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Abstract: Liquid-liquid phase separation (LLPS) is an
intermediate step during the precipitation of calcium carbon-
ate, and is assumed to play a key role in biomineralization
processes. Here, we have developed a model where ion
association thermodynamics in homogeneous phases deter-
mine the liquid-liquid miscibility gap of the aqueous calcium
carbonate system, verified experimentally using potentiometric
titrations, and kinetic studies based on stopped-flow ATR-
FTIR spectroscopy. The proposed mechanism explains the
variable solubilities of solid amorphous calcium carbonates,
reconciling previously inconsistent literature values. Account-
ing for liquid-liquid amorphous polymorphism, the model
also provides clues to the mechanism of polymorph selection. It
is general and should be tested for systems other than calcium
carbonate to provide a new perspective on the physical
chemistry of LLPS mechanisms based on stable prenucleation
clusters rather than un-/metastable fluctuations in biomineral-
ization, and beyond.

Liquid—liquid phase separation (LLPS) occurs in cells,!!
plays a role during infections,” and is fundamental to
amphiphilic self-assembly processes.”! Liquid-liquid-sepa-
rated precursor species, on the other hand, also form in
inorganic systems, for example, in oxide melts' and aqueous
salt solutions. In the latter case, the most abundant biomin-
eral,>® calcium carbonate, is the prime example.["! While so-
called “polymer-induced liquid precursors” (PILPs) of cal-
cium carbonate were first described in the late 1990s,*! it has
become evident that these species constitute polymer-stabi-
lized rather than polymer-induced states, since they also occur
in purely inorganic systems.” ' As a result of their major role
in controlling crystal morphologies in biomineralization,'”
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research activities on such liquid and solid amorphous
intermediates of CaCOj are intensive.'*” Indeed, numerous
studies have impressively illustrated their great use
for controlling calcium carbonate crystallization also
in vitro, 153

However, the mechanisms by which liquid or solid
amorphous intermediates form remain under debate.”!
Recent studies™?! suggested that the notions of classical
nucleation theory would sufficiently explain experimental
observations upon precipitation from the metastable zone of
the phase diagrams, that is, close to the binodal limit.
Furthermore, it was proposed that PILPs would actually not
be liquid, but consist of polymer-interconnected solid nano-
particles.™ On the other hand, spinodal decomposition—that
is, barrier-less precipitation from the unstable region of phase
diagrams—was identified as a mechanism towards mineral
droplet formation.”” The corresponding notions of Cahn and
Hilliard®! were employed for the derivation of a phase
diagram of the aqueous calcium carbonate system by Zou
et al.,” which exhibited an upper critical solution temper-
ature, in contrast to previous models.”* Despite the
explanatory power of the so-called “prenucleation cluster
(PNC) pathway” %2 sometimes referred to as “nonclassical
nucleation”, however, a corresponding quantitative theory for
phase separation in the aqueous calcium carbonate system is
still lacking.

Here, we developed a model where ion association
thermodynamics in the homogeneous phase, based on the
PNC model, determines the liquid-liquid miscibility gap of
the aqueous calcium carbonate system. We verified this model
experimentally, using potentiometric titrations and stopped-
flow ATR-FTIR spectroscopy. The mechanism explains the
variable solubilities of solid amorphous calcium carbonates
from different regions of the metastable zone of the liquid—
liquid phase diagram. This reconciles previously inconsistent
literature values,>3*3% while the model defines a lower-
critical solution temperature of the liquid-liquid miscibility
gap. Since it also accounts for liquid-liquid amorphous
polymorphism,™! it may provide clues to the mechanism of
polymorph selection.®® Altogether, the model offers a novel
physical chemical perspective on the phenomenon of LLPS
based on stable PNCs rather than un-/metastable fluctuations.
The model is general and should be tested for other systems in
the future.

The experimentally observed calcium carbonate ion
association (SI, Figure S1) is consistent with the formation
of PNCs,* as opposed to alternative models (see Sections 1
and 2 in the Supporting Information for details).” According
to the notions of the so-called PNC pathway, which was
introduced in detail elsewhere,* solute PNCs can become
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phase-separated nanodroplets upon crossing the correspond-
ing liquid-liquid binodal limit because of a decrease in the
dynamics upon increasing the calcium and carbonate coordi-
nation numbers within PNCs. This means, in contrast to
classical nucleation theory®®”! and existing models of spinodal
decomposition,?! thermodynamically stable populations of
ion associates, rather than un- and metastable fluctuations,
serve as fundamental precursors to the new phase.?* Previous
assessments of the dynamics of the hydrogen-bond network of
water by means of THz absorption spectroscopy revealed
a distinct change in the prenucleation solution upon crossing
the solubility threshold for amorphous calcium carbonates
(ACCs) forming under these conditions."'! This must be due
to LLPS, being consistent with the proposed change in the
(solution) dynamics underlying phase separation from
PNCs.?”3 Thus, potentiometric titrations allow the quanti-
tative determination of the ion activity product (IAP)
defining the liquid-liquid binodal limits in a temperature
range of 15-45°C in terms of the solubilities of the initially
formed ACCs (Table S1). According to previous studies,
proto-calcite (pc) and proto-vaterite (pv) ACC form at
pH 9.00 and pH 10.0, respectively,***! and proto-aragonite
(pa) ACC at pH 10.0 above about 35°C."!

Previous studies also suggested that these ACCs form by
the dehydration and solidification of the corresponding dense
liquids."! Since the dense liquids form by liquid-liquid
demixing, which occurs with a certain finite probability
upon crossing the liquid-liquid binodal limit, increasing the
rate of mixing of calcium and carbonate solutions will allow
entry into the metastable zone of the liquid-liquid miscibility
gap deeper and deeper before it occurs (Figure 1). If the
proposed mechanism is true, ACC solubility should thus
progressively also increase as the mixing rate increases, which
is indeed observed (Figures S2 and S3). ATR-FTIR spectra of
ACCs quenched in ethanol at the slowest and fastest addition
rates at pH 9.00 reveal that the proto-structure remains pc-
ACC and suggest that the observed higher solubilities are due
to increased water contents (Figure S4). The highest possible
metastability of dense liquids is reflected by the liquid-liquid
spinodal limit (Figure 1). For the mechanism of solid ACC
formation by dehydration and solidification of liquid pre-
cursors, this categorically implies that the liquid-liquid
spinodal limit presents an upper limit for ACC solubility.
Since it was not possible to realize sufficiently high addition
rates in the titration assay to assess this limit, we implemented
a direct mixing of more concentrated solutions with con-
current measurements of IAPs. The measured ACC solubil-
ities (Figure 2 A, see also Figure S5) indeed reach a maximum,
which represents the liquid-liquid spinodal limit (Table S3). It
is in excellent agreement with the value of ACC solubility
previously established by Brecevi¢ and Nielsen.*® Thus, here,
we show that as a consequence of their formation mechanism
from liquid precursors, ACCs have variable solubilities, where
the highest possible one is obtained from the mixing of
calcium and carbonate solutions with concentrations in the
upper 100 mM regime, which is a common literature
value.™! The mechanism of ACC formation by dehydration
of dense liquid precursors thereby reconciles the differing
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Figure 1. Schematic illustration of the explanation of the observed rate
dependency of ACC solubility. As proposed previously,?”*% a sub-
merged liquid-liquid miscibility gap is located in the metastable zone
of the solid-liquid phase diagram (that is, at ion activity products
(IAPs) corresponding to supersaturation ratios £2>1 with respect to
the stable solid, calcite). The liquid-liquid phase diagram exhibits

a lower critical solution temperature T.. For the sake of clarity, only the
calcite solid-liquid (S-L) binodal curve is shown, and the right branch
of the liquid-liquid miscibility gap defining the compositions of dense
liquids is left out. Higher addition rates (bold arrows crossing the
liquid—liquid binodal limit pointing from left to right) allow entry into
the liquid—liquid miscibility gap to a greater extent than slow rates
(corresponding to finer arrows) before demixing occurs, thus yielding
more metastable dense liquids. When solid ACCs are subsequently
formed by dehydration and solidification of the as-formed precursor
dense liquids, their solubilities directly reflect the metastability of the
liquid precursors. Increasingly fast mixing (illustrated by progressively
bolder arrows) of calcium and carbonate solutions will thus provide
access to more and more metastable solid ACCs, with higher and
higher solubilities. In this mechanism, the highest possible metastabil-
ity of the dense liquid precursor, and, with it, the highest solubility of
ACC, is defined by the spinodal limit.

literature values of ACC solubilities in between the binodal
and spinodal limits described herein (Tables S1 and S3).

To independently validate the locus of the spinodal limit
obtained from potentiometric data in direct mixing experi-
ments, we performed a kinetic analysis using liquid-state
ATR-FTIR spectroscopy.**!l The data show the evolution of
the characteristic carbonate as well as water vibrational bands
(Figure 2 B) after mixing. Depending on the concentrations of
the solutions prior to mixing, the time transients of the
normalised carbonate v, vibrational band present distinct
kinetics to reach a plateau (Figure S6), which was fitted to
a generic model. The as-obtained time constants exhibit
a minimum at an IAP, which was also identified as the
spinodal limit in the potentiometric measurements (Fig-
ure 2A). This is fully consistent, as the barrier for phase
separation vanishes at the spinodal limit, and the kinetics for
the formation of the calcium carbonate are expected to
become fastest. The progressively decreasing kinetics upon
exceeding the spinodal limit then is likely due to the high
viscosities of the formed gel-like precipitates in this region of

Angew. Chem. Int. Ed. 2020, 59, 61556159


http://www.angewandte.org

GDCh
~~—

1.0-10%
Binodal Spinodal

8.0 - 1074

2.0-1071 [ s

0 0.1 03 05 0.7
Concentration (M)

B .

V2

oD

5000

Time (s)

2000

1700
00 150" o = 1000
20 100" o o
80

Wavenumber (cm'")

1500
Binodal Spinodal C
2 1000
£ 2
8
=
S
8 l 1
® ; o
£ 500 J
'— _
e
0 ; ; ;
0 0.1 02 03 0.4 05

Concentration (M)

Figure 2. A) Evolution of ACC solubility K;,(ACC), determined by direct
mixing of reactant solutions and potentiometric measurements, as

a function of the initial reactant concentration of calcium and
carbonate solutions. The significant step indicates entering the liquid—
liquid spinodal regime. B) Temporal evolution of carbonate vibrational
modes (v, V,, V; with combination mode) and OH-bending mode in
water (Vo) after mixing of CaCl, (0.3 M) and Na,CO; (0.3 M) solutions
at a 1:1 volume ratio. The water mode becomes negative with time as
calcium carbonate forms and precipitates onto the internal reflection

element of the ATR cell, thereby replacing water molecules. C) Depend-

ence of the time constant (determined for the kinetics of calcium
carbonate formation based on the time development of the v,
carbonate out-of-plane vibrational band, Figure S5) on the initial
calcium and carbonate concentration prior to mixing. The minimum
value in the obtained time constant at an initial concentration of 0.1m
shows that the reaction kinetics become fastest at this point, as
expected for the spinodal limit. Indeed, this point corresponds to the
liquid—liquid spinodal limit determined in the potentiometric titrations
within experimental certainty (cf. A).
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the phase diagram (apparent by a strong stirring vortex
disappearing after mixing the calcium and carbonate solutions
and gradually re-forming with ongoing precipitation,
Movie S1).

The spinodal limit can be quantitatively predicted based
on ion association thermodynamics when assessed from the
PNC model (see Discussions 3 in the Supporting Information
for an explicit deduction). Specifically, the macroscopically
accessible ion association constant K(cluster) defines the IAP
of the spinodal limit, IAP(spinodal), according to Equa-
tion (1).

IAP(spinodal) = [K(cluster)] (1)

On the other hand, an assessment of the probability for
liquid-liquid demixing versus that for the direct formation of
crystalline polymorphs (see Discussions 3 in the Supporting
Information) allows us to conjecture that the corresponding
binodal limit TAP(binodal) is accessible from Equation (2);

IAP(binodal) = A(polymorph) K, (polymorph) InK (cluster) 2)

where A(polymorph) is a constant and K, (polymorph) is the
solubility of the different polymorphs, calcite, aragonite, and
vaterite. The theoretical spinodal and binodal curves can be
calculated from the K,(polymorph) values and their temper-
ature dependency from the literature,*? as well as the pH and
temperature dependency of K(cluster) (Table S2). To that
end, A(calcite) =1.33, A(aragonite) =0.98, and A(vaterite) =
0.39 [Eq. (2)] were first determined by inserting the exper-
imentally determined IAP at 35°C, where K(cluster) is
observed to be independent of the pH value.

The as-calculated theoretical binodal and spinodal curves
are in very good agreement with the respective experimental
values at pH 9.00 and pH 10.0 (Figure 3). The experimental
uncertainty in the spinodal limit is too high to resolve the
phenomenon of liquid-liquid polyamorphism, which is fully
covered by the model. However, the model does reduce the
complex metastable liquid-liquid coexistence to the pH value
and temperature dependency (Table S2) of the ion associa-
tion constant K(cluster) and those of the solubilities of the
different polymorphs. The model shows that the thermody-
namic stability of PNCs not only quantitatively determines
the stability (and with it the proto-structure) of the phase-
separated dense liquid intermediates, but, together with the
solubilities of the crystalline forms, also the IAP values, at or
beyond which liquid-liquid separation can (binodal limit) and
must (spinodal limit) occur. Taken together, the model and
data suggest the existence of a triple point of pc-, pv-, and pa-
structured dense liquids at about 35°C, IAP ~2.78 x 10~%, and
in between pH 9.00 and 10.0 (Figure 3). Furthermore, the
model allows the critical temperature of the liquid-liquid
miscibility gap to be calculated (see Discussions 3 in the
Supporting Information), which is well below 100 K for each
polymorph, that is, in the experimentally inaccessible region
of the aqueous, liquid phase diagrams. In any case, the ion
association thermodynamics (Table S2) thereby stipulate
a lower critical solution temperature as opposed to other
studies.*’)
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Figure 3. Comparison of measured (data points) and theoretical bino-
dal and spinodal limits (lines) defining the liquid-liquid miscibility gap
of the aqueous calcium carbonate system, with pH-dependent liquid—
liquid amorphous polymorphism. Blue and brown data points illustrate
experimentally determined binodal limits at pH 9.00 and pH 10.0
below 35°C, respectively. Red data points show the experimentally
determined binodal limit at pH 10.0 above 35°C, and black data
points show the experimentally determined spinodal limit at pH
>10.0. The green line represents the solubility of ACC from the
literature.®® Theoretical binodal and spinodal limits can be calculated
from Equations (2) and (1) (derivation: see Discussions 3 in the
Supporting Information), respectively, using the standard enthalpies
and entropies compiled in Table S2, as well as the temperature
dependency of the solubilities of the different polymorphs from the
literature.”” The blue lines illustrate the theoretical binodal and
spinodal curves at pH 9.00, the brown and red lines give the
theoretical binodal limit at pH 10.0, accounting for proto-calcite (pc),
proto-vaterite (pv), and proto-aragonite (pa) ACCs with the distinct
solubilities of the corresponding polymorphs, respectively. The black
line represents the theoretical spinodal curve for pH 10.0, which
should be compared to the experimental values obtained at high pH
values. The blue line on the right is the theoretical spinodal limit at
pH 9.00.

In conclusion, we present a “nonclassical”, quantitative
model that essentially reduces complex liquid-liquid phase
behaviors to the thermodynamics of solute association and
the solubilities of crystalline polymorphs. Notably, the
corresponding experimentally accessible parameters, specif-
ically, K(cluster), K,,(polymorph), and A(polymorph), can be
affected by the presence of additives, the effects of which
on LLPS become thereby predictable. Whether or not the
model provides a fully quantitative predictive power of such
additive effects on LLPS remains to be explored in the future.
For the additive-free scenarios presented here, the model was
thoroughly tested for the long-debated calcium carbonate
system, where “classical” nucleation barriers are formidable
as the miscibility gap is entered.!'*! Classical nucleation
theory should, thus, not be considered for the aqueous
calcium carbonate system, or likely any system, where
homogeneous phase self-association is significant. In essence,
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the agreement between the experimental and theoretical
values for spinodal and binodal limits (Figure 3) strongly
suggests that the fundamental assumption underlying the
PNC model (see Sections 1 and 2 in the Supporting Informa-
tion), that is, that all steps in ion association towards PNCs
can be considered to be equal and independent, is indeed
fulfilled. Furthermore, our results demonstrate that solid
ACCs form by dehydration of the liquid precursors, rather
than “classical” nucleation events within dense liquid drop-
lets, because only the former mechanism can rationalize ACC
solubilities that are dependent on the mixing rate. Note that,
as solid ACCs form by secondary processes, that is, dehy-
dration and concurrent growth, aggregation, and/or coales-
cence from dense liquid precursors, the size and morphology
of solids do not necessarily reflect whether initial phase
separation occurred by binodal or spinodal processes. The
model should generally be applicable for systems where
solute association is driven by the release of hydration water
molecules from monomeric chemical constituents*”! yielding
PNCs with a chain-like structural form, that is, “dynamically
ordered liquid-like oxyanion polymers”, DOLLOPs.*! The
model provides a fundamentally improved, fully quantitative
understanding of LLPS based on thermodynamically stable
associated states, PNCs, forming in homogeneous solutions as
fundamental precursors to phase separation that may be
relevant for corresponding problems in biology as well as
inorganic and organic chemistry, and beyond.
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