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1. Supporting Figures and Tables 

Supporting Table S1. Solution chemistry of syntheses and resulting sample compositions 

Ca1-xMgxCO3·nH2O  Ca1-xMxCO3·nH2O (M = Sr2+ or Ba2+) 

x Ca2+ [M] Mg2+ [M] CO3 [M]  x Ca2+ [M] M2+ [M] CO3 [M] 

0 0.02 0 
0.02 

(+ 2M NaOH) 
 - - - - 

0.08 0.045 0.015 0.06  0.3 0.045 0.015 0.06 

0.35 0.03 0.03 0.06  0.5 0.03 0.03 0.06 

0.7 0.015 0.045 0.06  - - - - 

1 0 0.1 0.1  - - - - 

x values report the measured values of the synthesized samples. Sr2+ and Ba2+ series were synthesized for comparison 

purpose, therefore were prepared with only two conditions. 

 

Supporting Table S2. Coherent and incoherent cross-section values for selected elements and isotopes 

Element Thermal neutrons 

 
σcoh (barn) σinc (barn) 

1H 1.76 80.3 

2H 5.59 2.05 

natC 5.55 0.001 

natCa 2.78 0.05 

natO 4.23 0.0008 

σ = 4π|b|2 where b is the scattering length1
. 
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Supporting Figure S1. ATR-FTIR spectra collected for the verification of the synthetized solid samples. Spectra are 

normalized to the maximum intensity of the carbonate species (≈1400 cm-1). Top: Mg2+-doped series, with calcite 

spectra as reference, for (a) x = 0, pure ACC, (b) x = 0.08, (c) x = 0.35, (d) x = 0.7, and (e) x = 1. Bottom: (f) x = 0.25 

and (g) x = 0.49 for Sr2+-doped series and (h) x = 0.29 and (i) x = 0.52 for Ba2+-dopes series. Notice the following 

characteristics absent in calcite reference spectra: the presence of adsorbed water (broad band between 3600 and 

2800 cm-1), structural water (small peak at ~1620 cm-1), doublet band corresponding to CO3
2- asymmetric stretch 

around 1400 cm-1, characteristic to amorphous carbonates, as well as the position of the peak corresponding to CO3
2- 

bending (≈ 860 cm-1), shifted from that of calcite (≈ 871 cm-1).  
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Supporting Figure S2. Representative 2D speckle patterns and schematic illustration of XPCS data analysis. The 

intensity autocorrelation functions (see main text) were computed from an ensemble of these time-resolved images at 

a given q with a certain width. 
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Supporting Figure S3. Representative thermogravimetry and calorimetry curves for ACC (left) and AMC (right). 

The determination of mobile and rigid water regimes were determined based on the first two inflection points found 

on the second derivative curves of TGA (c), indicated by dotted guidelines. The DSC curve of ACC generally 

exhibits two endothermic peaks: a first broad peak at around 100°C, indicative of a dehydration of adsorbed water, 

and a second at around 750°C, indicative of decarbonation from calcite to CaO. The sharp exothermic peak, 

observed at around 320 °C, indicates crystallization of ACC into calcite. For Mg2+-doped ACCs, absence of sharp 

crystallization peaks and the presence of two endothermic peaks (one at ~100 °C for dehydration and the other at 

~400 °C for decarbonation) were the common features of DSC curves.   
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Supporting Figure S4. Comparison of experimental GDOS and DFT-calculated VDOS for water and 

monohydrocalcite. (a) Water at 300K and at 10K (hexagonal ice) and a benchmark study of different DFT 

functionals to reproduce the hexagonal ice VDOS. *No partial core corrections were applied for the generation of the 

oxygen pseudopotential. (b) Experimental GDOS and computational VDOS of monohydrocalcite. The structural 

water in monohydrocalcite shows well-defined librational spectra, showing three distinct peaks in the ~500 – 1000 

cm-1 region. These DFT calculations have allowed assigning these peaks to the rock, wagging and twisting water 

librational modes. 
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Supporting Figure S5. Ab initio VDOS of water in the first hydration shell of aqueous Ca2+ and Mg2+ and pure 

water (300K). A shift towards higher energies can be observed for the Mg2+ in comparison to the Ca2+ hydration 

water. The spectra indicate the same trend observed for Mg2+-doped ACC at 10 K (see main text), pointing to a 

stiffening of H-bonding.   
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Supporting Figure S6. Librational region of the GDOS for Sr2+- and Bas- doped ACC. Varying Sr2+/Ca2+ or 

Ba2+/Ca2+ ratio resulted in no change of intensity above 850 cm-1, indicating that there is no stiffening of H-bonding 

network when Sr2+ or Ba2+ is incorporated. Note that the n values reported here are from the corresponding samples 

immediately after the synthesis and not at the corresponding time of the actual IINS measurements, as is done for 

Mg2+-doped ACC, thus may be overestimated.   
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Supporting Figure S7. ATR-FTIR spectra tracked over the duration of 1.5 month for (a) x = 0, pure ACC, (b) x = 

0.08, (c) x = 0.35, (d) x = 0.7, and (e) x = 1. Notice the persistent presence of both adsorbed (broad band between 

3600 and 2800 cm-1) and structural (small peal at ~1620 cm-1) water for samples  x ≥ 0.08 after 1.5 month, while the 

pure ACC (x = 0) has transformed into calcite with its characteristic peak at 871 cm-1. Note also that occasionally, 

syntheses of pure ACC resulted in an immediate crystallization of calcite, while this, in our experimental conditions 

employed, was never observed when Mg2+ was present even at a very low content (results not shown). 
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Supporting Figure S8. Aging dynamics. (a) Time-evolution of intensity autocorrelation functions for Ca(1-

x)MgxCO3·nH2O, with x = 0.7 and 1 (AMC) at q = 0.021 Å-1 (d ~ 30.6 nm), obtained for every 1000 images, 

corresponding to an experimental time of 33 min. (b) Evolution of the static intensity profile, I(q), for the full q range 

measured (0.001 ≤ q ≤ 0.022).   



S12 
 

 

Supporting Figure S9. Verification of X-ray damage and X-ray induced aging. (a) Representative two-time 

correlation function calculated at q = 0.021 Å (d ≈ 30.6 nm) for sample x = 1 (AMC), showing continuous aging 

over the course of the measurement. (b) Intensity auto-correlation functions for Ca0.65Mg0.35CO3 1.70H2O, 

measured at three different spots with a minimum spacing of 100 µm between them (on the same sample), to test a 

possibility of X-ray induced reverse stimulation of the dynamics without any apparent damage. The intensity auto-

correlations at the three spots exhibited a slowing down accordingly to the order of irradiated spots (spot 1 → 2 → 3). 

This confirms that the aging is independent on the accumulated dose of radiation at a given sample position but it 

occurs in the whole sample. From these observations, beam-induced aging can be safely excluded as being 

responsible for the aging dynamics. 
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Supporting Figure S10. Reproduction of dehydration conditions. (a) Time-evolution of dehydration and water 

distribution between mobile and rigid regimes determined from TGA curves for Ca0.3Mg0.7CO3·nH2O (4.02 ≥ n ≥ 

1.84) in a reproduced condition as the corresponding sample underwent before and during XPCS measurement and 

(b) in a dry desiccator. The XPCS data for the corresponding sample was collected after ~12 hours from the synthesis. 

The x-axis shows the time spanned from the synthesis of the sample (stored in the desiccator) to the XPCS 

measurements (light grey region). (c, d, e) Time-evolution of dehydration and water distribution between the mobile 

and rigid regimes in a dry desiccator for Ca1-xMgxCO3·nH2O with (c) x = 0 (1.67 ≥ n ≥ 1.08), (d) x = 0.35 (3.70 ≥ n ≥ 

1.71), (e) x = 0.7 (6.80 ≥ n ≥ 1.94), determined by TGA. Arrows indicate the approximate time at which XPCS 

measurement was begun for the corresponding sample. Along the TGA measurement, the amorphous state of all the 

samples at all the times shown here was verified by ATF-FTIR. Note that most of the dehydration takes place during 

the first ~10 hours. Active vacuum resulted in only a slight dehydration (maximum change of 2% w/w). For samples 

x = 0, 0.35 and 1, only the water loss in a dry desiccator is reported since the loss of water under active vacuum can 

be negligible, although this small dehydration under active vacuum could responsible for the observed aging 

behavior (see main text).   
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Supporting Figure S11. Relaxation time τ as a function of scattering vector q, and its evolution with the 

experimental time (in different colors) for samples x = 0 (ACC), x = 0.35, x = 0.7 and x = 1 (AMC). The lines 

indicate the theoretical q-dependence for a purely Brownian diffusion (q-2) and for ballistic dynamics (q-1). See 

Supporting Information section 3. Classical nucleation theory for detailed information. 
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2. Computational Simulations Methods 

2.1. Density Functional Theory calculations of the vibrational density of states: ice and monohydrocalcite 

DFT calculations of the vibrational densities of state of ice and monohydrocalcite were performed using the SIESTA 

package.2 Norm-conserving Trouiller-Martins pseudopotentials are used in all calculations.3 2s and 2p electrons of C 

and O atoms are explicitly included in the valence; for all the Mg and Ca semicore electrons are considered, 

specifically, 2s, 2p and 3s for Mg, 3s, 3p and 4s for Ca. We use a variationally-optimized cite double-zeta polarized 

basis including d-orbitals for C, and O atoms.4,5 The integration over the irreducible Brillouin zone is carried using a 

3x3x5 Monkhorst-Pack grid. Real space integrals are performed on a mesh with a 300 Ry cutoff. For each 

calculation, we optimize the atomic positions until the forces are smaller than 20 meV/Å. The Hellmann–Feynman 

forces were calculated for all the atoms in the system, fully building the dynamical matrix using a finite difference 

approach. We computed the lattice dynamics for a primitive cell of hexagonal ice water, monohydrocalcite (72 

atoms) and a Mg-replaced unit cell where we only replace one Ca atom out of the six. We employed the vdW-DF2 

functional,6 the same functional in which we replace the PW86R parametrization for the exchange by PBE, and the 

PBE functional7 in order to benchmark the librational modes of ice water against experiments. The neutron scattering 

length weighted VDOS were calculated from the dynamical matrix using the aCLIMAX package.8 

 

2.2. Density Functional Theory calculations of the vibrational density of states: Mg
2+

 and Ca
2+

 in solution 

2.2.1. Classical molecular dynamics 

Classical dynamics simulations were performed using version 4.03.3 of the DL_POLY molecular dynamics 

package.9 The leapfrog algorithm with a time step of 5 fs was used to integrate the equations of motion. The 

isothermal-isobaric (constant NPT) ensemble was used to maintain a temperature of 300 K and a pressure of 1 bar. 

The weak-coupling algorithms of Barendsen and co-workers 10 were used with 0.1 ps and 1.0 ps as the thermostat 

and barostat relaxation times, respectively. The electrostatic forces were calculated by means of the Ewald 

summation method.11 A value of 0.54722 sÅ-1 was used for the Ewald convergence parameter with a 6.0 Å cutoff for 

the real-space part of the Ewald sum. A value of 14 was used for the maximum k-vector index in all three directions 

in the reciprocal space. Together these three parameters correspond to a relative error in the Coulombic energy of 10-

6. A 6.0 Å cutoff was also used for the van der Waals forces. The water molecules were represented using the 

extended simple point charge (SPC/E) potential.12 In the SPC/E model, the geometry of the water molecule is fixed 

such that the OH distance is 1.0 Å and the HOH angle is equal to 109.47°. The geometry of the water molecules was 

held fixed by the SHAKE algorithm.13 For the Ca2+–water interaction and Mg2+–water interactions we used the 

Buckingham potentials parameterized by de Leeuw.14,15 

2.2.2. Ab initio molecular dynamics 

Ab initio (Born-Oppenheimer) molecular dynamics (AIMD) simulations were conducted with the electronic 

structure code CP2K/Quickstep code, version 2.7.16 CP2K implements density functional theory (DFT) 

based on a hybrid Gaussian plane wave. We used both the PBE 7 and BLYP 17,18 generalized gradient 

approximation for the exchange and correlation terms together with the general dispersion correction termed 

DFT-D3.19 Goedecker-Teter-Hutter pseudopotentials 20 were used to describe the core–valence interactions. 

All atomic species were represented using a double-zeta valence polarized basis set. The plane wave kinetic 
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energy cut off was set to 1000 Ry. k-sampling was restricted to the Γ point of the Brillouin zone. 

Simulations were carried out with a wave function optimization tolerance of 10-6 au that allows for 1.0 fs 

time steps with reasonable energy conservation. Periodic boundary conditions were applied throughout. 

AIMD simulations were carried out in the NVT ensemble using a Nosé-Hoover chain thermostat to maintain 

the average temperature at T = 300K. 

2.2.3. Simulation protocol 

Starting from the last configuration of 200 ps of NPT simulation of 64 water molecules, one H2O molecule 

was replaced by one M2+ (M = Mg and Ca) ion. For each hydrated ion, we conducted classical MD 

simulations of 1000 ps in length, followed by 40 ps of AIMD simulations. For comparison, AIMD 

simulations of pure bulk water were also considered. 

2.2.3. Analysis 

Vibrational density of states. Vibrational properties of the water molecules were computed using the ab initio 

MD trajectories and relied on the calculation of the velocity-autocorrelation function (VACF) of oxygen and 

hydrogen atoms. VACF is defined as follows: 

 ������� = 1

�
��� � ������ ∙ ����� + ��

����

���

��

���
 (1)  

where �� is the velocity vector of O or H atoms in the water molecule �, 
� is the number of time origins spaced by t 

and  
�� is the number of O or H atoms. From the Fourier transform of the VACF of each atom, the vibrational 

density of states (VDOS) of each atom was then calculated. In order to investigate the local effect of the metal 

cations, the averages in eq. (1) were restricted to the water molecules belonging to the hydration shell of Ca2+ and 

Mg2+. The first hydration shell of calcium and magnesium were defined using the spherical cutoff of 3.0 Å and 3.2 Å, 

respectively, which correspond to the position of the first minimum of the radial distribution function between the 

metal cation and the oxygen atom of water. 

Characterization of the dynamics of the hydration shell of ions. The dynamics of the first hydration shell of 

magnesium and calcium ions in water were characterized using the ‘‘direct’’ method proposed by Hofer and co-

workers.21 This method was successfully applied for, among others, the characterization of the dynamics of the 

coordination shell of hydrated alkaline earth metal ions and their carbonate and bicarbonate complexes 22 and the 

quantification of the water exchange frequency at structurally distinct calcium sites on the calcite surface.23 The 

classical MD trajectories were analysed for water molecule movements and whenever a water molecule crossed the 

boundary of the metal ion coordination shell its path was followed; if the new position of the water molecule outside 

or inside this shell lasted for more than 0.5 ps the event was accounted as a real exchange event.21 The coordination 

shells of Mg2+ and Ca2+ was defined by a cutoff radius (Rcutoff), and the number of accounted water exchange events 

was computed as a function of an increasing cutoff radius (Rcutoff). 
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3. Classical nucleation theory: linking solid state dynamics and crystallization kinetics 

According to classical nucleation theory (CNT), for a solid-state nucleation process (crystallization), the change in 

the free energy (∆g) associated to the formation of a new bulk phase is proportional to the difference in the chemical 

potential (∆µ) between the initial states and the final states and to the interfacial energy of the newly created 

interface: 

 ∆! = 	
3
4 π&'
Ω	 �(� − *+� + 4π&,- (2)  

where Ω is the molar volume of the new phase, r is the size of the nucleus (suppose a sphere for simplicity), and α is 

the interfacial free energy corresponding to the interface created between the amorphous matrix and the crystalline 

nucleus. When the nucleation barrier is high enough compared to the thermal energy, KBT, the metastable state of the 

system contains thermal fluctuations that are well described by a Boltzmann distribution. Sometimes, one of these 

fluctuations will reach and overcome the critical size. CNT assumes that the system reaches a stead-state and stable 

nuclei then appear at a rate given by: 

 ./ = 	�e	1
∆2
345 = 6∗8�9e1

∆2
3:5 (3)  

where f* is the rate at which a critical cluster grows, Z is the Zeldovich factor and C0 is the concentration of particles 

(ions) in the system. The factor f* depends on the nucleus growth mechanisms. The Zeldovich factor is determined 

by the energy profile around the particle of the critical size (it is therefore proportional to dgn/dr). Critical clusters 

experience random size variations that cause some of them to re-dissolve and to fall out of the stable region.24 The 

Zeldovich factor accounts for the probability of success where only some of these clusters will continue to grow. It is 

a factor that effectively decreases the nucleation rate by f*C0exp(-∆gn/KBT). As shown by Clouet,25 under the 

assumption that the critical cluster growth is controlled by the long-range diffusionof solute atom, the nucleus growth 

rate f* can be expressed as: 

 6∗ = 	4* ;<
9

Ω=> (4)  

where x0 and ye are fractions of atoms diffusing in the metastable (initial) and stable (final) phases, respectively, and 

D is the diffusion coefficient of the particles feeding the crystalline nucleus (under the approximation that the 

diffusion of a single species is limiting the growth process). This expression links therefore the diffusivity of the 

species being added to the growing cluster to the nucleation rate. The diffusivity, D, in eq. (3) is the self-diffusivity 

of a single species within the solid. To this point, the diffusivity associated to the structural relaxation measured by 

coherent X-rays is the so-called ‘coherent diffusivity’ which, in addition to the self-diffusivity, includes the relative 

displacement of one species with respect to others (i.e. the ‘distinct’ term of the van Hove correlation function).26,27 

In the case of solid state nucleation within disordered materials, such as the case for the crystallization of amorphous 

carbonates, the coherent diffusivity is more representative of the physical mechanisms underlying the crystallization 

process. It is therefore reasonable to replace f* in eq. (2) by the following: 

 6?�@ = 	;?�@
Ω

= 	 1
ΩAB, =	

C
ΩB, (5)  

Eq. (2) then becomes: 

 .D = 	
C
ΩB, 8�9e

1 ∆2
3:5 (6)  
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This expression includes a q-dependence, implying that the rate will depend on the length-scale of the observation. 

This dependence is countered by the ‘hydrodynamic slowing down’, i.e. the fact that the relaxation time decreases 

inversely proportional to q
2.26 Note that the proportionality with q

2 is only true for a Brownian diffusive system. 

Other diffusion mechanisms are present in jammed or strained systems that show compressed exponentials in the 

relaxation functions, with different q-dependenceies (e.g., D ∝ q-1). Our results show that the nature of the relaxation 

dynamics in amorphous carbonates is not that of an ideal Brownian system, but it displays compressed exponents (β 

> 1) with 1.23 < β < 1.85 (see main text). The q-dependence also shows deviations from the ideal Brownian 

diffusivity. This is shown in Supporting Figure S11 where the time-evolution of q-dependence of the relaxation 

timesτ is shown for different samples. Under these circumstances, only an order of magnitude of the ‘coherent’ 

diffusion constant Dcoh is obtained assuming q-2 dependence from a regression of τ = 1/Dq
2. The estimation yields a 

value for Dcoh ~ 10-20 m2/s. This value is much higher than values reported for other amorphous and glassy systems 

such as covalent or metallic glasses, which exhibit relaxation times that are at least four orders of magnitude 

larger.28,29 XPCS experiments times performed at higher scattering vector q (atomic scale) were unsuccessful due to 

the very short relaxation times) inaccessible to detectors employed (too fast dynamics. Amorphous hydrous 

carbonates can therefore be considered as ‘soft systems’ as described also by the self-diffusivity of Ca2+ determined 

by computer simulations, which is close to that of molecular species in organic solvents.30 
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