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Abstract: The interactions between additives and mineral precursors and intermediates are at the
heart of additive-controlled crystallisation, which is of high importance for various fields. In this
commentary, we reflect on potential modes of additive control according to classical nucleation
theory on one hand, and from the viewpoint of the so-called pre-nucleation cluster pathway on the
other. This includes a brief review of the corresponding literature. While the roles of additives are
discussed generally, i.e., without specific chemical or structural details, corresponding properties
are outlined where possible. Altogether, our discussion illustrates that “non-classical” nucleation
pathways promise an improved understanding of additive-controlled scenarios, which could be
utilised in targeted applications in various fields, ranging from scale inhibition to materials chemistry.
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1. Introduction

Additive-controlled mineralization, in the broadest sense, is central to various fields [1-3], ranging
from biomineralisation [4-8] to scale inhibition [9-11]. It also touches upon materials chemistry,
where the realisation of target-oriented synthetic routes to hybrid materials with advanced properties
is every researcher’s dream [12]. In additive-controlled processes, especially the early stages of particle
formation are important, as they can determine particle size, morphology, or polymorphism. In other
words, the basic question is, how can additives control nucleation?

It is obvious that possible controls over the early stages of mineralisation processes are based on
interactions of the additives with mineral precursors, intermediates and nascent particles. These may or
may not include interfacial interactions. In order to be able to contemplate potential modes of additive
control (or, interference) during nucleation processes, it is thus important to consider the structural and
thermodynamic speciation of (pre-) nuclei, particle precursors and intermediates, which can interact
with the additives and thereby change the nucleation pathway when compared to additive-free
scenarios. There are at least two fundamentally distinct ways to look at this. First (Figure 1, top),
according to classical nucleation theory (CNT), the monomeric chemical constituents of the nascent
particles (i.e., in case of minerals, mostly ions) undergo stochastic collisions in supersaturated solutions,
which lead to the formation of thermodynamically unstable pre-critical nuclei. Upon reaching a
critical size, the probability of which depends on the level of supersaturation, the transition to
post-critical nuclei that can grow without limit, given a sufficient supply of ions, is facilitated.
The central notion of CNT is indeed that this nucleus of critical size, which serves as the relevant
transition state formed within a metastable state of equilibrium (similar to the activated complex
invoked in chemical kinetics [13]), governs the nucleation rate. Importantly, within CNT, pre-critical,
critical, and post-critical nuclei are considered to be characterised by a solid-liquid interfacial surface,
which is assumed to correspond to that of the macroscopic interface (capillary assumption). In
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the case where different forms or polymorphs exist, their accessibility depends on the level of
supersaturation. If more than one polymorph is accessible, the fastest nucleation rate will determine
which form will occur initially. Second (Figure 1, bottom), according to the so-called pre-nucleation
cluster (PNC) pathway [14], ions form thermodynamically stable PNCs, which are characterised by
a Flory-like [15], broad, decaying cluster size distribution and are highly dynamic. PNCs thus do
not have a interfacial surface and must be considered as solutes [16]. Upon reaching a certain ion
activity product (IAP), the clusters can change their structural form, leading to a significant decrease
of the dynamics and rendering them phase-separated nano-droplets. Driven by the reduction of
interfacial surface area, the as-formed nano-droplets undergo aggregation and/or coalescence, yielding
larger liquid intermediate phases. These dehydrate and solidify toward amorphous intermediates,
which eventually transform into crystals. Here, the major difference when compared to CNT is
that the fundamental precursors are thermodynamically stable and form independent of the level of
supersaturation. Note again, these PNCs are solutes and thus formally do not have a phase interface.
The relevant transition state is then not primarily based on the size of the species forming, but instead
on a significant decrease of cluster dynamics, which becomes possible upon exceeding a certain specific
IAP, namely the liquid-liquid binodal limit. In other words, liquid-liquid interfacial surfaces between
the nascent mineral and the solution are formed initially, which then become solid-liquid interfaces
upon dehydration and solidification according to the PNC pathway:.

nucleus of
critical size

unstable nuclei

[ ]

[ ]

° ‘. homogeneous (final)
° solution particle
o® ©

solidification/
stable clusters crystallisation

N\

reduction of liquid
dynamics intermediate

.’.ﬁ aggregation
s SR

Figure 1. Schematic illustration of the mechanism of nucleation according to classical nucleation theory
(CNT, top) and the pre-nucleation cluster (PNC) pathway (bottom). For different polymorphs or forms,
the accessibility depends on the level of supersaturation. The sizes of the different species are system
specific and cannot be fully generalized; the critical size (top, middle) for realistic supersaturation levels
is typically within tens of ions, i.e., smaller than approximately 3—4 nm in diameter [17]. PNCs are
similar in size but thermodynamically stable, and thus significantly more abundant than classical (pre-)
critical nuclei. The smallest sizes of phase separated nano-droplets, which directly emerge from the
PNC precursors, are thus also in the lower nanometer regime. Upon aggregation and coalescence,
dense liquid droplets with sizes up to several hundred nanometers can be formed [18]. Consequently,
depending on the kinetics of aggregation and dehydration, which can also be influenced by the
presence of additives (see below), the size of solid amorphous intermediates can range from ca. 20 nm
to hundreds of micrometer in size [19]. For further explanation, see the text.
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Here we contemplate the possibilities of potential additive controls over nucleation from the
viewpoint of CNT on one hand, and according to the PNC pathway on the other. This is done for
the generic case of “an additive”, i.e., without specific chemical or structural properties, but where
common properties become apparent for designing ion-additive or additive-mineral interactions
for realising corresponding control patterns, these are specified as far as possible. We stress that
our considerations are theoretical, that is, beyond speculation on principle, and hope to provide
researchers with alternative explanations of additive effects for original experimental observations.
In general, additives that can influence the early stages of mineralisation range from simple ions and
small molecules to macromolecules. Altogether, the discussion below will show that the modes
of additive-control over nucleation are rather limited within CNT, but highly diverse from the
point of view of the PNC pathway, allowing to explain experimental observations. Last, but not
least, we provide such examples of experimental observations that can be rationalised based on
the PNC pathway in a straightforward manner but seem incompatible with CNT. In our opinion,
this underpins the value of “non-classical” nucleation theories for an improved understanding of
additive-controlled nucleation leading to the potential for a broad impact on various scientific fields
including biomineralisation, scale inhibition, and materials chemistry.

2. Possible Modes of Additive Control within the Notions of Classical Nucleation Theory

According to CNT, the nucleation rate ] can be written as [20];
J= A-exp(—EA/RT)-exp(—AGg/RT) )

with a pre-exponential factor, A; a general activation energy, E; the universal gas constant, R;
absolute temperature, T; and the standard free energy associated with the formation of the critical
nucleus from free ions, AG. The pre-exponential factor takes the geometrical shape of the critical
nucleus into account, which is often assumed to be spherical as other shapes introduce a significant
penalty for nucleation [21]. This pre-factor A also depends on the molecular volume of the nascent
nuclei’s monomeric chemical constituents, i.e., for the case of mineralisation, the ions. However, A is
independent of supersaturation. The general activation energy, E,, arises from desolvation of the ions
or rearrangements within the forming nuclei that may be required for the generation of the critical
nucleus, but these contributions are typically neglected, as they are regarded to be minor (and are also
difficult to quantify). AG? gives rise to a thermodynamic barrier to nucleation, which is the central
quantity derived within CNT;

AGY = B-v*.0®/ 7 @)

where (3 is a geometrical factor (that has its lowest value for a sphere, for which s = 1671/3), v is
the molecular volume of the single ions, o is the interfacial tension between the macroscopic mineral
and the solution, and ¢ is the so-called affinity. In case of minerals, the affinity can be generally
formulated as;

¢ = RT-In(IAP/Ksp) (3)

with the solubility product of the nascent phase Ksp and a correspondingly consistent IAP of the
relevant ions. Please note that as opposed to the sign convention of AG, phase separation is impossible
and possible for ¢ < 0 and ¢ > 0, respectively. The quotient of IAP and Ky, is the supersaturation
ratio S;

S =IAP/Kyp 4)

Highlighting that the standard free energy of critical nuclei (Equation (2)) depends on
supersaturation (Equations (3) and (4)), thereby governing the nucleation rate (Equation (1)).
The dependence of the nucleation barrier on supersaturation is the hallmark of CNT; as opposed to
generic chemical kinetics that can be understood within the theory of the activated complex [13].
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This brief recapitulation of CNT enables us to identify possible effects of additives interacting
with (pre-) critical nuclei, thereby influencing nucleation. In doing so, we will also neglect any potential
effects of the additives on the kinetic barrier (i.e., E5; Equation (1)) as well as the pre-exponential factor,
A, and focus on the thermodynamic barrier (i.e., AGg; Equations (1) and (2)). In any case, it has to
be realised that the concentration of (pre-) critical nuclei is minuscule [21], owing to their excess free
energy, so additive concentrations have to be in general relatively high in order to enable interactions
with these rare and short-lived transition states to nucleation.

2.1. Additive Incorporation into the Nascent Phase

Additives could be incorporated into forming nuclei, affecting their bulk thermodynamic and
structural properties. Since bulk and surface effects can be discussed separately within CNT, we here
also assume that additive incorporation into the bulk would not affect the nuclei’s interfacial properties.
Whether or not this assumption is justified is certainly debatable; however, as soon as interfacial
properties of nuclei are affected by additives, they very likely dominate the effects on the nucleation
barrier because the surface free energy (surface tension) is cubed in the numerator when calculating
AGY (Equation (2)). In this case, the effects of additive incorporation into the bulk of nuclei are most
likely negligible and the combined effects of additive adsorption and incorporation can be discussed
based on the interfacial effects alone, which are addressed in the next section.

Additive incorporation into nuclei upon stochastic solute clustering would only occur to any
significant extent for a negative standard free energy of interaction between the monomeric ions and
the additive. Due to lowering a given IAP* characterising a certain supersaturated state to IAP” upon
ion binding by the additive, this would thus also reduce the supersaturation ratio (Equation (4)) to
S’, and with it, the affinity (Equation (3)) to ¢’ when compared to the additive-free scenario. On the
other hand, additive incorporation into nuclei would, if anything, increase the molecular volume
v of the ions due to the additive adsorption to v/, and may introduce deviations from a spherical
shape, increasing 3 to 3’. Spontaneous additive incorporation into nuclei thus implies S’ < S*, v’ > v,
and 3’ > 3 and increases the thermodynamic barrier to nucleation of the additive-containing phase,
AGY.’, with respect to that of the additive free phase, AGY,, according to;

AG(C) (S’) _ B‘V2'03/d)'2 < AGS’(S’) _ B,'VQ'GB/([)/Z (5)

However, additives that can be incorporated into nuclei would be (weak) nucleation inhibitors
mostly based on the lowered supersaturation ratio S’; Equation (5) shows that the formation of
additive-containing nuclei is indeed improbable, as the barrier for the formation of additive-free critical
nuclei AGY remains lower also at the lowered supersaturation ratio S'. In turn, this consideration
implies that from the viewpoint of CNT, the inclusion of additives into crystal lattices [22] rather
happens during the subsequent growth stages. Here, the incorporation of additives affects the
thermodynamic stability of the nascent phase, and thus Kp. Since additive incorporation impairs
the interactions between the ions in the crystal lattice, this would almost certainly always be
a thermodynamic destabilisation, increasing the solubility threshold from Ksp to Ksp'. However,
the additive-free phase would still be accessible during homogeneous nucleation, in principle, and the
driving force for nucleation of the pure macroscopic phase would remain unchanged (Equation (3)).
Altogether, our considerations show that the pure mineral phase would be initially nucleated,
homogeneously, and the additive be incorporated during subsequent growth, then inhibiting this
process owing to a lowered effective supersaturation due to the increased solubility, Ksp” [23].

2.2. Interfacial Adsorption of Additives on Nascent Nuclei

As already outlined in the previous section, any potential effects of additives on the interfacial
properties of the nascent nuclei would dominate the nucleation behaviour because the interfacial
free energy is cubed for calculating the magnitude of AG? (Equation (2)), probably outweighing the
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contribution of any other effects. The interfacial tension upon additive adsorption, ¢’, can be estimated
according to the Young equation, which is valid for planar interfaces;

o =0— k( Oas — 0_ac) (6)

where o is the interfacial tension between the nucleus and the solution (which is assumed to be equal
to that between the macroscopic phases as already mentioned above), 0,5 and 0, are the interfacial
tensions between the additive and the solution and the additive and the nucleus, respectively, and k
is a factor that depends on the aspect ratio of the nucleus [17]. While Equation (6) provides merely
an estimate of effects of interfacial adsorption of additives based on oversimplifying assumptions
(flat interfaces), it should be noted that corresponding interfacial properties are difficult to determine
experimentally, or only with significant errors [24]. Note that these uncertainties would then be cubed
(Equation (2)) and enter the exponent for calculating corresponding nucleation rates (Equation (1)),
causing even larger quantitative uncertainties in measurable nucleation parameters. Thus, we prefer to
focus on a qualitative discussion of corresponding effects here. In any case, for 0,5 < T4, the interfacial
tension in the presence of the additive would be increased, ¢’ > o, however, there is then no spontaneous
adsorption of the additive and nucleation proceeds homogeneously. For 0,5 = 04, there is the limiting
case where the interfacial tension between the nucleus and the solution with and without the additive
is equal, 0’ = 0, and the additive would have no effect due to insignificant adsorption. For 0,5 > 0y,
the additive would spontaneously adsorb to the nucleus and promote nucleation, due to the lowered
interfacial tension with the adsorbed additive, 0’ < 0. This highlights that again, significant additive
effects can only be expected for spontaneous additive adsorption on the nuclei’s interfacial surface,
which always lowers the interfacial free energy, promoting nucleation by analogy to heterogeneous
nucleation in presence of surfaces with favourable interfacial properties.

In the case where different polymorphs or forms of a mineral are accessible, these are
characterised by distinct solubilities. For example, consider three polymorphs A, B, C with solubilities
Ksp(A) <Kgp(B) <Kgp(C), ice., A, B, and C are stable, metastable, and unstable polymorphs, respectively.
It can be argued that the less stable structures B and C have a lower cohesive energy than A, and hence
also a lower surface free energy, suggesting that c(A) > o(B) > o(C) [25,26]. In this case, the nucleation
rate of the unstable form would be the highest (Equations (1) and (2)). Thus, for a supersaturation ratio
at which all polymorphs are accessible, this consideration is a CNT rationalisation of the well-known
Ostwald—Volmer rule. In the case where additives bind specifically to one of the polymorphic forms,
the interfacial tension of the stable forms could be lowered below that of the un- and meta-stable
polymorphs, leading to their direct nucleation instead of ripening according to Ostwald’s rule of stages.
In this way, CNT can explain the observation that the nucleation of metastable polymorphs can be
poisoned by the presence of additives or impurities; however, it seems impossible to explain scenarios
where stable polymorphs cannot be obtained as opposed to metastable forms in presence of certain
additives or impurities because specific additive binding can only promote nucleation, and an efficient
(post-nucleation) inhibition of ripening towards the stable form would be required. Within a CNT
perspective, such observations would then rather imply the complete inhibition of growth by the
additive or impurity, not of nucleation.

2.3. Additive Mesophases as Environments for Nucleation

Additives may form mesophases, such as micelles, in the case where they have amphiphilic
properties, depending on the additive concentration, as well as that of the ions [27]. When the
formation of additive mesophases is induced by the binding of ions that constitute mineral phases,
the overall ion concentration within the formed mesophase could be locally increased [28]. Formally,
this may lead to a metastable intermediate, which is consistent with two-step nucleation [29,30],
but here, rather a “heterogeneous two-step nucleation” scenario.
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Whether or not nucleation in this ion-enriched environment proceeds via critical nuclei and
according to the notions of CNT or not, however, is debatable. It has to be pointed out that the binding
of ions in an additive matrix does not increase the concentration of free ions in the mesophase, and stable
bound states are not available for stochastic collisions of free ions toward the formation of critical
nuclei according to CNT [31]. This is because in the case where mineral ions can induce the formation
of additive mesophases, then the underlying ion-additive interactions are spontaneous and associated
with a negative standard free energy. Even if the ion-additive interactions within the mesophase are
successively replaced by the counter-ion of the relevant nascent mineral [28], the ion complexes formed
are necessarily in a state of even lower free energy and are thus in a free energy trap for the formation
of critical nuclei [31]. In this sense, the situation is rather analogous to additive incorporation into
the mineral phase, where the main effect is the lowering of supersaturation and a weak inhibition of
nucleation, as discussed in Section 2.1. Also, in such mesophases, confinement effects can become
important [32-34], and the increased viscosity may play an additional role toward inhibition effects.
In our opinion, the observed facilitation of nucleation in such phases [28] can be better explained
within the notions of “non-classical” nucleation theories as described below (Section 3.2).

3. Additive Control Patterns in “Non-Classical” Nucleation

As opposed to (pre-) critical nuclei, stable PNCs are more abundant species and interactions with
additives appear in general more likely. Also, in the multi-step PNC pathway (Figure 1, bottom),
interactions between the mineral precursors and intermediates can control the early stages of particle
formation through various points of attack, which can allow a better rationalisation of the multiple
roles of additives in crystallisation processes [35] as discussed in the following. Generally, it should
be noted that according to the PNC pathway, amorphous intermediates form first but may be highly
transient. In this sense, also the PNC pathway rationalises the Ostwald—Volmer rule (cf. Section 2.2).

3.1. Adsorption of Free Ions and Pre-Nucleation Clusters

Additives can bind single ions, which occurs to a significant extent only for a corresponding
negative standard free energy of interaction (also see Section 2.1). For a very strong interaction
and/or high additive concentrations, this can lead to the formation of additive mesophases or
coacervates (Figure 2, top) if the additive structure and chemistry allows. These do not provide
a pathway to crystals, as the relevant ions are bound in stable states and there is, if any, only moderate
supersaturation within the coacervate (only the free ions contribute to the supersaturation ratio,
Equation (4)). The chemical functional groups of the additive that allow for interactions with free
ions also facilitate PNC binding. Since there is competition between additive binding and counter-ion
association, PNC binding becomes more probable for ion-additive interactions that are weaker than
cation-anion interactions and/or lower additive concentrations. The pathway toward particles from
these states (Figure 2, middle) will be discussed in more detail in the following section.

Additives can influence ion association even without direct binding by modulating the water
structure and introducing kosmotropic or chaotropic effects [36,37]. Due to the direct impact on the
entropic balance of ion association through the release of hydration waters [38], these effects can
increase or weaken ion-ion and/or ion-additive interactions [39], providing additional means to tune
the strength of corresponding intermolecular interactions. In combination, the binding of PNCs by
additives can thermodynamically stabilise or destabilise the ion associates. In the case where there are
polyamorphic forms, as for calcium carbonate [19], the link between pre- and post-nucleation speciation
may thus influence the type of polyamorphic solid formed by the presence of additives. In cases where
no amorphous polymorphism exists, it is possible that additives induce distinct short-range structural
features or motifs in amorphous intermediates (also see Section 3.3).

The binding of PNCs by additives can also have kinetic effects. For instance, it has been proposed
that the binding of PNCs can lead to favourable three-dimensional arrangements of ions facilitating
the change in the dynamics of the solute clusters underlying liquid-liquid separation [40]. In this
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case, the presence of the additive would drive phase separation, which may also be associated with
the reduction of the IAP corresponding to the locus of the liquid-liquid binodal limit compared to
the additive-free case (see blue arrow in Figure 3). The inverse scenario is also possible, where the
strong binding of PNCs by additives would lead to configurations that do not allow for the change in
speciation toward nano-droplets; however, this case cannot be distinguished from coacervate formation.
In the case of weak binding of PNCs by the additive and/or low additive concentrations, inhibition of
phase separation via binding of PNCs in configurations that impair nano-droplet formation appear
difficult, as phase separation can still occur via non-adsorbed precursors.
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Figure 2. Schematic illustration of the mechanism of nucleation according to the PNC pathway
(bottom, cf. Figure 1) with potential effects of ion (top) and PNC (middle) adsorption by an additive
(red ellipsoid). For strong ion-additive interactions and/or high additive concentrations, the formation
of coacervates is expected (if the additive chemistry and structure allows), which inhibit mineral
formation entirely. Corresponding size regimes span the whole colloidal domain depending on the type
of mesophase formed [27]. For weaker ion-additive interactions and/or low additive concentrations,
PNC binding by the additive (middle) becomes probable, and the process can proceed toward particle
formation. Possibilities for additive control during the latter process are discussed in more detail in
Section 3.2, also see Figure 3. For explanation see the text.

3.2. Additives and Liquid Intermediates

In case of calcium carbonate, the occurrence of liquid intermediates is well-known and their use
in bio-inspired materials chemistry has been thoroughly demonstrated [41]. However, the so-called
polymer-induced liquid precursors (PILPs) are polymer-stabilised rather than polymer-induced states,
and the notions of the PNC pathway can explain their occurrence in a straightforward manner
(Figure 3). Since the PNC pathway seems to be more general for particle formation from aqueous
solutions than previously thought [14,42], the occurrence of liquid intermediates may be exploited
for a number of compounds. For moderate or weak interactions between the additive and PNCs,
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and/or low additive concentrations [43], the stabilisation of liquid intermediates becomes possible
(Figure 3). Consistently, when weaker cation-binding properties of additives are exploited, additive
concentrations need to be increased for sufficient PILP stabilisation [44]. However, it appears to
be fundamentally required that the additive additionally stabilises the liquid intermediates against
dehydration [45], or the nano-droplets against aggregation and/or coalescence by means of colloidal
stabilisation [46]. At this point, interfacially active properties of the additives can also become
important. These may be influenced by the presence of additional species and control or tune the
wettability of the additive-stabilised liquid intermediates on distinct surfaces [47]. This phenomenon
can be exploited in target-oriented materials synthesis [48].
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Figure 3. Schematic illustration of the mechanism of nucleation according to the PNC pathway (bottom,
cf. Figure 1) with the effects of PNC and nano-droplet adsorption by an additive (red ellipsoid).
For strong ion-additive interactions and low additive concentrations (or medium-to-low-strength
interaction but high additive concentrations), the additive becomes incorporated in the liquid
intermediates, and may kinetically stabilise these intermediate states that can grow into macroscopic
“polymer-induced” liquid precursors (PILPs; note that these species are rather polymer-stabilised than
polymer-induced states [45,49]), reaching sizes of hundreds of micrometres that can be observed by
means of light microscopy [41]. This pathway is expected for additives that also inhibit dehydration
and/or coalescence of nano-droplets. Eventually, single crystals with complex shapes can be obtained
in this PILP-mediated process [41]. As discussed in Section 3.1, the binding of PNCs by additives in
favourable configurations can also induce liquid-liquid separation as indicated by the bold blue arrow.
For further explanation see the text.

3.3. Additives and Nascent Solid Amorphous Intermediates

When an additive can bind PNCs and nano-droplets but cannot stabilise the latter
against dehydration and/or aggregation/coalescence to any significant extent, the formation of
mesostructured amorphous solids is possible (Figure 4). This may be based on either nano-droplet
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aggregation, or the aggregation of already formed amorphous, solid nanoparticles. While it may
be difficult to discriminate between the two possibilities experimentally, it can be argued that
a nano-droplet-based pathway would yield amorphous solids structured on shorter length scales
(ca. 2-5 nm) than the aggregation of amorphous nanoparticles that emerge later. However, depending
on the kinetics of dehydration, aggregation and crystallisation, a complex convoluted pathway
involving both liquid and solid amorphous precursors may also be viable. In any case, an insufficient
capability of the additive to act against dehydration (or, even a promoted dehydration of the
liquid intermediates due to the additive) seems to be required. It is conceivable that tuning the
kinetics of interface-coupled re-dissolution/precipitation pathways [50] of this intermediate, or direct
crystallisation of the mesostructured amorphous solid via solid-state transformation [51], can then
yield mesocrystals [2,52,53] upon crystallisation (Figure 4, top).
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Figure 4. Schematic illustration of the mechanism of nucleation according to the PNC pathway (bottom,
also cf. Figure 1) with potential effects of nano-droplet and amorphous-solid adsorption by additives
(red ellipsoid) that do not kinetically stabilise liquid intermediates, at least to any significant extent.
For explanation see the text.

Additives could also exhibit specific binding capabilities to certain short-range structural motifs
in amorphous intermediates [54]. On the one hand, this may induce the formation of polyamorphic
forms that normally do not form under the given conditions, or even induce the formation of distinct
short-range structural motifs in amorphous intermediates where polyamorphism does not exist for the
pure systems. This could be based on the interfacial binding of additives or structural incorporation.
Note, however, that it is difficult to discuss the phenomenon of amorphous polymorphism for phases
where additives are structurally incorporated, as the compositions vary and the phenomenon strictly
applies only to the pure compounds with unchanged compositions. In any case, the specific binding
of distinct short-range structural domains by additives may inhibit their crystallisation, so that other
environments crystallise, thereby facilitating polymorph selection (Figure 4, middle) [35,55]. It is
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also conceivable that specific interactions of certain amorphous short-range structural motifs with
additives would trigger the crystallisation of only these environments, enabling a distinct mechanism
of polymorph selection from amorphous intermediates.

4. Conclusions

The above discussion shows that classical nucleation theory (CNT) can rationalise only a limited
number of additive controls over nucleation, i.e., a rather weak inhibition of nucleation based on the
binding of free ions, or the promotion of nucleation due to the lowering of interfacial free energies upon
additive binding. The latter may also facilitate polymorph selection for some scenarios. One might
argue that distinct additive controls could be rationalised within CNT by strong but unspecific effects
on the pre-exponential factor, A, and/or the generic activation energy, E 5, (Equation (1)) but this would
be a rather hand-waving and actually unqualified argument given that these factors are typically
neglected within CNT. In contrast, there are several different mechanisms for additive control during
“non-classical” nucleation according to the pre-nucleation cluster (PNC) pathway. These can explain
strong inhibition, as well as promotion of nucleation, not only for stable crystalline forms but also
for amorphous intermediates. The kinetic stabilisation of liquid and amorphous intermediates can
provide pathways to crystals with complex shapes via PILPs, as well as mesocrystals, depending
on the capabilities of the additives for, e.g., binding water and thereby tuning the kinetics of the
PNC pathway after the emergence of phase separated nanodroplets. Also, the thermodynamic
stabilisation and destabilisation of PNCs and amorphous intermediates is possible, which can give rise
to the development of distinct short-range structural motifs in the presence of an additive. In turn,
specific interactions between additives and distinct short-range structural environments in amorphous
intermediates can also provide control over polymorph selection.

Last, but not least, we would like to point out two experimental observations that are difficult to
explain based on CNT, but straightforward to understand from the viewpoint of the PNC pathway:.
Ion potential measurements in combination with THz spectroscopy showed a very strong inhibition
of calcium carbonate nucleation by minuscule amounts of polycarboxylates in the low pg/mL
regime [45], which was already literature known [35]. While the experiments, for the first time,
revealed the locus of the liquid-liquid binodal limit, at which solute PNCs can change their speciation
and become phase-separated nanodroplets, the barrier for classical nucleation under corresponding
conditions is formidable even in absence of the additive, rendering nucleation via critical nuclei
highly improbable [45]. Also, the very strong inhibitory capacity of the low polymer concentration
can in our opinion not be explained by CNT. First, owing to the minor polymer concentration, there
is no detectable binding of free calcium ions by the polymer and thus, no significant effect on the
level of supersaturation that could explain the observed inhibition. Second, as shown in Section 2.2,
an increase in interfacial free energy upon additive adsorption—that would be required for inhibition
of nucleation from a classical perspective—would render additive adsorption on (pre-) critical nuclei
thermodynamically unfavourable (Equation (6)), and nucleation would proceed homogeneously, i.e.,
without significant additive effects. It is impossible to rationalize the inhibition of nucleation by effects
on the interfacial free energy of nuclei upon additive adsorption within CNT. Only spontaneous
additive adsorption on (pre-) critical nuclei can have effects on nucleation from the viewpoint of
CNT, which always promotes nucleation due to a lowered interfacial tension. The incorporation
of the polycarboxylates into liquid intermediates and the inhibition of dehydration due to their
superadsorbent properties, on the other hand, explains the highly effective inhibition from the
point of view of the PNC pathway as outlined above. In contrast, the same additive molecules
can strongly promote the nucleation of iron(III) (oxyhydr)oxides as shown by potentiometric titrations
in combination with turbidity measurements at different pH values [40]; this effect, however, is hardly
due to the lowering of the interfacial free energy, as it only occurs under conditions where olation
PNCs can form in the system [40]. Rather, the three-dimensional configuration of olation PNCs
adsorbed on the polymer appears to facilitate the formation of oxo-bridged iron(Ill) centres in PNCs
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at much lower concentrations when compared to the additive-free case, which is the fundamental
change in reaction mechanism underlying the event of phase separation towards a reduction of
cluster dynamics due to the formation of stronger bonds [56]. The orthogonal role of the same
additives in distinct systems highlights that additive control patterns are highly dependent on the
distinct chemistries, consistent with the PNC pathway, rather than generic physicochemical parameters
like supersaturation that are central to CNT. The combination of additives may further bring about
synergistic effects [57], which eventually allow the realisation of sophisticated, tuneable control patterns
over particle formation. Future research will show if a generalised theory for additive control over
particle formation based on the PNC pathway is possible and whether predictable outcomes can be
exploited in a target-oriented manner.
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