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The ammonia diffusion method (ADM) is one of the most widely used strategies for the bioinspired
synthesis of minerals. Herein, we present investigations of the mineralization mechanism using an
advanced ADM to solve the limitations of the conventional ADM. This allows us to confirm the presence of
liquid calcium carbonate precursor species in additive-free and polymer-stabilized gas diffusion systems,
indicating that liquid-liquid phase separated species exhibit sufficient kinetic stability to be detected. Time-
dependent experiments reveal the role of these precursor phases during the early stages of the
crystallization process, demonstrating that liquid calcium carbonate mineral precursors play an important
role in the precipitation pathway and must be generally considered for the interpretation of gas diffusion
experiments, with and without additives. This discovery poses an important step in the understanding of
how minerals are formed, highlighting that nonclassical mineralization processes must be considered for
material synthesis. Last but not least, the advanced ADM may be useful for the exploration of the formation
mechanism of other minerals than calcium carbonate, which are also of broad interest in the materials
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Introduction

Gas diffusion-based synthesis methods are a useful tool to
synthesize calcium carbonate and to investigate the effect of
additives on the precipitation process, thereby providing new
insights into biomineralization and biomimetic synthesis
strategies.” In recent years, the most widely used diffusion-
based method, the ammonia diffusion method (ADM),>* has
been utilized to synthesize calcium carbonate minerals for
addressing questions in various research fields. The
investigations of nucleation and crystal growth processes,*®
additive effects on the formation of calcium carbonate,®™ the
synthesis and characterization of nanocomposites,'*
investigations regarding changes in material properties of
crystals,’” as well as syntheses of composite particles for
potential use in cancer therapy,'® have been carried out using
the ADM. In addition, ADM has been used to investigate and
characterize  polymer-induced liquid precursor (PILP)
phases.””*® Liquid precursor phases are essentially
amorphous minerals with such a high degree of hydration
that they appear and behave as a liquid and feature a liquid-
liquid phase boundary to the mother solution. The liquid
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precursor species can densify to gel-like or solid amorphous
calcium carbonates upon the loss of water. PILP phases are
useful for explaining the complex “molded” non-equilibrium
mineral morphologies found in organisms such as sea-
urchins and present a promising way to new materials, for
example for potential uses in biomedical applications*"** or
as construction materials.>® Recent results indicate that PILP
phases are polymer-stabilized phases rather than polymer-
induced phases, as liquid-liquid binodal demixing and the
formation of dense liquid phases have been detected in
additive-free aqueous calcium carbonate systems.**** This
can be explained by nonclassical nucleation models. It was
shown that the formation of liquid intermediates in the
absence of additives is defined by soluble, thermodynamically
stable prenucleation clusters (PNCs),*® where ion association
is driven by the entropy gain of releasing hydration water
molecules.”® If supersaturation is increased and the
corresponding liquid-liquid binodal limit is exceeded, PNCs
can become phase-separated nanodroplets due to decreased
cluster-dynamics upon increased calcium carbonate
coordination numbers within the clusters. The formed
nanodroplets can further aggregate to form larger, dense
liquid precursor phases. It is still debated why certain
additives can stabilize the liquid precursors. Current results
indicate that additives, such as poly(carboxylates) or Mg**
ions, favor the incorporation of water into the liquid and
amorphous structures, preventing their dehydration toward
the formation of solid amorphous calcium carbonate

This journal is © The Royal Society of Chemistry 2021
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(ACC).>**” An alternative explanation could be the favorable
incorporation of bicarbonate into the liquid phase.>®*°

As mentioned above, liquid-liquid phase separation
(LLPS) was proven numerous times in the case of calcium
carbonate, with but also without additives.?**°*' However,
liquid precursor phases received minor attention in the
discussion of diffusion-based mineralization experiments so
far, even if their liquid-like character is often useful for
rationalizing results that are difficult to explain based on
classical nucleation mechanisms.*> Due to their fast
transformation into more stable phases, such as solid ACCs
or (metastable) crystals, liquid precursors are difficult to
detect. Experimental strategies for the investigation of liquid
mineral phases include cryogenic TEM studies,****3** NMR>’
and THz spectroscopy.>* Another strategy is the investigation
of the characteristics of solid amorphous phases that emerge
from the dehydration of the initial liquid phases.*® This
strategy is also employed in this work using ADM as the
method to synthesize calcium carbonate. Although ADM is
not a new method and has been used for decades,*® it was
previously not employed for investigating transient precursor
phases without additives, as usually volumes of several mL
are used, resulting in low concentrations of the transient
species which complicates their isolation and investigation.
In addition, the transient species rapidly transform before it
is possible to isolate them in the conventional ADM. Due to
these limitations, so far, ADM has been mainly used to
investigate more stable amorphous and crystalline minerals.
In this work, we present several key advancements to solve
these limitations of the ADM. The experiments are performed
in droplets, thereby reducing the time necessary to remove
the liquid and dry the transient species and thereby reducing
the likelihood of their transformation before they can be
investigated. In addition, performing experiments on wafers
allows the transfer and investigation of all species present in
the reaction solution at a certain time in the experiment.
Another advantage of the mineralization in droplets is their
beneficial economy: only small amounts of, potentially
expensive, additives are necessary.

Our results confirm and visualize the occurrence,
properties and kinetic stability of liquid calcium carbonate
precursor species by employing the ADM, in the presence
and absence of additives, underlining their general
importance for the interpretation of ADM-based experiments.
Furthermore, other carbonate minerals can be synthesized
using the ADM,*”*® where the mineralization mechanism
and the potential occurrence of liquid intermediates can be
studied using the experimental strategy presented herein in
future.

Results and discussion
Characterization of polymer-stabilized precursor phases

ADM makes use of CO, diffusion into droplets of calcium
chloride solution (Fig. 1).° After the desired reaction time,
the solvent is removed, thereby transferring all species

This journal is © The Royal Society of Chemistry 2021

View Article Online
Paper

remove from
chamber

Si-wafer
4

filter paper

g

characterization

Desiccator

Fig. 1 Schematic view of the droplet-based ammonia diffusion
method. Experiments are performed in 20 puL CaCl, droplets on silica
wafers. After the reaction is finished, the solvent is quickly removed
using a filter paper. The precipitates on the wafer are then dried and
investigated.

formed near or on the inner surface of the droplet, where
calcium carbonate supersaturation is the highest, but also
any species from the bulk of the droplet onto the wafer. As
no further washing is performed, characterization of the
dried wafers by SEM allows the investigation of all species
present at this moment in the experiment. First, the effect of
the polycarboxylate poly(acrylic acid) (PAA) on the
precipitation of calcium carbonate was investigated. The
influence of key parameters such as reaction time (1 h to 24 h),
starting calcium chloride concentration (10 mM to 40 mM)
and PAA concentration (0.01 to 1 g L") was examined. Note
that the formation of Ca-PAA coacervates and hydrogels is not

——dried film on wafer —— PAA
—ACC —— wafer
861

VA
<_,_/L_J\-»
A
e

2000 1750 1500 1250 1000 750
wavenumber / cm”’'

50 um

Fig. 2 Characterization of wafers after 1 h gas diffusion experiments
with PAA additive. A) The film is visible to the naked eye, here shown
for a PAA concentration of 0.5 g L. B) ATR-FTIR spectra show that
the precipitates on the wafer are ACC, confirmed by the band at
861 cm?, even for the highest additive concentration of 1 g L™ For
comparison, spectra of pure ACC, pure PAA and the wafer are shown
as well. Experimental conditions: 2 h gas diffusion experiment using
20 mM CaCl, solution with 1 g L™ PAA. C) SEM image of the dried film
on the wafer using 10 mM CaCl, and 0.01 g L™* PAA and D) using
40 mM CaCl, and 0.01 mg L™ PAA.
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relevant in the systems of this work (Fig. S1t). For all
investigated PAA concentrations, one hour experiments
showed the formation of a macroscopic film on the surface of
the droplet which was visible to the naked eye (Fig. 2A).
ATR-FTIR characterization (Fig. 2B) of the dried film on the
wafer shows that the precipitates are predominately ACC,
confirmed by the band at 861 ecm™. The dried film was
further investigated using SEM (Fig. 2C and D), showing thin
films of several 100 um in their lateral dimension.

For high calcium and low PAA concentrations, particles
were visible in addition to the film (Fig. 2D), showing the
limited stability of the films for lower additive/calcium ratios.
The morphology of the dried film showed differences in the
top surface and the bottom surface of the film (Fig. S31). The
formation of liquid mineral phases on the surface of the
droplet was expected, as PAA is known to stabilize PILPs;**"*°
however, the extent and macroscopic visibility of the liquid
phase was not anticipated. The PILP films broke apart or
dissolved when they were manipulated (Fig. S3 and Movie
S1t) or upon attempts to isolate the films in their liquid state
(Movie S27). This is due to the liquid phase being only stable
when in equilibrium with the mother phase. Liquid-liquid
coexistence relies on the presence of two phases, so if the
dense liquid is attempted to be isolated, it will fall apart.’
The film can only be isolated when quickly dried and
transferred into the solid state. Nevertheless, the liquid
properties are evident if the structures of the dried liquid
phases are closely examined (Fig. S4t).

Concentration-dependent —experiments
stabilizing effect of PAA on the amorphous structures, as
for polymer contents higher than 0.5 g L', no crystalline
particles were visible in the 1 h experiments (Fig. S51). Time-
dependent experiments were used to resolve the evolution of
the PILP film (Fig. S6t), showing that with increasing PAA
concentration, films were detectable for several hours. If
reaction times were long enough, however, the structures
eventually crystallized and formed calcite particles with
different morphologies and superstructures (Fig. S6t). In
several experiments, semi-spherical calcite particles were
detected (Fig. S7t), indicating that growth of the particles
occurred from the precursor film, which can act as a
substrate for particle growth, into the solution, accompanied
by the densification of the precursor toward the crystalline
phase. When the experiments were stopped before the
growth into spherical particles was completed, semi-spherical
structures were visible. Also, ACC particles already
precipitated on the wafer when the film was still present on
the surface of the solution (Movie S371). This could be due to
the simultaneous formation of ACC in the volume of the
droplet, which then precipitates, or due to the release of ACC
particles from the film into the solution.

confirmed the
27,40

Liquid precursor phases in the absence of additives

The previously described conditions of gas diffusion-based
CaCO; synthesis in droplets apparently favor the formation

7940 | CrystEngComm, 2021, 23, 7938-7943
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of continuous liquid precursor films. As liquid phases are
also expected to exist in the additive-free calcium carbonate
systems,”"** we investigated the crystallization without PAA
using the same conditions. The PNC pathway allows the
quantitative description of liquid-liquid phase separation
(LLPS) in the aqueous calcium carbonate system.””> We
applied this quantitative model to estimate the time required
for LLPS in the gas diffusion systems described here (ESIf
discussion). Recent studies showed that the liquid-liquid
binodal limit is defined by the solubility threshold of proto-
structured ACCs.>* Therefore, in general, from the solubility
product of this ACC*® and the known starting concentration
of CaCl,, the amount of carbonate necessary to exceed the
binodal limit calculated. Then, from previously
established effects of different parameters in gas diffusion
experiments,® the carbonate addition rate due to CO, in-
diffusion was calculated. For the given experiments, the PNC
model predicted that liquid-liquid phase-separation takes
place on the timescale of 30 minutes, which was
experimentally investigated.

The 1 h additive-free experiments yielded many different
structures and particles (Fig. 3A and S8f). Most importantly
and as predicted by the PNC model (ESI} discussion), also
without polymeric additives, films of several 100 pm in
diameter with smooth surfaces at the edges were visible
(Fig. 3B).

These films were not observed close to amorphous and
crystalline particles (Fig. 3A), which indicates that they served
as the precursor phase to the denser amorphous and
crystalline structures, and that the transformation took place
by a dissolution-reprecipitation mechanism.*' The presence
of calcium carbonate in the films was supported by EDX
(Fig. S10t). The large size of these films implies that a
considerable amount of the calcium carbonate in the system
was present in the form of these liquid precursors. It must be
emphasized that the structures visible in the SEM are dried,
solid residues of the once heavily hydrated species** formed
on the surface of the droplet upon blotting and quick drying
of the mother solution. The native state and the dynamics of
these species could not be assessed due to their rapid
transformation into more stable phases. However, the dried
films allowed insights into the characteristics and
transformation mechanisms of the precursor species. It was
observed that the film covered the crystalline particles like a
cloth (Fig. 3C), again visualizing the initial liquid- or gel-like
properties of the detected phase. Time-dependent
experiments showed the formation and evolution of the film
(Fig. 3D-F). After 30 minutes, films of several hundred pm in
their lateral dimension were visible (Fig. 3D). In some spots,
the precursor phase already formed denser structures,
resulting in holes in the film (Fig. S9f). In the 1 h
experiments, additional amorphous and crystalline structures
were present (Fig. 3E and S81) whilst after two hours, only
calcite particles were visible (Fig. 3F). The transformation of
the film into particles was recorded (Fig. S117), indicating a
densification of the film toward the formation of 50 to

was

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 SEM images for 1 h additive-free gas diffusion experiments using A) 10 mM, B) 20 mM and C) 40 mM CaCl,. A) Different structures are
visible on the wafer. No films or smaller particles are visible around larger amorphous or crystalline structures, therefore, likely a dissolution-
reprecipitation mechanism occurs. B) In many areas of the wafer, large films with smooth edges were detected. Closer to the center of the
spherical structures, smaller particles are visible. C) Calcite and vaterite particles are covered by the film. D)-F) Time-dependent development of

the precursor films in the additive-free experiments using 10 mM CaCl,.

150 nm-sized particles. The amorphous particles then dissolved
and reprecipitated to form larger amorphous structures with
a size of 10 to 50 um (Fig. S87). The film breaking apart to
particles is a rather compelling proof for the liquid nature of
the precursor structures based on thermodynamics of phase
transformations.’ It would be thermodynamically impossible
for a macroscopic, solid ACC film of 100 nm thickness to
transform into smaller ACC nanoparticles, as this would

starting solution

l LLPS

ACC crystalline
particles CaCoO;

o dissolution-
solidification reprecipitation
— —

dense liquid phase solid-state
transformation or
dissolution-reprecipitation

(film or droplets) dissolution-

reprecipitation

larger ACC

structures
Fig. 4 The proposed mechanism of CaCOs crystallization in diffusion-
based experiments. The first phase separation in the system is LLPS
forming a dense liquid mineral phase. This phase can appear as a film
or droplets, depending on the experimental conditions. The liquid
precursor phase then solidifies to ACC particles, which in turn dissolve
to form larger amorphous structures or directly the crystalline
polymorphs. In parallel with the processes shown, ACC particles could
form in the solution or crystalline calcium carbonates on the surface
of the wafer can occur (not shown in the scheme). Solid-state
transformations were also observed for the dried ACC precipitates
(Fig. S121).

This journal is © The Royal Society of Chemistry 2021

correspond to anti-Ostwald ripening. It is possible for liquids,
however, as liquids can change their composition drastically
and macroscopic dense liquid films are metastable with
respect to ACC nanoparticles.

When the experimental conditions were changed, e.g.,
droplets with a larger volume were used, no large films were
visible to the naked eye in additive-stabilized systems. This
indicates that droplet surface area, surface tension, diffusion
barriers and used concentrations determine whether large
precursor films are detectable or not, which might be the
reason why this effect was not reported in the literature
before. Even if no large films are detected, LLPS is still
expected to take place in gas diffusion experiments, although
the liquid species could occur in different forms, such as
dispersed liquid (nano-)droplets (Fig. 4).*>**

Conclusions

Our results confirm and visualize the dense liquid calcium
carbonate precursor phase in the absence (and presence) of
additives. This is possible due to the precursors exhibiting
sufficient kinetic stability in gas-diffusion-based syntheses to
be detected. Thus, it is important to consider liquid
precursor species for the discussion of diffusion-based
experiments, even if no stabilizing additives are present.
Liquid species and their interactions with additives open a
new perspective on crystallization processes of minerals and
beyond. Exploiting the liquid properties of mineral
precursors can be used to synthesize new materials. In
addition, we present an advancement of the ammonia
diffusion method that can be employed to address various

CrystEngComm, 2021, 23, 7938-7943 | 7941
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questions in carbonate material syntheses. Besides detection
and isolation of transient phases, this method can help to
optimize synthesis conditions in the ADM by allowing
efficient screening of large arrays of experimental parameters
and allows the economical use of additives due to the low
volumes of the experiments.

Experimental section
Gas diffusion mineralization experiments

The experiments were carried out using 24 cell culture
microwell plates. Each chamber was covered with a lid with a
hole of 0.5 mm in diameter. Inside each chamber, a 5 x 5 mm
Si-wafer (TED PELLA, Inc.) was placed, on which 20 pL
of calcium chloride solution (prepared by dilution of 1 M
stock solution, VWR AVS Titrinorm) was pipetted. Depending
on the type of experiment, droplets with different CacCl,
concentrations (10 mM to 40 mM) and PAA concentrations
(0 gL' to 1 g L, Sigma-Aldrich, poly(acrylic acid) DDMAT
terminated, M, = 7800 g mol™") were used. For experiments
longer than 2 h, a 5 x 5 mm glass wafer (cut from VWR
microscope slides) was used as a substrate. Then, 0.5 g of
freshly ground ammonium carbonate (Sigma-Aldrich, >30%
NH;-basis) was placed inside a petri dish with a cap
containing three holes (1 mm diameter) inside a desiccator
(2.4 dm?® internal volume). The well-plate with the CaCl,
solutions was placed on top of the porcelain plate in the
desiccator and the desiccator was closed. Experiments ran
from 30 min up to 24 h, as stated. Once the experiments were
finished, the well plate was removed from the desiccator and
the solution was immediately removed using filter paper.
Removal of the solvent usually took no longer than 5 min.
The wafers were dried in air overnight and characterized.
Each experiment was performed at least twice to confirm
reproducibility. All aqueous solutions were prepared using
Milli-Q water that was degassed by bubbling nitrogen
through the solution overnight.

Characterization

Scanning electron microscopy (SEM) images of the dried
wafers were recorded using a JEOL JSM-6610 SEM. The wafers
were coated with gold (5-10 nm thick layer) prior to analysis.
Attenuated-total-reflection Fourier-transform infrared (ATR-
FTIR) spectra were measured using a BRUKER Tensor 27
FTIR spectrometer. The wafers with the calcium carbonate
precipitates were directly put on the ATR unit of the
spectrometer. The respective wafer (Si or glass) was used as a
background reference. Light microscopy was performed on a
Keyence VHX-600 Digital Microscope equipped with a
VHZ100UR Zoom Lens.
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