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ABSTRACT
Understanding mechanisms involved in particle formation processes is crucial to effectively control crystalline particle characteristics. This
study highlights the significan effect of slight changes in molecular size on the crystallization pathway. Molecular dynamics simulations
are performed in a binary Lennard-Jones system as a model for systems that undergo two-step nucleation via an intermediate droplet
structure. This study analyzed two cases with different solute–solute interaction strengths and found that a larger solute-to-solvent size
ratio delayed droplet crystallization in both cases. In systems with strong solute–solute interactions, this delay shifted the pathway from
one-step-like to two-step-like nucleation, as droplets with larger solute molecules incorporated more solvent, thereby hindering crystalliza-
tion. We explained this change in droplet composition by considering the mixing free energy between the solute and solvent. Larger solute
molecules form entropically and enthalpically favorable structures by accommodating solvent molecules, which increase the solvent fraction
of the droplet. We used a thermodynamic model based on the classical nucleation theory with a core–shell nucleus and revealed that this
increased solvent fraction in the droplet lowered the freezing point of the droplet and raised the solid–liquid interfacial tension, ultimately
delaying and suppressing crystallization. Based on these findings we proposed a strategy to control the nucleation pathway using additives.
Introducing appropriate additives to modify the stability of intermediates is a promising strategy to control nucleation pathways in various
systems.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0266286

I. INTRODUCTION

Particles are fundamental materials in numerous industries,
and precise control over their properties is critical across diverse
fields including chemistry,1,2 pharmaceuticals,3,4 and electronics.5,6
However, the limited understanding of the initial nucleation pro-
cess in particle formation results in the synthesis process heavily
relying on trial-and-error approaches, making the development of
universal and versatile methods for particle synthesis an ongoing
challenge.

The limited progress in understanding nucleation can be
attributed to challenges associated with nucleation proceeding via
various pathways. Traditionally, it has been assumed that nucle-
ation follows a one-step pathway, as described by the classical
nucleation theory (CNT).7 In this pathway, monomers form nuclei

that possess identical structures as fina particles, which then grow
through the addition of individual monomer units. In contrast,
many systems pass through intermediate states with structures dis-
tinct from the fina particle. Representative examples include the
two-step nucleation pathway,8–12 where crystallization occurs from
droplets formed via liquid–liquid phase separation (LLPS) or other
mechanisms, and the pre-nucleation cluster (PNC) pathway,13–18
where monomer molecules or ions in the solution form PNCs made
of highly dynamic polymer-like chains, as observed in biomin-
eralization. Furthermore, in some cases, the growth units exceed
the size of individual monomers,19–22 with oligomers or primary
particles aggregating to play a central role in particle formation.
This diversity of pathways complicates the efforts toward the sys-
tematic understanding and theoretical description of nucleation
processes.
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Although diversity of particle formation pathways poses
challenges for understanding particle formation mechanisms, it
simultaneously offers opportunities for the tailored design of par-
ticles. For instance, the two-step nucleation pathway via LLPS
enables the production of unique shapes, sizes, and surface
morphologies23–26 unattainable through the conventional one-step
pathway. Furthermore, this pathway has been utilized for the one-
pot synthesis of spherical particle aggregates by leveraging the strong
aggregation tendency of particles within droplets.27,28 Similarly,
multiple studies have suggested that the structure of the initially
formed PNCs in the PNC pathway dictates the fina polymor-
phism of the particles.13,29,30 Mastering control over these pathways
can provide a powerful tool for tailoring particle size, shape, and
polymorphism and achieving precise particle design.

Thus far, several studies have demonstrated that the nucleation
pathway can change depending on the synthesis conditions, thereby
providing potential strategies for pathway control. Temperature is a
well-studied parameter,31–36 with several reports on systems exhibit-
ing a one-step pathway at low temperatures and a two-step pathway
at high temperatures,31,34 and vice versa.33,36 Salvalaglio et al. per-
formed molecular dynamics (MD) simulations, which revealed that
urea nucleates through a one-step pathway in water and acetoni-
trile, whereas a two-step pathway occurs in ethanol and methanol,
thereby highlighting the significanc of solvent effects.37,38 Similarly,
in biomineral systems displaying the PNC pathway, conventional
one-step nucleation can emerge under specifi concentration con-
ditions or in the presence of substrates that promote heterogeneous
nucleation.39,40 In addition, in cobalt and PbS nanoparticle sys-
tems, the pathway involving intermediate structures transitions to
a one-step pathway when certain additives are introduced.41,42

The pathway change depending on synthesis conditions can
be attributed to the alteration of the thermodynamic or kinetic
state of the intermediate structure. Deepening the understanding of
the relationship between the characteristics of relevant molecules
and environmental conditions, state of the intermediate structure
and its crystallization behavior is essential for effectively controlling
the pathway. To this end, we have simulated the nucleation pro-
cess in a binary Lennard-Jones (LJ) system,43,44 which serves as a
model for systems that undergo crystallization via an intermediate
structure. The LJ systems can be considered a simple model where
the solute and solvent are represented as coarse-grained molecules.
Researchers widely used this system to derive universal insights
related to solvation,45 secondary nucleation,46 effects of additives,47
and antisolvent crystallization.48 In our previous work, a two-step
nucleation pathway associated with droplet formation via LLPS was
observed.43 When the solute and solvent are of equal size, the system
tends toward a one-step pathway with immediate crystallization fol-
lowing droplet formation under conditions of strong supercooling
(either low temperature or high solute–solute interaction). Further-
more, we discovered that even a slight difference in molecular size
can cause the droplet formation rate to vary by several orders of
magnitude.44 Similar to its effect on the droplet formation, the firs
stage of the two-step nucleation, changes in molecular size signif-
icantly affect both droplet structure and crystallization behavior.
However, systematic investigations into the effect of molecular size
on droplet crystallization remain largely unexplored. In this study,
we systematically evaluate the effect of molecular size on the crys-
tallization of droplets formed from a supersaturated solution in the

binary LJ system. The simulation results indicate that molecular size
variations alter the composition of the droplets, which affects their
propensity for crystallization. These changes in droplet composition
and crystallization barriers are rationally explained by theoretical
consideration based on mixing free energy change and the ther-
modynamic model introduced in our previous study. We provide
a microscopic picture of mechanisms behind droplet composition
variation and offer thermodynamic explanations for changes in crys-
tallization barriers. In addition, we discuss strategies to control the
nucleation pathway using additives based on the finding presented
in this study. Our results confir that changing the stability of the
intermediate structure using additives is an effective and universal
strategy for pathway control.

II. METHODS
A. Molecular dynamics simulation

We conducted MD simulations in the same binary LJ systems
composed of 1500 solute molecules A and 24 000 solvent molecules
B, as those reported in our previous studies.43,44 The two-body
interaction, ϕij, of LJ molecule is given by

ϕij = 4ε
⎡⎢⎢⎢⎢⎣
( σ
rij
)

12

− ( σ
rij
)

6⎤⎥⎥⎥⎥⎦
, (1)

where rij represents the distance between molecules i and j, and σ
and ε are LJ parameters representing the effective molecular size and
strength of the interaction, respectively. The LJ parameters of the
solutes and solvents used in this study are summarized in Table I.
We varied the size ratio of the solute to the solvent, σAA/σBB, by vary-
ing the solvent size under two parameter sets with different values of
solute–solute interaction strength ε∗AA = εAA/kBT (Table I parameter
sets 1 and 2) to systematically investigate the effects of interaction
parameters on the crystallization step of the two-step nucleation.
The strengths of solvent–solvent interaction ε∗BB and solute–solvent
ε∗AB were selected so that the values of Δε∗ = ε∗AA + ε∗BB − 2ε∗AB for
the two parameter sets were the same because our previous study
demonstrated that Δε∗ governs the droplet formation process for
a system with an identical molecular size (σAA = σBB = σAB).43 We
performed at least 20 simulation runs up to 500 ns with different
initial solution configuration for a single condition to cope with the
stochastic nature of nucleation. We calculated and traced the num-
ber of solute molecules in the largest assembled structure nL and that
in the largest crystal nC based on the procedure proposed by Tribello
et al.49 to detect the droplet formation and its crystallization. Droplet
formation and crystallization were define as the point at which nL

TABLE I. LJ parameters of the solutes and solvents.

ε∗ = ε/kBT [−] σ[Å]

ε∗AA ε∗BB Δε∗ (ε∗AB) σAA σAA/σBB [−] σAB

Set 1 2.0 1.34 0.67 (1.34) 3.0 0.85–1.15 σAA+σBB
2

Set 2 2.67 (1.67)
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and nC satisfie a specifi condition (detailed definition are pro-
vided in the Appendix), thereby ensuring that the droplet and the
crystal reached a certain size and did not redissolve. The induction
time for crystallization tC was then calculated as the time elapsed
from droplet formation to crystallization for each simulation run.
The average induction time τC was estimated from 20 or more simu-
lation runs assuming a Poisson process to deal with the stochasticity
of nucleation (detailed calculation procedures of the induction time
and its average are provided in the Appendix). All simulation runs
were performed in the NpT ensemble at 180 K and 0.77 kbar using
the velocity rescaling thermostat50 and Parrinello–Rahman baro-
stat51 of the open-source simulator GROMACS (version 2019.4).52
Periodic boundary conditions were applied in all three directions of
a cubic cell with dimensions of ∼9 × 9 × 9 nm3, and the time step
was set to 2 fs. The LJ-potential was cut and shifted at 4σmax [σmax
= max(σAA, σBB)]. The calculation of nL and nC was performed
using the PLUMED software package (version 2.5.4).53

1. Calculation of the solvent
fraction in the liquid droplet

The solvent fraction in a liquid droplet was calculated from
the simulation results using two distinct procedures depending on
droplet size and its stability. For parameter set 1, where the droplet
size was almost constant over a certain period of the simulation, we
computed radial profile of local solvent fraction by counting the
number of solute and solvent molecules within each spherical shell
at a certain distance from the center of mass of the droplet. Then,
the resulting radial profil was fitte to a hyperbolic tangent function
with an offset. The solvent fraction in the droplet xBs was determined
as the value of the fittin curve at the center [See Fig. 5(c)].

For parameter set 2, where obtaining reliable statistics for the
radial profil of the local solvent fraction was difficul due to droplet
instability, we estimated xBs by directly counting the number of sol-
vent molecules nB within the droplet. A solvent molecule within the
droplet was define as the molecule coordinated by more than m
solute molecules comprising the droplet. The solvent fraction in the
droplet xBs was computed as the ensemble average of nB/(nL + nB)
for states where nL ≥ 100 prior to crystallization. The appropriate
value of m varied with the solute-to-solvent size ratio, and we deter-
mined the optimal m value by comparing the xBs results obtained
from this direct counting method with those from the fitting-base
method for parameter set 1.m values that yielded the closest xBs val-
ues between the two procedures for parameter set 1 were selected
for each solute-to-solvent size ratio. The cutoff distance for coordi-
nation was set at 1.3σij. The analyses explained here were performed
using the visualization and analysis software OVITO.54

B. Thermodynamic model
1. Solvent fraction within the liquid droplet

We theoretically predicted xBs by calculating the mixing free
energy change of solute and solvent molecules. Under the constant
N, p, and T conditions, ΔGmix is expressed as

ΔGmix = ΔHmix − TΔSmix, (2)

where ΔHmix and ΔSmix represent enthalpy change and entropy
change by mixing, respectively. By approximating the LJ binary

solution as a regular solution, in which only dispersion forces act
as attractive forces, ΔHmix and ΔSmix are given by55

ΔHmix = (NA +NB)
xAVAxBVB

xAVA + xBVB

× {ΔHA − kBT
VA

+ ΔHB − kBT
VB

− 2(ΔHAB − kBT)
VAB

}, (3)

ΔSmix = −(NA +NB)kB(xA ln xA + xB ln xB), (4)

where V i (i = A,B, AB) represents the volume per molecule, ΔHi
represents evaporation enthalpy per molecule, kB represents the
Boltzmann constant, and i = AB represents the average properties
as a mixture. By expressing the ratio of each V i and ΔHi using
molecular size σ and interaction strength ε as VB/VA = (σBB/σAA)3,
VAB/VA = (σAB/σAA)3, and ΔHi/kBT = Zvε∗i , ΔHmix is rewritten as

ΔHmix = (NA +NB)kBTβ[ xArxB

xA + rxB
], (5)

where

β = Zv{ε∗AA + (
σAA

σBB
)

3
ε∗BB − 2(σAA

σAB
)

3
ε∗AB}

− {1 + (σAA

σBB
)

3
− 2(σAA

σAB
)

3
}, r = ( σBB

σAA
)

3
.

When a homogeneous solution is unstable, the solute and sol-
vent spontaneously separate into two phases, whose solute fractions
are xA1 and xA2 (xA2 > xA1). The two separated phases have identi-
cal chemical potential that minimizes the free energy of the whole
system, and therefore, xA1 and xA2 have to satisfy

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

∂ΔGmix

∂xA
∣
xA1

= ∂ΔGmix

∂xA
∣
xA2

,

∂ΔGmix

∂xA
∣
xA1

= ΔGmix(xA2) − ΔGmix(xA1)
xA2 − xA1

.
(6)

We calculated xBs = 1 − xA2 by solving Eq. (6).

2. Free energy barrier for droplet crystallization
We calculated the free energy barrier for crystallization from

nL-sized droplets to theoretically examine the induction time of crys-
tallization. As shown in Fig. 1, the formation of a crystal nucleus with
a number of molecules nC inside a droplet containing nL monomer
molecules is represented by the difference between two processes:
(1) the formation of a droplet nucleus from a homogeneous solu-
tion and (2) the formation of a core–shell nucleus, which includes a
crystal core and a solute-rich phase shell, from a homogeneous solu-
tion. Therefore, the free energy change caused by the formation of
the crystal nucleus within a nL-sized droplet ΔGC can be calculated
by

ΔGC(nL,nC) = ΔG(nL,nC) − ΔG(nL, 0), (7)
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FIG. 1. Schematic of the free energy change for the formation of a crystal nucleus
within a droplet.

where ΔG(nL,nC) is the free energy change due to formation of
a core–shell nucleus with a nC-sized core and a (nL − nC)-sized
shell from the initial solution phase. We can calculate ΔG(nL,nC)
through a model that we developed in our previous study,43 which
provides ΔG(nL,nC) as a function of interaction parameters ε∗ and
σ [detailed expression of ΔG(nL,nC) is provided in the Appendix].
The free energy barrier for droplet crystallization ΔGmax

C was calcu-
lated as the maximum of ΔGC(nL,nC) at a constant nL. The values
obtained from the MD simulations were used for the xBs values
required for the ΔG(nL,nC) calculation.

III. RESULTS AND DISCUSSION
A. Simulation results

Figure 2 shows typical time courses of nL and nC of the simu-
lations for parameter sets 1 and 2 with σAA/σBB = 0.90, 1.0, and 1.10
(A: solute, B: solvent). In parameter set 1, where the solute–solute
interaction is weak, we observed typical two-step nucleation behav-
iors for all σAA/σBB values. A solute-rich liquid droplet formed from
the initial solution state (nL ≃ 0, nC ≃ 0), which was detected by the
rapid increase in nL. The droplet size remains unchanged for a cer-
tain induction time tC, and then, it crystallized with a steep increase
in nC. tC significantl increased for σAA/σBB = 1.10 compared to
σAA/σBB = 0.90 and 1.0. In parameter set 2, where the solute–solute
interaction is strong, we observed one-step-like nucleation charac-
terized by the instantaneous crystallization of the liquid droplet. The
liquid droplet did not reach a plateau size because it crystallized at
a considerably earlier stage of droplet growth than that for para-
meter set 1. The driving force of LLPS became larger for a strong
solute–solute interaction with a small σAA/σBB, as demonstrated in
our previous study.44 The results of a smaller σAA/σBB showed a
stair-like increase in nL and nC because of the formation of multiple
particles and their subsequent coalescence. Furthermore, crystalliza-
tion occurred at a slightly larger size of the liquid droplet with an
increase in σAA/σBB, as indicated by the black circles in Fig. 2(b).
These results suggest that the larger solute size compared to the
solvent molecules delays the crystallization of the droplet.

This tendency was confirme by calculating the average induc-
tion time for crystallization τC and the mean droplet size at
initial crystallization ncryst

L for each σAA/σBB value, which are
shown in Fig. 3. τC was almost constant for all size ratios when
σAA/σBB ≤ 1, whereas it increased by several orders of magnitude as

FIG. 2. Typical time courses of nL and nC for (a) parameter set 1: ε∗AA = 2.0, with σAA/σBB = 0.90, 1.0, and 1.10 and (b) parameter set 2: ε∗AA = 2.67, with σAA/σBB
= 0.90, 1.0, and 1.10. The black circles in panel (b) indicate nL at the initial crystallization.
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FIG. 3. (a) Average induction time for crystallization τC and
(b) mean droplet size at the initial crystallization ncrystL for
each σAA/σBB value in parameter sets 1 and 2, and under
conditions where additives were added to the parameter set
2 system. Crystallization was not observed within a 500 ns
simulation time in any 20 runs for σAA/σBB = 1.15 of para-
meter set 1 and the additive system, and therefore, the
corresponding data points are a lower limit of τC estimated
by using the method described in the Appendix (indicated
by open plots).

σAA/σBB increased when σAA/σBB ≥ 1 for both parameter sets. For
σAA/σBB = 1.15 of parameter set 1, we could not observe crystalliza-
tion within the 500 ns simulation time in any 20 runs, although the
control study that started from a crystal showed that the crystal state
is most stable. The mean droplet size ncryst

L for parameter set 2 fol-
lowed a similar trend to that of τC. ncryst

L increased with an increase
in σAA/σBB in the range of σAA/σBB ≥ 1. The slight increase in ncryst

L
in smaller σAA/σBB can be attributed to the coalescence of multiple
droplets inducing a temporary formation of a large droplet and its
immediate crystallization. For parameter set 1, ncryst

L was ∼800 for all
σAA/σBB because the droplet size reached the stable size determined
by the finit system size.

We investigated the structure of the droplet to clarify the mech-
anism of the crystallization suppression observed for σAA/σBB ≥ 1.
Figure 4(a) shows the pair distribution function of the solute
molecule when the droplet remains in the plateau size in parameter
set 1. The height of each peak decreased with an increase in σAA/σBB,
indicating that the solute molecules become less likely to form the
local positional order. This decreasing rate was larger in the range
of σAA/σBB ≥ 1, as depicted in Fig. 4(b). This implies the existence
of something that disturbs the development of the local order in
the droplet of larger solute molecules, potentially explaining the
observed trends in τC and ncryst

L .
Figures 5(a) and 5(b) show the snapshots of the droplet for

σAA/σBB = 0.85 and 1.15 in parameter set 1. As clearly indicated
by the snapshots, the droplet of larger solute molecules [Fig. 5(b),
σAA/σBB > 1] contains a significan amount of solvent molecules,
whereas that of smaller solute molecules [Fig. 5(a), σAA/σBB < 1]
is an almost pure solute droplet. We quantitatively confirme it
by calculating the solvent fraction in the droplet xBs. Radial pro-
file of the solvent fraction are plotted in Fig. 5(c). The solvent
fraction smoothly decreases from the solution bulk to the droplet
surface and becomes a plateau at the center of the droplet. Each
profil was well fitte to a hyperbolic tangent function with an off-
set. Figure 5(d) shows xBs values obtained from this fitting-base
method for parameter set 1 and those from the direct counting
method for parameter set 2. A larger value of σAA/σBB results in
a larger xBs value, which implies that solvent molecules enclosed

in the droplet disturb the development of the local order and
suppress the crystallization. Solvent molecules incorporated into the
droplet tended to be expelled during crystal nucleation within the
droplet. However, some remained trapped within the crystal lattice,
particularly under larger σAA/σBB conditions. In parameter set 2,
where both solute–solute (ε∗AA) and solute–solvent (ε∗AB) interac-
tions are strong, once solvent molecules were incorporated into the
crystal surface, they were less likely to escape. Consequently, even
if solvent molecules were not captured during nucleation within
the droplet, they were often incorporated into the crystal structure
during subsequent growth.

FIG. 4. (a) Pair distribution function of solute molecule when the droplet maintains
a stable size in parameter set 1. (b) Height of the firs peak of the pair distribution
function as a function of σAA/σBB.
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FIG. 5. (a) Snapshots of the droplet for σAA/σBB = 0.85 and (b) 1.15 in parameter
set 1 (solute: transparent pink, solvent: blue). (c) Radial profile of solvent fraction
in the droplet in parameter set 1 and (d) solvent fraction in the droplet xBs for
parameter set 1 and 2 obtained from the MD simulation and mixing free energy,
respectively. The values of m were 12, 12, 10, 10, 9, 8, and 7 for σAA/σBB = 0.85,
0.90, 0.95, 1.0, 1.05, 1.10, and 1.15, respectively.

B. Microscopic mechanism
of solvent fraction variation

We calculated xBs theoretically to understand themechanism of
the solvent fraction variation. Figures 6(a)–6(c) shows ΔGmix, ΔHmix,
and ΔSmix as a function of solute fraction xA for σAA/σBB = 0.85,
1.0, and 1.15 in parameter set 1. A supersaturated system sepa-
rates into two phases that satisfy Eq. (6), indicating that the two
tangent points of the co-tangent line of the ΔGmix vs xA profile cor-
respond to the stable compositions of the two phases. Compared
to the ΔGmix profil of σAA/σBB = 1, which is symmetric, that of
σAA/σBB = 0.85 is shifted to the right and that of σAA/σBB = 1.15
to the left. Consequently, the right-hand tangent point correspond-
ing to the solute fraction xAs(= 1 − xBs) of the droplet becomes
smaller for a larger σAA/σBB. The solid lines in Fig. 5(d) represent
the predicted xBs based on ΔGmix for parameter sets 1 and 2. The
predicted values successfully capture the trend of xBs increasing with
an increase in σAA/σBB. The slight overestimation of xBs can be
attributed to the inherent limitation of the regular-solution-based
model, which accounts for interactions between the nearest neigh-
boring molecules. As interactions beyond this range are neglected,
deviations between the model and simulation results become more
significan when the contributions of interactions with the non-
nearest neighboring solutes increase. This aligns with the rela-
tively larger discrepancy observed in set 2, where the solute–solute
interaction strength is higher, thereby leading to a greater influ
ence of non-nearest neighboring solute interactions than that of
set 1.

The shifted ΔGmix profile in σAA ≠ σBB solutions emerge
because of the shift of ΔHmix profiles Consequently, the differ-
ence in enthalpy (energy) gain or loss caused by mixing solute
and solvent molecules is the origin of the differences in xBs by
σAA/σBB, which can be explained by the following microscopic

FIG. 6. Mixing free energy change ΔGmix, enthalpy change
ΔHmix, and entropy change ΔSmix as a function of solute
fraction xA for σAA/σBB = (a) 0.85, (b) 1.0, and (c) 1.15 in
parameter set 1. (d) Schematic of microscopic changes that
occur when a small amount of solvent is mixed with a pure
solute domain.
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changes that occur when solvents mix with pure solutes, as shown
in Fig. 6(d): when a small amount of solvent is mixed with a pure
solute domain, the system gains an entropic advantage because of
an increased disorder. However, the solvent interrupts interactions
between solute molecules, thereby leading to an enthalpic disadvan-
tage. If the solvent molecules are large (σAA/σBB < 1), they disrupt
the solute–solute interactions more effectively, thereby resulting in
a greater enthalpic loss. This effect is reflecte in the steep slope
of the ΔHmix profil near xA = 1 shown in Fig. 6(a). Conversely,
when the solvent molecules are small, they can slip into the gaps
between the larger solute molecules without fully severing their
interactions, thereby enabling the system to gain the entropic ben-
efi of mixing with minimal enthalpic cost. The gradual slope of
the ΔHmix profil near xA = 1 shown in Fig. 6(c) demonstrates the
lower enthalpic cost. Thus, the size ratio of the solute to the sol-
vent molecules define the relative magnitude of enthalpic loss to
entropic gain bymixing, which determines the solvent fraction in the
droplet.

C. Free energy barrier for droplet crystallization
The suppression of crystallization caused by variations in sol-

vent fraction is confirme by calculating the free energy barrier for
droplet crystallization ΔGmax

C . Figure 7 shows ΔGmax
C as a function of

nL for each σAA/σBB in parameter sets 1 (solid line) and 2 (dashed
line). The star markers indicate the ΔGmax

C values at ncryst
L observed

in the MD simulation. The freezing point depression caused by
the Gibbs–Thomson effect, which hinders crystal nucleus forma-
tion, is more pronounced in smaller droplets,56 and therefore, the
crystallization barrier decreases with an increase in the droplet size.
Regardless of σAA/σBB, the nucleation barrier is higher in para-
meter set 1, where solute–solute interactions are weaker, compared
to those in parameter set 2, which exhibits stronger solute–solute
interactions. This trend aligns with the simulation results: in set 1,
droplets grow to a plateau size of ∼800 molecules before crystalliza-
tion, while in set 2, crystallization occurs at a much smaller droplet
size. As reflecte in the simulation results for τC and ncryst

L , ΔGmax
C

increases as σAA/σBB increases in both parameter sets. The resulting
crystallization barrier is approximately the same (≈10kBT) for each

FIG. 7. Free energy barrier for droplet crystallization, ΔGmax
C , as a function of

droplet size, nL, for each σAA/σBB in parameter sets 1 and 2. The star markers
indicate the ΔGmax

C values at ncrystL observed in the MD simulation.

σAA/σBB in parameter set 2, whereas in parameter set 1, the barrier at
ncryst

L is higher for conditions with a larger σAA/σBB. This reflect the
difference in the stochastic nature of crystallization under the two
parameter sets. The fluctuation in crystallization (temporary forma-
tion of crystalline domains within the droplet) increase as the droplet
grows. For parameter set 2, the crystallization barrier of ∼10kBT is
sufficientl low to be overcome by minor fluctuation in the growing
droplet. Therefore, in parameter set 2, crystallization occurs almost
deterministically when the droplet reaches a size where the fluctu
ations are ∼10kBT. In other words, in parameter set 2, the growth
rate of the droplet is the rate-limiting factor for crystallization. In
contrast, for parameter set 1, a higher crystallization barrier cannot
be surmounted by the fluctuation of the growing droplet. Instead,
crystallization occurs only after the droplet size reaches a plateau. In
this case, the rate-limiting step is the formation of the critical crystal
nucleus in the droplet rather than droplet growth, thereby making
the stochastic nature of the process more prominent.

We discuss the relationship between the solvent fraction in
the droplet and the crystallization barrier by rewriting Eq. (7) in a
simplifie form for a sufficientl solute-rich droplet (xBs < 0.1). By
neglecting the change in the concentration of the solution phase and
the droplet diameter due to the formation of a crystal nucleus inside
the droplet, we obtain the following simplifie expression for ΔGC
from Eqs. (7), (A4), (A5), and (A7):

ΔGC ≃ nCkBT × [−Zmε∗AA(1 −
T

Tm(nL)
)

− ln (1 − xBs) − βϕ2
Bs] + γC(xBs)a2/3

C n2/3
C , (8)

where Tm(nL) represents the freezing point of an nL-sized droplet,
as given by Eq. (A6), which incorporates the Gibbs–Thomson effect;
Zm represents the fusion enthalpy of the LJ molecules scaled by
ε; ϕBs represents the volume fraction of solvent in the droplet;
aC = 6

√
πvC; vC represents occupied volume per solute molecule

in a crystal; and γC represents the crystal–droplet (shell) interfacial
tension. The firs term is stabilization by crystal phase formation,
and the second term is energy penalty attributed to the formation
of a crystal–droplet (shell) interface. Although the assumption of
a negligible change in the concentration of the solution phase is
not strictly valid due to the finit system size, we confirme that
the simplifie expression [Eq. (8)] yielded the values of ΔGmax

C that
exhibits the same dependence on the size ratio σAA/σBB as those
obtained from the original non-simplifie expression [Eq. (7)]. In
Eq. (8), the activity of solute molecules − ln (1 − xBs) − βϕ2

Bs and the
interfacial tension γC are solvent-fraction-dependent. The Zm term
in the firs term represents the chemical potential difference dur-
ing the solid–liquid transition of the pure solute and is expressed
as a function of the degree of supercooling relative to the freezing
point Tm(nL). The term of − ln (1 − xBs) − βϕ2

Bs accounts for the
reduction in this chemical potential difference caused by the incor-
poration of solvent molecules as an impurity into the liquid droplet.
This phenomenon is referred to as freezing point depression in mix-
tures. As more solvent is incorporated into the droplet, the freezing
point depression becomes more pronounced, increasing the crystal-
lization barrier. In addition, as the solvent fraction of the droplet
(shell) increases, the compositional difference between the shell and
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the pure solute crystal core becomes larger. This enhances the dis-
similarity between the two phases forming the crystal–droplet (shell)
interface, resulting in a higher interfacial tension γC and further ele-
vating the crystallization barrier. We conclude that an increase in
the size ratio σAA/σBB results in a higher solvent fraction within the
droplet, thereby leading to a more significan freezing point depres-
sion and an increase in crystal–droplet (shell) interfacial tension,
both of which suppress crystallization.

D. Additive strategy for nucleation pathway control
As demonstrated by the results of this study and those in our

previous study,43 the system possesses a potential that exhibits a
one-step pathway, when the degree of supercooling is sufficien to
crystallize a pure solute liquid immediately. If the droplets formed
from the solution closely resemble the pure solute, this poten-
tial is fully realized, resulting in a one-step pathway. However, if
impurities are incorporated into the droplets, immediate crystal-
lization is inhibited, and the system exhibits characteristics of a
two-step pathway. This indicates that altering the composition of
droplets andmodifying their stability to crystallization offers a viable
strategy to control the nucleation pathway. For example, intro-
ducing a third component into the droplets can shift the pathway
from a one-step to a two-step process, as illustrated in Figs. 8(a)
and 8(b).

We validated this strategy by conducting an additional series of
simulations where additive LJ molecules C (ε∗CC = 0.67, ε∗AC = 1.47,
ε∗BC = 0.067, and σAA/σCC = 1.15) were introduced into each con-
dition of parameter set 2. The additive molecule C was designed
to be smaller than the solute molecules and have minimal interac-
tion with the solvent, efficientl incorporating into the solute-rich
droplets. ε∗CC and ε∗AC were tuned to prevent the phase separation of
solute A and additive C within the droplet. Figures 3(a) and 3(b)
show τC and ncryst

L when 150 solvent molecules B were replaced
with additive molecules C under each condition of parameter set
2. As expected, droplet crystallization was delayed under all condi-
tions. For conditions with a larger σAA/σBB, the additive significantl
suppressed crystallization and transformed the pathway from a one-
step to a two-step process. For σAA/σBB = 1.15, crystallization was
not observed within the 500 ns simulation time despite the crystal
state being the most stable. This effect was attributed to the smaller

FIG. 8. Schematic of the strategy to control the nucleation pathway by introducing
additive molecules.

solvent molecules for these conditions, which prevented the addi-
tive molecules from entering between solvent molecules, thereby
facilitating their incorporation into solute-rich droplets. Similar sce-
narios, where third components (other than the monomer and
solvent) induce two-step nucleation, are likely to occur in experi-
mental systems because many particle synthesis processes involve
supplying monomer molecules in combination with counterpart
molecules that exhibit a high affinit for the monomer, such as
in the form of salts or metal complexes. Although these counter-
part molecules do not constitute the fina particle, their incorpo-
ration into intermediate structures can stabilize the intermediate
structure and inhibit crystallization, thereby inducing the two-step
pathway.

This insight suggests the feasibility of a reverse approach.When
a system exhibits a two-step pathway because of the inclusion of
impurities in the intermediate structure, the removal of these impu-
rities can aid in transitioning from a two-step pathway to a one-step
pathway. This can be achieved, for example, by adding another addi-
tive molecule that interacts strongly with the impurity, as illustrated
in Figs. 8(b) and 8(c). To validate this strategy, we performed a
simulation in which we introduced another additive molecule D
(ε∗DD = 1.34, ε∗AD = 0.067, ε∗BD = 1.34, ε∗CD = 13.36, and σAA/σDD = 1)
to the system with σAA/σBB = 1.10, where the introduction of addi-
tive molecule C induced the two-step pathway. In contrast to addi-
tive molecule C, additive molecule D was designed to have minimal
interaction with solute A and a considerably strong interaction with
additive C. This design effectively inhibited the incorporation of
additive C into solute-rich droplets. The star markers in Figs. 3(a)
and 3(b) show τC and ncryst

L when 300 solvent molecules B were
replaced with 150 additive molecule C and 150 additive molecule
D under the σAA/σBB = 1.10 condition of parameter set 2. The sim-
ulation result demonstrated that the introduction of additive D suc-
cessfully restored the one-step pathway. This recovery was evident
in the τC and ncryst

L values, which returned to levels comparable with
those observed prior to the introduction of additive C, i.e., the orig-
inal parameter set 2 [Figs. 3(a) and 3(b)]. In fact, a similar strategy
has been conducted in experimental systems. Green et al. reported
that adding a primary amine during the synthesis of PbS nanoparti-
cles using lead oleate and TMS-S [Bis(trimethylsilyl)sulfide alters
the nucleation pathway from a stepwise process via intermediate
clusters to a one-step process.42 This pathway shift is attributed to
the ability of primary amines to disrupt the interaction between
metal ions and oleate ligands that stabilize the intermediate clusters.
The additive effectively removes the ligands and presents the pure
solute crystallization capability of solute monomers, thereby result-
ing in a one-step pathway. Thus, understanding the characteristics
of intermediate structures and selecting suitable additives to mod-
ify their stability offers a versatile approach to control nucleation
pathways.

The finding of this study are based on simulations of spherical
molecules and, therefore, do not account for the effects of molecular
orientation. However, the mechanisms of freezing point depression
and interfacial tension increase caused by impurities apply univer-
sally, regardless of molecular shape, and are accordingly expected
to manifest similarly even when the solute is anisotropic. In such
cases, the presence of impuritymolecules within the droplet may dis-
rupt not only the positional arrangement but also the orientational
order of solute molecules, potentially enhancing the suppression
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of crystallization. Conversely, if an additive selectively promotes
a particular molecular orientation, it would instead facilitate crys-
tallization. Further investigation is needed to clarify the role of
molecular orientation in these processes.

IV. CONCLUSION
We systematically investigated the effect of molecular size dif-

ference between the solute and solvent on crystallization from a
droplet during a two-step nucleation process via LLPS using MD
simulations of binary LJ systems. We explored crystallization behav-
ior for two parameter sets, one with weaker solute–solute interac-
tions and another with stronger interactions. We revealed that larger
solute-to-solvent size ratios significantl delayed droplet crystalliza-
tion in both cases. In the parameter set with strong solute–solute
interactions, where crystallization typically occurs from smaller
growing droplets, the droplet size at crystallization increased with
an increase in the solute-to-solvent size ratio, resulting in a shift
from a one-step-like nucleation pathway to a two-step-like path-
way. The underlying mechanism is that the droplet composed of
larger solute molecules incorporates more solvent molecules into the
droplet, inhibiting crystallization.

We explained the change in droplet composition caused by
the size ratio based on the change in the mixing free energy of
the solute and solvent. When two molecules of different sizes are
mixed, it is more thermodynamically favorable for a small amount
of small molecules to mix into a larger quantity of larger molecules
instead of the reverse. This is because the structure in which small
molecules occupy gaps between large molecules enables the two
types of molecules to mix without significantl disrupting the inter-
actions between the large molecules. Consequently, this configu
ration is advantageous both entropically and enthalpically. Larger
solute molecules are more likely to form this type of structure, which
leads to a higher solvent fraction in the droplet. Furthermore, we
demonstrated that this increased solvent fraction correlates with a
higher free energy barrier for droplet crystallization, as predicted by
a thermodynamic model of the process. The model revealed that an
increase in the molecular size ratio leads to a higher solvent com-
position in the droplet, which lowers the freezing point of droplet
and raises the solid–liquid interfacial tension, ultimately delaying
and suppressing crystallization.

Finally, we proposed a strategy to control the nucleation path-
way using additives based on the above-mentioned findings We
successfully incorporated these additives into the droplet and sta-
bilized it to delay crystallization by introducing a small amount of
additive molecules to the system that follows a one-step pathway,
and we transformed the pathway into a two-step process. Con-
versely, it is possible to change the pathway to a one-step pathway
by adding molecules that strongly interact with molecules stabi-
lizing the intermediate state. We believe that selecting appropriate
additives to modify the stability of intermediates is a promising
strategy to control nucleation pathways in various systems, and this
study provides fundamental guidelines for implementing such an
approach.
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APPENDIX: DETAILS ON INDUCTION TIME
AND FREE ENERGY CHANGE
1. Calculation of induction time and its average

The induction time and its average value were calculated as
reported in our previous study.43,44 We define the induction time
of liquid-droplet formation tL as the time until nL(t) ≥ 30 and
nL, min > 0.6nL(t) were satisfied where nL, min represents the
minimum value of nL among all nL after time t. We define the
induction time of crystallization tC as the time until nC ≥ 30 and
nC, min > 0.6nC(t) were satisfie after the liquid-droplet formation
(t = tL), where nC, min represents the minimum value of nC among
all nC after time t.

Then, we calculated the average induction time of crystalliza-
tion τC of Nrun (=20 or more) runs based on the survival probability
of the crystal-free state, which is define as

P(t) = Ncfree(t)
Nrun

, (A1)

where Ncfree(t) represents the number of runs that have not formed
a crystal at time t. By assuming that stochastic crystal nucle-
ation within a droplet follows a Poisson process, P(t) can be
expressed as

P(t) = exp(− t
τC
). (A2)

The average induction time of crystallization τC of Nrun runs can be
calculated by fittin P(t) using Eqs. (A1) and (A2). However, it is not
always feasible to obtain the simulated values of P(t) because some
simulation runs do not form a crystal within a maximum simulation
time of 500 ns. We accordingly calculate τC in the following three
cases, depending on the number of runs, nnuc(≤ Nrun), in which a
crystal formation is observed.

J. Chem. Phys. 162, 214503 (2025); doi: 10.1063/5.0266286 162, 214503-9
Published under an exclusive license by AIP Publishing

 09 June 2025 20:45:44

https://pubs.aip.org/aip/jcp


The Journal
of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

Case 1: 2 ≤ nnuc ≤ Nrun
In this case, we obtain nnuc data points for P(t) using Eq. (A1)

and then calculate τL by fittin the nnuc data points using Eq. (A2).
Case 2: nnuc = 1
In this case, we obtain only one data point for P(t) = 1 at

t = tC using Eq. (A1). This data point for P(tC) = 1 is not suitable
for fittin because Eq. (A2) provides P(tL) = 1 only in the case of
τC →∞. Instead of fittin using Eq. (A2), we compute the simulated
P(tL) as

P(tC) = 1 − 1
Nrun

, (A3)

which implies that we interpreted the simulation results as a crystal
generated within time tC with a probability of 1/Nrun. We calculate
τC as a value such that Eq. (A2) satisfie Eq. (A3).

Case 3: nnuc = 0.
In this case, no data points are obtained for P(t). The only

known observation is that no crystals are produced within the max-
imum simulation time of 500 ns. We estimate a lower limit of τC
using the same procedure as Case 2 by assuming that a crystal forms
at t = 500 ns in one of the simulation runs.

2. Detailed expression of ΔG (n L, nC)
The free energy change due to the formation of a core–shell

nucleus ΔG(nL,nC) with an nC-sized core and an (nL − nC)-sized
shell from the initial solution phase was calculated using a model we
developed in our previous study43 as follows:

ΔG(nL,nC) = ΔGV + ΔGS, (A4)

where ΔGV represents a volume term, which is the stabilization term
owing to the formation of a new stable phase, and ΔGS represents
an interface term, the energy penalty term because of interface for-
mation. Considering the composition change in the solution phase
during the nucleation, the volume term ΔGV is expressed as

ΔGV = nCkBT[−Zmε∗AA(
Tm − T
Tm

) − ln xAa − βϕBa
2]

+ (nL − nC)kBT[∑
xis ln (xis/xia)

xAs
− β
(ϕAs − ϕAa)2

ϕAs
]

+NAkBT[∑
xi0 ln (xia/xi0)

xA0
+ β
(ϕAa − ϕA0)2

ϕA0
], (A5)

with ϕA =
xA

xA + rxB
, ϕB =

rxB

xA + rxB
,

where Zm represents the fusion enthalpy of the LJ molecules scaled
by ε; xi0 and ϕi0 (i = A,B) represent mole and volume fractions of
solute in the initial solution phase, respectively; xia and ϕia (i = A,B)
represent mole and volume fractions of solute in the solution phase
after the nucleation, respectively;NA represents the number of solute
molecules in the system; and Tm represents the freezing point of
the droplet, which is expressed as a function of the droplet size nL
considering the Gibbs–Thomson effect as

Tm = Tmb
⎛
⎝
1 − 2γCa2/3

C

3kBTZmε∗AAn
1/3
L

⎞
⎠
, (A6)

where Tmb represents the freezing point of the bulk crystal of solute,
aC = 6

√
πvC, vC represents the occupied volume per solute molecule

in a crystal, and γC represents the crystal–shell interfacial tension.
The interface term ΔGS is expressed as

ΔGV = γLa2/3
L {(nL − nC)(1 +

rxBs

xAs
) + nC

vC

vL
}

2/3

+ γCa2/3
C n2/3

C , (A7)

where γL represents the solution–droplet (shell) interfacial tension,
aL = 6

√
πvL, and vL represents the occupied volume per solute

molecule in a liquid phase.
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