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In situ AFM observations show that when PILP droplets contact a
surface, their initial properties are either a liquid with a high
interfacial tension (350 mJ/m2) or a soft gel-like material with a low
modulus (less than 0.2 MPa). These findings suggest that PILP may
initially be liquid-like to infiltrate collagen fibrils, enabling the
production of interpenetrating composites, and/or become
viscoelastic, to provide a means for moulding minerals.

Crystallization is the primary process by which molecules
condense into an ordered structure. Monomer-by-monomer
attachment is the scenario envisioned in classical crystallization
models. However, recent experimental findings indicated the
existence of more intricate crystallization pathways, involving
intermediates consisting of multi-ion clusters,» 2 amorphous
precursors,®> nanoparticles, > or liquids.5-8
Moreover, the introduction of polyionic polymers, both
biological and synthetic origin, has been demonstrated to

even dense

stabilize amorphous states and generate a polymer-induced
liquid precursor (PILP) phase in various mineral systems, such as
calcium carbonate,” calcium phosphate,® and barium
carbonate.0

The notion of PILP as a mouldable precursor to a mineral
phase significant within the

biomineralization community due to the ubiquitous proteins

has attracted attention
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that are rich in acidic side groups (carboxylate, phosphate,
sulfate), the visual similarity of PILP droplets to mineral
precursors formed during both biomineralization and
biomimetic synthesis,1-12 and the potential ability of PILP to be
formed into a variety of non-equilibrium (i.e., non-faceted)
morphologies, such as crystal “drops”,” thin films/tablets,13
fibers,10 and crystals shaped within templates.1* With regard to
the liquid-like property, the mineral precursor has been shown
to infiltrate the nanoscale compartments in macromolecular
matrices, which is a common theme in biominerals. This has
been observed, for example, in the in vitro intrafibrillar
mineralization of collagen fibrils, which Olszta et al.
hypothesized to occur through the capillary action of the fluidic
droplets.8

Although the concept of amorphous precursors stabilized by
polyionic polymers has gained widespread acceptance, the
liquid nature of PILP has remained a subject of contention. The
initial PILP paper presented compelling optical evidence for
liquid-like behavior, a finding subsequently supported by NMR
studies of self-diffusion and relaxation times.’> However, the
crystalline products that formed from the PILP particles
exhibited a colloidal texture, and although the colloids were
very densely packed and appeared to fully coalesce into
monolithic crystals, the remnant texture of the PILP precursors
suggested that PILP particles do not flow like a liquid. Whether
or not PILP is a true liquid or a soft solid, the elastic modulus and
surface tension are key to understanding its wetting, flow, and
moulding properties, but they have not been measured, despite
their significance.16

In this study, we conducted a comprehensive analysis of the
time-dependent mechanical response of PILP under
deformation using in situ atomic force microscopy (AFM). Our
results demonstrate that the PILP has a mechanical response
characteristic of a gel-like material, which exhibits an increase
in stiffness with time. However, it is important to note that our
results do not rule out the potential that PILP may initially
exhibit true liquid behavior prior to its interaction with a surface.
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Using polyacrylic acid sodium salt (PAA-5k) as a stabilizer for
PILP formation (see Experiment section, ESIT), agglomerated
droplets were formed on a silicon wafer from a calcium
carbonate solution during the free drift of supersaturation (Fig.
S1, ESIT). The precipitates appeared to be partially merged
droplets/particles with morphologies strongly reminiscent of
those formed when viscous liquid droplets merge together and
partially spread on a surface into a reticulated film. However,
these agglomerates did not form a smooth and completely
continuous film (as observed in Gower and Odom’s conditions” ),
suggesting a more rapid evolution in the PILP’s mechanical
properties, as the droplets may have dehydrated and solidified
when becoming exposed to the open-air conditions. With
progressive aging, vaterite crystals nucleated and grew into
spherulitic aggregates at the expense of the (dissolving)
precursor film of PILP (Fig. S2, ESIT).

In this experiment, the free drift of the supersaturation is
driven by the release of CO,in open-air conditions (25°C and 60%
relative humidity). This drift can be greatly slowed by partially
sealing the solution in a container to retard the release of CO,,
as was done in our AFM experiments. After depositing an
aliquot of the initial solution on a silicon wafer, it was
immediately transferred to the liquid cell of the AFM, which has
an O-ring seal. After sealing, approximately 100 uL of additional
calcium carbonate solution was injected to completely fill the
liquid cell. The initial precipitates were then observed by in-situ
AFM.

Unfortunately, the earliest stages of PILP formation and/or
deposition could not be captured by AFM due to an inherent
characteristic of the measurement technique. The formation of
PILP particles in the initial solution resulted in the scattering of
the laser beam used to detect the deflection of the AFM probe,
which in turn led to an unstable signal from the position-
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Fig. 1 The evolution of PILP deposits. (a) In situ AFM images over
time. The red circles show the disappearance of small PILP
adsorbates. (b) The height distribution of PILP deposits over time
demonstrate a bimodal pattern, with one peak in height
diminishing in size and shifting towards smaller dimensions,
while the other peak grows in size, quantifying an Ostwald
ripening process.
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sensitive photodiode used to record that deflection. As a result,
no images could be acquired and no forces could be measured
until the PILP particles had settled out of solution after about 25
min. Therefore, our results only pertain to the properties of PILP
after that initial period.
In contrast to what was observed in open-air conditions, PILP
sealed solutions did not form large (micro-sized)
agglomerated droplets. Instead, the PILP consisted of discrete
structures ranging from about 10 to 100 nm in diameter (Fig.
1a), with a roughly Gaussian height distribution and a mean
height of only 6 nm, presumably because the small volume of
the fluid cell results in too little PILP to produce significant
agglomeration. The shallow height of the larger droplets
relative to the particle dimensions, even if they represent
agglomerated droplets, suggests that the precursor was able to
partially wet the surface in the early stage of formation. Over
time, the distribution coarsened, with small deposits shrinking
and eventually disappearing (see circles in Fig. 1a), while large
deposits grew, leading to a clear bimodal height distribution (Fig.
1b). Thus the size evolution appears to reflect Ostwald ripening,
rather than the direct coalescence of small droplets. The latter
process was not possible in these experiments, because the PILP
deposits were firmly attached to the silicon surface by the time
imaging was possible, and Brownian motion did not occur.
Consequently, even after 5 h the PILP remained in the form of
discrete nanoscale deposits (Fig. 1a).

The mechanical properties of PILP droplets were determined
from in situ force curves (Fig. 2a and b). Two types of curves
were observed, with the first type corresponding to periods
before approximately 3 h, and the second type corresponding
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Fig.2 Analysis of indentation force curves by using a modified
Hertz model. The force versus distance of the PILPs and the
corresponding fitted curve are presented, for (a) at initial stages
(less than 2 h) and (b) at later stages (after 3 h), among which the
fitted of the curve using a stiff/soft two-phase model in (b). (c)
The changing elastic modulus of PILPs with time.
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to later times. During the initial stages, the applied force
exhibited a continuous increase with compression (Fig. 2a).
However, the force curves collected at later time periods
exhibited an abrupt, transient decline in applied force during
the compression phase, followed by a sharp increase surpassing
the previous force level (Fig. 2b).

To interpret these force curves, we examined two theoretical
models for PILP behaviour. In one model, PILP is regarded as an
elastic solid, while in the other, it is considered as a liquid
droplet. For the former case, a Hertzian model is commonly
employed for analyzing indentation by a conical tip;}” however,
for a thin material on a hard substrate, a modified Hertzian
model is deemed a more suitable choice!® and provides a better
fit to the force curves (see Fig. S3, ESIT). Application of this
model results in an elastic modulus for PILP that gradually
increases from about 0.18 MPa to about 0.28 MPa between 25
min and 1 h (Fig. 2c). Extrapolation of the data back through the
period where data collection was not feasible at the beginning
of the experiment suggests that the modulus approaches a very
small value — close to zero, suggesting that PILP initially
behaves as a true liquid phase.

Once the modulus reached 0.28 MPa, it remained stable for
approximately 2 h. At about 3 h, the sudden drop in force with
compression in subsequent force curves indicated the
occurrence of an additional yield point (Fig. 2b), signifying
partial structural collapse. However, with further indentation,
the material re-strengthened. This behaviour implies the
presence of two distinct regions within the material,
characterized by differing levels of softness and stiffness. The
stiff region may have been formed due to the expulsion of PAA
and/or H,0, as has been seen in the core-shell particles (and
helices) formed via PILP phases.1® 20 By incorporating a soft
region and a stiff region in the modified Hertzian model, the
elastic modulus of both periods of behaviour can be ascertained
from the force curves (see Fig. 2c and Supported text, ESIT). In
the stiff region, the modulus gradually increases over time to
about 0.52 MPa, whereas in the soft region, the modulus
remains mostly constant with a slight decreases to about 0.27
MPa (Fig. 2c). Our in situ FTIR characterization of the particles in
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Fig. 3 Analysis of indentation force curves by using the
model of deformed droplets. (a) The force versus distance
of the PILPs and the corresponding fitted curve are
presented. (b) The evolving interfacial tension of PILPs. The
mean values of the interfacial tension are 350 and 40 mJ/m?2
for the initial phase (less than 2 h) and the later phase
(more than 3 h), respectively, where the red dashed lines

are drawn as a guide.
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solution revealed the appearance of the carboxylate peak of
PAA at 1640 cm~! during the later stage (i.e. just before the
crystallization of vaterite) (Fig. S4, ESIT),2% 22 indicating the
expulsion of PAA in the outer region of the particle and thereby
reinforcing the interpretation of the force curves.

Despite the above analysis giving a reasonable result, it is
essential to contemplate the prospect that PILP behaves as a
genuine liquid, with its resistance to deformation stemming
from the high interfacial tension between the PILP and the
surrounding solution, rather than a quantifiable elastic modulus.
As a droplet undergoes deformation when pressed against an
AFM probe during a force measurement, the surface area
increases, consequently augmenting the total interfacial free
energy. Assuming that the rise in total interfacial free energy
equates to the external work of compression by the AFM probe,
the interfacial tension can be estimated by fitting the model to
the recorded force curves (see Fig. 3a and supported text, ESIT).
This analysis suggests that the initial interfacial tension should
be approximately 350 mJ/m2 (Fig. 3b), dropping to around 40
mJ/m?2 after 3 h. In this model, the excluded PAA could act as a
surfactant to reduce the interfacial tension at a later stage.

The intrinsic nature of PILP may be positioned between two
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Fig. 4 The interfacial and mechanical properties of PILP
considering the combination of a liquid and an elastic
material.

limited cases, i.e., a deformable solid with a minor elastic
modulus (gel-like amorphous precursor?3) or a true liquid
(liquid-like precursor??) with a high interfacial energy. Since
both the elastic modulus and the interfacial tension estimated
from the data are proportional to the measured force (see Egs.
(1) and (13) in the supported text, ESIT), their values for any
intermediate case would then be determined by a linear
interpolation between the two limiting values, as shown in Fig.
4. Consequently, the elastic modulus of early PILP lies between
0 and 0.18 MPa, while the surface tension ranges from 350 to O
mJ/m2. If the surface tension of PILP resembles that of molten
salts (e.g. CaF,/air, 300 mJ/m?Z; sulfide/silicate, 500 mJ/m?2),25 26
which are also ion-rich phases, then the interpolated elastic
modulus value must be small, around 0.03 MPa, or close to that

ChemComm, 2023, 00, 1-3 | 3



ChemGomm

of a hydrogel. Conversely, if the surface tension of PILP is low,
similar to that of silicone oil or hydrocarbons, about 40 mJ/m?2,27
then the interpolated elastic modulus value is about 0.16 MPa,
or close to that of alginate or double network gels.28 2°
Considering the precursor's composition of water, ions, and
charged polyelectrolyte, it is probable that the interfacial
tension would exceed the lower limit of a hydrocarbon,
suggesting an intermediate value softer than an alginate gel. In
either limiting case, a fluid with a high interfacial energy, such
as a molten salt, or a soft gel-like material with a low elastic
modulus, would be readily mouldable. Liquid properties would
be required for a that
compartments in macromolecular matrices via capillary forces,

material infiltrates nanoscale
and thus this aspect could only occur in the early stages of
fluidic properties, or with greater stabilization of the liquid-like
phase (potentially influenced by the polymer properties, such
as molecular weight or charge density).3° Consequently, our
findings support the hypothesis that PILP represents a
mouldable precursor, and are not inconsistent with an initial
liquid state capable of infiltrating matrices prior to gelation and
solidification. The increase in modulus over time suggests that
the PILP droplets may become gel-like by the time they
accumulate into a film or monolithic phase, which could
account for the remnant colloidal texture observed in crystal
products formed by the PILP process. Thus, the distance and
time involved in various transport pathways — whether in the
beaker or an organism — would be expected to lead to
variations in the coalescence capability of such a precursor
phase. Furthermore, polymers in and of themselves tend to
possess strong viscoelastic behaviour, and thus likely contribute
to the time-dependent behaviour of the PILP phase, thereby
enabling the colloid assembly and transformation (CAT)
pathway that
capabilities.16
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