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clusters by specific interactions on the molecular level
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Abstract: Small-molecular-weight (MW) additives can strongly
impact amorphous calcium carbonate (ACC), playing an elusive role
in biogenic, geologic, and industrial calcification. Here, we present
molecular mechanisms by which additives regulate stability and
composition of solid ACC and CaCOj; solutions simultaneously.
Effective precipitation inhibition arises from pronounced interaction of
additives with prenucleation clusters (PNC). Potent antiscalants
specifically trigger and integrate into PNCs. Only PNC-interacting
additives are traceable in solid ACC, considerably stabilizing ACC
against transformation. This co-precipitation specificity facilitates a
chemical labeling of PNCs, evidencing ACC as a molecular precipitate
of PNCs. Our results reveal additive-cluster interactions that operate
beyond established mechanistic conceptions and thus reassess the
role of small-MW molecules in crystallization and especially in
biomineralization while breaking grounds for new sustainable
antiscalants.

Introduction

The formation of transient disordered phases is characteristic and
indicative of kinetically controlled mineral formation mechanisms.
Amorphous calcium carbonate (ACC) is the most prominent
example as it is a ubiquitous metastable precursor to crystalline
biominerals, playing a pivotal role in the biocrystallization process
of an overwhelming number of calcifying organismsi*-¢ and in the
context of pathological biomineralization processes!’™.
Organisms  meticulously control ACC formation and
transformation by a complex molecular machinery whose actual

mechanistic and molecular foundations still require further
elucidation*®-12, For example, selected polyelectrolytes are
capable of triggering the—still enigmatic—polymer-induced
liquid-precursor (PILP) process®, which yields mineral bodies
with atypical morphology via the self-assembly of a liquid-like and
highly hydrated transient precursor phasel**-8: it even allows
infiltration and coating of complex substrates**-22,

Since the detection of nanometer-sized stable prenucleation
clusters in non-saturated calcium carbonate solutions?3-?, it has
been speculated that both formation and structure of amorphous
calcium carbonate are intimately linked to these dynamic
clusters?+28l Polyamorphism as a response to changing
synthesis conditions is a characteristic feature of ACC[?7:28],
Already early on, it was assumed that the correlation between
PNC stability, PNCs formation rates, ACC solubility, and ACC
near-range order as a function of solution conditions implies that
PNCs are precursors of solid ACC[?426.28], Molecular simulations
by Demichelis et al. describe these clusters as solutes in the form

of dynamically ordered liquid-like oxyanion polymers
(DOLLOP)?®l thus constantly reorganizing networks of
carbonato-calcium complexes??; the stabilty of these

coordination clusters appears to be a balance between ionic
coordination and ion hydration with entropic contributionst°:34,
THz absorption spectroscopy showed that the formation of solid
ACC coincides with a notable change in the dynamic
hydrogen-bond network of the solution; it was thus concluded that
reduced cluster dynamics induce CaCO; formation®?. These
results have been summarized under the notion of “nonclassical
nucleation” [B334  put this novel view was repeatedly
challenged®>%l, For instance, Wallace et al. suggested that



DOLLOP formation results from a spinodal demixing of an
unstable calcium carbonate solution®”), Up to now, the arguments
supporting the idea that PNCs are direct precursors to calcium
carbonate are compelling. However, direct chemical evidence
was not yet provided as no chemical labeling techniques existed,
which would allow tracing their evolution from solution to their final
solid state.

Since ACC is a transient precursor to crystalline calcium
carbonates*3-42 their formation mechanism and its control by
additives is a central question for chemistry, biology,
geochemistry, and industry. The case of calcium carbonate
hemihydrate exemplified that a synthesis route via a metastable
phase changes the reaction’s energy landscape allowing for the
generation of mineral phases that are synthetically inaccessible
otherwisel*®l. Moreover, our limited molecular understanding
concerning ACC formation and its ultrastructure considerably
impedes the development of sustainable antiscalants. Eutrophic
(oligo)phosphonate- and polyphosphate-bearing additives are still
in use today since equipotent antiscalants are lacking: although
their official phasing out already began in the '80s, the most recent
restriction imposed in January 2017 by the European Union
concerning the use of phosphor-bearing additives in cleansing
agents still allows 0.3 g of P per standard dosagel*.

Most scale inhibitors are organic compounds designed to
intervene in pre- and post-nucleation stages of calcification.
Colfen et al. have listed up to nine different traits of actions®, five
of which can be qualitatively discriminated by monitoring the
solution’s calcium activity during pH-constant titrationsf?44546l
while the other four pertain to the properties of the resulting
poly(a)morph. Additive-free mineralization profiles yield classic
LaMer-curves?4, Deviations from the additive-free mineralization
profiles can indicate that the additive (I) removes calcium ions
from solution by masking, (II) impacts on prenucleation-stage
cluster equilibria, (Ill) inhibits nucleation and precipitation of a
specific secondary phase, (IV) adsorbs to and stabilizes a
secondary phase, or (V) favors the subsequent formation of a
specific poly(a)morphl*>48l. Verch et al. “fingerprinted” common
cleansing additives and described, for example, citrate (CIT) as a
Type I/lI/V additive which leads to a preferred calcite formation
and stabilizes PNCsk®l, The antiscalant tripolyphosphate (TPP)
was classified as a Type I/ll/IV/V additive with dominating Type
III/V action. Initially, it was concluded that TPP inhibits calcium
carbonate precipitation by binding to PNC surfaces while affecting
the polymorph selection by adsorption on nucleated particles 151,
Later, it was stated that TPP scarcely interacts with prenucleation
clusters since TPP barely influences prenucleation cluster
equilibria. It was suggested that TPP instead suppresses
nucleation of solid calcium carbonate phases and “just acts’! by
nucleation and stabilization of a presumed PILP-like phase.
These profiling experiments were highly instructive and revealed
a remarkable complexity, but the underlying precise mode of
molecular interactions between additives and prenucleation
solute species remained unclear. The implications of these
pathbreaking findings still need to be fathomed further. In applied
industrial studies, a simplified model inveterately persists, which
dictates that additives are mere “chelants” that interfere with
calcium carbonate formation only by calcium sequestration or,
utmost, by growth inhibition of calcium carbonate nuclei*’l.

In this contribution, we assess the modes by which calcium
carbonate solutes molecularly interact with selected small
molecular-weight (MW) additives. We conducted precipitation and
crystallization experiments along with solid-state nuclear

magnetic resonance (SS-NMR) spectroscopy, small-angle
neutron scattering (SANS), and differential scanning calorimetry
(DSC). We further accompany these analyses with mineralization
and Ca-binding profiles. Finally, we correlate these results from
in- and ex-situ analyses with molecular dynamics (MD)
simulations. We find three different classes of molecular
interactions between solutes and small-MW additives, the first is
the classically expected binding and masking of calcium ions,
effectively reducing Ca activity. This standard mode of operation
leaves the stability of ACC and its composition unaffected. We
additionally identified two unforeseen ways by which additives
molecularly interact with PNCs. The first of the novel interaction
modes is based on the additional association of a few carbonate
ions in the second coordination sphere of the additive. This
carbonate association also permits intermittent binding of the
additive to terminal carbonates of PNCs, with subtle
consequences for selected additives such as CIT. lon-laden
additives may incorporate their ionic freight—i.e., calcium and
carbonate ions—into the PNC during temporary contact, thereby
enhancing PNC growth rates. The second of the novel modes of
interaction characterizes the most potent antiscaling agents, e.g.,
TPP. Additives of this class actively trigger PNC formation by
associating a higher number of both calcium and carbonate ions
from solution. Due to subsequent cluster overgrowth, these PNC-
triggering additives molecularly integrate into PNCs. This
incorporation stabilizes PNCs, notably enhancing CaCOs;
solubility. We found further that these additives not only impact
the solute state but also distinctly alter ACC composition and
stability. We found that only those additives are readily traced in
the ACC precipitate, individually incorporated in close contact with
the amorphous mineral matrix. As an essential consequence of
this co-precipitation, ACC is considerably stabilized against phase
transformation, both spontaneous and thermally-induced in wet
and dry conditions. In combination with SANS, the observed co-
precipitation specificity provides chemical evidence that, on a
molecular scale, ACC is composed of aggregated PNCs.

Our results demonstrate the central role of PNCs in calcium
carbonate precipitation by underpinning PNCs as the molecular
building blocks that drive ACC formation. We identified two
molecular interaction modes between additives and clusters that
affect the formation of PNCs, operating outside the framework of
established models. They demonstrate that additive-cluster
interactions already regulate solution speciation, solution stability,
precipitate composition, and precipitate stability even before
phase separation. Ultimately, the newly identified interaction
mechanisms break ground for designing new sustainable
industrial antiscalants and call for a re-assessment of small-MW
molecules in controlling crystallization in general and
biomineralization in particular.
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Figure 1. Top — Molecular structures of the employed small-MW additives (For the sake of clearness, the fully protonated version is shown, theoretical speciation
at pH=9.75 is given in Table S2B in the SI). Middle — SEM images of the products after fast precipitation in the presence of additives. All powders are amorphous.
Bottom — Products retrieved after 15 min of ripening. Powders generated with EDTA, MGDA, and CIT transformed into mixtures of calcite and vaterite. Only in the

presence of CPTC, HEDP, and TPP the powders remained amorphous.

Results & Discussion

To screen the impact of small-MW additives on the formation of
ACC, we selected additives which are all commonly used in
cleansing agents as antiscaling additives (Figure 1). Four of
these bear carboxylate moieties whereas the other two are
characterized by phosphonate or phosphate groups.
Ethylenediaminetetraacetic acid (EDTA) is the most commonly
employed agent to mask cations from solution, but it shows
unfavorably slow biodegradation rates. Methylglycinediacetic acid
(MGDA, also known as a-ADA), another masking agent, is a
derivate of EDTA with enhanced biodegradability. Further, citric
acid (CIT) and cyclopentane-1,2,3,4-tetracarboxylic acid (CPTC)
were analyzed; low dosages of the sterically rigid CPTC
(0.01 - 0.1 mg L) have been reported to reduce calcite growth
rates, whereas the linear and flexible polycarboxylate CIT causes
no growth deceleration at identical conditions. As commonly
used representatives of phosphorus-bearing additives, we further
analyzed the bisphosphonate etidronic acid (1-hydroxyethane

1,1-diphosphonic acid, HEDP) and sodium tripolyphosphate (TPP,
also known as STP). These additives are largely deprotonated
under the given pH conditions; the additives’ dissociation
constants and theoretical speciation are provided in Tables S2A
and S2B in the supplemental information (SI).

For a first assessment of the additives’ impact on ACC
formation and transformation, we precipitated ACC in their
presence and the absence of additive as a reference. ACC was
generated by mixing solutions of calcium chloride (3.5 mL,
80 mM) and sodium carbonate (50 mL, 80 mM) at pH 9.75
followed by immediate retrieval of the insoluble precipitate by
filtration, thus without further reaction time. These precipitation
experiments were conducted at a fixed additive concentration of
800 uM. In all cases, ACC with similar particle morphologies
formed (Figure 1; the reference is given in Figures S1 and S2A).

To examine the stability of the initially formed ACC against
phase transformation, i.e., crystallization, we conducted ripening
experiments by expanding the reaction time, thus, by retrieving
the precipitate from the reaction solution after stirring for
additional 15 min. In additive-free ACC (reference) and EDTA-,
MGDA-, or CIT-ACC, the initially observed ACC transformed to
varying mixtures of crystalline vaterite and calcite. Rietveld
refinement analyses showed that additive-free reference
experiments predominantly formed vaterite (97.9%) besides



traces of calcite. Vaterite also formed preferentially, though to a
lesser extent in the presence of EDTA, MDGA, and CIT (95.5%,
97.8%, and 85.1%, respectively; Figure S2B). In stark contrast,
ACC synthesized in the presence of CPTC, HEDP, or TPP
withstood phase transformation, demonstrating a remarkable
stabilization of the amorphous state. It is worth noting that a
comparable phase transformation behavior is found when non-
ripened and dried ACC powders were aged by re-suspending in
pure water for 15 min. In these aging experiments, calcite
dominated in the additive-free ACC (76.8%), whereas EDTA-,
MDGA-, and CIT-ACC mainly formed vaterite (81.8%, 81.1%, and
63.4%, respectively; Figure S2C). ACC precipitated in the
presence of CPTC, HEDP, or TPP remained amorphous.
Differential scanning calorimetry (DSC) was performed
to quantify the additives’ stabilization effects on non-ripened ACC
powders (Figure S3). EDTA and MGDA left the crystallization
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temperature mostly unaffected (approx. 340 °C, matching
additive-free ACC). CIT-ACC showed a minor increase in the
crystallization temperature to about 360 °C, in agreement with
earlier reportst*?l. Again in striking contrast, the additive triad of
TPP, CPTC, and HEDP increased the crystallization temperature
considerably (all >400°C). CPTC led to a crystallization
temperature of 411 °C, whereas the most extreme cases were
HEDP and TPP, for which no crystallization was observed up to
500 °C.

Small-MW additives exhibit strongly diverging effects on the
stability of ACC, although comparable in their molecular size. This
differing impact raises the question of whether distinct interaction
modes on the molecular level cause this contrasting behavior.
One may assume that such a difference in molecular interactions
induces a change in ACC composition or structure. We assess
this hypothesis in the following paragraphs.
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Figure 2. 75.4 MHz *3C CP (left) and DE (right) MAS SS-NMR spectra of the ACC samples. The additive species drawn are the left are the most abundant at
the given pH of 9.75 (see Table S2B for more details on additive speciation). The CP MAS technique enhances peaks of carbons proximate to hydrogen atoms
and as such selectively exposes environments near water and/or the organic additive molecules. The DE MAS technique directly excites all *C species under
guantitative conditions (less sensitive) which allows to identify occurrence of crystalline polymorphs and the relative abundance of additives vs. carbonates.
The red overlayed CP MAS spectra for EDTA, MGDA and CIT re-acquired after one to two weeks (following the recording the DE spectra on the right) show
vanishing of the carbonate CP peak, hence indicating complete dehydration as a result of the spontaneous amorphous-to-crystalline transformation.



Solid-state NMR (SS-NMR) measurements of non-ripened
ACC powders enabled us to identify the additives that co-
precipitated with ACC, their incorporation levels, and their
dispersion in the calcium carbonate matrix. Furthermore, SS-
NMR served to assess the temporal stability of these precipitates
under dry conditions. The notable additive peaks in the **C and/or
31p cross-polarization (CP) MAS spectra of the precipitates
(Figure 2, left and Figures S4a, b, d) show that only HEDP, TPP,
CPTC co-precipitated with ACC at levels of approx. 2-3 mol%
(vide infra). The much weaker CIT peaks indicate its co-
precipitation occurred at a much lower level. Cross-polarization
selects and enhances peaks of carbons (or phosphorous)
proximate to hydrogen atoms — in our precipitates; these are
found on each of the additive molecules and/or on adjacent
structural water molecules that hydrate ACC (~1:1). As such,
these structural water molecules render the amorphous
carbonates visible in the CP MAS spectra as fingerprinted by the
dominant 168.5 ppm peak (Figure 2). To identify that the co-
precipitated additives have become occluded within the ACC
matrix, we resort to probing “atomic” proximities between the
matrix carbonates **C’s and the 3'P’s of HEDP and TPP using
13C{¥P} CP-REDOR measurements  (Figure S4d)5054,
Specifically, we observe extensive attenuation of the ACC peak
due to carbonate-P dipolar interactions, identifying that a large
fraction of the carbonates are within < 1 nm from P-atom of HEDP
or TPP additives (evident by the steep REDOR build-up curves
demonstrated in Figure S4d). This observation is an indication
that these additives are molecularly dispersed in the ACC matrix.
Their incorporation levels, as reported by the REDOR build-up
curves (Figure S4d), are 6 mol% P/Ca, which for P,(HEDP)/Ca
and P3(TPP)/Ca translate into about 3 and 2 mol% of additive,
respectively®?. The broad additive peaks (**C peaks of HEDP,
CPTC and CIT, and 3!P peaks of TPP and HEDP, Figures 2 and
S4) indicate heterogeneity of local environments, i.e., of disorder,
consistent with these four additives being molecularly dispersed
in an amorphous matrix (ACC)B®Y. Together these NMR
measurements portray additives incorporated as dispersed
molecules; thus, they are entrapped as individual molecules
within the amorphous mineral matrix. Contrastingly, EDTA-ACC
and MGDA-ACC show no additive peaks at all in their CP MAS
spectra (Figure 2). Our observations suggest that the CIT
incorporation level is about an order of magnitude lower than
those of TPP, HEDP, CPTC; the incorporation level of EDTA and
MGDA, if any, is at least two orders of magnitude lower.

Of the six additives, only the two phosphorous-bearing
additives and CPTC yielded stable, hydrated ACC precipitates (as
attested by the persistence of the ACC peak in both the CP and
DE MAS spectra; not shown). These are also the additives found
to be effectively occluded (~2 mol%) within the amorphous matrix.
The above observations allude to the strong interactions between
the solutes and HEDP, TPP, and CPTC at the earlier stages.

As structural water molecules (and to a lesser extent the
molecularly dispersed additives) render the amorphous
carbonates peak visible in the CP MAS spectra, this peak serves
as a marker of the temporal stability of these ACC variants under
ambient conditions. Indeed, the finding that EDTA-, MGDA- and
CIT-ACC precipitates spontaneously undergo amorphous-to-
crystalline transformations accompanied by loss of the structural
water is evidenced by the vanishing of the hydrated carbonates
peak from their respective CP MAS spectra (red traces on the left
of Figure 2). The DE *3C MAS spectra (on the right of Figure 2), a
complimentary quantitative technique, identify the resulting

anhydrous polymorph mixtures. ACC generated in the presence
of EDTA and MGDA has undergone incomplete, solid-to-solid
spontaneous transformations to anhydrous disordered vaterite
(~85%) and disordered calcite (~15%)5%. CIT-ACC reached a
more advanced transformation to a more ordered (narrower
peaks) polymorphs mixture (vaterite and calcite). Longer waiting
times resulted in further crystallization with increased calcite
fraction (not shown). The additive-free sample (4 d after retrieval)
showed it had transformed to vaterite almost entirely, with a small
remainder of ACC (Figure S4c; DE and CP MAS spectra,
respectively). The extent of transformation of the ACC samples
seen in the NMR experiments is like that observed for ripened
samples. After longer waiting times, calcite also appeared in the
control sample (not shown), an observation in line with Ostwald’s
rule of stages. The high abundance of vaterite and its persistence
suggests it is stabilized due to our precipitation conditions in line
with earlier reports!#6.59],

Mineralization profiles monitor the solution’s calcium
activity during pH-constant titrations and provide detailed
information about the amount of bound calcium in the pre- and
post-nucleation regimes?4. To be comparable with earlier studies
and to attain workable profiling of the additives, the concentrations
of calcium, carbonate, and additive were reduced by a factor of 8
relative to the precipitation procedures, maintaining their
concentration ratio. Comparing mineralization profiles with the
additive-free reference profile and the Ca-binding profiles at a
constant pH value of 9.75 allows a qualitative assessment of how
additives impact mineralization processes*>“¢l, see Figure 3.

The mineralization profiles recorded in the presence of
EDTA and MGDA show their efficient Ca-masking capabilities as
the mineralization profiles are shifted stoichiometric to the right;
they remove virtually all free Ca ions from the reaction solution
until they reach their Ca-binding capacity, binding one calcium per
molecule at maximum. After reaching their Ca-binding capacity,
their slopes equal the reference; thus, Ca-saturated masking
agents give way for Ca-binding by carbonate/clusters, and Ca-
binding proceeds as in the absence of additives. Both EDTA and
MGDA allow for a higher maximal prenucleation Ca activity and
lead to elevated post-nucleation plateau levels than in the
reference. The latter indicates a change in phase selectivity
towards more soluble phases.

In contrast, CIT is not a Ca-masking but only a mediocre Ca-
binding agent on par with carbonate under the given conditions,
as evidenced by its Ca-binding profile. The initial slope of its
mineralization profile is only slightly lower than the additive-free
reference. Later, the slope steepens without reaching the
reference slope, an effect that is more prominent at higher CIT
concentrations (Figure S5). The nucleation point is right-shifted
by 30-50 uM, less than half the additive nominal concentration.
The changes in Ca activity recorded by profiling experiments
evidence that CIT induces change in Ca-speciation. However, the
exact changes with respect to the reference system remain less
clear: either Ca-binding by CIT competes with Ca-binding in
clusters in an independent fashion—as seen in the extreme case
of the masking agents—or CIT stabilizes PNCs, as proposed
earlierl, With regard to the maximum Ca activity reached in
profiling experiments, CIT is the only additive which provides no
stabilization of the solution against precipitation although
changing slopes considerably.
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Figure 3. Mineralization and Ca-binding profiles of the individual additives. The mineralization and Ca-binding profiles show the measured Ca activity as a function
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were recorded at a constant pH of 9.75.

The remaining triad of additives, i.e., TPP, HEDP, and
CPTC, forms a class of its own. They efficiently suppress
precipitation by allowing for significantly higher maximal Ca
activities, especially the phosphorous-bearing agents TPP and
HEDP. Thus, they act as solution stabilizers, shifting the point of
nucleation to the far right. This inhibitory action is independent
from a strong Ca-binding activity: CPTC is almost as mediocre as
CIT in its Ca-binding affinity in contrast to TPP, which is a Ca-
masking agent as strong as MGDA. Turning to their mineralization
profiles, their initial stages resemble their respective Ca-binding
curves suggesting that Ca-binding by additives initially
outcompetes Ca-binding by carbonate/clusters. In contrast to CIT,
the slopes of the individual mineralization profiles approach the
reference slope at later stages. Because of this behavior, it was
supposed that TPP is “only weakly involved in these
[prenucleation] clusters”#6],

Reviewing these results, we can group the inspected
additives into two groups of end-members, with CIT as a
transitional case. The first group is exemplified by the masking
agents EDTA and MDGA. These Ca-binding agents delay
precipitation in a stoichiometric manner by reducing the solution’s
Ca activity effectively. However, they hardly stabilize the solution
against precipitation, i.e., they sparsely increase the maximal Ca
activity reached without precipitation. The triad of solution
stabilizers CPTC, HEDP, and TPP form the other set of end
members. Their presence exquisitely stabilizes the solution
against precipitation. The particular case of CPTC shows that
neither strong Ca-binding affinity*®! nor specific chemical moieties
such as phosphate or phosphonate groups are necessary
preconditions for the solubilizing action of this additive triad.

This grouping corresponds with our compositional analyses
and ACC reactivity tests. The masking agents EDTA and MDGA



are untraceable in the amorphous precipitates; they leave the
crystallization temperature of ACC unaffected and exert no
stabilization of ACC against crystallization in wet and dry
conditions. In contrast, the solution stabilizers CPTC, HEDP, and
TPP are dispersed as individual molecules in the amorphous
precipitate in significant amounts, and they are closely associated
with the surrounding mineral matrix. They impressively stabilize
ACC both at wet and dry conditions, increasing the crystallization
temperature of ACC considerably. CIT stands out as the
intermediate case: it is sparsely traceable in the precipitate, it
marginally stabilizes ACC according to DSC measurements, but
to an extent too less to considerably delay Ostwald step ripening
under dry and wet conditions.

Molecular dynamics (MD) simulations allow us to
suggest different modes of actions of the various additives and to
establish a link between their behavior on the molecular scale and
our experimental observations. We adopted the established
simulation model of Gale and coworkers reported in their seminal
study of the DOLLOP structure of PNCs[??l. We performed an
extended series of simulations, exploring the behavior of each
additive for 50 ns in an aqueous solution of 1.5 M calcium
carbonate at pH = 10 and ambient conditions. By comparing MD
simulations of all six additives, three dynamic interaction modes
with PNCs — Classes A to C — can be distinguished that
originate from distinct ion-association motifs. These three
interaction modes are summarized in Figure 4a: (A) Additives
such as EDTA and MGDA tend to remain dispersed in solution,
whilst associating several calcium ions (label i), and occasionally
also few Ca-bound carbonate ions (label ii). These additives do
not associate PNCs, thus, they basically sequester calcium ions
from the parental solution. (B) For additives such as CIT (but to
some extent also MGDA) we find the additive to feature
association to terminal carbonates that reside at PNC surfaces
(label iii). (C) The additive triad of CPTC, HEDP, and TPP
sequesters large numbers of both, calcium and carbonate ions
from solution. This behavior triggers PNC formation, and, in the
course of cluster growth, these additives integrate into the interior
of PNCs (label v). Close-up snapshots of MD simulation provided

in Figure S6 further visualize these different ion association motifs.

The complex fast dynamic behavior of binding and
association of Ca?* ions from solution of all additives is shown by
the three-dimensional plots provided in Figure S7. These
demonstrate that although Ca?' ions are preferentially
coordinated in specific domains in the surrounding of a given
additive neither the Ca?* positions nor the terminal oxygen atoms
of the acidic groups of the additives are spatially well-defined.

For further quantification and classification of the additive’s
interaction modes, we evaluated the nearest-neighbor numbers
of Ca?* ions in the first coordination shell of the additive nc, and
the number of nearby carbonate ions nco, in the additive’'s
second coordination shell, indirectly bound to the additives via Ca-
bridges. For that purpose, we have sampled the interatomic
distance between Ca?* and carboxylate-C or phosphate /
phosphonate-P atoms and between carbonates-C and terminal
additive oxygens, and derived their respective distribution
functions (Figure S8). The resulting occurrence profiles visualize
the statistics observed for the number of Ca?* ions in the additive’s
first coordination shell and the number of CO3? ions in its second
coordination shell, respectively (Figure S9 and Figure 4a, middle).

These occurrence profiles allow us to derive average
nearest-neighbor numbers N, and Nco, (Figure S9 and Table
S4). Then, a standard Class A agent is observed to accord with
Nca>Nco,< 2, thus binding calcium ions from the solution but only
few carbonates. Class B additives, which preferably reside at
PNC surfaces, associates about two carbonate ions on average,
whereas additive incorporation into the bulk of the PNCs (Class
C) is found for fico, > 3. We therefore attribute fga>Nco, =210 3
as characteristic for Class B additives and fca>Nco,>3 as
indicative for Class C additives.

Simulation snapshots demonstrate that an additive can
exhibit more than one of these interaction modes during the
course of a simulation trajectory (Figure 4a, right). Thus, the
average coordination numbers fic, and Nco, provide a mean to
identify their preferential mode of action. For example, CIT acts
both as a Ca-binding agent (labels i and ii) but also resides at the
PNC-surface (label iii). Contrastingly, HEDP, TPP and CPTC are
predominantly found in the bulk volume of PNCs (label v) but also,
less frequently, at their surfaces (label iv). The members of this
additive triad are not found to be individually dispersed in the
solution but stay associated with clusters. Simulation snapshots
revealed that these three additives actively triggered PNC
formation and were subsequently overgrown by PNCs.

This classification based on occurrence profiles and
average coordination numbers (see Figure S9 and Table S4)
lines up with our grouping of additives based on their experimental
impact on ACC composition and stability. In combination, they
highlight that strong additive-cluster interactions are key for
producing a potent antiscaling additive. These molecular
interactions provoke additive integration in PNCs and, in turn, co-
precipitation within ACC. As such, these additives play dual roles
— solution stabilization and precipitated ACC stabilization.

The MD simulations furthermore showed an unforeseen
concomitant of the capability of CIT to attach to PNC surfaces.
Indeed, CIT interactions to PNCs are found as a dynamic
equilibrium of association and dissociation events. In spite of the
short period of MD runs (50 ns), they consistently show that the
number of calcium and carbonate ions associated to CIT additives
is consistently larger during CIT attachment than upon
detachment from PNC surfaces (see series of snapshots in Figure
4B), demonstrating that CIT unloads some of its ionic cargo at the
PNC surface. Thus, CIT can be described as a carrier molecule
that actively feeds the growth of PNCs by transporting both
calcium and carbonate ions to PNCs.

SANS allowed us to probe the ultrastructure of the non-
ripened ACC and showed a multilevel structure for all of these
powders, be it in the presence or absence of additives (Figure
S10). We applied a multilevel Beaucage fit with Porod constants
fixed to a value of four for all hierarchical levels, thus with the
fundamental assumption of dense and non-porous building units.
This approach allowed us to extract comparable gyradius values
of the smallest entities (Table S5). For all powders, including the
reference sample, we found gyradii ranging from 18.2 + 0.2 A to
29.8 + 0.9 A. This size in the small nanometer range correlates
well with the estimated size of prenucleation clusters?32452, Thus,
SANS shows that all ACC samples, regardless of the presence or
absence of additives, show a nanoscopic organization® that fits
the reported sizes of prenucleation clusters.
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Figure 4. MD simulations in presence of additives. Additives are colored in blue, COs* ions in red, Ca?* ions in yellow. water molecules are not shown for the sake
of legibility. Snapshots are representative top views of the simulation box. (a) MD simulations provide an additive classification based on the nearest-neighbor
numbers of associated Ca?* ions in the first and COs? in the second coordination shell of the additive. While all additives bind Ca?* ions, Three distinct modes of
COs* association are apparent. Chelating additives such as EDTA bind Ca?* ions while hardly associating COs?* ions. they bind to PNC surfaces only infrequently.
The coordination occurrence diagram of EDTA reflects this behavior, showing only limited COs? association numbers (in the center top, Nca>Nco,<2). The
occurrence-diagram of CIT differs in this respect (in the middle center, Nc,>Nco, = 2 to 3), highlighting it as an intermediate case. These simulations shows that CIT
features several calcium Ca?* ions in its near vicinity (see label i in the upper right snapshot of CIT) but can also associate COs? ions via Ca?* bridges (see label ii).
CIT’s average carbonate association number fco, has a further contribution since CIT preferentially associates to PNC surfaces, but does not incorporate into
PNCs entirely (see label iii). Additives such as HEDP attract larger numbers for both Ca?* and COs? ions (Nca>Nco,>3) and incorporate into PNCs (label iv in the
lower snapshot of HEDP). Occasionally, they reside at the PNC interface (label v in the lower snapshot). The simulations show that these additives actively trigger
PNC formation; thus, PNCs form around the additives and the additive gets overgrown by the forming cluster. (b) Consecutive snapshots taken after 15 ns of initial
equilibration show a single CIT molecule (highlighted in green) laden with three Ca?*ions and one COs? ion. It attaches to a PNC, while some other CIT molecules
remain at the surface of the PNC during the sampled time frame. Upon attachment, the PNC incorporates the CIT-associated ions. Later, CIT was found to detach
from the PNC surface.



Conclusion and Outlook

Our experimental findings show that only selected additives such
as CPTC, HEDP, and TPP significantly stabilize the solution
against precipitation (mineralization profiles). These additives
also lead to a remarkable stabilization of ACC against
spontaneous crystallization in dry and wet conditions and against
thermally induced transformation (ripening and DSC). Only these
solution-stabilizing additives considerably incorporate into ACC
upon precipitation as individually dispersed molecules closely
associated with the amorphous mineral matrix (SS-NMR).
Common Ca-masking additives such as EDTA and MGDA neither
impact ACC stability nor can they be traced in the precipitate. MD
simulations on calcium carbonate solutions disclose that only
these solution-stabilizing additives induce PNC formation and
incorporate into PNCs while additives such as EDTA and MGDA
hardly interact with PNCs but stay dispersed in solution.

The strong correlation between PNC incorporation of
solution-stabilizing additives in simulation, their abundance in the
resulting ACC precipitate and its stabilization, and the
pronounced calcium carbonate solubilization expose for the first
time a unified multidisciplinary view on the path of action of high-
potency additives. The fact that precipitation is strongly
suppressed only in the presence of PNC-incorporating additives
demonstrates that solution stability against precipitation and of
the ACC precipitate against crystallization are intimately
connected via the stability and composition of PNCs[®546:54, These
findings also support the view that PNCs are the fundamental
building units of ACC. SANS data provide further corroboration,
suggesting that ACC forms by the agglomeration of nanometer-
sized units®d that do not coalesce but preserve their
nanoparticular character upon assembly.

In this study, the additive CIT exhibits an intermediate mode
of action. Only trace amounts of CIT occur in the precipitates (SS-
NMR). It marginally stabilizes ACC against thermally-induced
transformation (DSC), and no stabilization was observed against
transformation in solution (ACC ripening experiments). CIT is the
only additive that does not significantly increase the maximal Ca?*
activity (mineralization profiles). Still, CIT alters the solution’s Ca
speciation and, based on mineralization profiles, it has been
concluded earlier that CIT exerts a distinct stabilization effect on
PNCsl#548],

Our MD simulations and mineralization profiling show that
CIT does not act as a Ca masking agent. By feeding PNC growth,
CIT promotes PNC formation from ion solutions. However, the
main effect exhibited by CIT is PNC surface binding. This, we infer,
makes CIT to act as a surfactant that reduces PNC-PNC
interactions and hinders PNC agglomeration, hence leading to
slowed-down precipitation whilst only weakly affecting ACC
stability (as only a small fraction of CIT is incorporated in the
precipitate).

In conclusion, we classify the modes of action of additives
based on their molecular interactions with PNCs (Classes A to C).
As additives typically show not only one but two of these traits,
our classification highlights the preferential role of an additive. It
is the weighted contributions of mechanisms that lead to all of the
experimentally observed properties (see Figure 3).

A. The apparent mode of action is the sequestration of cations
from solution, i.e., Ca-binding. This trait essentially reduces
the apparent activity product of the parental solution. Ca-
masking agents such as EDTA and MGDA are relatively
clean representatives of this class, masking individual Ca?*
ions. In MD simulations, they also weakly associate further
calcium ions in their first coordination shell but less than two
carbonate ions in their second coordination shell
(Nca>Nco,<2).

B. The second molecular interaction mode is typified by the
preferential affinity of additives to PNC surfaces. In this mode
additives associate a small but not too large number of
calcium and carbonate ions. (Nca>Nco, =2 to 3). Then, the
additive can bind to PNCs surfaces without integrating into
the PNC bulk volume. CIT is the additive that mainly takes
this mode of molecular interaction. As a concomitant effect,
CIT enhances cluster growth by depositing some of its ionic
cargo at the PNC surface.

C. The third mode of action is shown by additives that
generously associate both Ca?* and CO3? ions from solution,
thereby provoking PNC formation (Nca>Nco,>3, €.9., the triad
of CPTC, HEDP, and TPP). Their incorporation into clusters
leads to a notable suppression of precipitation. They also
provide a stabilization of ACC against transformation as
these additives are incorporated into the precipitate as
individually dispersed molecules.

Based on our results, PNCs turn out as gatekeepers that
ultimately govern the chemical composition of the forming ACC.
The selective incorporation of Class C additives in PNCs serve us
as an authentic chemical label that provide us with the first
conclusive chemical evidence that ACC is a molecular precipitate
derived from PNCs.

We expect that the above interaction modes are also valid
for other precipitation systems, if prone to amorphous precursor
phases and PNCs. Potentially, our work gives new impulses for
non-eutrophic, sustainable mineralization inhibitors and for novel
drug design concepts against nephrolithiasis and other atopic
biomineralization processes. In recent years, several studies
have demonstrated the occurrence and importance of small-MW
molecules in biomineralization processesi*2%-58, QOur findings
have substantial implications for these systems, including other
bio- and ACC-mediated mineralization processes (e.g., in
geosciences), as they highlight their unforeseen but pronounced
and molecularly intricate effect on the formation of minerals and
amorphous solids.
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