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ABSTRACT: Efficiently obtaining atomic-scale thermodynamic
parameters characterizing crystallization from solution is key to
developing the modeling strategies needed in the quest for digital
design strategies for industrial crystallization processes. Based on

the thermodynamics of crystal nucleation in confined solutions, we a0 bl
develop a simulation framework to efficiently estimate the solubility el W /4
and surface tension of organic crystals in solution from a few 255 X(T\I\ s -
unbiased molecular dynamics simulations at a reference temper- %, ) *lag,, "'Jw”’
ature. We then show that such a result can be extended with —6.0 )

minimal computational overhead to capture the solubility curve. 0.0031 0.0032 0.0033 0.0034
This enables an efficient and self-consistent estimate of the T (K]

solubility and limit of solution stability associated with crystal

nucleation in molecular systems from equilibrium molecular dynamics without the need for sophisticated free energy calculations.
We apply our analysis to investigate the relative thermodynamic stability and aqueous solubility of the a and # polymorphs of -
glutamic acid. Our analysis enables an efficient appraisal of emergent ensemble properties associated with the thermodynamics of
nucleation from solutions against experimental data, demonstrating that while the absolute solubility is still far from being
quantitatively captured by an off-the-shelf point charge transferable force field, the relative polymorphic stability and solubility
obtained from finite temperature simulation are consistent with the experimentally available information on glutamic acid. We
foresee the ability to efficiently obtain solubility information from a limited number of computational experiments as a critical
component of high-throughput polymorph screenings.

H INTRODUCTION solvents.”® The complexity and computational cost of free
Molecular simulations of crystal nucleation and growth are key energy methods also limit their applicability to systematic
to understanding fundamental mechanisms and predicting the estimates of the temperature-dependent stability of crystal
complex interplay of thermodynamic and kinetic factors that polymorphs, which are typically estimated employing approx-
determine polymorphic outcomes and the emergence of imate methods.” ™ As a result, solubility curves associated with

growth shapes, ultimately enabling the development of digital
design strategies for crystallization processes.l_

The length and time scales of physics-based, atomistic
simulations able to display the emergent, ensemble behavior of

molecular models of crystalline materials in explicit solvent are a

0,11

rare find in the current literature’ and are often confined to

benchmark systems or contributions focused on method

large numbers of molecules resulting in crystal growth typically development.

require the use of semiempirical molecular models, usually The lack of efficient methods for benchmarking equilibrium
based on classical force fields."”* Such models are often properties in multicomponent systems where solids and liquids
developed, trained, and benchmarked over static energy coexist hampers the applicability of molecular simulations in

metrics to reproduce the equilibrium structure and energy of
isolated molecules. Sometimes, ensemble properties of pure
fluid phases are used in the validation and refinement of force

fields;® very rarely, force fields are parametrized and tested Re“?i"ed‘ July 8, 2024 !§Eg
against ensemble properties of multicomponent systems. This Revised:  December 20, 2024
is often due to the high computational cost and the subtle AccePted: December 23, 2024
algorithmic complexities typical of the free energy methods Published: January 7, 2025
used to obtain estimates of polymorph-specific solubility and

relative polymorphic stability of molecular models of solutes and

quantitatively predictive studies where atomistic information is
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Figure 1. Efficiently estimating solid—liquid equilibria in solution from equilibrium MD simulations. (a) Van’t Hoff plot the solubility as a function
of the temperature. (b) Simulations of the bulk solution, crystal, and solvent are used to estimate the enthalpy of dissolution AHg,. (c) Finite-size
seeded nucleation simulations are used to independently estimate the solubility (x*) at a reference temperature. In this work, T, = 298.

passed up the scales and informs simulations at the meso and
macro scale.'*™ "¢

In this work, building on a detailed understanding of the
finite-size thermodynamics of crystal-solution equilibria in
finite-size isolated ensembles, we propose a systematic
approach to provide a comprehensive overview of the
collective, emergent properties of molecular solutes under-
going crystallization. Expanding on a previous contribution
focused on the thermodynamics of liquid—liquid phase
separations in systems of disordered peptides,’” we use a
limited number of equilibrium molecular dynamics (MD)
simulations (in this case 8—10) to efficiently estimate
polymorph-specific solubility curves, relative stability, and
limit of solution stability of L-glutamic acid (LGA)
polymorphs.

LGA is an organic molecule that crystallizes in two
polymorphic forms: @, metastable, and f, thermodynamically
stable, across the entire range of temperatures experimentally
accessible in aqueous solutions.'®™*" The precipitation of a
and f polymorphs from aqueous solutions is also well
characterized experimentally: @ LGA precipitates with faster
nucleation kinetics, while f LGA appears due to a dissolution-
mediated polymorphic transformation.'”~>' The differences in
the homogeneous nucleation rate of & and B> as well as the
in-depth understanding of its crystallization mechanism, render
LGA an ideal model compound to investigate polymorphic
control strategies at the process level”* and to develop novel
characterization techniques.”

In the following, we discuss the theoretical background,
methods, and results obtained by analyzing the emergent
behavior of MD simulations to obtain quantitative information
about the thermodynamics associated with LGA nucleation
from an aqueous solution. From a molecular modeling
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perspective, the wealth of experimental knowledge of LGA
polymorphic crystallization makes it an ideal playground for
testing new methods and critically assessing the strengths and
weaknesses of the adopted molecular model against an
experimental benchmark.

Theoretical Background. This section introduces the
theoretical background associated with the proposed analysis
method. As schematically shown in Figure 1a, we aim to obtain
a complete picture of the temperature-dependent, polymorph-
specific thermodynamics of crystal nucleation. As such, we
carried out two complementary sets of simulations. On the one
hand, we perform equilibrium simulations of crystalline seeds
in solution with the scope of obtaining polymorph-specific
solubility and surface tension estimates at one reference
temperature (T, highlighted indicated in red in Figure 1). On
the other hand, by computing the enthalpy of dissolution from
simulations of bulk solvent, solute, and solution states, we
extend the information gathered at T to a range of accessible
temperatures.

Thermodynamic Equilibrium for a Crystal Particle in
the Isothermal-Isobaric Ensemble. The thermodynamics
of nucleation of crystalline materials is typically expressed
building on the foundational idea of Classical Nucleation
Theory (CNT), i.e., that the free energy of a crystalline nucleus
of arbitrary size n,, is determined by a negative,
thermodynamically favorable contribution due to the differ-
ence in chemical potential between the parent, metastable,
phase, and the product stable phase.”® In addition, a positive
unfavorable term is determined by an interface between the
parent and the product phases. These two contributions give
rise to the typical free energy profile associated with the
nucleation of a crystallization particle in solutions, which

https://doi.org/10.1021/acs.iecr.4c02558
Ind. Eng. Chem. Res. 2025, 64, 1309—1318


https://pubs.acs.org/doi/10.1021/acs.iecr.4c02558?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c02558?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c02558?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c02558?fig=fig1&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.4c02558?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

admits a single stationary point, a maximum, corresponding to
the critical nucleus.">**°

When nucleation is studied in systems that deviate from the
macroscopic limit due to their finite-size confinement, the
thermodynamics of crystal nucleation changes, together with
the shape of the free energy profile function of the crystal
size.””” In the following, we shall refer to confinement and to
finite-size conditions when considering a finite system at
constant pressure that does not exchange matter with the
surrounding environment but can exchange energy with a
reservoir at a constant temperature. Such conditions can be
practically realized in microfluidic experimental setups”®*’ and
are ubiquitous in atomistic simulations of nucleation'”**~*
and growth™*" from the solution performed in thermostated
ensembles constrained in the total number of atoms."'

Such a constraint implies that the total number of molecules
of any species explicitly simulated is constant. Therefore, it
introduces a coupling between the size of the crystal nucleus
and the chemical potential of the parent phase. This leads to
qualitatively and quantitatively different free energy profiles
that, under these conditions, acquire a dependence on the
volume of the isolated system. As discussed in detail in the
literature,”*>*>° when confinement conditions are not too
strict, the nucleation free energy profile becomes characterized
by two stationary points. This is in contrast with the single
stationary point corresponding to the critical nucleus size in
macroscopic, constant composition conditions' %% Also, in
this case, one of the stationary points, the one corresponding
to the smaller nucleus and associated with a maximum in
AF(ny,) defines the critical nucleus size in confined
conditions. The second stationary point is a consequence of
confinement at larger nucleus sizes and corresponds to a stable
state realized in equilibrium conditions'”**

Following the derivation of ref 33, the nucleation free energy
in confinement conditions, function of the number of solute

molecules in the crystalline nucleus n, reads
x(n
v ( xtal) + ﬂa/nxzn/‘ﬁ

BAF(nyy) = —nln—7
]/ X

}/5(1 - x(”xtal))

n yx(nxtal)
ys'o(l - xO)

}/oxO

+ 1) + ngln

1

where f = 1/kyT, x(n,,) is the molar fraction in solution
coupled to the size of the crystal nucleus n,,, as implied by eq
2

(ntot B nxtal)

(ntsot t g — nxtal)

(M) =
xtal (2)
¥, Yo and y* are the activity coeflicients of the solute at molar
fraction (1), %9 = %(nyy = 0) and at equilibrium (x*), n,, is
the total number of solute molecules in the system, nj, the
total number of solvent molecules in the system, y,, and y,, the
chemical potentials of the solvent at molar fraction (1 —
x(ny)), and (1 — x,), respectively. Finally, ¢’ is an effective
surface energy term.™
Note that in the future we have dropped the explicit
dependence on the y term. This is because y is dependent on
the molar fraction of solute monomers in solution, and as x —
«* the ratio of the activity coefficients y(x)/y*(x*) tends to 1.
In these conditions, eq 1 depends only on the system
composition and volume, ie., ny, ng, and on two

1311

simulation-independent thermodynamic parameters: the solu-
bility x* and an effective surface energy ¢’ averaged over the
quasi-spherical surface of a simulated seed. Simulations
performed with different setups, i.e., characterized by different
values of ny, and nj,, are described by the same set of
thermodynamic parameters x* and o'. See the scheme
reported in Figure lc, where three free energies are obtained
with the same x* and ¢’. More precisely, for the same set of x*
and ¢’ parameters, a steady state crystal of size n, obtained
from a simulation box characterized by an assigned number of
solute and solvent molecules n,,, and n{, correspond to the
stable equilibrium state defined bzf a local minimum in eq 1.
Similar to the seeding method,'>** we exploit this observation
by performing MD simulations initialized with a crystalline
seed in the simulation box. However, while in seeding
simulations, one is interested in finding the unstable critical
nucleus size; here, we seed for the stable, steady-state nucleus
that emerges due to finite-size effects.’” As discussed in the
following sections, this provides a practical approach to
extracting thermodynamic parameters as the steady-state
cluster is reached when the system relaxes to a stable
equilibrium, and therefore, its ensemble properties (including,
crucially, its size) are ergodically sampled in the long-time
limit.

Estimating Solubility and Surface Tension from
Equilibrium Conditions in Finite-Sized Simulations.
We obtain an estimate of the parameters x* and ¢’ from a
set of N simulations at an assigned temperature T by noting
that while each ith simulation, characterized by different setup
conditions n,; and ¢y, equilibrates to a different stable
equilibrium size ng,;, the thermodynamic parameters x* and
o’ are simulation-independent. We indicate with F/(ny,, x*, 6")
the derivative function of BAF(ny,) with respect of ny,, at
assigned ., iy, function of the parameters x* and o

dﬂAF(nxtal)
dn

*
Fi/(nxtalJ X, U/) =
xtal (3)

At equilibrium, the following condition is satisfied for every
ith simulation performed at assigned n,; and n,; for their
equilibrium cluster size n;

xtal,i
! SS
F, (nxtal,i’

s
Mot irPot,i

ES
x,0)=0 (4)

As such, the stationary point condition of eq 4 can be used
to compute the thermodynamic parameters x* and ¢’ as the
solution to a nonlinear least-squares problem

N
min Z [F/ (g i %, o)
1

«o (s)
we note that the condition established by eq 4 would be valid
also for an unstable equilibrium state, corresponding to a local
maximum of SAF(n,). Our approach inherently avoids such
solutions as 3, that is estimated directly from the stable
equilibrium configuration sampled by atomistic simulations at
the steady state.

Computing Solubility Curves. Given the solubility at a
given reference temperature T, obtained by solving the
problem described by eq 5, one can extend the characterization
of the equilibrium thermodynamic conditions to a range of
temperatures by adopting the Van’t Hoff expression obtained
from applying the Gibbs-Konovalev theory of thermodynamic
displacements to the solid/liquid equilibrium’**’

i=
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where x*(T,) is the solubility at a reference temperature, and
AHyg, is the dissolution enthalpy, i.e., the enthalpy associated
with transferring one mol of solute from the crystalline phase
to a liquid phase, with the solvent of interest at infinite
dilution. It should be noted that using eq 6 does not imply an
ideal solution, but merely the fact that the activity coeflicients,
and AHg,, are constant across the temperature range
investigated.'® Considering T, the temperature at which
simulations are performed, x*(T,) is obtained from the
solution of the minimization problem outlined in eq 5. The
dissolution enthalpy can instead be estimated by performing
three additional equilibrium simulations of the bulk crystal, the
pure solvent in its liquid state, and a single solute molecule in
solution, approximating the infinite dilution conditions. As
illustrated in Figure 1b, by defining as U,y the total energy of
the simulated bulk crystal, U, as the total energy of the
pure solvent in its liquid phase, and U ; the total energy of the

system approximating infinite dilution and containing a single

solute molecule, the dissolution enthalpy can be computed as**
Uxtal 1, solvent
AHdiss = UI,I - + Nsolvent
xtal solvent (7)
where N, is the number of solute molecules in the crystal

N,opyen: is the number of water molecules in
1,
solven

bulk simulation,

the pure solvent simulation, and . is the number of
solvent molecules in the simulation of the solution at infinite
dilution.

Estimating Nucleation Barriers and the Limit of
Kinetic Solution Stability. Combining eqs 6 and 7 allows
us to obtain a model-based estimate of the solubility curve.
Assuming, as often done when interpreting experimental
nucleation data,”*>* a negligible dependence of the solid—
liquid surface tension with temperature, one can obtain the
classical nucleation-free energy barrier as a function of
temperature and composition

4¢"3
AF*(x, T) =

2
X

The limit of solution stability x'(T) is the locus of the point
on the (x, T) plane that yields a nucleation barrier AF*(x, T)
on the order of kzT. This corresponds to highly supersaturated
conditions, where the system reaches the spinodal limit. In
such conditions, the free energy barrier associated with
nucleation is of the same order of magnitude as the thermal
energy of the system, and nucleation ceases to be a rare event.
As such, the solution becomes kinetically unstable, leading to
what in experiments is often indicated with instantaneous
precipitation. These conditions mark the upper limit of the
metastable zone (as shown in Figure 4). We note that the
condition AF*(x, T) = 3kT is somewhat arbitrary and is
indicative of only a range of conditions where the nucleation-
free energy barrier is of the same order as the thermal energy of
the system. Estimating the extent of the metastable zone
completes the outline of the full phase diagram, informed only
by a handful of standard MD simulations.
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B METHODS

Molecular Dynamics Simulations Setup. To determine
nucleation rate parameters from steady-state clusters, we
initially prepared a range of differently sized seeds cut from
bulk crystal. The structure files for a and f glutamic acid were
obtained from the Cambridge Crystallographic Data Centre
(CCDC) corresponding to deposition IDs LGLUACO1 and
LGLUACO2. The primary unit cell of each polymorph was
transformed into a supercell and, using Gromacs2022.4,"
relaxed and equilibrated for 100 ns at ambient temperature
using the Berendsen thermostat. Five differently sized seeds
were cut from the equilibrated bulk, where the seed diameter
range ranged from 1.2 to 3.0 nm. The seeds were placed in a
cubic box populated with both solute monomers and water.
Glutamic acid monomers were added using Packmol*® at an
initial guess concentration of 0.07 and 0.08 mol/kg. The water
molecules were modeled using the SPC/E force field,*” and
glutamic acid was described using the all-atom variant of the
OPLS force field,** with corresponding parameters assigned by
the LigParGen server."’

Each solvated box was optimized using a steepest descent
algorithm.>® A careful stepwise equilibration was necessary to
ensure the seeds remained stable during the production runs.
We, therefore, began with a 500 ps NPT equilibration, using
the Bussi-Parrinello velocity rescaling thermostat,”’ along with
the Berendsen barostat®” with coupling constants of 0.5 and 2
ps, respectively. Periodic boundary conditions were applied in
all three dimensions, and the integration time-step for the
leapfrog algorithm was set to 1 fs. In all simulations, the cutoff
for the van der Waals forces and electrostatic interactions was
set to 1.2 nm, where a switching function was used to bring the
van der Waals interactions to zero at 1.2 nm, and the long-
range contributions to the electrostatic interactions were
handled using the particle-mesh-Ewald method.”** The seed
positions were restrained by using a harmonic potential
characterized by a 1000 kJ/mol spring constant. This first
step allowed the solution to equilibrate at the solution/seed
interface independent of the seed dynamics. More often than
not, this step resulted in some bubble formation within the
solution at the box edges and is most likely due to the high
tolerance threshold used with Packmol.* To get rid of the
bubbles quickly, we ran a short (SO ps) simulation, which
compressed the systems by changing the reference pressure to
5000 bar, effectively squeezing the bubbles out of the system.
Next, an annealing protocol was used to return the systems to
the desired reference pressure of 1 bar. The compressed
systems are annealed (at 1 bar) from 0 to 320 K in 3 ns and
then gently cooled back down from 320 to 298 K in 2 ns,
followed by a further 100 ps at 298 K. At this point, the
bubbles were gone, and the solution was equilibrated. The
position restraint on the seed was removed and placed on the
monomers in solution instead. A 100 ps NPT run was carried
out in which the seed and water solution were brought to
equilibrium. At this point, the solution, seed, and solution-seed
interface were well equilibrated, and production runs could
follow. For these runs, we switched to the Parrinello—Rahman
barostat™ and set the time step for the leapfrog algorithm to 2
fs. A single monomer located in the center of the seed was
restrained to ensure that the seed remained centered within the
simulation box. Each system was simulated for 300 ns at 298 K.
The same protocol was followed to generate a set of stable

https://doi.org/10.1021/acs.iecr.4c02558
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seeds of f# LGA at 290 K, used to validate the solubility
prediction obtained from simulations at 298 K.

Trajectory Analysis: Obtaining the Steady-State
Nucleus Size. To track the evolution of the seeds, we need
to identify which monomers in the system are classified as
crystalline and which are considered to be in the liquid phase.
Therefore, a descriptor that can differentiate between the two
is needed. Ours is based on a distance criterion between
monomers and on comparisons of relative orientations with a
reference bulk crystal.”*~* Note that since the classification is
used for an a-posteriori analysis, the description of a liquid/
crystal monomer adopted here is not continuous and
differentiable but binary, based on whether the cutoff criteria
for distance and relative orientations are met. Thus, we define
an internal vector for each monomer based on a pair of atoms
(the choice is somewhat arbitrary). Then, we evaluate the polar
angle between the internal vector of a given monomer and all
the other analogous vectors within a radial cutoff of 6.25 and
7.0 A for a and f, respectively (the cutoff distances are based
on the first coordination shell). We can, therefore, construct a
relative orientation probability density, p(6), which provides a
reference fingerprint of the molecular arrangements of different
crystal polymorphs. Once the characteristic distributions are
known, we can check which monomers form part of the seed.
Thus, for a given radial cutoff distance, if the relative
orientations between two monomers fall within the reference
fingerprint distribution, these monomers are fed into an
adjacency matrix and clustered based on a distance that is the
same as the radial cutoff. The clustering algorithm, found in
the MDAnalysis software package,”” returns the size of the
largest cluster. In this way, we can track the evolution of seeds
for all trajectories.

B RESULTS AND DISCUSSION

Solubility, Surface Tension, and Nucleation Free
Energies from MD Simulations at T, = 298 K. We start
by solving the minimization problem stated in eq 5 to estimate
the solubility x*(T,) and surface energy fio’ from finite size
simulations of # and @ LGA nuclei in aqueous solution. To this
aim, we perform two sets of eight and six simulations for # and
a LGA, respectively, at T, = 298 K. The simulations are
carried out by varying the total number of solute and solvent
molecules, #j,,, and ., thus leading each simulation to
converge to its steady state cluster ng; in independent
environments, ie. we locate ng; at different supersaturation
conditions. The values of n{,, n, and the resulting ny, are
reported in Table 1.

We note that the equilibrium clusters of size njy, of the
thermodynamically stable polymorph f tend to maintain a
strongly ordered internal structure. Steady-state clusters of
polymorph «, instead, while achieving a stable size, tend to
develop a more disordered and dynamic solid/liquid interface.
For both polymorphs, however, the overall cluster size
stabilizes and, with it, the composition of the liquid phase.
This enables using eqs 4 and 5 to characterize crystallization
thermodynamics.

By numerically solving the minimization problem posed by
eq S with a nonlinear least-squares fitting algorithm, feeding
the set of parameters reported in Table 1 led to the estimate of
the reference solubilities x;,‘f(T =298) =2.731 X 107 + 6.680
X 107 and x#(T = 298) = 6.460 X 107> + 1.29 X 1073 for «
and f LGA, respectively. The surface energies obtained from
the fitting are o5 = 4.810 & 1.96ksT and o, = 5.36 + 1.50k;T.

1313

Table 1. Simulation-Specific Parameters for # and @ LGA
Simulations, Including the Total Number of Solvent and
Solute Molecules (r, and n,,, Respectively), and the
Observed Equilibrium Crystal Size ny;,, Observed at Steady
State in Each Simulation”

simulation Mot Mot Myl
p—LGA
1 11,974 136 75
2 15,869 197 120
3 16,774 245 169
4 19,348 316 238
S 11,879 151 78
6 15,717 214 127
7 16,648 263 183
8 19,190 336 242
a—LGA
1 13,769 292 114
2 15,139 360 177
3 16,841 428 242
4 13,621 310 132
5 15,038 371 176
6 16,841 428 239

“The behavior of all these simulations can be described with a single,
polymorph-specific set of physical-chemical parameters, i.e.,
solubility (x*) and surface energy (fo’). All simulations were
performed at T, = 298 K.

In Figure 2 panels (a,e), we report the free energy in confined
conditions, AF(n,,) obtained from eq 1 using the fitted values
of solubility and surface energy reported above. Such free
energy profiles exhibit significant deviations from the macro-
scopic behavior, most notably impacting the shape of the free
energy profile in the vicinity of the critical nucleus. Such
distortion can be visually appreciated by comparing the insets
of Figure 2 panels (ae), with panels (b,f). The latter report
macroscopic nucleation free energy profiles SAF®(n.,)
obtained using the fitted thermodynamic parameters x* and
¢’ at supersaturation equivalent to those of the corresponding
MD simulations.'”

The self-consistency of x*(T,;) and ¢’ parameters is
critically assessed in Figure 2 panels (c,g), where the steady
state cluster size n, obtained by postprocessing MD
simulations are compared with the equilibrium cluster size
theoretically predicted using the fitted parameters x*(T,;) and
o'. Notably, for both o and f LGA models investigated in this
work, we obtain an excellent agreement, thus verifying that the
behavior of all simulations of a given polymorph can be
rationalized on the basis of a single set of thermodynamic
parameters, as expected.17

Given the internal consistency of the model free energy
profile obtained, we use it to estimate the nucleation barrier
and critical nucleus sizes of the a and f LGA across
supersaturation conditions. The results obtained are reported
in Figure 2 panels (d,h).

Finally, we extend our understanding of confinement effects
in simulations by mapping the thermodynamic stability in the
confinement of aqueous LGA solutions against either the
and f# LGA polymorphs at T, The solution stability maps
under finite-size conditions identify three types of subdomains
in the composition/volume plane. The first, represented in
gray in Figure 3a,b corresponds to conditions where a solution
would be thermodynamically stable in either confined or

https://doi.org/10.1021/acs.iecr.4c02558
Ind. Eng. Chem. Res. 2025, 64, 1309—1318


pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.4c02558?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Industrial & Engineering Chemistry Research pubs.acs.org/IECR

B form

0 50 100 150 200 250 300 350 0 100 200 300 100
Natal . . . . 20 i . i . Nytal
3001 ( ]
,," ]
200} e ] o
100} »* 1 !’/‘
/"./ -
0 100 200 300 0 10 20 30 40 50 0 100 200 300 400
argmin[BAF (nya)] Natal argmin[BAF (nya)]
3L\ T h \ N T T -
10°F % ) \, 10%F N, 1
ol N \-\ AN
10 e =102 N =102k e 3
1L T 1 a2 . ~e
10 ad N Ty ‘i S 10tk . Co_ . ___ ]
3 1 6 &, S 2 3 1 5
S 4 ~— P
——— ] T
- oa. ) eo—_.
¢o- -t oo _g__ e
1 3 3 i 5 G 1 2 3 1 5
s s

Figure 2. Analyzing finite-size simulations of L-glutamic acid steady-state clusters in solution in the NPT ensemble. On the left is an analysis of the
S polymorph, and on the right is the a polymorph. (a,e) AF(n) obtained informing eq 2 with the best-fit results obtained solving the minimization
problem outlined in eq 3. In inset a zoom on the nucleation barrier in confined conditions. (b,f) Nucleation free energy in macroscopic conditions,
corresponding to the simulations analyzed in (a,e), in the vicinity of the critical Size. (c,g) Predicted steady-state condition of the free energy in
confinement matches the steady-state size extracted from the simulation. (d,h) Nucleation barrier and, in the inset critical nucleus size in
macroscopic conditions, as a function of supersaturation. Each shade of blue/red represents one simulation, where the same shade in each panel
pertains to the same simulation.
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Figure 3. Aqueous LGA solutions stability maps in confinement. (a) Stability map with respect to f-LGA crystals. (b) Stability map with respect to
a LGA crystals. The data sets illustrated with solid markers represent conditions corresponding to the MD simulations analyzed in this work. The
white domain represents conditions where a supersaturated solution is stabilized by confinement. The domain in color corresponds to conditions
where confinement does not inhibit nucleation.

macroscopic conditions (i.e., the solution is undersaturated). Solubility Curves and Limit of Solution Stability.
The second, represented in white in both panels (ab), Starting from solubility and surface energy computed at T,
represents conditions where confinement induces the stabiliza- we employ eq 6 to estimate the entire solubility curve across
tion of nominally supersaturated solutions, which in macro- temperatures. To this aim, we compute the dissolution
scopic conditions eventually nucleate and grow crystals. The enthalpy, as expressed in eq 7. We perform simulations for
third domain, represented in color, corresponds to conditions the bulk phase of @ and # LGA polymorphs modeling large
in which the free energy surface under confinement admits a crystal supercells containing N, = 4800 and N; = $376
local minimum corresponding to a cluster in equilibrium with a glutamic acid molecules. A simulation of Ny o = 6000 water
confined solution. In both cases, the MD-simulated conditions molecules was employed to compute the potential energy for
are consistently classified in this domain for both polymorphs. pure water, while a single LGA molecule was dissolved in the
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Figure 4. MD-informed solubility curves and limit of solution stability allow to computationally identify the boundaries of the metastable zone for
both the § (a) and a (b) polymorphs of LGA. The log of the nucleation barrier is mapped within the metastable zone and represented as a contour
map. The solubility at T,.; = 298 K is reported as a circle. In inset to both (a)b), the distributions of the parameters x* and f§ obtained from the
bootstrap analysis used to estimate the parameters confidence intervals.
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Figure S. (a) Comparing the solubility curves of a and f glutamic acid obtained from MD data with experimental solubility curves obtained by
Schéll et al.*® and Sakata.'® The temperature dependence, as well as the relative solubility of the two polymorphs, are well captured by simulations.
However, the computationally predicted solubility is roughly twice as large as the experimental one across both polymorphs. The data point
represented as a triangle is the result of an independent set of equilibrium seed simulations at T = 290 K. (b) Simulations and experiments
consistently identify 3 as the most stable polymorph, leading to a monotropic phase diagram and estimate as < than kT the chemical potentials
difference between the two polymorphs across the whole experimentally accessible range of temperatures. In both panels, the dash-dot line
represents an estimate obtained from two sets of simulations at different T, while the solid line represents results obtained from calculations at T =

298 K.

same box to estimate the potential energy at infinite dilution.
This led to estimates of AH), = 33.9 + 13.5 and AHY,, = 24.7
+ 13.5 kJ mol™". The error associated with the two estimates is
the same as it is dominated by the terms Uy 4 and U, ;, which

are common to both cases. As shown in Figure 4, this allows us
to estimate the location of the solubility curve in the (x, T)
plane for both a and f3, as expressed in eqs 9 and 10

_ 2973.196[K]

Inx(T) = — 4957

T[K] )
Inx(T) = _HO7OABIR] <6

T[K] (10)

The solubility curves are represented as solid lines in Figure
4a,b, where the solubility at T, is shown as a solid circle. With
x*(T) known, one can estimate the barrier to nucleation AF*
across temperatures and composition by applying eq 8. The
barrier, mapped with colored isocontours in Figure 4a,b,
diverges for conditions approaching the solubility line and
vanishes moving away from such a line. To qualitatively
estimate how the nucleation barrier vanishes for different
polymorphs and thus provide a computational upper bound to
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the metastable zone, we locate the limit of solution stability as
the locus of points where AF* = 3kgT, as discussed in the
Methods section. Such limits are represented with dashed lines
in Figure 4a,b.

Comparison with Experiments. The MD-based esti-
mates of the solubility curves obtained from « and f# LGA are
compared to their experimental counterparts in Figure S. In
panel (a), it can be seen that while the absolute value of
solubility predicted by atomistic MD simulations is larger than
its experimentally measured counterpart, the temperature
scaling, i.e., the slope of the Inx*(T) lines is close to that of
the experimental data. The overestimation of the solubility by a
factor of 2 is consistent with an error of the order of kT in the
dissolution free energy, which is well within the typical
accuracy of classical force fields. In fact, errors of this
magnitude are common in many well-studied systems, such
as NaCl in water, modeled with the Joung-Chetam and SPC
force fields. The value of AHg, obtained from simulations and
the corresponding quantity obtained from experiments are
instead in good agreement. For instance, a linear fit of the
experimental solubility curves for the a and f polymorphs
yields AH%SP = 27.19 k] /mol (AHZMP = 24.7 + 13.5 kJ/mol),

and AHAS® = 29.02 kJ/mol (AHAMP = 33.9 + 13.5 kJ/mol).

diss
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To further validate the estimate of the solubility curve from a
single x(T,), we explicitly performed simulations of
equilibrated seeds of the f form at T = 290 K, obtaining a
solubility of x*(290 K) = 0.002 + 6 X 107% in excellent
agreement with the prediction obtained from simulations at
298 K as shown in Figure Sa. Obtaining solubilities at two
different temperatures enables an independent estimate of the
AHy, yielding a value of 29.3 kJ mol ™!, well within the error
bar of the estimate obtained from eq 7 and remarkably close to
the experimental value of 29.02 kJ mol™'. As a consequence,
also the solubility curve computed from two independent
estimates of solubility (reported as a dashed-dotted line in
Figure Figure Sa) results in excellent agreement with the
estimate obtained from the single-temperature prediction
(solid line). Finally, modeling results predict that the f
polymorph is the most stable across the entire range of
experimentally accessible temperatures, consistent with ex-
perimental observations. The difference in thermodynamic
stability between polymorphs can be quantitatively assessed as
a function of temperature, as in eq 11

k
(T)
A (T) » 1 Fal
Pty (T) nxﬁ(T) (11)

In Figure Sb, we report fAu,_,(T) computed from the
experimental data sets of refs 18 and 20, together with an MD
estimate of the same quantity obtained from our computa-
tionally predicted solubility curves. The solid line represents a
single temperature estimate. In contrast, the dashed dot line
represents the estimates where the contribution of the f
polymorph is estimated from the independent values of
solubility at T = 290 and 298 K. This result clearly shows
how the slight difference in the slope of the solubility curve of
the f form has a remarkable impact on the estimate of the
relative stability of the two polymorphs. Consistent with
experiments, fAp_,,(T) is positive, underscoring the fact that
p is the stable form. Remarkably, fAu;_,(T) estimated from
experimental data is of the order of 0.5 k3T, underscoring the
extremely small difference in free energy between competing
polymorphs. This observation, coupled with the sensitivity of
the slope of A, on slight variations in the free energetics
of dissolution of the two polymorphs, underscores how, even if
the MD-based prediction of the temperature-dependent
thermodynamic stability is in good qualitative agreement
with experiments, subtle differences in the energetics can lead
to sizable discrepancies in the prediction of the experimental
observables and significant uncertainties in the location of key
features of the polymorphic phase diagram, such as crossover
temperatures.

B CONCLUSIONS

In this work, we demonstrate how combining equilibrium MD
simulations with a theoretical understanding of nucleation free
energy profiles in confined systems can efliciently produce a
complete description of crystal-solution thermodynamics from
first principles. We apply our method to a and f LGA
crystallizing in aqueous solutions, showing that an off-the-shelf
combination of force fields (OPLS solute, SPC water) leads to
a surprisingly accurate description of the energetics of
dissolution and the relative thermodynamic stability between
polymorphs. Nevertheless, the exponential relationship be-
tween the chemical potential and solubility limits the
quantitative agreement of the solubility curves. For instance,
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errors of the order of kT, in both the enthalpy of dissolution
AHg, and in the Apg,.,,, are associated with solubility
estimates roughly twice the experimental solubility across the
entire range of temperatures investigated. This observation is
not unusual, as vastly adopted molecular models, for which a
phase diagram has been studied in detail, suffer similar
limitations in accuracy®® and property prediction; data-driven
algorithms aimed at predicting solubility display a similar level
of accuracy. A critical outcome of the approach we propose in
this work is that it provides an efficient route to estimate
emergent properties at finite temperatures for multicomponent
systems that would otherwise involve algorithmically sophis-
ticated and computationally expensive simulations. Moreover,
when applied to characterize finite-size simulation, it can
efficiently identify regions of volume and composition space
where nucleation is attainable and it becomes feasible to
deploy unseeded, enhanced sampling methods to investigate
nucleation mechanisms. Combining these outcomes is key to
efficiently developing more realistic molecular models and
effectively deploying simulations in large-scale computational
screenings of polymorphic stability.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.iecr.4c02558.

Probability distribution of relative orientation of
glutamic acid molecules in the o and f polymorphs
used to define criteria to estimate the size of the steady-
state cluster in simulations (PDF)

B AUTHOR INFORMATION

Corresponding Author
Matteo Salvalaglio — Thomas Young Centre and Department
of Chemical Engineering, University College London, London
WCIE 7JE, UK,; ® orcid.org/0000-0003-3371-2090;
Email: m.salvalaglio@ucl.ac.uk

Authors

Fabienne Bachtiger — Thomas Young Centre and Department
of Chemical Engineering, University College London, London
WCIE 7JE, UK.

Aliff Rahimee — Thomas Young Centre and Department of
Chemical Engineering, University College London, London
WCIE 7JE, UK.

Lunna Li — Thomas Young Centre and Department of
Chemical Engineering, University College London, London
WCIE 7JE, UK.

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.iecr.4c02558

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

M.S. gratefully acknowledges funding from the Crystallization
in the Real World EPSRC Programme Grant (EP/R018820/1)
and from the ht- MATTER UKRI Frontier Research Guarantee
Grant (EP/X033139/1) that supported F.B. and L.L. All
authors acknowledge the MCC/Archer consortium (EP/
1000202/1) for providing computational resources.

https://doi.org/10.1021/acs.iecr.4c02558
Ind. Eng. Chem. Res. 2025, 64, 1309—1318


https://pubs.acs.org/doi/10.1021/acs.iecr.4c02558?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.4c02558/suppl_file/ie4c02558_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matteo+Salvalaglio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3371-2090
mailto:m.salvalaglio@ucl.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fabienne+Bachtiger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aliff+Rahimee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lunna+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c02558?ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.4c02558?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

B REFERENCES

(1) Sosso, G. C.; Chen, J.; Cox, S. J.; Fitzner, M.; Pedevilla, P.; Zen,
A.; Michaelides, A. Crystal nucleation in liquids: Open questions and
future challenges in molecular dynamics simulations. Chem. Rev. 2016,
116, 7078—7116.

(2) Finney, A. R.; Salvalaglio, M. Molecular simulation approaches
to study crystal nucleation from solutions: Theoretical considerations
and computational challenges. Wiley Interdiscip. Rev.: Comput. Mol. Sci.
2024, 14, No. el697.

(3) Burcham, C. L.; Doherty, M. F; Peters, B. G.; Price, S. L.;
Salvalaglio, M.; Reutzel-Edens, S. M.; Price, L. S.; Addula, R. K. R;
Francia, N.; Khanna, V.; Zhao, Y. Pharmaceutical Digital Design:
From Chemical Structure through Crystal Polymorph to Conceptual
Crystallization Process. Cryst. Growth Des. 2024, 24, 5417—5438.

(4) Davey, R. J.; Schroeder, S. L. M.; Ter Horst, J. H. Nucleation of
organic crystals - A molecular perspective. Angew. Chem. Int. Ed. 2013,
52, 2167-2179.

(5) Van der Spoel, D.; Ghahremanpour, M. M.; Lemkul, J. A. Small
molecule thermochemistry: a tool for empirical force field develop-
ment. J. Phys. Chem. A 2018, 122, 8982—8988.

(6) Kamat, K.; Guo, R.; Reutzel-Edens, S. M,; Price, S. L.; Peters, B.
Diabat method for polymorph free energies: Extension to molecular
crystals. J. Chem. Phys. 2020, 153, 244108.

(7) Firaha, D.; Liu, Y. M.; van de Streek, J.; Sasikumar, K.; Dietrich,
H.; Helfferich, J.; Aerts, L.; Braun, D. E.; Broo, A.; DiPasquale, A. G.;
et al. Predicting crystal form stability under real-world conditions.
Nature 2023, 623, 324—328.

(8) Abramov, Y. A. Current Computational Approaches to Support
Pharmaceutical Solid Form Selection. Org. Process Res. Dev. 2013, 17,
472—48S.

(9) Bowskill, D. H.; Sugden, L J.; Konstantinopoulos, S.; Adjiman,
C. S.; Pantelides, C. C. Crystal structure prediction methods for
organic molecules: State of the art. Annu. Rev. Chem. Biomol. Eng.
2021, 12, 593—-623.

(10) Khanna, V.; Doherty, M. F.; Peters, B. Absolute chemical
potentials for complex molecules in fluid phases: A centroid reference
for predicting phase equilibria. J. Chem. Phys. 2020, 153, 214504.

(11) Khanna, V.; Doherty, M. F.; Peters, B. Predicting solubility and
driving forces for crystallization using the absolute chemical potential
route. Mol. Phys. 2023, 121, No. €2155595.

(12) Benavides, A.; Aragones, J; Vega, C. Consensus on the
solubility of NaCl in water from computer simulations using the
chemical potential route. J. Chem. Phys. 2016, 144, 124504.

(13) Zimmermann, N. E.; Vorselaars, B.; Quigley, D.; Peters, B.
Nucleation of NaCl from aqueous solution: Critical sizes, ion-
attachment kinetics, and rates. J. Am. Chem. Soc. 2015, 137, 13352—
13361.

(14) Zimmermann, N.; Vorselaars, B.; Espinosa, J. R;; Quigley, D.;
Smith, W. R;; Sanz, E,; Vega, C.; Peters, B. NaCl nucleation from
brine in seeded simulations: Sources of uncertainty in rate estimates. J.
Chem. Phys. 2018, 148, 222838.

(15) Li, L,; Totton, T.; Frenkel, D. Computational methodology for
solubility prediction: Application to the sparingly soluble solutes. J.
Chem. Phys. 2017, 146, 214110.

(16) Li, L.; Totton, T.; Frenkel, D. Computational methodology for
solubility prediction: Application to sparingly soluble organic/
inorganic materials. J. Chem. Phys. 2018, 149, 054303.

(17) Li, L.; Paloni, M.; Finney, A. R; Barducci, A.; Salvalaglio, M.
Nucleation of Biomolecular Condensates from Finite-Sized Simu-
lations. 2023 14, 1748—1755, .

(18) Sakata, Y. Studies on the Polymorphism of 1-Glutamic Acid:
Part I. Effects of Coexisting Substances on Polymorphic Crystal-
lizationPart II. Measurement of Solubilities. Agric. Biol. Chem. 1961,
25, 829—837.

(19) Ferrari, E. S.; Davey, R. J. Solution-mediated transformation of
a to f L-glutamic acid: Rate enhancement due to secondary
nucleation. Cryst. Growth Des. 2004, 4, 1061—1068.

(20) Schéll, J.; Bonalumi, D.; Vicum, L.; Mazzotti, M.; Miiller, M. In
situ monitoring and modeling of the solvent-mediated polymorphic

1317

transformation of L-glutamic acid. Cryst. Growth Des. 2006, 6, 881—
891.

(21) Lindenberg, C.; Mazzotti, M. Effect of temperature on the
nucleation kinetics of alpha l-glutamic acid. J. Cryst. Growth 2009,
311, 1178—1184.

(22) Schall, J.; Lindenberg, C.; Vicum, L.; Brozio, J.; Mazzotti, M.
Precipitation of a l-glutamic acid: determination of growth kinetics.
Faraday Discuss. 2007, 136, 247—264.

(23) Ochsenbein, D. R.; Schorsch, S.; Salvatori, F.; Vetter, T.;
Morari, M.; Mazzotti, M. Modeling the facet growth rate dispersion of
P l-glutamic acid—Combining single crystal experiments with nD
particle size distribution data. Chem. Eng. Sci. 2015, 133, 30—43.

(24) Achermann, R.; Kosir, A.; Boddk, B.; Bosetti, L.; Mazzotti, M.
Process Performance and Operational Challenges in Continuous
Crystallization: A Study of the Polymorphs of L-Glutamic Acid. Cryst.
Growth Des. 2023, 23, 2485—2503.

(25) Botschi, S.; Rajagopalan, A. K,; Morari, M.; Mazzotti, M. An
alternative approach to estimate solute concentration: exploiting the
information embedded in the solid phase. J. Phys. Chem. Lett. 2018, 9,
4210—4214.

(26) Kashchiev, D. Nucleation; Elsevier, 2000.

(27) Meldrum, F. C.; O’Shaughnessy, C. Crystallization in
confinement. Adv. Mater. 2020, 32, 2001068.

(28) Grossier, R.; Veesler, S. Reaching one single and stable critical
cluster through finite-sized systems. Cryst. Growth Des. 2009, 9,
1917—-1922.

(29) Villois, A,; Capasso Palmiero, U.; Mathur, P.; Perone, G;
Schneider, T.; Li, L.; Salvalaglio, M.; deMello, A.; Stavrakis, S.; Arosio,
P. Droplet Microfluidics for the Label-Free Extraction of Complete
Phase Diagrams and Kinetics of Liquid—Liquid Phase Separation in
Finite Volumes. Small 2022, 18, 2202606.

(30) Wedekind, J.; Reguera, D.; Strey, R. Finite-size effects in
simulations of nucleation. J. Chem. Phys. 2006, 125, 214505.

(31) Reguera, D.; Bowles, R. K; Djikaev, Y.; Reiss, H. Phase
transitions in systems small enough to be clusters. 2003 118, 340—
353, .

(32) Agarwal, V.; Peters, B. Advances in Chemical Physics; John Wiley
& Sons, Inc,, 2014; Vol. 15S, pp 97—160.

(33) Salvalaglio, M.; Perego, C.; Giberti, F.; Mazzotti, M.; Parrinello,
M. Molecular-dynamics simulations of urea nucleation from aqueous
solution. Proc. Natl. Acad. Sci. 2015, 112, E6—E14.

(34) Salvalaglio, M.; Mazzotti, M.; Parrinello, M. Urea homogeneous
nucleation mechanism is solvent dependent. Faraday Discuss. 20185,
179, 291-307.

(35) Salvalaglio, M.; Tiwary, P.; Maggioni, G. M.; Mazzotti, M.;
Parrinello, M. Overcoming time scale and finite size limitations to
compute nucleation rates from small scale well tempered metady-
namics simulations. J. Chem. Phys. 2016, 145, 14S.

(36) Perego, C.; Salvalaglio, M.; Parrinello, M. Molecular dynamics
simulations of solutions at constant chemical potential. J. Chem. Phys.
2018, 142, 144113.

(37) Liu, C; Wood, G. P. F; Santiso, E. E. Modelling nucleation
from solution with the string method in the osmotic ensemble. Mol.
Phys. 2018, 116, 2998—3007.

(38) Liu, C.; Cao, F.; Kulkarni, S. A.; Wood, G. P. F.; Santiso, E. E.
Understanding Polymorph Selection of Sulfamerazine in Solution.
Cryst. Growth Des. 2019, 19, 6925—6934.

(39) Salvalaglio, M.; Vetter, T.; Giberti, F.; Mazzotti, M.; Parrinello,
M. Uncovering molecular details of urea crystal growth in the
presence of additives. J. Am. Chem. Soc. 2012, 134, 17221—-17233.

(40) Salvalaglio, M.; Vetter, T.; Mazzotti M. Parrinello, M.
Controlling and predicting crystal shapes: The case of urea. Angew.
Chem., Int. Ed. 2013, 52, 13369—13372.

(41) Karmakar, T.; Finney, A. R; Salvalaglio, M.; Yazaydin, A. O.;
Perego, C. Non-Equilibrium Modeling of Concentration-Driven
processes with Constant Chemical Potential Molecular Dynamics
Simulations. Acc. Chem. Res. 2023, 56, 1156—1167.

(42) P Lamas, C; R Espinosa, J.; M Conde, M.; Ramirez, J.;
Montero de Hijes, P.; G Noya, E.; Vega, C.; Sanz, E. Homogeneous

https://doi.org/10.1021/acs.iecr.4c02558
Ind. Eng. Chem. Res. 2025, 64, 1309—1318


https://doi.org/10.1021/acs.chemrev.5b00744?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00744?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/wcms.1697
https://doi.org/10.1002/wcms.1697
https://doi.org/10.1002/wcms.1697
https://doi.org/10.1021/acs.cgd.3c01390?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.3c01390?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.3c01390?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.8b09867?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.8b09867?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.8b09867?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0024727
https://doi.org/10.1063/5.0024727
https://doi.org/10.1038/s41586-023-06587-3
https://doi.org/10.1021/op300274s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/op300274s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1146/annurev-chembioeng-060718-030256
https://doi.org/10.1146/annurev-chembioeng-060718-030256
https://doi.org/10.1063/5.0025844
https://doi.org/10.1063/5.0025844
https://doi.org/10.1063/5.0025844
https://doi.org/10.1080/00268976.2022.2155595
https://doi.org/10.1080/00268976.2022.2155595
https://doi.org/10.1080/00268976.2022.2155595
https://doi.org/10.1063/1.4943780
https://doi.org/10.1063/1.4943780
https://doi.org/10.1063/1.4943780
https://doi.org/10.1021/jacs.5b08098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b08098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.5024009
https://doi.org/10.1063/1.5024009
https://doi.org/10.1063/1.4983754
https://doi.org/10.1063/1.4983754
https://doi.org/10.1063/1.5040366
https://doi.org/10.1063/1.5040366
https://doi.org/10.1063/1.5040366
https://doi.org/10.1021/acs.jpclett.2c03512?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c03512?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/00021369.1961.10857886
https://doi.org/10.1080/00021369.1961.10857886
https://doi.org/10.1080/00021369.1961.10857886
https://doi.org/10.1021/cg0342112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg0342112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg0342112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg0503402?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg0503402?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg0503402?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jcrysgro.2008.12.010
https://doi.org/10.1016/j.jcrysgro.2008.12.010
https://doi.org/10.1039/b616285a
https://doi.org/10.1016/j.ces.2015.02.026
https://doi.org/10.1016/j.ces.2015.02.026
https://doi.org/10.1016/j.ces.2015.02.026
https://doi.org/10.1021/acs.cgd.2c01424?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.2c01424?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b01998?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b01998?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b01998?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.202001068
https://doi.org/10.1002/adma.202001068
https://doi.org/10.1021/cg801165b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg801165b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/smll.202202606
https://doi.org/10.1002/smll.202202606
https://doi.org/10.1002/smll.202202606
https://doi.org/10.1063/1.2402167
https://doi.org/10.1063/1.2402167
https://doi.org/10.1063/1.1524192
https://doi.org/10.1063/1.1524192
https://doi.org/10.1073/pnas.1421192111
https://doi.org/10.1073/pnas.1421192111
https://doi.org/10.1039/C4FD00235K
https://doi.org/10.1039/C4FD00235K
https://doi.org/10.1063/1.4966265
https://doi.org/10.1063/1.4966265
https://doi.org/10.1063/1.4966265
https://doi.org/10.1063/1.4917200
https://doi.org/10.1063/1.4917200
https://doi.org/10.1080/00268976.2018.1482016
https://doi.org/10.1080/00268976.2018.1482016
https://doi.org/10.1021/acs.cgd.9b00576?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja307408x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja307408x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201304562
https://doi.org/10.1021/acs.accounts.2c00811?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.2c00811?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.2c00811?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/d1cp02093e
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.4c02558?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

nucleation of NaCl in supersaturated solutions. Phys. Chem. Chem.
Phys. 2021, 23, 26843—26852.

(43) Fowler, H.; Pearce, J. The Solubility and Heat of Solution of
Succinic Acid in Water and the Paraffin Alcohols Proceedings of the
Iowa Academy of Science; Iowa Academy of Science, 1917, pp 523—
526.

(44) Gimondi, L; Tribello, G. A.; Salvalaglio, M. Building maps in
collective variable space. J. Chem. Phys. 2018, 149, 104104.

(45) Abraham, M. J.; Murtola, T.; Schulz, R.; P4ll, S.; Smith, J. C.;
Hess, B.; Lindahl, E. Gromacs: High performance molecular
simulations through multi-level parallelism from laptops to super-
computers. SoftwareX 2015, 1—2, 19-25.

(46) Martinez, L; Andrade, R.; Birgin, E. G.; Martinez, J. M.
PACKMOL: A package for building initial configurations for
molecular dynamics simulations. J. Comput. Chem. 2009, 30, 2157—
2164.

(47) Mark, P.; Nilsson, L. Structure and dynamics of the TIP3P,
SPC, and SPC/E water models at 298 K. J. Phys. Chem. A 2001, 105,
9954—9960.

(48) Jorgensen, W.; Maxwell, D.; Tirado-Rives, ]. Development and
Testing of the OPLS All-Atom Force Field on Conformational
Energetics and Properties of Organic Liquids. J. Am. Chem. Soc. 1996,
118, 11225—-11236.

(49) Dodda, L. S.; Cabeza de Vaca, L; Tirado-Rives, J.; Jorgensen,
W. L. LigParGen web server: an automatic OPLS-AA parameter
generator for organic ligands. Nucleic Acids Res. 2017, 4S5, W331—
W336.

(50) Wardi, Y. A Stochastic Steepest-Descent Algorithm. J. Optim.
Theor. Appl. 1988, 59, 307—323.

(51) Bussi, G.; Donadio, D.; Parrinello, M. Canonical sampling
through velocity rescaling. J. Chem. Phys. 2007, 126, 1-7.

(52) Berendsen, H. J. C.; Postma, J. P. M.; Gunsteren, W. F. v,;
DiNola, A,; Haak, J. R. Molecular dynamics with coupling to an
external bath. . Chem. Phys. 1984, 81, 3684—3690.

(53) Darden, T.; York, D.; Pedersen, L. Particle mesh Ewald: An
Nlog(N) method for Ewald sums in large systems. J. Chem. Phys.
1993, 98, 10089—10092.

(54) Essmann, U.; Perera, L.; Berkowitz, M. L.; Darden, T.; Lee, H.;
Pedersen, L. G. A smooth particle mesh Ewald method. J. Chem. Phys.
1995, 103, 8577—8593.

(55) Parrinello, M.; Rhaman, A. Polymorphic transitions in single
crystals: A new molecular dynamics method. J. Appl. Phys. 1981, 52,
7182—7190.

(56) Giberti, F.; Salvalaglio, M.; Mazzotti, M.; Parrinello, M. Insight
into the nucleation of urea crystals from the melt. Chem. Eng. Sci.
201§, 121, S1-59.

(57) Francia, N. F.; Price, L. S.; Nyman, J.; Price, S. L.; Salvalaglio,
M. Systematic Finite-Temperature Reduction of Crystal Energy
Landscapes. Cryst. Growth Des. 2020, 20, 6847—6862.

(58) Gimondi, I; Salvalaglio, M. CO2 packing polymorphism under
pressure: Mechanism and thermodynamics of the I-III polymorphic
transition. J. Chem. Phys. 2017, 147, 114502.

(59) Gowers, R; Linke, M.; Barnoud, J; Reddy, T.; Melo, M,;
Seyler, S.; Domanski, J.; Dotson, D.; Buchoux, S.; Kenney, I;
Beckstein, O. MDAnalysis: A Python Package for the Rapid Analysis of
Molecular Dynamics Simulations; LANL, 2016; pp 98—10S.

(60) Benavides, A. L.; Aragones, J. L.; Vega, C. Consensus on the
solubility of NaCl in water from computer simulations using the
chemical potential route. J. Chem. Phys. 2016, 144, 124504.

1318

https://doi.org/10.1021/acs.iecr.4c02558
Ind. Eng. Chem. Res. 2025, 64, 1309—1318


https://doi.org/10.1039/d1cp02093e
https://doi.org/10.1063/1.5027528
https://doi.org/10.1063/1.5027528
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1002/jcc.21224
https://doi.org/10.1002/jcc.21224
https://doi.org/10.1021/jp003020w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp003020w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9621760?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9621760?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9621760?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/nar/gkx312
https://doi.org/10.1093/nar/gkx312
https://doi.org/10.1007/bf00938315
https://doi.org/10.1063/1.2408420
https://doi.org/10.1063/1.2408420
https://doi.org/10.1063/1.448118
https://doi.org/10.1063/1.448118
https://doi.org/10.1063/1.464397
https://doi.org/10.1063/1.464397
https://doi.org/10.1063/1.470117
https://doi.org/10.1063/1.328693
https://doi.org/10.1063/1.328693
https://doi.org/10.1016/j.ces.2014.08.032
https://doi.org/10.1016/j.ces.2014.08.032
https://doi.org/10.1021/acs.cgd.0c00918?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.0c00918?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4993701
https://doi.org/10.1063/1.4993701
https://doi.org/10.1063/1.4993701
https://doi.org/10.1063/1.4943780
https://doi.org/10.1063/1.4943780
https://doi.org/10.1063/1.4943780
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.4c02558?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

