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Abstract

Molecular Dynamics (MD) simulations offer a robust approach to understanding
material properties within a system. Solubility is defined as the analytical composition
of a saturated solution expressed as a proportion of designated solute in a designated
solvent, according to IUPAC. It is a critical property of compounds and holds signifi-
cance across numerous fields. Various computational techniques have been explored for
determining solubility, including methods based on chemical potential determination,
enhanced sampling simulation, and direct coexistence simulation, and lately, machine
learning-based methods have shown promise. In this investigation, we aim to find the
solubility values of a compound through Constant Chemical Potential Molecular Dy-
namics, a method rooted in direct coexistence simulation. The primary purpose of
using this method is to overcome the limitation of the direct simulation method by
maintaining a constant chemical potential for a sufficiently long time. Urea is cho-
sen as a prototypical system for our study, with a particular focus on three of its
polymorphs. Our approach effectively discriminates between the polymorphs of urea
based on their respective solubility values; polymorph III is found to have the highest

solubility followed by form IV and I.
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Introduction

Solubility is a sought-after physicochemical property that influences the behavior of sub-
stances in various physical and chemical environments. Solubility finds applications in many
fields ranging from the chemical industry, where the difference between the solubility of
product and impurities is exploited to purify the product, to the geochemical sciences where
solubility is studied to investigate the contamination of soils by inorganic salts. Moreover,
solubility has a pronounced effect on the pharmaceutical industry as it regulates the bioavail-
ability of drugs in biological systems. Researchers have long been interested in determining
the solubility of active pharmaceutical ingredients (API) and sought ways to improve their
solubility through the reduction in particle size, the addition of solubilizing excipients, salt
formation etc.'™ Most of the time, the solubility of drugs is predicted using experiments?
which is a time-consuming and tedious task for some systems, for instance, moisture-free con-
ditions need to be maintained for determining the solubility of a hygroscopic salt.® Molecular
Dynamics (MD) simulations are a potential tool to predict solubility and thereby, help op-
timize time and experimental cost.

MD simulations®7 propose a simple yet powerful computational method for studying the
behavior of systems at the atomistic level. Although the method has been around for half
a century, the use of MD simulations is not popular for determining solubility. Ferrario et
al’s® study was the first of this kind in which they predicted the aqueous solubility of KF
using MD simulations. In this pioneering study, they computed the chemical potential of
the solute in solid and solution phase at different solution concentrations and the difference
in chemical potential at each concentration was used to predict the solubility. Although, the
density of the solution did not show a convergence with the experimental density at higher
concentrations, a surprisingly reasonable agreement between the estimated and experimental
solubility was obtained. Since then, plenty of work using different MD simulation approaches
has been reported.® ' Direct Coexistence Simulation (DCS)!® is one such method in which

the crystal surface is exposed to its saturated solution and allowed to attain equilibrium. The

https://doi.org/10.26434/chemrxiv-2024-25hj6 ORCID: https://orcid.org/0000-0002-8721-6247 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-25hj6
https://orcid.org/0000-0002-8721-6247
https://creativecommons.org/licenses/by-nc-nd/4.0/

concentration of solution at equilibrium serves as the solubility, it is a brute-force method that
gives a range of solubility, often close to the experimental solubility but it suffers from finite-
size effect and also the longer time scales required for equilibration!” pose a computational
limitation. In a 2015 study, Manzanilla-Granados et al.'® carried out the DCS using NaCl
as the test case and got a notable correspondence with the experimental value given that
the simulations ran for several microseconds. Carruthers et al. computed the upper and

0 and

lower bounds of solubility of urea using two force field models'® developed by Ozpmar?
Holz1?! using DCS. Despite the long simulations of ~1 us the predicted aqueous solubility
values were 2-6 times lower than the experimental values. Assuming the accuracy of the force
field, this discrepancy is attributed to the finite-size effect present in DCS. To overcome the
finite-size effect operational in DCS, we utilize the Constant Chemical Potential Molecular
Dynamics (CuMD) approach developed by Perego et al.?? to predict the solubility.

In this work, we propose a way to study the solubility of different polymorphs of a molec-
ular crystal using CuMD simulation drawing upon urea as a prototypical system. Urea is
taken as an example because it shows a relatively fast crystal growth, and its growth and
dissolution have been widely studied using MD simulations. !>?*26 To the best of our knowl-
edge, so far, all studies related to urea crystal growth and dissolution are done on polymorph
I. Urea shows a high degree of polymorphism and is known to exist in up to five polymorphic
forms, among which Form I (tetragonal, space group P42ym) is the most stable at ambi-
ent conditions followed by Form III (orthorhombic, P2;2;2;), and Form IV (orthorhombic,
P2,2,2) which are obtained at high pressures.?” 2 The crystallographic structures of poly-
morphic forms IT and V have not been reported yet. In this work, we restricted ourselves to
studying forms I, III, and IV, because of the obvious reason for the availability of the crystal
structures. Our results unveil that the polymorph III and IV have a greater solubility value
than polymorph I by a factor of three and two respectively. This trend in values can be
understood by acknowledging the organization of molecules in these polymorphs, forms III

and IV have less symmetry as compared to form I. In the latter, a square-shaped configu-
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ration between four hydrogen-bonded molecules is realized, which is disrupted in the other

two forms, causing the molecules to move in the solution phase easily.

Computational Details

Force Field

The success of MD simulations in predicting the material properties of the system depends
largely on the force field used. To model the interactions of urea in crystal and solution, we
have used Generalized AMBER, Force Field (GAFF)3? along with the TIP3P water model.
Antechamber tool®' was used to obtain the force field parameters, and the charges were

assigned using the AM1-BCC charge model.

Simulation System setup

To study the dynamics at the interface, the (001) face of crystalline urea was exposed to
solution in the three polymorphs. The given face is known to grow fast in the case of poly-
morph 1,24 hence the choice. The unit cell information was obtained from the Cambridge
Structural Database (CSD) with the following deposition numbers 731958 (polymorph I),
731959 (polymorph III), and 731961 (polymorph IV).?® The first step in preparing the sys-
tem is to check the validity of the force field. To accomplish this a 2 x 2 x 2 supercell was
built by translating the unit cell in three dimensions using AVOGADRO?? software. Then
the supercell was minimized using the steepest descent algorithm. After that, the minimized
configuration was equilibrated according to the NVT ensemble at 300K followed by NPT
equilibration at the same temperature and 1 bar pressure for 10 ns. Velocity-rescale thermo-
stat with a temperature coupling constant of 0.5 ps and Berendsen barostat with a pressure
coupling constant of 10 ps were used during simulations. After this, the lattice cell parame-
ters obtained from NPT simulation were compared with the experimental values. The lattice

cell parameters obtained from NPT simulation were found to be in close agreement with the

4
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experimental values, the lattice cell lengths deviated by 1.25%, 9.10%, 2.26% on average for
polymorphic forms I, III, and IV respectively, and the lattice cell angles showed insignificant
deviation.?? The supercell was again replicated in 3D using the genconf utility, which resulted
in a crystal slab of dimensions 2.22x2.22x1.89. The simulation box was extended along the
z direction, thus generating a simulation box of size 2.22x2.22x18.16 approximately. The
insert-molecules feature of GROMACS was used to evenly fill the simulation box with water
and urea molecules according to different concentrations, chosen around the experimental
solubility of polymorph I.3* The above steps were followed for forms III and IV to obtain

systems which were then simulated further.

Constant Chemical Potential Molecular Dynamics(CuMD) Simu-

lation

All simulations were carried out using the GROMACS?3> molecular dynamics simulation
package version 2021.4 patched with Plumed?3® version 2.8.0. Each system was first mini-
mized using the steepest descent algorithm until the force on each atom was at most 100
kJ/mol or when 50000 steps were reached. After energy minimization, the system was equi-
librated according to the NVT ensemble at 300 K followed by NPT equilibration for 100 and
500 ps respectively. The NPT simulation was carried out in the isothermic-isobaric ensemble
at 300 K and 1 bar. The time step was 1 fs and all bond lengths were constrained using
the LINCS algorithm. The long-range electrostatic interactions were calculated using the
Particle Mesh Ewald (PME) method with a Fourier spacing of 0.16 nm, a PME order of 4,
and an Ewald tolerance of 1.0 x 107% The van der Waals and real space components of
the Coulombic interactions were truncated at 0.80 nm, with the van der Waals effect being
moderated by a potential-switch function. The pressure was regulated using the Berendson
barostat during equilibration with a compressibility of 4.5 x 107 bar~!. The first crystal
layer at the interface was seen to dissolve during the equilibration of the system. Further,

NPT simulations were carried out by maintaining a constant concentration of the solution
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around the interface of the crystal slab in solution, a transition region of 1.5 nm, a control
region of 3.0 nm, and a force region of 0.5 nm with the rest of the simulation box used
as reservoir?? was implemented using plumed driver package, these distances are calculated
from the solid-solution interface on the fly. Parrinello-Rahman barostat with a pressure cou-
pling constant of 10 ps was used during the NPT production run. The force constant was
regulated to maintain the desirable concentration in the control region. Figure 1 depicts the
schematic of a typical CuMD simulation setup. The number density of urea in the control
region was plotted against time to see if the target number density was maintained during
the simulation, the duration until which the concentration is maintained is of interest and is
referred to as the stability time. Table 1 summarises the composition of the simulation box

along with the stability time of CuMD simulations.
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Figure 1: Schematic of CuMD simulation box having urea crystal in the middle of the box
and urea solution on both sides. Different regions, as described in the text, are defined from
the solid-solution interface. Urea molecules are colored to demarcate the region to which
they belong, the grey-striped bands represent the force region. Water molecules are not
shown for better visualization.
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Table 1: Simulation box dimensions, the composition of the system (Number of urea
molecules in crystal (N¢), in solution (NZ), number of water molecules (N,,)) and stabil-
ity time for CuMD simulations at different concentrations of urea solution for the three
polymorphs.

Polymorph I Polymorph III Polymorph IV

Concentration(g/L)| 545 400 300 200 | 1100 1060 1040 600 | 700 600 500 240
Simulation box 2.22x 2.22x 2.22x 2.22x(2.04x 2.04x 2.04x 2.05x|2.84x 2.84x 2.84x 2.84x
dimension (axbxc) 2.92% 2.22x 2.22x 2.22x|3.17x 3.17x 3.17x 3.18x|3.07x 3.07x 3.07x 3.07x
Hension 18.16 18.16 18.16 18.16|18.27 18.27 18.27 20.95|14.58 14.58 14.58 10.66
N¢ 128 128 128 128 | 384 384 384 384 | 256 256 256 256

N: 328 328 328 328 1100 1100 1100 1000| 632 632 632 150

Ny, 1954 1954 1954 1954 | 514 514 514 131412199 2199 2199 2193
Stability Time(ns) | 60 250 1000* 108 |490* 1400* 1000 1500| 310 1200* 1100* 1000*

* denotes the time of simulation in addition to stability time
Results and Discussion

The simulations were extended to several microseconds and monitored closely. To get a clear
picture of dynamics at the interface of the crystal slab in solution, the number of crystalline
molecules (N.) were plotted as a function of time.?* The degree of crystallinity, T';(t) was
measured as the product of two functions describing the local density, p(n;(t)) and local order,
¢i(ni(t), 0;(t)) around a given molecule. Local density is calculated by summing the number
of molecules within a radial distance, r, around a given molecule, and local orientation is
dependent on the angle between two molecules along a bond vector, present within radius
r. N, is not necessarily an integer, since it is calculated using the contribution of local order
and local density for a given molecule, a switching function having the Gaussian form is
used to assign the contribution. A radial cutoff (r) of 0.6 nm was chosen and optimum local
density (n) was found to be 9, 17, and 16 for polymorphic forms I, III, and IV respectively.
The angles between the -CO bond vector of two nearby crystal molecules were considered

to find local orientation in the case of forms I and IV while, the vector along two N atoms
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was examined for form III, as shown in figure 2.

ex —% ni(t) <n
plns(8)) = p( ? ) 0

Li(t) = p(ni(t))i(ni(t). 0i(t)) (3)

where n;(t) is the number of neighbors of the i'* molecule, o, is the standard deviation
of the Gaussian distribution of n in the solid; 0_; is the vector of the n; mutual orientations
0; ; between the internal vectors associated with the i molecule and its j™ neighbor. T;(t)
values were computed for all the urea molecules in the system. Then the number of molecules

belonging to the crystalline phase at each time step t, can be obtained as:

Niot

Ne(t) = Z Ii(t) (4)

where NV, is the total number of urea molecules in the simulation box. Table 2 contains
the values of these parameters for the three polymorphs.

Table 2: Parameters used for the calculation of N, in urea polymorphs

parameter | Polymorph I  Polymorph III  Polymorph IV

cutoff 0.6 nm 0.6 nm 0.6 nm

n 9 17 16

o 2.2 7 9

0 14.33° 11.5° 11.57°

51 120.4° 171.9° 171.9°
oo(6o) 13.7° 14.3° 22.9°
o9 (67) 27.5° 8.0° 22.9°
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Figure 2: Energy minimized structures of (a) form I (b) form III and (¢) form IV are shown
along with the angles between the vectors, considered for finding local orientation in each
structure.

o

Polymorph 1

Initially, the crystal slab of urea had four layers composed of 128 molecules but, during
the NPT equilibration, one layer at the interface dissolved partially owing to the initial
encounter of the crystal with the solution. The system thus obtained was simulated using
CuMD. Figure 3a shows the evolution of the number of crystalline molecules as a function
of time for four different concentrations of urea solution. The experimental solubility of urea
at 298 K lies in the range of 350-544g/L.3* When the crystal was placed in the solution
with a concentration closer to the solubility upper limit, the crystal grew with the molecules
approaching in the proper orientation and sticking to the surface, as can be seen in figure
4. Relatively slower growth is observed when the crystal is surrounded with 400g/L urea
solution. The crystal shows no appreciable growth or dissolution in 300g/L urea solution for
as long as 1us, and so, we predict the value of solubility to be in the range of 300-400 g/L.

At a concentration lower than this value, the crystal dissolves.
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Figure 3: The number of crystalline molecules(/N.) as a function of time for (a)Polymorph I
(b)Polymorph III (c¢)Polymorph IV

10

https://doi.org/10.26434/chemrxiv-2024-25hj6 ORCID: https://orcid.org/0000-0002-8721-6247 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-25hj6
https://orcid.org/0000-0002-8721-6247
https://creativecommons.org/licenses/by-nc-nd/4.0/

B3 p 5o A gL L L LS
At < H) (IR RN s
ép.»-’-’-%»azsu.i L L L Lt RALL LR L LLLA
PRttt € )k rrrrrrrrrnrt Fh 3 4o e 9
TIP3 pese b des FHALLLLRL A4S LLELd <<
et e BRI Ry
\ = o ‘ 8 ’ #4

o 4 £ ¢4 PrrEERE R LLLLEL A

* i O d S HF LS G TS, v’}%}&y*

(a) (b) (c)

Figure 4: Snapshots of the simulation box taken after (a) 100 ns, (b) 550 ns and (c) 300 ns,
showing growth in the three polymorphs. Urea molecules belonging to crystal are represented
in green, urea molecules from solution that have oriented in the form of crystal are colored
pink and the urea molecules in solution are grey. (a) In form I, the crystal had three layers
initially, but five additional layers grew after 60 ns of simulation in 545g/L solution. (b) In
form III, five more layers grew at the surface after 500 ns simulation in 1100 g/L solution.
(c) Form IV also showed five new layers at the surface after 280 ns in 700 g/L solution.

Polymorph III

The dynamics at the crystal interface in polymorph IIT (Figure 3b) show a trend similar
to polymorph I. The solubility range is 600g/L with 1040g/L and 1100g/L serving as lower
and upper limits to this range, as opposing events - growth and dissolution occur at these
concentrations. The 1060g/L seems to be an approximate value of solubility, such a high
value for this polymorph can be attributed to the weaker intermolecular forces particularly,
hydrogen bonds in this crystal as compared to polymorph 1.2837 In the latter, the carbonyl
bond of the urea molecule forms four H-bonds, NH-:--O with three different neighboring
molecules, whereas, in polymorph III, the number of neighboring molecules making H-bonds
to a given molecule reduces to two with the collapse of square tunnels formed from the
four hydrogen-bonded molecules in form I. The structural compactness is reduced in phase
ITI which encourages urea molecules to go into the solution phase thereby, increasing the

solubility.
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Polymorph IV

Growth of the polymorph IV crystal occurs in 600g/L and 700g/L urea solutions as can be
seen in Figure 3c. However, crystal dissolution was not observed even in urea solutions having
a concentration as low as 240g/L for over 1us. Neither growth nor dissolution of the crystal
is observed at lower concentrations than 600g/L, the lower bound on solubility is hence not
obtained. This highlights the large energy barrier for the urea molecule in the crystal to come
out and pass into the solution. It is possible that (001) face may not be kinetically feasible
for the study of this polymorph, further investigation into additional facets is required to
establish the lower solubility limit, but that endeavor is deferred for future consideration.
The crystal structure of phase I'V is similar to form III in the sense that both have distortion
of the square tunnel, which should increase the solubility of polymorph IV over form I.
Compared to form III, polymorph IV exhibits greater symmetry and an additional NH- - - O
hydrogen bond.?37 This suggests that the solubility of the latter should be lesser than the

solubility of the former, which indeed is found to be the case.

Conclusions

Solubility values were found for the three polymorphs of urea using molecular dynamics sim-
ulations. This study effectively distinguishes between the polymorphs and yields solubility
values consistent with our prior comprehension of their molecular arrangements. CuMD is
an upgrade over unbiased MD simulations, which carefully looks after the shortcomings of
DCS. Experimental solubility values for forms III and IV are not yet reported. The pre-
dicted solubility of form I, 300g/L, lies on the lower side of the experimentally determined
value, 448g/L (average of the solubility range), and is only 67% accurate. The solubility
uncertainty can be attributed to many factors, including the force field parameters. Recent

38-46

advancements in machine learning-based potentials will alleviate this issue to a great

extent.
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Figure 5: Number density in the control region is plotted as a function of time for CuMD
simulations in (a) Polymorph I, (b) Polymorph III, and (¢) Polymorph IV
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