamic driving force exists for water dissociation to accompany dehydration. Mg strongly favors monodentate 
conformation of carbonate ligands and shows a marked preference to exchange monodentate carbonate O for water O upon 
hydration, whereas Ca and Sr exchange mono- and bidentate carbonate ligands with comparable frequency. Water forms 
an extensive hydrogen bond network among both water and carbonate groups that exhibits frequent proton transfers for 
all three cations considered suggesting that proton mobility is likely predominantly due to water dissociation and proton 
transfer reactions rather than molecular water diffusion.

INTRODUCTION 
In addition to obvious fundamental questions in aquatic1 and 
terrestrial2-4 (bio)geochemistry, there is a critical need to 
understand carbonate phase transformation processes and 
their fundamental limits to envision and evaluate long-term 
carbon sequestration strategies based on mineralization5 or 
utilization of carbonate-based materials.6, 7 Divalent cations like 
Mg2+, Ca2+, and Sr2+ can be stabilized to varying degrees in a 
complicated manifold of hydrated solid phases, many of which 
are difficult to study because they are transient and disordered, 
appearing as intermediate phases in transformations that 
ultimately convert dissolved reactants to thermodynamically 
stable crystalline products. Water is understood to play an 
important role in modulating the relative stabilities and 
thermodynamic barriers that control the time dependent phase 
behavior of carbonate intermediates along this pathway.8-10 To 
link the solution state chemistry of carbon to its incorporation 
in persistent solids, therefore, requires knowledge regarding 
the structural arrangement of water in metastable, poorly 
ordered carbonate solids, which are the focus of this work.  

A structural model of amorphous calcium carbonate (ACC) 
consisting of a calcium-rich framework with nanopores 
containing water and carbonate molecules was put forward 
based on a reverse Monte Carlo (MC) refinement of X-ray total 
scattering data.11 However, subsequent classical molecular 
dynamics (CMD) simulations that used this structural model as 
starting point predicted significant structural reorganization,12 
and other structural models, including our ab initio molecular 
dynamics (AIMD) simulations,13 showed that good agreement 
with neutron and X-ray pair distribution function (PDF) analyses 
could be obtained with homogeneous models. This example 
highlights the fact that measurements such as X-ray total 
scattering, which are key to probing the short-range structure 
of amorphous carbonates, are dependent on structural models 
for accurate interpretation. Therefore, this work employs AIMD 
simulations based on density functional theory (DFT) to produce 
structural models from first principles. 
Beyond structure, information regarding the chemical and 
dynamical state of water is needed to facilitate the elucidation 
of precipitation and transformation processes. Proton nuclear 
magnetic resonance (NMR) measurements by Michel et al.14 
suggested the presence of three water species in hydrated ACC: 
mobile molecular water (~55%), rigid molecular water (~40%), 
and hydroxide ions (~7%). The same measurements as a 
function of water content in ACC indicated that the absolute 
hydroxide content remained approximately constant as ACC 
dehydrated while the rigid and mobile water populations 
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decreased to a similar extent upon dehydration.15 The rigid 
molecular water population was inferred to be coordinated to 
Ca cations, but CMD simulations indicated that the fraction of 
diffusing water molecules was small (~2%),16 and empirical 
potential structural refinement (EPSR) of X-ray and neutron 
total scattering data concluded that 90% of water molecules 
were coordinated to Ca cations.17 Again, matching experimental 
measurements to the short-range structure of amorphous 
carbonates is very challenging, and, while much attention has 
been focused on elucidating the structural and dynamical 
properties of water in ACC, a consistent atomic-level picture is 
still lacking.  
Meanwhile, data on structural water in amorphous carbonates 
other than ACC is comparatively limited. Leukel et al.18 showed 
from Fourier transform infrared spectroscopy (FTIR) and 1H 
NMR spectroscopy that hydrogen bonding was much weaker in 
ACC than in amorphous magnesium carbonate (AMC) and 
amorphous strontium carbonate (ASC). Atomistic simulations of 
these three amorphous carbonates, as a function of water 
content, would thus be beneficial to help understand how the 
nature of the divalent cation influences water structure in 
amorphous carbonates. Therefore, whereas our previous work 
focused on ACC at a single hydration level,13 this work aims to 
facilitate insight into the relationship between the hydration 
level and the atomic-scale bonding motifs in amorphous 
carbonates by providing ensembles of ab initio structural 
models describing the variation of short- and medium-range (0–
8 Å) atomic arrangements of hydrated AMC, ACC, and ASC 
across a range of hydration levels. The methods employed here 
derive the interatomic forces from electronic structure treated 
at the DFT level and hence include chemical reactivity. This ab 
initio approach avoids the difficulties of parameterizing 
transferable interatomic potentials and yields trajectories (i.e., 
dynamic structures) that obey both quantum and classical 
mechanical microscopic physics. We compare the 
computational results with available data from the literature 
and discuss the implications for unravelling the complex 
phenomena involved when carbonate materials precipitate. 
 
METHODS 
Density functional theory calculations 

As in past work,13, 19-22 we used DFT performed with VASP 
(Vienna Ab-initio Simulation Package)23, 24 using the Perdew, 
Burke, and Ernzerhof25, 26 (PBE) exchange-correlation functional 
augmented by the Grimme dispersion corrections (D3).25, 26 
PBE-D3 yielded the best agreement (Table S1) with the 
measured lattice parameters of the three carbonate minerals 
used as benchmark (aragonite, calcite, and monohydrocalcite, 
Fig. 1) of the eight exchange-correlation functionals (PBE, RPBE, 
27 revPBE,28 and PBEsol29 with and without D3 Grimme 
dispersion corrections) evaluated in this work. Core electrons 
were treated with the standard projector augmented-wave 
(PAW) approach.30, 31 The PBE PAW potentials from the VASP 
database for H, C, O, Mg, Ca, and Sr were used. These remove 
0, 2, 2, 4, 12, and 28 electrons from the DFT calculation for each 
element, respectively. AIMD simulations were performed in the 

NVT (constant number of particles, constant volume, and 
constant temperature) and NPT (constant pressure) ensembles 
with an integration time step of 0.5 fs and at the Γ point (1 × 1 × 
1 k-point mesh). The temperature was fixed by a Nosé-Hoover 
thermostat32, 33 with the fictitious mass set to 3.0 for NVT runs. 
In NPT calculations, a Langevin thermostat34, 35with damping 
coefficient of 10 ps−1 was used for all degrees of freedom. The 
convergence criterion for the electronic self-consistent 
calculation was 10−5 eV throughout. 
Amorphous structural model ensemble generation  
We extended our previous work13 at n=1 to different hydration 
levels using the same approximations. We briefly describe the 
strategy here for completeness. Our calculations were 
performed in (initially) cubic boxes with 24 (n=0, 0.5, 1) or 18 
(n=1.5, 2) each of CO32− carbonate groups and M2+ (M=Mg, Ca, 
Sr) metal cations and an appropriate number of water 
molecules. Initial amorphous configurations were generated by 
randomly placing the molecular groups on a cubic grid followed 
by relaxation and equilibration for 1 ns at room temperature 
with CMD using DL_POLY Classic.36 Simulation parameters for 
these calculations were the same as in our previous work.13  The 
potential parameters for water were those of the flexible SPC 
model37 and the parameters for magnesium, calcium, and 
strontium carbonate were those used by de Leeuw and 
Parker,38 Kerisit and Parker,39 and de Leeuw,40 respectively. DFT 
energy minimizations of the appropriate cation in the calcite 
(Mg and Ca) or aragonite (Sr) (MCO3), monohydrocalcite 
(MCO3·H2O),41 and ikaite (MCO3·6H2O) structures were 
performed, and quadratic regressions to the resulting densities 
as a function of water content were used to determine the 
initial size of the cubic box at each hydration level for each 
cation. With the volume held constant, these initial CMD 
structures were melted in AIMD at T=1500 K and, starting at 16 
ps, a configuration was drawn for the quench stage at 9 ps 
intervals for a total of six starting molten configurations. The 
dynamics of the melted systems (residence time correlation 
functions (Fig. S1), half-life values of the first coordination shell 
of the divalent cations (Table S2), mean square displacement 
functions (Fig. S2), and diffusion coefficients of Mg, Sr, Ca, C, 
and O (Table S3)) shows that, as was demonstrated for ACC with 
n = 1 in our previous work,13 the melting temperature and 
melting time were sufficient to ensure the six starting molten 
configurations were not correlated regardless of the divalent 
cation or the hydration level. The molten configurations, which 
were prepared using a lower 300-eV energy cutoff, were 
quenched to room temperature (300 K) at a rate of 300 K/ps to 
generate models of the hydrated, amorphous solids. These 
quenched configurations were then run in the NVT ensemble 
for 12 ps using a 600-eV energy cutoff to accumulate 960 
snapshots by sampling the structure every 12.5 fs. 
Subsequently, the final structures of the NVT simulations were 
used as starting points for 12-ps NPT simulations from which 
another set of 960 snapshots were collected. The relaxation of 
the cell parameters constitutes a theoretical estimate of the 
system density. A simulation time of 12 ps was sufficient to 
approximate a normal distribution of the system volume and 
thus compute a mean density. The standard deviation of the 
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density distribution for an example case (ACC with n =1) was 
0.02 g/cm3 (Fig. S3). Thus, each composition was represented 
by an ensemble over both configurational and thermal 
fluctuations. Below we present results obtained by averaging 
the six NPT AIMD simulations performed for each cation, except 
where noted otherwise. 
PDF simulation 
To simulate PDF measurements, we used the DISCUS package42 
to calculate the X-ray scattering intensity followed by Fourier 
transformation (FT) to real-space to produce G(r). The 
transformation from Q to r space is affected by several 
numerical parameters that reflect the finite resolution and 
geometry of the experimental setup and are described in detail 
in the DISCUS documentation. Importantly, the finite upper 
limit of the FT integral introduces visible truncation ripples43, 44 
in the resulting G(r) that can interfere constructively or 
destructively with the PDF, affecting the physical interpretation. 
To produce a consistent set of comparable calculations and 
compare with a range of experiments, we set Qdamp=0.01 Å−1, 
Qbroad=0 and Qmax=19 Å−1. The first two of these values reflect 
the finite resolution of the detector. Since we average over 
many frames of AIMD trajectory, the results we obtain do not 
depend on the values of Qdamp or Qbroad since the peak width is 
dominated by thermal broadening. As commented above, the 

simulated PDF does change with Qmax if the scattered 
(diffracted) intensity remains finite at Q=Qmax; the value we 
used was chosen as a typical reported value. We did not include 
any corrections for particle shape or size. 
PDF experiments 
To determine the PDF of crystalline standard materials, we 
performed total X-ray scattering at beam line 11-ID-B of the 
Advanced Photon Source (APS) at Argonne National Laboratory 
(Lemont, IL).45 Sample powders were measured in 0.8 mm inner 
diameter (ID) Kapton capillaries. An amorphous silicon-based 
area detector (2048 × 2048 pixel Perkin-Elmer)46 was positioned 
approximately 16 cm from the samples to collect the 2D total X-
ray scattering data. The energy of the X-ray beam was a 
constant 58.66 keV (λ = 0.2114 Å) and a cerium dioxide calibrant 
(CeO2, NIST diffraction intensity standard set 674a) diluted with 
glassy carbon (ratio 1:25 CeO2 to carbon) was used to calibrate 
sample-to-detector distance and the detector tilt and rotation. 
For the samples and the empty capillary background, 60 frames 
of 1 second exposures were summed together and integrated 
from 2D to 1D using GSAS-II.47 Background subtraction, sample 
normalization, and computation of S(q), F(q), and G(r) were 
completed using PDFgetX2.48 
RESULTS AND DISCUSSION 
Methods benchmark: crystalline calcium carbonates 

Figure 1: Theoretical (red) and experimental (other colors) X-ray PDF data of calcite, monohydrocalcite, and aragonite. The experimental data were measured by Wang et al.49, 
(calcite), Michel et al.14 (monohydrocalcite), and as part of this work (aragonite and calcite). The dotted lines labeled 1 and 2 (at r=3.40 and 2.77 Å, respectively) are reproduced 
in Fig. 3b below and bound the crystallographic Ca-C distances associated with mono- (1) and bi-dentate (2) Ca–CO3 conformations.
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To understand the role that structural water plays, and to 
benchmark the simulation methods employed in this work, we 
compared simulated and measured X-ray PDFs of 
monohydrocalcite (MHC: CaCO3·H2O) (Fig. 1) with the 
anhydrous calcium carbonate polymorphs calcite (the same 
simulation we reported in Prange et al.28 as the bottom trace of 
Fig. 1) and aragonite. The experimental data came from our own 
measurements (aragonite and calcite) or from Wang et al.49 
(calcite) and Michel et al.14 (MHC). The overall agreement is 
excellent, exhibiting a clear one-to-one correspondence 
between features and semiquantitative agreement in the 
absolute value of the PDF. This agreement imparts confidence 
that the computational (this work) and experimental (this work 
and Refs. 14, 49) methods capture the PDF signal with sufficient 
fidelity to be usefully compared. This agreement also allows for 
confident assignment of the peaks. The peak labels in Fig. 1 have 
the following rough correspondences: A (intra-carbonate O–C), 
B (Ca–O and intra-carbonate O–O), C (Ca–C and inter-carbonate 
distances), and D-F (Ca–Ca and miscellaneous). We highlight the 
region 2.5 Å ≤ 𝑟𝑟 ≤ 4 Å, which contains Ca–C distances 
associated with CO32− groups with an O atom in the first 
coordination shell of Ca2+ as well as intermolecular O–O 
distances. In our earlier analysis of ACC PDF13 we found this 
region in r gave rise to the most significant disagreement 
between available atomistic models and the measured PDF. The 
materials in Fig. 1 display exclusively monodentate (calcite) and 
evenly mixed mono- and bidentate (MHC and aragonite) 
conformations of Ca2+ by CO32− groups. The unique Ca-C 
distance (3.21 Å ) in calcite corresponds to peak C, which is 
prominent in that system, and falls in the range 3.16-3.4 Å of 
Ca-C distances associated with monodentate configurations in 
these crystals. The bidentate configurations yield Ca-C distances 
from 2.77 Å (MHC) to 2.94 Å (aragonite). The maximum and 
minimum of this range are marked in dotted lines in Fig. 1. There 
is a clear shift of PDF intensity to shorter distances with 
increasing bidentate prevalence, although the analysis is 
complicated by the differing hydration levels. 
The slight mismatches in the position of the peaks near the label 
‘C’ and the intensity of the Ca–O first shell peak ‘B’ in the MHC 
PDF are intriguing. The peak positions in the PDF derived from 
the AIMD simulations agree with those in (static) simulations of 
the PDF from published structures determined by X-ray 
diffraction (XRD).41 This is not surprising since our AIMD 
simulations used the XRD structure as a starting point, and DFT 
relaxations starting from the XRD structure yield very similar 
structural parameters. Michel et al. reported small amounts of 
aragonite or calcite in the MHC sample, which could explain the 
low-r shoulder of ‘A’ present in the Michel data but not the 
intensity disagreement regarding peak ‘B’. This peak appears 
anomalously strong compared to the calcite, aragonite, and 
vaterite samples compared in Fig. 5 of Ref. 14. Another possible 
explanation is that the carbonate groups, which contribute O–
O distances at the low-r side of ‘A’ in MHC, might be distorted 
in a manner similar to those reported by Sen et al.50 on the basis 
of NMR.51 
Amorphous carbonates: PDF 

Amorphous models of Mg2+ (AMC), Ca2+ (ACC), and Sr2+ (ASC) 
carbonates were simulated at 5 hydration levels 0≤ 𝑛𝑛 ≤2. Two 
frames from the AIMD simulations of AMC are shown in Fig. 2 
as illustrations. One snapshot per divalent cation-hydration 
level combination is presented in Fig. S4 through Fig. S6. Fig. 3 
presents the PDF and the change induced in the PDF per unit 
increase in hydration level n for the three cations compared to 
published PDFs where available. Vertical dotted lines are 
included in Fig. 3 at the sum of the metal and O ionic radii,52 
which closely matches the observed M–O peak in the PDFs and 
serves as a length scale to aid interpretation of the features in 
the difference curves plotted below the PDFs. Also included in 
Fig. 3 are labels for the peaks A, B, D, and F from Fig. 1 to aid 
comparison between amorphous and ordered systems. 
Comparisons to the published data have been made by carefully 
tabulating published PDF curves from studies that varied the 
hydration level in AMC17, 53, 54 and ACC15 and taking differences 
of them. The ACC simulation was performed with Qmax=22 Å-1. 
Jensen et al.17 also measured ACC with multiple hydration levels 
just as for the AMC data shown in Fig. 3a (blue curves), but we 
have not included this data in Fig. 3 due to difficulties that we 
attribute to different normalizations of the data at different 
hydration levels, which complicates extraction of the difference 
signal (we attribute the oscillations in the difference signal in 
the AMC data of Yamamoto et al.53 similarly to normalization 
issues). Albéric et al.55 presented PDF data for ACC as it was 
dehydrated by heating in the range 1.4>n>0.4 that we did not 
include in Fig. 3 because we were not able to successfully 

Figure 2: View (produced by VESTA51) of a structure visited in an AIMD 
simulation of a model AMC with n=0 (top) and n=2 (bottom). The green 
oval in the bottom panel marks a water molecule that has disassociated. 
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extract the PDF curves from the publication figures. Their data 
(e.g. Figs. 1 and S4 of Ref. 55) appear to be in qualitative 
agreement with our results and those published by Schmidt et 
al.15 and Jensen et al.17 The studies of AMC by Jensen et al.17, 54 
and Yamamoto et al.53 are the only ones we are aware of that 
include PDF data at multiple hydration levels. We have cut off 
the experimental difference curves in Fig. 3a at low r for clarity, 
since the reported PDFs in this region are far below the 
simulated ones by an amount that varies between the hydration 
levels (c.f. the top curves in Fig. 3a near peak A ~1.3 Å). We are 
unaware of any hydration dependent data for ASC. This lack of 
hydration-dependent ASC data is likely due to the difficulty of 
stabilizing the amorphous structure against crystallization.56, 57 
Hence, for ASC, we include the Leukel et al. measurement57 at a 
single hydration level. We acknowledge there are significant 
uncertainties in these comparisons arising from differences in 
material synthesis, PDF data collection and reduction, data 
presentation in the publications, and our collection and 
manipulation of those data. Reliable determination of the 
hydration levels, in particular, is a difficult problem. Still, we 
believe the comparisons can be useful for understanding how 
hydration affects the structure of amorphous carbonates and 
how these changes are reflected in the PDF experiments. 
The agreement between the simulated PDF and experimental 
data is good at a qualitative level. Unsurprisingly, the level of 
agreement is not as high as for the crystalline materials 
considered above, but there is still a clear one-to-one 
correspondence between features in the simulated and 
measured PDF curves, and there are disagreements among the 
experimentally measured curves that are as large as those 
between simulated and measured curves. Since simulated and 
measured PDFs match well for crystalline materials and there is 
a lower level of reproducibility among experimental PDFs of 
amorphous systems, we conclude that the amorphous systems 
exhibit structural variation from sample to sample (i.e., the 
structure depends on synthesis procedures), consistent with 
observations from electron microscopy.58 We note that the kind 
of analysis attempted here would be enhanced by a greater 
availability of experimentally measured PDFs, and we 
encourage the publication of new data, even for systems for 
which there is existing PDF data, along with careful reporting of 
the synthesis procedures used to produce the samples. Of the 
cations considered here, Ca2+ is the most intensively studied, 
and, as shown in Fig. 3, we also obtain the best agreement for 
this case. We discuss the three materials separately now. 
AMC. The biggest change in the PDF of AMC upon increasing 
hydration level is the broadening of peak B, which causes the 
central region of the peak around the mean Mg-O first shell 
distance to lose intensity, mostly to the large r flank. As shown 
in Fig. 3, the general shape of the calculated changes upon 
hydration matches the experimental ones up to about 3 Å, but 
the prominent dip occurs at smaller r in the experiments than 
the simulations. The small ionic radius of Mg2+ causes the main 
Mg–O contributions (peak B) to appear before the 
intermolecular O–O distances (the Mg-O and O-O portions of 
peak B are potentially resolvable if 𝑸𝑸𝐦𝐦𝐦𝐦𝐦𝐦 ≥ 𝟐𝟐𝟐𝟐 Å−𝟏𝟏). Hence, 

features associated with O–H⋯O contribute to the low-r side 
of peak D instead of the high-r side of peak B as for the larger 
cations. This causes the high-r side of peak B peak to decrease 
with increasing hydration, in contrast to the larger cations. This 

Figure 3: Comparison of calculated and measured PDFs of amorphous carbonates. 

a: Simulated (blue) and measured (red, Yamamoto et al.53 and green, Jensen et 
al.17) PDF of hydrated AMC. The top curves are the PDF (n=1.9 for Yamamoto et al. 
and n=1.2 for Jensen et al.), and the bottom two sets of curves show the 
difference between the more hydrated and less hydrated systems, normalized by 
the change in hydration levels. The simulated PDF is plotted for n=0 (solid) and 
n=1.5 (dotted).  

b: Simulated (blue) and measured (red, Schmidt et al.15) PDF of ACC. The top 
curves are the PDF, and the bottom curves show the difference between the more 
hydrated and less hydrated systems, normalized by the change in hydration level 
and multiplied by 10 for clarity. The experimental data are those reported in Ref. 
15 for synthesis method 1a initial material (n=1.49) and heated to 150 °C (n=0.4). 
The simulated PDFs are shown for n=0 (solid) and n=2 (dotted), simulated at 
Qmax=22 Å-1 to match the experiment. Vertical dotted lines labelled 1 and 2 are the 
same as in Fig. 1 and mark features associated with bi- and monodentate CO3–Ca 
conformations in crystalline calcium carbonates, respectively. No scaling was 
performed on the data in this panel. 

c: Simulated (blue) and measured (red, Leukel et al. ,57 offset vertically for clarity) 
PDF of ASC. The top two sets of curves are the PDF, and the bottom curve shows 
the difference between the simulated PDF for n=2 and n=0, normalized by the 
change in hydration level. 

All simulated curves are from NPT simulations; vertical dotted lines are drawn at 
the sum of the Shannon ionic radii of O2− and M2+. Labels A, B, D, E mark features 
roughly corresponding to those in the crystalline calcium carbonate PDFs in Fig. 1. 
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is due to normalization effects (the intra-carbonate O–O 
distances that contribute to this region constitute a smaller 
fraction of the interatomic distances) and a subtle lengthening 
of the average intra-carbonate O–O distance as the carbonate 
O atoms accept hydrogen bonds from water molecules. The 
intermolecular arrangements of C and Mg are also modified 
upon hydration in ways that are discernable in the PDF, 
leading to peaks in the difference curve in Fig. 3a at ~2.6 
(between B and D) and ~3.7 Å (above D). The first is associated 
with a greater fractional prevalence of bidentate CO32− groups 
(c.f. Fig. 4) as n increases, while the second is associated with a 
lengthening of Mg–Mg distances from ~3.2 Å to ~3.7 Å. In the 
anhydrous case, a common motif is a chaining of three Mg2+ 
ions in a linear fashion with a carbonate group possessing a 
bidentate interaction with the center Mg2+ and monodentate 
interactions with the flanking cations (see Fig. S7). When water 
is present in the structure, the flanking cations recede from 
the central cation, and water interactions replace the 
monodentate interactions with the ‘original’ carbonate group. 
ACC. The trends in the simulated G(r) reproduce well those in 
the ACC data of Schmidt et al.15 The main effect is an 
enhancement of the high-r side of peak B by O–H⋯O motifs. In 
the Ow–Oc radial distribution functions from the AIMD runs 
(Fig. S8), the O–H⋯O feature appears as a shoulder below r~3 
Å. Peak D is shifted to higher r with increasing n, reflecting the 
larger Ca-Ca separation in the less dense material. The changes 
in the PDF arise from elongation of the distances involving C 
and O atoms that locally coordinate neighboring cations as 
well as the Ca-Ca distances themselves. This effect is reflected 
in the decrease in density of the AIMD models with hydration 
level, c.f. Table 1. We comment that agreement between the 
simulated and experimentally derived difference curves 
deteriorates as r is increased through the ‘valley’ region 
marked by the dotted lines labelled 1 and 2 between peaks B 
and D in Fig. 3b. As we noted in a previous paper,13 this range 
in r, which contains many O-O and Ca-C distances, shows 
similar disagreement among several repeated theoretical12, 13, 

59 and experimental14, 17, 49, 57 efforts. In this work, we see that 
this disagreement extends to the way the PDF changes with 
hydration level. 
In an elegant experiment, Albéric et al.55 studied the evolution 
of the PDF as ACC (initially 𝒏𝒏 ≈1.3) was dehydrated by heating 
in an in situ XRD apparatus. They noted a shift in the peak we 
have labelled B (corresponding to the ‘first derivative’ 
lineshape in the experimental and theoretical difference 
curves in Fig. 3b) but did not offer any interpretation, except 
to note that the peak corresponds to the Ca-O first shell 
distance. With recourse to our atomistic models, we can 
attribute the apparent shift of the main Ca–O peak (B) to 
changes in the hydrogen bonding motifs instead of an actual 
shift in the Ca–O first shell distance. A similar comment applies 
to the Ca coordination number, which Albéric et al. could not 

determine by integration of the PDF because the density was 
unknown. Hence atomistic models can significantly extend 
insight into local structure by enabling interpretation of 
measured PDFs. 
ASC. Among the cases considered here, the PDF of ASC 
undergoes the largest changes as the hydration level is raised 
from 0 to 2, making it the easiest to qualitatively analyze. The 
hydration of the ASC structure leads to two notable changes: 
peak B (~2.56 Å) is enhanced and shifted to slightly larger r and 
peak D at ~4 Å is shifted to higher r, similar to ACC. The 
changes in peak B are due to the addition of O–O distances 
involving hydrogen bonds donated by the water molecules 
(either to carbonate O atoms or to other water O atoms as we 
discussed above). The change in peak B is much more 
pronounced in ASC compared to ACC (see Fig. S8), which is 
consistent with the finding by Leukel et al. using 1H NMR and 
FTIR spectroscopy that hydrogen bonding is stronger in ASC 
than ACC.18 The shift in peak D is again present and more 
pronounced in ASC compared to ACC in our simulations for 
two reasons: 1) the metal-metal contribution to the PDF is 
enhanced by ~(36/18)2=4 due to the larger X-ray scattering 
cross-section of Sr2+ compared to Ca2+, and 2) the calculated 
density of ASC depends more strongly on hydration level than 
that of ACC. The O–O radial distribution functions in the 
intermolecular region evolve from a single asymmetric peak 
with maximum ~3.0 Å at n=0 to a double peak with distinct 
maxima at r=2.65 and 3.32 Å, corresponding to the presence of 
(O–H⋯O) and absence of a proton (and associated hydrogen 
bond) between the two O atoms, respectively. These shortest 
intermolecular O–O distances lead to the peak labeled ‘d’ in 
Fig. 3c (visible as a weak shoulder in the measurements of 
Leukel et al.57), but they do not produce any marked features 
in the difference curve (bottom curve of Fig. 3c) due to partial 
cancellation by changes to the Sr–O distances associated with 
the swelling of the material. As in AMC, we predict that the 
intra-carbonate O–O distances are resolvable as a separate 
peak if 𝑸𝑸𝐦𝐦𝐦𝐦𝐦𝐦 ≥ 𝟐𝟐𝟐𝟐 Å−𝟏𝟏, but on the other (low-r) side of peak 
A. 
Density of amorphous carbonates 
Since the volume available for a given set of atoms constrains 
the possible chemical interactions among the atoms, the 
density (or molar volume) of amorphous carbonate materials 
(Table 1) is an important parameter for their simulation, with 
significant uncertainties in both experimental and theoretical 
determinations of the density leading to associated uncertainty 
in the simulated scattering signals, including PDF. To evaluate 
the ability of the current theoretical methods to reproduce the 
room temperature densities, we tabulate (Table 2) the 
theoretical AIMD densities for calcite, MHC, and aragonite 
obtained by analyzing the AIMD simulations that produced the 
PDF curves in Fig. 1.
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Table 1: Calculated densities, ρ (g/cm3), and excess molar volumes, ∆V (cm3/mol), of amorphous carbonates MCO3·nH2O. The reported uncertainties are the standard deviations 
obtained using the six mean densities calculated for each M/n combination, and the excess molar volumes are calculated with respect to liquid water and the appropriate 
anhydrous amorphous MCO3·model. 

 

Table 2: Densities (g/cm3) of calcium carbonate crystals. 

 
Experimentally determined densities. Experimental 
determinations of the density of ACC fall in the range 2.4-1.6 
g/cm3 and are collected here for comparison. Jensen et al.17 
measured the density of their synthetic hydrous ACC to be 
2.282±0.002 and 2.428± 0.002 g/cm3 for n= 1.1 and 0.5, 
respectively, using Ar pycnometry. Cobourne et al.62 reported 
a much less dense ACC (2.19 g/cm3 for n=0.25 using He 
pycnometry). Shuseki et al.63 synthesized ACC with n=1 and 
reported a density of 2.1 g/cm3 (measured by pycnometry with 
unreported gas). Other estimates using small-angle X-ray 
scattering (SAXS)64 and amplitude contrast analysis of 
transmission electron micrographs65 have found very low 
values around 1.6 g/cm3. The density of samples can also be 
inferred indirectly from scattering experiments. Goodwin et 
al.11 found good agreement for reverse MC structures fit to 
extended X-ray absorption fine-structure spectroscopy (EXAFS) 
data for n=1 ACC at the density of MHC (2.42 g/cm3).41 Jensen 
et al.66 used EPSR inversion of PDF data to infer the density of 
hydrated AMC: they report 1.92 and 1.93 g/cm3 for n=1.1 and 
0.7, respectively. 
Theoretically determined densities. The densities of the systems 
simulated in the current work using AIMD (Table 1) generally 
agree with previous computational estimates using CMD: 
Saharay et al.67 calculated the density of ACC in the range 0≤
𝒏𝒏 ≤ 𝟏𝟏, finding decreasing densities in the range 2.71-2.59 
g/cm3 corresponding to 1%-7% more dense than the 

corresponding values from our AIMD simulations, while 
Bushuev et al.59 reported excess molar volumes for n=1.0 also 
using CMD and melt-quench algorithms in agreement with the 
current work. For comparison, we have included excess molar 
volumes calculated with respect to liquid water (molar volume 
18.07 cm3/mol68) and the n=0 simulation in Table 1. Malini et 
al.69 compared different methods of generating starting 
structures in their CMD study of n=1.0 ACC and found 2.54-
2.63 g/cm3.  
Regarding the value of the density, we observe that theoretical 
models yield larger values than experimental ones, with the 
two ranges overlapping at their extrema. The current work, 
using AIMD, falls in this overlapping region. Regarding the 
dependence of the density on hydration level, we find a nearly 
linear trend in which the density decreases by approximately 
0.33, 0.26, and 0.47 g/cm3 for each unit increase in the molar 
ratio H2O:MCO3 for M=Mg, Ca, Sr, respectively. The decrease 
in density from calcite to MHC is 0.29 g/cm3. From the 
experimental literature, we can infer the value of 0.25 g/cm3 

from Jensen et al.17 for ACC.  

M/n 0 0.5 1 1.5 2 

 ρ ρ ∆V ρ ∆V ρ ∆V ρ ∆V 

Mg 2.61±0.03 2.37±0.04 -1.28 2.19±0.02 -1.83 2.03±0.03 -1.84 1.88±0.03 -1.47 

Ca 2.62±0.03 2.46±0.03 -1.92 2.29±0.03 -2.37 2.20±0.03 -3.00 2.09±0.03 -3.08 

Sr 3.51±0.04 3.21±0.04 -1.56 2.99±0.05 -2.13 2.76±0.04 -2.02 2.56±0.03 -2.18 

Material NPT Experiment Percentage error 

Calcite 2.66±0.02 2.71360 −2.1% 

Aragonite 2.84±0.03 2.9261 −2.4% 

Monohydrocalcite 2.38±0.02 2.4241 −1.5% 
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Hence, the density of hydrated amorphous carbonates is a key 
piece of missing scientific information that could significantly 
constrain theoretical models. By predicting the density using 
NPT melt-quench algorithms, we are implicitly simulating the 
precipitation process and assuming that the density of the 
solid is well reflected by the local minimum of the potential 
energy surface belonging to the basin of attraction of the 
parent molten state. Whether or why this procedure works is 
an important question in the simulation of amorphous 
structures. 

Metal ion coordination. Two primary types of bonding 
contribute to the energetic stability of hydrated carbonates: 
ionic metal–O interactions and hydrogen bonding mediated by 
the H2O molecules. To probe the local cation environment, we 
computed coordination numbers (CNs) by integrating the 
metal–O RDFs (Fig. S9) up to the first minimum and classified 
the coordinating O atoms according to their speciation (H2O or 
CO32−). For the latter, we distinguished between and mono- 
and bidentate conformations. The averages of these 
populations are displayed in Fig. 4, while the distribution of 
instantaneous coordination numbers for each hydration level 
simulated is displayed in Fig. 5. A notable conclusion from this 
analysis is that CN does not vary strongly with n, and water 
mostly replaces carbonate O atoms instead of increasing the 
CN. In fact, there is a slight but consistent negative correlation 

Figure 4: Average coordination numbers (CNs) of the cations in the models (top) and 
fractions of the coordinating O atoms that belong to water molecules or mono- or 
bidentate carbonate groups. 

Figure 5: Coordination numbers of Mg (top), Ca (middle), and Sr (bottom) in the 
amorphous carbonate models at different levels of hydration. 
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between n and CN. The exchange of carbonate O for water O 
with hydration is different in AMC than ACC or ASC in that 
AMC shows a marked preference to exchange monodentate 
CO32− conformations, while ACC and ASC exchange mono- and 
bidentate conformers with comparable frequency. This may be 
related to the width of the distribution (Fig. 5) of CNs (i.e., the 
flexibility of the different M2+ species to adopt different CNs). 
The maximum CNmax of the distribution occurs at 6, 7, and 8 
for Mg2+, Ca2+, and Sr2+, respectively, independent of n. Sr2+ 
displays flexibility and is found frequently in CNmax±1. On the 
other hand, Ca2+ shows a marked preference for CNmax+1, and 
Mg2+ is only rarely found with CNmax+1, especially for n>0. This 
suggests that ligand exchange must occur primarily through 
CN=5 intermediates during AMC precipitation and may be 
related to its propensity to retain bidentate CO32− at large n. 
Water dissociation. A significant advantage of the AIMD 
methods employed here relative to previous nonreactive 
classical MD models of amorphous carbonates is that chemical 
reactions can occur in AIMD. We do in fact observe proton 
transfers that dissociate water molecules producing hydroxide 
and bicarbonate species (CO32− + H2O ⇌ HCO3− + OH−). This 
reaction occurs both in the T=1500 K melted and T=300 K 
quenched simulations, and has been observed in similar DFT 
work on AMC.70 Fig. 6 shows the average extent of this 
reaction in the T=300 K production runs for the three cations 
as a function of n. There is the most dissociated water in AMC, 
and there is (fractionally) less water dissociation in more 
hydrated systems. The resulting OH− groups facilitate further 
proton transfers with water. That AMC shows the most 
dissociated water can be attributed to the small radius and 
high ionic potential of Mg2+, but Ca2+ does not show any 
significant increase over Sr2+. 
A study published by Leukel et al.18 provides a good 
experimental comparison since the researchers synthesized all 
three amorphous carbonates studied here: AMC (n=0.8), ACC 
(n=0.4), and ASC (n=0.3), as well as amorphous Ba carbonate, 
and performed extensive characterization including FTIR and 
NMR, which can detect HCO3−. They found clear evidence for 

both OH− and HCO3− (with more of the former than the latter) 
in their AMC samples, but not in ACC or ASC using a variety of 
NMR techniques (magic angle spinning 1H, 1H-13C 
heteronuclear correlation, and 13C{1H} cross-polarization). 
They did not quantify the minor amounts of OH− and HCO3− in 
AMC. HCO3− has also been occasionally reported in ACC. Huang 
et al.71 also used heteronuclear correlation NMR to 
demonstrate the presence of HCO3− in synthetic ACC prepared 
at near-neutral pH (as opposed to the basic conditions typically 
employed). Other attempts at detecting bicarbonate ions in 
ACC have shown mixed results,8, 14, 72, 73 so the incorporation or 
formation of HCO3− in ACC or other amorphous carbonates 
may be synthesis dependent. The existence of HCO3− in 
synthetic AMC and the observation of water dissociation on 
the time scales of AIMD simulation suggest that water 
dissociation may play a role in amorphous carbonate 

Figure 6: Mole fraction of water molecules that are dissociated in the amorphous 
structures. 

Figure 7: Average O–O distance in O–H∙∙O, number of hydrogen bonds accepted by O 
type per MCO3·nH2O formula unit (middle), and the same quantity divided by the 
fraction of all oxygens that can accept hydrogen bonds of this type for OC (solid lines) 
and OW (dashed lines), all vs. n. If hydrogen bonding was uniformly distributed among 
possible acceptors, the corresponding plotted ratios would be 1 in the bottom panel; 
values greater than 1 indicate that the corresponding oxygen species receives more 
hydrogen bonds than if the bonds were distributed uniformly among O atoms that do 
not belong to the donating water molecule. The black line in the bottom panel marks 
the fraction of O atoms that are OW vs. hydration level n. 
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chemistry. In this vein, we mention the quasielastic neutron 
scattering study of Jensen et. al.74 that found significant proton 
mobility in AMC, but not in ACC. Their synthesized AMC, 
however, contained a significant population of OH−, while their 
ACC did not contain detectable amounts of OH−, so that proton 
transfer occurred in the AMC samples but not ACC. Even 
though Jensen et al. interpreted their results in terms of 
molecular water diffusion, our results suggest that water 
dissociation and proton transfer may be the main contributors 
to proton mobility.  
We also point out that synthesis methods employing 
mechanochemical processes have been shown to produce 
HCO3−  bearing ACC.75 OH−, on the other hand, is known to 
exist in ACC74 and even more prominently in AMC,18, 66 
presumably either charge balanced by bicarbonate groups (as 
observed in our simulations) or a corresponding decrease in 
CO32− (i.e., some fraction of M(OH)2 phase). This formation of 
metal hydroxide cannot occur in our simulations due to the 
fixed stoichiometry of the models, and the relative prevalence 
of water dissociation in these models hints at the chemical 
stability of OH− in amorphous carbonate structures (especially 
AMC). We plan future AIMD studies with metal/carbonate 
ratios greater than unity to explore this area. 
Hydrogen bonding While it is now generally accepted that 
amorphous carbonates can be formed with a wide range of 
hydration levels, the nature of the hydrating water molecules 
is not well understood, particularly the role of hydrogen 
bonding in stabilizing amorphous structures. Several previous 
works have presented atomistic models of hydrated ACC11, 12, 

16, 17, 59, 62, 67, 76, 77 and AMC.66, 70 We are not aware of any 
similar reports for ASC. To quantify the extent and strength of 
hydrogen bonding we plot the O-O distances in O–H∙∙O motifs 
(top panel of Fig. 7) and the number of hydrogen bonds 
accepted by different O species (middle and bottom panels of 
Fig. 7) in two ways: the total number of hydrogen bonds per 
formula unit and the same quantity normalized by the relative 
frequency of carbonate (OC) and water (OW) oxygen atoms in 
the model. For this analysis, we counted O–H∙∙O arrangements 
as hydrogen bonds according to the criteria proposed by 
Bylaska et al.:78 O–O distance less than 3.2 Å and bond angle 
greater than 140°. We see that hydrogen bonding is extensive 
in these amorphous carbonate models (between 0.6 and 0.7 
hydrogen bonds per H, similar to liquid water). This result is in 
agreement with Leukel et al.18 (for AMC, ACC, and ASC) and 
Jensen et al.17 (for ACC and AMC) and in disagreement with 
the CMD work of Saharay et al.67 (for ACC). Also in line with 
the findings of Leukel et al.18 is the relative strength of 
hydrogen bonding, which was inferred in that work from the 
location of the O–H stretch region in FTIR, yielding the 
ordering from strongest to weakest hydrogen bonds of 
ASC>AMC>ACC. We do not observe a strong trend in the O-O 
distances with cation type, but we do observe significantly 
longer O-O distances for hydrogen bonds to Oc compared to 
Ow.  

There is a slightly greater number of hydrogen bonding for 
heavier cations (i.e., Sr > Ca > Mg). The suppression of 
hydrogen bonding in Mg2+ could be attributed to decreased 
structural flexibility stemming from the comparatively rigid 
quasi-octahedral first coordination shell, which might allow 
less local distortion to accommodate additional hydrogen 
bonds than larger and softer cations.  
In our simulations, especially at low hydration levels, there is a 
marked preference for water molecules to form hydrogen 
bonds with CO32− compared to H2O, also in agreement with 
the findings of Jensen et al.17 At higher hydration levels, it is 
more difficult to find carbonate sites for hydrogen bonding, 
and water–water hydrogen bonding becomes more prevalent, 
although it is dominated by water–carbonate hydrogen 
bonding even when normalized for the relative abundance of 
OC (Fig. 7). The question of the partitioning of hydrogen bonds 
by acceptor (CO32− or H2O) is relevant because it is related to 
the existence or nonexistence of connected water clusters in 
amorphous carbonates. A series of studies using NMR14, 15 and 
CMD combined with reverse MC fitting of X-ray scattering 
data11 suggested that a significant amount of the incorporated 
water was mobile and not tightly bound to the ACC 
framework. Based on this evidence, the authors concluded 
that ACC consisted of nanoporous networks of mutually 
connected water molecules that allowed water mobility. The 
nanopores were not found in subsequent CMD12 and EPSR62 
models, suggesting that homogenous disordered structures 
could account for all data, although recent work using EPSR 
and CMD has shown evidence for some degree of 
nanoporosity.76, 77 To our knowledge, whether ACC (or other 
amorphous carbonates) feature connected channels is still an 
open question. But, like many other works,55, 79 we find that 
open channels do not need to be invoked to reproduce PDF 
data. Conversely, the limited size of our AIMD models preclude 
them as a basis for ruling out the existence of such channels. 
Still the preponderance of evidence now seems to be in favor 
of homogeneous material lacking significant nanoscale 
structure. 
Finally, we comment on an interesting cation effect that we 
observe in the partitioning of hydrogen bond acceptors in our 
simulations. As mentioned above, for n≤1, the water 
preferentially hydrogen bonds with CO32− groups, and ASC 
exhibits the most hydrogen bonds of the materials studied 
here followed in order by Ca and Mg. The situation is different, 
however, if the analysis is restricted to the water–water 
hydrogen bonds. Here, Sr falls between Ca and Mg, reflecting 
relatively less propensity for water molecules to interact via 
hydrogen bonds in ASC. 

Conclusions 
We presented theoretical calculations of the hydration level 
dependence of the X-ray PDF signal in a series of amorphous 
carbonate minerals by taking ensemble averages over both 
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configurational and vibrational disorder. The structural 
ensembles were generated using a DFT-based AIMD melt-
quench approach that has previously produced good 
agreement with neutron PDF, X-ray PDF, and EXAFS 
experiments of amorphous carbonates. We compared the 
current results with available experimental data, finding 
reasonable agreement. We analyzed the resulting structures in 
terms of metal coordination environment, proton transfer 
reactions, and hydrogen bonding, comparing to previous 
publications where feasible. This work adds to the substantial 
existing knowledge of water in ACC and extends this knowledge 
to the much less studied AMC and ASC systems. We conclude 
that the structure of AMC is significantly different from that of 
ACC and ASC in terms of metal coordination and extent of water 
dissociation. Additionally, the present work shows that metal 
coordination is mostly independent of hydration level, that 
extensive hydrogen bonding networks form as water is added 
to amorphous carbonate structures, and that this bonding is 
preferentially between the water molecules and carbonate 
groups. This work also demonstrates that the AIMD-derived 
structural models accurately predict the small changes in the X-
ray PDFs of amorphous carbonates measured upon 
(de)hydration, which allows for extracting more information 
from measured PDFs than previously possible. This finding has 
implications for understanding and predicting carbonate 
transformation pathways because small differences in 
stoichiometry and structure of metastable intermediates may 
have a significant impact on the nature of the crystalline 
products. Finally, our models indicate that OH− incorporation 
and water dissociation reactions can occur for all the materials 
studied and suggest that proton mobility is likely predominantly 
due to water dissociation and proton transfer reactions. 
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