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Abstract

We present a grid-based molecular modelling approach mechanics software for screening the
solute-solvent and solute-solute interactions of organic molecules. This tool can provide some
deeper understanding of solubilisation of organic molecules, intended to guide scientists to
intuitive conclusions about whether a solute/solvent pair may provide the physical properties

desired, such as crystallisability, solubility and crystal polymorphism.

The study focused on solutions of p-aminobenzoic acid in acetonitrile, ethanol and water.
Acetonitrile molecules are found to form the weakest interactions with the solute molecule,
although they also form weak interactions with themselves. In contrast, water forms strong
interactions with the solute molecule, with strong preference to interact with the carboxylic acid
group, although they also form strong self-interactions. Ethanol forms strong interactions with

all of the solute molecule, along with reasonably strong interactions with itself.

The looser solvation of the carboxylic acid group by acetonitrile is thought to drive the
crystallisation of the a polymorph, by lowering the crystallisation kinetic energy barrier. In
ethanol the strong interactions of the solvent are thought to contribute to the significant
undercooling of ethanolic solutions observed in previous studies. Water's strong interactions
with the carboxylic acid of the solute may drive the self-assembly of the a-form by interactions

of the phenyl groups, and also contribute to the nucleation of the B-form from this solvent.

This workflow can provide valuable guidance on the solvation properties of organic molecules
and clusters, as well as producing low energy solvation shells of molecules and clusters to be

utilised as starting points for more sophisticated simulations, such as molecular dynamics.

Keywords: Crystallisability, Molecular Modelling, Grid-based Modelling, Solubility, Solvation,

Polymorphism



1. Introduction

The Made Smarter Review 20172 outlined the need for high value chemical industries, such
as the pharmaceutical industry, to take greater advantage of digital technologies in their
manufacturing workflows. The advances in first principles molecular modelling has seen the
use of these tools in solubility screening,*® the prediction of stable crystal structures’ and
morphology prediction.®'° Despite this, barriers to uptake of such tools can appear if the

usability of the program is poor or the computations are too time consuming.

Crystallisation from solvent is the often-preferred method of purification of an organic small
molecular active pharmaceutical material (API), as the crystalline form is the most stable and
pure form of a material. The choice of solvent can be much more complex, since properties
such as low solubility, polymorphism (different crystal structures of the same material) and
particle size and shape can vary from solvent to solvent. Such properties need to be optimised
to maximise the product performance in downstream processing for the manufacture of an

efficacious product.

There are a variety of multi-scale techniques available to predict thermophysical data and
solution chemistry, from ab initio calculations of full electronic structures '? through to more
empirical based group contribution methods.'® However, to capture the possible variety and
detail of intermolecular interactions between the solute-solute, solute-solvent and solvent-
solvent in the bulk solution and at the solution-surface interface, molecular mechanics (MM)
and molecular dynamics (MD) simulations using interatomic force fields to calculate the

interactions between molecules are often favoured.'#'®

Whereas MD simulations can explore the dynamic motion of molecules in multiple states over
small timescales, grid-based MM simulations sacrifice the molecular motion to rapidly identify
the most favoured molecule-molecule® '® or molecule-surface'” '® interactions by calculating
interaction energies at user-specified grid-points (both spatial and rotational). Intermolecular
grid-based molecular simulations have been effective for refining crystal structures from
powder patterns'®, selecting co-crystal co-formers,?° identifying solvent surface wetting impact
upon crystal morphology'® 2" and APIl-excipient compatibility.?> These calculations have the
advantage of running far more quickly than MD simulations, with typical run times of minutes

or hours on a lap-top computer, compared with hundreds of hours for MD simulations.

The high speed allows the sampling of many possible intermolecular geometries of multiple
systems, in the bulk solution and at the crystal-solution interface, which is attractive in
industrial applications where rapid screening of multiple material properties is required. Such
simulations can be used to target more advanced and computationally expensive simulations,

or experimental work. Some molecular mechanics programs have been developed to assess
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cluster stability>® and search for solvation sites of proteins,?* 2> however such approaches have

yet to be incorporated into a workflow.

This paper presents a grid-based modelling approach to understanding the solute-solute,
solute-solvent and solvent-surface interactions of p-aminobenzoic acid (pABA)" 2 in
acetonitrile (MECN), ethanol (EtOH) and water (H20). The favoured binding sites of pABA with
itself are predicted using a grid-based systematic search method to examine the lowest energy
small clusters of pABA. This is repeated to explore the solvent interactions with pABA, gaining
an understanding of how the molecule is likely to de-solvate from the above solvents and how
this is likely to affect solute aggregation. This digital screening of solvation can be used as a
guide to why a particular solvent may solvate a material well, with the computational efficiency
to be potentially used on a large data set of solutes and solvents to conduct an initial screen
of lead solute/solvent pairs for good solubility. In addition, we also demonstrate how this initial
understanding could be extrapolated to provide basic insights into the nucleation and

polymorphism in that solvent using these simple and computationally efficient simulations.

The crystal chemistry, solution chemistry, crystallisation and growth of the a- and B-
polymorphic forms of p-aminobenzoic acid (pABA) has been well investigated, 2 ® 26-32 both
theoretically and experimentally. The high temperature stable a-form has been observed to
dominate the crystallisation from most organic solvents,? 2629 30.33-35 gyen in conditions where
the B-form is thought to be more thermodynamically stable. It has been proposed that the fast
nucleation and physical properties of the a-form is driven by the stable OH...O H-bonding
‘classic dimer’ interactions and the unbroken chain of 11-1r stacking interactions along the long
axis of the needle,? ° leading to rapid nucleation and growth of this form into a needle. Hence,
this wealth of experimental understanding of the solubility, nucleation and crystal growth
makes this an attractive candidate for our proof of concept calculations of our digital screening

tool.

2. Materials and Methods

21. Material: p-Aminobenzoic Acid

P-Aminobenzoic acid has two well-characterised polymorphs, a?”:%:37 and B,?” recently a third
polymorph3® and a nitromethane solvate® have been discovered. The a- and B-pABA
structures have significantly different intermolecular structural chemistry and morphologies,

see Figure 1.



a-pABA B-pABA

Figure 1: The crystal packing of the a- and B-polymorphs’ 2 of pABA, and their crystal
morphologies, a growing as a needle like form

The packing of the a-form is characterised by strong intermolecular OH...O and NH...O H-
bonding interactions, along with an unbroken chain of 1-11 stacking interactions directed along
the long-axis of the needle. In contrast, the packing of the B-form has a more isotropic structure
with strong interactions in all three dimensions, where the combination of the ring of H-bonds
and the head to tail -1 stacking interactions in these different direction produce a more block
like crystal morphology" 2.

These two polymorphs share an enantiotropic relationship, with the a-form stable at high
temperatures and the p-form at low temperatures. The thermodynamic transition temperature
is believed to be between 14°C-17°C,?% 33 however, solution crystallisation often yields needle-

like a-crystals at temperatures below this range.
2.2, Computational Methods
2.2.1. Digital Workflow

The molecular interaction energy calculator (Mol-Mol) has been previously described in
detail,?° operates by taking two atom assemblies (usually but not necessarily molecules) in
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fixed confirmations as input. One assembly is the target, around which a search grid is defined,
the second assembly is the probe. During the calculation the probe is located at every point
in the search grid, at each of which it is rotated through the points of an angular search grid.
At every point in joint space and angular search the probe-target interaction energy is
calculated by summing an interatomic potential, and an electrostatic potential, for all pairs of
probe-target atoms. Finally, a low pass energy filter can be applied to remove interactions that
are not significant or represent the physically impossible condition of a high energy probe

target collision.

Solvation can be studied by using solute as the target, and solvent as the probe, with further
data available from solute-solute and solvent-solvent studies. The program also has a cluster
building mode in which probe molecules are located at low energy sites, in a precomputed
grid around a target, allowing for probe-probe interactions. The software fits into a four-stage

digital workflow for studying crystallization from solutions.

Construct, or extract from databases, probe and target molecules.
Calculate the atomic partial charges for both molecules.

Run Mol-Mol in solvent-solvent, solute-solvent and solute-solute modes.

W=

Run Mol-Mol in cluster building mode for solute-solvent and solute-solute, and then

optimize the clusters using any available molecular optimisation tool.

This workflow is intended to be a computationally efficient method to unpick explicit
intermolecular interactions between solute and solvent to provide some guide to solvent
dependent behaviour of organic molecules. Approaches such as COSMO-RS and group
contribution methods can rapidly predict thermochemical data of solutions, however these lack
the explicit intermolecular chemistry which can be displayed from molecular simulations. In
contrast, MD simulations can calculate precise details of intermolecular solution chemistry and
motion, but the computational expense is high, and the data analysis is challenging. All the

simulations presented in this paper took less than one minute on a single processor.
2.2.2. Calculation of Intermolecular Interactions

All intermolecular interactions in this study were calculated using the Dreiding interatomic
potential,®® which is parameterised for a variety of organic molecules. The atomic partial
charges were derived from a calculation of the electrostatic potential using Gaussian09,
charges from electrostatic potentials using a grid based method (ChelpG) scheme,*° using a
6-31G* basis set at the Becke, three parameter Lee Yang Par exchange correlation function.*"
42 This approach has been extensively used when calculating intermolecular interactions of

organic molecules in order to predict their physical properties.® 1% 2032, 43,44



2.2.3. Geometry Optimisation of Solvation Clusters

The geometry of the solvation clusters was optimised using the Forcite Module within Biovia’s
Materials Studio 8.0 package.*® The SMART algorithm was used, with medium tolerance for

the convergence. The Dreiding forcefield®® and Gasteiger*® 4’ atom point charges were used

in the calculation of the intra- and inter-molecular energies.
3. Results and Discussion

3.1. Single Molecule Solvation Search

The solvation sites for the single molecule of pABA were calculated for MECN, EtOH and H-0,
increasing the energy filter (e.g. for an energy filter of -2kcal mol™', any solvent-pABA

interactions weaker than -2kca/mol are filtered out from the results) on each simulation, shown

in Figure 2.
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Figure 2: The strongest solvation sites for MECN, EtOH and H.O interacting with pABA using
increasing energy filters from -2 to -7kcal mol™. Interactions that pass the energy filter are
represented by a pink sphere. If no results are shown for the higher energy cut offs then this

means that no results were found above the energy cut off

This tool gives a graphical representation of the most favoured solvent binding sites, where
the increasing energy cut off can show which binding sites will quickly become de-solvated
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and which are likely to need more energy to de-solvate. Figure 2 shows that for H.O the
strongest interactions are where the molecule can hydrogen-bond, which occurs around the
COOH group. In comparison the H>O, the software predicts MECN and EtOH can better
solvate the NHz and phenyl ring groups, especially in the case of EtOH, which agrees with
expectations. Indeed, it can also be observed that comparing MECN and EtOH, EtOH
preferentially forms stronger interactions with the COOH group as well. The -4kcal mol™
figures for these two solvents show a relatively similar number of spheres around the PABA
molecule, with more of the spheres concentrated around the NH» group for MECN and more
of them concentrated on the COOH group for EtOH. However, once the energy filter is raised
to -5kcal mol™', only two spheres are left for MECN and around 6 are left for EtOH, which are

all concentrated on the COOH group.

EtOH’s ability to better solvate the entirety of the pABA molecule, rather than just the polar
groups, correlates well to pABA being found to have a significantly higher solubility in EtOH
than MECN or H,0.%% % The energies of the solvation sites of H,O and MECN were found to
be relatively similar, with H>O being calculated to better solvate the COOH group as it is a H-
bonding donor and acceptor, whereas MECN was calculated to better solvate the NH» group
due to it being only a H-bonding acceptor. Despite this, it is experimentally observed that
pABA’s solubility in water is approximately an order of magnitude lower than its solubility in
MECN.

3.2 Solute Clustering and Solvation Shells

The search function gives a very reasonable first approximation of the binding sites, without
revealing much details into the chemistry of the binding or what the intermolecular chemistry
of solute or solvent mediated clusters may look like. Hence energetically favourable clusters
of solute and solvent were built to provide a greater understanding of the solvation of pABA,
but also to give some guidance on how the solvent may impact upon the polymorphism of the

material.
3.2.1. Solute Clustering

Since the nucleation behaviour of the a-form is thought to be dominated by the favourable
solid-state synthons in its crystal structure, a search for the most favoured geometry of a four-
molecule cluster of pABA was carried out. Figure shows the results, along with the unit cells
of a- and B-pABA.
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(a)

(b)

Figure 3: (a) The most energetically stable four molecule cluster of pABA found from the grid
based approach, showing how the molecules are sequentially added in energetically favourable
geometries; (b) A comparison of the most stable four molecule cluster from the grid-based
simulation to the unit cells of a- and B-pABA, showing that this cluster more closely represents
a-pABA
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Figure 3(a) shows that the most favoured solute-solute interaction from the Mol-Mol search is
dominated by the OH...O H-bonds. This dimer is slightly more condensed than observed in
the a-PABA crystal structure, likely due to the molecules maximising the dispersion interaction
between the ring structures. The following additional interactions are the NH...O interactions.
It is possible that the 1-11 ring stacking interactions are not seen from this search because of
the orientation of the initial dimer forming some dispersion interactions with itself, hindering
the formation of further such interactions with other molecules. This somewhat highlights a

limitation of building clusters from this procedure.

Figure 3(a) shows that the four membered cluster, predicted by Mol-Mol, in solute-solute
cluster mode, more closely resembles the solid-state structure of a-pABA (Figure 3(b)), than
that of B-pABA (Figure 3(c)). Mol-Mol correctly finds the OH...O H-bonding dimer interactions
and the NH...O interactions, which are typical of the solid-state structure of a-pABA, which
supports the hypotheses that the structure self-assembles through such building blocks.
Though this simulation ignores any solvation effects, such as solvent molecules blocking
otherwise favourable interactions, it does provide an indication of the preferred interactions of
PABA with itself.

3.2.2. Solvent Clusters

Figure 2 shows all the high energy solvation sites for pABA with MECN, H.O and EtOH, which
have implications for solubility, solvent dependent nucleation kinetics and polymorphism.
Water’s preference for solvating the COOH group over any other part of a pABA molecule
suggests that in water the COOH group would be less available for solute-solute self-
assembly, than in the other solvents. In contrast, Figure 2 shows that there was only one site
where MECN has an interaction with the COOH group of PABA which was stronger than -
5kcal mol'. This suggests that the work to de-solvate the COOH group in MECN would be
much less than in H20, consistent with the dominance of the crystallisation of the a-form from

this solvent, whereas the 3-form can be crystallised from H,O.

Further to this, Mol-Mol was used to predict ten molecule solvation shells around single
molecules of pABA. Since the clusters were built on a rigid grid, they were subsequently
geometry optimised to find their lowest energy configurations. The results are shown in Figure

4 and the energies in Table 1.
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Figure 4: Ten molecule solvent clusters of H20 (top), MECN (middle) and EtOH (bottom) around
the pABA molecule, broken down into solute/solvent and solvent/solvent interactions. Left of
the arrows show clusters before geometry optimisation and right of the arrow after
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Table 1: Total intermolecular interaction energies, per mole of solvent, for the ten molecule
solvation clusters of PABA with H20, MECN and EtOH, split into solute-solvent and solvent-
solvent interactions. Each solvent is listed twice the first result is the raw cluster builder, and
the second is the optimised cluster. In general optimisation has increased the proportion of the
total energy accounted for by solvent-solvent interactions

Energy (kcal mol)
Solvent Total Solute-Solvent Solvent-Solvent
—————————————————————————————————————————————

H.O -53.7 -33.7 (62.8%) -20.0 (37.2%)

H.O (Optimised) -46.5 -21.0 (45.1%) -25.5 (54.9%)

MECN -29.2 -23.8 (81.5%) -5.4 (18.5%)

MECN (Optimised) | -36.0 -20.9 (58.2%) -15.1 (41.8%)

EtOH -54.9 -39.7 (72.2%) -15.3 (27.8%)

EtOH (Optimised) -64.9 -42.5 (65.4%) -22.4 (34.6%)

Figure 4 shows that the ten molecule solvation shells of MECN and EtOH form a more isotropic
distribution around the pABA molecule, whereas H,O forms 9 of its 10 interactions with pABA
around the COOH group. This lack of isotropic solvation of H.O around PABA could account
for the low solubility of pABA in this solvent. However, it must be observed that the solute-
solvent interactions calculated for H.O were found to be higher than the same for MECN.
Relaxing the clusters into lower energy configurations by geometry optimisation had the effect
of increasing the proportion of the total energy accounted for by the solvent-solvent
interactions. This is a result of the cluster builder being driven a depth first search of the
probe-target grid, so solvent molecules already located are fixed with solvent-solvent
interactions only adjusting the location of solvents added later. Also, geometry optimisation
has favoured the water molecules re-arranging to interact more strongly with themselves, in

comparison to the MECN and EtOH clusters which remain broadly in the same structure.

However, a deeper comparison of the solute-solute and solute-solvent interactions found that
H-O had the strongest solvent-solvent interactions. It was also found that from the total

intermolecular energy of the clusters, the solvent-solvent interactions accounted for
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approximately 55% of the interaction energy for the water shell. In comparison, the solvent-
solvent interactions only accounted for approximately 42% of the interactions in the MECN
solvent shell. This indicates that water molecules provide a greater competition to the solute
molecules for interaction than acetonitrile molecules, which may explain pABA’s significantly
higher solubility in MECN than H20.

3.3. Implications on Crystallisability

These calculations of solute-solvent interactions and shells have provided qualitative backing
for the chemical intuition about the solvent-solute interactions occurring in solutions of pABA.
However, the preferred positions found in the solvent-solvent simulations can also give
insights into how pABA molecules structure in solution, and how this can affect crystal

nucleation and polymorphism.

The clusters constructed for MECN and EtOH showed that these molecules form a tight shell
around a pABA molecule, finding interactions with all parts of the pABA molecule. In
experiments these two solvents have only been observed to produce the a-form of pABA, with
the nucleation kinetic energy barrier being found to be lower for MECN than EtOH. Further to
this, small angle X-ray scattering measurements of supersaturated ethanolic solutions of
PABA have identified denser phases in the solution which were estimated to be in the range

of 100s of nanometres.?

The calculations and experimental data together suggest that the stronger interactions that
EtOH forms with pABA, and with itself, result in the formation of more stable solute rich phases
in the bulk solution, which remain stable during significant undercooling.? > There is some
debate as to whether the first critical step in the crystallisation of the a-form is the de-solvation
of the carboxylic acid group, or aggregation driven by other parts of the molecule. Though we
cannot draw definite conclusions from the simulations presented here, we think that it is
pertinent that MECN demonstrates the loosest solvation around the COOH group, whilst EtOH
clearly aggregates much more closely, implying that the de-solvation of the COOH group in

EtOH would be much slower than in MECN, consistent with the nucleation kinetic data.3* %

The crystallisation of pABA has been observed to behave quite differently in aqueous
solutions, in comparison to organic solvents.3* 35 48 Firstly, the nucleation of a-pABA was
observed to have almost none, or a very low, kinetic barrier to nucleation, whereby the
solutions could hardly be undercooled.*® Secondly, the often elusive B-polymorph was reliably

crystallised at low supersaturations.30: 48

These calculations suggest that the water molecules poorly solvate a lot of the pABA molecule
preferring self-association, we believe this drives the progressive nucleation of a-pABA with

minimal undercooling. The strong interaction of water with the COOH group, along with the

15



strong network of solvent-solvent interactions that can form into an extended network away
from the COOH group, appears to hinder the formation of the a-form; potentially even driving
the self-association through stacking of the phenyl ring structures in this solvent, as theorised
by Cruz-Cabeza et al.*® Moreover, the head to tail stacking interaction is an important synthon
in the B-structure, and this could also be the driving force for the nucleation of the -form,

observed in aqueous solutions.
3.4. Summary Discussion

Figure 5 provides a diagrammatic guide to impact of solvent on particle properties. The way
in which the solvent molecules are attracted or repelled by the solute strongly impacts
polymorphic form and morphology. For instance, the repulsion of water from the ring structure
and its high affinity for the carboxylic acid group results in very thin a-PABA crystals and the
appearance of the B-polymorph from this solvent only. This workflow is intended to be used in
a cross-discipline setting, where the solvent impact on particle properties and the underpinning
science must be transferred between people of different back grounds. We feel that such a
diagram of the results could assist in the broader use of such modelling approaches in the

pharmaceutical drug manufacture pipeline.
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Figure 5: Proposed solvation mechanism of pABA in (top to bottom) MECN, EtOH and H.O. The
blue arrows indicated strong solvation of the functional group by the solvent, then green as
medium and red as weaker solvation

4. Conclusions

This study shows how the grid-based molecular modelling calculations of MECN, EtOH and
H>0 provide an insight into the solubility and crystallisability of pABA. These computationally
efficient simulations provide a guide to the underlying chemistry of the well understood
crystallisation behaviour of pABA in MECN, EtOH and H>O. We feel that this approach could
find significant use if it could be adapted to screen multiple solutes and solvent, possibly using

scripting approaches.

The utility of the method in a digital workflow arises from its computational speed; itself arising
from the restriction of the probe to a search grid, with both probe and target being in fixed
confirmations. This paper has demonstrated that this still allows good approximations of

molecular behaviour to be made, with the final clustering results improved by the application
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of geometrical optimisation, itself a relatively quick operation. Despite these simulations
effectively being at zero kelvin, the preference of the solute-solute and solute-solvent
interactions can give a good first approximation to the likely solution chemistry or
intermolecular self-assembly. Such ensembles built from this workflow could be used as the
starting point for MD simulations, which could provide more insight into how the solution

concentration and temperature effects the solution chemistry.
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