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Additives Control the Stability of Amorphous Calcium
Carbonate via Two Different Mechanisms: Surface
Adsorption versus Bulk Incorporation

Zhaoyong Zou,* Xiaofei Yang, Marie Albéric, Tobias Heil, Qihang Wang, Boaz Pokroy,

Yael Politi, and Luca Bertinetti*

The mechanisms by which organisms control the stability of amorphous
calcium carbonate (ACC) are yet not fully understood. Previous studies have
shown that the intrinsic properties of ACC and its environment are critical

in determining ACC stability. Here, the question, what is the effect of bulk
incorporation versus surface adsorption of additives on the stability of syn-
thetic ACC, is addressed. Using a wide range of in situ characterization tech-
niques, it is shown that surface adsorption of poly(Aspartic acid) (pAsp) has
a much larger stabilization effect than bulk incorporation of pAsp and only
1.5% pAsp could dramatically increase the crystallization temperature from
141 to 350 °C. On the contrary, surface adsorption of PO,*~ ions and OH~
ions does not effectively stabilize ACC. However, bulk incorporation of these
ions could significantly improve the ACC stability. It is concluded that the
stabilization mechanism of pAsp is entirely different from that of PO,*~ and
OH-™ ions: while pAsp is effectively inhibiting calcite nucleation at the surface
of ACC particle, the latter acts to modify the ion mobility and delay crystal
propagation. Thus, new insights on controlling the stability and crystallization

processes of metastable amorphous materials are provided.

1. Introduction

Amorphous calcium carbonate (ACC) is widely known as a
metastable precursor for the formation of crystalline biomin-
erals with unique morphologies and remarkable properties.l!

Recently, ACC was also used to synthesize
a kinetically trapped mineral phase, cal-
cium carbonate hemihydate, that cannot be
otherwise achieved.” While ACC crystal-
lizes within minutes under ambient con-
ditions, organisms can control its stability
and crystallization pathways.®l In some
organisms ACC can be stabilized for many
years.! Previous studies have shown that
the high stability of biogenic ACC could
be attributed to the presence of soluble
inorganic and organic additives, such as
magnesium (Mg?*) ions,” strontium (Sr*)
ions,[® silicate (SiO4*) ions,”! phosphate
(PO,*) ions, 8 organic molecules,? phos-
phorylated proteins,® and intrinsically
disordered proteins,'% etc. Because crystal-
lization of ACC in solution typically pro-
ceeds via a dissolution and recrystallization
mechanism,™ the high stability of ACC in
the presence of additives is often ascribed
to their ability to inhibit the dissolution of
ACC or the formation of crystalline phases.®!?l Furthermore,
biogenic ACC was suggested to crystallize mainly via a solid-state
transformation mechanism due to the absence of bulk water,!3!
however, how additives affect the crystallization mechanisms of
ACC in the absence of bulk water is not well understood.
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The crystallization temperature of ACC under heating varies
significantly from =130 to 350 °C depending on the prepara-
tion method,™ pH,! particle size, water content!’® and
the presence of additives.”»1®] Tt has been previously sug-
gested that the crystallization of ACC under heating is initiated
by a nucleation event that starts from the surface and that the
bulk of the ACC particle then crystallizes by a solid-state trans-
formation.!3418 At room temperature, the crystallization of
ACC in air strongly depends on the relative humidity and an
interface-coupled dissolution/reprecipitation mechanism was
suggested.”l These studies suggest that the surface structure of
ACC is important for its stability. Therefore, to understand the
stabilization mechanisms of additives, it is critical to distinguish
between the cases in which the additives act on the surface and
when they act from within the bulk of the ACC particle.

In this study, we investigated the influence of the localiza-
tion of additives like poly(Aspartic acid) (pAsp), PO,>~ ions and
OH™ ions on the stability of ACC under heating in air. pAsp
and PO,*~ ions are common additives used to stabilize ACC in
solution and it has been shown that ACC synthesized at higher
pH is more stable than that obtained at lower pH"! likely due
to the incorporation of OH™ ions in the mineral. All additives
were either incorporated in the ACC bulk by co-precipitation
or adsorbed on the surface of the ACC spheres by addition post
precipitation. We followed the structural evolution during crys-
tallization by various in situ characterization techniques, such
as thermogravimetric analysis/differential scanning calorimetry
(TGA/DSC), wide angle X-ray scattering (WAXS), pair distri-
bution function analysis (PDF), and infrared spectroscopy. We
first present and discuss the effect of pAsp on the stability of
ACC and then compare it with the effect of inorganic anions:
OH~ and PO4*" ions. Results show that the mechanisms by
which additives stabilize ACC strongly depend on the charac-
ters of the additives and their spatial distribution within the
nanoparticles. Thus, new insights on controlling the stability of
amorphous materials are provided and our study also provides
valuable inspirations for material scientists to design strategies
to improve the stability of unstable functional materials.

2. Results and Discussion

2.1. Influence of pAsp Localization on the Stability of ACC
2.1.1. Synthesis and Characterization of the Different ACC Samples

Pure ACC (ACC-0%) was synthesized by adding 0.5 mL of
1 M CaCl, solution into 49.5 mL of 10.1 x 10 M Na,CO; solu-
tion at a rate of 10 mL min~.. In accordance with previous
studies,'220] pAsp incorporation in the bulk of ACC was
achieved by adding different amounts of 1 mg mL™' pAsp
aqueous solution to the Na,COj; solution before the addition
of CaCl,. These samples are hereafter referred to as ACCy-x%,
where x% represents the initial molar ratio of the amino acid
monomer to calcium ions. ACC with pAsp adsorbed on the
surface was prepared by adding the same pAsp aqueous solu-
tion 10 s after the precipitation of pure ACC and the samples
were named as ACCg-x%. Detailed experimental parameters
are summarized in Table 1.
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In our previous studies,'"? we have shown that the average

particle size of pure ACC synthesized under the same condi-
tion was 120 £ 40 nm, and pAsp could significantly reduce the
particle size of ACC to 74 + 30 nm even in the presence of only
0.3% pAsp due to a cooperative ion-association process.?l The
the particle size of ACC synthesized in the presence of 1.5%
pAsp, corresponding to ACCy-1.5%, was similar to that of
0.3% pAsp. Here, the average particle size of ACCy-3% calcu-
lated from the scanning electron microscopy (SEM) images
(Figure 1A) was 75 + 25 nm, indicating no significant differ-
ences in the particle size of all ACCy-x% samples. For ACCg-x%,
post addition of pAsp after the formation of ACC has little effect
on the particle size of ACCI?4 and the average particle size of
ACCg-3% sample calculated from the SEM image (Figure 1B)
was 121 £ 25 nm, which is similar to that of pure ACC. Infrared
spectra of all samples (Figure S1, Supporting Information)
were almost identical presenting the typical vibrations bands
of ACC. Raman spectra also confirmed that all samples were
amorphous (Figure 1C), with characteristic bands at 210, 702,
725, and 1082 cm LI2U Tt should be noted that the slightly
lower value for the Raman lines as compared to our previous
study (214, 727, and 1084 cm™) likely results from the use of a
high-resolution grating of 1800 g mm™ with respect to previ-
ously reported results.'! In addition, the appearance of the C-H
vibrational peaks from 2800-3200 cm™ in the Raman spectra
of ACCp-3% and ACCg-3% indicated the presence of pAsp in
these samples. According to the relative intensity of these peaks
to the carbonate peak at 1082 cm™, the amount of pAsp in
ACCjy-3% was higher than that in ACCs-3%.

The total amount of pAsp incorporated within the ACC sam-
ples was obtained from amino acid analysis (AAA). Results
(Table 1) showed that the Asp/Ca bulk molar ratio in all ACCg-
x% samples was similar to the corresponding initial value in
the solution. Based on the concentration of Ca®" ions in the
solution after ACC formation (1 X 107 M) we calculated that
nearly 80% of the pAsp was incorporated in ACC nanoparti-
cles. However, in all ACCg-x% samples, independently of the
initial pAsp concentration, the Asp/Ca bulk molar ratio was
maintained at =1%. As pAsp molecules were added after the
formation of ACC, having similar particle size and agglom-
eration state, it could only be adsorbed on the surface of ACC
nanoparticles leading to a constant incorporation value around
1%. To probe the content of pAsp on the surface of ACC
nanoparticles, surface sensitive X-ray photoelectron spectros-
copy (XPS) analysis was performed. Results (Table 1) showed
that the Asp/Ca surface molar ratio within a depth of =10 nm
from the surface reached 36% for ACCg-3%, which is locally
=1.5 times higher than that of ACCy-3% (25%). Similarly, the
value for ACCs-0.75% (23%) was locally =2 times higher than
that of ACC;-0.75% (12%).

Previous studies have shown that the incorporation of
organic molecules in the crystal of calcite or aragonite causes
lattice distortions, which can be detected by high-resolution
X-ray diffraction (HRXRD).[?2l Therefore, the incorporation
of pAsp in ACC samples was further investigated by heating
the samples to 500 °C and characterizing the crystallization
products by both laboratory XRD and HRXRD at the ID22
powder X-ray diffraction beam line at the European Synchro-
tron Research Facility (ESRF). The results (Figures S2 and S3,
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Table 1. Experimental conditions, the amino acid to Ca molar ratio obtained from amino acid analysis (AAA) and X-ray photoelectron spectroscopy

(XPS) and the crystallization temperature for the different samples.

Sample name Addition of pAsp Initial Asp/Ca/M/M Asp/Ca total? /M/M Asp/Ca surface? /M/M Crystallization T [°C]
ACC-0% - 0% 0% 0% 141
ACCs-0.75% After ACC 0.75% 1.0% 23.3% 275
ACCs-1.5% After ACC 1.5% 1.1% - 350
ACCs-3% After ACC 3% 0.9% 36.0% 357
ACC;-0.75% Before ACC 0.75% 0.9% 12.2% 249
ACCg-1.5% Before ACC 1.5% 1.5% - 265
ACCg-3% Before ACC 3% 2.6% 24.7% 286

AThe total Asp/Ca molar ratio was measured by AAA and the value on the surface was obtained from XPS analysis.

Supporting Information) show that all ACC samples crystal-
lized to calcite after crystallization. No differences can be
observed between crystallized ACC-0% and crystallized ACCs-
x% in terms of peak position and width (Figure 2), however,
pronounced peak-shifts and broadening of all diffraction
peaks were observed for the crystallization product of the
ACCg-x% samples (Figure S3 (Supporting Information) and
Figure 2). The calcite lattice parameters were calculated by
Rietveld refinement (Figure S4, Supporting Information). The
c-lattice parameter showed an expansion for ACCg-3% as com-
pared to ACC-0% as evidenced by a shift of the 006 peak to
larger d-spacing (Ad/d = 7.9 x 107, while the a- and b-lattice
parameters showed shrinkage evidenced by a shift to lower
d-spacing for the 012 peak (Ad/d = —8.4 x 1074, the 104 peak
(Ad/d = =2.2 x 107, and the 110 peak (Ad/d = -1.3 x 1073).
These observations are similar to those reported for biogenic
calcite crystals???d and synthetic calcite incorporating amino
acids.??l The broadening of the diffraction peaks is typically
ascribed to the decrease of the size of coherently scattering
crystalline blocks and / or the increase of the microstrain
fluctuations, 22 due to the smaller particle size of ACC and the
degradation of intra-crystalline organic macromolecules upon
mild annealing treatments. These results, together with the
AAA and XPS data, confirm that pAsp molecules were mostly

incorporated in the bulk of ACCy-x% nanoparticles, whereas
for ACCs-x% samples they were present mainly at the surface
of the nanoparticles.

2.1.2. Stability of the pAsp ACC samples under Heating

The thermal stability and crystallization behavior of the ACC
samples were investigated by TGA/DSC, at a heating rate of
3 °C min™! (Figure 3A-D). As shown in Figure 3A, the crystal-
lization temperature of ACC increased dramatically from 141 °C
for ACC-0% to 249 °C for ACCy-0.75% and reached 286 °C for
ACCgy-3%. It suggests that even a small amount of pAsp incor-
porated in the bulk could significantly stabilize the amorphous
phase. More strikingly, however, are the remarkably higher
crystallization temperatures of the ACCg-x% samples than
the ones of the corresponding ACCg-x% samples (Figure 3B).
For example, ACCg-3% remained stable until 357 °C whereas
ACC3-3% crystallizes at 286 °C. Interestingly, an almost linear
increase of the crystallization temperature with respect to the
surface Asp/Ca molar ratio was obtained (Figure 3E), regard-
less of the total amount of pAsp in the bulk.

The TGA curves (Figure 3C,D) show that, although the frac-
tion of water in all samples varied in the range from 12% to
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Figure 1. SEM images of A) ACCp-3%, B) ACCs-3%, and C) Raman spectra of pure ACC (ACC-0%, black color), ACCg-3% (red color), and ACCs-3%

(green color).
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Figure 2. Selected high resolution diffraction peaks taken from crystallization products of ACC (black color), ACCg-3% (red color), and ACCs-3% (green
color) after heating to 500 °C at 3 °C min~": A) 012 peak, B) 104 peak, C) 006 peak, and D) 110 peak.

17%, the differences could be related to loosely bound mobile
H,0 which are released before 130 °C. These variations did not
correlate with the thermal stability of ACC. This is consistent
with previous studies showing that the total H,O content does
not correlate with crystallization temperature.[4152

To quantify the contribution of pAsp to the stabilization
of ACC, we performed a series of TGA/DSC analyses for
ACCq-3% at different heating rates from 1.5 to 10 °C min™*
(Figure 3F,G). DSC curves (Figure 3F) showed that the crys-
tallization temperature increased with increasing heating
rate reaching 374 °C at 10 °C min~". The apparent activation
energies for ACC crystallization were then derived using
standard methods (Figure S5, Supporting Information).l?*l For
pure ACC, a value of 87 k] mol™! was obtained, which can be
compared with reported values of 100l and 73 k] mol~! 24
for ACC without additives. For ACCg-3%, the activation
energy increased to =225 kJ mol™}, which is similar to that
of ACC synthesized at high pH (12.5)." Interestingly, TGA
curves of ACCs-3% (Figure 3G) showed a clear weight loss
concurrent with the sharp exothermal peak on DSC curves
(Figure 3F), especially at higher heating rates. This weight
loss could be attributed to the decomposition of pAsp starting
from =340 °C.I"] Indeed, integration of the exothermic peak
for pure ACC reveals that the enthalpy of crystallization is
—13 kJ mol~!. However, the enthalpy of the peak for ACCs-3%
is =21 k] mol™!, confirming that the enthalpy contains contri-
bution not only from ACC crystallization, but also from the
decomposition of pAsp. These results suggest that the decom-
position of pAsp triggers the nucleation of calcite from the
surface of ACC nanoparticles.
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2.1.3. In Situ Structural Characterization of the Crystallization Process

To gain a better understanding of the crystallization process, in
situ wide angle X-ray scattering (WAXS) analysis was performed
at the puspot beamline at BESSY, Berlin. As shown in Figure 4A
and Figure S6 (Supporting Information), the onset of calcite
formation can be clearly determined from the appearance
of the 104 peak, which corresponds well to the crystallization
temperature obtained from TGA/DSC analysis. The crystalli-
zation degree can be deduced from the integrated area of the
104 peak and the crystallization rate can be extracted from the
slope of the curves (Figure 4B). For ACC-0%, the integrated area
increased quickly and reached a plateau at 170 °C, suggesting
that, at this temperature, all ACC transformed into calcite.
For the ACCy-3% sample, the integrated area increased slowly
after the onset of the crystallization (at 285 °C) and reached the
plateau at 360 °C. Although ACCs-3% crystallized at higher
temperature than ACCp-3%, it showed similar crystallization
rate. These results suggest that the localization of pAsp in ACC
has little influence on the crystallization kinetics of ACC.

In situ PDF analysis was used to investigate the local struc-
tural changes upon dehydration and crystallization of the
different ACC samples during heating. The PDF analysis is
especially sensitive to local structure of Ca atom. At room
temperature, the peak positions are similar to those reported
in literature,®®25 but we observed a small change in the inten-
sity of all peaks for ACCy as compared to ACCg and pure ACC
(Figure S7, Supporting Information). Despite this minor differ-
ence, the evolution of the local structure during in situ heating
were quite similar. Taken ACCs-3% for example (Figure 5A,B),
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Figure 3. DSC A-B) and TGA C-D) curves of ACCg-x% A, C) and ACCs-x% B, D) at a heating rate of 3 °C min~'. E) The crystallization temperature
of different ACC samples versus their Asp/Ca molar ratio on the surface (from XPS analysis) and a linear fit of the data (red solid line). DSC F) and
TGA G) curves of ACCs-3% at different heating rates. Insets in (F) and (G) show the zoom-in from 320 to 400 °C (marked by red dashed rectangles),
respectively. The differences marked on TGA curves in C) represent the amount of restrictedly mobile water and rigid structural water that are removed

after heating to 130 °C.

the peak at 2.4 A (mainly originating from Ca-O pairs!'2%)

shifted to lower distances during the dehydration step for
temperatures up to 100 °C. At the same time, a peak at =~4.0 A
appeared and its intensity increased. Afterward, the intensity of
the peak at 2.9 A gradually decreased and the intensity of the
peak at 4.1 A (from Ca-O and Ca-Ca pairs!'®?)) increased until the
crystallization of ACC. These results indicate that short-range
structural rearrangement occurred throughout the dehydration
process and until the onset of ACC crystallization involving the
removal of structural water.""!

To probe the change of the local environment of carbonate
group (CO3%7), we used in situ infrared analysis under heating.
For the ACCs-3% (Figure 5C,D), the onset of ACC crystalliza-
tion can be indicated by the decreasing intensity of the v1, V2,
and v4 peaks of ACC and the appearance of characteristic calcite

Adv. Funct. Mater. 2020, 30, 2000003 2000003 (5 of 10)

peaks at 713 (v4) and 875 (12) cm™. Similar to the PDF analysis,
there was also a small change in local environment during
dehydration and before crystallization, indicated by the shift
of v2 peak from 863 to 860 cm™ originating from an intensity
increase at 860 cm™L. The symmetric stretch (v1) was broadened
and its intensity increased slightly. The broadening of these
vibrational bands was also observed in ex situ measurements of
infrared spectra collected at room temperature before and after
heating to 300 and 500 °C (Figure S8, Supporting Information).
Similar observations were reported by Gal et al.,”? but they are
in contrast to those reported by Ihli et al.,'®l where a reduc-
tion in intensity of the v1 absorption band and a slight shift in
the v2 band to higher frequencies were observed during the
dehydration of ACC and before the detection of any crystalline
phases. Although the origin for the different changes in the

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Synchrotron in situ WAXS analysis (uspot, 4 = 0.82656 A) of ACC-0%, ACCg-3%, and ACCs-3% during heating at 3 °C min~". Contour plot
of the 104 peak of different samples A), evolution of the normalized area B) of the 104 peak of different samples. Dashed lines in A) represent the
temperature at which the 104 peak appears. Dashed line in B) indicated the temperature at which ACC transformation nearly completed.

spectral features is not clear, our data clearly demonstrates the  Information) and ACCg-3% (Figure 5C,D), suggesting that the
local structural changes of ACC during dehydration and before  observed local structural changes do not depend on the pres-
crystallization. In addition, in situ infrared analysis was also  ence of pAsp.

performed for sample ACCp-3% and no significant differences TEM image and selected area electron diffraction (SAED)
could be detected between ACCg-3% (Figure S9, Supporting  pattern of ACCg-3% confirmed that the spherical nanoparticles
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Figure 5. PDF patterns A) of ACCs-3% at different temperatures during in situ heating at 3 °C min~' and corresponding contour plots B). White arrows
indicate the shifts of the peaks. FTIR C) spectra of ACCs-3% at different temperatures during in situ heating at 3 °C min~' and the corresponding contour
plot D) of different bands after background subtraction. Black dashed lines in D) are used to better visualize the evolution of the peaks.
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ACCs-5%P. HRXRD patterns D) of the samples after heating to 500 °C. Insets in B) are magnified regions of the HRXRD patterns and the * symbol

indicated the presence of weak peaks.

were amorphous (Figure S10A,B, Supporting Information).
After heat-induced crystallization (Figure S10C-], Supporting
Information), no significant changes in the morphology could
be distinguished, but each nanoparticle transformed into a
single crystal of calcite, as observed in previous studies. [*»2¢]

2.2. Influence of Anionic Inorganic Additives Localization
on the Stability of ACC

Besides pAsp, inorganic anions like phosphate (PO,*) ions
have also been shown to stabilize ACC.*31% Therefore,
using similar methods, we synthesized ACC with PO,*" ions
either incorporated in the bulk (ACCg-3%P) or adsorbed on
the surface (ACCg-3%P and ACCg-5%P). In situ pH and Ca?*
activity measurements of the reaction solutions (Figure S11,
Supporting Information) showed that both the pH and Ca?*
activity decreased significantly after the addition of PO,*" ions,
suggesting the precipitation of amorphous calcium phos-
phate (ACP) through the complexation of PO*~ ions with the
Ca?* ions in solution. Infrared spectra (Figure 6A) confirmed
the successful incorporation of PO,>~ ions in all samples and
their total amounts in ACCg-3%P and ACCg-3%P were similar.
TGA/DSC results (Figure 6B,C) showed that the crystalliza-
tion temperature increased significantly if the surface of ACC
nanoparticles were modified by PO,*~ ions, confirming the
importance of surface PO~ ions in stabilizing ACC. How-
ever, unlike pAsp, PO,*" ions in the bulk could further stabilize
ACC, and ACCy-3%P was even more stable than ACCg-5%P. In
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addition, a small exothermic peak at 420 °C on the DSC curve
of ACCs-x%P may be attributed to the crystallization of phos-
phate containing amorphous phases, suggesting the accumula-
tion of Ca-phosphate on the surface ACC nanoparticles.
HRXRD patterns (Figure 6D) showed that all samples trans-
formed into calcite after heating up to 500 °C. However, there
was also a broad peak at a d-spacing of 2.79 A for ACCg4-3%P
and two additional peaks at 2.73 and 3.29 A for ACCg-5%P,
which could be ascribed to a crystalline calcium phosphate
phase like calcium pyrophosphate.”’] This is consistent with
the crystallization peak at 420 °C observed in the DSC curves
for ACCg-x%P samples, suggesting that PO,*~ ions were incor-
porated in the bulk of ACCg-3%P, while they were present on
the surface of ACCg-x%P nanoparticles. In addition, the calcite
diffraction peaks were almost identical between ACCs-x% and
ACC-0%. Although significant peak broadenings were observed
for ACCp-3%P, there was no associated shift the peak position,
suggesting that the PO,>~ ions are not incorporated inside the
calcite lattice after crystallization, but likely force the crystalli-
zation into smaller coherent domains. This is consistent with
previous studies showing that phosphate is incompatible with
calcite structure and that the crystallization of a mixed phase of
ACC and ACP leads to separation of these two phase and trans-
formation into calcite and hydroxyapatite, respectively.[3>28]
Another important factor known to influence the stability
of ACC is the presence of OH™ ions (i.e the solution pH). To
test the effect of OH™ ions incorporated in the bulk and those
adsorbed on the surface, we added 2 mL 1 M sodium hydroxide
(NaOH) before (ACCy-OH") or after (ACCs-OH™) the formation
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of ACC. The final pH value for the solution in both prepara-
tions was 12.3. The crystallization temperature for ACCp-OH™
was 317 °C (Figure S12, Supporting Information), consistent
with literature values.l'>® However, the crystallization tempera-
ture for ACCs-OH™ only increased slightly from 141 to =163 °C
(Figure S12, Supporting Information). Thus, post addition of
OH" ions is not effective in stabilizing ACC but the incorpora-
tion of OH™ in ACC bulk is critical for the high stability of ACC.

A comparison of the effects of different additives on the sta-
bility of ACC suggests that the stabilizing mechanisms are dif-
ferent. For the organic additive pAsp, we showed that surface
incorporation has a larger effect on the stabilization of ACC rela-
tive to its incorporation in the bulk. The temperature of crystalli-
zation scales almost linearly with the pAsp to calcium molar ratio
on the surface, and crystallization is initiated only when surface
pAsp is decomposed. Furthermore we found no kinetic effect on
the crystal propagation in the presence of bulk additives. These
results are consistent with pAsp inhibition of calcite nucleation at
the surface of ACC and little or no effect on calcite propagation.

Contrary to pAsp, the effect of inorganic PO~ and OH~ ions
is larger when they are incorporated in the bulk rather than
when they are adsorbed on the surface of ACC spheres. It is
likely that neither anion has a strong effect on the structure and
mobility of ions at the surface. According to classical nucleation
theory, the nucleation rate strongly depends on the diffusion of
ions, a thermally activated process.?’! If the mobility of ions at
the surface of ACC nanoparticles is restricted by additives, then
the nucleation rate of calcite decrease and the onset of ACC
crystallization delayed. A previous study showed that phosphate-
containing ACC is stable because dispersion of PO, ions
within ACC nanoparticles crystallized after the phase separa-
tion of PO~ ions and water from the initial homogeneous
phase.®® Therefore, a possible reason could be that post addi-
tion of inorganic ions like PO,*~ ions lead to the formation of
individual ACP phase either on the surface of ACC nanopar-
ticles or in solution. When OH™ ions are added after the for-
mation of ACC, the surface of ACC nanoparticle is not likely
altered because ion association between Ca’* ions and CO5*"
ions is much stronger than any of them and OH~ ions.P%
Particle size effect is also not relevant as no significant differ-
ence with respect to particle size was observed between ACCg-
OH™ and ACCs-OH™ (Figure S13, Supporting Information).

Surface adsorption of additives has no effect on particle
size, but bulk incorporation on the other hand results in sig-
nificantly smaller ACC particles, which might lead at least par-
tially to the observed stabilization effect.'l For example, the
average particle size of ACCp-3%P (=40 nm) is much smaller
than ACCg-x% (=120 nm). Thus, although anions do not affect
the surface properties, they strongly alter the surface to bulk
ratio, but more importantly, the addition of inorganic additives
strongly affects the mobility of ions through binding to water,
hydroxyl ions, and/or Ca®* ions!®>'>3 and therefore the propa-
gation of the crystallization.

3. Conclusion

In conclusion, using various in situ characterization techniques,
we compared the stabilizing effects of additives incorporated in
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the bulk and of additives adsorbed on the surface of ACC nano-
particles. We showed that the effect of pAsp is highest when it is
adsorbed on the surface of ACC nanoparticles, however, PO,
and OH™ ions are only effectively stabilizing ACC when they are
incorporated in the bulk mineral. Therefore, the mechanisms by
which additives stabilize ACC strongly depend on the characters
of the additives and their spatial distribution within the nano-
particles. While pAsp is effectively inhibiting calcite nucleation
at the surface of ACC particle, PO,*>~ and OH™ ions act to modify
the ion mobility therefore delaying crystal propagation. Further-
more, the observation that the stability of the amorphous phase
can be significantly increased by modifying the surface structure
with a small amount of polymer opens the possibility to further
functionalize the nanoparticles and may have great implications
for the application of stable amorphous materials.

4. Experimental Section

Materials and General Preparative Methods: Analytical grade calcium
chloride dihydrate (CaCl,-2H,0), sodium carbonate decahydrate
(Na,COs - 10H,0), sodium dihydrogen phosphate (NaH,PO,), sodium
hydroxide (NaOH) and poly-(e,f)-DL-(aspartic acid sodium salt) (Mw
= 2000—11 000 Da) were purchased from Sigma-Adrich without further
purification. The calcium solution, carbonate solution, phosphate
solution and 1 mg mL™ pAsp solution were prepared by dissolving
corresponding chemicals in ultrapure water. Experiments were
performed using a computer controlled titration system (905 Titrando,
Metrohm Ltd.).

ACC Synthesis and Crystallization in Solution: In a typical experiment,
ACC was synthesized by dosing 0.5 mL 1 m calcium solution into the
reaction vessel containing 49.5 mL carbonate solution under stirring.
A dosing rate of 10 mL per minute was used to ensure a rapid mixing
of the two solutions. The concentration ratio of calcium to carbonate
after mixing was 1:1. The precipitates were collected immediately after
precipitation by fast vacuum filtering of the reaction solution and rinsed
with ethanol. The dry powders were then stored in a vacuum desiccator
for further characterization. For ACC with additives in the bulk, certain
amounts of additive solutions were added in the carbonate solution
before ACC precipitation. For ACC with additives on the surface, the
additive solutions were added 10 s after the precipitation of ACC.

Scanning Electron Microscopy and Transmission Electron Microscopy:
Scanning electron microscopy was performed using a field emission
scanning electron microscope (JEOL, JSM-7500F) working at an
acceleration energy of 5 keV. Samples were not coated prior to
investigation. Transmission electron microscopy and electron diffraction
analysis were performed using a Jeol JEM-ARM200F working at 200 kV.
Particle size measurements of the SEM images were performed by using
the program Fiji.

Thermogravimetric ~ Analysis/Differential ~ Scanning  Calorimetry:
Thermogravimetric Analysis/Differential Scanning Calorimetry was
performed using a SENSYS evo (SETARAM Instrumentation, Caluire,
France) from 25-500 °C at a heating rate of 3 °C min~'. Approximately
15 mg of powdered sample was placed in an alumina crucible. The purge
gas was dry nitrogen. TGA/DSC experiments were repeated at least
3 times for 0% and 3% pAsp samples and twice for other samples.

High Resolution X-Ray Powder Diffraction: High resolution X-ray powder
diffraction (XRD) measurements were performed at the beamline D22
of the European Synchrotron Radiation Facility (ESRF, Grenoble, France).
The X-ray wavelength (0.399952 A) was calibrated with Si standard
sample (NIST, Gaithersburg, MD, USA). The powder samples were
put in glass capillaries and measured at room temperature. Rietveld
refinement analysis was performed using the FULLPROF program
version 2017,B2 with a 6 coefficients polynomial background fitting and a
least squares refinement weighting model.
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In Situ Wide-Angle X-Ray Scattering: Wide-angle X-ray scattering
experiments were carried out at the synchrotron p-Spot beamline
(BESSY 1l storage ring, Helmholtz-Zentrum Berlin) using a multilayer
monochromator and spot size of 100 um. A MarMosaic CCD
detector (Rayonix L.L.C., Evanston, IL, USA) was used to collected
2D scattering patterns in the transmission geometry. The rings of the
pattern were circular and the intensity around each ring was uniform.
Radial integration of the patterns with the software DADAK gave the
spherically averaged scattering intensity as a function of the modulus
of the scattering vector q. Here q = 47 sin(6)/A, 260 is the scattering
angle and A is the wavelength. Calibration of the beam center, detector
tilt angle, detector tilt rotation angle and sample to detector distance
was perfomed using the diffraction pattern of Quatz as standard. An
additional background signal resulting from the Kapton foil windows
of the in situ heating setup (Linkam FTIR600, Linkam Scientific
Instruments, Surrey, UK) was also subtracted. The powder samples were
mounted on a cylindrical sample holder inside the heating stage. The
sample was heated from 25 to 400 °C at a rate of 2 °C min~".

In Situ Pair Distribution Function Analysis: Pair distribution function
(PDF) analysis was performed at the X-PDF station (115-1) in Diamond
light source. The sample was mounted and heated in the same way as for
the in situ wide-angle X-ray scattering. The X-ray wavelength (0.161669 A)
was calibrated with Si standard sample (NIST, Gaithersburg, MD,
USA). Data were processed using Fit2D software and pair distribution
functions were produced using the PDFgetX3 software.

Infrared Spectroscopy: In situ infrared analysis were performed using
a Fourier transform infrared spectrometer (Bruker Optik GmbH)
equipped with a MCT-detector (32 scans, resolution 4 cm™). The sample
was mounted and heated in the same way as for the in situ wide-
angle X-ray scattering. Ex situ infrared spectra were collected using a
Thermo Scientific Nicolet is5 FTIR spectrometer (ATR-Diamond mode)
(32 scans, resolution 4 cm™).

Raman Spectroscopy: Raman spectra were collected using a confocal
Raman microscope (0300; WITec) equipped with a CCD camera
(DV401-BV; Andor), a Nikon objective (10x) and a 532 nm laser
(40 accumulations, integration time 1 s). A high-resolution grating of
1800 g mm~' was used and the spectral resolution was =1 cm™.

Amino Acid Analysis: Calcium carbonate powder with known
weight was hydrolyzed in 6 N HCl containing 5% phenol by vacuum
sealing and heating at 110 °C for 24 h. Hydrolyzed samples were then
flash evaporated, resuspended in sample dilution buffer and run on
a postcolumn ninhydrin-based amino acid analyzer (Sykam S433,
Firstenfeldbruck, Germany). AAA measurements were performed once
for each sample.

X-Ray Photoelectron Spectroscopy: XPS investigations were in a
PHI 5000C ESCA system (PerkinElmer, USA). A contaminant carbon
(C1s=284.6 eV) was used as a reference to calibrate the binding energies.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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