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Bicarbonate (HCOz") and sodium (Na*)-containing solutions contain droplets of a
separate, bicarbonate-rich liquid condensed phase (LCP) that have higher
concentrations of HCOsz™ relative to the bulk solution in which they reside.
The existence and composition of the LCP droplets has been investigated by
nanoparticle tracking analysis, nuclear magnetic resonance spectroscopy,
refractive index measurements and X-ray pair distribution function analysis.
The bicarbonate-rich LCP species is a previously unaccounted-for, ionic
phenomenon which occurs even in solutions with solely monovalent cations.
Its existence requires re-evaluation of models used to describe and model
aqueous solution physicochemistry, especially those used to describe and
model carbonate mineral formation.

KEYWORDS
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Introduction

In spite of the ubiquity of calcium carbonate and its deep involvement in biological,
geological and industrial processes, the mechanisms by which inorganic carbonates separate
from the mother solution during the process of solid nucleation and precipitation are still a
matter of ongoing debate. Besides the classical pathway toward carbonate mineral
nucleation and growth, which is driven by nucleation and ion-mediated growth of post-
critical clusters, various nonclassical pathways were put forward and identified in recent
years. These nonclassical pathways are driven by the formation of entities containing
multiple Ca** and CO;”> ions (e.g., complexes, clusters, polymers or colloids) rather than
individual attaching ions or molecules (Niederberger and Colfen, 2006; De Yoreo et al.,
2015). The formation of calcium carbonate, in the absence of inhibitors heterogeneous
surfaces or rapid (crash) precipitation, follows a non-classical multi-step process to solid
nucleation in which, as a first step, a calcium and carbonate ion-rich liquid condensed phase
(LCP) phase-separates from the bulk solution (Gower and Odom, 2000; Rieger et al., 2007;
Wolf et al., 2008; Wolf et al.,, 2015) followed by further steps directing solidification,
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nucleation, and growth of calcium carbonate mineral.
Polyelectrolytes and small molecular species, such as those found
in seawater and biological systems, impact the stability and
abundance of the LCP (Gower, 2008; Wolf et al., 2008; Vekilov,
2010; Wolf et al., 2011a; Gebauer and Coelfen, 2011; Schenk et al.,
2012; Wolf et al., 2012; Wallace et al., 2013). Mechanisms for liquid-
liquid separation and demixing into a LCP, such as calcium
carbonate pre-nucleation clustering leading to a calcium
carbonate DOLLOP (dynamically ordered liquid-like oligomer
phase), have been proposed which are driven largely by divalent
cation (Ca®")-to divalent anion (CO;*) interaction as well as
aqueous solvation properties of the ions. The hydrated ionic
complexes formed are described as solute phenomena, limited
through entropic effects, in size and duration. However, it has
not yet been experimentally established how these phenomena
may be involved in the formation of relatively long-lived,
relatively large scale liquid droplets observed in LCP formation.
A recent molecular modelling study supports the potential spinodal
decomposition of the homogenous solution containing calcium and
carbonate ions (Wallace et al,, 2013); it is also possible that pre-
critical complexes cluster into a separate phase and therefore serve as
building blocks of the LCP due to weak interactions and hydrogen
bonding (Wolf et al., 2008; Wolf et al., 2011b; Wolf et al., 2017)
which may give rise polyamorphicity of calcium carbonate
(Cartwright et al., 2012; Gebauer et al., 2014).

These, and many studies are conducted at an elevated, less
biologically relevant pH (i.e., pH > 10) where the speciation of
the bicarbonate/carbonate system favors the carbonate ion.
These elevated pH values are only relevant to a few
applications, e.g., industrial scale formation. However, in
biological or marine environments the pH is often closer to
neutral and thus dissolved carbonate speciation is dominated by
than the

(Supplementary Figure S1). Recent studies indicate that at

the bicarbonate ion rather carbonate ion
near neutral pH, LCP formation is eased, its life time is on
the order of several minutes or longer (Wolf et al., 2008), and
that

bicarbonate-rich LCP which serve as the condensation node

bicarbonate-not carbonate ions-condense into a
for primary, solid, nucleation (Bewernitz et al., 2012a). The
metastability of the bicarbonate-rich LCP in the presence of
divalent cations (e.g., Mg®*, Ca®") is proposed to be due to the
affinity of divalent cations to associate with anions as well as the
requirement of the resulting bicarbonate-rich LCP to expel
hydronium ions before transforming into solid amorphous or
crystalline calcium carbonate (Wolf et al., 201la). The
mechanism by which this liquid-condensed precursor phase
actually forms, is unclear; both the attraction of ions through
strong divalent positive-to-negative attractions and the role of
water solvation properties, through binodal and spinodal
separation mechanisms, have been proposed and are being
actively debated (Faatz et al., 2005; Rieger et al., 2007; Dorvee
and Veis, 2013; Wallace et al., 2013; Sebastiani et al., 2016).
Similar experiments

performed elsewhere wusing photo-

decarboxylation reactions of a Ketoprofen compound
demonstrate the ability to produce stable HCO3  moieties
(Menichetti et al.,, 2021). In many of these discussions, the
LCP phase is described as a transient precursor, driven by ion

charge attraction (between Ca®* and CO;* for the calcium

Frontiers in Bioengineering and Biotechnology

10.3389/fbioe.2024.1382047

carbonate system), which exists only briefly before formation
of solid, stable, CaCOj; nuclei.

Here, we report that a bicarbonate-rich liquid-condensed phase
exists in undersaturated solutions of simple bicarbonate salts, in the
absence of divalent ions such as Ca**. We provide evidence that the
formation of bicarbonate-rich LCP is not necessarily specific to
calcium carbonate systems and exists independent from
supersaturation levels of the related monovalent inorganic
bicarbonate solid-phases. The bicarbonate-rich LCP appears to be
in equilibrium with the bulk solution and thus not a transient,
precipitating, phase enroute to formation of a solid phase, but is
present as a stable heterogeneous distribution of bicarbonate ions, as
well as other ions, within the bulk phase. Our findings suggest that
bicarbonate ions in solution exhibit a fundamental behavior of
macro-scale association, even in the absence of divalent positive-
to-negative ionic attraction. This observation provides evidence that
the solvation properties of bicarbonate ions in water play a
significant role in the formation of liquid condensed phases.
These results have fundamental ramifications in fields including
oceanography, biomineralization, environmental sciences, and
nucleation theory (Lee et al,, 2010).

Nanoparticle tracking analysis (NTA) is a light scattering
technique which identifies colloids and other scattering events in
a variety of solutions. NTA is preferred over dynamic light scattering
in characterizing the size distribution of LCP species due to its
sensitivity, high spatial resolution (Filipe et al., 2010), and its ability
to detect LCP species, demonstrated in a previous study (Bewernitz
etal., 2012a). In contrast to dynamic light scattering, NTA does not
fit a predetermined scattering size distribution to an ensemble of
collected scattering events, rather it tracks a projection of individual
scattering events (detected as intensities contrasts from the
background), and assigns a diameter to the event based on the
recorded Brownian motion. Therefore, NTA requires a sample to be
several orders of magnitude more dilute in scattering events than
dynamic light scattering. We observe distinct scattering events while
investigating pure solutions of monovalent bicarbonate (e.g., sodium
bicarbonate) prepared at low, under-saturated concentrations. Still-
shots of the scattering events and the size distribution of scattering
events are shown in Figure 1A. In a solution containing 50 mM
NaHCOj; and 50 mM NaCl (Figure 1A) several dozens of scattering
events are observed at any given moment ranging in size from 10 nm
(lower limit of detection) to 350 nm in diameter. Critically, the
sample in Figure 1A is undersaturated with respect to sodium
chloride and sodium bicarbonate, contains only monovalent
inorganic anions with no divalent cations and has been filtered
through a 0.020 pum syringe filter, prior to analysis. These conditions
represent a sodium bicarbonate solubility product of ~5% of
saturation with respect to nahcolite, and << 1% of saturation
with respect to solid sodium chloride, effectively eliminating the
possibility that the detected phase is precipitated mineral. Scattering
is not observed in the absence of bicarbonate in the sodium chloride
control (Figure 1C) or the pure water control (Figure 1D). Both of
these samples were also filtered through a 0.020 um syringe filter
suggesting that the bicarbonate ion is a required component for
formation of phases responsible for the scattering events in solution.

Nuclear Magnetic Resonance (NMR) is a useful tool for
investigating bicarbonate/carbonate nucleation behavior (Gebauer
et al., 2010; Bewernitz et al, 2012a) and is utilized to further
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100 mM NacCl
Negative Control

FIGURE 1
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Pure Water
Negative
Control

Images of LCP droplets in various solutions at 22°C, as determined by nanoparticle tracking analysis (NTA). Nanoparticle tracking analysis (NTA)

detect the presence of scattering events within NaHCO=s/NaCl solutions in the absence of saturation conditions and divalent ions, such as Ca** or Mg®*
The solutions were filtered through 20 nm diameter syringe filters prior to analysis. (A) A 50 mM NaHCOs, 50 mM NaCl solution contains scattering
events (B) The diameter of scattering events observed in 1A are on the order of 50—-300 nm. This is much larger than the 20 nm pores through which

the solution was filtered (C) 100 mM NaCl, which was also filtered does not contain scattering events (D) Distilled, deionized water, which was also
filtered, does not contain scattering events. This data suggests that bicarbonate ions are essential in the formation of the relatively large scattering species.
This species is differentiated from the mother solution by density and/or salinity which would lead to a refractive index contrast with respect to the

mother solution.

characterize the species observed in the sodium bicarbonate/sodium
chloride solutions seen in Figure 1. A 100 mM NaHCOj3, 100 mM
NaCl solution (1:1 bicarbonate-to-chloride anion ratio), similar to
the 1:1 bicarbonate-to-chloride ratio present in the solution
analyzed in Figure 1A, was characterized using 1D, transverse
2A, B).
regarding pulse sequence, sample preparation, and data analysis,

relaxation measurements (see Figures Information
are detailed in the associated content. A chemical shift standard was
not added to the solution to ensure electrolyte behavior is un-altered.
The 1D, *C NMR spectrum in Figure 2A shows an overlapping
doublet (a main peak with a “shoulder”) which is consistent with the
presence of two similar, yet non-identical, aqueous bicarbonate-
dominated chemical equilibrium environments, e.g., HCO;~
interacting in/with a minority phase and HCO;™ interacting in/
with the majority phase. Deconvolution of the overlapping peaks
allows for the estimation of the fraction of bicarbonate ion
participating in each environment due to the additive nature of
C NMR, under these conditions. A still shot scattering image
obtained with NTA (Supplementary Figure S2) of scattering events
and an illustration of the deconvolution, attenuation and T,
the overlapping  peaks
(Supplementary Figure S3) are available in the associated content.

determination  of two  distinct,
Deconvolution of the signal in Figure 2A (Figure 2B) suggests that
over the course of the 6-s used to acquire the data, approximately
30% of the inorganic carbon (bicarbonate ion) signal in the sample
originates in a minor chemical environment that is distinct from
inorganic carbon signal in the majority chemical environment. The

T, relaxation of the deconvoluted peaks was obtained through a
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Carr-Purcell-Meiboom-Gill (CPMG) method and is 1.0 s and 2.2 s
for the minority bicarbonate phase and majority bicarbonate phase,
respectively. The shorter, 1.0 s, relaxation time is consistent with
bicarbonate ions participating in a more viscous, less mobile, and/or
more concentrated environment than the bicarbonate ions in the
mother solution with a larger relaxation time of 2.2 s. The presence
of different HCO;™ ion T, relaxation times for the same solute
within a solution, re-enforces the notion that the two peaks are due
to them residing in two distinct environments of liquid character.
The timeframes of the T, relaxation times assigned to the ’C in the
bicarbonate-rich LCP and the mother solution (1.0 and 2.2 s,
respectively) are consistent with solution-state, solvated ions. This
provides evidence that bicarbonate ions are existing in a so-called
bicarbonate-rich LCP comprised of solvated bicarbonate ions, in a
distinct aqueous phase from that of bicarbonate ions in the mother
solution. This is consistent with a recent study which defined
bicarbonate-rich liquid condensed phase by means of similar
NTA and NMR characterizations of the bicarbonate ion in the
presence of calcium ion at concentrations that exceeded saturation
with respect to solid CaCO; (Bewernitz et al., 2012a). The data
presented here suggests that the similar bicarbonate rich LCP may
exist in solutions that are undersaturated at equilibrium and
undersaturated with respect to any known solid mineral.

In addition to identifying particle size and number of particles
(Figure 1), NTA provides a method of estimating the refractive index
(RI) of particles (Filipe et al., 2010; Bewernitz et al., 2012a). NTA can
qualitatively estimate the relative RI value of particles (e.g., LCP
droplets) vs. a mother solution by comparison of the intensity vs.

frontiersin.org
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Results from nuclear magnetic resonance spectroscopy and nanoparticle tracking analysis indicate that the bicarbonate-rich LCP behaves as a two-
phase, solution-state system. (A) **C NMR data of a 100 mM NaHCOs (100% **C-enriched), 100 mM NaCl solution. The shoulder at 158.22 ppm is
attributable to the presence of a distinct bicarbonate-containing phase; an LCP (Bewernitz et al., 2012a). Differences in chemical shift may be due to
differences between the tumbling mobility and magnetic nuclear susceptibility of bicarbonates in the LCP as compared to bicarbonates in the
mother solution phase. (B) Deconvolution of the overlapping peaks in the *C NMR spectrum in (A) suggests that approximately 30% of the inorganic
carbon has participated in LCP over the 6.35 s acquisition time. As much as 70% remained in the mother liqguor phase during acquisition. (C) Qualitative
analysis of relative light scattering intensities of LCP droplets in a 100 mM NaHCOs (naturally occurring *2C prevalence), 100 mM NaCl solution, similar to
the solution analyzed by NMR in Figures 2A,B. The bicarbonate-rich LCP appears to have refractive indices consistent with that of salt water. The range of
Rl values qualitatively assigned for the bicarbonate-rich LCP droplets is slightly larger than the Rl of fresh water alone, consistent with saltwater solutions
(D). The linear relationship between salinity (g/L) and the Rl based on data from literature (Quan and Fry, 1995). According to the relationship, LCP in this
solution appears to have a lower-limit salinity of ~20 g/L and upper limit salinity of ~60 g/L, assuming salinity is the main driver of R.I. changes. Both values
are more concentrated than the mother solution from which they are derived (the background which is the relative reference) suggesting that the

scattering phase is concentrated in ionic solutes.

size profile of nanoparticles with a known size and RI (Figure 2C). A
detailed description of the method for quantifying RI and a standard
silica curve for RI fitting is available in the associated content and in
Supplementary Figure S4 of the associated content, respectively. The
area of the presented data point is proportional to the relevancy of
the measurement and is based on the number of recorded random
walks. SiO, nanoparticles were used as a calibration standard (see
associated content Supplementary Figure S5). Many qualitatively
relevant, overlapping, scattering events (large data point in green
shaded region) display a refractive index of approximately
1.355 Additional data points outside of the regime are
encompassed by a lower limit RI of ~1.347 (black line). The RI
values encompassed in both of these regimes fall between 1.347 and
1.355, which is consistent with salt-water refractive indices but not
with solid NaCl, NaHCOj, or Na,CO; The salinity of the
bicarbonate-rich LCP may be estimated by comparison of the
measured RI to literature RI value of ion-rich salt water
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(Figure 2D) (Quan and Fry, 1995). According to this approach,
the bicarbonate-rich LCP have an R.I. consistent with a salinity of
between 20 and 60 g/L within a mother solution which has a salinity
of 15 g/L (Figure 2D). This is consistent with reports describing LCP
as a condensed solution state of bicarbonate and other ions
(Bewernitz et al, 2012b) and to the best of our knowledge,
represents the first estimation of the salinity of bicarbonate-rich
LCP droplets, through direct observation with NTA.

Although NTA and NMR data do not provide a direct
measurement interatomic distance between the constituent atoms,
they both indicate a fundamental shift in the chemical environment
surrounding HCO5™ and a slight change in density as a result of
bicarbonate-rich LCP formation, which results in a fundamental
changes in the structure of solvating water encompassing the ions as
well as changes in Na* and HCO;™ interactions during LCP formation.
X-ray, atomic pair distribution function (PDF) analysis is a total
scattering technique, which considers both Bragg and diffuse

frontiersin.org
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The formation of large species in the presence of undersaturated concentrations of sodium bicarbonate was investigated in sodium bicarbonate
solutions of varying concentration using pair distribution function analysis (PDF) and nanoparticle tracking analysis (NTA). (A) PDF analysis demonstrating
that above a sodium bicarbonate concentration of 30 mM, Gna,01/Go,0) Gac) and Gna, o2) Scattering features emerge at 2.4 and 3.25 Aand 3.8 A,
respectively. This suggests that there is a sodium-bicarbonate ion interaction, dissimilar from the shorter sodium-bicarbonate interaction seen in
nahcolite, which is increasing with increasing sodium bicarbonate. (B) The concentration of bicarbonate-rich LCP droplets vs. the concentration of
sodium bicarbonate in the sodium bicarbonate/sodium chloride solution. At approximately 30-40 mM NaHCOs (70-60 mM NaCl, respectively) the LCP
species count begins to increase significantly which corresponds directly with the conditions where the Ga,0) and Ga,c) association appears.

scattering. It probes not only local atomic structure but also
intermediate and long-range order to a distance of 10s of
angstroms (Egami and Billinge, 2003). This makes PDF analysis
an ideal tool for investigating the structure of materials which yield
diffraction patterns with large amounts of diffuse scattering
between poorly-defined Bragg diffraction peaks such as non-
crystalline and poorly ordered materials, like the ones expected
for the bicarbonate-rich LCP in solution. Differential PDF analysis
of a set of NaHCO; solutions ranging in concentration from
10 mM to 100 mM (containing added NaCl to bring the total
Na* concentration to 100 mM in each solution), reveals inter- and
intramolecular scattering that can be attributed to the presence of
bicarbonate rich LCP. The contribution of the scattering from
NaHCO; to the total scattering is isolated by subtraction of PDF
patterns of the appropriate concentration NaCl solution (details
available in SI). A scattering profile up to 5 A is for the NaCl
control system is shown in the associated content (Supplementary
Figure S5). As sodium chloride is replaced by sodium bicarbonate
(top to bottom, Figure 3A) differential PDF patterns reveal distinct
interactions between sodium and bicarbonate. At a concentration
of 40 mM NaHCOj; three peaks appear at approximately 2.4,
3.3 and 3.8 A. The shortest distance is consistent with O-O
(Go-0)) Na-O (Gmao01)) interactions, the
scattering feature at 3.3 A is consistent with Na-C (G(Na,0))

and/or while
interaction within a sodium-bicarbonate ion association and the
feature at 3.8 A is likely due to Na-O (G(na-02), respectively (Sass
and Scheuerman, 1962). While, there are several possible
explanations for the longest scattering path, the most likely is
that it is scattering occurring between Na and an oxygen in
carbonate that is proximate to the Na. These peaks exist
throughout the transition from NaCl-dominated solution to
NaHCO;-dominated solution and may be due to ion-pairing
and/or association phenomenon. The peaks at 3.3 and 3.8 A are
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not present in the nahcolite sample but instead are replaced by a
single broad peak at approximately 3.4 A suggesting that the two
interactions are solution state ion interactions. The assigned Na-O
peak remains relatively constant in r-distance and in intensity as
the solution transitions from being NaCl-dominated to being
NaHCOj;-dominated. At higher
concentrations than 40 mM, the Na-O association appears to

sodium  bicarbonate
increase in intensity as well. This association is dissimilar from
the much shorter Na-C interaction which occurs in nahcolite. This
peak is likely not due to interactions between the sodium ion and
the oxygen atom in an associated hydration layer because a similar
change in scattering intensity was not observed in the control
samples (Supplementary Figure S2) and is not likely due to the
onset of solid nahcolite at these highly undersaturated conditions.

PDF analysis is utilized in conjunction with NTA light scattering to
detect the ionic behavior accompanying the formation of bicarbonate-
rich LCP droplets (Figure 3A). At and above 40 mM NaHCO;, PDF
analysis detects the emergence of an associations at 2.4, 3.3, and 3.8 A.
This association continues to exist throughout the NaCl-NaHCO;
evolution and is believed to be the Gn,0) and G, ¢ interactions
associated with sodium-to-bicarbonate ion pairing. At 40 mM
NaHCO;, an association appears at 3.8 A which, upon increased
replacement of NaCl by NaHCOj; increases in intensity (Figure 3A).
Similarly, NTA detects a large increase in the number of bicarbonate-
rich LCP droplets at the same solution conditions (Figure 3B),
suggesting that the increase in the amount of long range sodium-
bicarbonate ion pairing observed by PDF analysis are due to the
formation of bicarbonate-rich LCP as detected by NTA. The
concurrent detection of bicarbonate-rich LCP by NTA accompanied
by an increase in the fraction of the bicarbonate adopting a long-range
sodium-bicarbonate ion pairing as detected by PDF analysis is expected
if the bicarbonate ion is a necessary member which results in the
formation of bicarbonate-rich LCP.
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Evidence from multiple, complimentary analytical techniques
supports the coexistence of a bicarbonate-rich LCP phase in
equilibrium with a bulk solution bicarbonate phase in simple,
undersaturated solutions in the absence of divalent cations. The
evidence includes detection of nanoscale size colloids with detectable
refractive index contrasts vs. the mother solution when at elevated
(>40 mM) bicarbonate concentrations. Additionally, the coexistence
of two distinct bicarbonate ion T, relaxations (environments), and
the growth in intensity X-ray scattering associated with Na*-HCOj;"
ion pair association corresponding to an increase in the number and
intensity of scattering events by NTA was reported. The
bicarbonate-rich LCP appears to be a solvated solution phase as
supported by its refractive index and T, relaxation, which are both
consistent with solvated aqueous states. The bicarbonate-rich LCP
appears to be stable, due to the large diameter (>50 nm; very large
with respect to density fluctuations), long lifetime (at least 6.35s
NMR acquisition time and minutes or more as observed with NTA
tracking), and its existence in solutions that are undersaturated with
respect to all known solid-phases. At low pH and in the absence of
divalent cations, the formation of the bicarbonate-rich LCP is
still occurs.

Ion pairing and other strong associations between Ca®* and
CO5* have been proposed as a mechanism which leads to a liquid
condensed precursor to calcium carbonate through modes of
prenucleation clustering (Gebauer and Colfen, 2011). However,
the liquid condensed phase identified in this study, does not
contain divalent ions, consists of primarily bicarbonate rather
than carbonate, and occurs at undersaturated conditions. In the
absence of divalent ions (Ca®* and CO;™) the transition may be in-
part driven by sodium-bicarbonate ion pair affinity. The detection of
sodium-bicarbonate ion pairing association correlates with
increased bicarbonate-rich LCP scattering detection (Figure 3),
suggesting that the observed droplets are indeed bicarbonate-rich
and participating in ion pairing with sodium ions. However, it is
unlikely that ion pairing/clustering would be the sole driving force
for further condensation of additional bicarbonates and sodium ions
on a larger scale due to the due to the poor cluster forming ability of
monovalent ions beyond a single pairing interaction. An additional
mechanism other than those attributable to simple monovalent ion-
ion attraction is required to drive the separation, fractionation, and
condensation of bicarbonate ions (with sodium ions) into a
bicarbonate-rich liquid condensed phase.

One likely candidate is liquid water polymorphism, which is the
driving force for aqueous, liquid-liquid phase transitions. According
to the principle of liquid water polymorphism, liquid water exists in
two or more low energy, amorphous liquid states in equilibrium
with each other. These states differ by density and include a high
density liquid (HDL) which is directed by distorted, asymmetric
hydrogen bonding associations, and a low density liquid (LDL)
which is directed by an tetrahedral, symmetrical locally-favored
hydrogen bonding associations, both of which are in competition at
ambient conditions (Mallamace, 2009; Pettersson and Nilsson,
2015). The attractive and repulsive interactions between like
(LDL/LDL, HDL/HDL) and unlike (HDL/LDL) local states of
water, respectively, lead to concentration and density fluctuations
accounting for many of the anomalous properties of water (Stokely
etal,, 2010; Overduin and Patey, 2012) and serve as a foundation for
liquid-liquid aqueous phase separation (Poole et al., 1995; Franzese
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etal., 2001). The water arrangements of LDL and HDL exist with an
attraction to like-kind but with an antagonism between each other,
respectively. Liquid-liquid phase transition without macroscopic
separation through this mechanism occurs in a glycerol-water
system leading to the emergence of a bi-phasic, aqueous system
driven by stabilization of the HDL and LDL local water structures.
The phases are distinguished from each other by their relative
contrasts in density, composition, and refractive index (Murata
and Tanaka, 2012). In parallel, present evidence of density/
viscosity, composition, and refractive index contrasts in the
sodium bicarbonate/chloride system to suggest that bicarbonate-
rich LCP coexists with a bulk solution phase, presumably through
the same water polymorphism mechanism of HDL and LDL local
water structure stabilization. It is not clear from the presented data
whether the bicarbonate-rich LCP separates through a liquid-liquid
transition or through a macroscopic liquid-liquid separation,
these
transitions occur frequently in aqueous solutions (Mergo and
Seto, 2020; Devlin et al., 2023).

The bias of various ions and solutes to preferentially reside in

however, other works indicate liquid-liquid  phase

either the LDL or HDL environments potentially stabilizes the local
water state. These stabilized local water states may then coalesce due
to the attraction and repulsion between like and unlike local water
states (Stokely et al., 2010; Overduin and Patey, 2012). Sodium
chloride, which was present in our experiments, has been reported to
affect the balance between HDL and LDL in aqueous environments
and even facilitates a first-order phase transition. This is due to the
ability of alkali metals, such as sodium, to disrupt LDL hydrogen
bonding since they prefer hydration in an HDL environment
(chloride ions have a negligible preference between the LDL and
HDL phases) (Waluyo et al., 2014). It is possible that the bicarbonate
oxyanion, perhaps aided by the fractionation preference and charge
balance afforded by sodium and chloride ions, fractionates between
and stabilizes coexistent separate local water states with different
HDL/LDL fractions. Thus allowing for the detection of large regions
of density and/or ion concentration contrast (>40 nm diameter)
with relatively long lifetimes (seconds to minutes or longer) as
measured by multiple techniques (Figures 1-3). This may be one
reason why bicarbonate-rich LCP has been difficult to identify to
date; in the absence of sufficient alkali metals and bicarbonate to
stabilize a separation between local water states with different
degrees of HDL and LDL, and sufficient chloride to ensure a
charge balance between the two states, the bicarbonate-rich phase
may not form or may be too low in concentration to detect. A simple
illustration describing how water polyamorphism interacting with
ion solvation preference may lead to a similar species as detected
here is shown in Figure 4. The designation of the internal aqueous
environment of the phases in Figure 4 in terms of relative HDL
(“relatively more” vs. “relatively less”) is justified by the fact that bulk
water at this temperature (25°C) is dominated by the HDL aqueous
structure (Pettersson and Nilsson, 2015) with additional LDL
destabilization due to the presence of sodium ions (Nilsson and
Pettersson, 2015). The replacement of chloride ions with
bicarbonate ions in a solution containing sodium and chloride, as
done in this study, may promote a phase transition to occur as ions
fractionate between HDL-richer and HDL-poorer local water states
depending on their solvation preference and charge balance. This
would yield species which resemble the description of bicarbonate-
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Fractionation of lonic Species
(Na*, CI,, HCO;, OH, H*)

Local Water State with Relatively Less HDL Content

Less Condensed
Bicarbonate and Sodium
ions (Bulk Solution?) |

|

Bicarbonates have higher relative mobility (T,

relaxation)

* Species has different refractive index (R.l.) than
minor phase

+ Different C*3 bicarbonate environment than
minor phase (Chemical Shift)

* Bicarbonate-sodium ion pairing

FIGURE 4

An illustration of a possible motif for bicarbonate LCP formation. The coexistence of both HDL and LDL water structures in solution leads to a
fractionation of the solvated ions in solution based on their bias to solvate in each environment. The differences in refractive index, mobility (T, relaxation),
and chemical shift may be explained by the fractionation of bicarbonate between the two water structures. The fractionation may be an important
mechanism through which systems condense specific ions in close proximity and initiate and direct nucleation of carbonate minerals. These
conditions could allow for the coexistence of LDL-rich and HDL-rich phases which, through coalescence, are stabilized into large droplets with the
relatively long lifetimes and large size scales observed in this study similar to properties of bicarbonate-rich LCP.

rich LCP to form in coexistence with a bulk solution (Figures 4A,B).
This phenomenon may not be specific to the bicarbonate oxyanion
system. Other oxyanions (e.g., sulfate and phosphate) display
evidence of similar phase transition behavior (You et al., 2013),
such as in sulfate systems containing ovalbumin protein (Dumetz
etal, 2008) and in aqueous phosphate systems (Franzese et al., 2001)
which may form liquid condensed phases through a
similar mechanism.

The formation of a naturally occurring, stable liquid
condensed phase of bicarbonate in the absence of divalent
cations offers a new mechanism to consider when modeling
nucleation events. Localized supersaturation that develop during
ion condensation and fractionation between the LCP and mother
solution phases may partially explain why calcium carbonate
nucleation rates are much higher than theoretically expected in
the absence of such condensation mechanisms (Vekilov, 2010).
LCP formation and persistence also offers an additional
mechanism to explain deviation from ideal solute behavior, as
commonly accounted for using activity correction coefficients.
Many mechanisms, including Debye-Hiickel screening, ion-
pairing, prenucleation clustering (PNC) (Gebauer et al.,, 2008)
contribute, at least in part, to the changes in activity observed at
elevated ionic strength. Bicarbonate-rich LCP is an additional
phenomenon that may account for a portion, or even the
majority of, the non-ideality of concentrated bicarbonate salt
solutions, simply by altering ion activity due to the
incorporation of ions into a minor LCP phase.
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The existence of a bicarbonate-rich LCP suggests that
biomimetic nucleation and precipitation of CaCO; may proceed
through both a bicarbonate-dependent pathway, as well as a
carbonate-dependent pathway. For example, a fundamental
calcium carbonate mineralization reaction is shown in Eq. 1,
where CO, is formed along with solid carbonate material via the
reaction of Ca** with two equivalents of HCO;".

CaCl2 (aq) + 2NaHC03 (aq) d CaCOz,(s) + COz(aq) + HZO(I)
+2NaCl ) AG = -27.3K] mol™ (1)

The calculated Gibb’s free energy assumes standard state
temperature and concentrations. Mineralization through reaction
one produces one equivalent of CO, for every equivalent of CaCO3,
which may be evolutionarily desirable, since many organisms that
produce large quantities of CaCOs, for exoskeletons also require
CO, for photosynthesis. In contrast, the conventional mechanism
(reaction 2), involves reacting Ca** with CO5™.

CaClz(aq) + Na,CO, (aq) CaCO;) + 2NaC1(aq)
AG = —49.87 kJ mol ™" )

Maintaining a high pH during mineralization is required for to
ensure that carbonate is the predominant form of inorganic carbon
in the system for reaction 2. This imposes a metabolic penalty due to
the energetic expense of producing or supplying alkalinity.
However, biomineralization through reaction one reduces the
energetic burden on an organism by favoring bicarbonate
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utilization, which is common
pH values (pH 6.5-8.5).

Here, we provide multiple lines of evidence that demonstrate that

prevalent at biologically

bicarbonate-rich LCP is not a calcium carbonate nucleation-specific
transient phase, but is a stable phase that occurs at equilibrium, in
undersaturated conditions and does not require divalent ions to form.
Although the question of whether a macroscopic separation is
occurring is still open to debate, the data presented here provides
direct evidence that the phenomenon of bicarbonate-rich liquid
condensed phase (LCP) requires neither supersaturated conditions
with respect to a precipitating mineral nor multivalent ions for
extensive ion pairing. The driving force for bicarbonate-rich LCP
may be due to liquid water polymorphism, which provides a
mechanism for the heterogeneous concentration and coalescence of
monovalent bicarbonate into a condensed liquid phase. Its existence
requires reevaluation of the models involved in nucleation prediction.
Explicit accounting for LCP may simplify thermodynamic and kinetic
models of electrolyte solutions and provide new insights into
previously unexplained observations.
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