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The use of syntonic engineering (SE), or synthonic modelling has been increasing in the pharmaceutical
industry. This study used the Material Studio and HABIT98 programs to model the intermolecular (synthonic)
interactions, lattice energetics, and morphology prediction. Two organic systems representing common active
ingredients and excipients were selected, Theophylline (TH) and D-mannitol (DM). The Nemethy and Dreiding
force fields (FF) paired with matching semiempirical chargers were used for all SE calculations for all case
studies. For both systems, hydrogen bonding OH...H was the dominating interaction. The interatomic stability
for TH was mainly contributed by the amino nitrogen making amide the primary functional group. In DM,
interatomic stability was attributed to the hydrogen atom, making hydroxyl the primary functional group. TH was
crystallised as needle-like, while DM was dendritic.

1. Introduction

The substantial interest in rationally designing crystal’s bulk properties through manipulating molecular
substituents and supramolecular solid-state structure is the foundation of crystal engineering. Crystal
engineering is a promising method for describing molecular crystals, particularly pharmaceutical particulates
(e.g., active pharmaceutical ingredient (API) and excipient) and improving their physicochemical properties.
Thereby, detailing the molecular synthonic interactions can lead to a better elucidation of the material’s
properties, which paves the route for better processing quality.

Consequently, the SE method has been utilised to a great extent to foresee crystal morphologies and the bulk
(intrinsic) and surface (extrinsic) synthons interactions using empirical FF methods (Nguyen et al., 2020). This
approach is consistently applied to crystals by considering a central molecule and summing the molecular
interaction energy of a pair of atoms between two interacting molecules within a given convergence radius
(Pickering et al., 2017). Molecular interactions such as Van der Waals (VdW) and electrostatic potential are of
utmost importance to describe intermolecular synthons between two species. The charge distribution of an
isolated molecule is valid for describing the charge distribution of a bulk crystal molecule (Anuar et al., 2022).
This study reports the computational analysis of solid form synthons and their predicted morphologies. TH and
DM are presented to demonstrate the importance of understanding crystallographic structures that are
potentially governing the solid-state architecture for designing pharmaceutical drug formulation and crystal
engineering.

2. Materials and methods

2.1 Preparation of crystal structures

The molecular structures of (i) TH, C7HsN4O2; CCDD (Cambridge Crystallographic Data Centre) reference
code 7232823 (Larsen et al., 2019), and (ii) DM, CsH14Os; CCDD reference code 224660 (Fronczek et al.,
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2003), were retrieved from Cambridge Structural Database. TH has a primitive monoclinic crystal structure with
a space group of P 1 2+/c 1 in the unit cell. The cell dimensions were, a =4.531, b =11.578, c=15.719and B =
93.69 °. On the other hand, the DM molecule was packed in an orthorhombic lattice with space group P 21 24
21 in unit cell dimensions; a = 4.899, b = 18.268, ¢ = 5.043 A and 8= 118.39 °. TH and DM structures were
optimised with respect to the potential energy i.e., COMPASS-II and Drieding (Mayo et al., 1900), respectively,
using ACCERLYS Materials Studio software to a stable geometric configuration (BIOVIA, 2017).

2.2 The selection of potential (Force Field) set

In this work, the combination of Nemethy FF (Némethy et al., 1983) with MOPAC-PM3 was applied to TH. For
DM, the Drieding Il FF (Mayo et al., 1990) and Gasteiger charges were used for all calculations.

2.3 Crystal chemistry analysis

2.3.1 Lattice energy, interatomic and intermolecular Interactions

Crystal lattice energy (Ei) was calculated with limiting radii ranging from 20 to 100 A using the HABIT98
program (Clydesdale et al., 1996). The calculated Et and sublimation enthalpy (AHgy,) are related through
Eq(1) (Ouvrardt & Mitchell, 2003).

Eitt= AHgy, + 2RT (1)

2RT denotes a correction factor for the difference between the gas enthalpy and the vibrational contribution to
the crystal enthalpy. The calculated Eiar is also used to assess the reliability of the selected FF concerning the
solid forms.

2.3.2 Crystal morphology prediction

The prediction of crystal morphologies and growth faces of molecular systems were calculated by three different
morphological methods of the Material Studio program (BIOVIA, 2017), i.e. (i) Bravais Friedel Donnay Harker
(BFDH) rules, (ii) growth morphology (GM), and (iii) equilibrium morphology (EM), with the suitable FFs and the
charges at medium quality setting.

2.4 Slow evaporation crystallisation

The slow evaporation method was used with a solubility of TH; 30 mg/ml (Bobrovs et al., 2015) and DM;400
mg/ml (Poornachary et al., 2013) in a water solvent. The solution was naturally cooled to the ambient
temperature, by allowing water vapour to escape through holes punched in aluminium foil placed on the top of
the beakers. The solution was harvested for crystals and then filtered to remove the crystals.

3. Results and discussions
3.1 Crystal lattice energies calculations

The Eiatt (using HABIT98) for TH and DM converged at 96.48kJ/mol and 126.06kJ/mol, as in Figure 1. Both
calculated Eptt were in good agreement with the former experimental sublimation enthalpy i.e., 126 kd/mol for
TH (Fokkens et al., 1983) and 202 kJ/mol for DM (Barone et al., 1990) with 5.26 % and 2.40 % difference.
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Figure 1: Lattice energy convergence analysis using HABIT98 program for TH and DM crystal structures
3.2 Interatomic interaction and functional contribution

TH interatomic stability is driven by amino nitrogen with a significant contribution; of -29.25 kd/mol to Eiatt. Besides
amino nitrogen, the two most important contributions were carbonyl carbon and carbonyl oxygen type of atom
with a total energy of -17.03 kJ/mol and -15.73 kJ/mol. These carbonyl groups are known as polar groups. The
main functional group contribution to the TH is the Amide with 44.8 % reflecting its close association with forceful
coulombic interaction between anions and cations. Followed by aliphatic (22.97 %), methyl (18.61 %), imine
(8.53 %) and alkene (5.05 %) (Refer to Figure 2). The stability of amide bonds is due to their tendency to form
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a resonating structure towards various reaction conditions, high temperatures, and the presence of other
chemicals. Literature indicates that compounds with amide pharmacophore have a more comprehensive range
of pharmacological actives, including anti-inflammatory, which is in line with the function of TH as a systemic
anti-inflammatory agent (Barnes, 2010).
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Figure 2: Functional group of TH. The dotted line denotes the major functional group i.e, Amide

On the other hand, the specific percent for atom’s contributions towards the stability of the DM molecular
structure was dominated by hydrogen type of atom. Hydrogen atom with involved hydrogen bonding (H-bond)
contributes the significant contribution in DM molecular crystal with -206 kd/mol of total energy. While the most
minor atom’s contribution is goes to carbon atom (-28.41 kd/mol). Figure 3 depicts the percentage distributions
of individual atoms in the DM molecule. The summation of the atom and associates functional group revealed
that the hydroxyl group (-OH) contributed the most to the calculated Ept, i.e., 80.71 %, followed by the aliphatic
group with 19.29 % of distributions. Like amides, -OH groups can form hydrogen bonds. Hence, the contribution
of abundant OH groups in DM structure makes it an ideal excipient with highly hydrating properties, enhancing
water solubility when interacting with active compounds. Due to that, the suitability of DM for emerging
formulation technology of orally disintegrating tablets has been recently pointed out.

Figure 3: Functional group of DM. The dotted line denotes the major functional group i.e., Hydroxyl (-OH)
3.3 Intermolecular synthon analysis

Tables 1 and 2 summarise TH and DM intermolecular synthon breakdown into attractive, repulsive, coulombic
intermolecular energy. Results show that each molecule’s top attractive synthons were created to be between
the anion-cation pairs, reflecting the dominant interactions resulting from the coulombic forces. In the TH
molecule, the strongest interaction was the H-bong (H...O) network depicted in synthon A between the aliphatic
hydrogen donor (-H) group and carbonyl oxygen (C=0), as shown in Figure 4. The strength of the interaction
was -16.86 kJ/mol in [-1 0 0], with 4.53 A. Although synthon B of bond formation has a similar distance as
synthon A, its total energy has slightly differed. Besides the H-bond, the TH molecule was governed by the VdW
forces. The VAW bond formation exists between two molecules of hydrogen and carbon atoms (as in synthon
C), H-H bond (H...H) (synthon E and F), and nitrogen-nitrogen bond (N...N) present in synthon G. The
directionality of the H-bond (depicted in synthon A, B and D) explains the elongation of the crystal forming the
columnar habit. While weaker interactions like VdW forces are readily broken and displaced.

Table 1: Details of the top seven intermolecular synthons in the crystal structures of theophylline.

Synthons MultiplicityDistance (A)Attractive Repulsive CoulombicTotal Intermolecularlntermolecular
(kd/mol)  (kJ/mol) (kJ/mol)  Energy (kJ/mol) Interaction Type

A 4 4.53 -25.02 8.83 -0.67 -16.86 H-Bond
B 4 4.53 -24.98 8.87 -0.67 -16.77 H-Bond
C 4 7.24 -11.72 4.60 -3.47 -10.59 Vdw
D 4 5.37 -20.21 8.74 1.13 -10.33 H-Bond
E 4 7.27 -10.96 6.15 0.13 -4.69 Vdw
F 4 8.88 -5.02 3.56 -2.97 -4.44 Vdw
G 4 8.88 -4.90 3.56 -2.97 -4.31 Vdw
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Synthon A Synthon B Synthon C Synthon D

Synthon E Synthon F Synthon G

Due to the DM molecular structure terminal nature exposing -OH group, most of the intermolecular synthon
energies created were H-bonds. As shown in Figure 5, the strongest interaction of H-bond was created by
synthon A with the shortest distance, i.e., 4.85 A (shown is the closest value to the calculated distance, 4.90 A),
and followed by synthon C, distance elongated to 5.04 A and synthon B with the closest distance value obtained,
5.07 A to the calculated value (5.09 A). The total intermolecular energy is dominated by attractive forces in the
molecules. Hence, due to the high polarity created in a DM crystal, it is often assumed to be the hardest to
displace.

Table 5: Details of the top three pairwise intermolecular synthons in the crystal structures of D-mannitol

Synthons Multiplicity Distance (A) Attractive Repulsive Coulombic Total Intermolecularintermolecular
(kJ/mol) (kJ/mol) (kJ/mol) Energy Interaction Type
(kJ/mol)
A 4 4.90 -158.3 144.83 -7.61 -21.00 H-Bond
B 4 5.09 -49.08 39.20 -6.36 -16.19 H-Bond
C 4 5.04 -13.63 45.44 -1.30 -12.89 H-Bond
Synthon A Synthon B synthon C

Y

Figure 5: The dominant pairwise intermolecular bonding of D-mannitol molecule showing their respective
distance (A) between two atoms by lines.

3.4 Morphologies prediction analysis

The comparative analysis of TH morphology shows that BFDH and GM tools simulate TH crystal with the same
number of crystal habits, i.e., six facets. While EM visualises the crystal habit up to thirty-six facets. In Figure 6,
TH crystals show a needle-like morphology dominated by the {011} face. The {011} face shows a layer of the -
OH group exposed on their surfaces, making them relatively favourable to hydrophilic and potential interactions
(shown in Figure 7). TH predicted morphology was like observed grown crystals.In DM (Figure 8), the GM
method depicts the simplest prediction of DM crystal structure with the fewest crystal habits, i.e., seven facets.
The structural complexity increases with the following method of BFDH, with eleven crystal facets, and EM, with
thirty crystal facets. DM morphology is generally dominated by the (020) face having the largest facet areas.
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The cleaved (020) face exposed the numbers of -OH groups (Figure 9). The morphology produced by these
three methods has hexagonal plate-like morphology, which contrasts with dendritic-grown crystals. The
experimental crystals show the closest structure to the BFDH method among the three prediction crystals.
However, the measurement technique used could be more efficient.
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Figure 6: The comparative morphological analysis for theophylline crystal compound.
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Figure 7: The correlation of predicted TH crystal and experimental observation 5x magnification. Followed by
the relationship of TH crystal morphology and its dominant surface chemistry, { 011 }.
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Figure 8: The comparative morphological analysis for D-mannitol crystal compound.
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Figure 9: The correlation of predicted DM crystal and experimental observation 5x magnification. Followed by
the relationship of DM crystal morphology and its dominant surface chemistry, { 020 }.

4. Conclusions

The results of Ent and their contributions to TH and DM crystals from intermolecular synthonic and
crystallographic perspectives have been elucidated here. Using a SE approach, each system’s Epntt and
morphology prediction has been successfully carried out with the appropriate FFs and atomic charges method.
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It was observed that TH created dimer hydrogen bonds between O...H atom and multiple undirected nature of
VdW interactions, which can give rise to a polymorphism. On the other hand, DM molecular structure terminal
nature exposes the -OH group. Hence, most intermolecular synthon energies created were H-bonding. The
predicted morphology then was compared with the experimental shape in which TH crystal showed good
agreement; nonetheless, it is vice versa to DM crystal in which recommended using SEM. Overall, a mechanistic
understanding of pharmaceutical material’s behaviour is essential for controlling their physicochemical
properties. This, in turn has the potential to improve the process of developing new drugs underpinning the
crystal chemistry and crystallographic study of solid dosage formulations in future work.
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