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ABSTRACT: Amorphous calcium carbonate is found in the
early stages of biomineral formation. Its moldability and its
kinetic persistence against crystallization make it of potential
interest to the development of biomimetic materials. The
presence of water and of inorganic impurities such as Mg**
has been reported to increase its kinetic stability. Yet, the
precise mechanisms of stabilization as well as the link between
structural dynamics and crystallization kinetics are still
missing. Here, we report the vibrational and diffusive
dynamics of water and other atomic constituents in a series
of Mg**-doped solid amorphous calcium carbonates revealed
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using coherent X-ray and incoherent neutron scattering. This unique combination of techniques presents a novel view on the
nanoscopic dynamic behavior of these amorphous materials: the presence of Mg®* results in a higher frequency of structural
rearrangements within the material. However, this increased dynamic behavior does not translate into a higher crystallization
kinetics because of a concomitant stiffening of the water hydrogen bond network.

B INTRODUCTION

Amorphous calcium carbonate (ACC) is a metastable
precursor found during the formation of calcium carbonate
biominerals.' ~* Calcifying organisms take advantage of the
moldable character of ACC and of its exceptional kinetic
persistence against crystallization to form their shell and
skeleton structures which bear intricate shapes and advanced
functionalities.” Given the potential of this amorphous
precursor strategy in the field of biomimetics,® particular
attention has been devoted to obtaining a mechanistic
understanding of the polymorph selection and the kinetic
control during the crystallization process from ACC.”*
Previous studies on biogenic ACC have revealed that the
stability of the amorphous phase is strongly influenced by the
presence of water’ and impurities (ranging from co-ions to
organic molecules)’™"" and interfacial and confinement
effects.' >3 Among many factors, the role of water, known as
key to structural stability,'* and that of the Mg*" ion, a
common impurity,s’9 is the focus of our work.
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Some studies have described the crystallization as a
dissolution—reprecipitation process on the basis of isotopic
tracing experiments'~ or physico-chemical analyses of crystal-
lization products.'® This view is related to the widely accepted
understanding that the high dehydration energy of aqueous
Mg*" is a prominent kinetic barrier to calcite nucleation and
growth from solution.”™"? Other studies, however, have
reported that transformation of biogenic ACC to calcite during
the sea urchin spicule growth proceeds without an identifiable
crystallization front.”””*" This observation is consistent with
the view that the crystallization mainly proceeds through solid-
state transformations initiated by physisorbed water-mediated
partial dissolution.”>*’

A potentially important clue to the type of crystallization
mechanism is the observation that biogenic ACC exists in both
hydrous or anhydrous states, with the latter being the transient
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phase prior to crystallization.”~*** Previous studies identified
different “types” of water in hydrous ACC, typically named as
mobile water or rigid structural water, bearing different degrees
of restricted motion, of which the gradual loss contributes to
the crystallization.”>™>’ An interesting observation made by
Reeder et al. is that mobile water is in fact absent in close
vicinity of carbonate groups in biogenic ACC from lobster
gastroliths.”® From this, the authors suggest that the mobile
water component might facilitate the transport and structural
rearrangement of the carbonate framework, which indicates
that the topological distribution of different types of water may
be the key. Reflecting on this, Mg** may be able to regulate
this structural rearrangement process to a nonnegligible extent
by affecting the water exchange dynamics,””* owing to its
high barrier to dehydration as compared to Ca?*.”!

Thermodynamic factors provide a basis for the crystal-
lization pathway across a free-energy landscape for any given
system. The way the system actually explores this landscape,
however, is strongly influenced by kinetic factors such as the
rapidity and readiness of diffusion of ionic species and the
internal structural relaxation of clusters.” Despite their
relevance to crystallization processes, the experimental
elucidation of such dynamic factors during crystallization
remains scarcely explored. The foremost goal of the present
study, therefore, is to establish a direct link between the
dynamics of water molecules and other constituents of ACC
and the crystallization kinetics. We examine this link in
particular in relation to the role of Mg*". Given its distinct
dehydration energy, we hypothesize that Mg** enhances the
persistence of ACC via the formation of a strong hydrogen-
bonding network and, in doing so, creates a barrier to
structural rearrangements, thus delaying crystallization.

The dynamic properties of water present in amorphous
carbonates were investigated by directly probing the H-bond
dynamics using inelastic incoherent neutron scattering (IINS).
This technique, successfully applied to the studies of
hydrogenated materials and confined water,”>** is not limited
by selection rules as in infrared or Raman spectroscopy, and it
is highly sensitive to intermolecular interactions of water
molecules. To elucidate the structural relaxation dynamics of
disordered systems such as amorphous carbonates, a derivative
of dynamic light spectroscopy in the X-ray regime, X-ray
photon correlation spectroscopy (XPCS), was employed.
Thanks to the use of a partially coherent X-ray source and a
two-dimensional detector, this technique enables capturing the
spatial arrangements of individual scatterers providing a
quantitative measure of the rate of collective structural
relaxation and information about the nature of such dynamics.
XPCS has been successfully used to describe the dynamic
behavior of out-of-equilibrium systems such as metallic
glasses® or colloidal systems.” It is used here for the first
time to probe structural rearrangements within ACC and
Mg**-bearing amorphous carbonates.

B METHODS

Sample Preparation. A series of solid amorphous
carbonates with stoichiometry Ca(;_,,M,CO;-nH,0 M =
Mg, Sr and Ba) were synthetized as model systems to biogenic
ACC under controlled conditions. A highly basic environment
(pH ~ 11—13) was employed to facilitate the precipitation of
stable amorphous carbonates in large quantities, enabling
neutron scattering studies. Using the same protocol, a previous
study showed that the short range order of this basic ACC is

similar to that of biogenic ACC except for the minor presence
of hydroxyl groups.”® The high pH synthesis methodology has
also been used in the past to determine the formation
enthalpies of ACC and Mg**-doped ACC, up to amorphous
magnesium carbonate (AMCZ).37_39 A smooth transition in the
short range order from ACC to AMC has been demonstrated
by X-ray pair distribution function analyses.*®

The synthesis procedure involves the rapid mixing of
equimolar divalent cation and carbonate solutions (Table
S1) followed by immediate quenching with acetone and
vacuum filtration.*® The mixture typically yields a pH of ~11;
for pure ACC, this was adjusted to ~13 with NaOH to favor
the precipitation of an amorphous basic calcium carbonate,
yielding a long-term stability."” Prior to the synthesis, all
glassware were cleaned with 20% HCI to remove any possible
nucleation loci and rinsed thoroughly with ultrapure water.
Glassware, as well as all the solutions used in the synthesis,
were kept in a 4 °C refrigerator before use to prevent
crystallization upon mixing. Vacuum-filtered samples were
verified to be amorphous by attenuated total reflection-Fourier
transform infrared (FTIR) (Nicolet iS10; Supporting In-
formation Figure S1). These measurements were also used to
verify the absence of Ca and Mg hydroxide precipitates, which
are susceptible to precipitate at highly alkaline condi-
tions.”>**** Once filtered, solid samples were transferred
to a dry desiccator and kept until analysis. The chemical
compositions of the solid samples (x values) were obtained by
inductively coupled plasma-optical emission spectroscopy
(Varian 720ES), and the water contents (n values) were
determined by thermogravimetric analyses as described later.

Inelastic Incoherent Neutron Scattering. Hydrogen is a
strong spin-incoherent scatterer with a distinguishably large
incoherent scattering cross section (Table S2). Given the
abundance of 'H relative to *H (*H/'H—107"), the scattering
by hydrogen can be considered mostly incoherent. Therefore,
using an appropriate spectrometer, the so-called vibrational
density of states (VDOS) of the excitation spectrum can be
probed. This last provides precious information on the
dynamical properties of the H-bonding network with minimum
contributions from non-hydrogen-bearing components (Ca,
CO;, and Mg). In particular, the excitation energies between
300 and 1200 cm™' (~37—148 meV) are sensitive to
librational modes: intermolecular interactions of water
molecules that probe the hindered rotational motions
manifested by the H-bonding network and are difficult to
explore with other optical probes.*

IINS measurements were performed at Institute Laue-
Langevin (ILL) in Grenoble, France, using the INI-
LAGRANGE (LArge GRaphite ANalyser for Genuine
Excitations) secondary spectrometer setup installed at the
hot source of the high-flux reactor yielding an energy
resolution AE/E of ~2—3%." About 100—200 mg of solid
samples was loaded in hollow aluminum sample holders, and
the data were collected in the range of excitation energy
transfer between 21.5 and 195.3 meV at 10 K to decease the
Debye—Waller factor. Acquisitions lasted for an average of S h
per sample. The obtained intensity was normalized to the
monitor counts and corrected for the monitor efficiency using
the LAMP package provided by ILL. The background
spectrum from the cryostat and an empty sample holder was
measured separately and then subtracted from the raw IINS
spectrum of the sample. To help with the interpretation of the
IINS data, computational simulations were used to produce
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VDOS for hydrated Ca** and Mg’ as well as monohy-
drocalcite and compared to the experimentally obtained data
(see Supporting Information section S2: Computational
Simulations Methods).

X-ray Photon Correlation Spectroscopy. XPCS takes
advantage of a high flux coherent X-ray beam to register
“speckle patterns” scattered by a disordered system. Thanks to
the incoming coherent X-ray, the random diffraction pattern
collected on a 2D detector is nothing but the exact spatial
arrangement of the particles, or density domains in the probed
size range (see Supporting Information Figure S2 for
representative speckle patterns). Therefore, if the particle
positions were to fluctuate, so does the speckle pattern. Their
temporal fluctuations in intensity thus provide information on
the dynamics of structural rearrangements at the length scale
defined by the experimental g range (q being the modulus of
the momentum transfer, q = Iql = |k; — k). This is evaluated by
computing the intensity autocorrelation function

(I(t, Q)I(t + At, ‘D)

@(At, q) =
g (At q) 1, g (1)

where (--) denotes the ensemble average. This function simply
provides the correlation between intensities of a given g region
within the 2D detector separated by a lag time At.

Data were collected at the ID10 Troika beamline at the
European Synchrotron Radiation Facility (ESRF) in Grenoble,
France. Measurements were performed at ambient temperature
and under active vacuum (~5 mbar) with an incident energy
of 8.1 keV (4 = 1.53 A) in a horizontal scattering geometry
over a q range of 0.001—-0.022 A~". The coherent part of the
incoming X-ray beam (10 X 10 ym) was selected by a pinhole
placed right in front of the sample. The solid samples were
loaded into steel gaskets with a 100 ym-wide hole, which was
then mounted vertically in the vacuum chamber. 2D speckle
patterns were recorded using a MAXIPIX photon counting
area detector with 256 X 256 pixels (pixel size 5SS pm).
Acquisition times and the number of intensity attenuators were
carefully adjusted to avoid beam damage to the samples, which
was monitored by plotting two-time correlation functions
(representative data are shown in the Supporting Informa-
tion).** Accordingly, acquisition times of 0.04 s were chosen
for most of the samples, with a sleeping time of 1.96 s between
images, thus leading to a lag time At of 2 s between subsequent
speckle patterns. Only sample x = 0.35, used to verify X-ray-
induced damage and potential artifacts, was measured with a
higher dose: 0.04 s acquisition times and 0.46 s sleeping time
(At = 0.5 s). The profile of the scattered intensity, I(q), was
obtained from the same data by performing azimuthal averages
of the 2D speckle patterns at different g values. Intensity
autocorrelation functions, g(z), were generated using the
PyXPCS software provided by the ID10 beamline and fitted
at a given g with a Kohlrausch—Williams—Watts model

g2(t) = 1+ ¢ x exp(=2(t/7)) )

where ¢ is a setup-dependent contrast, 7 is the structural
“relaxation time”, that is, the characteristic period of time for
the system to attain a spatial arrangement different from that of
a given initial time point, and f is a “shape factor” referring to
the nature of the relaxation processes. An ideal Brownian
diffusive system will show an exponent of # = 1. Values of f <
1 are typically associated with dynamical heterogeneities in the

sample, whereas values # > 1 are associated with stressed or
“jammed” systems.*>*°

Thermogravimetric and Calorimetric Analyses. Sam-
ples were loaded in alumina crucibles and heated from 25 to
1100 °C at 15 °C/min under argon flow of 20 mL/min
(METTLER TOLEDO TGA/DSC3+). The water content (n
value) in each sample was quantified from the first weight loss
step in the thermogravimetric analysis (TGA) curves and was
further distributed into two types of water from the perspective
of thermal stability, namely, mobile and rigid. The assignment
was operatively achieved by a rigorous determination of the
first two inflection points found on the second derivatives of
the TGA curves (see Supporting Information Figure S3 for
detailed methodology).

B RESULTS AND DISCUSSION

Water Dynamics. The librational spectra shown in Figure
la stem from the contributions of rock, wag, and twist
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Figure 1. (a) Librational region of the generalized VDOS for water at
300 and 10 K (top) and Mg**-doped ACC at 10 K (bottom) for x = 0
(pure ACC), 0.08, 0.35, and 0.7. The intensity is normalized to the
unity within the 300—1200 cm™ range. Thick lines represent data
smoothed over 20 points for better visualization. The red arrow
indicates the frequency range where the stiffening of H-bonds is
displayed (see text). (b) Slope of the librational edge from 400 to 600
cm™" as a function of Mg’* content.

librational modes of water molecules in pure water and the
Mg**-doped ACC. Water in its liquid state shows a broad
distribution of modes (Figure la, top) because of the
disordered nature of the H-bonding network, while at 10 K,
the spectrum displays sharp features because of the formation
of crystalline ice and to the degeneration of the librational
modes (see Supporting Information Figure S4a for a full
comparison of water spectra).”’ Water in Mg**-doped ACC
(Figure la bottom), on the contrary, displays broad features at
10 K. This indicates a distribution of modes (broken
degeneracy), suggesting a heterogeneity of local hydrogen
environments or structural disorder in the H-bonding network.
Interestingly, this feature is proportional to the amount of
Mg?*, as is best shown in the decreasing slope of the librational
edge between 400 and 600 cm™" (Figure 1b).
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At higher frequencies (from ~600 to 1100 cm™, the so-
called librational region), the positions and the intensities of
the modes are sensitive to the local H-bond environment.*”**
Our density functional theory (DFT) calculations successfully
show that the structural water in monohydrocalcite exhibits
well-defined librational spectra with discrete modes compara-
ble to experimental data (Supporting Information Figure S4b).
Despite the lack of discrete modes in amorphous carbonates,
we observed a relative increase of the higher frequency modes
above 850 cm™ that is proportional to the Mg®*/Ca*" ratio
(red arrow in Figure 1a bottom), pointing to an increase in the
stifiness of the H-bonds. This observation was further
confirmed by DFT simulations of hydrated Ca** and Mg>*
ions (Supporting Information Figure SS), thus strongly
supporting the existence of stiffer H-bonding networks when
Mg’ is present. This stiffening can be associated to the high
dehydration energy of Mg*', reflected in the frequency of
exchange events in the hydration water, which is 3 orders of
magnitude lower than that of Ca?".”” Other types of divalent
ion inclusions, such as Sr*" or Ba®, are also known in biogenic
ACC.*”° However, these ions did not demonstrate any
stiffening effect (Supporting Information Figure S6), which
could be because of their larger ionic size and the subsequent
lability of water from their first hydration shell. These results
therefore highlight the fact that Mg>" acts as a stronger center
of charge, contributing to the formation of localized and stiff
H-bonding networks within amorphous carbonates. To further
understand the role of Mg2+ in association with the stiffening,
we determined the thermal stability of water present in the
amorphous samples by identifying, in a purely operational way,
two types of water, namely, mobile and rigid (see Supporting
Information Figure S3 for the detailed methodology). The
former represents adsorbed or surface-bound water, whereas
the latter can be regarded as structural water.”” Figure 2 shows
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Figure 2. Water contents in Mg**-doped ACC for x = 0 (pure ACC),
0.08, 0.35, and 0.7 and the distribution into mobile and rigid
structural components, determined by TGA analysis.

that, besides the anticipated increase of the total water content
with the increasing Mgz*/ Ca?" ratio, the fraction of rigid,
structural water increases more significantly than mobile water
as the Mg®*/Ca®" ratio increases. The nonnegligible presence
of structural water can be related to the local stiffening of H-
bonding induced by Mg*". This in turn may indeed have
contributed to the kinetic persistence of Mg**-doped ACC
(Supporting Information Figure $7) which is also in agreement
with previous studies both in air and in solution.”®>">*

The H-bond network comprises three different types of
interactions: (1) H,0-H,O, (2) H,0—Ca**/Mg*, and (3)
H,0—CO5>". A plausible hypothesis to explain the enhanced

structural disorder in the H-bonding network and the
increased kinetic persistence of Mg**-bearing amorphous
carbonates as compared to pure ACC is a stiffening of H-
bond network in the close vicinity to Mg** (H-bond type 2).
Whether this stiffening extends to the whole water network
needs further discussion. A study by Sen et al,,>® which is in
agreement with another previous study by Saharay et al,>
demonstrated that there is a strong H-bond interaction
between the water molecules and the carbonate units, with
the latter experiencing significant structural distortion that is
uniformly distributed within ACC, which in turn hinders
crystallization due to steric frustration. The authors added,
however, that this distortion is independent of the presence of
Mg, except that the increased amount of water molecules
could allow a closer packing, and thus a stronger interaction of
water molecules and carbonate units. Others studies, on the
other hand, suggested that the lower molar volume of Mg>" as
compared to Ca’* introduces structural distortions (strain) in
the host Ca—COj; structures that effectively inhibit crystal-
lization or formation of periodic ordering, independently of
cation-hydration effects.””*° Mg**-doped ACCs have been
described as forming a solid-solution kind of structure in the
region of low Mg content (x < 0.5), and an heterogeneous
mixture of Mg-rich and Ca-rich domains at high Mg content (x
> 0.5).”® The fact that Mg**-doped carbonates show an
enhanced kinetic persistence in the whole compositional range
(Supporting Information Figure S7), and that no partial
crystallization or segregation of CaCOj; is observed, leads to
the hypothesis that the Mg**-induced stiffening of the H-bond
network extends beyond the first Mg”* hydration shell and can
thus affect the H-bonding of type 1 and 3.

Dynamics of Structural relaxation. According to the
classical nucleation theory, the rate of nucleation, J,, takes the
form

—Ag/KgT
J, = A e 3)

with the pre-exponential term A being the kinetic factor and
the argument of the exponential function being the
thermodynamic factor where Ag, is the nucleation barrier
(for details see Supporting Information section S3: Classical
nucleation theory). The activated character of the nucleation
process implies that not all attempts are necessarily successful
in overcoming the energetic barrier, and that the system will
undergo a certain number of conformational or structural
rearrangements before a crystal is nucleated within the
amorphous matrix. The frequency of structural rearrangements
is actually one of the substantial factors dictating the kinetics of
nucleation. The relaxation dynamics probed by XPCS provides
a quantitative measurement on the frequency of these
structural rearrangements and is therefore a good probe for
the underlying dynamics. Our experimental setup covered
small scattering angles corresponding to distances of ~25 to
630 nm. The observed relaxation dynamics are therefore not
probed at the atomistic scale, yet they cover a range that
corresponds to density fluctuations within individual particles
of amorphous carbonates with a typical size range in the order
of tens to hundreds of nanometers.”®” To this point, we
would like to stress that preliminary XPCS measurements
made at the atomistic-scale (i.e., high q) revealed extremely fast
relaxation dynamics that were technically inaccessible with the
2D detector employed. This highly dynamic character of the
amorphous carbonates contrasts with the dynamic regimes
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present in other amorphous and glassy systems such as
covalent or metallic glasses, which exhibit relaxation times that
are at least 4 orders of magnitude larger.”*>’

Figure 3a shows a representative time-evolution of g(z)(At,q)
for the pure ACC (x = 0) averaged every 33 min over the
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Figure 3. Aging dynamics. (a) Representative time-evolution of the
intensity auto-correlation functions over the course of the measure-
ment for ACC at g = 0.021 A™ (d ~ 30.5 nm). (b) Relaxation time 7
as a function of the experimental time for ACC (x = 0) and Mg*'-
doped ACC. (c) Representative time-evolution of the intensity profile
for ACC, that is, static structure factor S(gq), for the full g range
measured (0.001 < g < 0.023 A™"). (d) Shape factor f§ as a function
of the experimental time. Note that sample x = 0.35 (open circles and
dotted lines) was measured under slightly different conditions (see
text).

duration of a measurement. A significant slowing down of the
relaxation dynamics—aging—was observed with time, and
similar trends were found in all the other samples (Supporting
Information Figure S8a). The aging nature is best demon-
strated by the evolution of 7 values (Figure 3b), and seemingly,
it could indicate the onset of crystallization. Strikingly,
however, the corresponding time-evolution of the intensity
profiles over the full q range (i.e. static structure, S(q)) displays
no apparent change over time (Figure 3c). This surprising
phenomenon was common in all the amorphous carbonates
examined in the present study (Supporting Information Figure
S8b). The local order of amorphous carbonates has been
studied by different authors both experimentally”®**~** and
computationally'***™" to elucidate the mechanisms of
polymorph selection and crystallization. However, it is clear
from our results that structural studies alone miss important
information, in particular the dynamic characteristics such as
those provided here which gives a more complete and rich
picture of the physics behind the crystallization process of the
amorphous systems. Additional test measurements were
performed to verify and exclude the possibility of damage
and artifacts induced by the X-ray beam (Supporting
Information Figure S9a,b, respectively). The aging in our
amorphous carbonates could instead be explained by the
partial dehydration due to the active vacuum during the course
of the measurements. Indeed, ex situ TGA measurements

performed on samples subject to the same vacuum conditions
showed a very small dehydration, in the order of 1-2 wt %
(Supporting Information Figure $10). Such minor dehydration
may nevertheless suffice to trigger subtle structural changes,
imperceptible in the static structure factor, S(g), as pointed out
by Giordano and Ruta.** The authors demonstrated that
structural change of metallic glasses as minor as 1% in the
lattice parameter was responsible for significant changes in the
relaxation dynamics (1 order of magnitude). It is also to note
that the interpretation proposed above is consistent with
simulation results obtained by Wallace et al.*® showing that the
self-diffusion of Ca®* within the amorphous structure decreases
monotonically as the samples are dehydrated.

The observed stronger H-bonding network induced by the
presence of Mg**, and the enhanced kinetic persistence of
Mg?*-bearing amorphous carbonates, seemed to provide a
strong suggestion that the Mg**-bearing samples should exhibit
slower relaxation dynamics than pure ACC. Remarkably, the
XPCS data demonstrate the opposite trend as shown in Figure
4a and as summarized in Table 1. These data clearly
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Figure 4. (a) Normalized intensity auto-correlation functions at q =
0.021 A™' (d ~ 30.5 nm) for Ca(,_yMg,CO;nH,O with x = 0, 0.7
and 1. Fitted data are shown in solid lines. (b) Frequency of structural
rearrangement (@ = 1/7) as a function of Mg** and water contents.

Table 1. Fitted Parameters (7, ) Obtained from the
Intensity Auto-Correlation Functions

x n 7 (s) B
Ca;_ Mg, CO;3-nH,0

0 1.08 470 + 39 1.54 + 0.17
0.7 1.96 350 + 6 1.76 + 0.05
1 1.99 166 + 4 1.97 + 0.09

demonstrate that the relaxation time 7 is smaller for Mg*'-
doped ACC. In other words, the number of structural
rearrangements per unit of time (1/7) is higher for Mg
doped amorphous carbonates, with a nonlinear proportionality
to the Mg*" and water contents (Figure 4b). In addition, the
rate of aging reflects the persistence of AMC and Mg**-bearing
amorphous carbonates in comparison to that of ACC (Figure
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3b): the time-evolution of the measured relaxation times (r)
shows that ACC displays the most dramatic changes, with a
five-fold increase. Mg**-bearing samples are thus less prone to
age, a fact related to their stability and/or kinetic persistence as
opposed to that of pure ACC. Note that the results for sample
x = 0.35 in Figure 3b,d, measured with a higher radiation dose
(the radiation dose can either accelerate or decelerate the
dynamics as shown by other authors®”) and a unique
measurement procedure for verification purposes (see
Supporting Information Figure S9), are shown for reference
only.

Besides the aging phenomena and the unexpectedly dynamic
character of the structural relaxation that is enhanced in the
presence of Mg, our data suggest that the nature of such
relaxation seem to be subject to internal stresses. The first
indicator is the compressed decay (shape factor f > 1) of the
autocorrelation functions, g(z) (Atg), in all of our amorphous
samples, which, in addition, increases proportionally to the
Mg** content (Table 1) and to the aging time (Figure 3d).
The second indicator is the dependence of the relaxation time
7 on g, which displays proportionality to q~' (Supporting
Information Figure S11). This has previously been shown to
be indicative of ballistic dynamics which can accompany f > 1
for systems bearing internal stresses,”’ in contrast to ideal
Brownian diffusive systems (refer to Supporting Information
section S3 for details). These results indicate that (i) the
partial dehydration under active vacuum is accompanied by an
increase in the stress within the hydrated amorphous solids;
and (i) that the presence of Mg®" in the structure is what
introduces internal stresses. As suggested by studies on metallic
glasses”"”’” and as also discussed earlier, the origin of the
observed stress could be due to the structural distortion known
in the CO;*~ unit coordinated to water molecules. The stiff H-
bonding network imposed by Mg** could possibly be an
additional factor leading to internal stress.

Given the isotropic character of the amorphous carbonates,
and the lack of recognizable higher order or hierarchical
structural arrangements, the dynamic behavior observed here
at the nanoscale can be extrapolated to the atomic scale.
Relaxation times can therefore be interpreted as the lifetimes of
a given structural configuration. A link can then be established
between the number of structural rearrangements per unit of
time (w) and the crystallization kinetics. Under these
considerations, let us closely examine the kinetic term A in
eq 3. The idea behind is that in a (metastable) amorphous
system, when the nucleation barrier is high enough compared
to the thermal energy, the metastable state of the system
contains thermal fluctuations that are well described by a
Boltzmann distribution. Sometimes, some of these fluctuations
will reach and overcome the critical size, leading to
crystallization. The kinetic term A may adopt various forms
depending on the nature of the nucleation event (see
Supporting Information section S3),”””* though qualitatively
speaking, it includes (1) the number of trials (formation of
critical clusters) to overcome the nucleation barrier per unit of
time (@), (2) the probability that these trials are successful or
not (Zeldovich factor, Z), and (3) the number of sites per unit
of volume where the clusters can be formed (C,).”* In
nucleation processes within disordered materials, such as the
case here, the “coherent diffusivity” measured by XPCS is an
adequate representative of the physical mechanisms underlying
the crystallization process, as it integrates both the self-
diffusion of molecular or ionic species within the solid and

their relative diffusivity (refer to Supporting Information
section S3). Here, it is to note that whether water acts as a
mediator (via partial or interfacial dissolution—reprecipitation)
or not (in a solid state reaction) is of no relevance because
both processes would lead to structural rearrangements that
are probed with XPCS. A direct proportionality can thus be
established between the nucleation rate, J,, and the XPCS-
determined number of structural re-arrangements per unit of
time (w)

J, x A e /T o 7z Cy M8/ IT (4)

This rationalization in eq 4 can be used to interpret our
experimental data in terms of the different physically
meaningful factors. Given the slower nucleation rate observed
in Mg**-bearing systems, their faster dynamics (higher @) have
to be compensated by the other factors, provided that the
Mg?**-bearing ACC are less prone to crystallize. The strong H-
bonding network induced by the presence of Mg*" is
hypothesized as the main reason behind this increased kinetic
persistence. The internal stress revealed by XPCS measure-
ments and the stiffening of H-bonds shown by IINS are
probably two manifestations of the same phenomenon: an
enhancement of the H-bond stiffness of the water network that
results in a decrease of the success rate of nucleation trials (Z),
and thus lowers the crystallization rate of Mg*'-bearing
amorphous carbonates.

B CONCLUSIONS

The unique combination of coherent X-ray and incoherent
neutron scattering techniques has provided a novel way to
describe the mechanism by which the inclusion of Mg**
increases the kinetic persistence of amorphous carbonates.
Neutron scattering experiments probing the dynamics of the
H-bonding network have shown a stiffening of the
intermolecular bonds. Unexpectedly, this stiffening is accom-
panied by an increase in the coherent diffusivity within the
Mg**-bearing amorphous carbonate samples (translated as
enhanced structural rearrangements) and to an internally
stressed structure. It is proposed that the addition of the highly
bonded Mg** hydration water to the amorphous systems
causes local stresses that impede crystallization, probably
owing to the molecular deformations induced by the strained
Mg** environment. Future experiments will be devoted to
ascertain the universality of this stabilization mechanism, using

other types of additives.
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