Open Access Article. Published on 08 2021. Downloaded on 09/11/25 08:35:41.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Faraday Discussions

Cite this: Faraday Discuss., 2022, 235, 36

#® ROYAL SOCIETY
P OF CHEMISTRY

Solvent-mediated isotope effects strongly
influence the early stages of calcium
carbonate formation: exploring D,O vs.
H,O in a combined computational and
experimental approachty

Michael King, 2 12 Jonathan T. Avaro,1®® Christine Peter,?
Karin Hauser (2 ? and Denis Gebauer (2 *¢

Received 26th October 2021, Accepted 7th December 2021
DOI: 10.1039/d1fd00078k

In experimental studies, heavy water (D,O) is employed, e.g., so as to shift the
spectroscopic solvent background, but any potential effects of this solvent exchange on
reaction pathways are often neglected. While the important role of light water (H,O)
during the early stages of calcium carbonate formation has been realized, studies into
the actual effects of aqueous solvent exchanges are scarce. Here, we present
a combined computational and experimental approach to start to fill this gap. We
extended a suitable force field for molecular dynamics (MD) simulations. Experimentally,
we utilised advanced titration assays and time-resolved attenuated total reflection
Fourier transform infrared (ATR-FTIR) spectroscopy. We find distinct effects in various
mixtures of the two aqueous solvents, and in pure H,O or D,O. Disagreements
between the computational results and experimental data regarding the stabilities of ion
associates might be due to the unexplored role of HDO, or an unprobed complex
phase behaviour of the solvent mixtures in the simulations. Altogether, however, our
data suggest that calcium carbonate formation might proceed “more classically” in D,O.
Also, there are indications for the formation of new structures in amorphous and
crystalline calcium carbonates. There is huge potential towards further improving the
understanding of mineralization mechanisms by studying solvent-mediated isotope
effects, also beyond calcium carbonate. Last, it must be appreciated that H,O and D,O
have significant, distinct effects on mineralization mechanisms, and that care has to be
taken when experimental data from D,O studies are used, e.g., for the development of
H,O-based computer models.
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Introduction

Deuteration of compounds is often employed to investigate reaction mechanisms
based on the so-called kinetic isotope effect," where doubling of the masses due to
the change from hydrogen (H) to deuterium (D) reduces the vibrational frequency
of the involved bonds.>* This effect also allows shifting the vibrational modes of
the aqueous solvent background in IR spectroscopic studies to explore, e.g.,
protein dynamics.*” In proton nuclear magnetic resonance spectroscopy, for
instance, replacing H,O by D,0O allows one to get rid of unwanted solvent reso-
nance.®* However, when changing the solvent from light to heavy water, also
thermodynamic effects have to be considered.’ Not only quantum nuclear effects
but also electronic effects come into play and affect a variety of properties.'® The
O-D bond is shorter than the O-H bond, ie., 0.985(5) A vs. 0.990(5) A,""*2
rendering the average number of hydrogen bonds within the bulk of D,O slightly
higher."® Also, the peaks in the radial distribution function are more pronounced
in the case of D,0.* Thus, D,O is more ordered than H,0.***” This, in turn,
causes different macroscopic and microscopic properties of these aqueous
solvents. For example, the compressibility and polarizability of D,O are higher
than those of H,0." Some further selected differences can be found in Table 1,
and more details in ref. 9, 19 and 20.

The different properties of D,O also have consequences for solutes in heavy
water. The neutral pH value of water increases from 7.0 to ~7.4 when changing
from H,O to D,0.>** Also, the pK, value of acids shifts by an increment in the
range of 0.5-0.7 in D,0O with respect to the value in H,O, e.g., for the second
deprotonation step of carbonic acid pKE — pKi = 0.60,* or 0.741.>' Even
deuteration of aliphatic C-atoms near a carboxyl group (i.e., of C-alpha or C-beta
atoms) affects the pK, value of the corresponding acids.>®

The higher solubility of hydrocarbons and noble gases in D,0>*”** can be
attributed to its higher compressibility (Table 1), reflecting the ability to form
nano-cavities more easily than light water. This also leads to a higher hydro-
phobicity of D,0O, even overcoming the opposing effect of stronger hydrogen
bonds than in light water.*® This effect, however, depends on solute size, shape
and charge and can switch from attractive to repulsive.” The differences between
light and heavy water can furthermore affect the stability of proteins, ie., the
melting temperatures of some proteins in heavy water increase relative to H,0.**

Table 1 Comparison of selected properties of light and heavy water

H,0 D,0
Melting point (101.325 kPa) [°C]** 0.00 3.82
Boiling point (101.325 kPa) [°C]"’ 100.00 101.42
Cpm [J K~ mol 1> 75.23 84.67
Cym [J K" mol ' 74.44 84.42
Density (25 °C)* [g cm*]*° 0.997048 1.1044
Temperature of maximum density [°C]*® 4.0 11.2
Compressibility [107'° pa~]*® 4.599 4.763
Diffusion coefficient [10~° cm® s ']** 2.272 2.109
Polarizability of vapor near 100 °C [cm® mol '] 58.5 61.7

“ The measurements for H,0 were done at 1 atm, for D,O at 1 bar.
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However, other proteins are less stable in D,O than in light water.?>** Also, the
phase behaviour of solutes is different in D,O. For instance, the critical micelle
concentration is typically lower in D,0 than in H,0.>**** Also, ion solubilities, as
well as solvation strengths differ,***° e.g., the heat of transfer for CaCl, between
the waters is AH(H,0 — D,0) = —5.0 k] mol™*.*

However, little is known about the effects of changing the aqueous solvent
from light water to D,O on mineralization. Lee et al.** explored thermodynamic
effects of deuterium on the aqueous synthesis of inorganic materials, revealing
new structural and magnetic properties of the obtained manganese and iron
materials in D,0. Lundager Madsen reported no significant effect of magnetic
fields on calcium carbonate precipitation when using D,O, in contrast to the
observed effect in light water.*” Raudino et al.** found that smaller crystals formed
in D,O compared to H,O solutions in the case of alkaline earth carbonates.
Furthermore, the conversion of calcite into aragonite in D,O seemed to be less
favourable at high temperatures. Recently, Morris et al.** studied the kinetics of
amorphous calcium carbonate (ACC) precipitation in H,O and D,O, reporting
very similar rates for the two aqueous solvents, suggesting that neither ion
dehydration nor deprotonation of bicarbonate ions represented significant
energetic barriers to the formation of ACC.

Considering the various effects of a solvent exchange from light to heavy water
described above begs the question: which influences on the early stages of
precipitation of calcium carbonate can be expected, in principle? In the following,
we contemplate these possibilities within the frameworks of different existing
nucleation theories.

Potential effects of D,O vs. H,O according to classical nucleation theory (CNT)

According to CNT, as schematically illustrated in Fig. 1 (top), the nucleation rate J
can be expressed as:*®

J = L-exp(—Ea/kT)-exp(—AgJ/kT) (1)

nucleus of
critical size

®
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® ® homogeneous (final)
® solution particle
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Fig.1 Comparison of the pathways from homogeneous solution to crystals according to
the notions of classical nucleation theory (CNT, top) and the pre-nucleation cluster (PNC)
pathway (bottom). For explanation see the text; adopted from ref. 45.
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where the pre-factor L can be derived from the shape and material-dependent
bulk properties of the nuclei. The first exponent represents the so-called
“kinetic barrier” characterized by the activation energy E, (Boltzmann constant
k, absolute temperature T), which is, however, probably negligible and difficult to
assess a priori (also see below). The second exponent gives rise to the so-called
“thermodynamic barrier” to nucleation characterized by the standard free
energy associated with the formation of the critical nucleus, Ag. = B- /o>, Here,
B is a constant that depends on the nucleus shape and density.*® According to
CNT, Ag. is proportional to the cube of the interfacial free energy of the nuclei, «,
which can be obtained from the macroscopically accessible interfacial tension
(capillary assumption). Also, Ag. is inversely proportional to the square of
supersaturation ¢ given by:

o = kT-In(IAP/K,,) )

where IAP is the actual ion activity product (in the supersaturated, metastable
solution) according to the composition of the nascent mineral phase, and K, is
its solubility constant.

The above considerations allow us to qualitatively analyze potential effects of the
solvent change on classical nucleation behaviour. A change to heavy water is rather
unlikely to affect the pre-factor, L, as this parameter is mainly associated with
mineral bulk properties and nucleus shape. Regarding the kinetic barrier, in the
case of calcium carbonate, computer simulations indeed suggested that no
significant activation energies, e.g., due to de-hydration of the ions, exist,"” a notion
that recent experiments seem to corroborate.** This then leaves the thermodynamic
barrier, and it is indeed conceivable that the change of the aqueous solvent alters
the surface free energy and/or the solubility constant, K. As the latter enters the
quantitative expressions in a logarithm (eqn (2)) that then enters the rate expression
in the denominator of an exponent (eqn (1)), any potential effects of the solvent
change on the interfacial free energy are expected to dominate, as this parameter is
cubed and then enters the exponent for calculating the nucleation rate J.

The surface tension of D,O0 is slightly less than that of H,0,* which is attributed
to the somehow larger molecular volume and, thus, a somewhat larger separation
of the dipoles in heavy water, reducing the mutual attraction between the dipoles
within the bulk of the solvent. In the absence of data on interfacial tensions
between calcium carbonate and heavy water, it can thus be speculated that the
solvent change to heavy water would also somewhat reduce the interfacial free
energies of the different polymorphs and forms, potentially by increments that are
similar in magnitude. Since the interfacial free energy is cubed for the calculation of
Ag. at a given supersaturation, and then enters the exponent for estimating the
nucleation rate, corresponding effects could become large even for small changes
in interfacial free energy, but would promote rather than inhibit “classical nucle-
ation” of calcium carbonate in D,O, with respect to the scenario in H,O.

Potential effects of D,O vs. H,O according to the pre-nucleation cluster (PNC)
pathway

The so-called PNC pathway (Fig. 1, bottom) provides an alternative perspective on
the mechanisms underlying the early stages of mineralization.*>*>*° Here, ther-
modynamically stable solute clusters (i.e., standard free energy of formation, AG®
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<0) form initially, independent of supersaturation. Their structural form is called
a ‘dynamically-ordered liquid-like oxyanion polymer’ (DOLLOP).* A change
towards higher coordination numbers than in the initially chain-like DOLLOPS in
larger PNCs was suggested to significantly reduce the PNC dynamics and thereby
lead to phase separation.*>** Indeed, the PNC size distribution depends on the
actual IAP in solution, and a recently introduced quantitative framework allows
predicting the specific IAPs, at which PNCs can and must transform into dense
liquid calcium carbonate (nano)droplets, that is, of the corresponding liquid-
liquid binodal and spinodal limits, respectively.’” Input parameters of the
experimentally verified model are, essentially, the ion association constant,
Keiuster; and the solubilities of the different polymorphs, Kgp, polym., accounting for
the experimentally observed phenomenon of amorphous polymorphism in
ACCs*** in the binodal limit, given by the corresponding IAPp;nodar:™

IAPbinodal = Apolym. 'Ksp,polym4 ‘In Kcluster (3)

The unit-less constant A was determined to be Ayaterite = ~0.4, Aaragonite = ~1.0
and Acaicite = ~1.3.°* The predicted spinodal limit, IAPgpinoqa1, ON the other hand,
is given by:*?

IAPspinodal = 1/(1<cluster)2 (4)

IAPginodal agrees with the commonly accepted value of the solubility of (disor-
dered) ACC®® that is typically precipitated from high levels of supersaturation.
Indeed, according to the PNC pathway, the as-formed liquid intermediates
dehydrate towards the formation of solid ACC, as observed in situ recently,>”*
thus transferring structural characteristics from the PNCs, over the liquid inter-
mediates, to the initial amorphous solids. The solid ACCs later transform into
crystals, at which stage different mechanisms may operate.>**

Water plays an important role in the non-classical nucleation of calcium
carbonate.>**>% For instance, the entropic contribution to the overall free energy
change due to the release of hydration waters from ion hydration shells during
ion association drives the formation of PNCs,®® and it is thus conceivable that the
change from H,0 to D,O might affect the ion association constant. For instance,
since D,0 is more ordered than H,O (¢f. above), the entropic gain upon releasing
hydration waters to a more ordered environment during ion association might be
somewhat reduced in heavy water, which would render PNCs in D,O less stable
than in H,O. Since the solubilities of the different polymorphs and forms might
be affected too, within the framework of the quantitative PNC model,> this would
then shift the binodal and spinodal limits, eqn (3) and (4). With it, the critical
point and the whole liquid-liquid coexistence region would be shifted, potentially
giving rise even to the formation of distinct, potentially new proto-structures in
ACC. In turn, new crystal polymorphs might become accessible. A changed locus
of the miscibility gap would in any case alter the kinetics of liquid-liquid dem-
ixing from specific levels of supersaturation, opening up reaction channels for
alternative pathways. For instance, in D,0O, calcium carbonate might behave more
‘classically’. In our opinion, virtually anything is possible.

However, very little is known about the effects of changing the solvent from
light to heavy water on calcium carbonate mineralization. Since strong effects are
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possible, which promise to shed new light on the nucleation mechanisms both
from a kinetic and thermodynamic perspective, we studied the early stages of
calcium carbonate formation in light and heavy water, and mixtures of light and
heavy water, computationally and experimentally.

Results and discussion
Computer simulations of PNCs in light vs. heavy water

The development of a flexible heavy water model and its properties are described
in the Experimental section on the computational methods (ESI, Experimental
section and Fig. S1, S2, Tables S1 and S2t). In brief, the parameterization by
scaling the charges of the flexible water model SPC/fw led to a good D,O model
(SPC/HW/fw) that correctly represents the structure of heavy water and that can be
combined with the CaCO; model of Raiteri et al.®*

The formation of PNCs in D,0 and H,0 was simulated utilizing a cubic
simulation box with a side length of 55 A, containing 10 Ca**- and 10 CO,> -ions.
The resulting concentration was 0.1 M with respect to Ca**-ions. 20 replicas with
randomized ion positions were simulated per solvent. During the course of these
simulations, clusters emerged and disappeared. These clusters were further
analysed to search for differences in structure and kinetics between light and
heavy water.

Cluster size distribution. The ions in solution were clustered with a cut-off
distance of 3.6 A, see the ESI for details.t The size distribution of the different
clusters was calculated by counting the number of ions inside a cluster yielding
distributions shown in Fig. 2. The change of solvent from H,O to D,O shifts the
cluster size distribution to smaller structures with fewer ions.

In addition, only half so many clusters containing more than two ions, were
found in D,O with respect to H,O. We thus visualized the internal structure of ion
aggregates by creating 2D histograms of angle-distance combinations within the
clusters. Here, we looked at all ion pairs within a cut-off distance of 4.0 A. Then we

. H,0
80
107 mm D,0
—_— 4 -1
5 60 10
[
g
- -3 ]
fjuo ° H“”I
5 | ! AEE
o 5 10 15
20
0- v " , . , ,

2 4 6 8 10 12 14 16 18
Cluster Size

Fig. 2 Distribution of the number of ions per found cluster in light and heavy water. The
distributions are normalized based on the total number of clusters found in the respective
solvent. Two times more clusters (consisting of N(ions) > 2) were found in H,O compared
to D,0O.
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measured the distance and angle of a third ion within 8.0 A and binned the values
in histograms. The resulting histograms (Fig. S3 and S471) show that the overall
features stay the same. However, the features, especially at large angles, are less
pronounced in D,O. This agrees with the observation of shorter and more
compact clusters in D,O and indicates that the structure of the clusters differs
between the two aqueous solvents.

Lifetime of the clusters. The lifetime of different clusters was calculated to
evaluate the kinetic stability of these species. The time while the cluster consists
of three or more ions is thereby considered the lifetime of a cluster. The solvent
change to D,O leads to a reduction of the lifetime of pre-nucleation clusters
(Fig. 3) along with a reduction of their total number (Fig. 2). Hence, D,O reduces
both their kinetic and thermodynamic stabilities with respect to the scenario in
light water.

Discussion. The computational results show that a change from H,O to D,O
leads to smaller, more compact PNCs which also occur less often and with shorter
lifetimes than in light water. The potential cause of these changes remains
unclear and has to be evaluated further. To this end, we first calculated the
potential of mean force (PMF) between calcium and carbonate ions in the
different aqueous solvents (Fig. 4). Again, it is obvious that ion association is
weaker in D,0 than in H,O, while the general features of the PMF stay the same.
The resulting differences may partially be explained by the higher dipole moment
of D,0, leading to a higher dielectric constant, and, with it, to a lower resulting
electrostatic force between ions due to screening. In order to study this effect
further, the ion association constant was calculated using the PMF, following the
approach used by Raiteri et al.®* The ratio of the association constants in the
distinct aqueous solvents should be rather robust to errors that might occur when
analysing the PMF. Indeed, the association constant is 6 times higher in H,O than
in D,O (Fig. S51), explaining why fewer and smaller clusters are observed in heavy
water than in light water.

The difference in mass between the two aqueous solvents is often considered
to be the only difference, while changes of internal structure and polarizability are

104 4 — H;0
D,0
103 -
€
3 10%4
o
101 £
100 o
10° 106 107
Time [fs]

Fig. 3 Histogram of the lifetime of CaCOs clusters containing more than 3 ions for
simulations in H,O and D,O as indicated.
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Fig. 4 Potential of mean force for the distance between calcium and carbonate ions in
H,O and D,O as indicated.

often neglected. So as to investigate the over-simplified assumption further, an
H,0 model with masses of D,O was simulated. The corresponding 2D histogram
of the radius of gyration vs. cluster size (Fig. S61) reveals no structural changes
between the clusters in H,O and in H,O with increased masses, that is, in
“pseudo-D,0O”. Also, the distribution of cluster sizes persists after the mass
change (Fig. S7t). Only the lifetime of these clusters in “pseudo-D,0” decreases
(Fig. S8t). Thus, these simulations of “pseudo-D,O” reveal that the above-
described change in behaviour arises from the change of the charge distribu-
tion within the solvent rather than from the mass difference of the two aqueous
solvents.

Titration assays of calcium carbonate formation

So as to elucidate the effects of a solvent change from light to heavy water
experimentally, we performed titration experiments in different mixtures of the
two aqueous solvents, as well as in pure H,O and 99% D,O. In brief, dilute
calcium solution was added into dilute carbonate buffers, while the pH was
maintained at a constant value by automatic counter-titration with dilute sodium
hydroxide solution. The specific H,O/D,O ratio (v/v) in these solutions was the
same, and adjusted to 100/0, 87.5/12.5, 75/25, 62.5/37.5, 50/50, 25/75 and 0/99 in
separate repetitions. The pH of the respective mixtures was thereby adjusted to
a value that corresponds to the same carbonate/bicarbonate ratio in the buffer in
pure H,O at pH 9.00 (for details see ESI,¥ Experimental section). This is the
equivalent pH of these aqueous mixtures enabling direct comparison of the
titration profiles.

Initially, the calcium carbonate ion activity product (IAP) increases linearly
until it drops to a plateau during the course of the titration (Fig. 5). Due to the very
slow titration, the linear parts of the curves represent equilibrated (meta)stable
states.® The slope of the pre-nucleation part (i.e., before the steep drop of the IAP)
thus correlates with the equilibrium constant for ion association yielding PNCs,
whereas a flatter slope points towards a larger equilibrium constant, i.e., more
stable ion associates. On the other hand, the post-nucleation plateau value (i.e.,
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after the steep drop of the IAP) represents the solubility of the initially precipi-
tated phase. Note that the most soluble phase determines these solubility
measurements, that is, ripening towards more stable (less soluble) forms is only
visible in the titration profiles once the more soluble one has completely
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Fig. 5 Titration profiles for different H,O and D,O mixtures at an equivalent pH of 9.00 in
pure water as indicated for (A) low heavy water contents; (B) high heavy water contents; (C)
pure light vs. 99% heavy water. The data for pure light water is identical in panels (A), (B),
and (C) so as to facilitate comparison. Individual repetitions are shown in the same
respective colours, so as to illustrate reproducibility.
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dissolved. In pure water, the IAP of ~3.5 x 10~ ® corresponds to the solubility of
proto-calcite amorphous calcium carbonate (pc-ACC).>*%* At the same time, this
IAP corresponds to the liquid-liquid binodal limit, IAPpineqa = ~3.5 x 10~ %, as
demonstrated by THz spectroscopy,®® which can be quantitatively predicted based
on eqn (3).*> Indeed, the IAP development upon exceeding the binodal limit
represents liquid-liquid coexistence, and strong evidence suggests that the
initially formed solid pe-ACC is formed via dehydration of the dense liquid
precursors.” In this sense, the delay between exceeding the binodal limit and the
steep drop in IAP is associated with the kinetics of dehydration of phase-
separated dense liquid rather than nucleation kinetics per se. In any case, it is
obvious that the change from light to heavy water influences (i) the pre-nucleation
slope, (ii) the point of nucleation, and (iii) the solubility of the initially precipi-
tated phase. In the following, we discuss these observations individually.

Effects on pre-nucleation slope. At low D,0 contents (H,0/D,O ratios of 87.5/
12.5 and 75/25, Fig. 5A), the pre-nucleation slope seems to be largely unaffected by
the presence of heavy water, especially concerning the initial development before
reaching the liquid-liquid binodal limit (the one for pure H,0, i.e., ~3.5 x 10~%).
If anything, above IAPpinedal, the IAP pre-nucleation development in pure light
water bends down earlier than in the solvent mixtures with low heavy water
contents. This might indicate that dehydration of phase-separated dense liquid
(nano)droplets is, by comparison, kinetically weakly inhibited (see below) in the
presence of low amounts of heavy water.

On the other hand, there seem to be no distinct effects of the low heavy water
contents on the ion association thermodynamics. However, with increasing heavy
water contents (H,O/D,O ratios of 50/50 and 25/75, Fig. 5B), the pre-nucleation
slope becomes noticeably flatter, with a minimum at 75% D,O. In terms of
standard free energy of ion pair formation, the ion associates are by ca. 2 k] mol ™"
more stable in a mixture of H,0/D,0 of 25/75 than in pure light water. However,
the trend appears to be reversed in 99% heavy water (Fig. 5C), where the pre-
nucleation slope is essentially parallel to the one observed in pure light water,
even though the IAP development in 99% heavy water is curved downwards in the
very early stage of the experiment (i.e., before the IAP values are reached that are
established in the post-nucleation plateau), as opposed to pure light water. In this
sense, the experimental data on ion association seems to contradict our results
from computer simulations; if anything, ion associates are somewhat more stable
in the presence of heavy water.

Effects on the point of nucleation. Above 12.5% D,0, the steep drop in IAP is
shifted to higher added amounts of calcium ions (and higher maximal IAPs) in
comparison to pure light water as the reference (Fig. 5A), indicating that the
presence of low amounts of D,O in the solvent mixtures inhibits dehydration
processes of the dense liquid precursors. A similar effect is observed in 37.5% D,O
(Fig. 5B). However, when an effect of the presence of heavy water on the stability of
ion associates becomes noticeable in the 50/50 mixture (see above), the drop in
the IAP occurs earlier, now indicating that dehydration of dense liquid precursors
is facilitated at even higher heavy water contents—if liquid-liquid separation still
occurs in these systems. Notably, this behaviour does not directly correlate with
the development of the post-nucleation solubility thresholds (see below), as
a distinctly more stable phase is formed initially already in 37.5% D,O, where
nucleation is still inhibited rather than promoted.
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Effects on solubilities of initially precipitated phases. In the presence of low
amounts of heavy water (H,O/D,O ratios of 87.5/12.5 and 75/25, Fig. 5A), the
solubility of the initially precipitated phase decreases slightly and is now on the
order of ~3.3 x 10~ 8. While the difference in solubility compared to the situation
in pure light water is small, it is on the order of the difference of the solubilities of
pc-ACC and proto-vaterite-ACC (pv-ACC),”**® and thus seems to be significant.
Upon increasing the D,O content from 25% to 37.5%, the solubility of the initially
precipitated phase decreases further, and is then on the order of 1.7 x 10~ t0 2.3
x 10~®, which is slightly above the solubility of vaterite in pure water at 25 °C (1.2
x 10~ %).% Considering the reproducibility of the measurements in different
mixtures, it seems that there is no obvious trend, but rather a switch to a different
behaviour. This could be due to a shift of the liquid-liquid binodal limit that is
caused by a change in the solubility of the different polymorphs or the constant A
(eqn (3)). Indeed, according to the theory (eqn (3)), a change in solubilities or A
would have a significantly stronger effect on the locus of the liquid-liquid binodal
limit than altered ion association thermodynamics. On the other hand, the
dehydration and crystallization kinetics might be significantly faster in the
presence of higher amounts of heavy water, too, leading to the accelerated
formation of vaterite, thereby potentially missing solid ACC intermediates in the
development of the IAP. Third, liquid-liquid separation as a precursor to ACC
may not occur in the solvent mixtures at higher heavy water contents, and
nucleation of vaterite might occur directly, i.e., “classically”. In order to elucidate
these possibilities further, we attempted to quench the amorphous intermediates
in an excess of ethanol, as established for the isolation of proto-structured ACCs
in pure light water.>*** In H,0, ethanol serves as a drying agent for the liquid-
liquid separated dense calcium carbonate droplets, but at high contents of D,0,
unfortunately, the solubilities of sodium bi/carbonate become an issue for this
isolation procedure, and we largely obtained crystalline sodium bi/carbonate in
ethanol quenches in the presence of heavy water—with additional reflexes (Cu-
Ka) at ~24°, ~27° and ~33° 26, which we could not assign to any compound that
is in principle accessible in this system (Fig. S97).

ATR-FTIR kinetic investigations

The titration experiments suggest that at relatively low levels of supersaturation
(i.e., close to the binodal limit), low amounts of heavy water may inhibit the
dehydration kinetics of liquid-liquid separated states towards the formation of
solid ACCs, while even higher amounts of heavy water may, in turn, accelerate
precipitation and crystallisation in this region of the phase diagram—if the
liquid-liquid miscibility gap still exists in D,O containing solutions. In order to
explore the precipitation kinetics from the putative spinodal regime of the phase
diagram, i.e., at high levels of initial supersaturation, we implemented stopped-
flow mixing experiments monitored over time by ATR-FTIR (see the ESI for
experimental detailst). Calcium chloride (0.2 M) and sodium carbonate (0.2 M)
solutions were prepared in different H,0/D,0O mixtures (100/0; 87.5/12.5; 75/25;
50/50 and 0/100) and corresponding normalised time transients after mixing
were extracted at 869 cm ™, corresponding to the minimum of the second
derivative of the v, carbonate vibrational band. These concentrations—at least for
the pure H,0 sample—lead to liquid-liquid demixing from the spinodal regime
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of the aqueous calcium carbonate phase diagram.** However, as per the theory
(eqn (4)), the altered ion association thermodynamics would shift the spinodal
regime to lower IAPs for intermediate heavy water contents, due to the somewhat
higher ion association constant.

Indeed, the time transients (Fig. 6A) strongly differ for the different aqueous
mixtures. In pure light water, we observe a steep initial increase, which gradually
flattens, kinks, and then develops into a plateau. In an H,O/D,0 mixture of 87.5/
12.5, the initial increase is significantly flatter, and the transient does not seem to
even come close to reaching a final plateau as observed in pure light water, within
the observation time (note that due to the normalization to the plateau value,
which is not reached in the experiment with 12.5% heavy water, the initial
kinetics is probably the slowest in this mixture). However, a plateau is again
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— 75/25
—— 50/50
1 : | \ 1 . . )
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Fig. 6 Normalised transients extracted from the time development of the », carbonate
vibrational band upon mixing 0.2 M calcium and carbonate solutions (liquid—liquid spi-
nodal regime for pure light water) in different mixtures of light and heavy water as indi-
cated (A); and in essentially pure (99.9%) heavy water (B). The inset in (B) shows a zoom into
the early times of the transients shown in (A), together with the transient for heavy water.
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reached in the 75/25 mixture within the observation time. In the 50/50 mixture,
the kinetics are then again closest to the situation in pure water. Also qualita-
tively, the kinetics of calcium carbonate precipitation in the 50/50 mixture is
similar to the pure light water system, while at low heavy water content (75/25),
the transient exhibits rather distinct features. In almost pure heavy water
(99.9%; Fig. 6B), on the other hand, the transient looks again completely distinct.
Initially, there is a rather flat linear increase for ca. 50-70 s (inset of Fig. 6B) before
the transient directly develops into a plateau value with the steepest increase and
thus, fastest kinetics observed in all solvent mixtures. In the other solvent
mixtures (see inset of Fig. 6B), but not pure light water, we find a similarly flat
initial slope, however, the very steep increase as in 99.9% heavy water does not
occur.

Only in the 50/50 mixture, there is a notable upwards kink after ca. 50 s, which
then gradually levels off after ca. 150 s. In pure light water, a less steep increase
than in heavy water occurs after ca. 25 s and we interpret this as the time required
for a sufficient amount of calcium carbonate to sediment on the ATR crystal,
rather than an induction time. Indeed, a similar “deadtime” is observed in all
other transients. However, the extended, flat, initial linear regime in presence of
heavy water could be interpreted as the presence of an induction time, which
would then provide evidence that we did not probe the spinodal regime in
presence of pure heavy water. Unfortunately, due to heavily convoluted carbonate
and aqueous solvent bands, the single spectra (data not shown) cannot be eval-
uated towards an assignment of different calcium carbonate forms to the
different kinetic stages in any solvent mixture, at this time.

Simulations of residence times of water molecules and water exchange

Our kinetic analyses provide evidence for distinct effects of the solvent mixtures
in the binodal as well as putative spinodal regimes. In order to explore these
observations further, computationally, we studied the residence time of water in
the first solvation shell of the ions. The average time that a water molecule stays
within the solvation shell was calculated utilizing a self-developed method by
bookkeeping the ions and via a time correlation function (see ESI,} Experimental
section, for details). The water exchange for calcium ions in heavy water is around
two times slower than in light water (Table S4t). The errors observed for both
methods show that the residence times of water vary substantially with
a maximum value of 1.8 ns for calcium ions in light and 4.8 ns in heavy water,
while the average times are on the order of experimentally determined values.
Notably, previous calculations of the water residence time for calcium ions in
light water with MD simulations yielded a large range of values, depending on the
used force field,*” or more precisely, on the size of ions and the water models. An
influence of the box size was also found, with a smaller box leading to shorter
residence times.*® The difference between water and heavy water may occur due to
the changes in mass and charge between the models. However, the change in
charge from SPC to TIP3P is around +1.7%, while the change from SPC/fw to SPC/
fw/HW is around +2.7%. In the case of SPC vs. TIP3P (GROMOS96 vs. GRO-
MOS87), the residence time decreases by 10%. In the case of water to heavy water,
it increases by over 100%. The increase in residence time for D,O seems to
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depend on the change in mass and maybe slightly stronger ion-water
interactions.

Moreover, in kinetic measurements, the mixing behaviour of the two aqueous
solvents might play additional roles, i.e., the dynamics of light water/heavy water
exchange of the ions and potential memory effects. Mixtures of H,O and D,O were
simulated while the issue of the formation or presence of HDO molecules was not
covered. Negative controls of pure H,O/D,0O mixtures without ions showed a rapid
mixing of both previously separated phases without any form of aggregation
present. The interactions of the ions with the mixed solvents were tested with two
setups. On one hand, an ion was simulated in one of the solvents. Then, the ion
and a sphere of water, consisting of the first and second solvation shell (Ca**: 5.4
A;C0,% 6.2 A), was cut out and placed in a box of the other solvent. On the other
hand, the box was split into two equal compartments and the ion placed in either
one of them. After an equilibration with position restrains, the coordination
number of light and heavy water in the first shell was monitored, as shown in
Fig. 7. At first glance, the behaviours of the systems seem similar, independent of
the placement in H,O or D,0. Yet, there are minor differences between the two
solvents. In the first setup, with a calcium ion in a sphere of H,O placed in D,0,
the H,O is completely dissolved in D,O and the ion is exclusively surrounded by
D,0O molecules during the second half of the simulation, from 5 ns after mixing
onwards. When a sphere of D,O is placed in H,O, we observe a similar effect.
However, at least one D,0 molecule detaches and reattaches repeatedly during
the whole course of the simulation. In the case of the second setup, with an equal
amount of both solvents present, there are on average 1.7 more D,O molecules
present around the ion than H,O molecules.

The fluctuation of H,O and D,O around the ion is smaller in the case where the
ion is placed directly in D,O. Both setups show that the calcium ion is more
attracted to D,O and is thus more influenced by it in mixtures. The second
observation indicates that D,O could form a stable solvation shell upon time,

Coordination Number

Time [ns]

Fig. 7 Coordination number of H,O and D,O around a calcium ion. The rows show the
results for two different setups. Top row: the ion with its first and second solvation shell is
placed in the opposite solvent. Bottom row: the box is split into two compartments
containing H,O and D,0O and the ion is placed in one of them. Left: schemes of the initial
setups. Middle: calcium ion initially surrounded by H,O. Right: calcium ion initially sur-
rounded by D,O.
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maybe with stable, chelating motifs in it. The light water exchange with this
solvation shell appears to be slower. The formation of a more stable solvation
shell after some induction time is a known problem in MD simulation of
magnesium ions, especially in conjunction with RNA.*-7> The better solubility of
some ions and small molecules in D,O is also known, assumed to be caused by its
different compressibility and hydrophobicity.*®

Discussion

We observed various, distinct effects of the aqueous solvents, D,O vs. H,0, on the
early stages of calcium carbonate formation, both computationally and experi-
mentally. In MD simulations of ion association in D,O, to which end we devel-
oped a suitable force field that is also presented herein, the number of calcium
carbonate clusters (PNCs) was reduced by a factor of two when compared to the
situation in light water. Furthermore, the clusters in D,O were smaller and more
compact than the ones found in H,0, and also shorter lived. This could indicate
that nucleation processes in D,O might be “more classical” as the role of PNCs
would be reduced, and the cluster distribution shifted more towards single ions
or ion pairs—as reflected by a ca. 6 times smaller ion association constant in D,O
than in H,O. Simulations of a “pseudo-D,0”, i.e., where only the mass of light
water was altered, showed that rather than mass differences, the distinct charge
distribution within the aqueous solvents is the key to the different behaviours.
The residence time of water molecules on calcium ions is increased by a factor of
2.2-2.5 in D,0, and there seems to be a somewhat higher attraction of calcium
ions to D,O molecules, indicating that the ion interactions are probably influ-
enced already at low D,O concentrations in H,O solution. Furthermore, indica-
tions were found that the behaviour of the solvent mixtures was determined by its
initial condition—i.e., whether a calcium ion was dissolved in D,O or H,O prior to
mixing. All of the computationally observed differences between the behaviours
of calcium carbonate in D,O and H,O are eventually due to changes in water
properties, ion-water interactions and cluster formation, which could even lead
to different calcium carbonate structures and formation pathways.

Indeed, experimentally, we observed distinct effects of the solvent exchange as
well, however, the influence on ion association has the opposite trend when
compared to the computer simulations (i.e., ion associates become somewhat
more stable in the presence of heavy water in experiments), and the effect is only
on the order of thermal energy in terms of standard free energies. Also, with
increasing D,O contents, there is no clear trend, and the behaviour somehow
reverses again when approaching pure heavy water, in the binodal regime of
calcium carbonate formation. This could indicate that in purest heavy water (note
that for cost reasons, we employed 99% heavy water in the titration assays, but did
use 99.9% heavy water in the ATR-IR-based kinetic analyses), there might actually
be a (slight) decrease in stability of ion associates also in experiments. At low
heavy water contents in the binodal regime of calcium carbonate formation,
dehydration processes of dense liquids towards the formation of solid ACC seem
to be weakly inhibited, which is in line with the computer simulations and the
residence times of the water molecules on the ions. It is difficult to find infor-
mation on the kinetics of the exchange of H and D between D,0O and H,O in the
literature. Mammoli et al.”® assessed the lifetime of proton exchange to be on the
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order of ~1 ms in pure water. If this holds true also for the D nucleus, at least for
the order of magnitude, corresponding exchanges should be no issue at all with
regards to our ATR-FTIR kinetic analysis (where timescales of seconds are dis-
cussed). Also, the exchange of H/D should be slow enough so that the computa-
tional analysis of the lifetimes of water around calcium-ions are not affected,
because the interconversion should be slower than ion-water exchange.

The complex dependence of the calcium carbonate formation pathway on
different light/heavy water mixtures is also reflected in kinetic measurements of
calcium carbonate formation from high initial levels of supersaturation. While in
pure light water, we probed the spinodal regime towards calcium carbonate
liquid-liquid demixing, in the presence of heavy water, we observed initial rather
flat slopes that might point towards the presence of an induction time for calcium
carbonate formation at the same initial IAPs. This suggests that in the presence of
heavy water, we might still have probed the kinetics of precipitation of calcium
carbonate in the binodal regime. At this point, it remains unclear whether the
locus of the liquid-liquid miscibility gap was altered in unpredictable ways, if it
even still exists, or whether indeed, calcium carbonate nucleation proceeded
“more classically”. The latter might explain the observation of Lundager Madsen**
that there was no effect of magnetic fields on calcium carbonate formation in
heavy water (as opposed to light water), since Coey’s theory’* on the effects of
magnetic fields on scaling relies on the role of PNCs. The found influence of the
solvent and solvent mixture on the point of nucleation of the initial solid is
interesting in this regard, and low amounts of heavy water in H,O seem to inhibit
the dehydration processes towards formation of solid ACC. The reverse observed
behaviour at higher heavy water contents (i.e., promoting nucleation) might
indeed reflect that a distinct pathway is populated under these conditions. Thus,
above ca. 40% D,O, vaterite may form directly rather than via liquid-liquid
separation and solid ACC. After all, this could occur even if liquid-liquid sepa-
ration still happens in these solvent mixtures, i.e., when the kinetics of dehy-
dration of “non-classical” intermediates is reduced and the classical rate of direct
nucleation is increased (potentially, due to lower interfacial free energies of
crystals in heavy water, cf the introductory section). This could be the case to an
extent that the classical pathway becomes significantly more populated than the
“non-classical” one via PNCs, once heavy water contents are high enough, ie.,
above ca. 40% heavy water. However, the kinetics of ACC formation might, on the
other hand, be accelerated in these mixtures, so they are not observable in our
experiments, and unfortunately, we were not able to isolate the intermediate
states due to solubility issues of sodium carbonates in these aqueous solvent
mixtures. Notably, it cannot be excluded that new, distinct forms of ACC or even
crystalline calcium carbonate become accessible—for which there are at least
some indications (Fig. S9t).

When comparing the results from experiment and computations, it has to be
kept in mind that the latter did not account for HDO molecules, which might
actually be an important species for explaining the experimentally observed
behaviour, especially at low heavy water contents. Note that in these mixtures, no
significant fractions of D,O are expected to be present, but they would rather be
mixtures of mostly H,O and HDO. The changed trends observed in the titration
assays may then correlate with the onset of the presence of significant D,O
contents within H,O/HDO mixtures. Also, the unclear trends upon changing the
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compositions of the mixtures in a systematic fashion indicate that there might be
a complex, underlying phase behaviour of the water systems, which seems to be
rather complicated already in pure light water alone,” and which might in turn
distinctly affect the calcium carbonate formation pathway.

Conclusions

In our opinion, further studies of the differences in the behaviours of aqueous
calcium carbonate systems in D,0 and H,O, and mixtures thereof, open up
unprecedented possibilities for obtaining a better understanding of nucleation
and crystallisation mechanisms in the future, and we believe that also the
behaviour of other mineral systems in such different aqueous systems should be
explored. However, our study provides a warning towards usage of different
experimental data, too. Many experiments use D,O as substitute for H,O, for
example, so as to get rid of unwanted spectral backgrounds, or for other reasons
(also see the introduction section). However, in terms of mineralisation, our data
unambiguously demonstrates that the pathway can be considerably altered,
depending on the specific solvent (mixture). Notably, experimental data from
heavy water systems are sometimes used for the creation of H,O-based (!) models
in computer simulations, where the original solvent may not even be mentioned
in citations, and mechanisms are then erroneously treated to arise from light
water properties. Thus, considering the distinct differences between the waters
might even reconcile previous, seemingly contradicting results.
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