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Abstract

Oiling-out, an undesirable liquid—liquid phase separation (LLPS) frequently encountered in
pharmaceutical crystallization, poses significant challenges by reducing purity, yield, and process
robustness. While macroscopic thermodynamics describes the phase boundaries of oiling-out,
the molecular origins of this phenomenon remain poorly understood, with no clear mechanistic
framework to explain how solution chemistry triggers phase separation. In this work, we employ
atomistic molecular dynamics (MD) simulations to elucidate the molecular mechanism of
crystallization during oiling-out in the B-alanine-water-isopropanol (IPA) system. Analysis of
radial and spatial distribution functions reveals that LLPS is not driven by the direct replacement
of solvent by antisolvent, but by the antisolvent-induced disruption of the hydration network.
This breakdown creates solvation voids, regions of incomplete solvation where IPA fails to
compensate for the loss of water, resulting in a partially desolvated state that promotes solute
clustering. Using a double-well potential analysis, we construct energy landscapes that quantify
the activation barriers for crystallization. We identify two distinct kinetic bottlenecks: the
enthalpic cost of desolvation and the energetic penalty of structural reorganization. Our results
demonstrate that conditions leading to oiling-out drastically lower both barriers compared to
homogeneous solutions, reducing the desolvation penalty significantly. These findings confirm
that the solute-rich droplets formed during oiling-out serve as kinetically favored precursors,
supporting the two-step nucleation theory and providing a quantitative molecular framework for
controlling crystallization outcomes in complex solvent mixtures.
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Introduction

Crystallization is a cornerstone of chemical and pharmaceutical manufacturing. Solution-
based routes frequently encounter oiling-out, also known as liquid-liquid phase separation
(LLPS), where a solute-rich liquid separates before crystalline solids form.! This phenomenon
complicates impurity rejection and particle control, as droplets can trap impurities or disrupt
uniform nucleation.? At the same time, oiling-out offers unique opportunities: dense liquid
droplets often act as precursors that concentrate solute, alter local solvent environments, and
reshape nucleation barriers, ultimately steering the kinetics and pathways of crystallization.? A
clear molecular-level understanding of this mechanism is therefore critical, both to mitigate
undesirable effects and to exploit LLPS as a controllable intermediate in crystallization design.

The prevailing framework for understanding crystallization has been rooted in
thermodynamics, where the driving force is described in terms of changes in chemical potential,
which is often related to the supersaturation.® Classical nucleation theory and its extensions treat
LLPS as a manifestation of the free-energy landscape, with solute-rich droplets corresponding to
metastable minima that compete with direct crystal nucleation.* > Phase-diagram studies in
ternary solvent systems have mapped solubility boundaries, metastable zones, and binodal
curves, offering a macroscopic picture of when oiling-out occurs.® 7 Complementary analyses
have attributed LLPS to shifts in partial molar volumes, solvent activity coefficients, or
unfavorable solvation enthalpies, which destabilize homogeneous solutions and promote
separation into solute-rich and solute-lean phases.®1° While these approaches provide valuable

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

descriptors of phase stability, they abstract away the molecular events of solute-solvent
competition and desolvation inside droplets, leaving unanswered how phase separation
ultimately facilitates or obstructs crystallization.
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Experimental probes such as turbidity/optical microscopy, in situ Raman/IR, and
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microfluidic solvent-exchange have mapped when LLPS appears, how droplets grow/coalesce,
and whether they eventually crystallize, but they resolve structure only at mesoscopic scales and
thus remain largely phenomenological with respect to the molecular events that link droplet
formation to ordering.® 1113 By contrast, theory and simulation have established that many
systems crystallize via two-step pathways, wherein dense-liquid precursors form first and
crystalline order then emerges within them; this has been demonstrated with classical DFT and
rare-event simulations and is now reviewed as a general motif across small molecules and
proteins.#16 Atomistic molecular dynamics (MD) studies have further clarified solvent effects on
nucleation by quantifying solute-solvent structuring and growth-unit attachment at crystal
interfaces, often using enhanced sampling (e.g., umbrella sampling, metadynamics, forward-flux)
and carefully chosen order parameters.162! Yet, most computational efforts either target direct
crystal nucleation in homogeneous solution rather than oiling-out clusters or depend sensitively
on collective variables that may not capture solvation-shell competition inside LLPS
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environments. Recent work showed that extracting solvation-shell reorganization and
desolvation barriers from MD can yield activation energies, an approach validated for cooling and
antisolvent crystallization, but it has not been adapted systematically to oiling-out.?% 23

In this work, we address these gaps by developing a molecular-level framework for oiling-
out crystallization using the B-alanine-water-isopropanol (IPA) system as a model. Through
atomistic MD simulations, we quantify how solute-solvent interactions, solvation-shell
occupancy, and desolvation energetics are affected during oiling-out, thereby establishing the
microscopic steps that connect molecular rearrangement to crystal growth. Specifically, we (i)
analyze radial and spatial distribution functions to resolve the composition of the first solvation
shell across solvent environments relevant to oiling-out, (ii) compute binding energies and
desolvation barriers that capture solvent reorganization, and (iii) link these energetics to
activation barriers for oiling out and crystal growth. Building on prior approaches validated for
antisolvent crystallization, we adapt the methodology to LLPS environments, enabling us to
propose a general mechanistic model during oiling-out crystallization.?? The manuscript outlines
the molecular simulation methods and analysis workflow; presents results on solvation
dynamics, desolvation energetics, and activation barriers; discusses the implications for
crystallization pathways; and summarizes the key conclusions and broader significance. A brief
overview of the antisolvent and oiling-out crystallization mechanisms is shown in Figure 1a and
ternary phase diagram of the B-alanine-water-IPA system is shown in Figure 1b.
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Figure 1: (a) Mechanism of antisolvent crystallization (top) compared with crystallization during oiling-
out. B-Alanine (solute) molecules are initially equilibrated in a fully solvated state surrounded by water
(solvent) molecules. When IPA (antisolvent) is added, the hydration shell is destabilized and solute
molecules move closer, removing excess solvent and antisolvent molecules, resulting in a partially
desolvated state. All such partially desolvated states come together to form a dense phase, which are
stable during oiling-out. Dense phases lower the energetic barrier for solute-solute reorganization and
association, ultimately leading to crystal lattice formation or integration into an existing lattice. (b) Ternary
phase diagram of the B-alanine-water-IPA system with concentrations in weight fractions. The purple
dashed line is the phase separation curve, and data points shown as red triangles have a solute weight
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fraction (w4) of 0.15, while blue squared points have a solute weight fraction of 0.5. Crystallization is
observed in regions 1, 2, and 3, whereas LLPS is observed in regions 2 and 4. L; and L, refer to two different
liquid phases, and S represents a solid phase.

Theoretical Methods

MD simulations were performed using the GROMACS package to investigate the solvation
environment of B-alanine (BAL) in water-isopropanol (IPA) mixtures.?* Cubic simulation boxes of
6 nm ( 216 nm3 volume) were constructed at different solvent compositions selected from the
ternary B-alanine-water-IPA phase diagram (Figure 1b) based on our previous work.® Regions 1,
2, and 3 in the phase diagram are where crystallization is observed, with region 1 being IPA-rich,
region 3 being water-rich, and region 2 displays LLPS (L1-L>-S).” On the other hand, regions 4 and
5 show no crystals, but LLPS is observed in region 4 (L;-L). Note that Ly and L, correspond to
different phases of liquid, while S denotes the solid phase. Points were chosen to span both the
homogeneous (non-LLPS) region and the LLPS regime, as shown in Figure 1b, in order to directly
compare solute-solvent interactions across phase boundaries. Each system contained BAL
molecules at experimentally relevant concentrations, along with explicit water and IPA
molecules. The systems were simulated using the Optimized Potential for Liquid Simulations All-
Atom (OPLS-AA) force field for a 5 ns production run with a 2 fs time step. More details can be
found in Section 1 of the Supporting Information. Radial distribution functions (RDFs) were
calculated to characterize the organization of water and IPA molecules around BAL as a whole
and around its functional groups (with particular emphasis on the carboxylate and amine

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

moieties). The average coordination numbers were obtained by integrating the RDFs up to the
first minimum after the first peak (Table $2). Spatial distribution functions (SDFs) were generated
using the TRAVIS package, providing three-dimensional density maps of water and IPA around
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BAL.2> Comparisons of peak versus bulk densities were used to quantify the extent of solvent

(cc)

enrichment or depletion within the first solvation shell under LLPS and non-LLPS conditions.

Results and Discussion

The RDFs provide a molecular-level insight into the solvation environment of BAL under
varying water-IPA compositions, including conditions that span into the LLPS regime. RDFs are
especially useful for distinguishing how different solvent components populate the first
coordination shell versus the bulk, thereby clarifying interactions and disruptions in the solvation
shell and their correspondence to different regions in the ternary phase diagram. The RDFs of
water around BAL molecules, shown in Figure 2, exhibit a sharp and intense first peak near 0.37
nm, corresponding to strong interactions between water molecules and BAL. This is followed by
a distinct minimum and a weaker second peak around 0.5 — 0.6 nm, reflecting structured
hydration layers beyond the first shell. At a constant weight fraction of BAL (w4 = 0.15), as the
weight fraction of IPA increases, the height of the first peak systematically increases, while the
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position remains largely unchanged, as shown in Figure 2a. Despite the reduction in bulk water
concentration upon IPA addition, the local water density within the first solvation shell remains
disproportionately high. This indicates a strong preferential solvation of BAL by water. However,
the breakdown of long-range order (diminished second- and third-order peaks) indicates that,
while the primary shell is intact, the extended hydrogen-bond network required to stabilize the
monomeric state is disrupted by the antisolvent. It is worth noting that, when the number density
RDFs of water are plotted, the peak intensity decreases with increasing IPA concentration, as
shown in Figure S1 of the supplementary information. Additionally, the third peak is significantly
reduced at higher IPA concentrations (more evident in number density RDFs, Figure S1),
suggesting that the solvation shell of water is disrupted at longer distances due to IPA (number
density of IPA increases at these distances). At higher solute concentration (w,= 0.5), the water
RDFs display peak intensities comparable to those in the dilute case at similar solvent
compositions, indicating that the relative enrichment of water in the solvation shell is
maintained. However, the absolute number of available water molecules per solute is reduced,
as reflected in the number density RDFs (Figure S1), consistent with increased competition
among solute molecules for available water. Nevertheless, the first peak at w;=0 is sharper than
in the dilute case, while at w;=0.2, within the LLPS regime, the third peak becomes relatively
more pronounced, suggesting a reorganization of the extended hydration structure under phase-
separating conditions.

In contrast, as shown in Figure 2c and d, RDFs of IPA molecules show markedly weaker
coordination with BAL. The first discernible peak occurs at ~0.42 nm, outside the primary
hydration shell, with a much lower intensity than that of water. Moreover, at lower solute
concentrations, IPA shows almost no preferential association with the solute, whereas at higher
solute concentrations, RDFs fluctuate irregularly, reflecting disordered, heterogeneous
interactions in the crowded environment. This suggests that IPA molecules are largely excluded
from direct solute-solvent interactions, occupying more diffuse positions in or after the second
solvation shell. At low IPA concentrations, the RDF peak is broad, reflecting weak, nonspecific
interactions. This indicates that IPA molecules become increasingly associated with BAL surfaces,
not by direct hydrogen bonding, but by filling voids created as water structure weakens. To
quantify this disruption, we calculated the mean H-bond degree, (k) (the average number of
hydrogen bonds per water molecule in the solvation shell; see Section S2 for details). At a lower
solute concentration (wa = 0.15), (k) decreases monotonically with increasing IPA fraction.
Conversely, at a higher solute concentration (wa = 0.5), the hydrogen bond network exhibits an
initial slight increase, indicative of localized water clustering, before undergoing a sharp decline
at higher antisolvent fractions (Figure S3), underscoring its role as a destabilizer of water
structuring rather than as a direct competitive binder.
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Figure 2: Radial Distribution of water and IPA around BAL at two different weight fractions w4=0.15 and
wy=0.5. (a) RDF of water around BAL at w4=0.15 (b) RDF of water around BAL at w4=0.5 (c) RDF of IPA
around BAL at w4=0.15 (d) RDF of IPA around BAL at w4=0.5. The legend denotes the weight fraction of
the antisolvent IPA (w;) and water (w,,).

Together, these results show that water overwhelmingly governs the solvation shell of
BAL, while IPA exerts its effect indirectly, by eroding the structural integrity of extended
hydration networks. The collapse of oscillatory water RDFs beyond the first shell is particularly
diagnostic of the approach to LLPS, as compared to water RDF behavior in our previous work on
antisolvent crystallization, signaling the breakdown of long-range solvent ordering.?? IPA, while
weakly coordinated, enhances this disruption by promoting heterogeneous solvent
environments. Thus, the transition toward oiling-out is not marked by replacement of water by
IPA, but by progressive weakening of water structuring, partial desolvation of B-alanine, and
enhanced clustering of solute molecules. These microscopic events foreshadow the formation of
solute-rich droplets characteristic of the oiling-out transition. These trends are quantitatively
confirmed by the average coordination numbers reported in Table S2, which shows a decrease
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in water occupancy, while IPA coordination remains comparatively low, indicating incomplete

compensation of the solvation shell.

The three-dimensional spatial distribution functions (SDFs) further highlight how the

solvent environment reorganizes around BAL. At low IPA mole fractions in the non-LLPS region,

the SDFs show a dense and continuous water envelope surrounding both the carboxylate and

amine groups of BAL (Figure 3a,b,e,f). This hydrogen-bonded hydration shell provides strong

stabilization, with local water density exceeding the bulk value by a significant margin. IPA

molecules are almost entirely excluded from this first shell, appearing only as weak, diffuse

density clouds farther from the solute. This observation is consistent with the RDF analysis and

reinforces that water dominates the primary solvation environment at low IPA content. As IPA

concentration increases, the water coverage begins to fragment, and patches of IPA density

emerge in regions previously occupied by water (Figure 3c,d,g). This change is especially evident

near the amine group, where IPA oxygen atoms intrude into the hydration zone but fail to

establish the strong directional hydrogen bonds that characterize water-solute interactions.

Instead, the IPA isosurfaces appear disordered and dispersed, suggesting transient association

rather than stable solvation. The result is a heterogeneous shell in which water molecules no

longer form a continuous hydrogen-bond network, and IPA molecules occupy only partial, weakly

bound positions. Such mixed coverage reflects competition between water and IPA, but it reveals

that IPA cannot replicate water's stabilizing role. Crucially, IPA fails to compensate for the

enthalpic stabilization lost by water, resulting in a partially desolvated state. The resulting

‘solvation voids’ expose the BAL surface, creating high-energy patches that drive solute-solute

association to minimize surface free energy.
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Figure 3: Spatial distribution of water (blue) and IPA (orange) around BAL at two solute weight fractions,
wy = 0.15 (a-d) and wy4 = 0.5 (e-g), across different IPA weight fractions. (h) Local density difference of
water relative to bulk as a function of IPA composition at different weight fractions of BAL.

Upon crossing into the LLPS regime, the disruption of hydration becomes stark. Water
density around BAL isosurfaces becomes discontinuous and patchy (Figure 3f, g), marking the
rupture of the solvation shell. IPA density increases near the solute surface, but the distributions
remain diffuse and lack the distinct coordination patterns characteristic of water. Thisincomplete
compensation indicates that BAL molecules in droplets are partially desolvated, with solvent
structuring insufficient to shield solutes from one another. Such conditions favor enhanced
solute-solute contacts, thereby promoting clustering towards a dense state followed by
nucleation. SDF isosurfaces were visualized at the first solvation shell level, as including the
second and third shells would result in clustering and make them difficult to distinguish in three-
dimensional representations. The disruption of extended hydration structure beyond the first
shell is instead captured by the diminished second and third peaks in the RDFs (Figure 2).

The consequences of this solvent restructuring are quantified by subtracting the bulk
density from the peak number density values of water in the solvation shell (termed as local
density difference) and are displayed in Figure 3h. While coordination numbers provide the
absolute number of solvent molecules, this relative measure captures the extent of preferential
hydration. As the bulk water density decreases with increasing IPA addition, the local density
difference indicates whether water continues to cluster around the BAL surface, independent of

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

the changing bulk composition. In both solute-rich and lean regimes, the initial addition of IPA
triggers an increase in the local water density difference relative to bulk. As the bulk solution
becomes slightly IPA-rich, water molecules are energetically driven to cluster around the
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hydrophilic BAL to minimize its contact with the antisolvent. This creates a locally enriched
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hydration shell that is significantly denser than the increasingly IPA-rich bulk mixture (w;=0 vs w;
=0.05), effectively shielding the solute in the single-phase liquid region. As IPA concentration
increases further, entering the LLPS regime, this protective mechanism fails, leading to a drop in
local water density. In the LLPS regime, the bulk IPA concentration is high enough to disrupt the
hydrogen-bond network sustaining the enriched shell. Water molecules are stripped away faster
than they can be recruited, without being replaced by IPA (as observed in the SDFs). The local
density data quantitatively distinguish two regimes of antisolvent action. In a solute-lean phase
(at wy=0.15, w;=0.18), IPA promotes water enrichment around the solute (stabilization).
However, in a solute-rich phase (at w4=0.50, w;=0.2), it forces the ejection of water without
replacement (destabilization), directly correlating with the formation of solute-rich droplets. This
can also be seen in Figure S1, where at w;= 0.18, the bulk water density is reduced relative to
w;= 0 owing to the presence of IPA, yet the first solvation shell around BAL retains a comparable
absolute water density. Direct comparison of g(r) peak heights between the two compositions,
therefore, understates the magnitude of the local water enrichment. Together, the SDF and
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density-difference analyses reveal that during oiling-out crystallization, B-alanine molecules lose
stabilizing water coverage and transition into a partially desolvated state within solute-rich
droplets. This state weakens solute-solvent interactions and promotes solute-solute association,
offering a direct molecular mechanism for a pathway toward nucleation and crystal growth.

To better understand solute—solute association, B-alanine—f-alanine radial distribution
functions were computed for fully solvated (FS) and partially desolvated (PS) states at each
composition (Figure S2). At the dilute BAL concentration (w4 = 0.15; Figure S2a,c), the first peak
at ~0.45 nm in the fully solvated state is lowest at w; =0 (~1.8) rises to ~3.4at w; =0.18 and ~4.1
at w; = 0.37, and sits at ~2.8 at w; = 0.56. In the partially desolvated state, the first peak rises
monotonically with IPA content from ~2.8 at w;= 0 to ~6.2 at w;= 0.56, the strong-LLPS
composition; the increase as B-alanine transitions from fully solvated to partially desolvated is
therefore largest at w; = 0.56. This provides direct molecular evidence that, in the strong-LLPS
regime, B-alanine actively clusters as its hydration shell is stripped away. At w; = 0.5 ( Figure
S2b,d), the amplitudes are lower overall because frequent B-alanine contacts occur even in the
fully solvated state: the fully solvated first peak sits near ~1.8, ~1.7, and ~2.0 for w; =0, 0.05, and
0.2, while the partially desolvated peak is essentially unchanged at ~1.7 and ~1.75 for w; =0 and
0.05 but rises to ~2.4 at the LLPS composition w; = 0.2, reinforcing the pattern seen at w, =0.15,
desolvation promotes clustering, and the effect is strongest at the composition within each series
at which LLPS is observed. A structured second peak at ~0.55 nm that sharpens with IPA content
and is most prominent in the partially desolvated state is consistent with the emergence of
preferred intermolecular spacings that precede nucleation, supporting the picture of solute-rich
aggregates as precursors to nucleation consistent with the oiling-out pathway.

The functional-group-specific RDFs of water (Figure 4a-c) reveal distinct hydration
preferences that evolve with composition and confirm that hydration is not evenly distributed
between the two termini of BAL. Around the -COO~ group, a sharp first peak at ~0.23 nm reflects
strong hydrogen bonding with water, and multiple secondary peaks extend to ~0.7 nm, indicating
long-range layering stabilized by electrostatic interactions. In contrast, the -NHs* group exhibits
a first-shell peak at approximately 0.20 nm, albeit with lower intensity and pronounced
secondary oscillations, indicating weaker hydration compared to the carboxylate group. These
differences suggest that the -COO~ group anchors a structured hydration network, whereas the
-NHs* group is more easily destabilized. As IPA content decreases, the intensity of the first peaks
decreases for both groups, and the multiple peaks in the -COO~ RDF broaden and diminish,
signaling loss of extended structuring. The amine RDF collapses even more rapidly, reflecting an
earlier onset of desolvation around this group.

Overall, the solvation environment of BAL can be separated into fully solvated and
partially desolvated states. In the fully solvated state, the hydration shell is intact, with water
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molecules continuously occupying the first coordination zone around both the carboxylate (-
COO07) and amine (-NHs*) groups. In the partially desolvated state, portions of the shell are
vacated, especially when the solute molecules interact with each other, leaving BAL exposed and
more prone to intermolecular association with fewer solvent molecules around it. These two
states represent distinct stages of solvation breakdown, and their comparison provides
molecular-level insight into the progression from homogeneous solution to heterogeneous
solution.
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Figure 4: Radial distribution functions of water around BAL for the carboxylate (a,c), and amine (b,d)
functional groups at two different weight fractions of BAL: 0.15 (a,b), 0.5 (c,d). Water mole fractions (in
solvent-antisolvent mixture) in the solvation shell compared to bulk are shown for fully solvated (e) and
partially desolvated (f) states. All subfigures in the panel are plotted at different IPA weight fractions as
shown in the legend.

The composition of both solvents in the solvation shell relative to the bulk reveals a
sharper distinction between solvation states (Figure 4e, f). In the fully solvated state (Figure 4e),
the water mole fraction (of water-IPA mixture) in the shell is consistently above the reference
line for all IPA-containing mixtures, showing persistent preferential hydration of BAL even as the
bulk becomes increasingly IPA-rich. The only exception is the pure-water case (w;=0), which
naturally lies on the line since solvation shell and bulk are equal to a mole fraction of 1. More
importantly, as the IPA concentrations are very high, the water concentrations inside the
solvation shell are farther from the reference line, suggesting that the IPA drives enrichment of
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water inside the shell. This result highlights that as long as the hydration shell remains intact, BAL
maintains a bias toward water-rich local environments relative to the surrounding liquid. In
contrast, in the partially desolvated state (Figure 4f), all data points except the pure-water case
fall below the reference line, indicating that the hydration shell becomes water-depleted relative
to bulk once desolvation sets in.
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Figure 5: Time evolution of solvent coordination numbers and solute—solute distance for B-alanine at wy=
0.5, comparing (a) non-LLPS (w;= 0.05), and (b) LLPS (w;= 0.2) conditions. (c) Binding energy of water
molecules calculated using the MM-PBSA method across solvent compositions. (d) Activation energies for
the transition from fully solvated to partially desolvated states obtained from the double-well potential
method.

The energetic signature of this transition is quantified by the activation barriers calculated
with the double-well potential method (Figure 5d). Details of the double-well potential method
are provided in Section S2 of the supporting information. The barrier associated with moving
from the fully solvated to the partially desolvated state decreases systematically with increasing
IPA content, reaching its lowest values in the LLPS regime. This trend demonstrates that
desolvation becomes progressively easier in IPA-rich environments, reflecting the destabilization
of hydration networks. Additionally, as BAL concentrations increase, the activation barrier
decreases further, suggesting easier crystal nucleation. At comparable IPA weight fractions (w; =
0.18 at w4 = 0.15, and w; = 0.20 at w4 = 0.50), the activation energy is substantially smaller at
wA = 0.50. We attribute this to the higher solute concentration, which increases crowding and
further destabilizes the solvation shell. Thus, the driving force for oiling-out is not enhanced IPA-
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solute attraction, but the limited favorable water-solute interactions that leave BAL incompletely
solvated. These results demonstrate that the onset of oiling-out crystallization is facilitated by
both the synchronous depletion of water and IPA in LLPS conditions and by a progressive lowering
of the desolvation barrier. In droplets, this instability produces partially desolvated BAL
molecules that readily cluster, completing the molecular mechanism linking hydration collapse
to nucleation. The intrinsic enthalpic favorability of B-alanine self-association is further supported
by gas-phase DFT studies demonstrating that B-alanine dimers and higher-order oligomers are
stabilized by strong O—H---N hydrogen bonds, with dissociation energies increasing systematically
with cluster size through cooperative ring interactions.?® This is consistent with the solute
clustering behavior observed in our trajectories and supports the mechanistic picture of partially
desolvated molecules aggregating into a disordered dense phase prior to lattice integration.

To quantify the energetic cost of desolvation, an extended double-well potential
approach was used to construct energy profiles along a crystallization coordinate (Figure 6a,
b)?%23, First, potential energy profiles were generated for the fully solvated and partially
desolvated states of BAL. The partially desolvated profile was shifted by the binding energy
required to remove the excess solvent molecules, calculated using the MM-PBSA method. Per-
composition means and standard deviations across the six sampled frames are reported in Table
$3.27 The activation energy was defined as the difference between the minimum energy of the
fully solvated state and the intersection point of the two energy profiles, which marks the
transition state for desolvation (Figure S4). To capture the subsequent evolution of the partially

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

desolvated state, the molecular configuration at this intersection state was systematically
rotated through all possible orientations, and the lowest-energy configuration was identified.
The orientational dependence of the potential energy is quantified by the rotational energy

Open Access Article. Published on 15 June 2026. Downloaded on 6/15/2026 10:08:02 PM.

landscape (Figure S5), which shows that the energy varies with molecular orientation. This

(cc)

confirms that orientational selection is an energetic requirement for lattice integration. From the
lowest-energy orientation, a new potential energy profile was generated, corresponding to the
reorganization step along the crystallization pathway.

In this way, three energy profiles were plotted together: the initial fully solvated state,
the transition through the partially desolvated state, and the final rotated minimum that
represents the configuration predisposed to solute-solute association. The crystallization
coordinate (x-axis in Figure 6) was defined such that the fully solvated minimum lies at zero, while
the partially desolvated and rotated minima appear at progressively higher values. These profiles
collectively describe the multi-step energetic pathway by which BAL molecules transition from
hydration-stabilized states in a homogeneous solution through a desolvated transition state,
dense state, and fully desolvated state to a crystal lattice. The resulting landscapes reveal two
distinct activation barriers that govern the kinetics of phase separation and ordering. The first
barrier, located at a crystal coordinate of 0.3, corresponds to the enthalpic penalty of stripping
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the tightly bound hydration shell to access the partially desolvated state. The downbhill
progression in energy leads to a dense state, where the molecules require reorientation. The
second barrier, located at a crystal coordinate of 0.7, represents the energetic cost of structural
reorganization and rotational alignment required for dense clusters to form fully desolvated
clusters. Finally, the second energy downhill represents the formation of crystal lattice or
integration into an existing one. Additionally, when these energy costs are converted to
probabilities of forming a dense state and crystalline state, the nature of the final product formed
can be easily visualized, as depicted in Figure 6¢c. Details regarding the calculation of these
probabilities are provided in Section 3 of the Supporting Information.
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Figure 6: Energy profiles governing the transition from fully solvated states to crystal lattice for BAL-water-
IPA solutions at solute weight fractions (a) w4 = 0.15 and (b) w4 = 0.5. IPA weight fractions are provided
in the legend. (c) Probability of forming a dense state versus crystallization calculated from the energy
profiles. Squares and triangles represent a solute weight fraction of 0.15 and 0.5, respectively, while the
filled data points represent the oiling-out regions. Grey colored points correspond to dense state
probability, while the red colored ones represent crystallization probability. (d) Molecular mechanism of
solvent-mediated destabilization driving oiling-out crystallization. In the fully solvated state, BAL is
stabilized by a robust hydration shell. IPA interacts weakly with the solute but disrupts the surrounding
bulk water network. As the hydration shell fractures, water molecules are stripped away without being
replaced by IPA in the partially desolvated state, creating high-energy solvation voids, particularly around
the destabilized amine group. To minimize the free energy of these exposed surfaces, the molecules
aggregate and undergo rotational reorientation during the dense state, forming a fully desolvated state.
Finally, after complete aggregation and orientation, solute molecules form a crystal lattice or join the
already existing one. Atom colors: oxygen (red), hydrogen (white), carbon (grey), nitrogen (purple).

In the dilute regime (w, = 0.15, Figure 6a), the system in pure water (black line) exhibits
substantial barriers for both desolvation (~50 kJ/mol) and reorganization. These high penalties
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kinetically trap the solute in the solvated or dense state, preventing nucleation. The same can be
observed at increased IPA concentrations (w; =0.18 — L; regime, w; = 0.37-LLPS regime), as shown
in Figure 6¢. Hence, the probability of being in a dense state is significantly higher. However,
further addition of IPA dramatically reshapes this landscape. As the IPA fraction increases to w;
= 0.56 (green line, Figure 6a), composition within the experimental LLPS region, the first barrier
effectively collapses (<30 kJ/mol), and the second barrier is markedly reduced. This indicates that
in the oiling-out regime, the solvent environment destabilizes the hydration shell, allowing the
system to spontaneously access the dense liquid precursor state (70% probability, Figure 6c)
followed by lattice integration (30% probability, Figure 6c).

At higher solute loading (w4 = 0.5, Figure 6b), the energy landscapes reveal the synergistic
effect of solute crowding and antisolvent addition. Notably, in pure water, the barrier is lower
compared to the dilute case (~30 kJ/mol vs ~ 50 kJ/mol). Since the supersaturation value is very
low, the crystallization probability is much lower (~3%, Figure 6¢). However, this barrier reduction
explains the experimental observation of crystallization in the pure aqueous system. The
frequent solute-solute collisions in the crowded environment statistically facilitate overcoming
the desolvation and reorganization penalties. It should be noted that even a small increase in IPA
concentration (w; = 0.05), the crystallization probability increased to ~30% (Figure 6c). Moreover,
the transition to the oiling-out regime (w; = 0.2, blue line in Figure 6b) is marked by a further
lowering of both barriers. The presence of IPA at this concentration minimizes the desolvation
cost (peak 1) while simultaneously reducing the reorganization penalty (peak 2). This dual

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

reduction implies that the oiled-out droplets are not merely amorphous aggregates but
kinetically favored intermediates in which the energetic costs of both solvent removal and
reorientation for lattice integration are significantly reduced. These results provide a quantitative

Open Access Article. Published on 15 June 2026. Downloaded on 6/15/2026 10:08:02 PM.

energetic rationale for the oiling-out phenomenon, confirming that LLPS facilitates crystallization

(cc)

by reducing the kinetic resistance to both desolvation and structural ordering.

The overall molecular pathway driving oiling-out crystallization is summarized in Figure
6d. In the fully solvated state, BAL is stabilized by a robust hydration shell characterized by strong
solute-water bonding, while the antisolvent (IPA) interacts only weakly and non-specifically with
the surface. The onset of phase separation is triggered when the antisolvent destabilizes this
network, not by competitive binding, but by forcing the ejection of water molecules without
replacement. This creates a partially desolvated state defined by high-energy solvation voids
where solvent shielding is lost, particularly around the easily destabilized amine groups. These
voids lower the energetic penalty for aggregation, allowing the system to access a kinetically
favored dense liquid state followed by a reorganization into a fully desolvated state. Molecules
at the fully desolvated state then integrate into existing crystal lattices or form a new one.
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Conclusions

In this study, we have established a molecular-level framework for understanding oiling-
out crystallization post-LLPS, using the B-alanine (BAL)-water-IPA system as a model to link
solvation structure to nucleation energetics and, thereby, kinetics. By integrating static structural
analysis with dynamic free energy profiling, we identified the microscopic sequence of events
that lead to crystallization. First, our structural analysis utilizing radial and spatial distribution
functions demonstrates that the onset of LLPS is governed by the destabilization of the primary
hydration shell. We found that IPA acts indirectly; it does not competitively displace water but
rather fragments the hydrogen-bonded network that stabilizes the solute. This fragmentation
results in a unique partially desolvated state characterized by solvation voids -surface patches
where water is depleted and IPA interactions are too diffuse to provide stabilization. Second, we
guantified the energetic consequences of this structural breakdown. The energy landscapes
constructed along the crystallization coordinate revealed that nucleation is mediated by two
distinct barriers: a desolvation barrier (stripping the hydration shell) and a reorganization barrier
(orienting for lattice integration). In water-rich homogeneous solutions, the high energetic cost
of desolvation kinetically traps the solute (at lower concentrations). However, within the LLPS
regime, the compromised solvation environment systematically lowers these barriers.

Finally, these results provide strong computational support for the two-step nucleation
theory in small-molecule systems. Our data show that the dense liquid droplets formed during
oiling-out are not merely thermodynamic byproducts but are active, low-energy kinetic
intermediates. By bypassing the high-energy pathway of direct nucleation from solution, these
droplets facilitate crystallization by pre-paying the energetic cost of desolvation and crowding.
This mechanistic insight suggests that process design strategies should view oiling-out not solely
as a hindrance, but as a tunable state where manipulating the solvent/antisolvent ratio can
precisely control the activation barriers for nucleation and growth.
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The data supporting this article have been included as part of the Supplementary
Information. Supplementary information: number density radial distribution functions of
water and IPA around B-alanine (Figure S1); B-alanine—B-alanine radial distribution
functions for fully solvated and partially desolvated states (Figure S2); MM-PBSA
binding energy analysis (Figure S3); double-well potential construction (Figure S4);
rotational energy landscapes (Figure S5); time evolution of coordination numbers,
intermolecular distances, and hydrogen-bond network statistics (Figure S6); time-block
RDF analysis (Figure S7); simulated system compositions and molecular counts (Table
S1); coordination numbers within the first solvation shell (Table S2); and per-molecule
binding energies of water (Table S3). Additional simulation input files, analysis scripts,
and raw trajectory data are available from the corresponding author upon reasonable
request.
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