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Colloidal Stabilization of Calcium Carbonate Prenucleation

Clusters with Silica

Matthias Kellermeier, Denis Gebauer, Emilio Melero-Garcia, Markus Drechsler,
Yeshayahu Talmon, Lorenz Kienle, Helmut Célfen,* Juan Manuel Garcia-Ruiz, and

Werner Kunz*

Calcium carbonate precipitation proceeds via a complex multistage scenario
involving neutral ion clusters as precursors and amorphous phases as inter-
mediates, which finally transform to crystals. Although the existence of stable
clusters in solution prior to nucleation has been demonstrated, the molecular
mechanisms by which they precipitate are still obscure. Here, direct insight
into the processes that drive the transformation of individual clusters into
amorphous nanopatrticles is provided by progressive colloidal stabilization of
different transient states in silica-containing environments. Nucleation of cal-
cium carbonate in the presence of silica can only take place via cluster aggrega-
tion at low pH values. At higher pH, prenucleation clusters become colloidally
stabilized and cannot aggregate. Nucleation through structural reorganization
within the clusters is not observed under these conditions, indicating that this
pathway is blocked by kinetic and/or thermodynamic means. The degree of
stabilization against nucleation is found to be sufficient to allow for a dramatic
enrichment of solutions with prenucleation clusters and enable their isolation
into the dry state. This approach renders direct analyses of the clusters by con-
ventional techniques possible and is thus likely to facilitate deeper insight into
the chemistry and structure of these elusive species in the future.

1. Introduction

particle-based reaction channels,** which
may involve amorphousP or liquid pre-
cursors.1*1 Calcium carbonate is an
often chosen model system in this context
due to its broad importance as an abun-
dant mineral of biologicall™ as well as
geological origin,l'® related implications
for the natural CO, cycle,ll” its use in
many industrial applications,!'® and the
fact that it is one of the major sources of
water hardness and thus responsible for
scaling and incrustation.!*")

Recent work revealed that prior to nucle-
ation of solid CaCOs3, neutral ion clusters
are formed as solutes even in undersatu-
rated solutions.?°221 As opposed to clas-
sical theories, these so-called prenucleation
clusters exist in thermodynamic equilib-
rium with the dissolved ionsi?”l and were
first imaged by Pouget et al. with the aid
of cryogenic transmission electron micro-
scopy (cryo-TEM).3l Further, computer
simulations and re-evaluations of experi-
mental data suggested that prenucleation
clusters are in fact highly dynamic, liquid-

The basic principles behind nucleation and growth of crystals
are still in the focus of scientific interest, even more than 70
years after the classical nucleation theory was introduced.[!2!
There is increasing evidence that in biological and biomimetic
mineralization, crystallization can occur through alternative,
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and chain-like polymers of calcium carbonate ion pairs.?*l This
structural form rationalizes the thermodynamic stability of the
clusters on the basis of strong hydration in combination with
a distinct entropic contribution originating from a high degree
of disorder. Simulations further indicated that a transition of
such polymeric species towards bulk-like structures requires a
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significant barrier to be overcome,?* which can be correlated to
the activation energy associated to a nucleation event.

In light of the existence of stable solute precursors with rela-
tively large volumes, it seems unlikely that statistical clustering
of ions into un- or metastable nuclei-as envisaged in the clas-
sical picture—plays an important role in the nucleation of cal-
cium carbonate. It rather appears as if prenucleation clusters
are the relevant species in this context,?”l and their transfor-
mation into a solid phase may proceed along one of the fol-
lowing two fundamental pathways (or a complex combination
of both, depending on experimental conditions): i) structural
rearrangement within prenucleation clusters towards metast-
able amorphous calcium carbonate (ACC) or direct conversion
to crystalline modifications and ii) aggregation of the clusters
into larger assemblies, which subsequently undergo phase
transformation.

Although the factual height of the activation barrier associ-
ated to pathway (i) remains unknown,?¥l one may speculate
that it is significant as compared to thermal energy,?? essen-
tially because experimental observations support an aggrega-
tion-based mechanism (ii), which initially yields ACC nano-
particles with diameters in the range of =30 nm.[?%23 That is,
scenario (i) may be kinetically inhibited under the investigated
conditions and require substantial amounts of time to occur,
unless suitable “catalysts” like nucleation-promoting surfaces!?’!
(i.e., the heterogeneous case) or certain specialized additives
such as bio(macro)molecules are present. Moreover, there are
fundamental questions regarding the energetics of nanoscale
calcium carbonate, which might render pathway (i) thermody-
namically improbable. For instance, it has been suggested that
there is a crossover of the thermodynamic stabilities of distinct
polymorphs at the nanoscale,?®l and theoretical considerations
indicate that ACC is indeed the stable phase for nanoparticles
of calcium carbonate smaller than 4 nm."?”) This would clearly
discriminate scenario (i) from a classical point of view-at least
when it comes to the direct formation of crystalline modifica-
tions from prenucleation clusters—as long as there is no ther-
modynamic stabilization of nanosized crystalline particles pro-
vided (e.g., by additives or surfaces).

It is evident that differentiating between the two possible
pathways by experimental means is a highly difficult task in
pure systems. This is essentially due to the inherently low
concentrations of the precursors at practical supersaturation
levels, as well as the fact that corresponding processes might
take place on very short timescales, such that detailed analyses
become impossible and transient intermediates may simply be
overlooked. In order to assess if nucleation of calcium carbonate
can proceed via one or both of the pathways outlined above
under a given set of conditions, and whether kinetic or thermo-
dynamic constraints dominate nucleation, it appears necessary
to prepare solutions enriched with prenucleation clusters and
decelerate their transformation in the system. Herein, we show
that addition of silica is an effective means to achieve this. The
presented methodology can be tuned to either completely sup-
press nucleation of CaCOj; particles even at high supersatura-
tion, or to progressively stabilize different transient states on
the way to the solid phase. Our findings provide new insight
into the mechanisms of nucleation in the presence of additives
and demonstrate that colloidal stabilization of prenucleation

clusters with silica can afford relatively concentrated cluster
solutions, thus facilitating their characterization in situ. Beyond
that, our approach even allows for an isolation of these species
and hence represents a promising strategy towards detailed
future analyses of their structure, which is urgently needed.

2. Results and Discussion

2.1. Nanoclusters in Silica-Rich Solutions of Calcium Carbonate

When solutions of calcium chloride and sodium carbonate
(each 5 mm) are mixed in the presence of moderate amounts
of silica, instant precipitation takes place and spherical nano-
particles of ACC with diameters 230 nm are generated imme-
diately. It has previously been demonstrated that these particles
become stabilized in this case due to spontaneous deposition of
a skin of amorphous silica all over their surface, which impedes
energetically favored transformation to calcite.”®! By contrast,
above a certain threshold of silica concentration (=3000 ppm at
pH 11), a clear solution is obtained and nucleation seems to
be suppressed. This notion is confirmed by cryo-TEM images
of samples quenched shortly after mixing, which reveal that
CaCO; exists in the form of numerous nanoclusters, with
apparent diameters typically ranging from 0.5 to 3 nm (Figure 1).
From a comparison of the resulting size distribution with
data reported in literature for neat CaCO; solutions,?3l we
infer that these species are prenucleation clusters of calcium
carbonate, as will be further rationalized below. Their occur-
rence in the samples is supported independently by analytical
ultracentrifugation (AUC). The measured sedimentation coef-
ficients (s) can be subdivided into four relevant intervals (see
Table S1 and Figure S1 in the Supporting Information), partly
following a classification suggested by Pouget et al.:{23] values
in the range of 0-0.5 S are assigned to ions, which were traced
in all experiments. Species with 0.5 < s < 2 were consistently
found in samples containing silica, regardless of the presence
of CaCl, and/or Na,CO;3, and are therefore interpreted as low-
molecular silicate oligomers (dimers, trimers, cyclic structures,
etc.) commonly present in alkaline silica sols.??) Mixtures of
CaCl,, Na,COj; and silica contain a further population with
2 <5< 3.5, likely corresponding to the multitude of individual
nanoclusters observed in the cryo-TEM images. Repeatedly, a
fourth component was identified (>5 S), which can be allocated
to cluster aggregates in agreement with light and X-ray scat-
tering data (see below). Interestingly, the sedimentation coeffi-
cients found for single clusters are somewhat higher than those
reported previously (1.5-3 S).[2%2% This difference may originate
from binding of oligomeric silica in the periphery of the clus-
ters, as indicated also by dynamic light scattering (DLS) data
(see Section 2.2). It is furthermore worth noting that species
with s-values in the range of nanoclusters and cluster aggre-
gates were detected also in reference samples containing silica
and either Na,COj; or CaCl,. Their origin is discussed in detail
below (Section 2.5).

From the diffusion coefficients determined simultaneously
by AUC, hydrodynamic diameters (dy) were derived for the
different species via the Stokes-Einstein equation (Supporting
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Figure 1. Nanoclusters in silica-rich supersaturated solutions of calcium
carbonate. a) Cryo-TEM image of a sample containing 5 mm CaCOj3 and
3720 ppm SiO, at pH 11, quenched in liquid ethane 3 min after mixing
reagents. Scale bar: 20 nm. b) Enlargement of the area delimited by the
white rectangle in (a), illustrating the presence of individual nanoclusters
(highlighted by white circles). Scale bar: 10 nm. c) Size distribution dia-
gram derived from cryo-TEM image for individual cluster species. The
apparent average cluster diameter is 1.1 + 0.6 nm. Note that, due to
the difficulty of interpreting electron contrast at the resolution limit of
the technique, the determined values may not necessarily reflect the
true size of the clusters. This would explain the observed discrepancies
between diameters obtained from cryo-TEM images and the scattering
data (cf. Figure 3 and 4).

Information, Table S2). Apparent sizes obtained for silica
oligomers were found to vary between 0.7 and 1.7 nm, while
the diameters of clusters ranged from 2 to 6 nm (an overlap
of these two populations is likely, though). Previous calcula-
tions for additive-free CaCO; solutions gave an average value
of about 2 nm for single clusters,?” which again suggests the
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Figure 2. Dynamic cluster aggregation. a) Lower-magnification cryo-TEM
image of a sample vitrified after 3 min, showing larger objects next to
myriad single cluster species. Scale bar: 50 nm. Inset: Close-up view of
the marked area, suggesting that the dark domains are loose aggregates
of clusters (individuals are highlighted by red circles). Scale bar: 10 nm.
b) Schematic drawing visualizing cluster agglomeration under the influ-
ence of silica at pH 11. Note that structures are not drawn to scale and
that the blue halo in the scheme is meant to generally indicate the pres-
ence of silicate species in the periphery of prenucleation clusters, rather
than necessarily representing a skin of silica around them.

presence of silica in their periphery under the given conditions.
In another approach, cluster sizes were estimated on the basis
of the sedimentation coefficient utilizing the density of ACC, as
described elsewhere.l?% Resulting diameters were 3.34 and 3.21
nm, which is in good agreement with values obtained using the
Stokes—Einstein equation (4.61 and 2.53 nm).

2.2. Cluster Aggregation

Occasionally, cryo-TEM images of freshly prepared solutions
show bigger diffuse entities with typical dimensions of 20-50 nm
(Figure 2a), which seem to be aggregates of loosely agglomerated
single nanoclusters (Figure 2b) and thus probably still represent
the prenucleation stage. DLS experiments corroborate the pres-
ence of two particle populations—individual clusters with hydro-
dynamic diameters below 10 nm, and distinct cluster aggregates
with sizes ranging from 20 to 200 nm (Figure 3a). Species with
diameters larger than 50 nm likely correspond to interconnected
primary aggregates (Figure S2 in the Supporting Information).
Small-angle X-ray scattering (SAXS) measurements confirm
the results from DLS and identify multiple states of aggregation
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Figure 3. a) Size distribution diagram calculated on the basis of DLS
measurements initiated 2 min after mixing with an acquisition time of
10 min ([Ca%"] =[CO;3%] =5 mwm, 3720 ppm silica, pH 11). The dominant
peak covering radii between 10 and 100 nm belongs to cluster aggregates
(Figure 2a), while the weak feature at =4 nm is assigned to individual
clusters (Figure 1a,b). Note that sizes determined for single clusters by
DLS exceed those measured in the cryo-TEM images (Figure 1c), pre-
sumably due to the presence of hydration layers around the clusters and
errors in size estimations based on electron microscopy images. b) Size
distributions of a sample that was centrifuged for 90 min. The black curve
corresponds to the state of the solution straight after centrifugation,
while the grey curve has been recorded after subsequent equilibration for
1 day (measurement duration in both cases: 10 min). Note that cluster
diameters measured directly after centrifugation (2.5-3.5 nm) agree well
with mean sizes detected by SAXS (3 nm, Figure 4) as well as AUC data
(2-5 nm; Table S1), thus most likely representing the true dimensions
of the clusters.

(Figure 4), in agreement with the cryo-TEM data. Moreover, the
mean size indicated for single clusters by SAXS is about 3 nm
and thus complies well with values obtained by AUC, but on the
other hand significantly exceeds those estimated on the basis
of cryo-TEM images (Figure 1c). These discrepancies probably
arise from shortcomings associated with the interpretation of
electron contrast for such small species,’?”! and the fact that the
scattering techniques (as well as AUC) detect hydration layers
around the clusters, which may be enhanced by the presence of
charged silicate oligomers.

Continuous DLS monitoring demonstrates that, subsequent
to an induction period of several hours, the average size of the
aggregates remains approximately constant (Ry,, = 35 nm)
with time (Figure 5). The overall scattering intensity, which is a
direct measure for the actual concentration of the larger popu-
lation, first increases and then gradually levels off after around
5 h. This implies that aggregation proceeds steadily over hours.
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Figure 4. Volume-weighted radius distribution function Dy(R) derived on
the basis of SAXS data collected directly from as-prepared solutions after
an equilibration period of 30 min ([Ca*"] = [CO3%*] = 5 mm, 3720 ppm
silica, pH 11). The strong peak at R <5 nm suggests that the majority of
clusters exists in an isolated state in the solution, while several smaller
features at radii between 10 and 40 nm indicate cluster assemblies with
different aggregation numbers.

The rather narrow size distribution of the primary aggregates
may be related to the generation of charge that restricts fur-
ther aggregation beyond a critical size.3” Cryo-TEM analyses
of equilibrated samples verify that although aggregated struc-
tures occur more frequently, the number of single clusters is
still overwhelming (Supporting Information, Figure S2). After-
wards, no further changes could be discerned with neither of
the used methods, even when the system was aged for more
than a year. Therefore, we conclude that single nanoclusters
and cluster aggregates co-exist permanently once the under-
lying aggregation processes have established a state of dynamic
equilibrium (as depicted by Figure 2b). The fact that the size
distributions found upon ageing are more or less constant
moreover suggests that a competition between the rates of ion
incorporation and release in prenucleation clusters determines
the limited size of the different species,?* hence confirming
their prenucleation stage character.

Additional DLS experiments have evidenced that the rate and
final degree of cluster aggregation can be correlated with the
speciation of silica in solution (data not shown). For example,
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Figure 5. Continuous in situ DLS monitoring. Apparent hydrodynamic
radii Ry (black squares) obtained from monomodal fits to experimental
autocorrelation functions collected at distinct times after mixing, and the

evolution of the scattering intensity (grey circles) as a function of time
([Ca%] =[CO3%] =5 mm, 3720 ppm silica, pH 11).



using an aged silica sol resulted in an increase in both the final
average agglomerate size and the rate of aggregation. Raising
stepwise the amount of added carbonate at a constant Ca?* con-
centration also led to an increase in the hydrodynamic radius of
the cluster agglomerates, while gradual aggregation to eventu-
ally larger entities was observed when the concentrations of all
species were doubled. These observations corroborate that the
periphery of the clusters is rich in silica and that cross-linking
of the clusters might be assisted by inter-particle silica polym-
erization. Presumably, the silica interacts with the clusters
by replacing water and/or hydroxide ions!™! in the hydration
shell around them. In solutions at pH 11, the density of nega-
tive charges on siliceous species is high,3!l rendering the net
forces between silica-bearing clusters predominantly repulsive.
Cluster aggregation is unfavorable under these circumstances,
and only few agglomerates exist in equilibrium with a prepon-
derant fraction of separate clusters (Figure 2b). Screening by the
silica impedes direct cluster-cluster contact in the aggregates,
such that nucleation via aggregation (i.e., pathway (ii)) remains
inhibited in the long term.

Interestingly, larger cluster aggregates can be removed by
centrifugation (16060 g, 90 min). Remaining species showed
mean hydrodynamic radii of roughly 10 nm, while the overall
scattering intensity was markedly decreased. Size distribution
functions acquired immediately after completed centrifugation
indicate an increased fraction of isolated clusters with Ry =
1.3 nm next to aggregates of around 9 nm in radius (Figure 3b).
Initially narrow, the signals broaden when the sample is aged
for a day, while no further changes were observed at later
times. This confirms that the different aggregated states are
in dynamic equilibrium as outlined above, since on average
smaller agglomerates are formed after centrifugation owing to
the lower overall CaCOj; content. The diameter obtained by DLS
for individual clusters after preceding centrifugation (2.6 nm)
nearly coincides with sizes determined independently by SAXS
and AUC measurements (=3 nm). These values are thus experi-
mentally reproducible and considered realistic, as opposed to
size data derived from cryo-TEM images only.

2.3. Variation of pH

The capability of silica to stabilize the system against nuclea-
tion essentially depends on the pH of the medium, which is
known to be a crucial parameter for the speciation of silica in
solution.?”3! Decreasing the pH leads to enhanced protonation
of siliceous species, and should therefore result in diminished
mutual repulsion of clusters that are colloidally stabilized by
silica. This notion is clearly evidenced by cryo-TEM analyses of
samples with different initial pH values (Figure 6). At pH 10.3,
the situation encountered 1 min after mixing resembles that
at pH 11, with individual clusters abounding and co-existing
with a certain fraction of rather small aggregates (Figure 6a).
After 1 h, a considerable amount of larger agglomerates has
developed (=20-40 nm, Figure 6b); with time, these spheroidal
entities interconnect progressively to build spacious network
structures (Figure 6¢). Extensive cross-linking is likely governed
by silica condensation processes, which are accelerated at lower
pHEY and may also involve the silica associated to the clusters.

Consequently, a siliceous matrix inclosing CaCO; prenucleation
clusters is generated and, owing to on-going polycondensation,
eventually segregates from the solution to form a hydrogel. A
closer look at the texture of the more compact objects in the
network reveals that they are constituted of smaller primary
units (2-3 nm), embedded in a lighter framework (Figure 6b).
Apparently, aggregation of prenucleation clusters at this pH
level frequently leads to assemblies which are denser than at
higher pH. However, individual clusters inside these agglomer-
ates do not merge to a noticeable extent and we could neither
trace significant changes in terms of local structure on further
ageing (Figure 6c¢), nor does crystallization occur. This implies
that although cluster aggregation is much more pronounced in
the system, the silica still protects individuals from fusion and
inhibits nucleation (Figure 6d, upper pathway).

When the pH is decreased to values below 10, colloidal sta-
bilization is in turn completely suspended (Figure 6d, lower
pathway). At pH 9.3, the sample taken after 1 min already
contains loosely aggregated networks in some instances
(Figure 6e). After 30 min, inhomogeneous conglomerates span-
ningacross micron-scale dimensions can bediscerned (Figure 6f).
The darker particles within these networks are somewhat larger
(up to 10 nm) than those found at higher pH, indicating frac-
tional cluster coalescence. As time proceeds, a novel popula-
tion of fairly consolidated spherical particles with diameters of
around 30 nm is occasionally identified next to the networks at
some sites (Figure 6g and Supporting Information, Figure S3).
These particles are prone to aggregation and electron diffrac-
tion (ED) patterns suggest the presence of partially crystalline
material (inset in Figure 6g); however, we also observed purely
amorphous nanoparticles (Supporting Information, Figure S4).
These findings evidence that primary ACC grains form via
aggregation of prenucleation clusters, as observed in pre-
vious studies on CaCOjs crystallization in the absence of addi-
tives.2023] Upon continued ripening, the metastable ACC par-
ticles eventually transform to yield numerous micron-sized cal-
cite crystals (Figure 6h and Supporting Information, Figure S5).
Essentially, the behavior traced at pH 9.3 shows that stabiliza-
tion at higher pH values is not based on incorporation of silica
into the calcium carbonate precursors, but rather relies on
screening of individual clusters, which becomes less efficient
with decreasing pH. If silica was incorporated in the clusters,
the reduced charge and the increased propensity of silica to
undergo condensation at lower pH should still (and likely even
more effectively) inhibit nucleation.

The notion that insufficient protection against nucleation
below pH 10 originates from a reduced number of charges
on the clusters and lacking mutual repulsion is corroborated
by Zeta potential measurements. In general, results obtained
for the different samples (Supporting Information, Table S3)
are in good agreement with values reported in literature for
silica surfaces in contact with solutions at corresponding pH
levels and comparable ionic strengths (I = 80 mwm in the present
experiments).1??l This appears reasonable when assuming that
the CaCOs clusters are covered by silicate species. In particular,
measurements for solutions at pH 11.0 and 10.3 gave Zeta poten-
tials which are equal within experimental error (ca. =35 mV),
whereas the value determined for pH 9.3 is significantly lower
(ca. =20 mV). Calculations of potential energy profiles based
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Figure 6. Effect of pH on the degree of silica-mediated inhibition of CaCO; nucleation. a—c) Cryo-TEM images taken at different times after mixing from
samples with an initial pH of 10.3. Scale bars: 50 nm. d) Schematic sequence illustrating the aggregation behavior of silica-decorated prenucleation
clusters at lower pH. Cluster coalescence inside the aggregates and nucleation of ACC nanoparticles only occur below a certain threshold in pH. e-h)
Microscopy images representing the temporal evolution of the system at a starting pH of 9.3. ED patterns (shown as insets in (e—g)) indicate that
the open cluster networks formed within 30 min are still amorphous. After 4 h, agglomerates of more compact particles are observed in which some
crystallinity is already inherent. Equilibration for about 1 day results in a multitude of rhombohedral crystals (h), which were confirmed to be calcite by
X-ray diffraction (Figure S5 in the Supporting Information). Scale bars: e) 50 nm, f,g) 100 nm, and h) 100 um.

on DLVO theory indicate that a distinct barrier must be over-
come in order to allow colloids to coalesce in samples at pH
11.0 and 10.3 (=1.1 kT); in turn, this is not the case at pH 9.3
(=0.3 KT; see Supporting Information, Figure S6). This sug-
gests poor colloidal stability for the system at low pH, which
is in line with the cryo-TEM data. We note that the estimated
energy barriers are relatively small, since colloidal dispersions
are usually considered to be stabilized against flocculation for
a barrier height of >10 kT.®*l This may imply that steric effects
contribute to stabilization in the present case, as proposed in
previous work to explain the anomalous coagulation behavior
of silica sols.’l However, parameter variation showed that the
by far largest error in our calculations is related to the use of
the Hamaker constant of amorphous silica. It applies for a
bulk phase and will therefore strongly overestimate the attrac-
tive potential between hydrated silica oligomers bound in the
periphery of the clusters. As a consequence, the true magnitude
of the attractive potential should be lower than estimated, thus

increasing the energy barrier in accordance with recent reviews
on DLVO theory.*” Taken together, the Zeta potential data sup-
port lacking electrostatic repulsion at pH 9.3 and hence verify
the notion that silica-decorated clusters can aggregate under
these conditions to a much larger extent than at higher pH. In
addition to this “classical” mechanism of colloidal destabiliza-
tion, deficient inhibition of nucleation at low pH could be pro-
moted by enhanced silica condensation rates expected in this
case, ! as fast polymerization might prevent tight integration
of the clusters into the forming siliceous network and/or with-
draw oligomeric silicate species from their periphery.

2.4. Cluster Isolation

Remarkably, the stabilizing effect of silica at high pH is strong
enough to enable straightforward isolation of the clusters in
large amounts. To that end, solutions containing clusters and



Figure 7. Silica-stabilized CaCOj; nanoclusters in dry state. a) TEM image of the residue obtained upon drying aliquots of dialyzed solution, showing
myriads of isolated tiny species dispersed over the whole image area. The determined average diameter of 1.2 £ 0.8 nm (measuring 200 individuals)
nearly coincides with the mean value obtained for the clusters observed in cryo-TEM images (1.1 £ 0.6 nm). b) Zooms into selected regions of (a)
revealing single cluster species (white circles) with dimensions in the range of 1-2 nm (scale bars: 5 nm). c¢) Nanocrystals found at a different site on
the grid, likely formed due to insufficient protection of a certain fraction of clusters against nucleation during dialysis and/or drying. Fragmentation
of the crystals indicates ongoing decomposition (scale bar: 100 nm). d) Electron diffraction pattern of the crystals, displaying faint spots along two
discrete rings (scale bar: 4 nm™'). Measured distances in-between pairs of reflections correspond to lattice spacings of 3.02 A (white circles) and 2.16 A
(grey circles). With respect to the common limits of error in electron diffraction, reflections can be indexed to the (104) and (202) planes of calcite
(database spacings: C-104: 3.035 A, C-202: 2.095 A). e) Crystals after exposure to the electron beam during diffraction analysis. Decomposition of the
beam-sensitive carbonate material left hollow particles with margins rich in Ca (verified by EDX elemental mapping) (scale bar: 100 nm).

cluster aggregates were dialyzed to remove excess salt and sub-
sequently dried by lyophilization. Alternatively, cluster separa-
tion was achieved by direct freeze-drying, induced precipitation
of a silica framework containing embedded clusters, or via
preparative ultracentrifugation, as discussed in the Supporting
Information (Section S4). TEM images of the residue left upon
drying dialyzed solution on a grid are characterized by a mul-
titude of discrete and predominantly separated nanoclusters
(Figure 7). This indicates that the structural integrity of the clus-
ters was not affected during the applied procedure. While the
size and number of individual clusters is comparable to what
was found by cryo-TEM images for the solution state (Figure 1),
the overall frequency of cluster aggregates is lower, suggesting
that some of them dissociated during dialysis—as expected if
they form on basis of equilibrium thermodynamics. Next to the
clusters, larger particles with typical sizes of 50-100 nm were
observed (Figure 7c) Diffraction patterns acquired from these

objects show crystalline reflections that can be assigned to the
calcite lattice (Figure 7d). Prolonged exposure to the electron
beam (=3 s) led to continuous disintegration of the crystals
(presumably due to thermal decarboxylation of CaCOj; in high
vacuum),B3% so that elemental analyses of intact particles were
not possible. Their remnants, however, proved to be rich in
calcium. The occurrence of calcite crystals in the images dem-
onstrates that shielding of the clusters is not perfectly efficient
under the conditions during sample preparation, likely due to
the decrease in the silica concentration in the course of dialysis.
Since IR and XRD results for samples obtained by direct freeze-
drying do not hint at the presence of calcite or other crystalline
phases (see below), partial crystallization must be due to the
slow evaporation process on the TEM grid.

Probing the chemical nature of the clusters by means of EDX
spectroscopy and elemental mapping failed because of their
beam sensitivity. Marked degradation was discernible already
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Figure 8. a) Vibrational spectra of powders obtained by lyophilization
of dialyzed solutions (lower curve), ultracentrifugation and subsequent
freeze-drying of the gel body deposited on the bottom of the vial (middle
curve), and filtration of the precipitate formed upon adding NaCl (upper
curve) (see Section S3 in the Supporting Information for experimental
details). The initial compositions of the solutions were [Ca?] = [CO;%7]
=5 mwm, 3720 ppm silica for both dialysis and ultracentrifugation, and
[Ca?*] =[CO3%] =5 mm, [NaCl] =0.2 m, 3720 ppm silica in case of induced
precipitation. b) Background-subtracted WAXS diffractogram of the gel
sediment formed upon ultracentrifugation, verifying that the sample is
entirely amorphous and thus corroborating that the powder contains
ACC.

after acquisition of a single image, and the clusters had quan-
titatively vanished upon longer irradiation times. Ultimately,
Ca intensities were evenly distributed and low in the elemental
maps. In turn, when analyzing cluster aggregates, we found
increased counts of Si even after decomposition of calcium car-
bonate was completed. This means that silica is stable under
the given operating conditions (as confirmed also by studies
of neat silica reference samples) and, hence, that the observed
clusters do not consist of silica.

IR and XRD data demonstrate that the CaCO; component in
the isolated samples relates to an ACC-like phase (see Figure 8
and Section S4 in the Supporting Information). Infrared spectra
recorded from powders obtained by dialysis, centrifugation and
induced precipitation show strong absorption in the range of
900-1300 cm™!, which is typical for amorphous silica and can
be attributed to Si-O-Si stretching lattice modes (Figure 8a).l*”]
Further bands at around 450, 800, and 1630 cm™! originate
from bond-rocking and bond-bending vibrations of silica, and
deformation modes of entrapped water molecules, respectively
(see Table S4 in the Supporting Information for a detailed

assignment of the different peaks). Prominent bands of CaCO;
are generally located at 690-750 cm™! (v,-mode), 850-880 cm™!
(v,-mode) and 1420-1490 cm™! (v;-mode), depending on pol-
ymorphism.B8 As opposed to crystalline phases, ACC can be
distinguished by a splitting of the v;-peak and a marked broad-
ening or disappearance of the v4-absorption.?”) These two cri-
teria are clearly fulfilled by the spectra displayed in Figure 8a,
indicating that the major carbonate phase present is ACC.
This is supported by the observed wavenumber of the v,-band,
which approximates values reported for ACC in literature
(866 cm™).13% Thus, all of the applied procedures yielded pow-
ders containing a considerable amount of CaCO; clusters
embedded in a matrix of amorphous silica. We note that dif-
ferences in the absorption maxima of the siliceous component
may hint at varying degrees of condensation; for example, the
bond-stretching vibration in the dialyzed sample is shifted to
comparably high wavenumbers, suggesting a highly cross-
linked structure. In this case, a distinct band at about 950 cm™!
can be discerned that may be due to stretching vibrations of free
silanol (Si-OH) groups.l’”) X-ray diffraction analyses confirm
that all isolated powders are amorphous and hence corroborate
the notion of ACC-like clusters. As shown exemplarily for the
sample prepared by centrifugation in Figure 8b, the acquired
patterns indicate the presence of amorphous structures with
some ordering, in agreement with previous studies on amor-
phous silical*’ and ACC.[*!

2.5. Clusters in Reference Samples

As already mentioned above, AUC measurements of reference
samples lacking either calcium or carbonate also suggested the
presence of cluster-like species, the origin of which remains
to be discussed. First of all, we emphasize that neat silica sols
did not show noticeable correlation in light scattering experi-
ments (data not shown), thus ensuring that the existence of
nanoparticles is directly related to the presence of CaCl, and
Na,COs, respectively. Indeed, DLS data support the occurrence
of clusters with radii of 2-7 nm in the absence of Ca?', next
to a larger fraction with Ry,, = 50 nm (Supporting Informa-
tion, Figure S7). Corresponding cryo-TEM images show that
cluster-like species are quite rare in this system (Supporting
Information, Figure S8). Nevertheless, they can be detected
by DLS because the amount of larger particles is also rather
small. In typical images of samples without added carbonate,
polydisperse spherical particles with diameters ranging from 20
to 40 nm are observed, which occasionally become subject to
agglomeration (Figure S8). In addition, the solutions contain a
considerable number of nanoclusters (as judged by cryo-TEM)
which, however, are not resolved in DLS (Supporting Informa-
tion, Figure S8). This indicates that the concentration of clus-
ters relative to larger particles is lower in this system than in a
mixture of silica and both CaCl, and Na,CO; (where individual
clusters were detected next to cluster aggregates; Figure 2).

The formation of cluster-like species in the absence of car-
bonate ions may be due to Ca?*-induced silica polymerization,
owing to the strong “salting-out” effect of hard divalent cat-
ions,*?l which triggers silica condensation by screening other-
wise repulsive charges.’!) Moreover, small polymeric particles



with sizes of only few nanometers and spherical colloids meas-
uring several tens of nanometers are common in the course of
silica precipitation from solution.*3] These considerations raise
the question whether the clusters found in the actual samples
could also consist of silica or calcium silicates, rather than
directly involving calcium carbonate. A crucial issue to clarify
in this context is whether the calcium ions merely assist in the
polymerization process or if they are co-precipitated with silica.
In the latter case, Ca** would not be available for CaCO; for-
mation, whereas sheer colloidal interactions should allow for
CaCOs crystallization, especially with regard to the high super-
saturation of the system. To elucidate this, experiments were
conducted in which silica sols were coagulated by adding CaCl,.
Analyses of the flocculated material showed that it essentially
consists of amorphous silica (no calcium silicate), with minor
amounts of calcium entrapped between the coagulated particles
(data not shown). Precipitation of calcium-rich silica particles
in the samples can therefore be ruled out and, consequently,
we expect the major fraction of the Ca?" ions to be free and
available for interaction with carbonate under the experimental
conditions.

Enhanced silica condensation can in turn hardly account for
nanoparticle formation in mixtures of Na,COs and silica. Here,
we speculate that the observed nanoscale species are clusters of
sodium carbonate. In fact, clustering of well-soluble salts has
been demonstrated in supersaturated solutions.*4 Coating by
silica may cause a shift in the equilibrium with the free ions in
favor of the bound state, thus increasing the number of clus-
ters to a measurable amount also in dilute systems. Indeed, the
existence of Na,COj; clusters in silica-containing solutions is
supported by IR and XRD data recorded from powders obtained
by direct freeze-drying (see Section S3 in the Supporting Infor-
mation), and their rare occurrence as compared to CaCO; would
qualitatively correlate with the solubility of the two salts.

With respect to the above, we cannot exclude that polymeric
silica particles and silica-associated clusters of other salts-both
with similar sizes—co-exist with clusters of calcium carbonate
in the samples. However, the temporal evolution of the system
traced at different initial pH values (Section 2.3) and, impor-
tantly, the analyses performed on isolated clusters (Section 2.4)
provide clear evidence that the vast majority of cluster species
observed in the solutions are indeed composed of CaCOj3.

3. Conclusions

Our results show that in the presence of silica and at suffi-
ciently low pH, nucleation of calcium carbonate can proceed
in the same manner as it has been reported in the absence of
additives,2%2% that is, via aggregation of prenucleation clusters.
Phase separation thereby appears to rest upon the coalescence
and fusion of clusters within transient aggregates, which might
be triggered by the release of water from the inside of the aggre-
gates driven by osmotic pressures, and could rely on structural
changes of the clusters.?224 Continued cluster coalescence
eventually leads to the precipitation of ACC nanoparticles,
which subsequently crystallize. The role of silica in the present
experiments is to decelerate the processes that underlie nuclea-
tion via colloidal stabilization of prenucleation clusters against

aggregation. The collected data clearly evidence that the degree
of this stabilization correlates with the chemical speciation of
silica, which is pH-dependent. While aggregation of silica-deco-
rated prenucleation clusters can proceed gradually at lower pH
values (where silica species are largely protonated and prone
to condensation), this is no longer possible at elevated pH due
to the high number of repulsive charges at silica-bearing clus-
ters. Under these conditions, nucleation of calcium carbonate
remains prevented in the long term. The detailed mode of silica
binding on the clusters—which is the basis for colloidal stabili-
zation-remains uncertain. Possible scenarios include a mecha-
nism involving local pH gradients around growing carbonate
clusters as described for ACC particles,?®*! as well as electro-
static interactions between oligomeric silicate species and the
Ca’" ions in the periphery of the clusters assisted by water mol-
ecules, in analogy to the effect of polyacrylate.*! The latter may
be driven by a gain in entropy*’! and would explain the poor
stabilization found at lower pH.

As silica appears to interact only superficially with the
clusters (i.e., it is likely not incorporated), the observed long-
term stabilization against nucleation at high pH indicates that
internal structural rearrangements within prenucleation clus-
ters (pathway (i)) are improbable, if not impossible, under the
given conditions. This might be due to an enormous activation
barrier which inhibits nucleation for more than a year. How-
ever, in our opinion, such a large extent of kinetic stabilization
is unlikely and it seems more plausible that thermodynamic
aspects play an important role. In other words, our findings
tentatively support a crossover in stability at the nanoscale, with
ACC-like structural forms becoming more stable than crystal-
line ones, in line with predictions of computer simulations.?”]
One may even speculate that, at the length scale typical for pre-
nucleation clusters, their chain-like structural form?4 is the
stable conformation of calcium carbonate. Although our data
do certainly not allow claiming that pathway (i) is blocked in
general, there are indications that it might indeed be improb-
able also in the absence of silica, that is, under common homo-
geneous conditions.

Regardless of whether nucleation is governed by kinetic and/
or thermodynamic factors in the presence of silica, the experi-
ments performed in this work demonstrate that colloidal sta-
bilization by silicate oligomers enables isolation of CaCOs;
prenucleation clusters in large amounts, while preventing
precipitation of a bulk phase. This is a highly valuable obser-
vation, as the developed isolation protocols may be utilized for
the preparation of samples rich in prenucleation clusters, thus
facilitating future in-depth investigations of these elusive pre-
cursors. It remains to be proven, though, if the structural integ-
rity of the solute clusters is indeed preserved upon transfer into
dry state.

In addition, our results provide new insight into the nature of
prenucleation clusters as such, and a comparison of the present
data with previous studies leads to three important conclusions.
First, the size distributions determined by light and X-ray scat-
tering are rather broad and their shapes conform to the theo-
retical speciation of highly dynamic polymers of ion pairs.[2+4I
Second, the mean (hydrodynamic) diameter found for the clus-
ters is about 3 nm which, for a random coil (Ry/Rg = 0.66),1*”!
corresponds to a gyration radius of =2.3 nm. This compares
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reasonably well to results of simulations, which estimate the
radius of gyration for a cluster comprising 36 CaCOj; units to
0.9-1.2 nm.*Yl Considering the uncertainty of this estimation
and the notion that the clusters investigated in the present
study are decorated by silica, it seems evident that prenuclea-
tion clusters of calcium carbonate contain tens of ion pairs on
average, as already suggested in previous work.?% Third, AUC
as well as DLS and SAXS analyses consistently yielded average
sizes of around 3 nm for silica-bearing clusters, whereas meas-
urements in electron microscopy images gave average values of
ca. 1 nm. Even though the diameters determined by scattering
techniques and ultracentrifugation include the hydration shell
of the clusters, this discrepancy indicates that cryo-TEM signifi-
cantly underestimates the true dimension of these small spe-
cies. This is likely due to insufficient electron contrast of large
parts of the clusters,l?”l and must be taken into account when
interpreting corresponding data.

Finally, we note that colloidal stabilization of solutions con-
taining prenucleation clusters is an effective means to delib-
erately prevent crystallization and hence depicts a promising
approach towards novel strategies for scale inhibition. More-
over, given that cluster-like species were reported also for a
series of other minerals,*>#3°0-4 we envisage that the concepts
developed in this work and in particular the described isolation
protocols may be applied to clusters of different materials as
well.

4. Experimental Section

To provoke CaCO; formation, aqueous solutions of calcium chloride
and sodium carbonate (5 mL each, 2.5-20 mwm, usually equimolar)
were combined rapidly with the aid of a graded pipette. Addition of
silica was realized by dissolving Na,CO; in dilutions of commercial
sodium silicate solution (“water glass”, diluted at ratios between 1-10
and 1-100 (v/v)), which are known to contain a complex mixture of
different monomeric and oligomeric silicate species.?l The final molar
Si/Ca ratio in the samples was about 12.5 and hence substantially higher
than silica concentrations used to stabilize ACC in a previous study.?s A
typical sample contained 5 mm each of CaCl, and Na,COj3, 62 mm SiO,
(3720 ppm), and additional 48 mm Na* as counter-ions. The initial pH
was 11.00 £ 0.05 and, where indicated, set to lower values by adding HCI
to the CaCl, solution used for mixing.

For cryo-TEM, aliquots were drawn from the samples at different
times and spread on lacey carbon grids by blotting with a filter paper.
The resulting thin film was vitrified by quickly plunging the grids into
liquid ethane at its freezing point. Specimens were examined at
temperatures around 90 K. Collected images were processed with a
background-subtraction routine and, where appropriate, a smoothing
filter was applied to reduce noise. For DLS, SAXS, Zeta potential, and
AUC experiments, reagents were mixed accordingly and transferred
to the respective sample cell after the desired period of ageing.
Data acquisition was initiated immediately and measurements were
performed continuously without any further intervention. Experimental
details, procedures, and data evaluation routines are described in the
Supporting Information (Section S3).

Isolation of the clusters was achieved by dialyzing as-prepared
samples with membrane tubes retaining cluster species but letting pass
ions and smaller silica oligomers, giving solutions rich in prenucleation
clusters and freed from excess salt. Powders obtained upon drying were
investigated by TEM, IR spectroscopy and X-ray diffraction. Alternative
isolation methods and the characterization of corresponding products
are summarized in the Supporting Information (Section S4).
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