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/Abstract: The early stages of mineralization continue to be in the focus of intensive research due to their inherent\
importance for natural and engineered environments. While numerous observations have been reported for single steps
in the pathways of various crystallizing phases in previous studies, the complexity of the underlying processes and their
elusive character have left central questions unanswered in most cases. In the present work, we provide a detailed view
on the nucleation of calcium sulfate mineralization—an abundant mineral with broad use in construction industry—in
aqueous systems at ambient conditions. As experimental basis, a co-titration procedure with potentiometric,
turbidimetric and conductometric detection was developed, allowing solution speciation and the formation of
crystallization precursors to be monitored quantitatively as the level of nominal (super)saturation gradually increases.
The nature and spatiotemporal evolution of these precursors was further elucidated by time-resolved small-angle X-ray
scattering (SAXS) and analytical ultracentrifugation (AUC) experiments, complemented by cryogenic transmission
electron microscopy (cryo-TEM) as a direct imaging technique. The results reveal how ions associate into nanometric
primary species, which subsequently aggregate and develop anisotropic order by intrinsic structural reorganization. Our
observations challenge the common understanding of fundamental notions such as the nucleation barrier or the meaning
of supersaturation, with broad implications for mineralization phenomena in general and the formation of calcium

\sulfate in geochemical settings and industrial applications in particular. )
Introduction than ever before.! Numerous studies on the formation of

colloidal,”” organicl*® and inorganicl™ crystals from
During the last decade, our understanding of crystallization  solution have revealed that the mechanisms underlying
processes has evolved substantially and the classical picture  nucleation and growth phenomena can be far more complex
drawn by textbooks now appears to be more challenged than traditionally believed, and may involve various pre-
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cursors, either stable or metastable, which precede the final
crystalline state and transform into one another at rates that
intimately depend on the specific solution conditions. For an
intensively investigated mineral system like calcium
carbonate, species detected experimentally and/or predicted
theoretically range from solute clusters in the initial one-
phase system,™*" through heavily hydrated liquid-like
droplets and pseudo-phases,®?! to amorphous and/or
poorly crystalline nanoparticles with different possible
structures,**?! all of which display dynamic (meta-
)stabilities that change over time and as their size gradually
increases.” Based on these observations, different crystal-
lization pathways have been proposed; many current models
assume that nucleation, growth and phase transformation
proceed through progressive aggregation and coalescence of
pre-formed units rather than continuous monomer
addition,”” likely due to kinetic reasons and driven by the
reduction of interfacial free energies. However, for most
systems investigated so far, only single snapshots of the
overall pathway have been captured experimentally, owing
to the stochastic nature of the process and the associated
technical limitations in terms of spatial and temporal
resolution. Thus, the thorough characterization of the
complex sequence of steps leading from dissolved ions (or
molecules) to mature crystals often poses a considerable
experimental challenge, which has generated debates re-
garding the existence, nature and role of the primary species
during the early stages of crystallization.[!*7:18202628] Qi
ilarly, the particular mechanisms underlying the transforma-
tion of a (less stable) disordered precursor to a (more stable)
crystalline phase are still under discussion for different
organic and inorganic materials.”!

In the present work, we have studied the solution-
mediated crystallization of calcium sulfate, a mineral system
that has received much less attention in the recent
literature® ! than for example calcium carbonates or
phosphates, despite its inherent relevance for both industrial
applications (e.g., as construction material® or undesired
scale-forming compound®') and geochemical settings (e.g.,
as abundant deposits in evaporitic environments® or cloud
condensation nuclei®). From a fundamental point of view,
the CaSO, system bears the advantage of being considerably
more soluble than the above-mentioned minerals, which
leads to higher volume fractions of the species involved in
nucleation that thus become more readily “observable”.?5*]
Here we utilize this inherent benefit and combine a variety
of advanced techniques for in situ experimental character-
ization, leveraging the advantages of real-time observation
to capture transient intermediates and correlate structural
changes with the physicochemical properties of the system.
Our results show that the nucleation of gypsum
(CaS0O,-2H,0, the stable phase at ambient conditions) starts
with two populations of pre-associated nanoscopic species,
which exist already in undersaturated solutions and assem-
ble into larger disordered entities once a supersaturated
state is reached. With time, order emerges in these
undefined and highly transient domains, as individual
building units align into one-dimensional chain-like struc-
tures. Progressively, these chains pack to build a proto-
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lattice, which upon densification ultimately becomes able to
grow into relatively well-developed microscopic gypsum
crystals. All these intriguing stages were directly visualized
by means of cryo-transmission electron microscopy (cryo-
TEM), while analytical ultracentrifugation (AUC) and
small-angle X-ray scattering (SAXS) confirm the locally
captured snapshots from an ensemble statistics point of
view. Our results thus provide unprecedented insight into
the full complexity of a “non-classical” multi-stage nuclea-
tion process and highlight how the emergence of anisotropy
can pose additional intrinsic barriers to mineral formation
from an isotropic intermediate phase.

Results and Discussion

In order to monitor calcium sulfate nucleation under
controlled conditions and at a suitable time resolution, we
developed a titration assay in which the two relevant ions
are added simultaneously at a slow rate of typically 0.1 mL/
min into a reservoir of water (i.e., co-titration of CaCl, and
Na,SO, stock solutions into H,0) at a constant pH of 8.0 in
the absence of atmospheric CO, (to avoid potential carbo-
nation). In this way, the level of (super)saturation with
respect to gypsum increases gradually at an equimolar Ca*"
:SO,* ratio, and the different stages of crystallization can
thus be followed on-line by immersing various sensors into
the reactor, yielding time-dependent profiles as exemplified
in Figure 1. The entire setup is depicted schematically in the
Supporting Information (SI; Figure S1) and was conceived
in analogy with titration methodologies reported in the
literature for other minerals like calcium carbonate.™”
Measuring the concentration of free calcium (cg.(Ca*")) as
a function of time by means of an ion-selective electrode
(ISE) leads to classical LaMer-type diagrams, as shown in
Figure la: the amount of free Ca’" ions increases until a
deflection point is reached, which denotes the onset of
ample precipitation that subsequently reduces the level of
dissolved calcium (and sulfate) towards the solubility of the
formed solid phase, which agrees reasonably well with
values expected for gypsum at the given salinity and temper-
ature (ca. 23 mM CaSO,).*!! Hereinafter, solutions with free
calcium concentrations below and above the latter value (as
indicated by the dashed green line in Figure la) will be
referred to as nominally under- and supersaturated, respec-
tively.

Prior to the deflection point, the detected concentration
of free calcium ions is significantly lower than expected
based on the dosed amounts (grey line in Figure 1a), both
below and above the nominal level of saturation (reached at
Cadaea(Ca?t)=0.032 M). This indicates that Ca’* and SO,*"
ions exist in equilibrium with ion pairs (CaSO,’) and,
potentially, also larger clusters (e.g., [CaSO,],). The
presumed 1:1 stoichiometry of these species can be directly
verified by combining the Ca-ISE data with the simulta-
neously measured conductivity (x) of the solution. The
obtained binding profiles (Figure 1b) confirm that equimolar
quantities of Ca>* and SO,* reside in the associated species
in the pre-nucleation stage (as well as during and after
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Figure 1. In situ monitoring of calcium sulfate crystallization from
aqueous solution at ambient conditions by means of stoichiometric co-
titration. (a) Concentration of free calcium ions measured by an ion-
selective electrode (ISE) during simultaneous addition of 0.4 M CaCl,
and 0.4 M Na,SO, stock solutions into a reservoir of water (initial
volume: 50 mL) at individual dosing rates of 0.1 mL/min and a
constant pH of 8.0 (achieved by automatic counter-titration of 0.01 M
NaOH). The blue line represents average values of cg.(Ca’*) from five
independent experiments with corresponding (4 1-0) standard devia-
tions, while the grey line indicates the actual amount of dosed calcium
ions (i.e., C,q4ea(Ca’")). The separation of nominally under- and
supersaturated solutions is marked by the dashed green line. (b)
Binding patterns during co-titration obtained for calcium (blue) and
sulfate (red) ions from ISE measurements (via Cpound(Ca’") = Cagged-
(Ca’")  cree(Ca®")) and conductometry (see the Supporting Informa-
tion for details), respectively. The shown curves represent average
values from five independent experiments with corresponding (+1-0)
standard deviations. Within experimental accuracy, equal amounts of
Ca’* and SO,> ions are bound throughout all stages of the experi-
ment. Note that error bars in (a) and (b) are omitted during the period
of macroscopic precipitation (leading to a decrease in ¢, and an
increase in cy,,,q) due to the stochastic nature of the underlying
nucleation processes and resulting large deviations between individual
repetitions in this part of the curves.

nucleation), i.e., they are electroneutral on ergodic average
(Chound(Ca? ) & Cpouna(SO,*7)) and do not contain significant
amounts of HSO,”, in line with results of ab initio
calculations and molecular dynamics (MD) simulations.”
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This is also intuitively expected in view of the strongly acidic
character of sulfuric acid for both dissociation steps, which
renders the speciation of the anion essentially independent
of (relevant) pH levels. In fact, co-titrations performed at
different pH between 3 and 10 gave identical results—within
the limits of error and variations due to the stochastic nature
of the occurring processes—as the experiments depicted by
Figure 1 at pH 8 (see Figure S2 in the SI). The equilibrium
constant of ion association determined from the present
data (K,=210>%) agrees reasonably well with CaSO, ion
pairing constants measured in earlier work (K,=10*"-
103941 and shows that binding of Ca’** and SO,> is
energetically less favorable than in the CaCOj; case (K,
~10°-10%),84%47 Jikely due to a lower entropic contribution
resulting from the hydration balance of free and bound
ions.[?*1 More detailed analyses of the titration data
according to the model of multiple binding equilibria®™ show
that the average coordination number (XN) of calcium and
sulfate ions in bound states is ca. 1.2 and thus significantly
higher than unity (see Figure S3 in the SI). This suggests
that the under- and supersaturated solutions do not only
contain mononuclear ion pairs (i.e., CaSO,’, for which N=
1), but must also include bi- or polynuclear clusters (e.g.,
chains of [CaSO,’], for which N(Ca*")=2)—much in line
with the behavior reported for other minerals like CaCO;*!"
or Ca(OH),* in previous work.

To gain further insights into the degree of ion association
and the size of the formed species, we performed analytical
ultracentrifugation (AUC) on samples drawn at different
times during the titration assay. The time-dependent
sedimentation profiles detected by means of Rayleigh
interference optics were fitted by a model assuming discrete
and non-interacting species (see the Supporting Information
for details). Best fit qualities were obtained for three distinct
populations (PO, P1 and P2) in most cases. The resulting
sedimentation coefficients (s), which discriminate the pop-
ulations based on their (average) size, are displayed in
Figure 2. Population PO is detected at all sampled stages of
the experiment and shows sedimentation coefficients in a
rather narrow range of s~0.1-0.2 S. This agrees well with
values reported for spectator ions (i.e., Na* and CI7) in
analogous AUC studies performed on the calcium carbonate
system® and suggests that these ions do not participate in
the association and dynamic exchange underlying the
formation of larger clusters.’”! The latter processes involve
free and bound Ca’' and SO,* ions, i.e. single ions, ion
pairs and larger solute clusters, which constitute population
P1, again in good agreement with observations made for
CaCO,.**! Indeed, the fact that a single signal is obtained
for this population could be interpreted as the existence of
clusters with a defined size. However, this would contradict
the current picture of PNC formation,” which has proven
capable of predicting the experimentally determined limit
for liquid-liquid phase separation in the case of calcium
carbonate.”! Therefore, the more likely explanation of the
observed behavior is that the equilibria of ion association
are very fast when compared to the timescale of the AUC
experiment, which is on the order of hours.” Consequently,
the measured signal represents the average size of all species
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Figure 2. Detection of early precursors during CaSO, crystallization by
analytical ultracentrifugation (AUC). Plot of the sedimentation coef-
ficients determined at different stages of co-titration of 0.4 M CaCl, and
0.4 M Na,SO, stock solutions into a reservoir of water (initial volume:
50 mL) at individual dosing rates of 0.02 mL/min and a constant pH of
8.0 (achieved by automatic counter-titration of 0.01 M NaOH). Three
distinct populations were detected: spectator ions (PO, green squares),
CaSO, ion pairs and solute clusters (P1, red circles), and phase-
separated nanoparticles or -droplets (P2, blue diamonds). The vertical
line indicates the transition from a nominally undersaturated system to
a regime supersaturated with respect to the final crystalline phase (cf.
Figure 1a). Note that no individual error bars are given because the
errors resulting from the underlying fits are purely mathematical and
do not provide reasonable estimates. Rather, the scatter of values from
point to point for one population represent the range of the actual
error (i.e., A4s~0.1 S for PO, As~21 S for P1, and As~1.5 S for P2).

involved in the rapid equilibria, weighted according to the
population of each state. The third detected population (P2)
comprises significantly larger entities at s~2-4 S, which
apparently do not participate in the rapid equilibria of solute
clustering described above and thus give a separate signal.
This does not mean that the size distribution of these species
is not controlled by similar (yet slower) chemical equilibria,
although the structures might also be stabilized by kinetic
factors (such as a transient charge limitation of growth). In
any case, this larger population seems to disappear in the
nominally supersaturated regime (likely due to growth or
aggregation to sizes that are too large to be detected by
AUC, as discussed further below). These latter species could
be small CaSO, nanoparticles or strongly hydrated nano-
droplets. Depending on their density (as given by the
relative fractions of CaSO, units and hydration water),™"
they measure between 2 and 5 nm in size when assuming
spherical shape; in the case of rods,”®* the measured
sedimentation coefficients would translate into species with
smaller dimensions due to the higher frictional ratio.’

In a second approach to characterize the species
occurring during the early stages of calcium sulfate crystal-
lization from solution, we performed in-situ small-angle X-
ray scattering (SAXS) experiments using the co-titration
setup described above coupled to a flow-through cell, which
was aligned with a synchrotron-sourced X-ray beam.
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Representative results of these studies are summarized in
Figure 3. Scattering patterns recorded at different times of
the co-titration assay (Figure 3a) show a continuous evolu-
tion and confirm the presence of nanoscale crystallization
precursors soon after the onset of the titration experiment
(ie., in solutions still undersaturated with respect to
gypsum). This conclusion is evidenced by significant scatter-
ing from discrete species in the bulk ensemble, causing a
change in the dependency of the scattering intensity /(g) on
the scattering vector g from I(q)xg™' for ¢g>1nm™" to
I(q)xq" for g<1nm™. Using a cylindrical form factor and
assuming a polydisperse distribution (see the Supporting
Information for details),® the best fit of the experimental
scattering curves was obtained for a radius of r=0.1 nm and
a preferred length of L~1nm, as illustrated in Figure 3b.
These species arguably correspond to population P2 traced
by AUC (cf. Figure 2) as well as to the clusters of ca. 3 nm
size observed by SAXS in our previous studies on super-
saturated CaSO, solutions (with respect to gypsum) ob-
tained by direct mixing instead of co-titration.’®*! The time-
dependent evolution of the volume fraction of P2 clusters
can be inferred from the scattering intensity at g=
0.9 nm ;! interestingly, corresponding plots (Figure 3c)
show that the concentration of these species increases in the
course of co-titration to reach a maximum, which occurs at
about the same time as the drop in ¢ (Ca®>") (Figure 3c).
This suggests strongly that the P2 clusters—i.e., pre-
associated entities of CaSO,—are actively involved in the
process of crystal nucleation and possibly also the subse-
quent stages of growth. Finally, our in-situ SAXS experi-
ments reveal the formation of another larger population
(P3) at some point in the supersaturated regime before the
maximum in cg(Ca’>"), as evidenced by a significant
increase in scattering intensity at g<1nm™' that follows a
dependency of I(q)xqg™ (with 3<a<4; cf. Figure 3a). We
interpret this population as aggregates of P2 species, which
(i) are too large to be detected by AUC (where simulta-
neously the P2 population disappears) and (ii) cause meas-
urable optical turbidity in the system (as described below).
In summary, the present analyses of solution speciation in
the CaSO,/NaCl/H,O system demonstrate that the ions
undergo progressive association already in a regime of
nominal undersaturation with respect to gypsum, yielding a
dynamic population of ion pairs (CaSO,’) and neutral
clusters ([CaSO,’],) in fast equilibrium with the free ions
(P1) as well as a distinct fraction of larger species (P2),
which grow and/or aggregate under supersaturated condi-
tions into colloidal entities (P3).

Further key information about the crystallization process
can be gained by tracing the evolution of optical turbidity of
the solution during co-titration (Figure 4). Correlating the
time-resolved transmittance signal (relative transmission 7)
with the simultaneously measured calcium concentration
and conductivity shows a clear and reproducible delay of
about 750 s in the response to nucleation and growth of the
solid phase: the solution becomes turbid long before the
calcium concentration and the conductivity start to decrease.
This implies that a significant volume fraction of particles
large enough to scatter/absorb light (at =660 nm) formed

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 3. Time-resolved characterization of CaSO, clusters in under-
and supersaturated aqueous solutions by in-situ small-angle X-ray
scattering (SAXS) experiments. (a) SAXS patterns acquired at different
times (as indicated by the corresponding values of ¢,444(Ca’ ")) during
a co-titration of 0.4 M CaCl, and 0.4 M Na,SO, stock solutions into

50 mL water at individual dosing rates of 0.2 mL/min at pH 8.
Scattering at high q originates from primary P2 clusters, while the
increase of I(g) at low g at later times suggest the presence of
aggregates (P3). (b) Experimental SAXS pattern (black dots) obtained
after 30 min (corresponding to ¢,g4e4(CaSO,) =0.039 M), which was
fitted (dashed red line) using a one-particle population that represents
the P2 population dominating the scattering at high g. Assuming a
diameter of 0.1 nm, the fit yields a log-normal size distribution (green
dots) with a peak around 1 nm. (c) Evolution of the scattering intensity
at g=0.9 nm™' as a function of added calcium and sulfate ions (red
circles; average values with limits of uncertainty estimated via
sensitivity analysis of the background subtraction procedure), as
compared to the simultaneously measured progression of the free
Ca’* concentration (blue line; cf. Figure 1a). The vertical grey dotted
line indicates the transition from a nominally undersaturated system to
a regime supersaturated with respect to the final crystalline phase (cf.
Figure 1a). It is important to note that the structural evolution as a
function of time (and c,q44.4(Ca’ ")) cannot be directly compared to the
results obtained by AUC (cf. Figure 2) and turbidimetric monitoring (cf.
Figure 4) due to the different rates of reactant addition (with faster
addition leading to higher c,44.4(Ca’") for species P2 and P3 to appear).
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Figure 4. Experimental evidence for non-classical processes during
nucleation of calcium sulfate from solution. Plot of the measured
concentration of free calcium ions (green) together with the simulta-
neously monitored conductivity (blue) and optical transmission (red)
as a function of time during co-titration of 0.4 M CaCl, and 0.4 M
Na,SO, stock solutions into 50 mL of water at individual dosing rates
of 0.02 mL/min and a constant pH of 8.0. Note the significant time
difference between the onset of detectable turbidity in the system and
the (local) maxima in ¢..(Ca>") and x (indicated by dashed vertical
lines and the arrow). The secondary increase in conductivity at

t> 7500 s is due to the continuous addition of sodium and chloride
counterions, which remain in solution during further growth of calcium
sulfate particles.

without consuming any detectable amounts of the free ions

in solution.

This observation has a number of important consequen-
ces:

(i) The maximum in the calcium potential does not signify
the initial step of phase separation, as discussed for
other mineral systems in previous studies;***! rather,
species constituting a separate phase have already
formed at the time of measurable turbidity increase
and likely even before, for example by liquid-liquid
separation as shown for calcium carbonate.’! In this
sense, the maximum in the free concentration of
calcium should be understood as the onset of the
equilibration of the system towards the solubility
product of gypsum.

(i1) The fact that visible precipitation does not lead to a
sensible decrease in the concentration of free calcium
(and sulfate) ions implies that the formed phase either
cannot grow freely or constitutes a dense liquid that
adjusts its composition according to the increasing ion
activity product in the mother solution; in any case, the
initially formed phase appears to be an intermediate
that first needs to reorganize to yield crystalline
gypsum (intrinsic growth inhibition; as discussed in
further detail below).

The absence of any discontinuity (e.g., a kink) in the

calcium potential at the onset of turbidity inevitably

means that phase separation relies on bound species,

i.e., pre-formed entities such as ion pairs and/or larger

clusters, which are part of the bound population and

(iii)

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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thus not detected by the calcium ion-selective elec-
trode.

(iv) Along the same lines, the lack of a kink in the
conductivity profile proves that the species involved in
phase separation are neutral on average, that is, the
associated precursors do not need to include or release
sulfate ions to form an—arguably neutral—separate
phase.

We emphasize that all these conclusions directly follow
from a correlation of the raw data and do not rely on any
particular speciation model. Another immediate conse-
quence of the experimental data is that the precursor species
underlying the nucleation of gypsum are not (or rather no
longer) in rapid equilibrium with the ions in solution, as
otherwise their consumption upon phase separation would
induce a shift in the equilibrium that should be detected by
the ISE and the conductivity probe. This suggests that the
species in question are the larger clusters (P2) detected by
AUC and SAXS. Notably, the formation of these nano-
scopic entities occurs in a continuous manner parallel or
subsequent to equilibrium ion association in solution, as
there is also no singularity in the calcium and conductivity
profiles prior to nucleation. One possible explanation for
this behavior is that the precursors result from nanoscopic
liquid-liquid demixing (initiated much earlier than macro-
scopic precipitation) and have a partitioning coefficient very
similar (or even identical) to the equilibrium constant of ion
association in solution, as recently reported for calcium
carbonate.’”?°?'% In this case, the population P2 would be
droplets of the formed dense liquid phase —which intuitively
is at odds with the anisotropy of P2 species suggested by the
SAXS analyses. However, very recent work has shown that
phases lacking any distinct crystalline order may well
develop into anisotropic shapes.” In the present system,
macroscopic phase separation (as indicated by the drop of
solution transmittance) occurs once a critical concentration
of the P2 species has been reached, presumably because the
number density of dense liquid droplets becomes high
enough to trigger coalescence. Alternatively, the anisotropic
P2 species could represent solid calcium sulfate nano-
particles (possibly formed and then embedded within a
preceding dense liquid phase), which assemble and trans-
form into mature gypsum crystals via non-classical
processes?®”) above some critical concentration. In any case,
the key role of the P2 species in the nucleation of solid
calcium sulfate fundamentally challenges the meaning of
supersaturation in its classical definition, which considers
the concentration of free (rather than bound) ions to be the
determining factor.[*”!

The significant delay between the onset of turbidity and
the decrease in the concentration of free ions was further
investigated by means of cryo-transmission electron micro-
scopy (cryo-TEM). For this purpose, samples were repeat-
edly drawn at different times during the lag period (i.e., the
interval delimited by the vertical dashed lines in Figure 4)
and vitrified to quench the reaction. In the following, we
discuss the different structural stages resolved during the lag
period in an extensive series of numerous cryo-TEM studies
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(Figure 5), noting that precise times of sampling are not
meaningful as these stages typically occur in parallel
throughout the probed solution volumes. However, each of
the shown structures was observed multiple times in more
than 20 independently replicated experiments and can thus
be considered as representative snapshots of the processes
at work in the studied system. In all vitrified samples,
abundant nanoscopic species were detected with diameters
ranging from 1 to 5 nm (Figure 5a), which agrees reasonably
well with the population P2 observed by both AUC and
SAXS. Although these species appear to be spherical in the
cryo-TEM images, definite conclusions regarding their true
shape are not possible due to limited contrast in edge
regions against the electrolyte background (which also
contains fairly high amounts of calcium and sulfate ions). In
addition, these entities could be rather flexible and dynamic,
as suggested by pair distribution function (PDF) analysis
and MD simulations performed in a previous study on the
CaSO,/NaCl/H,0 system,?” thus lacking a truly well-defined
morphology and resembling the structural model of dynam-
ically ordered liquid-like oxyanion polymers (DOLLOPs)
proposed for calcium carbonate.'® Moreover, there is likely
a continuous transition in size between populations P1 (i.e.,
DOLLOPs) and P2 (primary CaSO, particles or droplets),
which may therefore both contribute to the ensemble of
nanodots resolved by cryo-TEM. In any case, the acquired
images clearly show that these species tend to aggregate
during the investigated period, forming irregular networks
that extend over up to several hundreds of nanometers in
solution (Figure 5b), which correspond to the larger pop-
ulation P3 detected by SAXS (cf. Figure 3a) and account for
the observed macroscopic turbidity of the system (cf.
Figure 4). The apparent density and overall shape of the
aggregates vary from diffuse cloud-like structures over ill-
defined granular textures to more compact spheroids (see
Figure S4 in the Supporting Information for further images).
All these structures do not produce any distinct diffraction
spots, and hence can be considered as an amorphous phase
lacking medium- to long-range order, which was also
observed by X-ray scattering in our previous workP*** and
other advanced techniques in a number of recent
studies.’> Interestingly, this intermediate disordered state
appears to be somewhat different from other amorphous
precursor phases (such as amorphous calcium carbonate
(ACC) or amorphous calcium phosphate (ACP)), in a sense
that the primary building units (i.e., P2 species) remain
more or less individually separated inside their aggregates
(cf. white circles in Figure 5b), i.e., they do not coalesce into
one continuum, as already indicated by previous SAXS
analyses.®®* This may be one reason why in the present
work, unlike other studies,”™ this intermediate phase
proved to be virtually impossible to isolate in the dry state
by microfiltration (giving exclusively crystalline gypsum) or
solvent quenching (yielding pure bassanite, ! je.,
CaS0O,-0.5H,0), suggesting a transient structure that only
persists in a highly hydrated form.

The next step in the nucleation process is particularly
intriguing: at some point, the primary species start to re-
assemble either within the disordered aggregates (Figure 5c)
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Figure 5. Direct visualization of the key stages in gypsum nucleation from solution by cryogenic transmission electron microscopy. All images were
taken from vitrified aliquots drawn during the lag period of a co-titration experiment as indicated by the arrow in Figure 4, where the following
stages were reproducibly observed in parallel throughout a given sample: (a) Nanosized primary species (exemplarily highlighted by white circles)
with apparent diameters ranging from 1 to 5 nm as suggested by fast Fourier transformation (FFT) of the entire field of view (inset). The observed
clusters likely correspond to populations P1 and, in particular, P2 as detected by AUC and SAXS. (b) Disordered aggregates of primary species (i.e.,
population P3), in which individual units can still be recognized as physically separated entities (highlighted by white circles in the inserted
enlarged view of the area marked by the white rectangle). (c) Anisotropic structures (white arrows) formed within the disordered aggregates, along
with an earlier stage of preferential orientation comprising a larger ensemble of primary species (dashed white rectangle). (d) Anisotropic
structures formed in solution outside of the disordered aggregates (left panel), which are revealed to be one-dimensional chains of primary species
at higher magnification (middle and right panels, where white circles highlight individually still separated units). (e) Co-oriented pair of nanocluster
chains, marking the transition from 1D to 2D ordering. (f) Larger domains with periodic structuring formed within disordered “clouds” of primary
species, likely as a result of progressive stacking of nanocluster chains into 2D arrays. The middle and right panels are close-up views of the areas
delimited by white rectangles in the left panel, showing proto-lattices with spacings of ca. 1.5 and 1.6 nm, respectively. (g) Microscopic crystals
displaying the typical habit of gypsum, which is confirmed as crystalline phase by electron diffraction (see Figure S7 in the Supporting Information
for an assignment of the observed reflections). Scale bars are (a) 20 nm; (b) 20 nm (main image) and 5 nm (inset); (c) 20 nm; (d) 20 nm (left

panel) and 5 nm (middle and right panels); (e) 5 nm; (f) 25 nm (left panel) and 10 nm (middle and right panels); (g) 200 nm (main image) and
2 nm™ (inset).
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or elsewhere in the solution (Figure 5d and Figure S5 in the
SI), building anisotropic domains along one direction (i.e.,
individual nanodots aggregate in a one-dimensional fash-
ion). Notably, the primary units do not merge upon order-
ing, i.e., they remain spatially separated and align much like
pearls on a string. The observed elongated assemblies
typically consist of 5-10 single units and extend over about
10-15 nm in length. These peculiar anisotropic interactions
imply that the primary species must have some kind of
internal structural order, which allows them to “feel” each
other (e.g., through electrical dipoles) and thus adopt
preferential orientations. A clue to these effects was
provided in a recent study, which proposed the structure of
the primary species to consist of square-shaped Ca-SO,-Ca-
SO, units, wherein six stacks are arranged in an AB pattern
and each calcium ion is coordinated by two in-plane water
molecules.”” The role of the observed “nanocluster chains”
in the process of calcium sulfate nucleation becomes evident
from further cryo-TEM images collected during the lag
period between the onset of turbidity and the decrease in
Ciree(Ca®™): once formed, the initial 1D structures begin to
mutually interact and align laterally, first pairwise (Fig-
ure 5e¢) and later involving multiple individuals that stack
into larger 2D arrays (Figure 5f and Figure S6 in the SI),
usually nearby or embedded within the disordered precur-
sors. Typical interlayer spacings measured in these assem-
blies range from 1.1 to 1.6 nm and thus are significantly
larger than the longest regular distance in the structure of
crystalline gypsum (d=0.76 nm for (020)), indicating the
presence of excess hydration water in-between the CaSO,-
rich layers. Hence, the assembly of the initial 1D chains into
2D arrays seems to afford a proto-structure of the final
crystalline phase. We consider this process—and/or the
earlier emergence of 1D anisotropy—as a rate-limiting step
in the formation of gypsum crystals, which explains the
experimentally observed delay between the onset of turbid-
ity and the decrease in the free calcium concentration and
may be considered as the major barrier in gypsum crystal-
lization. In other words, the re-organization of the initially
disordered CaSO, precursors into ordered domains intrinsi-
cally inhibits the crystallization of gypsum.

This notion is further corroborated by the fact that the
next stage captured in the cryo-TEM analyses already
reveals micron-sized particles, which display well-defined
diffraction patterns with reflections matching those of
crystalline gypsum (Figure 5g and Figures S7-S10 in the SI).
This means that once the barrier to the formation of a
(proto-)lattice has been overcome and (more or less)
crystalline surfaces are established, growth proceeds rapidly
due to the high amount of potential growth units (free ions
and their associated states in equilibrium) in close vicinity of
the newly “born” nucleus. Analytically, this final stage of
the nucleation process becomes manifest in a drop of the
free calcium concentration towards the solubility of gypsum
(cf. Figure 1), which is accompanied by a significant decrease
of both solution conductivity (cf. Figure 4) and the volume
fraction of population P2 in the SAXS experiments (cf.
Figure 3c). The latter feature indicates that pre-formed
primary species are incorporated into the emerging structure
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of gypsum,®™ while the drop in c¢g..(Ca’*) and x suggests
that free calcium and sulfate ions are consumed quickly as
the nucleated crystals grow. Previous work has shown that,
under the given conditions, growth of gypsum faces occurs
mainly through 2D nucleation and subsequent step
advancement.®? This would imply that the cascade of
processes underlying the non-classical crystallization of
gypsum ends with a “classical” stage of growth through ion-
by-ion addition—a notion that clearly requires further
investigations.

Summary and Conclusions

In recent years, significant progress has been made in our
understanding of the mechanistic, thermodynamic and
kinetic principles governing the precipitation of calcium
sulfate from solution*" and a number of so-called “non-
classical” precursors were reported, including nanometric

primary particles,F****%%l  amorphous or disordered
phases, 2% mesocrystalline textures®®!! interspersed
with amorphous domains,* as well as crystalline

intermediates.”>®! In the present work, we have established
a detailed view of the entire process of gypsum nucleation
from aqueous solutions at ambient conditions. This became
possible through the development of a potentiometric co-
titration assay and its combination with in-situ turbidimetric
and conductometric monitoring as well as high-resolution
techniques such as AUC, SAXS and cryo-TEM. In partic-
ular, the cryo-TEM images acquired during the identified
“lag period” allowed for a direct visualization of the crucial
steps of solution-mediated calcium sulfate crystallization,
namely the emergence of order in an initially disordered
environment and the formation of the first (proto-)lattice,
i.e. the actual crystalline nucleus.

A summary of the observed complex pathway is
provided as a schematic drawing in Figure 6. In a solution
undersaturated with respect to gypsum—created by slow
and simultaneous addition of CaCl, and Na,SO, into water
—free calcium and sulfate ions form certain amounts of ion
pairs®*! in a medium rich in spectator ions (Na* and CI-,
PO in AUC), but also populate higher degrees of association,
i.e., solute bi- or polynuclear clusters that are charge-neutral
on ergodic average, as shown by potentiometric and
conductometric analysis. These species, which were previ-
ously predicted by simulation,*” coexist in equilibrium in
the one-phase system and constitute population P1 detected
by AUC, with individual fractions determined by the
respective association constants. Besides these solute enti-
ties, a discrete population of nanometric clusters is observed
from the beginning of the co-titration experiment on
(denoted as P2 in the AUC results). Since these larger
clusters can already be detected in very dilute solutions far
below the solubility of gypsum, they appear to exist as a less
dynamic pseudo-phase in the homogeneous system, which
cannot grow to macroscopic sizes and does not participate in
the fast equilibria of the dissolved species. The P2
population is independently observed by in-situ SAXS
analyses and may, or may not, be formed by structural
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Figure 6. Holistic model of gypsum nucleation from aqueous solution at ambient conditions. (Top) Schematic drawings of the key stages observed
in the present work on the way from dissolved ions to crystalline gypsum particles throughout the nominally under- and supersaturated regimes.
For detailed explanations see text. (Bottom) Characterization methods used to capture and analyze the different stages, where full lines indicate
direct and detailed insights into the respective processes while indirect evidence is represented by dashed lines. Note that pair-distribution
function (PDF) analysis was included as another powerful technique for CaSO, precursor characterization, which was not applied in the present

work but is documented in detail elsewhere.?

changes of polynuclear species in the P1 population (i.e.,
pre-nucleation clusters in a broader sense).”"! In any case,
the SAXS (and AUC) data indicate that P2 species persist
in solution and do not noticeably change their size in the
supersaturated regime. While cryo-TEM images suggest that
these species are more or less spherical, fitting of the SAXS
data provides evidence for an anisotropic, rod-like shape
and a molecular structure as described in detail
elsewhere.?5*)

At some critical volume density, the P2 species start to
aggregate into various disordered domains, as resolved by
SAXS (population P3) and visualized by cryo-TEM. Macro-
scopically, this aggregation step causes visual turbidity in the
solution, which can be quantified by the immersed optical
probe. In turn, the process does not lead to any disconti-
nuities in the measured free calcium concentration and
conductivity, but it reduces the amount of discrete P2
species below the detection limit of AUC. These latter
observations demonstrate that aggregation involves pre-
associated ions and yields a disordered phase, which cannot
grow by addition of further ions. Both SAXS and cryo-TEM
confirm that the primary units are still separate entities
within their aggregates and remain so until a crystal lattice is
formed and growth can proceed, as indicated by a drop in
the free calcium concentration and a concurrent decrease of
the scattering intensity from P2 species in the SAXS
patterns. Thus, the actual process of crystallization occurs
through re-structuring of nanosized primary units inside
their aggregates and subsequent coalescence. In the present
work, this internal re-organization could for the first time be
captured by vitrification and cryogenic transmission electron
microscopy, allowing the birth of a crystal to be directly
watched. The acquired images intriguingly show that re-
organization takes place in (at least) two steps: first, one-
dimensional anisotropy emerges as (still) separated individ-
ual nanoclusters line up in a more or less linear fashion.
Subsequently, these 1D chains undergo further assembly by
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lateral stacking into bi- and multilayers, which initially show
mutual distances significantly larger than lattice spacings
observed in crystalline gypsum. This suggests the formation
of a proto-lattice, which displays clear internal order but
probably still contains excess water that must be released
before a truly crystalline phase can be established. Once this
is achieved, the high local concentration of CaSO, species in
the surrounding “amorphous” environment causes rapid
growth into micron-sized particles with the characteristic
morphology of gypsum, which produce well-defined spots in
electron diffraction patterns. The latter finding is consistent
with previous observations made by cryo-TEMP® as well as
in-situ data obtained by means of wide-angle X-ray scatter-
ing (WAXS),"! pair distribution function (PDF) analysis,"”
and Fourier transform infrared (FTIR) spectroscopy®” in
earlier work. Thus, there is comprehensive evidence that
under the given conditions, the formation of gypsum is
preceded by amorphous precursors and does not involve
other (crystalline) phases. Most importantly, the insights
gained in the present work suggest that structural re-
organization from disordered aggregates of P2 species into
(pseudo-)crystalline lattices is rather slow and thus impedes
gypsum crystallization by posing an intrinsic barrier, which
results from the very nature of the particle-based nucleation
process. This “auto-inhibition” is so pronounced that al-
ready during the lag period between the responses of the
turbidimetric and potentiometric sensors, some large gyp-
sum crystals can be observed floating in the otherwise
isotropically turbid system (see Figure S11 in the SI). This
means that, due to intrinsic crystallization inhibition, only
few nuclei have overcome the barrier to re-organization at
this point while many other local events are still ongoing
elsewhere in solution. In other words, gypsum crystals truly
have a hard time forming from their disordered precursors,
mainly because “getting started” —i.e., generating a nucleus
for crystalline ordering—appears to be so inherently
difficult.
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Although the mechanisms depicted in Figure 6 and the
experimental evidence provided by the data in Figures 1-5
establish a thorough picture of the crystallization pathway of
gypsum from aqueous solutions at ambient conditions, there
is still a number of fundamental aspects that require further
investigation to attain complete understanding. These
include, but are not limited to, (i) the determination of
relative (meta)stabilities for the primary species, and the
driving force(s) triggering their initial aggregation and later
re-organization; (ii) the importance of kinetic (e.g., desolva-
tion of ions, ion pairs and clusters) and thermodynamic (e.g.,
interfacial free energies) barriers in controlling phase
selection and crystallization rates of calcium sulfate minerals
in natural and engineered environments; (iii) the potential
role of the different types of nanoclusters during the growth
of gypsum crystals; and (iv) the question as to whether the
lessons learnt for the calcium sulfate system can be used to
fill in the missing pieces in the nucleation pathways of other
minerals such as calcium carbonate or phosphate. From a
more applied perspective, the insights gained in this work
could enable a more rational choice of crystallization
modifiers for specific use cases such as the design of more
sustainable construction materials,*®”! or environmentally
less critical solutions for scale inhibition.[*!
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