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Abstract: Crystalline materials and crystallization processes play an important role in several fields of science,
such as pharmaceuticals, material science, pigments, optoelectronics, catalysis and energy storage. Under-
standing and defining the right conditions of crystallization is therefore crucial. Among the several factors
influencing the crystallization of a given compound, the choice of the solvent system is perhaps one of the most
important. The nature of solvent–solute interactions can indeed have a role in promoting specific molecular
assemblies, therefore affecting crystallisation rates of a crystal and often resulting in the nucleation of different
polymorphs and solvates. Here we investigated the role of a binary mixture of solvent (water/acetone) in the
crystallisation of a simple salt of 4-aminopyridinium chloride. Previous results on this compound showed
that when crystallised from water it forms a simple hydrate structure, while in the presence of acetone, it
undergoes a liquid-liquid phase separation, followed by the crystallisation of a complex structure belonging to the
Frank–Kasper (FK) phases, a particular family of topologically close-packed structures never observed in small
and rigidmolecules. To broaden the understanding of how such a simplemoleculemay crystallise as an FK phase,
we carried out the crystallization of the complex phase by antisolvent diffusion (in a mixture of water/acetone)
and that of the monohydrate phase in water, monitoring the liquid precursors by liquid-state NMR. In particular,
we applied 1H, 13C, 14N, 17O, and 35/37Cl NMR as a function of the concentration of 4APH+Cl− until the moment when
precipitation of the crystalline phases occurred. Variations of chemical shifts, T1 relaxation times of 13C signals,
and full-width at half-maximum of the signals of quadrupolar nuclei were also measured. The spatial proximity
between the different species in the solution was investigated by NOE experiments. In order to support these
results, we also performed Molecular Dynamics simulations, investigating the potential solute/solvents in-
teractions. The results strongly suggest that acetone, instead of behaving as an anti-solvent, interacts directlywith
the solute, preventing the formation of the simple monohydrate structure and, at the same time, promoting
specific molecular aggregations.
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Introduction

“Like dissolves like”. This simple statement represents a rule of thumb to choose the suitable solvent for a given
solute. It is based on the assumption that substances with similar polarity dissolve one into the other, as the
consequence of favourable solute-solvent intermolecular interactions.

The choice of the right solvent for a given solute is an important step for several processes, such as organic
synthesis, purification methods and crystallisations. In the industrial and technological sectors, crystalline
materials are applied in gas storage, optoelectronics and, in particular, in the pharmaceutical field, where
crystallization techniques are crucial for purification and separation processes when manufacturing active
pharmaceutical ingredients (APIs), as well as for screening and designing new solid forms with improved
physicochemical properties [1].

Although sublimation [2] and melt cooling [3] represent viable methods for crystallization, those from
solution are certainly the most common. The choice of the solvent plays an important role in the outcome of
nucleation and crystal growth. Solvent–solute interactions can indeed promote specific molecular assemblies,
resulting in the nucleation or growth of different polymorphs and solvates or simply affecting nucleation and
growth rates of a crystal [4].

In general, when a compound is dissolved in a mixture of two solvents, the solute is expected to interact
mainly with the component that forms the strongest solute-solvent interactions. A typical example of this case
is the crystallisation by the so called “antisolvent” diffusion, a common procedure to induce a decrease of
the solubility of a solute in a solution, favouring supersaturation and therefore promoting the nucleation or the
crystallisation of the target compound [5]. In this case, the solute is intuitively expected to be preferentially
(or selectively) solvated by the solvent, being the antisolvent part of the outer solvation sphere, generating a non-
uniform composition and therefore regions of high supersaturation [6].

The term preferential solvation is often used to define the case when the local composition of solvents in the
immediate proximity of the solute (the cybotactic region) is different when compared to the bulk composition [7].
This phenomenon is further complicated by the micro-heterogeneity of the solution itself, which may present a
complex, locally heterogeneous structure, as reported for aqueous mixtures of common solvents as acetonitrile,
DMSO, acetone, etc. [8–11].

The nature of such complex interactions between solute andmixtures of solventsmay be investigated by both
computational and experimental techniques. Classical molecular dynamics simulations (MD) can be applied to
investigate the nature of molecular clusters and micro-heterogeneities in solution, via the analysis of radial
distribution functions (RDF) and spatial distribution functions (SDF) [12]. On the other hand, NMR spectroscopy,
and specifically the Nuclear Overhauser Effect (NOE), which is based on the dipolar interaction between spatially-
close spins, may provide experimental information on solute-solvent interactions [7, 13].

In a recent article, we reported on the structural characterisation of a family of salts of 4-aminopyridinium
chloride (4APH+Cl−), also known as fampridine hydrochloride [14]. This system produced four different phases:
two complex Frank–Kasper (FK) A15 sub-hydrate phases (1 and 2), a simple monohydrate phase (3), and a simple
anhydrous phase (4).

Phases 2 and 4 were both obtained by crystallisation from the melt, while 1 and 3 were crystallised
from solutions. In particular, the monohydrate 3 (see Fig. 1b) was crystallised by solvent evaporation from a
supersaturated aqueous solution (labelled as L3), producing plate-like crystals. The complex phase 1 (Fig. 1a) was
obtained from a dense liquid phase (DLP) (labelled as L1) separated from a solution of 4APH+Cl− in a water and
ethanol mixture, after adding acetone as the antisolvent. A further addition of acetone promoted the formation of
block-like crystals of the complex sub-hydrate 1. This structure, very similar to the other sub-hydrate 2, showed a
very complex self-assembly in solid state, consisting of three different polyhedral clusters of Cl− and 4APH+

packed together in a fashion resembling that observed in clathrate hydrates [15].
Such a complexity in the solid state was explained as the result of a specific and complex preorganisation in

the liquid phase L1, that, at the same time, prevented the crystallisation of the monohydrate 3.
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The crystallisation of 1 from the dense liquid phase L1wasmonitored by NMR and the results compared with
those obtained for 3 from the aqueous solutionL3. The results showed differences in composition, chemical shifts,
13C relaxation time, and full width at half maximum (FWHM) of selected resonance lines, confirming that
the dramatic differences in the solid state between 1 and 3 must be ascribed to a significantly different
preorganisation in the precursor liquid phases L1 and L3. In particular, a cryo-EM analysis of L1, showed
spherical aggregates with size consistent with those observed in the crystal structure 1 [14].

Although these complex phases might be regarded simply as a curious case, understanding and controlling
their formation and the reasons of such a complex self-assembly in the liquid state is crucial to extend these
results to other systems, opening the way for the design of a new class of crystalline materials.

In this work we investigated the potential role of preferential solvation and solute-solvent interactions in
promoting the crystallisation of such complex crystal structures. In order to simplify the study, we limited our
investigation to a bi-component solvent system. For this purpose, instead of crystallising 4APH+Cl− by acetone
diffusion from a mixture water/ethanol, we attempted to prepare 1 from water, upon addition of acetone as the
antisolvent. The resulting liquid phase was then fully characterised by liquid state NMR. Solid-state NMR
and powder X-ray diffraction (PXRD) were used to characterise the products of crystallisation. Finally, molecular
dynamics simulations were performed to provide an interpretation to our experimental results.

Results and discussion

LLPS and crystallisation

Firstly, we performed a crystallisation of 1 from H2O, upon addition of acetone as the anti-solvent. The procedure
was adapted from that previously reported for the preparation of 1 [14]. Accordingly, solid 4AP was dissolved in
concentrated HCl, and progressive additions of acetone induced a liquid-liquid phase separation (LLPS, see Fig. 2)

Fig. 1: Crystal packing of crystalline phases 1 (a) and 3 (b), viewed along the same axes of the unit cell (left) andmain self-assemblies of the
same phases (right) [14].
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resulting in a supernatant and a dense liquid phase (DLP). Further addition of acetone to the system, resulted in
the precipitation, after approximately 24 h, of block-like crystals. The variation in composition of the DLP (labelled
as L1*), upon addition of acetone was monitored by 1H NMR, showing an analogous behaviour to that previously
reported for L1 [14]. This suggested that the crystallisation from a concentrated DLP composed by water and
acetone might produce again a complex phase. This crystalline sample was studied by powder X-ray diffraction.
Although the results were clearly consistent with a complex phase, we could not unequivocally identify whether
the structure corresponded to 1, 2 or to a new sub-hydrate FK phase.

To better understand the molecular behaviour of cations, anions, and their interactions with the two
solvents, we prepared L1* on a larger scale (see experimental) and monitored the sample upon addition of
acetone, until crystallisation occurred.We characterised the L1* samples after each addition of acetone by 1H, 13C,
14N, 17O, 35Cl and 37Cl NMR experiments.

Multinuclear NMR in solution

Selected 1H NMR spectra of L1* are shown in Fig. 3a and b, while a larger selection of spectra can be found in
Supporting Information. Sharp resonance lines were observed for CH moieties of 4APH+, as well as for the CH3

groups of the acetonemolecule. A broad resonance linewas observed for the NH group, due to the J-coupling with
14N. Also, the signals of the water and NH2 group of 4APH+ were significantly broadened, due to the chemical
exchange (see Supporting Information). After addition of each aliquot of acetone, significant variations of the
integrated areas and chemical shifts were observed.

The analysis of the composition ofL1*, upon each addition of acetone, showed that, while the amount ofwater
continued to decrease steadily (Fig. 3c), the concentration of acetone reached a plateau. In particular, the
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Fig. 3: 1H NMR spectra of L1* immediately after the LLPS (a) and before the crystallisation (b) and assignments of the NMR resonances. (c)
Variation of the amount of acetone (■), water (■), and the total amount of solvents (A) with respect to 4APH+ (□). The asterisks (*) indicate
the residual peak of HDO present in the coaxial insert.

Fig. 2: Crystallisation of 4APH+Cl− in water and acetone. The
asterisk indicates the sample where crystallisation occurred.
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composition of the highest concentrated sample, obtained just prior the formation of crystals of the complex
phase, showed 1.00 equivalent of 4APH+Cl−, 1.04 equivalent of H2O and 0.68 equivalents of acetone. These results
suggest a possible role of acetone in the stabilisation of 4APH+Cl− in L1* and are in great agreement with those
previously reported for L1. Indeed, as in the case of L1, the crystallisation of 4APH+Cl− from L1* was again
observed when the total amount of solvents in the DLP was lower than 2 equivalents.

We previously interpreted this behaviour considering that the addition of acetone promotes a specific
pre-organisation of the 4APH+Cl− ion pairs in the DLP allowing the crystallisation of 1 and, simultaneously,
preventing the nucleation of themonohydrate 3. 4APH+Cl− is weakly soluble in acetone andwe expect that, inL1*,
the salt would be preferentially or exclusively solvated by H2O, being the acetone micro-segregated or part of the
outer solvation sphere.

To evaluate the behaviour of acetone in the DLP, we characterised a concentrated sample of L1* by 2DNOESY
NMR experiments at 25 °C. NOEs strongly depend on ωτc (where ω is the Larmor frequency and τc is the
correlation time of the species under investigation). In particular, when ωτc values are close to 1, the resulting
NOEs are close to zero [16]. In general, NOEs are strongly affected by the dynamics of themolecules in solution and
therefore depend on the molecular size and on the viscosity of the system. Generally, positive NOEs are observed
for small molecules while larger molecules show negative values.

When the 2D NOESY experiment was recorded at 25 °C, no significant intermolecular cross peaks were
observed. This might be due either to the relatively high viscosity of the DLP, that decreases the dynamics of the
molecules in solution, or to the absence of any interaction between acetone molecules and 4APH+Cl−.

In order to investigate the potential interactions of acetone with 4APH+Cl− in more detail, we decreased the
temperature to 5 °C and performed a further 2D NOESY experiment. The results show negative intra- and
intermolecular cross-peaks (see Fig. 4a). Interestingly, relatively intense cross-peaks between the signal of CH3

groups of acetone and the aromatic CH signals of the cation were observed, suggesting that acetone interacts to
4APH+Cl− moieties and is part of their solvation sphere. Increasing the vertical scale, a negative cross peak
was observed also between the CH3 signal of acetone and the NH signal of the cation. Similarly, broad negative
cross-peaks were also observed between the water and NH2 signals, which experience a chemical exchange
(see Supporting Information).

Fig. 4: 1H NMR experiments of a concentrated DLP recorded at 5 °C: phase-sensitive 2D NOESY obtainedwith amixing time of 500 ms (left),
and 2D ROESY obtained with a mixing time of 200 ms (right). The intermolecular cross-peaks between the signal of CH3 groups of acetone
and CH signals of the cation are highlighted. The blue signals are phased negative, while those red are positive. The asterisk (*) indicate the
signal of residual peak of HDO present in the coaxial insert.
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In addition to 2D NOESY NMR experiments, we characterised the DLP by Rotating-frame Overhauser Effect
SpectroscopY (ROESY) 2D experiments, analysing L1* at 5 °C. Differently to NOESY, ROESY experiments provide
positive cross peaks for all the spatially-close 1H atoms, while diagonal-peaks as well as the cross-peaks due to
chemical exchange are negatively phased, irrespectively of the correlation time of the species under study. The
results of the 2D ROESY experiments at 5 °C show relatively intense positive cross-peaks between the CH3 groups
of acetone and the CH group of the cation (see Fig. 4b), and negative cross-peaks between NH2 and water, as a
consequence of the chemical exchange (see Supporting Information) [16].

The chemical shift variation (Δ∂) of 1H signals of the cation, water and acetonewasmonitored as a function of
the 4APH+Cl− molar fraction (Χ4APH), showing large and positive values. This indicates that all the signals are in
fast exchange on the chemical shift timescale. The observed shift to higher frequencies is assigned to the presence
of stronger H-bonds at higher salt concentration [17].

The Δ∂ of the signals not affected by chemical exchange are reported in Fig. 5a. Interestingly, while the signals
assigned to 4APH+ cation show mainly linear shifts at increasing X4APH+ values, the signal of acetone shows a
different trend. Indeed, its variation of chemical shift appears to be non-linear, initially increasing and eventually
reaching a plateau. One possible explanation for this observation is that at high X4APH+ values, acetonemolecules
might be in a bound-like state, interacting with water and 4APH+Cl− and forming a particular type of aggregate.

The Δ∂ of 1H signals that experience a chemical exchange are shown in Fig. 5b. Large and positive chemical
shift variations are observed as a function of X4APH+. These reach maximum values of approximately 1.2 and
0.6 ppm for water and NH2 signals, respectively. At the highest X4APH+ values, the Δ∂ variation deviates from
linearity, probably because those signals are in a chemical exchange and close to coalescence.

Although there is an open debate on the sensitivity of NOE-based experiments to intermolecular solute-
solvent interactions [18, 19], we believe our results show strong evidence that acetone is part of the cation
solvation shell. This is also supported by molecular dynamics calculations (see below). In particular, we believe
that, similarly to what observed in our previous study, as the concentration of the DLP increases, 4APH+Cl− must
be aggregated. Furthermore, our results suggest that these aggregates are not preferentially solvated by water
molecules but also contain acetone in their first solvation sphere.

In order to gain a deeper comprehension of the behaviour of cation, anion and solvent molecules, we
recorded heteronuclear NMR spectra of quadrupolar nuclei as 14N, 35/37Cl, and 17O. These spectra are expected to
provide different information, based on their environment and dynamics. Indeed, we expect that, similarly to the
1H chemical shifts, also those of heteronucleiwould be generally sensitive to the change of composition, and hence
of the solvation shell of the different species in solution. Furthermore, the increase of viscosity would induce

Fig. 5: 1H chemical shift variation
as a function of X4APH+ of (a) NMR
signals not affected by chemical
exchange, (b) NMR signals
affected by chemical exchange.
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slower dynamics of atoms/molecules, inducing faster quadrupolar relaxation and consequently broadening the
signals. For this reason, both the chemical shift variations and the full width at half maximum (FWHM) values of
the signals of quadrupolar nuclei were analysed.

Figure 6 shows selected 35Cl, 17O and 14N spectra of DLP samples collected immediately after the LLPS (bottom)
and prior the crystallisation (top). The complete series of spectra is reported in Supporting Information. The
signal of the anion was easily observed by 35/37Cl NMR, also at higher X4APH+ values. On the contrary, the obser-
vation of the water signal was limited by the low 17O natural abundance (0.037 %). 17O-enriched water was then
added to themother solution to decrease the instrumental time needed to record the spectra. A different situation
occurred in the case of 14N spectra: the NH signal was easily observed also at higher X4AP values. However, the
resonance line of NH2 moiety was not detected at higher X4AP values, because of severe broadening due to larger
electric field gradients (EFG) [20].

Both the 35/37Cl NMR and 17O signals display large variations of chemical shift values (Δ∂ is 20 and 12 ppm,
respectively) as a function of X4APH+ (see Figs. 6a,b and 7a). On the contrary, the 14N signal of NH group does not
show significant Δ∂, even at higher X4AP values (see Fig. 6c). This is expected, as every change in composition will
induce some change in the first sheath of water and chloride. On the contrary, any change in the composition
would not significantly affect the local environment of the nitrogen atoms [21, 22].

FWHM values of all the quadrupolar nuclei under scrutiny are extremely sensitive to changes in the
composition (see Fig. 7b). In general, increases in the concentrations produce broader signals, as expected for
solutions which become macroscopically more viscous.

The 14N signal of NH2 of the cation is the broadest, having FWHMcomprised between 2 and 19 kHz. The FWHM
of NH signal is significantly sharper, ranging between 450 and 3800 Hz. Those values were estimated by a
deconvolution analysis of the resonance lines, which are broad and superimposed. Further details about the
deconvolution analysis are provided in Supporting Information.

The 35Cl and 37Cl signals of the anion show the same trend. As expected, 37Cl provide less intense but sharper
resonance lines, in agreement with their respective natural abundance and quadrupole moment [23]. Their

Fig. 6: 35Cl, 17O, and 14N NMR spectra of DLP samples collected immediately after the LLPS (bottom) or before the crystallisation (top).
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FWHM generally lie between 150 and 3500 Hz. The water signal detected by 17O was the sharpest among the
quadrupolar nuclei, being FWHM comprised between 130 and 950 Hz.

We then compared the results relative to L1* (this work) with those previously reported for L1 and L3 [14].
Figure 8a and b shows the 1H chemical shift variation of the NH and H-3,5 signal in L1, L1*, and L3 samples.

The comparison of the NH signal for the three samples shows significant differences. These are particularly large
at low concentrations of 4APH+Cl−. As described in our previous paper, the differences between L1 and L3 are
particularly marked and were ascribed to the different solvent composition. This is due to the fact that the NH
chemical shift is sensitive to the presence of both ethanol and acetone. This also explains the differences observed
between L1 and L1* at low concentrations of 4APH+Cl−. When the concentration increases, the amount of EtOH in
L1 is rather low and consequently, L1 and L1* are similar in chemical composition and show similar NH chemical
shift values.

Fig. 7: Variation of (a) chemical
shift values of resonance lines of
quadrupolar nuclei, and (b) full
width at half maximum (FWHM)
of resonance line of quadrupolar
nuclei, as a function of the 4APH+

molar fraction. The open symbols
(■) indicate the FWHM values of
broad 14N signals obtained by
deconvolution.

Fig. 8: Comparison of the results obtained for L1, L1* and L3* as a function of the 4APH+molar fraction: 1H chemical shift of NH signals (a)
1H chemical shift of H-3,5 signals (b) and 35Cl chemical shift of chloride anion. L3 and L1 results were obtained from aqueous and water/
ethanol/acetone solution and reported previously [14].
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The analysis of the chemical shift variation of the H,3-5 signals as the function of the X4APH+, i.e., the main
intermolecular signal appeared in 2D NOESY/ROESY experiments, shows a similar behaviour for L1 and L1*. In
the case of L3, the behaviour is different at low concentrations and converges to L1 and L1* when the concen-
tration increases, probably because the direct interaction between H-3,5 and chloride anions in all the samples
(see Fig. 8b). Finally, also the 35Cl chemical shift appear to be closer in L1 and L1*. Its value is generally larger than
those obtained for L3 (see Fig. 8c).

The comparison of the FWHM of signals of quadrupolar nuclei and 13C T1 relaxation time provides some
dynamic information. The 35Cl FWHM measured for L1* as the function of the molar fraction of 4APH+Cl−

(see Fig. 9a) is intermediate between that measured for L3 and L1, suggesting that the viscosity of L1* should
follow the same trend. To verify this hypothesis, we measured the 13C T1 relaxation time of CH signals. These
are expected to result only from intramolecular dipolar coupling to directly attached protons and rotational
correlation time of the cation [24] and, consequently, to the viscosity of the solution. Also in this case, the
behaviour of, L1* is intermediate between L3 and L1 (see Fig. 9b), confirming that, at low concentrations of
4APH+Cl−, the viscosity of the three systems varies as follow: L3 < L1* < L1.

At molar fractions of 4APH+Cl− close to 0.3, the 13C T1 relaxation time of CH signals of L1, L1* and L3 converge
to a similar value, just prior the nucleation takes place. Assuming similar viscosities for the three samples at this
concentration, the large difference in the FWHM of the 35Cl signals measured for L3, L1 and L1*must be ascribed
to differences in the local environment of chlorides, i.e., to larger EFG in presence of acetone (and ethanol). These
results confirm that 35Cl is extremely sensitive to its local environment, able to probe subtle changes induced by
the proximity of different solvents [21].

The crystalline phases obtained in this work were also analysed by solid state (SS) techniques as SSNMR and
powder X-ray diffraction. The results are compared with those obtained for samples of 1 and 3.

SSNMR

TOtal-Sidebands-Suppression (TOSS) 13C NMR spectrawere recorded at 14.1T and room temperature on crystalline
phases nucleated from L1, L1* and L3. The spectrum of the monohydrate 3 obtained from L3 shows multiple
signals, as expected for samples with Z′ > 1 [25]. In this case, Z′ is 4, and we would expect to observe up to eight
signals for the C-2,6 and C-3,5, respectively. However, due to their superimposition, the signals cannot be easily
discriminated (see Fig. 10a). Three distinct C-2,6 signals are however observed, and this is in some way consistent

Fig. 9: Comparison of the results
obtained for L3, L1 and L1* as a
function of the 4APH+ molar
fraction: FWHM of 35Cl signals
(a) and 13C T1 relaxation time (b).
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with what observed in the crystal structure of the monohydrate 3, where the environment of those atoms is
affected by the different interactions with chloride, water and the presence of adjacent 4APH+ moieties.

This is also confirmed by the observation that, in the case of the complex phase 1, the same signal was not
resolved into different contributions (see Fig. 10b). In this case, all the C-2,6 interact only with Cl− anions. Indeed,
the CH signal are always found in hexagonal or pentagonal tiles, interacting directly with chloride anions, where
dramatic variations of chemical shift values are not expected.

The 13C NMR spectra of the solid phase crystallised in this work from L1* is clearly similar to the spectrum of
the complex phase previously reported (see Fig. 10c). No signals of the monohydrate phase were detected,
confirming that acetone and water are sufficient to promote the complex self-assemblies that produces the FK
phases of 4APH+Cl−.

PXRD

In order to better characterise the complex phase obtained from L1*, we performed a high-resolution PXRD
measurement. The experimental powder pattern was compared with those calculated from the single-crystal
data of 1 and 3 (see Fig. 11). Unit cell parameters of the phase obtained from L1* refined in cubic cell approxi-
mation with Le Bail method (a = 27.7026(8) Å, V = 21,259.9(10) Å3, see Supporting Information) are close to
parameters of 1 (a = 27.711(5) Å, V = 21,280(6) Å3).

Fig. 10: 13C TOSS CP-MAS NMR spectra of 4APH+Cl− recorded at
14.1T and room temperature: Monohydrate phase 3 (a),
complex phase 1 (b), sample prepared in this work from L1*
(water/acetone) liquid precursor (c).

Fig. 11: Calculated powder pattern of 3 and 1, and
experimental powder patten of crystalline sample obtained in
this work from L1*.
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The PXRD data confirm that the crystalline phase obtained is complex. However, it is not possible to ascertain
whether the crystalline phase obtained in this work is 1, 2 or any new FK phase of 4APH+Cl−. No signal of the
monohydrate phase 3 was observed.

Molecular dynamics

A simulation box was filled with 1000 4APH+Cl− ion pairs, 1040 water molecules and 680 acetone molecules, to
respect the experimental ratio found in the solutions from which crystalline phases were grown. Details of the
simulation protocol and Force Field parameters can be found in the Experimental section and Supporting
Information. One of the key results that is obtained from the simulation is the structure of the solvation shell of
the 4APH+ cation. In Fig. 12 we show the Radial Distribution Function g(r) between the 4APH+ and chloride, water
and acetone, respectively. In order to integrate the g(r) to count the number of molecules surrounding the 4APH+

moiety, we selected the most internal atoms of the molecules. The carbon bonded to the amino group (C4) and
chloride, water oxygen and carbonyl carbon of acetone, were chosen, respectively. Together with the RDFwe also
show the integral number of molecules contained in a spherical shell, up to a given radius.

Figure 12 clearly shows that water and chloride are approximately equivalent, in terms of population of the
4APH+ solvation shell, while acetone is significantly lower. For example, at r = 7.6 Å, the average number of
chloride and water molecules in the solvation shell of 4AP is exactly the same (6.9), while the average number of
acetone molecules is 3.5, that is slightly lower than the bulk composition. The number of 4APH+ molecules
surrounding a given cation is comparable with those of acetone, at short distances.

More insights can be obtained from the spatial distribution function which give a qualitative description of
where the different molecules of the first solvation shell are actually located, with respect to the aromatic ring of
4APH+. These are shown in Fig. 13. The results of the simulation show the different tendency of acetone andwater
to interact to the 4APH+ cation and coordinate it. As it may be expected, the oxygen ofwater interacts directlywith
the positively-charged groups of cation, i.e. with NH andNH2moieties. A similar interaction is obviously observed
also in the case of Cl−. Interestingly, both the water and the Cl− do not interact specifically with the aromatic ring,
where acetone and the pyridinium are found. Hence, it is clear that the presence of acetone plays a major role in
the solvation shell of cation, competing with the cation and limiting the π–π interaction which would lead to the
formation of the monohydrate phase 3.

Fig. 12: (Left axis, solid lines) radial distribution functions of
the distance between the amino carbon of the ring (C4) of
4APH+ and chloride (Cl), water oxygen (O wat), the carbonyl
carbon of acetone (C act) and the amino carbon of the ring of
4APH+, respectively. (Right axis, dotted line): Number of
molecules (chloride, water, acetone and 4AP) contained in a
sphere of radius r and centred on C4 of 4APH+ as obtained
from the integration of the RDF.
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Conclusions

This work extends the knowledge on the crystallisation of complex FK phases of the simple chloride salt of
4-amino-pyridine fromwater, adding acetone as the antisolvent. With respect to our previous work on FK phases,
we defined a new preparation of the DLP precursor of the FK phases, obtained directly from water, by diffusing
acetone. Also in this case, we observed an LLPS that resulted in the separation of a DLP, fromwhich crystals were
obtained. Solid-state characterisation of these was carried out by NMR as well as by PXRD. Although the results
provided evidence that the crystalline phase obtained from water upon the addition of acetone is a complex
Frank–Kasper structure, the results acquired so far do not allow yet to ascertain whether significant differences
with respect to the previously reported FK phases exist.

We investigated the DLP by liquid NMR experiments, to ascertain if any differences with the previous system
could be observed and, most importantly, to investigate the role of acetone in promoting the crystallisation of
these phases. The results from liquid-state NMR provided information about the composition of solutions after
LLPS and prior crystallisation. In addition, the heteronuclear NMR characterisation highlighted the tendency of
the system to aggregate and form strong H-bonds. The characterisation of the DLP by NOESY and ROESY
experiments showed that these aggregates interact with both water and acetone, suggesting that acetone has a
more specific role in the crystallisation of these phases, other than locally increasing the supersaturation and
promoting the nucleation.

This hypothesis was confirmed by the results of classical MD simulation. MD calculations confirm that
acetone is present in the first solvation sheath of the cation, occupying the positions on the top and the bottom of
the aromatic ring of 4APH+. We believe this specific interaction is the reason why in the presence of acetone,
instead to nucleate as the simple monohydrate, 4APH+Cl− forms the complex FK phases. In our opinion,
the acetone-4APH+ interaction competes with the π–π stacking between cations, which represents the most
important interaction observed in the monohydrate phase. As water is removed from the system, 4APH+Cl− pairs
aggregate forming complex spherical arrangements that eventually produce the FK phases.

These results suggest that the use of different antisolvents to model the interactions between solute and
solvents is a viable route, allowing to explore further the crystallisation of complex structures from simple
organic salts.

Fig. 13: Two views of spatial distribution functions around 4APH+ cation. SDF are shown for the Cl− (green), water (oxygen atom, red),
acetone (carbon atom of carbonyl, yellow), 4APH+ (carbon C4, cyan). The isodensity values are scaled proportionally to the number of
molecules in the simulation box: 5.200 for Cl− and 4APH+, 5.408 for water and 3.536 for acetone.
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Experimental

Sample preparation

The first series of experiments was carried out by dissolving commercial 4AP (1 g, 10.6 mmol) in aqueous HCl
(2 mL, 12 mmol). Upon addition of 3 mL of neat acetone (40 mmol), the solution became cloudy and further
addition of the antisolvent induced an LLPS. When about 60 mL of neat acetone were added, the DLP on the sides
of the vial crystallised. Block-like single crystals were also grown from the DLP on the bottom of the vial after
approximately 36 h. The shape of the crystals was similar to those of 1, and needle-like crystals of 3 were not
observed.

The second series of experiments was carried out by dissolving a larger amount of 4AP (10 g, 106 mmol) in
aqueous HCl (20 mL, 120 mmol). Upon addition of 40 mL of neat acetone (400mmol), the solution became cloudy
and further addition of the antisolvent induced an LLPS. When about 1 L of neat acetone was added, the DLP on
the sides of the glass bottle crystallised. Block-like single crystals were grown, similarly to the previous crystal-
lisation on a smaller scale.

NMR characterisation

The NMR spectra of solutions were recorded lock-on, using a spectrometer operating at 9.4 T (400MHz for 1H),
using a 5-mm broadband probe with temperature regulation. The NMR spectra were generally recorded at 25 °C,
unless stated otherwise.

The spectra of quadrupolar nuclei (14N, 17O, 35Cl, 37Cl) were recorded using the RIDE pulse sequence, which we
previously used to reduce baseline distortions due to acoustic ringing [26]. The relaxation delay and the acqui-
sition time were ranging between 5 and 25 ms; the number of transients was adapted according to the signal-to-
noise ratio. The processing comprised exponential multiplication of the free induction decay with a line
broadening factor of a few Hz, correction of the first points by a backward linear prediction for removal of the
residual acoustic ringing, zero filling prior to Fourier transform, phase, and baseline corrections.

The 1H chemical shift scale was referenced to the signal of the internal DSS standard (0.0 ppm). The 35/37Cl
spectra were referenced to NaCl solution (0.0 ppm) in D2O, which was in a coaxial tube. 17O spectra were
referenced to D2O, which was in a coaxial tube. 14N was referenced to an external aqueous saturated solution of
ammonium chloride (25.3 ppm) [27].

The 13C SSNMR spectra were recorded at room temperature using a JEOL ECZ-R spectrometer operating at
14.1 T (13C frequency = 150.9 MHz) equipped with a 3.2 mm AUTOMAS probe. The samples were packed in 3.2 mm
zirconia rotors and spun at 10 kHz. The number of transients was about 5000. The relaxation delay was set to 5 s
and the contact time was equal to 2 ms. Chemical shifts were referenced externally to the 13C chemical shift of
adamantane (38.48 ppm). SPINAL-64 1H decoupling with an rf-field of 88 kHz was applied during the FID.

PXRD

A 0.5 mm diameter capillary was filled with the sample obtained from L1*. A high-resolution PXRD pattern was
collected at room temperature (around 295 K) in transmission mode with an STOE STADI MP diffractometer
(generator tension and current of 40 kV and 40 mA), between 2.000 and 60.395° 2θ anglewith a step size of 0.15°. Le
Bail refinement was performed using FullProf Suite [28].
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MD simulations

Simulations were run with the software package Gromacs 2019 [29, 30]. The Force Field parameters were taken
from the OPLS [31, 32] FF except for the partial atomic charges, see Supporting Information. The simulation box
contained 1000 ion pairs, 680 acetone molecules and 1040 water molecules (for a total of 24,920 atoms). All bonds
were constrained by the LINCS algorithm [33]. The leap-frog integrator was usedwith a time step of 1 fs and a cut-
off of 10 Å for the van der Waals and short-range electrostatic interaction. The Particle-Mesh-Ewald (PME) [34]
technique was used to handle long-range electrostatic interaction with an interpolation order of 4. Simulations
were run in the NPT ensemble using the Berendsen thermostat and barostat [35] with applied isotropic periodic
boundary conditions. Additional details can be found in Supporting Information.
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