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Abstract

A subset of co-crystal systems of the antipyretic and analgesic drug, propyphenazone, are used to
probe the nature of the drug:-:co-former interactions. The experimental electron density distribution,
based on very high-resolution single crystal diffraction, has been modelled and an analysis undertaken
using Bader’s Atoms in Molecules approach. Atomic charges, intermolecular interactions and their
energies have been subsequently derived and compared between systems. Complementary
theoretical calculations are used to derive interaction energies for intermolecular interactions beyond
atom:---atom contacts. These permit the deconvolution of the intermolecular interactions into their
constituent energy components for a comprehensive analysis. This approach provides an insight into
the factors affecting the assembly of the solid state, with the case of pharmaceutical co-crystals being
highlighted in this work. Furthermore, this approach enables analysis of the effect of the co-former on
various influencing factors that determine the physicochemical properties of these multi-component

systems.
1. Introduction

Tailoring of molecular and crystal structure in order to modify materials’ properties is a fundamental
goal of crystal engineering.[1] Co-crystals[2] achieve this aim by the introduction of an additional
molecular entity into the crystal lattice, which has the effect of altering the molecular arrangement,
3D packing and intermolecular interactions. Consequently, a range of physicochemical properties will

also be altered.[3,4] Such properties include solubility,[5,6] stability,[7-9] crystallinity, melting



point,[10] dissolution rate,[11] and mechanical properties.[12] Accordingly, co-crystals are a current
research interest in a variety of fields where control of the solid state is key, including
pharmaceuticals,[13] energetic materials[14] and agrochemicals.[15] The commonly used Aufbau
Synthon approach to crystal engineering uses well-understood strong intermolecular interaction
patterns to construct a crystal structure.[16] However, Parsons et al. identified ‘the hazards of over-
simplifying intermolecular interactions on the basis of prominent atom—atom contacts’ as part of an
analysis of the high-pressure polymorph of glycine.[17] There are very few approaches that can be
used to relate physicochemical properties to crystal structure and this is a key deficiency in the ability
to design particular materials possessing specific properties. Both electron density studies i.e. highly
accurate X-ray diffraction studies that reveal the electron distribution in a crystal[18], and
computational approaches can probe physicochemical properties from an electronic level, each using
different methods. An experimental or theoretical electron density distribution (EDD) can provide
guantitative analysis of intermolecular interactions, the identification of individual hydrogen bonds
and derivation of properties. Thus their nature and strength can be determined. Computational
techniques can be employed in parallel and provide supplementary data and complementary
analyses. The combination of the data obtained from both these methods allows for comparisons to

be made, and the trends observed rationalised.

The pharmaceutical industry in particular has embraced the potential of co-crystals, where inclusion
in drug discovery programs and screening processes is widespread. FDA guidance now classifies them
alongside traditional solid forms and states that ‘a regulatory classification of a co-crystal is similar to
that of a polymorph of the active pharmaceutical ingredient (APl)’ and therefore co-crystal drug
products are now beginning to come to market.[19,20] Recent examples of these include Lexapro, an
escitalopram oxalate and oxalic acid co-crystal, approved in 2009 for the treatment of depression and
anxiety disorders,[21,22] and Entresto, a 2015 FDA approved sacubitril-valsartan drug-drug co-crystal
used to treat heart failure.[23,24] The ignificance of co-crystals to industry has therefore shifted from
one of academic curiosity to true application and therefore a full understanding of their behaviour is

fundamentally necessary.

A selection of our own work in this area includes a comprehensive co-crystal design, screen, and
structural and physicochemical property analysis on an API with antipyretic and analgesic effects -
propyphenazone (1,5-dimethyl-2-phenyl-4-propan-2-yl-pyrazol-3-one, PROPY).[25] An interaction
analysis of similar structures in the Cambridge Structural Database (CSD)[26] led to a co-crystal screen
involving 90 co-formers which generated 15 putative new co-crystals and 8 novel co-crystal single

crystal structures. Analysis of API---co-former interactions in the atomic resolution crystal structures



led to some correlations with trends in physical properties such as stability, solubility and dissolution
rate. PROPY is notable in that it possesses little classical hydrogen-bonding capability and therefore
typical synthon-based design strategies were not plausible. Hence, a comprehensive screening
process was performed. It was a goal of this study to use this constraint (limited hydrogen bonding
functionality) to better understand the solid-state criterion for forming co-crystals. However, This type
of study, however, affords a level of understanding that is often limited; trial and error approaches to
co-crystal screening are often commonplace. The work presented herein builds on the knowledge-
based design approach, described in the aforementioned work on PROPY co-crystal design; we
propose a more detailed analysis of a carefully selected subset of the single crystal structures of co-
crystals of PROPY (Figure 1). Such a closely related set of structures allows a constrained analysis

where particular factors can be compared and rationalised.

Quantum Crystallography is a concept that integrates quantum chemical methods with the
fundamental, underlying principles of crystallography determined by the electron density and its
distribution.[27] The advantages of this are twofold in that these studies provide quantitative analysis
of the systems at the electronic level, and hence changes in molecular charge distribution between
different crystals can be assessed. This also permits a deeper and extended investigation of the
intermolecular interactions, the associated energies and components thereof. Co-crystals and their
analysis provide an ideal vehicle to explore this methodology due to their reliance on multiple
components being non-covalently bound together in the crystal lattice; the structural effect on various

physicochemical properties can therefore be thoroughly investigated.
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Figure 1. Molecular structure of PROPY and the four co-formers chosen for this study.

In our aforementioned PROPY study, the whole system is initially assessed to provide a holistic view
of the structure and all the molecular pair interaction energies. This is in alignment with Desiraju and
Nangia’s view that a crystal structure must be assessed and visualised as a whole entity, rather than

focussing on localised, specific interactions.[28]

Herein we combine both theoretical and experimental approaches to analyse individual interaction
energies of a structurally-related sub-set of PROPY co-crystals. Interactions are hierarchically ranked
based on the energies and components thereof, giving rise to three sets of interactions for each co-
crystal system: strong hydrogen-bonds, moderate favourable interactions, and much weaker (and
sometimes not all favourable) interactions. These are related to the assessed physicochemical
properties of each system, in order to provide greater insight into the structure-property
relationships. Whilst structurally similar, the chosen sub-set of structures display sufficient diversity
for a selection of variables, in addition to the primary O—H-:-O hydrogen bond, to be investigated.
These include stoichiometry and aromaticicty as well as the nature of the primary hydrogen bond

donor group functionality (O—Hhydroxyi***O VS. O—Hcarboxylic acid)-



2. Experimental Methods

2.1 High Resolution Single Crystal X-Ray Diffraction

Data was collected for all four systems on the Rigaku FRE+ diffractometer equipped with VHF Varimax
confocal mirrors, an AFC10 goniometer and an HG Saturn724+ detector using Mo-Ka radiation (A =
0.71075 ,&). Crystal Clear V3.1[29] software was used for data collection and CrysAlisPro for data
reduction and Gaussian absorption correction. All data sets were collected at 100 K and suitable
crystals were selected and affixed to a MiTeGen MicroMesh support using two-component glue. This
was cooled for 5-10 minutes before centering to ensure no crystal contraction or movement after
centering occurred. For all systems an initial short screening data collection was completed using the
attenuator for overload corrections. The experimental parameters were: exposure, 1 second;
redundancy, 3-4; resolution, 0.7 A. Following this a full high-resolution data collection was calculated,
with the same crystal and in the same orientation. The main experimental parameters for high-
resolution data collection were: exposure, 1 second (low angle) and 40-50 seconds (high angle);
redundancy, 9-20; resolution, 0.41 A. Full and comprehensive details of high-resolution data collection
parameters can be found in the Supporting Information Section 1.1.1, Table S1. CCDC deposition

numbers for the four co-crystals are: 1976434, 1976435, 1976453, 1976484.

2.2 Experimental Electron Density Distributions

2.2.1 Atomic Interaction Energies

The involvement of electrons in chemical bonds cause the atoms involved to become non-spherical,
and a multipole model can be used to model this atomic non-sphericity.[30] In this approach (which
is described thoroughly in this reference) the electron density is split into the spherical core electron
density, the spherical valence electron density and the deformation valence density, the population,
expansion and contraction of which can be subject to (multipole) refinement. EDDs obtained from a
multipole model refinement of high resolution experimental diffraction data enable the analysis of
specific atom---atom interactions. Quantitative information can be derived for all interactions, both
intra- and inter-molecular and can be classified based on topological properties of the electron density
at critical points. It has been shown that summing all experimental interaction energies between two
entities, as used in the Espinosa-Molins-Lecomte (EML) scheme,[31] underestimates the total energy
in comparison to that generated by the PIXEL method,[32] however this enables relative energies to

be determined and a ranking of strength and importance to be ascertained.



Full details of theoretical calculations and experimental data collection, multipole refinement and EDD
analyses are provided as Supporting Information. Experimental parameters are detailed in Table S1 of

the Supporting Information (see sections 1.1-1.3), while theoretical calculations are in Tables S12-13.
2.3 Molecular Pair Interaction Energies

The calculation of intermolecular interaction energies detailed by Spackman et al. and implemented
in CrystalExplorer (CE) provides an overview of molecule::-molecule interactions of a system.[33]
Gaussian[34] B3LYP/6-31G(d,p) monomer wave functions for each molecule are determined within
the software, from which the interaction energies are calculated.[35] Each interaction energy can be
deconstructed into its four constituent terms Ecou (coulombic), Eyor (polarisation), Eqisp (dispersion) and
Erep(repulsion). Hirshfeld surfaces[36—40] can be transformed into a 2D representation, a fingerprint
plot, and numerical data extracted to compare the relative proportions of different contact types in
each structure. Gavezzotti’s PIXEL approach[41-44] is similar to that used by CE but separates
interaction types into energies of A--:A, A---B, B::A and B--B interactions (considering both donors and
acceptors for a two-component system). These computational methods offer a quantitative
assessment at the molecule:::-molecule level and can identify the strongest, and possibly most
important, interactions in a system. By comparison and combination of these two approaches a

comprehensive overview of the pairwise interactions can be derived.

A comparison of the energy components derived from both the PIXEL and CrystalExplorer methods
shows them to be very similar (Tables S12 and S13). While both methods were employed throughout,
the majority of theoretical data presented herein are from calculations using the PIXEL method as it
readily specifies the molecules involved in an interaction making it easier to distinguish and group:
PROPY...PROPY, PROPY...co-former or co-former...co-former interactions. The exception to this is
when specific types of theoretical interaction energies are discussed, e.g. C—H, O—-H, where

CrystalExplorer energy components and fingerprint plots are used.

3. Results

Analysis of classical non-covalent interactions alone provides only a generalised and simplified
approach to rationalising the nature of the solid state. Since the introduction of high resolution EDD
analysis considerably more detail about these interactions can be derived, however this still does not
represent the whole range of interactions between molecules in crystals. We present analysis that
begins with EDD analysis of classical interactions, but moves on to consider the total interaction

present between neighbouring whole molecules in the crystal. These molecule:--molecule interactions



can be broken down into the wider range of constituent components which can be related back to a
variety of classical interactions, such as hydrogen bonds, m-n and electrostatics. The interaction
analysis results presented here form the basis of the rationalisation of co-crystal composition and

physical properties from a hierarchical ranking of these interaction energies.

3.1 Intermolecular Interactions From EDDs

When the experimental EDD is considered, pairs of molecules can be identified due to being linked by
a critical point. Figure 2 shows the total interaction energies (calculated by PIXEL) for
molecule:--molecule pairs formed between all components in the four systems studied. We now
discuss the relative energy of molecular pairs in these scatter plots in the context of the classical

interactions observed from the experimental EDD.

Each molecule-molecule pairing in all four co-crystals is dominated by a single, strong hydrogen bond
(seen towards the bottom of each plot, >40 kJmol?) arising from the interaction between PROPY and
co-former via the C=0 functionality, The exception to this is PROPY-4HBA which contains a strong
interaction between a co-former---co-former molecular pair in addition. This arises from the carboxylic
acid dimer which is present. PROPY-HQ also displays strong co-former:--co-former interactions,
observed in the region between -30 and -40 kJmol?, corresponding to the O-H---:O hydrogen bonds
observed in the crystal structure, their strength enhanced through the cooperative effect of the linked

interaction network.

The intermediate region of the plot containing moderate strength interactions is comprised of several
weaker hydrogen bonds. Therse are generally considered favourable, however less influential than
the main structure-directing, stronger interactions. When these are significant in number, their overall
influence can be greater (vide infra). These will form if the steric-electronic balance of the API---co-
former assembly allows for the appropriate orientation and positioning of molecules but are less likely

to influence the primary API---co-former assembly.

The final region at the top of the plot (<10 klmol?) contains pairwise interactions comprised of many
weak interactions. These are weaker and/or fewer in number than the moderate strength region
resulting in lower overall interaction energies. These are likely to have lesser influence on structural
arrangements, easily forming between adjacent molecules whose orientations are determined by the

stronger interactions in the ‘moderate’ and ‘strong’ regions of the plot.
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Figure 2. Interaction Energy Scatterplots determined from PIXEL calculations plotted against

molecule:--molecule centroid distances (R) for the PROPY co-crystals. a) PROPY_4HBA, b) PROPY-

MPAR, c) PROPY-HQ (note 1:2 ratio) and d) PROPY-FA (note 2:1 ratio). Weak interactions < -10 kJ

mol?! < Moderate interactions < -30 kJ mol ™ < Strong interactions.



3.2 Aromatic Charge Distribution

Several methods may be employed to integrate electron density and allocate charge to atomic centres
(Stockholder partitioning,[45] Mulliken,[46] and Bader charges[18]). Full details of atomic charges,
including Mulliken and Bader charges, are given in the Supporting Information Section 1.4, Tables S3
and S4. Stockholder partitioning is considered the most reliable,[45] and are therefore used herein.
Figure 3 shows the Stockholder charges and p(rrcp) for the PROPY component of each system. A
combined analysis of all these data makes it possible to compare between whole molecules and
analyse areas of relative charge accumulation or depletion. The lowest p(rrce) of the 5-membered
PROPY ring is for PROPY-HQ (0.320 eA), where a greater charge accumulation is likely to result from
increased hydrogen bonding. In contrast to the single strong hydrogen bond in the other systems, two

hydrogen bonds form to the carbonyl and hence the density here might be expected to be larger.

In contrast to the extended network seen throughout the PROPY-HQ system, PROPY-MPAR exhibits
no further strong hydrogen bonds from MPAR and henceforms discrete two-component units. This
does not allow for distribution of the charge beyond the two molecules, and consequently the greatest
p(raep) Of the 5-membered ring is observed in PROPY-MPAR (0.393 eA?3). Similarly, the phenyl ring
p(rrep) is the largest seen across the four systems. Both PROPY-4HBA and PROPY-FA display a degree
of extended charge distribution through a network of hydrogen bonds within discrete units: Propy-
4HBA in a 4-membered unit (Propy:--4HBA---:4HBA:--PROPY) and PROPY-FA in a 3-membered unit
(PROPY---FA---PROPY).
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Figure 3. Atomic charges (blue) and p(r) (red) at the RCPs for PROPY in the four systems, using

Stockholder atomic partitioning for charges.

With this exception, a conventional comparison of charges and p(rrcp) does not reveal significant
differences between the systems. While p(rrcp) might represent a larger moiety in the molecule, it
does not provide the necessary detail for a “whole molecule” approach to be adopted for comparison.
For this reason, it is necessary to combine understanding of classical interactions derived from the
experimental EDD with theoretical molecular pair analysis to gain appropriate insight into all aspects

of interaction between molecules.
3.3 Theoretical Interaction Energies and their Components

Figure 3 (above) illustrates the potential of calculating and comparing molecule:--molecule
interactions rather than looking at individual molecules, or atoms, in isolation. Analysis of an energy
(or other property) landscape at the boundary between different pairs of molecules in a co-crystal
system readily highlights important interactions. However, the major advantage of this approach is
the ability to deconstruct these total molecule:--molecule interactions into the individual contribution
from each of their energy components. These contributions to an overall energy (Ecoul, Edgisp and Erep) in

each system are presented in Figure 4. Full numerical data grouped according to strength can be seen



in Supporting Information Section 2.1, Table S11. As E,q is non-additive the sum of polarisation terms
is not a valid indicator or value for gross comparisons as conducted herein and so this term is excluded

from comparisons reported in the rest of this study.
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Figure 4. Contributions of the strong, moderate and weak (blue, red and green respectively)
interactions to the Coulombic (E cu), dispersion (Egisp) , repulsion (Erep) and total energy (Etot)

components of the four PROPY systems from PIXEL calculations.

For the strong interactions, dispersion energy (Eqip) is a relatively small proportion of the total for all
systems; PROPY-FA displays the greatest total dispersion energy contribution (28-35 %), with the

remainder containing between 9-18 % of the total energy in the system.

In all systems, the sum of the moderate strength interactions typically accounts for the greatest
proportion of the total energy andexceeds the contribution of the strongest interactions. PROPY-HQ
and PROPY-MPAR have a significantly greater percentage of the total energy contained within the
moderate, compared to strong, interactions. PROPY-4HBA and PROPY-FA have a more equal
distribution across the two groups, with moderate strength interactions being slightly more

significant.

Weak interactions account for approximately 20-30 % of the total energy in most systems. The
exception to this is PROPY-MPAR, which contains less than 10 % of the total interaction energy within

these molecular pairings. The Coulombic component of these weaker interactions of PROPY-MPAR is



also considerably smaller than observed in the other three systems (less than 2 % of the total

Coulombic energy in comparison to 13.5 % in PROPY-FA).
3.4 The Influence of Molecular Pair Type

Table 1 categorises the molecular pair energies according to the participating molecules, separated
into constituent energy components. As discussed MPAR contains no hydrogen bonding functionality
beyond that involved in the API---MPAR primary interaction. The smaller co-former contribution and

lower Coulombic energy value in comparison to the other systems is therefore expected.

The strongest interactions are highly favourable, contributing beneficially to the total energy and arise
from the API---co-former pair, asides from the strong acid---acid dimer in PROPY-4HBA. PROPY-HQ also
displays a large Ecu arising from co-former-:-co-former interactions (as discussed previously, arising
through the extended hydrogen bonding network). Neither PROPY-MPAR or PROPY-FA contain
significant contributions from these interactions due to the lack of functionality available for

interactions beyond the primary hydrogen bond.

In contrast to co-former---:co-former pairs, API---APl pairs are dominated by dispersive energy.
PROPY-FA is the only system with a significant API---APl Coulombic component, however the dispersive
energy still dominates. PROPY-4HBA, -HQ and -MPAR all have similar Coulombic, dispersive and
repulsive energies between PROPY molecules. These systems contain PROPY in a 1:1 stoichiometry
and hence an equal number of PROPY molecules are present to form interactions. Accordingly, when

two equivalents of PROPY are present (PROPY-FA) increased PROPY-:-PROPY contacts are observed.

Table 1. Interaction energies for the PROPY co-crystal systems obtained from PIXEL calculations,

summarised into API---API, API---co-former and co-former:--co-former interactions.

API---API Energies /kJ API---Co-Former Energies = Co-Former---Co-Former Total Total
mol*? /kJ mol? Energies /kJ) mol* PIXEL  PIXEL
energy energy
Etot,Z per
molecule
Ecoul Edisp Erep Ecoul Edisp Erep Ecoul Edisp Erep
PROPY-4HBA -46.9 -153.4 96.3 -116.6 -189.0 206.6 -156.6 -67.0 206.4 -396.5 -99.1
PROPY-FA -201.8 -533.0 359.0 -228.1 -212.0 324.0 - - - -620.5 -1034
PROPY-HQ -65.8 -141.0 73.0 -348.7 -360.4 503.2 -201.4 -103.7 255.1 -580.1 -96.7
PROPY-MPAR  -49.0 -143.6 91.0 -1949 -229.5 2913 -23.0 -56.8 44.5 -402.8 -100.7




3.5 Contributions of the Coulombic and Dispersion Energy Components

Hydrogen bonds are the greatest contributor to experimental energies and primarily arise from the
Coulombic energy contribution to the calculated molecular pair interactions, whilst other less obvious
interactions presumably arise primarily from dispersive contributions. This hypothesis is discussed in

the following specific examples (full data is in the Supporting Information Section 4):

In the case of PROPY-4HBA, the experimental analysis revealed that the acid---acid dimer involving
4HBA molecules is stronger than the PROPY-4HBA pairing, however the latter was identified as the
stronger interaction from theoretical calculations. Inspection of the individual molecular pair energy
(Supporting Information Section 4.1, Table S12) for 4HBA---4HBA identifies a large Coulombic (-148.5
kJ mol?) and a small dispersive energy (-23.1 kJ mol) component. In comparison, the PROPY--4HBA
pair has a similar dispersive component (-23 kJ mol™?) but a significantly smaller Ecou (-74.8 kJ mol ™).
This greater Coulombic energy is identified from the experimental analysis and the total energy is

greater than that of the energy calculated using the theoretical approaches.

For PROPY--FA, theoretical calculations show a Coulombic energy component of only -26.1 kJ mol?
for the PROPY---PROPY interaction, with the total energy being dominated by dispersive forces (-68.2
kJ mol?). The PROPY--FA interaction, however, is dominated by the Coulombic energy (-88.2 kJ mol?)
with a small dispersive component (-21.6 kJ mol). Experimental energies are derived from hydrogen
bonds which are principally Coulombic in nature. The differences in the components of the PROPY:--FA
and PROPY---PROPY interaction energies account for the differences in the experimental energies; the
large dispersive forces in the PROPY::-PROPY interaction are not considered and the experimental

interaction energy appears considerably reduced.

As presented, the strongest interactions are generally dominated by the Coulombic component and
the weakest by dispersion. However, the relative discrete values for dispersion energy are greatest in
the moderate strength interactions. Dispersion energy is most likely to arise from m---n interactions,
such as the aromatic co-former and PROPY rings. The electronic environment of the aromatic rings in
PROPY are similar in all systems and therefore it is the co-former that will affect the dispersive forces
more considerably. Lacking an aromatic ring, FA is structurally different to the other co-formers and
this is reflected in the dispersion energy. Here the largest dispersion energy is still manifested in the
moderate strength interactions, however the strong interactions also have a large dispersion energy

component. This is significantly greater than observed in the three other systems.FA contains a series



of double bonds which can form m-interactions to the aromatic rings of PROPY (no FA:--FA interactions
occur). The p(r) in these double bonds is greater than that in the co-former aromatic rings (see
Supporting Information Section 1.6., Table S10). Accordingly, PROPY-FA would be expected to have

stronger dispersive forces arising from an increased electron density.

4 Discussion

4.1 The Interplay Between Structure and Co-crystal Composition

4.1.1 Primary O-H-:-0O hydrogen bond

As described in our previous study,[25] each co-crystal exhibits a primary O—H---O hydrogen bond
between the co-former hydroxyl or carboxylic acid functional group and PROPY and this can be
assessed using two approaches. Study of the molecular graph in conjunction with the molecular pair
analysis shows that this interaction dominates the strongest PROPY---:co-former interaction.
Experimental hydrogen bond estimations indicate similar energies for the hydroxyl---carbonyl
hydrogen bonds in all systems displaying this motif (~50 kJ mol?), whilst the carboxylic acid---carbonyl
(PROPY-FA) has a larger energy at almost 90 kJ mol™. The breakdown of the energies in the fingerprint

plots of PROPY and its co-crystals (Figure S17) are shown in Figure 5.
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Figure 5. Interaction contributions for (a) PROPY and the four co-crystals; b) PROPY-4HBA, c)
PROPY-FA, d) PROPY-HQ and e) PROPY-MPAR.

The addition of a co-former increases the relative proportion of non-C-H contacts due to a greater
range of contacts possible from the additional functionalities present, i.e. hydrogen bonds and other
interactions. Carboxylic acid::-carbonyl interactions (PROPY-FA) have a greater Coulombic energy than
those from hydroxyl-containing co-formers. The dispersion energy components are similar in both

cases due to the fact that Coulombic, not dispersion, energy determines hydrogen bond strength.

Figure 6 depicts molecular graphs obtained from the experimental model for the four systems, with
bond critical points (BCPs) and ring critical points (RCPs) displayed and hydrogen bonds circled and
shaded according to strength. It is clear from this visual depiction that there are differences in the
interaction directions and strengths. Accordingly, p(r) and V?p(r) at the BCPs can be associated with
molecular pairs (see Supporting Information Section 1.5., Tables $5-59). The strong O-H::-:O hydrogen
bond occurs between the molecules in the molecular pair with the strongest interaction energy and

therefore dominates the molecular pair interaction in each co-crystal.

However, unlike standard geometric analysis where a short interaction is assumed to be strong, and

with almost linear angles, we can see that in the case of PROPY-FA and PROPY-HQ this is not always



the case. The shorter O—H---O hydrogen bond (r; = 1.55 A, E =-87.75 kJ mol ) in PROPY-FA has a smaller
interaction energy that its equivalent in PROPY-HQ (r; 1.60A, E = -101.09 kJ mol?).
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PROPY¥-HQ Ao
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Figure 6. Molecular graph diagrams showing atomic nuclei (coloured according to atom type),
connected by bond paths (gold) with BCP (red) and RCP (yellow) displayed. Interactions have been

circled and shaded according to strength; a darker shading indicates a stronger interaction.

This can be rationalised due to the additional hydrogen bonds present within the molecular pairings
in each co-crystal. Usually these are much weaker interactions and their contribution to the overall
pairwise energy is minimal, however the presence of further interactions in PROPY-HQ create a
cooperative effect, increasing the strength of the single O-H:--:O hydrogen bond through the
accumulation of electron density from a greater number of atoms. This provides some evidence for
understanding the effects of structural diversity and stoichiometry and indicates differences between

aromatic and non-aromatic systems.



4.1.2 Comparing Structural Similarities: Interactions and Assemblies

PROPY-4HBA and PROPY-MPAR have the greatest degree of structural similarity and can therefore
probe connections between similar co-formers and their intermolecular interactions. They exhibit
similar RCP properties and atomic charges, illustrating how small structural changes in co-formers can
correlate with the electronic distribution of PROPY (the hydrogen bond acceptor), rather than that of
the co-formers themselves (exhibited by the Stockholder partitioned atomic charges and p(rrcp) in
Figure 7). However, the ester group in place of a carboxylate in MPAR reduces hydrogen bonding
functionality and this subtle difference terminates the interaction network, forming discrete two-
component units. This could affect the redistribution of charge beyond the two molecules - a modest
accumulation of charge is observed in the PROPY, where the p(rrcp) of the aromatic rings in PROPY-

MPAR have the highest values across all systems (see Supporting Information Section 1.6., Table S10).

PROPY-4HBA displays the second highest p(rrce) for both the PROPY rings. Though discrete units of
PROPY-4HBA are generated, as in PROPY-MPAR, they are comprised of four molecules (2 PROPY-4HBA
adducts connected via the carboxylic acid dimer). Although charge can be redistributed throughout
the hydrogen bonding network, it can also be received via the dimerised 4HBA molecule, thus
countering any charge redistribution. The increased number of constituent atoms enables more
redistribution of the charge, however MPAR and 4HBA have identical RCP densities while the
carboxylate dimer interaction has relatively large p(rrce) values and is the dominant reason for the

greater charge accumulation in PROPY.
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PROPY-MPAR
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Figure 7. Atomic charges (blue) and p(r) (red) at the RCPs for the co-former molecules in the four

systems, using Stockholder atomic partitioning for charges.

Theoretical molecular pair interactions show the energy components of PROPY:--PROPY pairs in both
systems to be similar, however PROPY:--co-former and co-former::-co-former pairs highlight the subtle
differences in the structures. PROPY-:-:4HBA pairs have a smaller Coulombic energy component than
the MPAR equivalent (-116.6 vs -194.9 kJ mol), however the 4HBA---4HBA pairs are considerably
stronger than MPAR--MPAR pairings (-156.6 vs -23.0 kJ mol™). The strongest theoretical molecular
pair interaction has a slightly increased energy in PROPY-4HBA in comparison to that of PROPY-MPAR,

although the experimental hydrogen bond energy is contrary.

These comparisons and contrasting features of the two systems consider the similarities of the two
co-former molecules related to the para- substituted aromatic ring, however the difference in the
functionality opposite the primary hydrogen bond is apparent. Both PROPY-MPAR and PROPY-4HBA
display a strong PROPY---co-former pairwise interaction of a similar strength. This is also similar to that

in PROPY-HQ, however differs in the structurally diverse PROPY-FA.
4.1.3 Contrasting Structural Diversity

PROPY-FA is a structurally diverse member and in addition to the contrasting primary hydrogen bond
(O—Hcarboxylic acid***O VS. O—Hhydroxyi**Ocarbonyl) Can be used to probe the differences between aromatic and

linear co-formers. PROPY-FA displays a moderate p(rrcp) for both PROPY rings despite forming discrete



2:1 units with no further hydrogen bond network, such as that seen in PROPY-4HBA. Each FA interacts
with two PROPY molecules, thereby reducing the amount of charge available to each PROPY as FA is
essentially halved in its capacity to contribute. Additionally, the carboxylic acid::-carbonyl hydrogen
bond is strong with a high p(rrce) value, indicating the relative accumulation of a substantial amount

of charge.

PROPY-FA shows the greatest disparity between experimental and theoretical values of interaction
energies, which can be explained when looking at the structure. FA is the only co-former which does
not contain an aromatic ring and possesses no additional hydrogen bond functionalities to form
favourable hydrogen bonds (besides that partaking in the primary O—Hcarboxylic acid***Ocarbonyl hydrogen
bond). As a result, many of the forces present are less atom directed (e.g. - it stacking) and cannot
be detected in this analysis, leading to differences in the quantification of the interactions derived
from the two approaches. The other three systems (PROPY-4HBA, PROPY-HQ and PROPY-MPAR) show
good correlations between their energy components, contributions and physicochemical properties

however in many respects, PROPY-FA is observed as an anomaly.

4.1.4 Co-crystal Stoichiometry

HQ, like 4HBA and MPAR, is a para-substituted aromatic co-former molecule however it exists ina 1:2
co-crystal with PROPY. The second hydroxyl group of HQ creates a sterically smaller functional group
in comparison to the carboxylic acid/ester groups of 4HBA and MPAR, providing an opportunity to
investigate rationalisation of the stoichiometric ratio preference based on a steric vs. electronic

argument.

An increased ratio of HQ permits a greater number of interactions, generating a larger total energy
for the co-crystal system (-580.1 kJ mol?). Electronic factors seek to maximise the interactions and
distribution of charge, which the additional hydroxyl functionality of HQ facilitates. HQ does not
dimerise with itself (as with 4HBA), instead it forms moderate co-former:--co-former O-H-
hydroxyl***Ohydroxyl Nydrogen bonds (-35.5 kJ mol™) which extend the hydrogen bond network and stabilise
the system through distribution of charge. The presence of two hydroxyl groups interacting with the
PROPY carbonyl is possible due to their relatively small size enabling both to position sufficiently close
and in a favourable orientation to form an interaction. This is made more favourable as each hydroxyl
group is both donating and receiving electron density through the hydrogen bonding network, so

there is no charge accumulation and resultant repulsive force.



4.2 Insights into Physical Properties

Analysis of co-crystal intermolecular interactions provides extensive insight into the interplay between
different forces present in the crystalline lattice. This provides a basis for relating structural
information to trends and characteristics of solid-state physicochemical properties. For heat-induced
or degradation breakdown of a molecular solid to occur the network of intermolecular interactions
holding the molecules together in the lattice must be broken, enabling the transition from an ordered
solid state to a less ordered liquid phase or ordered parent phases. Understanding this phenomenon
for a multicomponent complex is more involved, however it has the potential to provide key
understanding that will enable rationalisation and tuning of physiochemical properties through the

co-crystalisation approach.
4.2.1 Melting Point

Analysis of the interplay of these intermolecular interactions i.e. molecule:--molecule energy
components and also into individual hydrogen bonds, can provide a rationale behind the trend in

melting points. Table 2 shows the rank order of the melting point as determined by DSC.

Table 2. The first row provides the rank order of melting point from highest to lowest colour coded
by co-crystal. The rank order, using the same colour code, is then given for comparison of key

groupings in the interaction energy analysis.

Trend Greatest Least

Melting Point (°C) PROPY-HQ
(133.9)

PROPY-FA
(108.0)

Strongest pairwise interactions PROPY-FA PROPY-HQ

API---co-former hydrogen bonds PROPY-HQ PROPY-FA

Coulombic energy per molecule PROPY-HQ PROPY-FA

Dispersion energy per molecule PROPY-FA PROPY-HQ

For comparison and rationalisation, the rank order of different groupings of interaction energies is
also presented (for absolute values, see Supporting Information Section 5, Table S15). Logically, the

strongest interactions require the most energy to break and these define the barrier to melting. As



the ranking of melting points does not agree with that of total experimentally derived energies (Figure
8), a more complex situation clearly exists. PROPY-HQ exhibits the highest melting point and the
largest total number of interactions, in conjunction with a large Coulombic energy from strong and
moderate interactions. The Coulombic energy factor is particularly important, being significantly
larger than the other systems, and is indicative of a stronger and therefore more stable complex as

previously discussed.

While the strongest interactions dictate the initial energy barrier, the moderate strength interactions
also play an important role. These are much weaker than the strongest interactions, but greater in
number - PROPY-MPAR has the “weakest” total moderate energy interactions (see Supplementary
Information, Table S11) and exhibits the lowest melting point of the series, despite having a greater
total energy than PROPY-FA (when considering that there are two FA molecules per PROPY). The total
energy is dominated by the Coulombic component which is higher in PROPY-MPAR and so the number
of moderate interactions in relation to the energy can be considered a significant factor in melting

point ranking.

Experimental total energies
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Figure 8. DSC plots, measured at a heating rate of 10 °C min™ from 25 to 150 °C, indicating melting
points for all co-crystals and the PROPY parent. The corresponding total experimental energy is

displayed (red) for each co-crystal system.

Strong co-former---co-former hydrogen bonds are also observed in PROPY-4HBA and PROPY-HQ. The

ranking of individual API---co-former hydrogen bonds from the EDD is in reasonable agreement with



the melting point order, however PROPY-FA and PROPY-4HBA rank differently. As noted previously,
the quantity and magnitude of individual API---co-former hydrogen bonds should be considered in
balance. PROPY-HQ has four strong primary hydrogen bonds, PROPY-4HBA has three, while PROPY-FA
and PROPY-MPAR only have one. While PROPY-FA requires a greater energy to break the single
hydrogen bond, PROPY-4HBA has three similarly strong hydrogen bonds to break.

A further aspect to consider is the relative composition of the total energy for each system. Theoretical
analysis of PROPY-4HBA highlights that the strongest interactions have a much larger Coulombic
energy, requiring a greater energy to break. The overall Coulombic energy per molecule can be seen
to increase across the series and this is reflected in the melting point trend. Coulombic and dispersion
energy components appear to have a negative correlation with one another (vide supra) and
consideration of the trend in dispersion energy indicates that the system with the highest melting

point exhibits the lowest dispersion energy.

Larger, more negative, charges on the PROPY carbonyl group oxygen could be expected to relate to a
higher melting point. However, the greatest of these was seen in PROPY-FA (in all three atomic
partitioning methods) which does not exhibit the highest melting point. The structural diversity seen
in FA compared to 4HBA, HQ and MPAR (vide supra) causes reduced aromaticity and a far less degree
of delocalisation of the m-electrons than in aromatic rings. The observed trends and relationships can
therefore be considered to be reasonably appropriate for systems containing aromatic co-formers
with structural similarity to those presented herein. However, further investigation would be required

to confirm whether this is applicable to all aromatic co-formers, or how the relationships vary.
4.2.2 Solubility

Solid state stability has been linked to lower aqueous solubility,[47] resulting from the stronger
association of molecules in the solid state and so it follows that intermolecular interaction energy and
solubilty would be inversely related. However, a similar intermolecular analysis based solely on
strength and composition does not fully explain or corroborate trends in the measured solubility (or
dissolution), as it does not provide a holistic or comprehensive understanding. Only a simplistic
understanding of the attenuating influence of intermolecular interactions on solution properties can
be garnered from this analysis. Some of the strongest interactions are observed in PROPY-HQ despite
its high observed solubility, whereas those with weaker interactions e.g. PROPY-MPAR, display poorer

solubilities and varying dissolution rates (see Table 3).

This unexpected trend in solubility could be due to several reasons. Firstly, to assess solubility based

on an analysis of intermolecular interaction energies of co-crystals would likely mean an assumption



that it is dependent on all interactions breaking simultaneously. This might not be the case as, for
example, a 2 step process could occur whereby the weaker interactions break first but retain the
API|---co-former conjugate, which then has to be broken. Secondly, strong co-former---co-former
interactions may aid in the breaking of the API---:co-former C=0 interaction as some stability will
remain. Therefore PROPY-HQ and PROPY-4HBA (see Table 1) have an advantage and ‘release’ the
PROPY more easily than PROPY-FA and PROPY-MPAR, which have a greater contribution to the overall
interaction energy from the API---co-former C=0 interactions and are thus more reliant on this

interaction to retain stability.

Table 3. Solubility of PROPY and co-crystals pH 7.5 phosphate buffer at room temperature.

Sample Solubility /mg mL* Ratio to API
PROPY 2.71 1
PROPY-4HBA 2.19 0.81
PROPY-FA 1.82 0.67
PROPY-HQ 3.14 1.16
PROPY-MPAR 1.48 0.55

4.2.3 Dissolution Rate

Melting only involves factors concerning the arrangement of molecules in the lattice and therefore
the observed interactions are the determining factors for this property. However dissolution involves
the breaking apart of molecular constructs due to a disturbance to the solid state lattice caused by a
solvent. A proposed mechanism is one whereby the solvent forms interactions to the solute,
disrupting the intermolecular interactions of the solute. Therefore, the respective strength of solute
intermolecular interactions will influence the rate at which they are broken. The dissolution rate plot
(Figure 9) demonstrates the strong positive correlation between solubility and dissolution, with only
one visible outlier in PROPY-4HBA. A justification for this is in the strong 4HBA acid-acid dimer, which
creates a kinetic barrier to lattice breakdown, resulting in a slower initial dissolution rate than
expected. Conversely in the thermodynamically dependent solubility process, time allows for the

breaking of this dimer.
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Figure 9. Dissolution rate profile of PROPY and co-crystals carried out over 240 min experiment time

at 37°Cin pH 7.5 phosphate buffer.

4.2.4 Stability

All four materials analysed showed no indication of dissociation or breakdown in stability tests (see
Supporting Information Section 7, Figures S16 and S17). Interaction analysis has shown that all four
co-crystals contain strong, highly favourable interactions, both at the atom-:-atom level via hydrogen
bonding and at the molecular level between molecular pairs. Numerous other, generally weaker,
interactions occur between molecules in the solid-state and they are not necessarily all beneficial. A
multitude of “trade-offs” must occur when placing molecules adjacent to each other and there will be
attractive forces that are beneficial, as well as repulsive forces, which incur penalties. All of these must
be taken into account when considering total energetic contributions. In this study no significant

destabilising interactions have been evidenced, which supports the observed stability.

5. Conclusions

At electronic resolution the charge distribution in molecules can be evaluated. Along with quantum-
based approaches to the deconvolution of the molecular pair interaction energies into their
components, this helps to understand the nature of the interactions, the significance to the overall
pairwise energy and can some correlations made with measured physicochemical properties. Applying

this method to co-crystals helps to shed light on the influence of the co-former, and the differences



that arise from subtle changes in the co-former structure, such as stoichiometry and physicochemical
properties. This approach identifies that there are other important factors, beyond the primary
hydrogen bonds and motifs, that are fundamental in controlling these solid state assemblies and their
behaviour. This methodology can provide further rationalisation of physiochemical properties,

particularly when a systematic approach is taken.

Melting point is seen to be dominated by the Coulombic energy term, with a negative correlation to
the dispersion energy component, seen primarily in strong and moderate strength interactions. Co-
formers tune the primary hydrogen bond and influence the structural formation, which in turn
influences physicochemical properties. The juxtaposition of these competing favourable interactions
with the ‘penalties’ incurred in other parts of the lattice is only understandable when traditional
intermolecular interactions vs. molecular pairings are decomposed into their contributing
components (Coulombic and dispersion energies). Partial rationalisation of solution properties is
possible from a purely energetic point of view, with the knowledge that there are other influencing
factors, such as solvent::-solute interactions. Solubility can be influenced by the disruption of weak
solute---solute interactions and retained stability of co-former---co-former pairs, over time, that
promote the release and observed increase of PROPY in solution. Dissolution rate correlates positively
with solubility, with the exception of PROPY-4HBA, which suggests the breaking of strong 4HBA-4HBA

dimers provides an initial barrier to its kinetically dependent dissolution.

Whilst many of the strong interactions identified can be considered “structure directing” and
“property defining”, they are not necessarily “structure defining” and do not completely govern the
resulting crystal structure arrangement. Further analysis of the interplay between experimental
electron density distribution and the energetic values of intermolecular interactions this dictates, and
theoretical molecular pair interaction energies has the potential to shed light on the factors

influencing co-crystal structure composition.
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