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ABSTRACT

Two polymorphic forms of caffeine (CAF)-glutaric acid (GLU) co-crystals have been studied via high-
resolution X-Ray crystallography and Bader’s Quantum Theory of Atoms of in Molecules (QTAIM).
For both the monoclinic, (1), and triclinic, (2), systems the experimental charge density distribution
of the 1:1 ratio of CAF and GLU polymorphs have been determined and compared. Previous studies
have determined that (1) is less stable than (2), in relative humidity (RH) testing. Topological analysis
of the electron density distribution (EDD) revealed little difference between the two polymorphs
internal system. The packing densities (0.76 vs. 0.74) and lattice energies (-101.1 kJ molvs. -107.1 kJ
mol?) of (1) and (2), respectively, are nearly equivocal, implying the differences of hygroscopicity
between the two polymorphs is not due to crystal lattice porosity or stability. Analysis of the number
and strength of hydrogen bonds for (1) and (2), revealed 9 hydrogen bonds topologically in both
polymorphs. The ‘Classical’ (O-H-:X) hydrogen bonds were similarly present in both polymorphs,
stabilising the co-crystals. However, the sum of the stability produced from the ‘non-classical’ (C-H--
*X) bonds is higher in (2), -27.6 k] mol™vs -38.2 k] mol™ for (1) and (2), respectively. One of the 9
hydrogen bonds in (1) and (2) vary from each other, caused by the torsional rotation of the aliphatic
carbon chain in GLU. This bond is critical for packing stabilisation, creating a parallelogram like
packing arrangement in (2) compared to ribboning in (1). Hirshfeld surface analysis found that the
percentage of O-H--X hydrogen bonds were near identical in (1) and (2), (23.9% vs. 22.1%),
however, the H-*H contacts were higher in (2) (61.4% vs. 65.8%, (1) and (2), respectively) suggesting
that more hydrogen based contacts require competitive displacement by water in the hydration of
(2) compared to (1). Additionally, a stabilising aromatic cycle stack between CAF molecules is present

in (2) due to the varied parallelogram packing arrangement, which was absent in (1); this provided



~11.3 kJ mol™? of stability to the system of (2). The solid-state entropy and molecular dipole moments
(MDM) of (1) and (2) supported the relative stability of the individual polymorphs, with (1) having a
higher entropy and dipole moment compared to (2), (123.2 J-K*-mol? vs. 112.8 J-K*mol?, and 7.45
D and 4.93 D, for (1) and (2), respectively) implying it has the potential to hydrate more rapidly.
These findings are in good agreement with previous experimental RH stability studies, giving further
insight into the information gained from thermally averaged ground state crystal electron density

data.

= INTRODUCTION

Polymorphism is the ability of a chemical compound to exist in two or more distinct crystal
forms. Different polymorphs often display vastly different physicochemical properties, such as
stability, solubility, and hygroscopicity. Comparing polymorphic crystal forms allows the investigation
of identical chemical constituents' and the outcome on the structure/property relationship
differences. Analysis and understanding of the physicochemical changes in pharmaceutical
polymorphs is vital in drug development. The variations seen in drugs will significantly impact
whether a drug reaches the market, where a common reason for failure is poor
solubility/hygroscopic stability.! One growing field that addresses these stability issues is co-
crystallisation, whereby a non-active co-former is crystallised with the Active Pharmaceutical
Ingredient (API) in a defined stoichiometry. The poor physicochemical properties of the
methylxanthine alkaloid, caffeine (CAF, Figure 1(a)) were addressed when co-crystallised with
dicarboxylic acids.>® CAF is one of the most commonly used central nervous stimulants in the world.*
Aside from its consumption as a beverage, CAF is also used to treat migraines, headaches and
bradycardia.* CAF, like all methylxanthines, has poor solubility at room temperature (16 mg/ml at
room temperature, 200 mg/ml at 80°C, or 666 mg/ml at 100°C), and poor stability in high humidity
settings.? 3 Dicarboxylic acids have been used extensively as co-formers in co-crystal engineering to

optimise these stability shortcomings.%*>® This is primarily due to the carboxylic acid moiety being



able to simultaneously act as hydrogen bond donors and acceptors, thus they can form
intermolecular bonds with a wide range of chemical species. A series of CAF-dicarboxylic acid co-
crystals have been studied by Trask et al., which found co-crystallisation attenuates the hygroscopic
nature of CAF in relative humidity (RH) testing.? They identified two polymorphs of the caffeine-
glutaric co-crystal (CAF-GLU); a monoclinic form (Form 1) (1) and a triclinic form (Form 11) (2).2 Both
(1) and (2) have a notable difference in hygroscopicity, solubility, stability and packing ability.> %>
This confirms that polymorphism in co-crystal systems alters physicochemical properties differently
following previous findings of single-component crystal systems.”? Further, Thakuria et al.
documented the hydration pathway for (1) and (2) via series of controlled humidity environments,
finding that (1) rapidly converted to (2) within 24 hours before an extended hydration phase (two
weeks) causes (2) to form CAF monohydrate.? Further, it was suggested that the conversion of (1) to
(2) was caused by the lower number of hydrogen bonds present in (1) compared to (2).2 As well as
the carbonyl oxygen position on the exterior of the crystal face of (2) was the reason for the

hydration of (2) to the monohydrate form.?

Previously, the scientific community and our group have examined the electron density distribution
(EDD) in polymorphic crystals and co-crystals to rationalise the physicochemical changes shown
between forms.”'” Attributing the common observed variation in physicochemical behaviour to be a
result of changes in the EDD caused by the variation of weak intermolecular bonds and electrostatics
created around the molecule(s).” ® ¥%1To date, high-resolution X-Ray analysis has not been
employed to explain the differences seen in (1) and (2), as such, a charge density analysis of both
CAF-GLU polymorphs reported by Trask et al. was performed and analysed using Bader’s Quantum
theory of Atoms in Molecules (QTAIM). Using experimental high-resolution electron densities for
(1) and (2) and accompanying theoretical electron density, the comparison of the EDD properties
obtained may assist in understanding the causes of differing hydration stability in these polymorphic

co-crystals.
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Figure 1. Chemical structures of (a) Caffeine (1,3,7-trimethylxanthine, CAF) and (b) Glutaric Acid

(1,5-pentanedioic acid, GLU).

METHODS

CAF and GLU were purchased from Merck (Castle Hill, NSW, Australia) and used without
further purification. Single Crystals of (1) and (2) suitable for diffraction were prepared via slow
evaporation using the methods of Trask et al.® A 1:1 molar equivalents of CAF and GLU were ground
with 5 drops of chloroform for 90 mins.® The resultant slurry was dissolved in chloroform, and single

crystals suitable for X-Ray analysis were produced.?

The data for (1) and (2) were collected at The Sydney School of Pharmacy, Faculty of Medicine and
Health, The University of Sydney, Australia using an Agilent Supernova™ X-Ray Diffractometer with a
CCD Atlas detector at Mo\Ka wavelength (0.7107 A), each specimen was cooled to 150 K
throughout collection. The full details on data collection, integration, reduction, refinement, and
data treatment for (1) and (2) can be found in the supporting information. The final multipole
models (MM) selected for (1) and (2) were a combined TDS and an all-atom anisotropic
displacement parameter model following the methods of Hawkins et al, using all reflection data.®
The completeness of (1) and (2) were 99.67% and 99.77% respectively. The miller indices for missing
reflections of (1) and (2) were removed in the data reduction process due bad profiles in sorting and

averaging, these indices can be found in Supplementary Tables 18 and 19 .
Corresponding theoretical densities of (1) and (2) were generated from the high-order

refinement coordinates from the MM, as the input geometry for gas-phase calculations for single-



point (SP) calculations only, the structures did not undergo geometry optimisation. The SP
calculations were out using the Gaussian 09 suite at 6-31+G** |evel of theory.'® All calculations used
the three-parameter hybrid exchange functional developed by Becke and the gradient corrected
exchange-correlation potential by Lee et al. employed with the long-range correction parameter

(CAM-B3LYP) proposed by Tawada et al. 222

The topological analysis of the EDD was performed using the XDPROP module of XD for the

experimental MMs, while the theoretical models were carried out using the AIMALL package. 2*%*

Table 1. Selected crystallographic information for (1) and (2).

(1) (2)
Formula CsHio N4 O2-CsHg Os  CsHigNs O, - Cs Hg Oa
Molecular Mass (g/mol) 326.30 326.30
Crystal size (mm) 0.2x0.2x0.15 0.3x0.2x0.2
Temperature (K) 149 (19) 150 (2)
Wavelength (&) 0.71073 0.71073
Crystal system Monoclinic Triclinic
Space group P2:/c P1
a(A) 12.987 (2) 8.304 (2)
b (A) 6.569 (2) 8.656 (10)
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Index ranges

IAM Refinement
Final R1.1, WR2a
Goodness of fit

Residual density (e A?)

Multipole Refinement
(TDS+SHADE)

Nobs/Nvar

R(F), R(F?), all data

R(F), R(F?) > 0c(F)
Goodness of fit (unscaled)

Residual density (e A%)

-24<h<24

-12<k<12

-32</<32

0.066, 0.151

1.13

-0.329, 0.637

15.475

0.0654, 0.0464

0.0515, 0.0459

1.0866

-0.229, 0.201

-16<h<16

-17<k<15

-0</<22

0.055, 0.160

1.05

-0.490, 1.070

16.077

0.0603, 0.760

0.0462, 0.0765

1.6631

-0.246, 0.375

RESULTS AND DISCUSSION




Geometry.

The resulting asymmetric unit structure can be seen in Figure 2 (a) and (b). The asymmetric units of
(1) and (2) consist of a single CAF and GLU molecule. In both, the heterosynthon is seen between the
imidazole group of CAF and carboxylic acid of GLU, comprising of two hydrogen bonds [0(01)-H(01)
- N(2), and C(1)-H(1) ---0(02)]. The aliphatic carbon chain in GLU is rotated in both (1) and (2)
differently, the torsion angles are near identical but in opposite directions, 161.60° and -165.89°,
respectively, [C(01)-C(02)-C(03)-C(04)]. The torsion angle change in GLU results in the packing
variation between (1) and (2). Figure 2(c-d and e) shows the packing arrangement of (1) and (2), the
b-axis in Figure (2 c and d) were selected for clarity. It is seen in (1) (Figure 2c) that packing is sheet-
like, created by chaining of repeated CAF and GLU molecules parallel to one another. Conversely, in
(2) (Figure 2d), the packing is antiparallel between the CAF and GLU. Additionally, the sheet
alignment lays on a ~45° angle to the b-axis, creating a packing assembly like a parallelogram. There
was a total of 9 hydrogen bonds geometrical identified for both (1) and (2), of which 7 were carbon
donated hydrogen bonds from the carbocyclic acids, (C-H - X). Leiserowitz commented on the role
of C-H -+ X bonds, noting that these bonds are critical for molecular alignment, and these will be

discussed later.?®
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Figure 2. (a) ORTEP diagram of (1), (b) ORTEP diagram of (2), with generic labelling scheme used
throughout. Thermal ellipsoids are at 50% probability. (c) 5 x 5 x 5 unit cell crystal packing of (1)
along b-axis, and (d) 5 x 5 x 5 unit cell crystal packing of (2) along b-axis. (e) Molecular Overlay of (1),

(red) and (2), green.?6?’

As stated, (1) is less stable than (2) when undergoing hydration resulting from humid conditions,
with (1) transforming to (2) throughout the controlled humidity testing.® A review of critical
geometrical features, such as atomic packing factor (APF) and crystalline void space percentage,
provides insight into the water aided dissociation vulnerability of each crystal lattice. The PLATON
program was used to calculate the APFs and solvent accessible space (SAS) of (1) and (2).2% Neither
(1) or (2) were found to have any SAS within their crystal lattices. However, the lattice of (2) was
packed slightly less dense compared to (1), 0.76 vs. 0.74, respectively, so this is unlikely to be the

cause of instability to humidity.

Another method to review the geometrical stability of packing is to examine the potential SAS space
seen in the crystal when using the promolecule density. This is achieved by generating a Hirshfeld
surface of the CAF-GLU molecules; then, a further surface is generated to map the void space, which
can then be used to indicate the crystal lattice porosity. The functional or static porosity of a crystal
is obtained by changing the isovalue in the calculation, a key parameter defined by Turner et al. %
Turner et al. noted non-porous crystals require an isovalues of 0.002 au to find the potentially
accessible void; however, a further calculation at 0.0005 au identify any permeant void in the
crystalline lattices.? Like the APF calculations, the results were near equivocal; however, the void
volume to total volume percentage (VV%) showed that (1) was slightly less porous than (2). These
voids are represented in Figure 3. The voids can be seen casing the asymmetric unit (voids=coloured,
the variation of colour allow for the breakdown of the VV% in the contribution area, promolecule

electron density/asymmetric unit=grey). Visually the voids are equally sized at both isovalues



indicating the SAS and permanent voids in (1) and (2) are equivalent (VV% of 6.11% and 0.16% for (1)
and 6.70% and 0.25% for (2) at 0.002 and 0.0005 au, respectively). Interestingly, in figure 3(b), a
permanent void is nested outside the asymmetric unit (1) at 0.0005 au. This feature is not present in
(2) and indicates the gross solvent exposure if the lattice surface should be less. This suggests that
upon water approaching the crystal lattice of (1) it has the potential to interact faster with the lattice
surface, disrupting the lattice integrity and propelling polymorphic transformation to form (2).
Although, overall, the geometrical analysis, SAS and VV% indicate that the geometrical stability of
the two crystals to be similar. This corresponds with Berkovitch-Yellin et al., noting that
conformational change in two packing arrangements of a-glycine showed the bond energies

maintaining the packing planes to be very similar (-13 and -9 kJ mol?).3°

The above suggests that the polymorphic transition of (1) to (2) caused by water probing the lattice
of (1) has to be energetically favourable, then the subsequent assembled lattice of (2) must be
deconstructed incrementally throughout hydrate formation. This is very likely the result of EDD
changes in (1) and (2) and how the incoming water molecules potentially interact with the various

weak bonds present, which will be explored below.
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Figure 3. (a-b) Void spaces depicted in colour domains for (1) at 0.002 au and 0.0005 au,

respectively. (c-d) Void spaces depicted in colour domains for (2) at 0.002 au and 0.0005 au. 3!

Topological Analysis.

Topological analysis of (1) and (2) were carried out using Bader’s QTAIM, with the completeness of
both investigations substantiated by the satisfaction of the Poincaré-Hopf relationship for the
theoretical models or its crystalline equivalent Morse relationship in the experimental MM of (1) and
(2).32 Good agreement was found between the SP and MM models for both (1) and (2). With the
experimental model varying from the SP models by an average of puep and V?pue, 0f 0.135 e A2 and -
2.58 e A, and, puep by -0.053 e A and V?pue, by 0.67 e A, for (1) and (2) respectively. The most
significant variations from the SP models were seen around V?py, of carbonyl oxygen environments,
and this can be attributed to the lack of a crystal field effects in the gas phase SP models and
experimental V2o, often is more enhanced in areas of charge change, as (1) is a metastable
intermediate of (2) the large differences in the V%, could be attributed to the repositioning of the

EDD in the formation of (2).

The topological analysis of (1) and (2) revealed little difference in each molecule's intramolecular

EDD but highlighted some other differences in the intermolecular EDD, discussed below.

As mentioned previously, the importance of saturated carbon chains, creating non-linear packing
arrangements, can profoundly affect the packing geometry.3 As seen in Figure 2(d), the GLU
molecule rotation results in staggering of the lattice creating a more perpendicular sheet of CAF and
GLU molecules in the lattice assembly of (2). This sheeting results in the formation of an aromatic
cycle stacking between the CAF moieties. This interaction was created by the symmetrical C(1)-C(2)
-+ C(1)-C(2) bonding motif, pring 0.031 e A3, and V?pring 0.3 e A°. Validated energies for aromatic

cycle stacking systems were previously published by Waller et al., as this system contains two ppcp



making up a four-membered pring this system is estimated to stabilise (2) by ~11.3 kJ mol™.3* No
aromatic cycle system was identified for (1) suggesting that the inversion of the torsion angle in GLU

creates a parallel sheet packing environment, causing the CAF moieties to not overlap.

Furthermore, the aromatic cycle stacking within (2) creates a hydrophobic residential region within
the crystal lattice. It can be postulated that the adhesion of water to the lattice would be lower due
to the repulsion effects. Thakuria et al. have previously reported that (1) is converted to (2) within
24 hours before forming CAF monohydrate over a period of weeks in RH testing. 3 This suggests the
possibility of the rapid conversion of (1) to (2) is due to an attack by water molecules disrupting the
bonds maintaining the torsional geometry of GLU in the crystal lattice of (1). This will be reviewed

further below in hydrogen bond topology. Refer to ESI for the full topological analysis tables.

Hydrogen Bond Topological Analysis.

Thakuria et al. found that there were 2 more hydrogen bonds present in (2) compared to (1) (9 vs. 7,
respectively). These extra bonds were presumed the cause for increased stability, as observed in the
hydration study.? However, for both systems (1) and (2), 9 hydrogen bonds were identified
topologically, suggesting that the relative stabilities should be nearly equal. A simple method to
assess this concept of enhanced stability is by utilising the ‘UNI’ force field intermolecular potential
method Gavezzotti et al.3 This method offers a stability prediction based on an empirical
intermolecular potential value of the weak bonds within a 15 molecule cluster. This method agreed
with Thakuria et al. with the hydrogen bond systems in (1) and (2) having a total intermolecular
bonding stability of -239.4 and -241.7 kJ mol for (1) and (2), respectively.2 However, the minimal
difference in intermolecular energies aligns well with the equal number of hydrogen bonds found in
each polymorph, similarly coinciding with the stability work of Turner et al., which found
conformational polymorphs of oxalic acid clusters had calculated stability energies within standard

error.3® The above stability findings highlight that clusters of conformational polymorphs require an



individual appraisal of the bond networks. This is usually performed by topological analysis of
hydrogen bonds allowing for each bond to be independently judged, critiquing the importance in the
lattice and providing bond strengths for the bonds maintaining the lattice. As such, the topological
analysis of the weak bonds present may allow validation of Thakuria et al. proposition and offer

insight into increased observed stability of (2).2

Topological review of the hydrogen bonding environments in small molecules is an area of focus in
charge density analysis, more so particularly on data from experimental EDDs. Many criteria have
been proposed for analysis of BCP to denote whether they are a hydrogen bond, for example
Epsinosa et al., whom found that the positive X3 curvature at the BCP is the most meaningful
parameter in defining the BCP as a hydrogen bond.3” Moreover, the work of Koch et al. and Wood et
al. were utilised to categorise the hydrogen bonds present in both (1) and (2).38% Koch et al. defined
hydrogen bond types, defining categories of ‘classical’ and ‘non-classical’ hydrogen bonds, whereby
oxygen or nitrogen donated hydrogens (O-H - X or N-H -+ X) are considered ‘classical’ and carbon
donated hydrogen bonds (C-H -+ X) are considered ‘non-classical’ in silico.® Many experimental
charge density studies have been performed in support of the proposal of Koch et al., such as
Ranganathan et al., who probed the EDD of various crystals with differing hydrogen bonding
environments, where there results obtained were in agreement with the prior work on the
definitions of hydrogen bond groupings.3® Wood et al. drew the connection between the Donor —
Hydrogen — Acceptor - Angle (DHA®) directionality and bond interaction energy, finding linear DHA®s
resulted in stronger interactions.*® Further to this, the topological identified hydrogen bonds had
hydrogen bond strengths calculated using the methods developed by Abramov and Espinosa, and
then categorised by strength based on the work by Hibbert et al.; hydrogen bonds as weak (Exs < 20

kJ mol ), moderate (Exs = 20-40 kJ mol) and strong (Eus > 60 k) mol?). 4144

As mentioned above, there are 9 hydrogen bonds present in both (1) and (2). Trask et al. and

Thakuria et al. noted the formation of a heterosynthon based interaction between the imidazole of



CAF and the carboxylic acid of GLU.% 3 The heterogenous synthon is formed between one ‘classical’
and ‘non-classical’ hydrogen bond O(01)-H(01) -- N(2) and C(1)-H(1) -~ O(02), respectively. The
synthon strength in (1) compared to (2) is stronger overall, with the O(01)-H(01) --- N(2) bond being -
48.7 and -44.6 kl mol?, and the C(1)-H(1) --- O(02) bond being -6.7 and -6.0 kJ mol?, respectively. The
nitrogenous donated bond strengths can be explained by Nguyen et al., whereby the donor
hydrogen atom to lone pair electrons (LPs) angle, (DH-LP®), influenced the resultant strength of
hydrogen bond interactions.* This concept of Nguyen et al. was seen in the experimental charge
density study of Schmidtamm et al., where a similar hydrogen bonding environment was seen in the
polymorphic isonicotinamide-oxalic acid co-crystals, with nitrogen acceptor atom producing a
stronger hydrogen bond strength.'* %> The DH-LP® of the nitrogen-based bond are shown in the
contour map below (Figure 3). The more direct relationship of DHA® and DH-LP® is seen in (2)
178.10° vs. 176.10° and (1) 172.93° vs. 169.65°, respectively. For the C(1)-H(1) --- O(02) portion of
the heterogenous synthon, the bond meets Munshi et al. experimental work on separation of the
hydrogen bond and van der Waals like interactions overlap for C-H --- O bonding.*®*’ The bonds are
within the defined bond range for both (1) and (2), being 2.53 A in length for both crystals, with the
acceptor having a larger distance to the BCP, with near identical dy..bcp and da..bep (Tables 2 and 3).
This highlights the importance of C-H-:- X interactions in synthon formation and stabilisation, planar
nature of the terminal groups of GLU alongside the imidazole region of CAF create a flat synthon
environment resulting in the near identical hydrogen bond strengths. However, the synthon as
whole in (1) and (2) calculated hydrogen bonds strengths using the Abramov and Espinosa methods
fall within experimental error and are unsurprising due identical terminal portions of GLU in (1) and
(2).4* Yet, the carbon donated bond that completes the heterogynous synthon is ‘non-classical’
and weak following the classifications of Koch et al. and Hibbert et al.3®** The LPs of 0(02) for (2) are
polarised away from the synthon towards the intermolecular bond with O(04)-H(04), this bond is
‘classical’, and the DH-LP® aligns more to the DHA® (168.2 vs. 167.9°, respectively), a greater electron

density (poep) (0.1 e A®) is calculated. As a result, it has a moderate hydrogen bond strength (-26.7 k)



mol?). Similarly, this bond is found in (1) as expected due to the torsion angle, not affecting the
terminal carboxylic portions on GLU, this bond is moderately strong (-30.8 kJ mol). This suggests

that the heterogenous synthon is not the site for observed differences seen in (1) and (2) stability.

The remaining topological bonds found in both systems are all ‘non-classical’. They inherently are all
weak and all meet the defining details of Munshi et al.38394%46 Together, however, the bonds
collectively offer substantial stabilisation energy, and the summation of these bonds corresponds
with the expected observed outcome of (1) being less stable than (2). These bonds have a summed
total is -31.45 and -38.22 kJ mol™ for (1) and (2), respectively. This suggests that the required energy
to disrupt the aliphatic carbon donated bonds in the lattice is lower in (1). The only non-communal
hydrogen bonds present in both (1) and (2) is C(6)-H(6B)--- O(2) and C(04)-H(04B) --- O(1),
respectively. This bond difference is caused by the rotation of the aliphatic GLU chain, and these
bonds are weak, fitting the above archetyping. Interestingly, the C(04)-H(04B) - O(1) of (2) is -2.61
kJ mol™tstronger than that of the C(6)-H(6B)-+* O(2), this can be attributed to the DHA® of each
interaction. In C(6)-H(6B)-*- O(2) in (1) has a considerable variation between the DHA® and the DH-
LP° 121.01° vs. 107.88°, respectively. Compared to that of C(04)-H(04B) -- O(1) in (2) being 128.13°
vs. 120.22°, for the DHA® and DH-LP®, respectively. Based on the known rotational of the aliphatic
carbon chain within GLU, it can be stipulated that this observed difference creates a better
stabilisation of the lattice due to the near non-existent difference of any other hydrogen bond (1)
and (2). Previously, Nguyen et al. discussed the conformational energies of GLU polymorphs alone,
finding that the Cy cis conformer Il is predicted to be the most stable of the various polymorphs in
the gas phase.*” This alongside the observable rotation suggests it may influence the stability within
a co-crystal system. The rotation of the aliphatic carbon chain with C(03) being the pivot of torsion,
results in C(03) to face away from the pyrimidine (Figure 2(b)) in (2). Leiserowitz discussed the
direction of aliphatic carbon bonds having considerable importance in packing variation as
mentioned above; however, here, it can be seen that the GLU moiety taking the crystalised

conformation creates the environment for the C(04)-H(04B) --- O(1) bond seen in (2) and resultantly



creates branching of the lattice creating CAF overlap resulting in the aromatic cyclic stack. Alongside
the more direct angle of the bond formation and shorter dh...cp and da-.bep gives more dexterity to
the packing in (2).2*” Due to the planar groups in both crystals perpendicular interactions occur,
stemming from the above mentioned interactions and the C-H donated hydrogen bonds. These as
mentioned above are from predominately identical donor atoms in both (1) and (2), all of these
bonds have similar contributing strengths to the packing lattice as shown tables 2 and 3, with given
exception being the C-H bond formed by the torsional rotation around C(03) suggesting it torsional
position in (2) is preferred energetically. The hydrogen bonds identified in the topological analysis

and the contributor strength for each bond can be found in Tables 2 and 3.

Q/\ ===
(a) (b)



Figure 4. Laplacian (-V?p) contour diagrams and static deformation density plots of the heterosynthon

in (1), (a), (c) and (2), (b), (d), respectively. All represented in the N(2)-0(01)-0(02) plane.>?

Table 2. Topological analysis of hydrogen bonding in (1).

Bond P Vzp € debcp dA~-~bcp Ens
(e A3) (e A°) (A) (A) (kJ mol?)
Interactions
within the
asymmetric
unit
O(01)-H(01)- 0.24(002) 4.51(001) 0.06 0.57 1.17 -48.66
N(2)
C(1)-H(1) - 0.06 (022) 0.80(027) 0.08 1.08 1.45 -6.72

0(02)



Interactions
outside the
asymmetric
unit

C(8)-H(8A)
0(03)°

C(1)-H(1) -
0(03)¢

C(7)-H(7B)-
0(04)°

C(6)-H(6B)--
0(2)

0(04)-H(04) -+

0(02)¢

C(8)-H(8C) -
0(01)°

C(7)-H(7A)-
0(04)°

0.05 (004)

0.07 (008)

0.05 (001)

0.04 (002)

0.11 (023)

0.03 (004)

0.029 (002)

0.96 (002)

1.16 (002)

0.65 (001)

0.57 (001)

4.96 (031)

0.49 (002)

0.41 (001)

0.17

0.19

0.41

0.076

0.03

0.03

0.41

1.18

0.86

1.18

1.18

0.53

1.11

1.18

1.51

1.37

1.51

1.51

1.17

1.56

1.58

-6.60

-9.69

-5.06

-4.16

-30.88

-3.22

-2.72

2 x+1, y+1/2, -z +1/2,2-1/2; ® x,-y+3/2,2+1/2; © x, -y+3/2, z-1/2;% x, -y+3/2, z-1/2; ©



Table 3. Topological analysis of hydrogen bonding in (2).

Bond

Interactions within
the asymmetric

unit

C(1)-H(1) -~ 0(02)

0(01)-H(01) -+

N(2)

Interactions
outside the

asymmetric unit

C(1)-H(1) - O(03)°

C(8)-H(8A) -

0(03)°

C(7)-H(7B) -+

0(04)°

C(7)-H(7C) -

0(04)¢

C(8)-H(8C) - O(2)°

(e A3)

0.06 (002)

0.18 (041)

0.09 (009)

0.06 (009)

0.05 (003)

0.02 (002)

0.05 (013)

VP

(e A®)

0.76 (001)

5.97 (057)

1.47 (001)

0.91 (002)

0.71(001)

0.33 (001)

0.84 (001)

0.35

0.12

0.23

0.11

1.64

0.55

0.08

dH~--bcp

(A)

1.07

0.52

1.21

0.99

1.14

1.30

0.95

dA-v-bcp

(A)

1.46

1.18

0.86

1.45

1.45

1.59

1.43

Eng

(kJ mol?)

-6.00

-44.56

-12.10

-6.67

-4.99

-2.12

-5.57



C(04)-H(04B) - 0.06 (002) 0.81(001) 0.22 1.11 1.44 -6.77

o(1)f

0(04)-H(04) - 0.10(027) 4.32(022) 0.27 0.57 1.19 -26.70

0(02)8

ax,y+1,z; °-x,y-2,2-1; ¢ x-1,y+1,z+1; ¢ -x+1,-y, -z+1; © -x,-y+2, -z+1; "x+1,y,z-1; 8 x,y-1,z

Hirshfeld Analysis.

A 3-Dimensional surface representation of the promolecule density equal to 50% of the total crystal
density is referred to as a Hirshfeld surface. Hirshfeld surface diagrams are visual depictions of the
dnorm surfaces, which are the sum of normalised van der Waals radii (d. & di) of atoms involved in an
interaction. These van der Waals radii measure the distance from the nucleus to the surface of an
atom (d;) and from that surface to a neighbouring atom's nucleus (de). The colours of the surface
relate to the proximity of the atoms involved. Red areas identify contacts closer than the sum of
their van der Waals radii. In contrast, blue regions of the surface depict distances longer than the
sum of their van der Waals radii and white show contacts equal to the sum of the van der Waals
radii. The Hirshfeld surface and associated fingerprint plots of both (1) and (2) were generated using
the CrystalExplorer program, and the surfaces can be seen in Figure 5.3! The key intermolecular
bonds are clearly shown in both the (1) and (2) surfaces, the strong red region around the imidazole
moiety highlights the heterosynthon created between CAF and GLU. Further to this, the
intermolecular bonds within and extending from the asymmetric unit can be seen across the
surfaces. As (1) and (2) are polymorphs, understanding which atoms contribute to weak interactions
may offer insights into their physically observed differences. Adjustment for the potential theoretical

random contacts formed across the Hirshfeld surfaces were addressed by calculation of the



Cxx/xy

enrichment ratio (E), found by the expression E = , where X,Y are chemical species, Cis the

XX/XY
actual contribution to the surface by atom pairs (X-X or X-Y), and R is the potential random contacts
between atoms, R can be calculated by probability products using summation of all contacts for a
chemical species (Sxy) using the steps described by Jelsch et al.*® The corrected contributions are
represented in Figure 5, with the contributions of most elements to weak bonding being very similar
between (1) and (2). A significant difference is seen in the C-H group, where there are 3.8% more
interactions (2), which are located in the aromatic cycle stacking region. As both crystals have an
identical chemical composition, it can be suggested that the involvement of the C-H group in (2)
forming the cyclic stack, maintains the lattice integrity, and creates a deterrent for incoming water
prior to hydration of the crystal. Furthermore, H-H contacts are higher in (2) suggesting a larger level
of displacement of the van der Waals forces is required to hydrate the lattice of (2). This follows the
physically observed trend, whereby the decreased van der Waals forces and lack of aromatic cycle
stack in (1) causes the rapid transformation to (2), then a lengthy deliquescence of (2) to CAF and

GLU before monohydrate formation.?

(a) (b)
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O-H 23.9 22.1
M other 11.2 5.5

(c)

Figure 5. (a) Hirshfeld surface of (1), (b) Hirshfeld surface of (2) and (c) graphical representation of

the relative bond contribution % of the Hirshfeld surfaces.3!

Atomic Charges and Electrostatics.

Bader charges (Q) obtained from integration across the atomic basins bound by zero flux surfaces of
the SP and MM of (1) and (2) were analysed. The charge of each atom in both polymorphs were
minimally different. Du et al. previously showed how portioning atomic charge into separate
molecular regions aided in the analysis of delocalisation/transfer of charge in co-crystals.*® As such,
the co-crystal was partitioned into 3 groups and summed these results can be found in Table 4. It
showed that the dicarboxylic acid, the imidazole and pyrimidine moieties partitioned charges in (1)

differ significantly from (2), where the dicarboxylic acid in (2) is more negative compared to (1).

In contrast, the CAF in (2) is significantly more positive, possibly due to charge transfer between the
molecules. Similarly, the overall sum of parts shows (1) is more electronegative then (2), mostly in
the pyrimidine fragment. This could be due to the variation in the carbonyl bonds present within the

pyrimidine for (1) and (2), with C(04)-H(04B) --- O(1) present in (2) alone. The total sum shows that



there is a -0.35 e difference is total Bader charge in (1) compared to (2) suggesting to be more
reactive when under the presence of water molecules. Furthermore, the fragment-based charges
were then combined with the Bravais, Friedel, Donnay and Harker (BFDH) crystal morphology
predictions generated within Mercury; these BFDH figures can be found in ESI.?” In (1), the external
BFDH crystal plane showed unimpeded access to the CAF moieties and half of the GLU chain,
suggesting that the water can interact with the crystal surface and, consequently, outcompete the
weak bonds on the crystal surface. Similarly, in (2) the BFDH morphology is predominantly found to
have carbonyl oxygens across the crystal surface. Still, as these atoms are more occupied in
intermolecular bonds, it suggests that outcompeting of the lattice's weak interactions occurs over a

more extended period before hydrate formation happens in agreement with experimental findings.
Table 4. Partitioned Bader Atomic Charges of (1) and (2).

Q (e) / e Total

0 (o]

oA By

N

2(1) -0.04 0.21 -0.66 -0.49

2(2) -0.12 0.23 0.03 0.14

When the electrostatic potential (ESP) of a molecule is mapped upon the isosurface of the electron
density (Figure 6), it allows visualisation of how atomic charge is distributed across a molecular
system. Here, electronegative atoms are coloured red, while electropositive atoms are coloured
blue, and this information can aid in visualising bond formation. Figure 6(a) illustrates the ESP
surface of (1), it confirms the hydrogen bond donor behaviour of the GLU carbonyl oxygen, with the

0(01)-H(01):*N(2) bond of the heterosynthon with the blue surface encapsulating N(2). Figure 6(b) is



the experimental ESP surface of (2). Similarly, the carbonyl oxygens are red, showing the ability to
form hydrogen bonds corresponding to the topology noted above. Both figures complement the
graphic representation of fingerprint plots presented above, showing the importance of the oxygen
atoms in each system in the formation of hydrogen bonds. The torsion angle change in GLU clearly
shows the carbonyl oxygens' direction in both ESP figures, with (2) having bidirectionality allowing
for the packing arrangements mentioned early, wherein (1) the GLU carbonyl oxygens are more
lateral, causing the stringing packing arrangement. The complete list of atomic basin integration

charges can be found in ESI.

P s

(1) (2)

Figure 6. Molecular electrostatic potential (eV) maps of (1) and (2) mapped on an isosurface of p.>°

Lattice Energies and Stability.

Lattice energies give an insight into the solubility and stability of a crystalline substance. Lattice
energies reflect the amount of energy required to deconstruct the lattice to liberate free molecules.
As described above, (1) is the starting point of the polymorphic trend, undergoing a polymorphic
transformation to (2) before a final phase change to the monohydrated CAF.3 The lattice energies of

the polymorphs were calculated by two methods. The first method, PIXEL developed by Gavezzotti,



and secondly by CrystalExplorer (CE) developed by Turner et al. 3-'5! The PIXEL method functions by
calculating a theoretical EDD for the asymmetric unit molecules individually using Gaussian09, then
calculates the lattice energy by summation of pixelated partitioned space using symmetry
operators.” Turner’s CE method works by summation of the pairwise interaction energies between
molecules generated from a dispersion and Density Functional Theory (DFT) wavefunction.3! PIXEL
and CE calculations were performed at the MP2/6-31+G(d,p) level of theory, with an additional CE

set calculated at B3LYP/6-31+G(d,p), as a comparison. Lattice energy values are shown in Table 5.

Table 5. Lattice energies, Dipole moments, and calculated in-crystal entropy for (1) and (2). 31515253

Method Functional Lattice Energy Molecular Entropy
and Basis Set kJ-mol* Dipole
( ) P (J-k2-mol)
Moment
(EXP)
(D)
(1) PIXEL MP2/6- -155.00 7.45 123.26
31G(d,p)
(2) PIXEL MP2/6- -158.90 4.93 112.88
31G(d,p)
(1) CE MP2/6- -101.13 - -
31G(d,p)
(2) CE MP2/6- -107.14 - -
31G(d,p)




(1) CE B3LYP/6- -132.74 - -

31G(d,p)

(2) CE B3LYP/6- -134.05 - -
31G(d,p)

(1) CE B3LYP/6- -135.85 - -

31G(d,p) pair-
wise

corrected

(2) CE B3LYP/6- -133.36 - -
31G(d,p) pair-
wise

corrected

The MP2 lattice energies agree with Thakuria et al. findings with a modestly increased stability
throughout the series for (2).2 However, the B3LYP (a lower level of accuracy) models paint a mixed
picture, contrary to the observed trend. Thomas et al. highlighted the difficulty in lattice energy
calculations in polymorphic systems, and this was further expanded when studying 5-methyl-2-[(2-
nitrophenyl)amino]-3-thiophenecarbonitrile generally referred to as ROY, noting that the B3LYP CE
method was unreliable for the determination of lattice energies in conformational polymorphs, but
the MP2 method offers better outcomes.3*>* Noting the above the remainder of the section will be
referring to lattice energies obtained by the MP2 method. As expected, both approaches found the
stabilities within +6 kJ mol™ for the polymorphs. This was expected considering the previous finding
for other conformational polymorphs. An example being a-glycine, where lattice energies for each

polymorph falling within experimental error of 10 kJ mol™.3° As such, the near equivalent lattice



energies suggest that solvation by incoming water in humidity testing was critical in the change in
physical stability, whereby the polar solvents ability to interact with hydrogen bond donors or
acceptors is the discriminating factor that separates these conformational polymorphs. The
molecular dipole moment (MDM) representative of the charge separation across a molecule offers a
way to review how a crystal system responds to polar solvents. The MDM is enhanced in a crystalline
state due to the intermolecular bonding and crystal field effects. The MDM of (1) is larger than that
of (2) by 2.5D, (7.45 vs. 4.93, respectively), indicating that under the present of a polar solvent, (1)
will react more rapidly. These findings correlate with the physical solvation stability seen
experimentally. This situation is possibly due to the lower percentage of hydrogen contacts involved
in (1), allowing for an environment more volatile to hydrogen bonding than (2). The MDM of (2)
suggests that a polar solvent will still interfere with the crystal interface. However, it would be

expected to be slower than that of (1) once again following the observed trend.

Another method for predicting solvation stability is to examine the in-crystal motion of molecules as
a function of temperature; this is commonly referred to as solid-state entropy (ASvib(T)). A higher
AS,ip(T) implies a greater potential to be soluble, resulting in a more negative Gibbs Free energy of
solvation (AGso), indicating that crystals hydration to be a more spontaneous process. Madsen et al.

developed a method for the calculation of entropy represented in Equation 4:

Equation 4.
2y _n Jw
<u ) T osm2uv coth (ZRT) (4)

and Equation 5.
S = R (e (37) ~1] ) ~w[1-ew (<)) ©

The entropy calculation was performed at 298K to reflect the typical hydration environment. To
analyse the in-crystal entropy, the atomic motion of each molecule is described by the TLS

(translation, libration, screw) model.>? Whereby, the correlation between the translation and



libration modes of a molecule are defined as rigid bodies and describe vibration, as represented by
(u?), his Planck’s constant, k is Boltzmann’s constant. Assuming that a simple-harmonic model can
be applied to the vibrations of T and L’s (u? ), the normal mode vibrational frequencies (n) can be
calculated using Equation 4, and n is denoted as wavenumbers. 32535556 The normal modes were
calculated of the experimental data for (1) and (2) using the THMA11 program for thermal motion
analysis.”® Using these frequencies (v) derived from Equation 4, the vibrational entropy of the crystal
can be calculated as function of temperature as described in Equation 5. The resultant values of
these calculations can be seen in Table 5, (1) has a higher entropy than that of (2), suggesting that
solvation/hydration of the crystal would occur more readily and more spontaneously, once again, in
agreement with experimental findings.3 Similarly, it indicates that the hydration of (2) is a less

spontaneous event reflecting the extended hydration timeline described by Thakuria et al.?

In summary, it appears that the crystalline lattice stability of (1) and (2) are near equivocal,
suggesting the hydration stability seen in (2) is a result of how it reacts to the incoming water. The

MDM and in-crystal entropy highlight it as more resilient to hydration than that of (1).

CONCLUSION

A theoretical and experimental EDD study of both CAF-GLU form I, (1), and form Il, (2),
respectively, were performed to examine and rationalise at the electronic level the observations of
Thakuria et al.® The study showed that both forms were geometrically similar corresponding with
previous studies.” 3 However, the topology highlighted the conformational dimorphs had a minimal
difference in internal EDD. However, the topological review found (2) was the only polymorph with
an aromatic hydrogen cyclic system, providing further stability to this form. Hirshfeld analysis
accompanied by fingerprint plot analysis showed that the hydrogen atoms were more occupied in
contacts maintaining stronger van der Waals arrangements in (2) compared to (1), suggesting less
weak interactions need to be outcompeted in (1) aligning with the rapid conversion to (2) seen in

the humidity studies. The lattice energies of both forms were equivocal, as expected based on



Thomas et al. findings regarding ROY and oxalic acid, as such MDM and in-crystal entropy provided
insight into the physically seen stability differences. The MDM and in-crystal entropy of (1) are 7.45D
and 123.26 J-K1-mol?, respectively, these values are larger than what was calculated for (2), 4.93D
and 112.88 J-K-mol?, respectively, suggesting that (1) is more likely to interact with a polar solvent
such as water and will rapidly convert to (2). However, the hydration of (2) will still occur but at a
slower rate. It is certain that (2) is the more stable dimorph in humid conditions corresponding to
the experimental observations, and (1) is correctly coined a metastable dimorph of the co-crystals.
Further work is required to evaluate which dimorph will have better pharmacokinetic profiling.
Physical testing, such as dissolution testing, should be considered in the future to determine the

more applicable co-crystal for the market formally.
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Synopsis

In this study, the polymorphic co-crystals of Caffeine (CAF), and glutaric acid (GLU)
originally engineered by Trask undergo charge density analysis to rationale the observed

variation in hygroscopicity seen between the two forms.



