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Abstract 

Acetylated 2-aminopyridine derivatives tend to form two distinct types of homomeric interactions 

in the solid state. To elucidate why these specific assemblies form, we examined the structural 

landscape of two families of acetylated 2-aminpyridines; 5-NO2 and 3-Cl, 5-CF3. In the NO2 series, 

increasing steric demands induce a switch from N-H···C═O chains to N-H···N(pyridine) dimers. 

In contrast, the 3-Cl, 5-CF3 series consistently formed infinite N-H···O═C chains, indicating that 

electrostatics governs the assembly. In addition, we also noted that IR spectroscopy may be used 

to predict the type of interaction formed.  To verify this observation, two more series were 

examined using IR spectroscopy and crystallography. It was found that chain-forming compounds 

exhibited C=O stretching modes at 1655-1688 cm⁻¹, whereas the dimers appeared at 1697-1709 

cm⁻¹. 20 of 22 compounds (91%) fit this behavior, confirming that IR spectroscopy can serve as a 

useful diagnostic structural tool when suitable single crystals are unavailable. 

The effect of chain vs dimer motifs on cocrystallization was then studied using extensive 

cocrystallization experiments (~500 grindings), and results revealed that dimer-forming targets 

formed significantly more cocrystals (66%) than chain-forming targets (10%), likely due to weaker 

interactions, an explanation which was validated through interaction energy calculations.  

A study on acetylated 2-aminopyrimidine derivatives introduced an additional acceptor site 

relative to the pyridine system, enhancing the structural complexity. Across 22 crystal structures, 

variations in alkyl chain length and halogen-atom substitution did not alter primary hydrogen-

bonding motifs. Notably, strong hydrogen bonds can be replaced by halogen bonds without 

disrupting the overall crystal assembly, and halogen bonds exhibit greater directionality, 

highlighting their potential as reliable alternatives in crystal engineering. 



  

Stoichiometric control in cocrystals was examined using mechanochemical and solution methods. 

Varying coformer ratios during grinding enabled the selective cocrystal formation with distinct 

stoichiometries. However, solution crystallizations were strongly influenced by solubility, 

solvation, nucleation, and coformer strength. These findings emphasize the interplay between 

thermodynamic stability and kinetic accessibility in determining crystallization outcomes. 

A structure-property study of 2-aminopyrazine derivatives examined the odd-even effect on bulk 

properties. The results demonstrate that the odd-even effect clearly influences thermal stability but 

does not affect hygroscopicity; subtle variations in molecular structure can significantly affect 

macroscopic thermal and hygroscopic properties. 

A structure-property analysis of an iodo analogue of the antiviral drug favipiravir, showed an 

increased crystal form diversity and produced cocrystals with generally higher thermal stability 

than those of favipiravir. 

Finally, nine cocrystals of N-(5-nitropyridin-2-yl) amide derivatives with two different coformers 

were synthesized and characterized. Coformer changes exhibited notable color differences during 

grindings, supported by UV-visible spectroscopy and photoluminescence studies. The 

photophysical properties can be rationalized and predicted using calculated HOMO-LUMO gaps, 

demonstrating a strategy for controlled bottom-up design of functional cocrystals. 
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Abstract 

Acetylated 2-aminopyridine derivatives tend to form two distinct types of homomeric interactions 

in the solid state. To elucidate why these specific assemblies form, we examined the structural 

landscape of two families of acetylated 2-aminpyridines; 5-NO2 and 3-Cl, 5-CF3. In the NO2 series, 

increasing steric demands induce a switch from N-H···C═O chains to N-H···N(pyridine) dimers. 

In contrast, the 3-Cl, 5-CF3 series consistently formed infinite N-H···O═C chains, indicating that 

electrostatics governs the assembly. In addition, we also noted that IR spectroscopy may be used 

to predict the type of interaction formed.  To verify this observation, two more series were 

examined using IR spectroscopy and crystallography. It was found that chain-forming compounds 

exhibited C=O stretching modes at 1655-1688 cm⁻¹, whereas the dimers appeared at 1697-1709 

cm⁻¹. 20 of 22 compounds (91%) fit this behavior, confirming that IR spectroscopy can serve as a 

useful diagnostic structural tool when suitable single crystals are unavailable. 

The effect of chain vs dimer motifs on cocrystallization was then studied using extensive 

cocrystallization experiments (~500 grindings), and results revealed that dimer-forming targets 

formed significantly more cocrystals (66%) than chain-forming targets (10%), likely due to weaker 

interactions, an explanation which was validated through interaction energy calculations.  

A study on acetylated 2-aminopyrimidine derivatives introduced an additional acceptor site 

relative to the pyridine system, enhancing the structural complexity. Across 22 crystal structures, 

variations in alkyl chain length and halogen-atom substitution did not alter primary hydrogen-

bonding motifs. Notably, strong hydrogen bonds can be replaced by halogen bonds without 

disrupting the overall crystal assembly, and halogen bonds exhibit greater directionality, 

highlighting their potential as reliable alternatives in crystal engineering. 



  

Stoichiometric control in cocrystals was examined using mechanochemical and solution methods. 

Varying coformer ratios during grinding enabled the selective cocrystal formation with distinct 

stoichiometries. However, solution crystallizations were strongly influenced by solubility, 

solvation, nucleation, and coformer strength. These findings emphasize the interplay between 

thermodynamic stability and kinetic accessibility in determining crystallization outcomes. 

A structure-property study of 2-aminopyrazine derivatives examined the odd-even effect on bulk 

properties. The results demonstrate that the odd-even effect clearly influences thermal stability but 

does not affect hygroscopicity; subtle variations in molecular structure can significantly affect 

macroscopic thermal and hygroscopic properties. 

A structure-property analysis of an iodo analogue of the antiviral drug favipiravir, showed an 

increased crystal form diversity and produced cocrystals with generally higher thermal stability 

than those of favipiravir. 

Finally, nine cocrystals of N-(5-nitropyridin-2-yl) amide derivatives with two different coformers 

were synthesized and characterized. Coformer changes exhibited notable color differences during 

grindings, supported by UV-visible spectroscopy and photoluminescence studies. The 

photophysical properties can be rationalized and predicted using calculated HOMO-LUMO gaps, 

demonstrating a strategy for controlled bottom-up design of functional cocrystals. 
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Chapter 1 - Introduction 

 1.1 Structure-property relationship 

The relationship between molecular structure and macroscopic properties has long been 

recognized as a foundational concept in chemistry, dating back to the pioneering work of Wiener, 

who demonstrated systematic variations in boiling points with molecular size and branching.1,3 

Since then, structure-property relationships have become central to understanding and predicting 

the behavior of compounds across chemistry, biology, materials science, and engineering, etc.4,7 

In the solid state, crystal structure dictates many of the fundamental characteristics of a material, 

such as solubility, thermal and chemical stability, hygroscopicity, mechanical strength, and 

bioavailability, etc. Even small structural variations can significantly influence the physical and 

chemical properties of bulk materials. 8,11  

A well-known example of how changes in molecular structure translate directly into material 

properties comes from alkane dicarboxylic acids.12 It has been shown that the melting points of 

alkane dicarboxylic acids decrease monotonically with increasing number of methylene groups in 

the chain (Figure 1.1).  

 

 

 

 

 

 

 

 

Figure 1.1.  Correlation of the melting points with the α,ω-Alkanedicarboxylic acids chain 

length. 12 
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At the same time, diacids with an even number of carbon atoms in their chains exhibit higher 

melting points than those with an odd number. Thus, altering the molecular structure just by adding 

one methylene group can result in significant and predictable changes in bulk melting properties. 

(Figure 1.1).  

The importance of structure-property relationships is particularly evident in many 

pharmaceuticals, where small structural changes can have profound consequences on performance 

and biological activities. A well-known example of this is the thalidomide tragedy in the late 

1950s, where administration of the teratogenic (S)-enantiomer alongside the therapeutic (R)-

enantiomer led to severe birth defects. 13-15 

 

 

 

 

 

In bulk materials, structure-property relationships arise from the inherent properties of molecules 

as well as from the way molecules are arranged and interact with one another in the three-

dimensional solid-state. These relationships can be classified into two main fundamental 

categories.16 In the first category, variations in material properties originate from changes in 

molecular structure and conformation, such as differences in functional groups, stereochemistry, 

or molecular flexibility.16 In the second category, property changes come from differences in 

intermolecular arrangement, including molecular packing, intermolecular interactions, and spatial 

organization within the crystal lattice.16  

R(+) thalidomide S(-) thalidomide 

* * 

Figure 1.2.  Enantiomers of thalidomide 
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 1.2 Polymorphism 

A specific aspect of the solid-state is the existence of polymorphism, defined as the ability of a 

substance to exist in more than one crystalline form.17 Polymorphism can be categorized into two 

main groups: conformational polymorphism and packing polymorphism (Figure 1.3).18-20  

 

 

 

 

 

 

 

 

 

The molecules showing packing polymorphs tend to be more rigid compared to those showing 

conformational polymorphism. 18 

 1.2.1 Conformational polymorphism 

The antiviral drug ritonavir (Norvir), which was introduced in 1996 for the treatment of Acquired 

Immunodeficiency Syndrome (AIDS), provides a striking example of conformational 

polymorphism. The discovery of the second polymorph of ritonavir led to the temporary 

withdrawal of this drug from the market in 1998.21 In form I, ritonavir molecules assemble into β-

like stacks stabilized by intermolecular hydrogen bonds. In contrast, in form II, conformational 

changes allow hydroxyl groups to participate more effectively in hydrogen bonding (Figure 1.4). 

These structural differences result in pronounced variations in physicochemical properties. For 

Figure 1.3.  Categorization of polymorphism. 
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Figure 1.4.  Intermolecular interactions of form Ⅰ and form Ⅱ of ritonavir. 23 

example, form I exhibits a solubility of approximately 90 mg/mL in a 99:1 ethanol-water mixture 

at 5 °C. In comparison, form II shows a drastically reduced solubility of only 19 mg/mL under 

identical conditions.22 This example shows how subtle conformational changes can significantly 

alter material properties. 

 

 

 

 

 

 

 

 

 

Interestingly, in 2014, a third polymorph of this drug was discovered and subsequently fully 

characterized in 2022.24  

 1.2.2 Packing polymorphism 

An important example of packing polymorphism can be found in aspirin. Aspirin has two well-

known polymorphs. Forms I and II consist of molecules with nearly identical conformations and 

similar hydrogen-bonding interactions. 25 Despite their structural similarity, the primary difference 

between the two forms is how the layers are stacked and the orientation of aspirin dimer pairs 

within each layer (Figure 1.5). These small differences significantly change their mechanical 

properties. Aspirin form II is mechanically unstable and readily converts to the more stable form 

I under external stress.26 
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Consequently, the properties of bulk materials can be tuned by either modifying the molecular 

structure through covalent chemistry or altering crystal packing via supramolecular approaches. 

 1.3 Covalent vs supramolecular chemistry 

A covalent bond is a chemical bond formed when atoms share electrons instead of fully 

transferring them, as in ionic bonding. 27Covalent chemistry relies on forming or breaking covalent 

bonds to generate new molecular entities, often requiring multistep reactions and extensive 

synthetic optimization. While covalent synthesis allows modification of molecular structure, 

supramolecular chemistry controls material properties by manipulating intermolecular interactions 

and multi-component assembly (Figure 1.6).28  

 

 

 

 

 

 

 

Figure 1.5.  Two polymorphs of aspirin. 26 

Figure 1.6.  Covalent vs supramolecular synthesis. 
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Supramolecular chemistry has evolved rapidly over the past few decades. Jean-Marie Lehn, who 

won the Nobel Prize in 1987 for his outstanding contributions to the field, defined supramolecular 

chemistry as “the chemistry of molecular assemblies and of the intermolecular bond.”29,30 

Supramolecular synthesis utilizes reversible non-covalent interactions to assemble existing 

molecules into new solid forms with modified properties.28 In 2016, the Nobel Prize in Chemistry 

was awarded to Jean-Pierre Sauvage, Sir Fraser Stoddart, and Bernard Feringa for the design and 

synthesis of molecular machines. This achievement further underscores the power of 

supramolecular principles in creating functional systems from intermolecular interactions. 31 

 1.4 Non-covalent interactions 

Non-covalent interactions are relatively weak attractions between molecules or parts of a molecule 

that do not involve the transfer of electrons. These interactions can be classified into different 

categories, such as hydrogen bonds, halogen bonds, chalcogen bonds, charge-transfer interactions, 

van der Waals interactions, ᴨ-ᴨ interactions, etc. An approximate strength of each interaction is 

given in Table 1.1.32-41 

Table 1.1.  Estimated strengths of intermolecular interactions. 

Type of Interaction Strength/kJ/mol 

Covalent bond36 100-1100 

Hydrogen bond37 2-170 

Halogen bond38 5-180 

Charge transfer interactions39 10-180 

ᴨ-ᴨ interaction40 0-50 

Van der Waals interaction41 <5 

 

This dissertation primarily focuses on three main types of non-covalent interactions: hydrogen 

bonds, halogen bonds, and charge-transfer interactions.  
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 1.4.1 Hydrogen bonds 

The hydrogen bond (HB) is defined as “an attractive interaction between a hydrogen atom from a 

molecule or a molecular fragment X-H in which X is more electronegative than H, and an atom or 

a group of atoms in the same or a different molecule in which there is evidence of bond 

formation.”42 It is commonly represented as X-H···A, where X-H is the hydrogen-bond donor, and 

A is the hydrogen-bond acceptor (Figure 1.7).37 

 

 

 

 

 

The nature of the interaction is not constant and exhibits broad transition regions that merge 

continuously with covalent, van der Waals, and ionic interactions. Therefore, the strength of 

hydrogen bonds can vary widely, from very weak to much stronger, ranging approximately 0.5 - 

40 kcal mol⁻¹. In addition, strong hydrogen bonds typically adopt a nearly straight geometry, with 

the X-H···A angle close to 180°. Since hydrogen bonds are strong enough to hold molecules 

together yet weak enough to break and reform easily, they are among the most studied 

intermolecular interactions in supramolecular chemistry. 37,43,44 

 1.4.2 Halogen bonds 

A halogen bond (XB) is a weak, but highly directional attraction between a halogen atom (usually 

Cl, Br, or I) (σ-hole of a polarized halogen atom) and an electron-rich site (like a lone pair or π 

system), along the extension of the halogen atom's covalent bond. This interaction arises from the 

presence of a σ-hole on the halogen atom. A σ-hole is the small, localized positive region on the 

Figure 1.7.  Schematic representation of a hydrogen bond. 
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surface of an atom that lies directly opposite a covalent bond of halogen atoms. This positive region 

forms because electron density is depleted along the bond axis, making that area electrostatically 

positive.45  

Halogen bonds are typically written as: R-X···A, where R-X is the halogen-bond donor, and A is 

an electron-rich acceptor (Figure 1.8). These bonds are usually highly directional, with R-X···Y 

angles ranging from 160° to 180°. The strength of halogen bonding largely depends on the 

polarizability of the halogen (I > Br >Cl >>>F) and the electronic nature of the substituent attached 

to it. As a result, halogen bonds can range from weak to relatively strong interactions. 35,38,46-48 

Halogen bonds can be detected and characterized using several experimental techniques. Infrared 

(IR) and Raman spectroscopy monitor changes in molecular vibrations, nuclear magnetic 

resonance (NMR) spectroscopy observes chemical shifts and couplings in solution and solids, 

nuclear quadrupole resonance (NQR) spectroscopy probes quadrupolar halogen nuclei, and single-

crystal X-ray diffraction (SCXRD) directly reveals molecular geometry and short X···A contacts. 

38  

 

 

 

 

 

Over the past few years, halogen bonding has attracted significant attention as a promising tool for 

crystal engineering in the design and synthesis of new functional supramolecular materials. 38,46,48 

An interesting feature of the halogen bond is that its strength can be effectively increased by 

“activating” the halogen atom by attaching electron-withdrawing substituents (Figure 1.9). 49 

Figure 1.8.  Schematic representation of a halogen bond. 
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 1.4.3 Charge-transfer interactions 

Charge-transfer interactions involve the partial transfer of electrons from an electron-rich molecule 

(donor) to an electron-deficient molecule (acceptor). This can occur between two different 

molecules or within a single molecule with both electron-rich and electron-deficient regions.50 In 

organic compounds, charge-transfer interactions often produce a visible color change due to 

alterations in the energy gap between molecular orbitals.51,52 The energy difference between the 

donor molecule's highest occupied molecular orbital (HOMO) and the acceptor molecule's lowest 

unoccupied molecular orbital (LUMO) is largely responsible for this color change (Figure 1.10).53-

55- Such complexes have been used in applications such as sensors and optical devices.56,57 

Additionally, altering the structures of the donor and acceptor molecules can control the desired 

Figure 1.9.  Triply activated XB donors, showing the σ-hole potentials on the iodine atom 

computed using DFT at the B3LYP/6-311++G** level of theory at iso = 0.002. 49 
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colors. Although the energy gap primarily determines the emission color, other factors also 

influence color, including molecular structure, conjugation, intermolecular interactions, and 

environmental conditions.50,54 

 

 

 

 

 

 

 

 

 

 1.5 Supramolecular synthons 

The effective design of supramolecular assemblies with precise stoichiometry and structure relies 

on the use of supramolecular synthons, defined as a recurring structural unit within a crystal that 

arises from specific intermolecular interactions. 58 Synthons can be classified as homosynthons, 

formed between identical functional groups, or heterosynthons, formed between complementary 

but different functional groups (Figure 1.11). The robustness and transferability of these synthons 

are critical due to the weak and reversible nature of non-covalent interactions. Nevertheless, 

successful identification of reliable synthons enables rational design of new crystalline materials. 

59,60 

 

 

Visible range 

LUMO (A) 

HOMO (D) 

∆E 

E 

Figure 1.10.  Illustration of the energy gap. 
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Figure 1.11.  Supramolecular synthons. 

 

 

 

 

 

 

 

Non-covalent supramolecular assemblies fall broadly into two categories. If the participating 

molecules are the same kind, the process is called “recrystallization”, and if the molecules are 

different, it is called “cocrystallization” (Figure 1.12).61 

 

 

 

 

 

 

In a suitable medium, cocrystallization occurs when heteromeric interactions predominate over 

homomeric interactions, providing opportunities to modify spatial relationships between 

molecules. They provide a versatile strategy for tuning optical, mechanical, and electronic 

properties of materials. 61 

Cocrystallization Recrystallization 

Figure 1.12.  Schematic representation of recrystallization and cocrystallization. 
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 1.6 Cocrystals and their importance  

A cocrystal is a crystalline material composed of two or more different molecular compounds held 

together by non-covalent interactions, generally in a precise stoichiometric ratio (Figure 1.13). 

Cocrystals are formed by breaking the homomeric interactions and subsequently replacing them 

with more favorable heteromeric interactions.62-64 However, in solution, many potential cocrystals 

fail to form because recrystallization of the individual components is generally favored, even 

though cocrystals may be thermodynamically more stable. This is due to kinetic barriers that hinder 

nucleation and differences in solubility that can prevent cocrystallization. Successful 

cocrystallization requires a supersaturation region for the cocrystal while the individual 

components remain saturated or undersaturated. Otherwise, the pure components crystallize first. 

This challenge is particularly pronounced when solubilities are highly mismatched. 65-70 Therefore, 

cocrystallization requires rational design strategies. 

 

 

 

 

 

 

Importantly, cocrystals can alter the physicochemical properties of a material without disrupting 

the molecular-level chemical structure. 62 

 1.6.1 Formation and characterization of cocrystals 

The primary requirement for cocrystal synthesis is the presence of complementary functionalities. 

The formation of a cocrystal depends on multiple experimental variables, including the choice of 

Figure 1.13.  An illustration of a cocrystal. 
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coformer, stoichiometric ratio, solvent, temperature, pressure, and crystallization technique. 

Cocrystal synthesis methods can be generally categorized into green synthesis techniques (such as 

liquid-assisted grinding, neat grinding, extrusion, and hot-melt extrusion), solvent-based methods 

(including spray drying, solvent evaporation, and slurry cocrystallization), and supercritical fluid 

approaches.71-73 Cocrystal characterization can be carried out using several methods such as single 

crystal X-ray diffraction (SCXRD), powder X-ray diffraction (PXRD), Fourier transform infrared 

spectroscopy (FTIR), nuclear magnetic spectroscopy (NMR), and Raman spectroscopy, 

differential scanning calorimetry (DSC), differential thermal analysis (DTA), thermogravimetry 

analysis (TGA), scanning electron microscopy (SEM) and optical microscopy (Figure 1.14).74-76 

Among these, SCXRD provides the most definitive structural evidence for cocrystal formation by 

directly resolving the intermolecular interactions and packing motifs.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.14.  Summary of the synthetic methods, supramolecular interactions, and 

characterization methods used to study cocrystals in this dissertation. 
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 1.6.2 Hydrogen-bond-based cocrystals 

Figure 1.15 illustrates a hydrogen-bonded cocrystal formed between caffeine and oxalic acid, in 

which the components assemble in a 2:1 caffeine-to-oxalic acid stoichiometry. 77 Specifically, 

strong O-H···N hydrogen bonds form between the carboxylic acid group of oxalic acid and the 

imidazole nitrogen atom of caffeine, while weaker C-H···O interactions further stabilize the crystal 

packing. These interactions lead to the formation of planar trimeric caffeine-acid-caffeine units, 

often described as a “dumbbell” motif, in which oxalic acid serves as the central handle and the 

caffeine molecules form the terminal weights. The trimers stack in an ordered arrangement within 

the crystal lattice, creating a robust hydrogen-bonded network. As a result of this well-organized 

supramolecular structure, the cocrystal exhibits significantly improved moisture stability 

compared with pure caffeine, remaining unchanged for up to seven weeks without structural 

alteration. This example demonstrates how even a relatively simple hydrogen-bonded cocrystal 

system can significantly enhance the physical stability of a compound. 

 

 

 

 

 

Figure 1.15.  A schematic representation of the caffeine-oxalic acid cocrystal. 77 

 

Another example of a hydrogen-bonded cocrystal involves indapamide (IDP) and different 

coformers.78 IDPs sulfonamide group can act as both a hydrogen bond donor (N-H) and acceptor 

(O), allowing it to interact with pyridine, amide, and amine coformers (Figure 1.16). The study 

finds that strong heterosynthons, such as sulfonamide-pyridine (N-H···N) and sulfonamide-
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carboxamide (N-H···O=C), direct the formation of well-ordered cocrystals, whereas weaker, 

sulfonamide-amine (N-H···NH) interactions do not form stable cocrystals (Figure 1.17). This 

example highlights how the strength of hydrogen bonds plays an important role in cocrystal 

formation and how deliberate manipulation of supramolecular synthons can predictably control 

solid-state outcomes. 

 

 

 

 

 

  

 

  

  

  

  

 

 

 

  

An additional example is a supramolecular capsule formed through hydrogen-bonding. In this 

study, two molecules of a cavitand tetracarboxylic acid and four molecules of 2-aminopyrimidine 

self-assemble via 16 hydrogen bonds to form a discrete capsule in a 2:1 stoichiometry. 61,79 Single-

crystal X-ray diffraction (SCXRD) revealed two cavitand subunits held rim-to-rim by four 2-

Figure 1.16.  Representative hydrogen-bonding motifs: (a) sulfonamide⋯pyridine (N-H⋯N), (b) 

sulfonamide⋯amide (N-H⋯O), and (c) sulfonamide⋯amine (N-H⋯N). 78 

(a) (b) 

Figure 1.17.  Cocrystal structures of IDP with (a) 4,4′-dipyridyl, showing 

sulfonamide⋯pyridine (N-H⋯N) heteromeric synthons and N-methylpyridone, showing 

sulfonamide⋯amide (N-H⋯O) heterosynthons. 78 
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aminopyrimidine molecules, which act as hydrogen-bonded linkers (Figure 1.18). These findings 

demonstrate that hydrogen-bonded cocrystals can form well-defined capsules capable of 

encapsulating guest molecules, offering potential applications in molecular recognition, 

stabilization of reactive intermediates, and the creation of controlled microenvironments for host-

guest chemistry 

 

 

 

 

 

 

 

 

 

 

 

 1.6.3 Halogen-bond-based cocrystals 

This example of a halogen-bonded cocrystal (Figure 1.19) illustrates how the strong directionality 

of halogen bonding translates into supramolecular architecture. 80-82 In this, the acceptor molecule 

4,4′-bipyridine forms a linear halogen-bonded chain when cocrystallized with the donor 1,4-

dibromotetrafluorobenzene. However, when the same acceptor interacts with 1,3-

dibromotetrafluorobenzene or 1,2-dibromotetrafluorobenzene, the resulting cocrystals form 

zigzag or wavy supramolecular chains instead of straight ones. This difference occurs because the 

Figure 1.18.  A cocrystal capsule held together by multiple carboxylic acid-aminopyrimidine 

interactions. 61 
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positions of the bromine atoms in the donor molecules are different, which changes the direction 

of the halogen bonds. This example highlights that by choosing molecular building blocks with 

specific geometries, the shape and organization of halogen-bonded cocrystals can be controlled. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Another example of halogen-bonded cocrystals involves the structures formed between 1,3,5-

triiodo-2,4,6-trifluorobenzene (titfb) and the three structural isomers of benzoylpyridine (2-, 3-, 

and 4-), which are N, O-ambidentate halogen-bond acceptors (Figure 1.20). 83 In most cocrystals 

formed, benzoylpyridine accepts halogen bonds at both pyridyl nitrogen and carbonyl oxygen, 

demonstrating that the carbonyl O atom can reliably compete with N as a halogen‑bond acceptor 

in the same molecule (Figure 1.21). 

Figure 1.19.  Representation of infinite chains between 4,4′dipyridyl with (a) 1,4-

dibromotetrafluorobenzene, (b) 1,3-dibromotetrafluorobenzene, and (c) 1,2-

dibromotetrafluorobenzene. 

(a) 

(b) 

(c) 
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Another notable halogen-bonded cocrystal is the first halogen-bonded capsule reported in 2012 by 

Christer Aakeröy, Pierangelo Metrangolo, and Giuseppe Resnati. 80,84 In this study, a heteromeric 

capsule formed via the self-assembly of the XB acceptor C-pentyltetrakis(4-pyridyl)cavitand and 

Figure 1.20.  Halogen-bond donor and acceptors of the study. 83 

Figure 1.21.  Halogen bonding motifs in (a) α-(titfb)(2bzpy) (b) α-(titfb)(3bzpy), and (c) α-

(titfb)(4bzpy). 83 
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the XB donor p-tert-butylcalix[4]arenetetrakis[2-(4-iodotetrafluorophenoxy)ethyl ether] (Figure 

1.22). The rigid frameworks of the donor and acceptor allowed multiple halogen bonds to form 

simultaneously, while flexible -OCH₂CH₂O- linkers allowed shape adjustment, enabling four 

strong and directional I···N halogen bonds (C-I···N angles 169°-177°) to stabilize the capsule, and  

solvent molecules occupy the inner cavities (Figure 1.23). This work demonstrated that directional 

halogen bonds can be used to develop capsules capable of guest encapsulation, highlighting 

applications in supramolecular design. 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 1.22.  Molecular structures of the XB acceptor (left) and donor (right) used for the 

construction of the capsule. 80 

Figure 1.23.  Representation of the molecular capsule where I···N XB bonds are shown as 

dotted black lines. Color code: carbon, gray; nitrogen, blue; oxygen, red; iodine, purple; 

fluorine, yellow; hydrogen, white. 80 
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 1.6.4 Charge-transfer-based cocrystals 

Charge-transfer cocrystals are formed by combining electron donors and acceptors into a single 

crystal, resulting in partial electron transfer from the HOMO of the donor to the LUMO of the 

acceptor through non-covalent interactions, such as π-stacking (Figure 1.17).54,57 

 

 

 

 

 

 

 1.6.5 Applications of cocrystals 

Cocrystallization has found widespread applications across diverse fields, including 

pharmaceuticals,86 energetic materials,87 agrochemicals,88 organic semiconductors,89 and 

optoelectronic materials. 90 Beyond property modulation, cocrystallization has been employed in 

chiral resolution,91 solid-state solvent-free synthesis 92 and separation and purification processes. 

93 

 1.6.5.1 Pharmaceutical cocrystals 

Drug development is an expensive and time-consuming process, requiring the evaluation of 

thousands of compounds to yield a single FDA-approved drug.94 The primary reason for the late-

stage failure of many drugs is their sub-optimal physical properties, such as low aqueous solubility, 

stability, or bioavailability.95,96 Therefore, cocrystal synthesis has gained significant interest in the 

Figure 1.24.  Charge-transfer cocrystals formed between the 9-(3-(pyren-1-yl)phenyl)-9H-

carbazole (1PY-mCzB) and 1,2,4,5-tetracyanobenzene (TCNB). 85 
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pharmaceutical industry as a powerful tool to improve the physical properties of drugs.97,98 For 

example, indomethacin (γ-form) is a nonsteroidal anti-inflammatory drug (NSAID) with 

antipyretic and analgesic properties, is practically insoluble in water (2.5-4 μg/ml), and is classified 

as a BCS class II drug. Several methods have been employed to enhance the solubility and 

dissolution rate of indomethacin, and cocrystal formation has proven to be an effective approach. 

The cocrystal formed with saccharine had a significantly higher dissolution rate (200 mM, pH 7.4) 

compared to that of indomethacin, which was 50 times lower, indicating greater stability over time 

(Figure 1.18). This demonstrates how cocrystals can improve the properties of pharmaceuticals 

without changing their inherent structure. 99 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.25.  Indomethacin-saccharin cocrystal, interactions, and vapor sorption and desorption 

isotherms. 99 
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Figure 1.26.  The Entresto cocrystal. 100 

As a result of these advances in cocrystals, the first cocrystal drug, Entresto, was approved by the 

FDA in 2015. This drug is used to treat chronic heart failure. It comprises a 1:1 combination of 

Sacubitril, a neprilysin inhibitor, and Valsartan, an angiotensin receptor blocker (Figure 1.19). 

100,101, Sacubitril alone is not very effective as it can unintentionally increase hormones that tighten 

blood vessels. Valsartan itself helps block these harmful hormones but does not boost the body’s 

natural protective hormones that help relax blood vessels. Together in Entresto, they balance each 

other and work better than either drug alone. 

 

 

 

 

 

 

 

 1.7 Goals of the dissertation 

Establishing robust structure-property relationships in the solid-state remains essential for the 

rational ‘bottom-up’ development and optimization of functional materials. Since supramolecular 

synthesis is a relatively new concept and involves manipulating intermolecular interactions, it is 

still evolving compared to traditional organic transformations. In this dissertation, systematic 

structural modifications were employed to investigate how small, deliberate molecular 

modifications impact crystal structures and their landscapes. The primary focus is on structural 

analysis, examining how subtle changes affect hydrogen/halogen bonding motifs, molecular 

packing, and overall crystal architecture. Based on these structural insights, the dissertation further 
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explores how such variations influence cocrystal formation and the properties of the resulting 

cocrystals.  

This dissertation is organized as follows: 

✓ Chapter 2 examines the structural landscape of two libraries of 2-aminopyridine 

derivatives, with a focus on identifying preferred supramolecular motifs. 102 

✓ Chapter 3 extends the structural investigation by examining two more series of 2-

aminopyridine derivatives to investigate whether FTIR spectroscopy can be used as a 

definitive diagnostic tool to identify bonding modes of amide derivatives of 2-

aminopyridine in the solid-state. 

✓ Chapter 4 evaluates the influence of chain and dimer motifs of 2-aminopyridine 

derivatives on cocrystal formation. 

✓ Chapter 5 investigates how molecular complexity governs the intermolecular interactions 

of amide-substituted 2-aminopyrimidine derivatives. 103  

✓ Chapter 6 explores synthetic avenues for achieving stoichiometric control in cocrystal 

formation. 

✓ Chapter 7 demonstrates that the odd-even effect can be used to dial in the structure-

property relationship of acetylated 2-aminopyrazine derivatives. 

✓ Chapter 8 investigates an analogue of favipiravir and its cocrystals, with insights into 

structure-property relationships. 

✓ Chapter 9 demonstrates how photophysical properties of cocrystals can be altered through 

controlled structural and supramolecular modifications. 

✓ Chapter 10 discusses future research directions. 
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Chapter 2 - The structural landscape of 2-aminopyridine 

derivatives: Chains or Dimers? 

 2.1 Introduction 

Non-covalent interactions, notably hydrogen-, halogen- and chalcogen bonds are well established 

1-7 as synthetic drivers for the systematic construction of multi-component molecular solids such 

as binary and higher-order molecular cocrystals.8-12 The delicate balance between these forces 

underpins intentional assembly of diverse structural arrangements with a range of desirable bulk 

properties.13-14 Specific spatial arrangements of molecules in a crystal lattice may be controlled via 

“bottom-up” strategies by promoting favorable intermolecular interactions and limiting 

unfavorable intermolecular interactions.15-16 Such scenarios need to be systematically examined 

and carefully interpreted in order to identify reliable synthons that can be related to precise steric 

17-20 thermodynamic21-23, and supramolecular demands.24-27 Even very subtle changes in molecular 

geometry can have dramatic effects on how molecules self-assemble into a highly ordered and 

periodic crystal lattice.28-31 

One of the key reasons behind a hierarchical view of intermolecular interactions stems from the 

importance of electrostatics for identifying and ranking the relative competition between different 

intermolecular interactions.32-34 However, since many molecules contain numerous sites capable 

of forming electrostatically-driven intermolecular bonds, it is a challenge to predict which binding 

will be the most likely pairing of regions of positive and negative electron density.35-37 In addition, 

even parts of a molecule that do not directly interact electrostatically can play a significant role in 

stabilizing and directing intermolecular recognition and communication. 

To advance our understanding and control of specific non-covalent interactions in the solid-state, 

it is important to conduct structural investigations on closely related molecules that allow us to 
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systematically analyze how different factors influence their structural properties without making 

too many molecular modifications at once. To this end, we carried out a structural examination of 

twelve acetylated derivatives of 2-aminopyridine, grouped into two series (5-NO2 and 3-Cl,5-CF3) 

of increasing molecular weight and steric complexity. 2-Aminopyridine has been used extensively 

for creating low-molecular-weight pharmacophores effective against different biological targets 

that undergo minimal side reactions during the synthesis.38-42 Therefore, derivatives of 2-

aminopyridine have been used in developing anticancer, anti-inflammatory, antioxidant, 

antidiabetic, antifungal, antibacterial, antiviral, antimalarial, antileishmanial, and 

antitrypanosomal drugs.38-39,43-45 However, systematic structural examinations of closely related 

homologous series of 2-aminopyridine are relatively uncommon. 20,38 Amide derivatives of 2-

aminopyridine have also received considerable interest in recent years due to their varied medicinal 

and pharmacological applications, notably molecules containing N-(pyridin-2-yl) amides, Figure 

2.1.40 

 

 

 

 

 

 

The amide moiety is also frequently employed in supramolecular chemistry due to its ability to 

form different structural assemblies in the solid-state.20,46-51 It predominantly forms either N-

H···O=C infinite chain-like interactions or N-H···N(py)/N(py)···H-N dimeric interactions, Figure 

2.2. 

Luciferase inhibitor Antifungal activity Antiulcer activity 

GKA-60 

Glucokinase activator 

Figure 2.1.  Examples of pharmaceutically relevant molecules containing N-(pyridin-2-yl) 

amides. 



34 

 

 

 

 

 

 

 

A previous study of the self-aggregation in ten 2-acylaminopyridines decorated with 

supramolecularly ‘innocuous’ (but sterically relevant) groups (methyl, ethyl, i-propyl, t-butyl, and 

1-adamantyl) established that these molecules form N-H···O=C chains and N-

H···N(py)/N(py)···H-N dimers. 20 It was also noted that chain formation is dominant in order to 

prevent steric clash. In addition, it was also reported that the vibrational behavior of the C=O bond, 

as detected by infrared spectroscopy, could possibly be used as a marker for identifying specific 

bonding modes in the solid-state. In order to examine these observations, we began to further map 

out the structural landscape of 2-aminopyridine derivatives containing the amide functionality. 

Therefore, in this study, we have synthesized and structurally characterized twelve molecules, 

Figure 2.3, and we also address additional questions regarding intermolecular molecular 

recognition and assembly, including; 

➢ Does the length of the alkyl chain at the R position influence the chain vs dimer? 

➢ Does the electrostatic nature of the pyridine nitrogen affect self-assembly? 

➢ Can infrared spectroscopy alone be used as a tool to determine the bonding mode? 

 

 

(b) (a) i (a) ii 

Figure 2.2.  Two prevalent modes of self-aggregation of 2-aminopyridine amides, (a) ⅰ & ⅱ; 

chains, (b) dimer. 
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 2.2 Experimental section 

 2.2.1 General 

All precursors and solvents were purchased from commercial sources and used without further 

purification. 1H NMR and 13C NMR spectra were recorded on Bruker 400 and 600 MHz 

spectrometers. Melting points were recorded on a TA Instruments DSC Q20 differential scanning 

calorimeter. IR spectra were recorded with a Nicolet 380 FTIR spectrometer using attenuated total 

reflection (ATR) with a ZnSe crystal. Electrostatic potentials were calculated with density 

functional B3LYP level of theory using 6-311++G** basis set in vacuum, using Spartan’14 

software.  

 2.2.2 Syntheses of the 5-NO2 series 

Syntheses of the N-(pyridin-2-yl)acylamides were carried out according to a literature procedure. 

52 

 2.2.2.1 Synthesis of N-(5-nitropyridin-2-yl)acetamide (NO2-methyl) 

A solution of 2-amino-5-nitropyridine (1.41 g, 9.84 mmol) in acetic anhydride (5.00 mL, 52.65 

mmol) was stirred for 1.5 hrs at 100 ℃ and then cooled to 0 ℃. The precipitate that formed was 

filtered off and the reaction contents were extracted with dichloromethane. The organic layer was 

washed with saturated sodium bicarbonate solution, brine, water and dried with anhydrous 

magnesium sulfate, filtered and concentrated in vacuo to isolate the pure product. Yield 86.91%, 

M.P: 197-199 °C. 1H NMR (400 MHz, DMSO-d6) δ 11.22 (s, 1H), 9.16 (d, J = 2.6 Hz, 1H), 8.59 

R = methyl, ethyl, propyl, butyl, pentyl, phenyl 

Series 1: X= NO2, Y=H 

Series 2: X=CF3, Y=Cl 

Figure 2.3.  Schematic diagram of molecular structures of compounds in this study. 
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(dd, J = 9.3, 2.8 Hz, 1H), 8.29 (dd, J = 9.3, 0.0 Hz, 1H), 2.17 (s, 3H).13C NMR (101 MHz, DMSO-

d6) δ 170.7, 156.6, 145.2, 140.2, 134.7, 112.8, 24.6.  

 2.2.2.2 Synthesis of N-(5-nitropyridin-2-yl)propionamide (NO2-ethyl) 

A solution of 2-amino-5-nitropyridine (1.39 g, 9.66 mmol) in propionic anhydride (6.00 mL, 46.34 

mmol) was stirred for 1.5 hrs at 100 ℃ and then cooled to 0 ℃. The precipitate that formed was 

filtered off and the reaction contents were extracted with dichloromethane. The organic layer was 

washed with saturated sodium bicarbonate solution, brine, water and dried with anhydrous 

magnesium sulfate, filtered and concentrated in vacuo to isolate the pure product. Yield 92.59%, 

M.P: 172-174 °C. 1H NMR (400 MHz, DMSO-d6) δ 11.17 (s, 1H), 9.15 (d, J = 2.9 Hz, 1H), 8.59 

(dd, J = 9.3, 2.8 Hz, 1H), 8.30 (d, J = 9.3 Hz, 1H), 2.47 (q, J = 7.5 Hz, 2H), 1.08 (t, J = 7.5 Hz, 

3H).13C NMR (101 MHz, DMSO-d6) δ 174.3, 156.7, 145.2, 140.1, 134.6, 112.8, 29.9, 9.5.  

 2.2.2.3 Synthesis of N-(5-nitropyridin-2-yl)butyramide (NO2-propyl) 

A solution of 2-amino-5-nitropyridine (4.00 g, 28.75 mmol) in butyric anhydride (4.90 mL, 30 

mmol) was stirred for 1.5 hrs at 100 ℃ and then cooled to 0 ℃. The precipitate that formed was 

filtered off and the reaction contents were extracted with dichloromethane. The organic layer was 

washed with saturated sodium bicarbonate solution, brine, water and dried with anhydrous 

magnesium sulfate, filtered and concentrated in vacuo to isolate the pure product. Yield 83.46 %, 

M.P: 105-107 °C. 1H NMR (400 MHz, DMSO-d6) δ 11.18 (s, 1H), 9.16 (d, J = 2.7 Hz, 1H), 8.59 

(dd, J = 9.3, 2.8 Hz, 1H), 8.31 (d, J = 9.3 Hz, 1H), 2.45 (t, J = 7.3 Hz, 2H), 1.62 (h, J = 7.4 Hz, 

2H), 0.91 (t, J = 7.4 Hz, 3H).13C NMR (101 MHz, DMSO-d6) δ 174.5, 156.6, 145.2, 140.1, 134.6, 

112.9, 38.5, 18.6, 13.9. 
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 2.2.2.4 Synthesis of N-(5-nitropyridin-2-yl)pentanamide (NO2-butyl) 

A solution of 2-amino-5-nitropyridine (1.11 g, 7.98 mmol) in pentanoic anhydride (2.00 mL, 10 

mmol) was stirred for 1.5 hrs at 100 ℃ and then cooled to 0 ℃. The precipitate that formed was 

filtered off and the reaction contents were extracted with dichloromethane. The organic layer was 

washed with saturated sodium bicarbonate solution, brine, water and dried with anhydrous 

magnesium sulfate, filtered and concentrated in vacuo to isolate the pure product. Yield 83.46%, 

M.P: 83-85 °C. 1H NMR (400 MHz, DMSO-d6) δ 11.17 (s, 1H), 9.15 (d, J = 2.8 Hz, 1H), 8.57 (dd, 

J = 9.3, 2.8 Hz, 1H), 8.30 (d, J = 9.3 Hz, 1H), 2.46 (t, J = 7.4 Hz, 2H), 1.57 (p, J = 7.4 Hz, 2H), 

1.31 (h, J = 7.3 Hz, 2H), 0.89 (t, J = 7.3 Hz, 3H).13C NMR (101 MHz, DMSO-d6) δ 173.6, 156.7, 

145.2, 140.1, 134.6, 112.8, 36.4, 27.2, 22.2, 14.1.  

 2.2.2.5 Synthesis of N-(5-nitropyridin-2-yl)hexanamide (NO2-pentyl) 

A solution of 2-amino-5-nitropyridine (1.04 g, 7.23 mmol) in hexanoic anhydride (2.40 mL,10.0 

mmol) was stirred for 1.5 hrs at 100 ℃ and then cooled to 0 ℃. The precipitate that formed was 

filtered off and the reaction contents were extracted with dichloromethane. The organic layer was 

washed with saturated sodium bicarbonate solution, brine, water and dried with anhydrous 

magnesium sulfate, filtered and concentrated in vacuo to isolate the pure product. Yield 90.25%, 

M.P: 89-91 °C. 1H NMR (400 MHz, DMSO-d6) δ 11.17 (s, 1H), 9.15 (d, J = 2.8 Hz, 1H), 8.58 (dd, 

J = 9.3, 2.9 Hz, 1H), 8.30 (d, J = 9.3 Hz, 1H), 2.45 (t, J = 7.4 Hz, 2H), 1.59 (p, J = 7.3 Hz, 2H), 

1.29 (q, J = 3.6 Hz, 4H), 0.91 - 0.83 (m, 3H).13C NMR (101 MHz, DMSO-d6) δ 173.6, 156.7, 

145.2, 140.1, 134.7, 112.9, 36.6, 31.2, 24.8, 22.3, 14.3.  

 2.2.2.6 Synthesis of N-(5-nitropyridin-2-yl)benzamide (NO2-phenyl) 

A solution of 2-amino-5-nitropyridine (1.00 g, 7.19 mmol) and benzoic anhydride (1.63 g, 7.19 

mmol) was stirred for 1.5 hrs at 100 ℃ and then cooled to 0 ℃. The precipitate that formed was 
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filtered off and the reaction contents were extracted with ethyl acetate. The organic layer was 

washed with saturated sodium bicarbonate solution, brine, ice-cold water and dried with anhydrous 

magnesium sulfate, filtered and concentrated in vacuo to isolate the pure product. Yield 52.68%, 

M.P: 165-167 °C. 1H NMR (400 MHz, DMSO-d6) δ 11.53 (s, 1H), 9.23 (s, 1H), 8.66 (d, J = 9.3 

Hz, 1H), 8.44 (d, J = 9.3 Hz, 1H), 8.05 (d, J = 7.7 Hz, 2H), 7.64 (t, 1H), 7.55 (t, J = 7.8 Hz, 2H).13C 

NMR (101 MHz, DMSO-d6) δ 167.2, 157.0, 145.0, 140.6, 134.6, 133.8, 133.0, 128.9, 128.8, 

114.1.  

 2.2.3 Syntheses of the Cl-CF3 series 

 2.2.3.1 Synthesis of N-(3-chloro-5-trifluoromethylpyridin-2-yl)acetamide (Cl-CF3-

methyl) 

A solution of 2-amino-3-chloro-5-trifluoromethylpyridine (0.21 g, 1.05 mmol) in acetic anhydride 

(2.00 mL, 21.05 mmol) was stirred for 1.5 hrs at 100 ℃ and then cooled to 0 ℃. The precipitate 

that formed was filtered off and the reaction contents were extracted with dichloromethane. The 

organic layer was washed with saturated sodium bicarbonate solution, brine, water and dried with 

anhydrous magnesium sulfate, filtered and concentrated in vacuo to isolate the pure product. Yield 

94.42 %, M.P: 138-140 °C. 1H NMR (600 MHz, DMSO-d6) δ 10.53 (s, 1H), 8.79 (d, J = 2.1 Hz, 

1H), 8.50 (d, J = 1.8 Hz, 1H), 2.13 (s, 3H).13C NMR (151 MHz, DMSO-d6) δ 169.1, 152.3, 144.2, 

144.2, 136.7, 136.7, 126.0, 124.2, 123.9, 123.7, 122.4, 23.8. 

 2.2.3.2 Synthesis of N-(3-chloro-5-trifluoromethylpyridin-2-yl)propionamide (Cl-

CF3-ethyl) 

A solution of 2-amino-3-chloro-5-trifluoromethylpyridine (1.44 g, 7.12 mmol) in propionic 

anhydride (5.00 mL, 38.80 mmol) was stirred for 1.5 h at 100 ℃ and then cooled to 0 ℃. The 

precipitate that formed was filtered off and the reaction contents were extracted with 
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dichloromethane. The organic layer was washed with saturated sodium bicarbonate solution, brine, 

water and dried with anhydrous magnesium sulfate, filtered and concentrated in vacuo to isolate 

the pure product. Yield 94.44 %, M.P: 131-133 °C. 1H NMR (600 MHz, DMSO-d6) δ 10.48 (s, 

1H), 8.81 - 8.78 (m, 1H), 8.50 (d, J = 2.2 Hz, 1H), 2.43 (q, J = 7.5 Hz, 2H), 1.09 (t, J = 7.5 Hz, 

3H). 13C NMR (101 MHz, DMSO-d6) δ 172.7, 152.4, 144.3, 144.2, 144.2, 144.1, 136.7, 136.7, 

136.6, 136.6, 126.1, 124.7, 123.9, 123.6, 121.9, 29.3, 9.8. 

 2.2.3.3 Synthesis of N-(3-chloro-5-trifluoromethylpyridin-2-yl)butyramide (Cl-CF3-

propyl) 

A solution of 2-amino-3-chloro-5-trifluoromethylpyridine (0.21 g, 1.07 mmol) in butyric 

anhydride (1.50 mL, 8.99 mmol) was stirred for 1.5 hrs at 100 ℃ and then cooled to 0 ℃. The 

precipitate that formed was filtered off and the reaction contents were extracted with 

dichloromethane. The organic layer was washed with saturated sodium bicarbonate solution, brine, 

water and dried with anhydrous magnesium sulfate, filtered and concentrated in vacuo to isolate 

the pure product. Yield 78.25%, M.P: 108-110 °C. 1H NMR (600 MHz, DMSO-d6) δ 10.52 (s, 

1H), 8.80 (s, 1H), 8.49 (s, 1H), 2.42 - 2.36 (m, 2H), 1.66 - 1.61 (m, 2H), 0.94 (s, 3H). 13C NMR 

(151 MHz, DMSO-d6) δ 171.8, 152.4, 144.2, 136.7, 126.4, 124.3, 123.9, 122.4, 37.9, 18.8, 14.0. 

 2.2.3.4 Synthesis of N-(3-chloro-5-trifluoromethylpyridin-2-yl)pentanamide (Cl-

CF3-butyl) 

A solution of 2-amino-3-chloro-5-trifluoromethylpyridine (1.21 g, 6.17 mmol) in pentanoic 

anhydride (2.00 mL, 10.0 mmol) was stirred for 1.5 hrs at 100 ℃ and then cooled to 0 ℃. The 

precipitate that formed was filtered off and the reaction contents were extracted with 

dichloromethane. The organic layer was washed with saturated sodium bicarbonate solution, brine, 

water and dried with anhydrous magnesium sulfate, filtered and concentrated in vacuo to isolate 
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the pure product. Yield 52.02 %, M.P: 110-112 °C. 1H NMR (600 MHz, DMSO-d6) δ 10.51 (s, 

1H), 8.80 (s, 1H), 8.50 (d, J = 2.1 Hz, 1H), 2.44 - 2.38 (m, 3H), 1.59 (p, J = 8.1, 7.7 Hz, 4H), 1.35 

(h, J = 7.8 Hz, 4H), 0.90 (t, J = 7.4 Hz, 5H).13C NMR (101 MHz, DMSO-d6) δ 171.9, 152.4, 144.2, 

144.2, 136.7, 136.6, 126.3, 124.7, 124.0, 123.7, 121.9, 35.7, 27.4, 22.2, 14.1. 

 2.2.3.5 Synthesis of N-(3-chloro-5-trifluoromethylpyridin-2-yl)hexanamide (Cl-CF3-

pentyl) 

A solution of 2-amino-3-chloro-5-trifluoromethylpyridine (1.28 g, 6.30 mmol) in hexanoic 

anhydride (2.40 mL, 10.0 mmol) was stirred for 1.5 hrs at 100 ℃ and then cooled to 0 ℃.  The 

precipitate that formed was filtered off and the reaction contents were extracted with 

dichloromethane. The organic layer was washed with saturated sodium bicarbonate solution, brine, 

water and dried with anhydrous magnesium sulfate, filtered and concentrated to isolate the product. 

Yield 63.80 %, M.P: 107-109 °C1H NMR (600 MHz, DMSO-d6) δ 10.51 (s, 1H), 8.80 (s, 1H), 

8.50 (s, 1H), 2.40 (t, J = 7.4 Hz, 2H), 1.61 (h, J = 7.1 Hz, 2H), 1.34 - 1.28 (m, 4H), 0.88 (t, J = 6.7 

Hz, 3H). 13C NMR (151 MHz, DMSO-d6) δ 171.9, 152.4, 144.3, 144.3, 136.7, 136.7, 126.4, 124.3, 

122.5, 35.9, 31.2, 24.9, 22.3, 14.3. 

 2.2.3.6 Synthesis of N-(3-chloro-5-trifluoromethylpyridin-2-yl)benzamide (Cl-CF3-

phenyl) 

A solution of 2-amino-3-chloro-5-trifluoromethylpyridine (1.00 g, 5.09 mmol) and benzoic 

anhydride (1.15 g, 5.09 mmol) was stirred for 1.5 hrs at 100 ℃ and then cooled to 0 ℃. The 

precipitate that formed was filtered off and the reaction contents were extracted with ethyl acetate. 

The organic layer was washed with saturated sodium bicarbonate solution, brine, ice-cold water 

and dried with anhydrous magnesium sulfate, filtered and concentrated in vacuo to isolate the pure 

product. Yield 48.34%, M.P: 152-154 °C. 1H NMR (600 MHz, DMSO-d6) δ 11.13 (s, 1H), 8.90 
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(s, 1H), 8.60 (s, 1H), 8.02 (d, J = 7.7 Hz, 2H), 7.66 (t, J = 7.5 Hz, 1H), 7.57 (t, J = 7.6 Hz, 2H). 

13C NMR (151 MHz, DMSO-d6) δ 165.7, 152.5, 144.0, 136.5, 132.9, 132.5, 129.3, 128.6, 128.2, 

127.7.  

Additionally, within each series, the melting points of these compounds decrease as the alkyl chain 

length increases, as a result of the increasing nonpolar contribution. 

Crystals suitable for single-crystal X-ray diffraction for all twelve compounds were obtained by 

slow evaporation from a variety of solvents, Table 2.1. Details of crystallographic experiments are 

given in Appendix B. 

Table 2.1.  Solvents used for crystal growth and crystal descriptions 

Compound Code Solvent Color and morphology 

N-(5-nitropyridin-2-yl)acetamide-Polymorph I NO2-methyl - Polymorph I Ethyl acetate Colorless, needle 

N-(5-nitropyridin-2-yl)acetamide-Polymorph II NO2-methyl -Polymorph II Acetonitrile Colorless, irregular block 

N-(5-nitropyridin-2-yl)propionamide NO2-ethyl Ethyl acetate Pale yellow, needle 

N-(5-nitropyridin-2-yl)butyramide-Polymorph I NO2- propyl -Polymorph I Ethyl acetate Colorless, block 

N-(5-nitropyridin-2-yl)butyramide-Polymorph II NO2- propyl -Polymorph II Methanol Colorless, plates 

N-(5-nitropyridin-2-yl)pentanamide NO2- butyl Methanol Colorless, plate 

N-(5-nitropyridin-2-yl)hexanamide NO2- pentyl Ethanol Colorless, block 

N-(5-nitropyridin-2-yl)benzamide NO2- phenyl Methanol Colorless, plate 

N-(3-chloro-5-trifluoromethylpyridin-2-yl)acetamide Cl-CF3-methyl Acetone Colorless, needle 

N-(3-chloro-5-trifluoromethylpyridin-2-

yl)propionamide 
Cl-CF3-ethyl Ethanol Colorless, needle 

N-(3-chloro-5-trifluoromethylpyridin-2-yl)butyramide Cl-CF3-propyl Dioxane Colorless, block 

N-(3-chloro-5-trifluoromethylpyridin-2-

yl)pentanamide 
Cl-CF3-butyl Methanol Colorless, needle 

N-(3-chloro-5-trifluoromethylpyridin-2-yl)hexanamide Cl-CF3-pentyl Hexane Colorless, needle 

N-(3-chloro-5-trifluoromethylpyridin-2-yl)benzamide Cl-CF3-phenyl Ethanol Colorless, needle 

 

 2.2.4 Reaction conditions for obtaining the polymorphs 

 2.2.4.1 N-(5-nitropyridin-2-yl)acetamide-Polymorph II 

Equimolar amounts of N-(5-nitropyridin-2-yl)acetamide and copper iodide were dissolved in 

acetonitrile and allowed to slowly evaporate for about a week to get crystals of polymorph II. 

 2.2.4.2 N-(5-nitropyridin-2-yl)butyramide-Polymorph II 

Liquid-assisted grinding was performed on equimolar amounts of N-(5-nitropyridin-2-

yl)butyramide and 4-aminobenzoic acid in the presence of a few drops of methanol. Then, the 



42 

grinding mixture was allowed to slowly evaporate in methanol for about a week to get crystals of 

polymorph II. 

 2.2.5 Molecular electrostatic potential calculations (MEP)  

MEP surfaces were generated for all molecules explored in this study using Spartan’14 Version 

1.1.4. The molecular skeleton was first loaded into the software from a ChemDraw file, which was 

then geometry-optimized using DFT with the B3LYP functional and the 6-311++G** triple-zeta 

basis set in vacuum. On this optimized structure, the maxima and minima on the MEP surface 

(0.002 e/au isosurface) were determined using a positive point charge in the vacuum as a probe.   

 2.3 Results  

 2.3.1 MEP values 

The calculated molecular electrostatic potentials (MEPs) are shown in Figure 2.4. 

 2.3.1.1 MEP values of the NO2 series 

 

 

 

 

 2.3.1.2 MEP values of the Cl-CF3 series 

 

 

 

 

 

 

Figure 2.4.  MEP values (kJ/mol) at the most likely hydrogen bond donor and acceptor sites in 

the twelve targets. 
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2.3.2 SCXRD analysis of target materials 

The primary hydrogen bonds in the crystal structures of the six nitro-substituted target compounds 

are displayed in Figure 2.5a-f.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the six crystal structures from the NO2 family (Figure 2.5), an infinite N-H···O=C chain is the 

primary supramolecular motif in the first two members of this family (methyl and ethyl alkyl 

groups). However, with an increase in chain length and thus more prominent steric influences, an 

N-H···N(py)/ N(py)···H-N dimer becomes the dominant supramolecular unit. The relevant 

hydrogen bond parameters in these crystal structures are given in Table 2.2. 

(f) NO2-phenyl 
(d) NO2-butyl (e) NO2-pentyl 

(b) NO2-ethyl (c) NO2-propyl (a) NO2-methyl 

Figure 2.5.  Primary hydrogen-bond interactions in the crystal structures of (a) NO2-methyl, 

(b) NO2-ethyl, (c) NO2-propyl, (d) NO2-butyl, (e) NO2-pentyl, and (f) NO2-phenyl. 
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Additionally, polymorphs of NO2-methyl and NO2-propyl were found in parallel studies of these 

compounds, but only the NO2-methyl displayed a motif that was consistent with the initial form; 

a chain motif in polymorph II of NO2-methyl but an unexpected ribbon motif in polymorph II of 

NO2-propyl, Figure 2.6 (see Discussion). 

 

 

 

 

 

 

 

 

 

The primary intermolecular interactions in the six crystal structures of the Cl-CF3 series are shown 

in Figures 2.7a-f. In every crystal structure from this family, the primary intermolecular interaction 

is an infinite N-H···O=C chain. The relevant hydrogen bond parameters in these six crystal 

structures are given in Table 2.3. 

 

 

 

 

 

 

(a) Cl-CF3-methyl (b) Cl-CF3-ethyl (c) Cl-CF3-propyl 

(a) (b) 

Figure 2.6.  Chain motif in polymorph Ⅱ of NO2-methyl;(b) ribbon motif in polymorph 

Ⅱ of NO2-propyl. 
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Table 2.2.  Hydrogen bond parameters of crystal structures in the NO2 series 

 D-H…A D…A/Å D-H…A/° 

methyl N008-H008…O002 2.9442(15) 173.0(19) 

ethyl N7-H7…O11 2.8841(11) 166.97(6) 

propyl N7-H7…N1 3.2130(18) 173.54(9) 

butyl N10-H10…N2 3.180(3) 175.0(3) 

pentyl N10-H10…N1 3.189(2) 175.0(2) 

phenyl N10-H10…N2 3.297(3) 135.0(3) 

 

Table 2.3.  Hydrogen bond parameters of crystal structures in the Cl-CF3 series 

 D-H…A D…A/Å D-H…A/° 

methyl N12-H12…O14 2.876(2) 168.0(3) 

ethyl N12-H12…O16 2.874(2) 173.56(11) 

propyl N12-H12…O17 2.899(3) 168.03(16) 

butyl N7-H7…O9 2.8880(18) 164.0(2) 

(d) Cl-CF3-butyl (e) Cl-CF3-pentyl (f) Cl-CF3-phenyl 

Figure 2.7.  Primary hydrogen bonds in the crystal structures of (a) Cl-CF3-methyl, (b) Cl-CF3-

ethyl, (c) Cl-CF3-propyl, (d) Cl-CF3-butyl, (e) Cl-CF3-pentyl, and (f) Cl-CF3-phenyl. 
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pentyl N12-H12…O14 2.897(3) 165.79(16) 

phenyl N12-H12…O14 2.916(2) 163.0(3) 

A graph-set notation53 was employed to characterize the hydrogen-bond motifs, and among the 

twelve crystal structures, all chain structures displayed the 𝐶1
1(4) pattern, the dimers exhibited the 

𝑅2
2(8) motif, and the unexpected ribbon motif was assigned 𝑅2

2(10). 

 2.3.3 FTIR results of target materials  

The IR carbonyl stretching frequencies of these twelve compounds are given in Table 2.4. 

Table 2.4.  The IR stretching frequency for the amide C=O group in twelve target molecules. 

 

 

 

 

 

 

 

 

 

 2.4 Discussion 

Initially, we hypothesized that amide derivatives of 2-aminopyridine compounds would engage in 

one of two different intermolecular events, N-H···O=C or N-H···N(py)/N(py)···H-N hydrogen 

bonds, resulting in infinite chains or discrete dimers, respectively.  Indeed, both interactions were 

present to varying degrees in the crystal structures that were obtained.  

Amide group 

C=O frequency/cm-1 

NO2 series Cl-CF3 series 

methyl 
Polymorph I 1685 

1688 
Polymorph Ⅱ 1670 

ethyl                               1681 1688 

propyl 
Polymorph I 1709 

1684 
Polymorph Ⅱ 1688 

butyl                               1697 1688 

pentyl                               1697 1687 

phenyl                               1686 1672 
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In the first series (NO2), we increased the length of substituted alkyl chains from one to five carbon 

atoms to probe how this steric increase would affect the supramolecular assembly. Since the MEP 

values of the molecules remained almost constant throughout the series, we could rule out any 

obvious electrostatic influence and directly connect changes in molecular structure to changes in 

crystal structure. The first two crystal structures, with the shorter methyl and ethyl alkyl groups, 

favor the formation of N-H···O=C infinite chains. However, the addition of lengthier alkyl chains 

from three to five carbon atoms promotes the formation of dimeric N-H···N(py)/ N(py)···H-N 

motifs. Thus, it is reasonable to conclude that the steric effects from the larger alkyl chains impact 

the supramolecular assemblies. But what if we have a simple aromatic ring instead of an alkyl 

chain? Hence, we investigated that question by adding an aromatic group instead of an alkyl chain 

and it resulted in a dimeric N-H··· N(py)/N(py)···H-N motif.  Therefore, we can deduce that sterics 

alone have a significant impact on the formation of supramolecular assemblies in this family of 

compounds. 

In contrast, in the second series (Cl-CF3), the infinite N-H···O=C chains were present in all five 

structures, despite differences in alkyl chain length. Clearly then, the increasing chain length itself 

is not affecting the molecular assemblies in the crystal structures in this series. The other main 

structural difference observed in this series compared to the structures of the (NO2) group is that 

the N-H and C=O groups have rotated with respect to each other, Figure 2.8. The MEP values for 

each series were calculated for the given conformations. 

 

 

 

 Figure 2.8.  Conformational difference between the NO2 series (left) and the Cl-CF3 series 

(right) with respect to the amide group. 
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The reason for this change could be due to the sterics effect and electrostatic preferences resulting 

from the Cl group attached to the third position of the pyridine ring. However, another factor 

disfavoring the N-H···N(py)/N(py)···H-N dimeric interaction type could be the reduced hydrogen-

bond acceptor strength of the pyridine ring nitrogen atom in this series, which would diminish its 

H-bonding tendencies. And also, in series 2, the carbonyl group acts as a strong hydrogen-bond 

acceptor and is therefore expected to participate in hydrogen bonding, whereas in series 1, steric 

effects arising from the alkyl chain are the primary influencing factor (Figure 2.9). The presence 

of a phenyl ring instead of an alkyl chain does not change the supramolecular assembly and the 

result is an infinite N-H···O=C chain. 

 

 

 

 

 

 

 

Compared to the NO2 series, the presence of the CF3 and Cl groups on the aromatic ring of the 

second series altered the MEP of the acceptor and donor sites by decreasing the acceptor (py-N) 

potential (less negative) and decreasing the donor (N-H) potential (less positive) and increasing 

the C=O acceptor potential (more negative). Although the NO2 group is a strongly electron-

withdrawing moiety, the CF3 and Cl combination has a greater impact on the charge distribution 

across the molecular backbone than the NO2 group alone.  

Figure 2.9.  MEP summary of series 1 and 2. 
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To determine if the structural outcomes could be rationalized using a simple electrostatic model, 

we then inspected all twelve compounds and noted that eight molecules display motifs that involve 

the best donor/highest positive (N-H) and the best acceptor/highest negative (C=O) moieties 

indicating that the simple electrostatic model provides reasonable guidance for predicting the 

structural outcome. 

In addition, we also explored if vibrational spectroscopy could be used as a diagnostic tool for 

determining the bonding mode (chain vs. dimer) of amide derivatives of 2-aminopyridines in the 

solid-state. We observed a significant difference between the C=O stretching frequencies of dimers 

and chains (Figure 2.10). Chains had lower C=O IR stretching frequencies (red shifted) and dimers 

had higher stretching frequencies (blue shifted). (The highest number observed for chains is 1688 

cm-1, and the lowest number observed for dimers is 1697 cm-1).  

 

 

 

 

 

 

 

 

There is only one outlier among the acylated analogues, the unexpected ribbon form, which 

suggests that IR spectroscopy can indeed be used as a tool to indicate the bonding mode of amide 

derivatives of 2-aminopyridine in the absence of crystallography. The aromatic compounds show 

only slight variation, with the NO2-phenyl derivative as the sole exception, while the Cl-CF3-

C=O 

Dimer Chain 

1697-1709 cm-1 1670-1688 cm-1 

 

Figure 2.10.  Schematic representation of the range of bands for dimers and chains. 
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phenyl analogue follows the observed trend. Overall, twelve out of fourteen compounds agreed 

with the observations, demonstrating that IR spectroscopy can reliably indicate the bonding mode 

of amide derivatives of 2-aminopyridine. Moreover, for the two compounds that form polymorphs, 

IR spectroscopy showed two distinct carbonyl stretching values, indicating that IR can also be 

used to indicate polymorph formation. 

As noted previously, our crystallization experiments yielded two polymorphs of the NO2-methyl 

compound and two polymorphs of the NO2-propyl compound. Polymorphs I and II of NO2-methyl 

crystallize in the same space group (triclinic, P-1); however, they differ in their unit cell 

dimensions and total cell volumes. Polymorphs I and II of NO2-propyl crystallize in different space 

groups (Polymorph I: monoclinic, P21/c, with molecules occupying general positions; Polymorph 

II: orthorhombic, Pnma, with molecules lying in mirror planes) and also differ in their unit cell 

dimensions and total cell volumes. The NO2-methyl polymorphs follow the trend observed for 

small alkyl groups in this series, with molecules in both polymorph I and polymorph II linked into 

N-H···O=C chains. Strikingly different behavior is observed in the NO2-propyl polymorphs. 

Polymorph I crystallizes as dimers linked by N-H…N(py) interactions, following the trend 

observed for large alkyl groups in this series, but polymorph II crystallizes not as dimers but in a 

unique ribbon motif in which the NO2 group interacts intermolecularly with ring hydrogens 

rendered slightly acidic due to their proximity with the ring nitrogen atom and with the ring carbon 

atom bearing the nitro group. 
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 2.5 Conclusions 

 

 

 

 

 

 

 

 

 

 

 

In this study, we investigated 12 different target molecules in two closely related series. The NO2 

series indicated that sterics do play an important role in determining the bonding mode by changing 

the self-assembly in the solid-state from N-H···O=C chains to N-H···N(py)/N(py)···H-N dimers 

as the chain length increased. The Cl-CF3 series demonstrated that the charge of the pyridine 

nitrogen has a significant influence on the formation of supramolecular assemblies. Overall, these 

two series indicated that both sterics and charge have a great impact on the determination of final 

supramolecular assembly and that minor alterations to a molecular framework can result in 

profound changes to supramolecular assemblies (Figure 2.11). 

In addition, we also established that IR spectroscopy is an indicative tool for determining the H-

bonding mode of amide derivatives of 2-aminopyridines in the solid-state. Our investigations 

revealed that chains possess lower C=O IR stretching frequencies (1670-1688 cm-1) and dimers 

Figure 2.11.  Summary of key findings of the study. 
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possess higher stretching frequencies (1697-1709 cm-1). Although these findings provide a useful 

dataset and promising insights, the current molecular library is insufficient to confirm the 

applicability of this approach. Therefore, further studies involving a wider range of molecules 

should be conducted. 
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Chapter 3 - Can FTIR spectroscopy be used as a diagnostic tool to 

identify bonding modes of amide derivatives of 2-aminopyridine in 

the solid-state?  

 3.1 Introduction 

Several studies have explored the possibility of using FTIR spectroscopy as a predictive tool for 

identifying bonding modes of amide derivatives in the solid-state, as an alternative to single-crystal 

X-ray diffraction (SCXRD). 1-4Although some trends and guidelines have been suggested; there is 

still insufficient data to make more definitive statements about clear connections between solid-

state structure and vibrational IR modes.  

Chapter 2 revealed that IR spectroscopy can serve as an indicative tool for identifying hydrogen-

bonding motifs in amide derivatives of 2-aminopyridine in the solid state. However, due to the 

limited data available, the findings of this study remain uncertain and should be interpreted 

cautiously, to consider this as an alternative for SCXRD. To further investigate these observations 

and evaluate the predictive capability of the trends observed in Chapter 2, additional studies 

involving a wider range of amide derivatives were undertaken.  

In the previous study, we embarked on a systematic structural-spectroscopic study of fourteen 

amide derivatives of 2-aminopyridine, divided into two different groups. 5 The compounds 

comprised alkyl amides derived from 2-amino-5-nitropyridine and from 2-amino-3-chloro-5-

trifluoromethylpyridine. Within each group, structural variations were introduced by 

systematically varying the alkyl chain length up to five carbons. In addition, aromatic substitution 

was introduced by the addition of a phenyl group. In the solid-state, some structures formed dimer-

like interactions, and some formed infinite chains. 
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We found that crystal structures that formed dimer-like or chain-like interactions displayed 

distinctly different carbonyl stretching vibrations (Figure 3.1), with chain motifs exhibiting lower 

C=O stretching frequencies (1670-1688 cm-1) and dimer motifs exhibiting higher frequencies 

(1697-1709 cm-1).  Specifically, the highest C=O stretching frequency observed for chain 

structures was 1688 cm⁻¹, whereas the lowest for dimers was 1697 cm⁻¹, creating a non-

overlapping range of frequencies for the two interaction modes. Out of the fourteen structures 

studied, twelve followed the defined trend, suggesting that FTIR spectroscopy could be a reliable 

tool to identify bonding modes.  

 

 

 

 

 

 

 

 

However, given the limited number of experimental data, the present study expands the molecular 

library by incorporating eight more new alkyl amides of 2-aminopyridine derivatives belonging to 

2-amino-3-iodopyridine and 2-amino-3,5-dibromopyridine series to further evaluate the 

robustness of the observed trend. Incorporation of heavy halogen substituents, such as iodine and 

bromine, was expected to modify both the electronic environment and the steric nature of the 

pyridine ring by adding bulky groups, 6-9 thereby influencing intermolecular amide hydrogen 

C=O 

Dimer Chain 

1697-1709 cm-1 1670-1688 cm-1 

 

Figure 3.1.  Schematic representation of the range of bands for dimers and chains. 
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bonding and the resulting supramolecular organization. In addition, the high polarizability of these 

substituents introduces the potential for halogen bonding, which may compete with hydrogen 

bonding 10-16 and alter the expected bonding pattern. By systematically varying the alkyl chain 

length, this approach will enable a broader evaluation of the factors governing the formation of 

hydrogen-bonded dimers versus chain motifs and provide a more diverse structural platform for 

assessing the predictive capability of IR spectroscopy. 

As mentioned in Chapter 2, 2-aminopyridine is a widely used molecular scaffold in the 

pharmaceutical industry for drug development, yet its solid-state landscape remains 

underexplored. 17-25 However, a better understanding of how these molecules behave in the solid-

state could facilitate drug development by reducing both time and cost. However, predicting 

bonding patterns/structural studies without crystal structures remains challenging, and growing 

suitable crystals for SCXRD is not always easy. Therefore, using an alternative, readily available 

technique, such as FTIR spectroscopy, as a predictive tool would offer a convenient approach for 

analyzing these materials. Thus, this study investigates whether FTIR can be used as a predictive 

tool to determine the bonding modes of 2-aminopyridine derivatives.  

 3.2 Experimental section 

 3.2.1 General 

All precursors and solvents were purchased from commercial sources and used without further 

purification. 1H NMR and 13C NMR spectra were recorded on a Bruker 400 MHz spectrometer. 

Melting points were recorded on a TA Instruments DSC Q20 differential scanning calorimeter. IR 

spectra were recorded using a Nicolet 380 FTIR spectrometer with attenuated total reflection 

(ATR) and a ZnSe crystal. Electrostatic potentials were calculated with density functional B3LYP 

level of theory using 6-311++G** basis set in vacuum, using Spartan’14 software.  
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Synthesis of the N-(pyridin-2-yl)acylamides was carried out according to an available literature 

procedure.26 

 3.2.2 Syntheses of the 3,5-dibromo series 

 3.2.2.1 Synthesis of N-(3,5-dibromopyridin-2-yl)propionamide (3,5-diBr-ethyl) 

A solution of 2-amino-3,5-dibromopyridine (3.00 g, 11.90 mmol) in propionic anhydride (1.28 

mL, 11.00 mmol) was stirred for 1.5 hours at 100 °C and then cooled to 0 °C. The precipitate was 

filtered off and purified by column chromatography to obtain the pure product.  Yield: 61.65%, 

M.P: 165-167 °C. 1H NMR (400 MHz, DMSO-d6) δ 10.17 (s, 1H), 8.57 (d, J = 2.2 Hz, 1H), 8.48 

(d, J = 2.2 Hz, 1H), 2.35 (q, J = 7.5 Hz, 2H), 1.09 (t, J = 7.5 Hz, 3H). 13C NMR (101 MHz, DMSO-

d6) δ 172.58, 149.20, 148.57, 144.04, 118.28, 117.33, 29.10, 9.91. 

 3.2.2.2 Synthesis of N-(3,5-dibromopyridin-2-yl)butyramide (3,5-diBr-propyl) 

A solution of 2-amino-3,5-dibromopyridine (1.00 g, 3.96 mmol) in butyric anhydride (0.58 mL, 

3.56 mmol) was stirred for 1.5 hours at 100 °C and then cooled to 0 °C. The precipitate was filtered 

off and purified by column chromatography to obtain the pure product.  Yield: 49.58 %, M.P: 133-

137 °C. 1H NMR (400 MHz, DMSO-d6) δ 10.19 (s, 1H), 8.57 (d, J = 2.2 Hz, 1H), 8.48 (d, J = 2.2 

Hz, 1H), 2.31 (t, J = 7.3 Hz, 2H), 1.62 (h, J = 7.4 Hz, 2H), 0.94 (t, J = 7.4 Hz, 3H). 13C NMR (101 

MHz, DMSO-d6) δ 171.72, 149.21, 148.59, 144.04, 118.36, 117.38, 37.75, 18.84, 14.12. 

 3.2.2.3 Synthesis of N-(3,5-dibromopyridin-2-yl)pentanamide (3,5-diBr-butyl) 

A solution of 2-amino-3,5-dibromopyridine (1.01 g, 4.01 mmol) in pentanoic anhydride (0.71 mL, 

3.61 mmol) was stirred for 1.5 hours at 100 °C and then cooled to 0 °C. The precipitate was filtered 

off and purified by column chromatography to obtain the pure product.  Yield: 50.78%, M.P: 135-

137 °C. 1H NMR (400 MHz, DMSO-d6) δ 10.19 (s, 1H), 8.57 (d, J = 2.2 Hz, 1H), 8.48 (d, J = 2.2 

Hz, 1H), 2.33 (t, J = 7.4 Hz, 2H), 1.58 (p, J = 7.4 Hz, 2H), 1.35 (h, J = 7.3 Hz, 2H), 0.90 (t, J = 
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7.4 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) δ 171.85, 149.21, 148.59, 144.04, 118.35, 117.37, 

35.54, 27.52, 22.24, 14.21. 

 3.2.2.4 Synthesis of N-(3,5-dibromopyridin-2-yl)hexanamide (3,5-diBr-pentyl) 

A solution of 2-amino-3,5-dibromopyridine (5.00 g, 19.80 mmol) in hexanoic anhydride (4.32 mL, 

18.00 mmol) was stirred for 1.5 hours at 100 °C and then cooled to 0 °C. The precipitate was 

filtered off and purified by column chromatography to obtain the pure product.  Yield: 66.67%, 

M.P: 117-123 °C. 1H NMR (400 MHz, DMSO-d6) δ 10.18 (s, 1H), 8.57 (d, J = 2.2 Hz, 1H), 8.47 

(d, J = 2.2 Hz, 1H), 2.32 (t, J = 7.4 Hz, 2H), 1.59 (q, J = 7.4 Hz, 2H), 1.31 (hept, J = 3.6, 3.1 Hz, 

4H), 0.92 - 0.84 (m, 3H). 13C NMR (101 MHz, DMSO-d6) δ 171.85, 149.20, 148.59, 144.03, 

118.32, 117.36, 35.79, 31.29, 25.05, 22.34, 14.34. 

 3.2.3 Syntheses of the 3-iodo series 

 3.2.3.1 Synthesis of N-(3-iodopyridin-2-yl)acetamide (3-I-methyl) 

A solution of 2-amino-3-iodopyridine (0.05 g, 0.23 mmol) in acetic anhydride (0.03 mL, 0.25 

mmol) was stirred for 1.5 hours at 100 °C and then cooled to 0 °C. The precipitate was filtered off 

and purified by column chromatography to obtain the pure product.  Yield: 68.99%, M.P: 105-109 

°C. 1H NMR (400 MHz, Chloroform-d) δ 8.37 (dd, J = 4.7, 1.7 Hz, 1H), 8.11 (dd, J = 7.8, 1.7 Hz, 

1H), 7.91 (s, 1H), 6.83 (dd, J = 7.8, 4.7 Hz, 1H), 2.40 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 

169.02, 149.50, 146.71, 146.44, 119.83, 84.61, 22.86. 

 3.2.3.2 Synthesis of N-(3-iodopyridin-2-yl)butyramide (3-I-propyl) 

A solution of 2-amino-3-iodopyridine (0.05 g, 0.23 mmol) in butyric anhydride (0.10 mL, 0.61 

mmol) was stirred for 1.5 hours at 100 °C and then cooled to 0 °C. The precipitate was filtered off 

and purified by column chromatography to obtain the pure product.  Yield: 71.64%, M.P: 74-77 

°C. 1H NMR (400 MHz, Chloroform-d) δ 8.41 (dd, J = 4.7, 1.7 Hz, 1H), 8.12 (dd, J = 7.8, 1.7 Hz, 
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1H), 7.79 (s, 1H), 6.84 (dd, J = 7.9, 4.7 Hz, 1H), 2.61 (t, J = 7.4 Hz, 2H), 1.80 (h, J = 7.4 Hz, 2H), 

1.05 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, Chloroform-d) δ 172.37, 150.95, 148.08, 148.04, 

121.30, 86.47, 38.97, 18.63, 13.87. 

 3.2.3.3 Synthesis of N-(3-iodopyridin-2-yl)pentanamide (3-I-butyl) 

A solution of 2-amino-3-iodopyridine (0.20 g, 0.91 mmol) in pentanoic anhydride (0.89 mL, 4.55 

mmol) was stirred for 1.5 hours at 100 °C and then cooled to 0 °C, after which the remaining 

solvent was allowed to evaporate. The precipitate was filtered off and purified by column 

chromatography to obtain the pure product.  Yield: 57.04 %, M.P: 67-70°C. 1H NMR (400 MHz, 

Chloroform-d) δ 8.41 (dd, J = 4.7, 1.7 Hz, 1H), 8.12 (dd, J = 7.9, 1.7 Hz, 1H), 7.69 (s, 1H), 6.84 

(dd, J = 7.8, 4.7 Hz, 1H), 2.65 (t, J = 7.6 Hz, 2H), 1.76 (p, J = 7.5 Hz, 2H), 1.45 (dt, J = 14.7, 7.4 

Hz, 2H), 0.98 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, Chloroform-d) δ 175.20, 150.89, 148.07, 

148.04, 121.25, 86.26, 36.83, 27.25, 22.42, 13.86. 

 3.2.3.4 Synthesis of N-(3-iodopyridin-2-yl)hexanamide (3-I-pentyl) 

A solution of 2-amino-3-iodopyridine (0.20 g, 0.91 mmol) in hexanoic anhydride (1.05 mL, 4.55 

mmol) was stirred for 1.5 hours at 100 °C and then cooled to 0 °C, after which the remaining 

solvent was allowed to evaporate. The precipitate was filtered off and purified by column 

chromatography to obtain the pure product.  Yield: 43.52%, M.P: 61-63 °C. 1H NMR (400 MHz, 

DMSO-d6) δ 10.06 (s, 1H), 8.42 (d, J = 4.6 Hz, 1H), 8.30 (d, J = 7.8 Hz, 1H), 7.09 - 7.01 (m, 1H), 

2.29 (t, J = 7.5 Hz, 2H), 1.61 (t, J = 7.3 Hz, 2H), 1.37 - 1.29 (m, 4H), 0.88 (q, J = 5.3 Hz, 3H). 13C 

NMR (101 MHz, DMSO-d6) δ 171.89, 152.90, 148.69, 148.55, 123.74, 94.46, 35.87, 31.37, 25.05, 

22.36, 14.35. 
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Crystals suitable for single-crystal X-ray diffraction were obtained by slow evaporation from a 

variety of solvents for all compounds, as shown in Table 3.1. Details of crystallographic 

experiments are given in Appendix C. 

Table 3.1.  Solvents used for crystal growth and crystal descriptions. 

Compound Code Solvent Color and morphology 

N-(3,5-dibromopyridin-2-yl)propionamide 3,5-dibromo-ethyl Methanol Yellow, block 

N-(3,5-dibromopyridin-2-yl)butyramide 3,5-dibromo- propyl Methanol Colorless, needle 

N-(3,5-dibromopyridin-2-yl)pentanamide 3,5-dibromo- butyl Chloroform Yellow, needle 

N-(3,5-dibromopyridin-2-yl)hexanamide 3,5-dibromo- pentyl Methanol Colorless, needle 

N-(3-iodopyridin-2-yl)acetamide 3-iodo-methyl Methanol/heat Colorless, needle 

N-(3-iodopyridin-2-yl)butyramide 3-iodo-propyl 
Hexane+Ethyl 

acetate 
Pale green, plate 

N-(3-iodopyridin-2-yl)pentanamide 3-iodo-butyl Methanol 
Dark yellow needle, 

needle 

N-(3-iodopyridin-2-yl)hexanamide 3-iodo-pentyl Methanol Colorless, needle 

 

 3.2.4 Molecular electrostatic potential calculations (MEP)  

MEP surfaces were generated for all molecules explored in this study using Spartan’14 Version 

1.1.4. The molecular skeleton was first loaded into the software from a ChemDraw file, which was 

then geometry-optimized using DFT with the B3LYP functional and the 6-311++G** triple-zeta 

basis set in vacuum. On this optimized structure, the maxima and minima on the MEP surface 

(0.002 e/au isosurface) were determined using a positive point charge in the vacuum as a probe.   

 3.3 Results  

 3.3.1 MEP values of target materials  

The calculated molecular electrostatic potentials (MEPs) are shown in Figure 3.2. 
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 3.3.1.1 MEP values of the 3,5-dBr series 

 

 

 

 

 

 

 

 3.3.1.2 MEP values of the 3-iodo series 

 

 

 

 

 

 

 

Figure 3.2.  MEP values (kJ/mol) at the most likely hydrogen-bond donor and acceptor sites in 

the eight targets. 

 3.3.2 SCXRD analysis of target materials 

The primary intermolecular interaction modes in the four crystal structures of the 3,5-diBr series 

are shown in Figures 3.3, a-d. All structures display infinite N-H···O=C chain-like motifs. 

Additionally, they also form C-H···N/N···H-C dimers with the neighboring molecules. The 

relevant hydrogen-bond parameters are given in Table 3.2.  
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The four structures from the 3-iodo family (Figure 3.4) also display infinite N-H···O=C chains as 

the primary supramolecular motif, although they exhibit slight variations in packing from each 

other. Within these structures, only 3-iodo-methyl contained halogen bonds. The relevant 

hydrogen-bond and halogen-bond parameters and data for these four crystal structures are given 

in Table 3.3. 

 

 

Figure 3.3.  Primary hydrogen-bond interactions in the crystal structures of (a) 3,5-diBr-ethyl, 

(b) 3,5-diBr-propyl, (c) 3,5-diBr-butyl, and (d) 3,5-diBr-pentyl. 
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Table 3.2.  Hydrogen-bond parameters of C=O…H-N chain interaction of crystal structures in 

the 3,5-diBr series 

Compound d(D-A)/Å d(D-A)/Å D-H-A/° Space group 

# of molecules 

in the AU 

3,5-dibromo-ethyl N9-H9⸱⸱⸱O13 2.890(4) 171.4(2) P 2
1
/n 1 

3,5-dibromo- propyl N7-H7⸱⸱⸱O9 2.869(6) 164.4(3) P 2
1
/c 1 

3,5-dibromo- butyl N9-H9⸱⸱⸱O11 2.907(11) 163.6(5) P-1 1 

3,5-dibromo- pentyl N9-H9⸱⸱⸱O16 2.928(3) 150.0(4) P-1 1 

Figure 3.4.  Primary hydrogen bonds in the crystal structures of (a) 3-iodo-methyl, (b) 3-

iodo-propyl, (c) 3-iodo-butyl, and (d) 3-iodo-pentyl. 
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Table 3.3.  Hydrogen-bond parameters of C=O…H-N chain interaction of crystal structures in 

the 3-iodo series 

Compound d(D-A)/Å d(D-A)/Å D-H-A/° Space group 
# of molecules 

in the AU 

3-iodo-methyl 
N7-H7⸱⸱⸱O9 2.893(5) 174.0(5) 

P 21/c 2 
C6-I1⸱⸱⸱I1 3.782 157.0 

3-iodo-propyl N8-H8⸱⸱⸱O13 2.849(7) 154.8(4) P 2
1
/c 1 

3-iodo-butyl N6-H6⸱⸱⸱O8 2.921(3) 159.0(5) P 2
1
/c 1 

3-iodo-pentyl N7B-H7B⸱⸱⸱O9B 2.863(7) 158.6(4) P-1 2 

 

The key IR vibrational modes of all these eight compounds are given in Table 3.4. 

Table 3.4.  The IR stretching frequency for the amide C=O mode in fourteen compounds 

 

 

 

 

 

 

 

For the 3,5-diBr series, a single carbonyl stretching band was observed in the IR spectrum of each 

compound, and it was consistent with the presence of only one type of carbonyl group in the 

asymmetric unit. In contrast, for the 3-iodo series, both the 3-iodo-methyl and 3-iodo-pentyl 

derivatives consist of two independent molecules in the asymmetric unit, and the carbonyl groups 

of these two molecules exhibit multiple bands in IR spectra as they have different vibrations 

(Figure 3.5).  

C=O frequency/cm-1 

3,5-diBr series 3-iodo series 

3,5-dibromo-ethyl 1677 3-iodo-methyl 1715/1701/1693/1675 

3,5-dibromo- propyl 1674 3-iodo-propyl 1655 

3,5-dibromo- butyl 1674 3-iodo-butyl 1656 

3,5-dibromo- pentyl 1676 3-iodo-pentyl 1670/1659 
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 3.4 Discussion 

 

 

In our previous study, 5 we demonstrated that vibrational spectroscopy can be used as a diagnostic 

tool to distinguish the solid-state bonding modes (chain vs dimer) of amide derivatives of 2-

aminopyridine. A clear separation was observed in the carbonyl stretching region, with chain 

motifs exhibiting lower C=O stretching frequencies (1670-1688 cm-1) and dimer motifs showing 

higher frequencies (1697-1709 cm-1). Specifically, the two ranges were distinct and non-

overlapping for the two bonding modes. With only two outliers among the derivatives, an 86% 

(12/14) success rate was observed.  

In the present study, we expanded the analysis by adding eight more molecules to the library and 

evaluated their solid-state bonding behavior using the same vibrational criteria. Introduction of a 

halogen atom on the aromatic backbone is expected to alter both the electronic environment and 

the steric nature of the pyridine ring. The MEP calculations showed that bromine and iodine 

substitution increase the acceptor potential of the amide carbonyl compared to the previously 

studied series. For other acceptor and donor sites, no clear trend was observed. IR data and 

crystallography revealed that all compounds formed chains via the carbonyl group, possibly due 

Figure 3.5.  Different C=O groups observed in 3-iodo-methyl and 3-iodo-penyl. 
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to the greater influence of the acceptor site's electronegativity and sterics coming from the bigger 

halogen atoms.  

Most importantly, this study revealed that the vibrational spectroscopic signatures of all eight 

newly synthesized compounds fell within the previously established IR trend. However, the lower 

band limit of the chains may need to be adjusted to 1655 cm-1 from 1670 cm-1, as two chains 

obtained for the iodo analogs (3-iodo-propyl, 3-iodo-butyl) showed C=O stretching around 1656 

cm-1. When the results of both studies are combined, 20 out of 22 compounds (91%) fall within 

the defined range, giving clear support for the use of FTIR spectroscopy as a predictive and 

diagnostic tool for determining solid-state bonding modes in amide derivatives of 2-

aminopyridine. 

 3.5 Conclusions 

 

 

 

 

 

 

 

 

 

This work demonstrates that FTIR spectroscopy can serve as a reliable diagnostic tool for 

identifying solid-state bonding modes in amide derivatives of 2-aminopyridine. Across two 

complementary series, distinct and non-overlapping carbonyl stretching frequency ranges were 

C=O 

Dimer Chain 

1697-1709 cm-1 1655-1688 cm-1 

 

Figure 3.6.  Schematic representation of the range of bands for dimers and chains. 
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observed for chain and dimer motifs, respectively (Figure 3.6). While a small number of exceptions 

were identified, the overall agreement remains high, and 20 of 22 (91%) appeared within the 

proposed range. Given the experimental challenges of growing single crystals, these findings 

highlight the potential of using FTIR spectroscopy as a predictive tool for solid-state analysis, as 

an alternative to SCXRD, and underscore the importance of expanding these studies to a broader 

range of molecules.  

These two chapters showed that small functional changes in 2-aminopyridine derivatives can lead 

to two different types of homomeric interactions, chains and dimers. This observation sparked our 

curiosity about how these different homomeric preferences influence their ability to form 

heteromeric interactions. Will they engage in heteromeric interactions in a similar way, or will 

these structural differences lead to different interaction patterns? Or will they interact with other 

molecules with the same efficiency? 
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Chapter 4 - How do dimer and chain motifs of 2-aminopyridine 

derivatives influence cocrystal formation with carboxylic acids? 

 4.1 Introduction 

In Chapters 2 1 and 3, we showed that 2-aminopyridine derivatives display two distinct homomeric 

bonding motifs in the solid state; dimers stabilized by N-H···N(py)/N(py)···H-N intermolecular 

hydrogen bonds, or N-H···O=C infinite chain-like interactions (Figure 4.1). These observations 

motivated us to explore whether these inherent structural features would also influence their ability 

to form cocrystals. As discussed in the general introduction, cocrystallization is a crystal 

engineering strategy that involves the formation of crystalline materials composed of two or more 

different and neutral molecular components in stoichiometric ratios, assembled through 

intermolecular interactions while still maintaining the precise intrinsic chemical identities of each 

component. 2-6 Among the many intermolecular interactions involved in cocrystal formation, 

hydrogen bonding is particularly important for molecular recognition and for establishing new 

solid architectures. 7-12. 

In this study, we aim to understand how the hydrogen-bonding motifs of 2-aminopyridine 

derivatives (N-(5-NO2-pyridin-2-yl)acylamides and N-(3-Cl-5-CF3-pyridin-2-yl)acylamides) 

affect their ability to form cocrystals with different coformers 

 

 

 

 

 

 Figure 4.1.  Interactions observed among target molecules. 
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To explore the influence of the nature of these structures on their ability to form cocrystals with 

various coformers, approximately 500 cocrystallization experiments were conducted involving 10 

targets (Figure 4.2) and 50 different coformers. The study also addressed the influence of coformer 

strength (in terms of hydrogen-bond making abilities) on cocrystal formation. Finally, we attempt 

to identify any hydrogen-bond preferences among a series of postulated motifs, Figure 4.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.  Target molecules used in this study. 
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Figure 4.3.  Possible outcomes of cocrystallization experiments. 
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 4.2 Experimental section 

 4.2.1 Cocrystal screening with liquid-assisted grinding 

All targets were synthesized as described in Chapter 2, 1 and all coformers and solvents were 

purchased from commercial sources and used without further purification. Cocrystal experiments 

with 50 carboxylic acids were conducted using liquid-assisted grinding (LAG) in the presence of 

methanol. A 1:1 or 2:1 molar ratio of the target compound and coformer was used for aromatic 

acids and aliphatic acids, respectively, and the resulting ground powders were characterized by 

FTIR spectroscopy. Aromatic acids were categorized into two groups (Table 4.1) based on the pKa 

values into strong acids and weak acids (pKa ≤ 4.15 = strong acid). Approximately 500 

cocrystallization experiments were performed. Broad absorption bands near 1850 cm⁻¹ and 2450 

cm⁻¹, characteristic of intermolecular O-H···N hydrogen bonds, indicated cocrystal formation. The 

IR spectra of the cocrystal screening experiments were recorded on a Nicolet 380 FTIR 

spectrometer using the attenuated total reflection (ATR) technique with a ZnSe crystal. Melting 

points were measured with a TA Instruments DSC Q20 differential scanning calorimeter. Single-

crystal X-ray diffraction (SCXRD) data were collected on a Rigaku XtaLAB Synergy-S single-

crystal X-ray diffractometer equipped with Cu Kα radiation. 

Table 4.1.  Coformers used in this study 

 Aromatic acids Acid Code pKa value 

 1 2,4-dinitrobenzoic acid 2,4-dNBA 1.43 

2 Pentafluorobenzoic acid PFBA 1.75 

3 2-chloro-6-fluorobenzoic acid 2-Cl-6FlBA 2.04 

4 2,4,6-trifluorobenzoic Acid 2,4,6-tFBA 2.28 

5 5-bromo-2-chlorobenzoic acid 5-Br-2ClBA 2.49 

6 2,3,4,5-tetrafluorobenzoic acid 2,3,4,5-tFBA 2.53 

7 3,5-dinitrobenzoic acid 3,5-dNBA 2.82 

8 2,6-difluorobenzoic acid  2,6-dFBA 2.85 

9 4-nitrobenzoic acid 4-NBA 3.43 

10 3-nitrobenzoic acid 3-NBA 3.46 

11 4-cyanobenzoic acid 4-CBA 3.55 
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12 3-cyanobenzoic acid 3-CBA 3.60 

13 3,4-dichlorobenzoic acid 3,4-dClBA 3.64 

14 3-chlorobenzoic acid 3-ClBA 3.84 

15 3-iodobenzoic acid 3-IBA 3.87 

16 4-bromobenzoic acid 4-BBA 3.96 

17 2,5-dimethylbenzoic acid 2,5-DMBA 3.99 

18 Pentamethyl benzoic acid  PMBA 4.00 

19 4-bromo-3-methylbenzoic acid  4-Br-3-MBA 4.04 

20 4-fluorobenzoic acid 4-FBA 4.15 

21 Benzoic acid BA 4.20 

22 m-toluic acid (3-methylBA) m-TA 4.25 

23 2,4-dimethoxybenzoic acid 2,4-dMxBA 4.36 

24 4-methoxy benzoic acid 4-MxBA 4.50 

25 Gallic Acid GA 4.50 

26 4-hydroxy-3-methoxybenzoic acid 4-H-3MxBA 4.53 

27 4-hydroxybenzoic acid 4-HBA 4.57 

28 3-dimethylaminobenzoic Acid 3-dMABA 4.76 

29 3-aminobenzoic Acid  3-ABA 4.79 

30 4-aminobenzoic Acid  4-ABA 4.87 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Aliphatic acids Acid Code pKa value 

1 Oxalic acid OA 1.25/4.28 

2 L-aspartic acid L-AA 1.99/3.90 /9.90 

3 L-glutamic acid L-GA 2.13/ 4.31 /9.67 

4 4-imidazolecarboxylic acid  4-ICA 2.70 

5 L-malonic acid  L-MlA 2.85/ 5.70 

6 Fumaric acid FA 3.02/4.38 

7 Citric acid CA 3.13 /4.76 /6.40 

8 S- (+)-citramalic acid CmA 3.35 

9 D- (+)-malic acid MA 3.40/5.05 

10 Imidazole-4,5-dicarboxylic acid I-4,5-dCA 3.60 

11 Suberic acid  SubA 4.15 

12 Succinic Acid  SucA 4.21 /5.64 

13 Glutaric acid  GlA 4.32/ 5.42 

14 Adipic acid AA 4.41/5.41 

15 Azelaic acid AzA 4.55/5.50 

16 Sebacic Acid SebA 4.59 / 5.59 

17 Crotonic acid CrA 4.69 

18 Pimelic acid PiA 4.71/5.58 

19 Palmitic acid PalA 4.75 

20 11-mercapto-undecanoic acid MUA 4.95 
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 4.2.2 Interaction energy calculations 

Interaction energy (IE) calculations were performed only for target molecules explored in this 

study, using Spartan’14 Version 1.1.4. The target-target complex was first geometry-optimized 

using the DFT functional and the 6-311++G** triple-zeta basis set in vacuum. After geometry 

optimization, the atoms of one molecule of interest were ‘frozen’ using the ‘freeze center’ option, 

which is how Spartan distinguishes between two different molecules involved in an interaction 

energy calculation. After freezing one component, a single point energy calculation is carried out 

using the DFT functional and 6-311++G** triple zeta basis set in vacuum, with additional input 

‘INTERACTIONENERGY=BSSE’ pasted into the options box, which not only calculates the 

interaction energy between the frozen and free molecules, but also applies counterpoise (CP) 

correction which accounts for the basis set superposition error (BSSE) associated with these 

calculations. Additional inputs ‘MEM_STATIC=300’ and ‘SCFCYCLE=1000’ were also 

employed to address the errors of the software running out of allocated temporary memory and the 

calculations requiring more iterative cycles than the preset to meet the convergence criterion.  

 4.3 Results 

 4.3.1 FTIR analysis of the ground samples 

The results of the FTIR screening experiments are presented in Table 4.2 for strong aromatic acids, 

Table 4.3 for weak aromatic acids, and Table 4.4 for aliphatic acids (√= positive, X= negative, †= 

submitted for SCXRD, * = crystal structure obtained).  
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Table 4.2.  Results for strong aromatic acids 

 

 

 

 

 

Table 4.3.  Results for weak aromatic acids 

 

 

 

# 
Coformer 

(Strong Aromatic Acids) 

Targets 

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 

1 2,4-dinitrobenzoic acid† X X √* X X X X X √ √ 

2 Pentafluorobenzoic acid X √ √ √ √ X X X N/A X 

3 2-chloro-6-fluorobenzoic acid X √ √ X X X √ X √ √ 

4 2,4,6-trifluorobenzoic Acid† X X X √* √* X X X X X 

5 5-bromo-2-chlorobenzoic acid X X √ √ √ X X X X X 

6 2,3,4,5-tetrafluorobenzoic 

acid† 
X X √* √* √* X X X X √ 

7 3,5-dinitrobenzoic acid† X √* √* √* √* X X X X X 

8 2,6-difluorobenzoic acid  X √ √ √ √ X X √ X √ 

9 4-nitrobenzoic acid X X √ √ √ X X X X X 

10 3-nitrobenzoic acid† X X √* √* X X √ √ X X 

11 4-cyanobenzoic acid† X X √* √* √* X X X X X 

12 3-cyanobenzoic acid √ X X √ √ X X X X X 

13 3,4-dichlorobenzoic acid† √ X √* √* √* X X X X X 

14 3-chlorobenzoic acid† X X √* √* √* X √ X X X 

15 3-iodobenzoic acid √ X √ √ √ X √ X X X 

16 4-bromobenzoic acid X X √ √ √ X X X X X 

17 2,5-dimethylbenzoic acid† X √* √* √* √* X X X X X 

18 Pentamethyl benzoic acid  X √ √ X √ X X X X X 

19 4-bromo-3-methylbenzoic 
acid† 

X √ √* √* X X X X X X 

20 4-fluorobenzoic acid† X X √* X X X X X X X 

# of positive cocrystals 3/20 7/20 18/20 16/20 15/20 0/20 4/20 2/20 2/19 4/20 

% success rate 15% 35% 90% 80% 75% 0% 20% 10% 10.5% 20% 

% total (71/199)×100% = 35.68% 

# 
Coformer 

(Weak Aromatic Acids) 

Targets 

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 

1 Benzoic acid X X √ √ √ X X X X X 

2 m-toluic acid (3-methylBA)† X X √* √* X X X X X X 

3 2,4-dimethoxybenzoic acid X X √ √ √ X X X X X 

4 4-methoxy benzoic acid† X X √* √* √ X X X X X 

5 Gallic Acid X X X X X X X X X X 

6 4-hydroxy-3-methoxybenzoic acid X X √ √ √ X X X X X 

7 4-hydroxybenzoic acid X √ √ X √ X X X X X 

8 3-dimethylaminobenzoic Acid† X √ * 2 forms √* √* √* X X √ X X 

9 3-aminobenzoic Acid  X X √ X √ X X X X X 

10 4-aminobenzoic Acid†  X √ * √* √* √* X X X X X 

# of positive cocrystals 0/10 3/10 9/10 7/10 8/10 0/10 0/10 1/10 0/10 0/10 

% success rate 0% 30% 90% 70% 80% 0% 0% 10% 0% 0% 

% total (28/100)×100% = 28% 
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Table 4.4.  Results for aliphatic acids 

# 
Coformer 

(Aliphatic Acids) 

Targets 

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 

1 Oxalic acid √ X √ X √ N/A X X N/A X 

2 L-aspartic acid √ X √ X X N/A X X N/A X 

3 L-glutamic acid N/A X √ X X N/A X X N/A X 

4 4-imidazolecarboxylic acid  X X √ √ X N/A X X N/A X 

5 L-malonic acid  X √ √ X X N/A X X N/A X 

6 Fumaric acid X X X √ √ N/A X X N/A X 

7 Citric acid X X √ √ X N/A X X N/A X 

8 S- (+)-citramalic acid X √ √ X X N/A X X N/A X 

9 D- (+)-malic acid X N/A X X X N/A X X N/A X 

10 Imidazole-4,5-dicarboxylic acid X X √ √ √ N/A X X N/A X 

11 Suberic acid  X N/A √ X X N/A X X N/A X 

12 Succinic Acid  X N/A √ X X N/A X X N/A X 

13 Glutaric acid  X N/A √ √ √ N/A X X N/A X 

14 Adipic acid X N/A X X X N/A X X N/A X 

15 Azelaic acid √ X √ X X N/A X X N/A X 

16 Sebacic Acid X N/A √ X √ N/A X X N/A X 

17 Crotonic acid X X √ √ X N/A X X N/A X 

18 Pimelic acid X N/A √ X X N/A X X N/A X 

19 Palmitic X N/A √ X X N/A X X N/A X 

20 11-mercapto-undecanoic acid X X X X X N/A X X N/A X 

# of positive cocrystals 3/19 2/12 16/20 5/20 5/20 N/A 0/20 0/20 N/A 0/20 

% success rate 15.79% 16.67% 80% 25% 25% N/A 0% 0% N/A 0% 

% total (31/151)×100% = 20.53% 

 

Based on the IR results, strong aromatic acids were most likely to form a cocrystal with the target, 

weak aromatic acids were less likely, and aliphatic acids were the least likely (Table 4.5).  

Table 4.5.  Influence of coformers 

 

 

 

 

The influence of the targets showed that the highest cocrystal formation was observed for T3, T4, 

and T5, while the other targets exhibited comparatively lower cocrystal formations. Overall, the 

N-(5-NO2-pyridin-2-yl)acylamides series resulted in 117 successful cocrystal formations out of 

Influence of Coformers 

Acid type Success rate/% 

Strong aromatic acids 35.7% 

Weak aromatic acids 28% 

Aliphatic acids 20.5% 
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241 experiments, yielding a 48.6% success rate. The N-(3-Cl-5-CF3-pyridin-2-yl)acylamides 

series yielded 13 positive results out of 209, resulting in a 6.2% success rate. Overall, this study 

yielded 130 positive results out of 450 grinding experiments, corresponding to a 28.9% success 

rate, as shown in Table 4.6. Among these, 66.0% of the cocrystal formations came from dimer 

motifs, and only 10.3% success came from chain motifs. 

Table 4.6.  Influence of targets 

Influence of Targets 

Target T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 

Overall 

Success/% 

6/49= 

12.24% 

12/42= 

28.57% 

43/50= 

86% 

28/50= 

56% 

28/50= 

56% 

0/30= 

0% 

4/50= 

8% 

3/50= 

6% 

2/29= 

6.70% 

4/50= 

8% 

Success rate 

in each series 

N-(5-NO2-pyridin-2-yl)acylamides N-(3-Cl-5-CF3-pyridin-2-yl)acylamides 

117/241=48.6% 13/209=6.2% 

Total % 

Success 
130/450=28.9% 

 

 4.3.2 Crystal growth 

The ground mixtures that produced cocrystals were recrystallized from various solvents to obtain 

crystals suitable for single-crystal X-ray diffraction (SCXRD) analysis. However, since more than 

100 samples formed crystals suitable for SCXRD, we only chose 15/50 coformers and submitted 

the cocrystals formed with those coformers only for SCXRD measurements to come up with a 

systematic explanation. Details of the crystallization solvents and resulting crystal characteristics 

are summarized in Table 4.7 and Appendix D for those crystals. 

With those fifteen coformers, 50 positive cocrystals were formed, and 37 yielded crystals of 

sufficient quality for SCXRD measurements. All of them belonged to the N-(5-NO2-pyridin-2-

yl)acylamides series, while none of the N-(3-Cl-5-CF3-pyridin-2-yl)acylamides formed suitable 

crystals for SCXRD.   

Table 4.7.  Solvents used for crystal growth and crystal descriptions 
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Cocrystal Code Solvent Melting Point (°C) Color and Morphology 

T2-3,5-dNBA Methanol 182.38 Colorless, Irregular 

T2-2.5-dMBA Methanol 124.83,168.16 Colorless, Needle 

T2-3-dMABA-form 1 Methanol 121.07 Light Orange, Plate 

T2-3-dMABA-form 2 DCM 125.41 Orange, Plate 

T2-4ABA Ethyl acetate 154.46/153.40 Light yellow, Needle 

T3-2,4-dNBA Ethyl acetate 135.45 Colorless, prism 

T3-2,3,4,5-tFBA Methanol 115.28 Colorless, Plate 

T3-3,5-dNBA Ethyl Acetate 138.39 Colorless, Needle 

T3-3NBA Methanol 102.71 Colorless, Needle 

T3-4CBA Methanol 127.48 Colorless, Needle 

T3-3,4-dClBA Methanol 132.58 Colorless, Plate 

T3-3ClBA Ethyl acetate 96.45 Colorless, Block 

T3-2.5-dMBA Methanol 113.87 Colorless, Plate 

T3-4FBA Methanol 92.43,105.30 Colorless, Needle 

T3-m-TA Methanol 95.25 Colorless, Plate 

T3-4MxBA Methanol 135.97 Colorless, Prism 

T3-3-dMABA Methanol 118.93/124.25 Orange, NA 

T3-4ABA Methanol 162.04 Yellow-Irregular 

T4-2,4,6-tFBA Methanol 101.95 Colorless, Needle 

T4-2,3,4,5-tFBA Methanol 109.06 Colorless, Needle 

T4-3,5-dNBA Methanol 137.27 Colorless, Needle 

T4-3NBA Methanol 111.47 Colorless, Needle 

T4-4CBA Methanol 126.22 Colorless, Needle 

T4-3,4-dClBA Methanol 130.6 Colorless, Needle 

T4-3ClBA Methanol 111.07 Colorless, Plate 

T4-2.5-dMBA Methanol 141.31 Colorless, Needle 

T4-4-Br-3-MBA Methanol - Orange, Plate 

T4-m-TA Methanol 92.58/95.97 Colorless, Plate 

T4-3-dMABA Ethyl acetate 162.04 Orange, Plate 

T4-2ABA Methanol 143.19 Yellow, Plate 

T5-2,4,6-tFBA Methanol 110.36 Colorless, Needle 

T5-2,3,4,5-tFBA Methanol 111.66 Colorless, Needle 

T5-3,5-dNBA Methanol - Colorless, Needle 

T5-4CBA Methanol 110.78 Colorless, Needle 

T5-3,4-dClBA Methanol - Colorless, Irregular 

T5-3ClBA Methanol - Colorless, Needle 

T5-2.5-dMBA Methanol - Colorless, Plate 

T5-3-dMABA Methanol 124.88 Orange, Plate 

T5-2ABA Methanol 122.38 Yellow, Needle 
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 4.3.3 SCXRD analysis of cocrystals 

Thirty-eight cocrystals, including one polymorph for T2-3dMABA, were successfully 

characterized by SCXRD. The most common primary interaction observed between the target and 

coformer was NH···O/N···OH dimers in a 1:1 stoichiometry (Figure 4.4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4.  Some of the cocrystal structures of T2, T3, T4, and T5 targets. 
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 4.3.4 Interaction energies of the targets 

Table 4.8 summarizes interaction energy calculations among the target molecules. The calculations 

were performed using DFT/B3LYP/6-311++G ** basis set under vacuum, with BSSE correction, 

using Spartan 14 software. 

Table 4.8.  Interaction energy among target molecules 

 

 

 

 

 

 

 

As mentioned, the target materials exhibited two types of primary hydrogen-bond motifs in the 

solid state; infinite chains and dimers. Analysis of the cocrystal structures indicated that target 

materials forming dimers were more likely to form cocrystals, while chain-forming target materials 

tended to form fewer cocrystals. Therefore, interaction energy calculations were performed for 

both chains and dimers to compare their relative strengths. The calculations revealed that 

individual chain interactions are relatively strong, whereas the interactions within dimers are 

individually weaker. These results indicate that chain-forming targets maintain strong bonding 

network that are difficult to disrupt as they form infinite chains, making them less favorable for 

cocrystal formation, while dimers are more adaptable for cocrystal formation (Figure 4.5).  

 

 

Compound Interaction Energy/ kJ/mol 

T1 -24.18 

T2 -24.18 

T3 -19.94 

T4 -17.16 

T6 -28.37 

T7 -27.85 

T8 -27.31 

T9 -29.01 



85 

 

 

 

 

 

 

 

 

 

 

 

 

 

 4.4 Discussion 

130 of 450 attempted syntheses resulted in cocrystals, 117 for the N-(5-NO2-pyridin-2-

yl)acylamides series and 13 for the N-(3-Cl-5-CF3-pyridin-2-yl)acylamide series. The N-(3-Cl-5-

CF3-pyridin-2-yl)acylamide series was less prolific, which could be because of added steric 

interference, and also likely due to infinite chain motifs in these targets, which are difficult to 

break. In the N-(5-NO2-pyridin-2-yl)acylamides series, the targets T1 and T2 also formed chains 

and exhibited fewer cocrystals, whereas the majority of positive results came from targets T3, T4, 

and T5, which displayed dimeric homomeric interactions in the solid state (Figure 4.6). 

Given the large number of positive results, SCXRD analysis was not performed for all cocrystals 

formed with the 50 coformers, but for cocrystals obtained with 15 selected coformers. Similar to 

Figure 4.5.  Bonding motifs and their influence on cocrystal formation based on interaction 

energy calculations. 
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the overall IR analysis, the highest percentages of cocrystal formations within the selected 15 

coformers (Table 4.9) were observed for T3, T4, and T5, with values of 93.33%, 86.67%, and 

66.67%, respectively. In contrast, fewer positive results were obtained for T1, T2, and T6-T10.  

 

 

 

 

 

 

 

 

 

 

Table 4.9.  Selected coformers for SCXRD analysis 

# Coformer Code 

1 4-cyanobenzoic acid 4-CBA 

2 3-nitrobenzoic acid 3-NBA 

3 2,4-Dinitrobenzoic acid 2,4-dNBA 

4 3,5-dinitrobenzoic acid 3,5-dNBA 

5 4-fluorobenzoic acid 4-FBA 

6 2,4,6-Trifluorobenzoic Acid 2,4,6-tFBA 

7 2,3,4,5-tetrafluorobenzoic acid 2,3,4,5-tFBA 

8 3-chlorobenzoic acid 3-ClBA 

9 3,4-Dichlorobenzoic acid 3,4-dClBA 

10 4-Bromo-3-Methylbenzoic acid  4-Br-3-MBA 

11 m-toluic acid (3-methylBA) m-TA 

12 2,5-dimethylbenzoic acid 2,5-DMBA 

13 4-aminobenzoic Acid  4-ABA 

14 3-dimethylaminobenzoic Acid 3-dMABA 

15 4-methoxy benzoic acid 4-MxBA 

Chains Dimers 

Figure 4.6.  Influence of chain and dimer motifs on cocrystal formation. 

Chains 

0%

50%

100%

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10
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The most common synthon observed between the target and coformer was NH⸱⸱⸱O/N⸱⸱⸱OH 1:1 

dimeric (Figure 4.7).  

 

 

 

 

 

 

 

 

After analyzing FTIR results and SCXRD results separately, targets that formed dimeric motifs 

themselves in their pure crystalline form exhibited a significantly higher tendency to form 

cocrystals than those that had chain motifs (Figure 4.8).  

 

 

 

 

 

 

 

 

 

 

Figure 4.7.  The most common synthon observed between the target and coformer. 

Figure 4.8.  Influence of chain and dimer motifs on cocrystal formation. 
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Interaction energy calculations revealed that the dimeric associations were relatively weaker 

compared to the chain interactions, and this energetic difference likely facilitates the disruption of 

dimeric hydrogen bonds easily during cocrystallization, allowing the target molecule to more 

readily engage with coformers via new heteromeric interactions. In contrast, targets that form 

chains possess stronger, hydrogen-bond networks that may resist reorganization, resulting in fewer 

successful cocrystal formations.  

The nature of the coformer also played a decisive role in cocrystal formation. Strong aromatic 

carboxylic acids exhibited the highest frequency of cocrystal formation, followed by weak 

aromatic acids, whereas aliphatic acids showed the lowest cocrystallization rate (Figure 4.9).  

 

  

 

 

 

 

 

 4.5 Conclusions  

Overall, the cocrystal screening revealed a strong dependence of cocrystal formation on both the 

supramolecular motifs of the targets and the nature of the coformers. The N-(5-NO₂-pyridin-2-

yl)acylamide series showed significantly higher cocrystallization than the N-(3-Cl-5-CF₃-pyridin-

2-yl)acylamide series, likely due to steric effects and the presence of chain-type self-assembly. 

Targets that formed dimeric motifs in their pure crystalline forms exhibited a greater tendency to 

form cocrystals, whereas chain-forming targets produced fewer cocrystals due to their stronger 

Figure 4.9.  Influence of coformers. 

Strong aromatic acids Weak aromatic acids Aliphatic acids
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and more extended hydrogen-bond networks (Figure 4.10). Interaction energy calculations 

supported this observation by showing that dimeric interactions are comparatively weaker, making 

them easier to disrupt. In addition, the nature of the coformer significantly influenced cocrystal 

formation, with strong aromatic carboxylic acids showing the highest success rates. Together, 

these results highlight the important roles of both target self-association and coformer strength (in 

terms of hydrogen-bond making abilities) in determining cocrystal formations. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10.  Key findings of the study. 

Thus far, our studies have focused on relatively simple pyridine-based systems, examining their 

homomeric interactions and heteromeric interactions, raising the question of how added structural 

complexity might change their interactions and solid-state assemblies.  
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Chapter 5 - How molecular complexity governs the intermolecular 

interactions of amide-substituted 2-aminopyrimidine derivatives?  

 5.1 Introduction 

The studies described so far focused on pyridine-based amide derivatives with one donor and two 

acceptor sites, providing relatively simple models for understanding supramolecular assembly. To 

explore how structural complexity affects supramolecular assembly, we introduced an additional 

acceptor site, so the system now contains one donor and three acceptor sites. This is particularly 

relevant to pharmaceutical drug molecules, which often contain multiple hydrogen-bond donors 

and acceptors distributed across complex scaffolds. Adding extra interaction sites, therefore, 

represents a step toward understanding such more complex molecular systems. 

Hydrogen bonding is recognized as a crucial force for directing molecular organizations and self-

assembly,1-5 with extraordinary impacts on biological systems as well as in materials science. 

Halogen6-10 and chalcogen10-15 bonds also have the ability to organize individual molecular 

building blocks into supramolecular assemblies with precise metrics and configurations. Despite 

this understanding of intermolecular interactions, it can still be challenging to predict the bulk 

structural outcome involving molecules that present multiple interaction sites within a single 

framework.16-18 As a result, even relatively simple and rigid molecules can produce drastically 

different assemblies in the solid-state, which creates a considerable hurdle for supramolecular 

synthesis and bottom-up design of desirable architectures.19-24 

In this context, it has been shown that calculated molecular electrostatic potentials (MEP) can 

provide valuable insights when it comes to rationalizing preferred binding patterns of functional 

groups and small molecules.25-27 Often, the stronger hydrogen-bond acceptor sites (regions with 

large negative MEP) interact with the stronger hydrogen-bond donor sites (regions with large 
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positive MEP). However, this is not always the case, as systems with multiple donor and acceptor 

sites, sterics, and other environmental factors can result in alternative supramolecular assemblies. 

To further understand and rationalize these structural outcomes, we have conducted a systematic 

structural investigation of three distinct series of amide-substituted 2-aminopyrimidine derivatives 

that possess multiple donor and acceptor sites.  

The 2-aminopyrimidine moiety is a significant component of numerous FDA-approved 

pharmaceutical drugs,28-31, while the parent pyrimidine moiety ranks as the 10th most common 

aromatic moiety,30 (Figure 5.1). Furthermore, this 2-aminopyrimidine moiety is associated with 

several important biological properties such as antitumor, antimicrobial, antiviral, antithrombotic, 

antiparasitic activity, etc. 32-36 

 

 

 

 

 

 

 

 

In this study, we have synthesized and structurally characterized 21 molecules grouped into three 

series (PM, Cl-PM, and Br-PM) with different alkyl chain lengths, Figure 5.2. We examined the 

crystal structures of these derivatives, addressing several key questions, such as whether the length 

of the alkyl chain(-R) affects the supramolecular self-assembly and whether the chain's specific 

nature (having an odd or even number of carbon) impacts the crystal structures. Additionally, we 

Figure 5.1.  Some FDA-approved pharmaceutical drugs with 2-aminopyrimidine moieties. 

2-aminopyrimidine 
Ribocicli

Brigatini

Copanlisib 

Abemacicli

Letemovi
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explore how these molecules adjust their behavior in the solid-state in the presence of an unequal 

number of hydrogen bond donors/acceptors. We also examine the balance between the structure-

directing effects of hydrogen bonds and halogen bonds. Finally, we attempt to identify any motif-

building hydrogen-bond preferences among a series of postulated motifs, Figure 5.3. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 5.2 Experimental section 

 5.2.1 General 

All precursors and solvents were purchased commercially and used without further purification. 

1H NMR and 13C NMR spectra were recorded on a Bruker 400Hz and 600Hz spectrometers. 

-Donor 

-Acceptors 

A · · · A B · · · B A · · · B C 

Homosynthons Heterosynthons 

𝑹𝟐
𝟐(8) 

𝑹𝟐
𝟐(8) 𝑹𝟐

𝟐(8) 
𝑪𝟏

𝟏(4) 

Figure 5.2.  Potential hydrogen bond donor-acceptor sites. 

Figure 5.3.  Postulated primary hydrogen bond motifs. 
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Melting points were recorded on a TA Instruments DSC Q20 differential scanning calorimeter. IR 

spectra were recorded with a Nicolet 380 FTIR spectrometer using an attenuated total reflection 

(ATR) technique and ZnSe as the crystal.  

All three series were synthesized according to an available literature procedure.37 

 5.2.2 Syntheses of the PM Series 

 5.2.2.1 Synthesis of N-(pyrimidin-2-yl)acetamide (PM-methyl) 

A solution of 2-aminopyrimidine (1.00 g, 11.00 mmol) in acetic anhydride (1.99 mL, 22.00 mmol) 

was stirred for 1.5 hrs at 100 ℃ and then cooled to 0 ℃. The precipitate that formed was filtered 

off, and the reaction contents were extracted from ethyl acetate. The organic layer was washed 

with saturated sodium bicarbonate solution, brine, and water, dried with anhydrous magnesium 

sulfate, filtered, and concentrated in vacuo to isolate the pure product. Yield: 81.54%, Mp: 145-

147 °C. 1H NMR (400 MHz, DMSO-d6): δ 10.52 (s, 1H), 8.64 (d, 2H), 7.15 (t, 1H), 2.19 (s, 

3H).13C NMR (400 MHz, DMSO-d6): δ 169.48, 158.76, 158.17, 116.97, 25.08.  

 5.2.2.2 Synthesis of N-(pyrimidin-2-yl)propionamide (PM-ethyl) 

A solution of 2-aminopyrimidine (1.00 g, 11.00 mmol) in propionic anhydride (2.68 mL, 22.00 

mmol) was stirred for 1.5 hrs at 100 ℃ and then cooled to 0 ℃. The precipitate that formed was 

filtered off, and the reaction contents were extracted using ethyl acetate. The organic layer was 

washed with saturated sodium bicarbonate solution, brine, and water, dried with anhydrous 

magnesium sulfate, filtered, and concentrated in vacuo to isolate the pure product. Yield: 82.39%, 

Mp: 126-128 °C. 1H NMR (400 MHz, DMSO-d6): 10.47 (s, 1H), 8.64 (d, 2H), 7.15 (t, 1H), 2.50(q, 

2H),1.05 (t, 3H). 13C NMR (400 MHz, DMSO-d6): δ 172.83, 158.75, 158.21, 116.93, 30.14, 9.65.  
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 5.2.2.3 Synthesis of N-(pyrimidin-2-yl)butyramide (PM-propyl) 

A solution of 2-aminopyrimidine (0.50 g, 5.26 mmol) in butyric anhydride (1.66 mL,10.52 mmol) 

was stirred for 1.5 hrs at 100 ℃ and then cooled to 0 ℃. The precipitate that formed was filtered 

off, and the reaction contents were extracted from ethyl acetate. The organic layer was washed 

with saturated sodium bicarbonate solution, brine, and water, dried with anhydrous magnesium 

sulfate, filtered, and concentrated in vacuo to isolate the pure product. Yield: 81.84%, Mp: 102-

104 °C. 1H NMR (400 MHz, DMSO-d6): δ 10.48 (s, 1H), 8.64 (d, 2H), 7.16 (t, 1H), 2.46 (t, 2H), 

1.59 (h, 2H),0.91 (t, 3H). 13C NMR (400 MHz, DMSO-d6): δ 171.88, 158.74, 158.17, 116.98, 

38.73, 18.57, 14.07.  

 5.2.2.4 Synthesis of N-(pyrimidin-2-yl)pentanamide (PM-butyl) 

A solution of 2-aminopyrimidine (0.50 g, 5.26 mmol) in pentanoic anhydride (2.11 mL,10.52 

mmol) was stirred for 1.5 hrs at 100 ℃ and then cooled to 0 ℃. The precipitate that formed was 

filtered off, and the reaction contents were extracted from ethyl acetate. The organic layer was 

washed with saturated sodium bicarbonate solution, brine, and water, dried with anhydrous 

magnesium sulfate, filtered, and concentrated in vacuo to isolate the pure product. Yield: 76.37%, 

Mp: 106-108 °C. 1H NMR (400 MHz, DMSO-d6): δ 10.48 (s, 1H), 8.64 (d, 2H), 7.15 (t, 1H), 2.48 

(t, 2H),1.53 (m, 2H),1.31(m, 2H), 0.89 (t, 3H). 13C NMR (400 MHz, DMSO-d6): δ 172.02, 158.74, 

158.17, 116.99, 36.53, 27.31, 22.23, 14.23.  

 5.2.2.5 Synthesis of N-(pyrimidin-2-yl)hexanamide (PM-pentyl) 

A solution of 2-aminopyrimidine (0.50 g, 5.26 mmol) in hexanoic anhydride (2.43 mL,10.52 

mmol) was stirred for 1.5 hrs at 100 ℃ and then cooled to 0 ℃. The precipitate that formed was 

filtered off, and the reaction contents were extracted from ethyl acetate. The organic layer was 

washed with saturated sodium bicarbonate solution, brine, and water, dried with anhydrous 
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magnesium sulfate, filtered, and concentrated in vacuo to isolate the pure product. Yield: 86.53%, 

Mp: 110-112 °C. 1H NMR (400 MHz, DMSO-d6): δ 10.48 (s, 1H), 8.64 (d, 2H), 7.15 (t, 1H), 2.47 

(t, 2H),1.57 (p, 2H),1.29 (m, 2H), 0.86 (t, 3H).13C NMR (400 MHz, DMSO-d6): δ 172.02, 158.74, 

158.18, 116.99, 36.78, 31.32, 24.85, 22.38, 14.33. 

 5.2.2.6 Synthesis of N-(pyrimidin-2-yl)heptanamide (PM-hexyl) 

A solution of 2-aminopyrimidine (0.50 g, 5.26 mmol) in heptanoic anhydride (2.77 mL,10.52 

mmol) was stirred for 1.5 hrs at 100 ℃ and then cooled to 0 ℃. The precipitate that formed was 

filtered off, and the reaction contents were extracted from ethyl acetate. The organic layer was 

washed with saturated sodium bicarbonate solution, brine, and water, dried with anhydrous 

magnesium sulfate, filtered, and concentrated in vacuo to isolate the pure product. Yield: 78.26%, 

Mp: 88-90 °C. 1H NMR (400 MHz, DMSO-d6): δ 10.47 (s, 1H), 8.64 (d, 2H), 7.15 (t, 1H), 2.47 

(t, 2H),1.56 (p, 2H), 1.27 (m, 2H), 0.86 (t, 3H). 13C NMR (400 MHz, DMSO-d6): δ 172.00, 158.74, 

158.17, 116.99, 36.81, 31.51, 28.75, 25.12, 22.46, 14.39. 

 5.2.2.7 Synthesis of N-(pyrimidin-2-yl)octanamide (PM-heptyl) 

A solution of 2-aminopyrimidine (0.50 g, 5.26 mmol) in octanoic anhydride (3.13 mL,10.52 mmol) 

was stirred for 1.5 hrs at 100 ℃ and then cooled to 0 ℃. The precipitate that formed was filtered 

off, and the reaction contents were extracted from ethyl acetate. The organic layer was washed 

with saturated sodium bicarbonate solution, brine, and water, dried with anhydrous magnesium 

sulfate, filtered, and concentrated in vacuo to isolate the pure product. Yield: 88.79%, Mp: 95-97 

°C. 1H NMR (400 MHz, DMSO-d6): δ 10.47 (s, 1H), 8.64 (d, 2H), 7.15 (t, 1H), 2.46 (t, 2H),1.56 

(p, 2H),1.26 (m, 2H), 0.85 (t, 3H). 13C NMR (400 MHz, DMSO-d6): δ 172.02, 158.74, 158.18, 

116.99, 36.81, 31.64, 29.05, 28.95, 25.17, 22.53, 14.41. 
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 5.3.2 Syntheses of the Cl-PM Series 

 5.2.3.1 Synthesis of N-(5-chloropyrimidin-2-yl)acetamide (Cl-PM-methyl) 

A solution of 2-amino-5-chloropyrimidine (0.50 g, 3.86 mmol) in acetic anhydride (0.73 mL,7.72 

mmol) was stirred for 1.5 hrs at 160 ℃ and then cooled to 0 ℃. The precipitate that formed was 

washed off with hexane to get the pure product. Yield: 97.12%, Mp: 206-208 °C. 1H NMR (600 

MHz, DMSO-d6): δ 10.76 (s, 1H), 8.74 (s, 2H), 2.16 (s, 3H). 13C NMR (400 MHz, DMSO-d6): δ 

169.22, 156.99, 156.44, 124.70, 25.02.  

 5.2.3.2 Synthesis of N-(5- chloropyrimidin-2-yl)propionamide (Cl-PM-ethyl) 

A solution of 2-amino-5-chloropyrimidine (0.50 g, 3.86 mmol) in propionic anhydride (0.99 mL, 

7.72 mmol) was stirred for 1.5 hrs at 160 ℃and then cooled to 0 ℃. The precipitate that formed 

was washed off with hexane to get the pure product. Yield: 69.13%, Mp: 152-154 °C. 1H NMR 

(600 MHz, DMSO-d6): δ 10.72 (s, 1H), 8.74 (s, 2H), 2.48 (q, 2H), 1.04 (t, 3H).13C NMR (400 

MHz, DMSO-d6): δ 172.63, 156.96, 156.47, 124.59, 30.13, 9.55.  

 5.2.3.3 Synthesis of N-(5-chloropyrimidin-2-yl)butyramide (Cl-PM-propyl) 

A solution of 2-amino-5-chloropyrimidine (0.50 g, 3.86 mmol) in butyric anhydride (1.26 mL, 

7.72 mmol) was stirred for 1.5 hrs at 160 ℃ and then cooled to 0 ℃. The precipitate that formed 

was washed off with hexane to get the pure product. Yield: 46.49%, Mp: 104-106 °C. 1H NMR 

(600 MHz, DMSO-d6): δ 10.72 (s, 1H), 8.74 (s, 2H), 2.44 (t, 2H), 1.58 (p, 2H),0.90 (t, 3H).13C 

NMR (400 MHz, DMSO-d6): δ 171.71, 156.97, 156.42, 124.67, 38.70, 18.52, 14.03.  

 5.2.3.4 Synthesis of N-(5-chloropyrimidin-2-yl)pentanamide (Cl-PM-butyl) 

A solution of 2-amino-5-chloropyrimidine (0.50 g, 3.86 mmol) in pentanoic anhydride (1.55 mL, 

7.72 mmol) was stirred for 1.5 hrs at 160 ℃ and then cooled to 0 ℃. The precipitate that formed 

was washed off with hexane to get the pure product. Yield: 34.15%, Mp: 101-103 °C. 1H NMR 



98 

(600 MHz, DMSO-d6): δ10.71 (s, 1H), 8.74 (s, 2H), 2.45 (t, 2H), 1.54 (p, 2H), 1.31 (h, 2H), 0.89 

(t, 3H).13C NMR (400 MHz, DMSO-d6): δ 171.85, 156.97, 156.42, 124.68, 36.52, 27.23, 22.19, 

14.21.  

 5.2.3.5 Synthesis of N-(5-chloropyrimidin-2-yl)hexanamide (Cl-PM-pentyl) 

A solution of 2-amino-5-chloropyrimidine (0.50 g, 3.86 mmol) in hexanoic anhydride (1.79 mL, 

7.72 mmol) was stirred for 1.5 hrs at 160 ℃ and then cooled to 0 ℃. The precipitate that formed 

was washed off with hexane to get the pure product. Yield: 47.05%, Mp: 93-98 °C. 1H NMR (600 

MHz, DMSO-d6): δ 10.70 (s, 1H), 8.74 (s, 2H), 2.44 (t, 2H), 1.54 (p, 2H), 1.27 (m, 4H), 0.86 (t, 

3H).13C NMR (400 MHz, DMSO-d6): δ 171.85, 156.97, 156.43, 124.67, 36.77, 31.27, 24.78, 

22.36, 14.32.  

 5.2.3.6 Synthesis of N-(5-chloropyrimidin-2-yl)heptanamide (Cl-PM-hexyl) 

A solution of 2-amino-5-chloropyrimidine (0.50 g, 3.86 mmol) in heptanoic anhydride (2.03 mL, 

7.72 mmol) was stirred for 1.5 hrs at 160 ℃ and then cooled to 0 ℃. The precipitate that formed 

was washed off with hexane to get the pure product. Yield: 30.11%, Mp: 82-85 °C. 1H NMR (600 

MHz, DMSO-d6): δ 10.70 (s, 1H), 8.74 (s, 2H), 2.44 (t, 2H), 1.54 (p, 2H), 1.27 (m, 6H), 0.85 (t, 

3H).13C NMR (400 MHz, DMSO-d6): δ 171.83, 156.97, 156.43, 124.67, 36.80, 31.50, 28.72, 

25.06, 22.45, 14.39.  

 5.2.3.7 Synthesis of N-(5-chloropyrimidin-2-yl)octanamide (Cl-PM-heptyl) 

A solution of 2-amino-5-chloropyrimidine (0.50 g, 3.86 mmol) in octanoic anhydride (3.86 mL, 

7.72 mmol) was stirred for 1.5 hrs at 160 ℃ and then cooled to 0 ℃. The precipitate that formed 

was filtered off, and the reaction contents were extracted using chloroform. The organic layer was 

washed with saturated sodium bicarbonate solution, brine, and water, dried with anhydrous 

magnesium sulfate, filtered, and concentrated in vacuo to isolate the pure product. Yield: 28.28%, 
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Mp: 87-89 °C. 1H NMR (600 MHz, DMSO-d6): δ 10.71 (s, 1H), 8.74 (s, 2H), 2.44 (t, 2H), 1.56 

(p, 2H), 1.27 (m, 8H), 0.87 (t, 3H).13C NMR (400 MHz, DMSO-d6): δ 171.85, 156.97, 156.44, 

124.67, 36.80, 31.62, 29.01, 28.93,25.10, 22.52, 14.41.  

 5.2.4 Syntheses of the Br-PM Series 

 5.2.4.1 Synthesis of N-(5-bromopyrimidin-2-yl)acetamide (Br-PM-methyl) 

A solution of 2-amino-5-bromopyrimidine (1.00 g, 6.00 mmol) in acetic anhydride (1.13 mL,12.00 

mmol) was stirred for 1.5 hrs at 150 ℃ and then cooled to 0 ℃. The precipitate that formed was 

washed off with hexane to get the pure product.  Yield: 89.89%, Mp: 232-234 °C. 1H NMR (600 

MHz, DMSO-d6): δ 10.73 (s, 1H), 8.80 (s, 2H), 2.17 (s, 3H). 13C NMR (400 MHz, DMSO-d6): δ 

169.26, 159.07, 156.65, 113.31, 25.05.  

 5.2.4.2 Synthesis of N-(5-bromopyrimidin-2-yl)propionamide (Br-PM-ethyl) 

A solution of 2-amino-5-bromopyrimidine (1.00 g, 6.00 mmol) in propionic anhydride (1.53 

mL,12.00 mmol) was stirred for 1.5 hrs at 150 ℃ and then cooled to 0 ℃. The precipitate that 

formed was washed off with hexane to get the pure product. Yield: 76.38%, Mp: 162-164 °C. 1H 

NMR (400 MHz, DMSO-d6): δ 10.68 (s, 1H), 8.79 (s, 2H), 2.47 (q, 2H), 1.05 (t, 3H).13C NMR 

(600 MHz, DMSO-d6): δ 172.66, 159.05, 156.68, 113.20, 30.16, 9.56.  

 5.2.4.3 Synthesis of N-(5-bromopyrimidin-2-yl)butyramide (Br-PM-propyl) 

A solution of 2-amino-5-bromopyrimidine (1.00 g, 6.00 mmol) in butyric anhydride (1.96 mL, 

12.00 mmol) was stirred for 1.5 hrs at 150 ℃ and then cooled to 0 ℃. The precipitate that formed 

was washed off with hexane to get the pure product. Yield: 79.45%, Mp: 136-138 °C. 1H NMR 

(400 MHz, DMSO-d6): δ 10.69 (s, 1H), 8.79 (s, 2H), 2.43 (t, 2H), 1.57 (p, 2H),0.90 (t, 3H).13C 

NMR (600 MHz, DMSO-d6): δ 173.54, 160.86, 158.45, 115.08, 40.53, 20.32, 15.85.  
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 5.2.4.4 Synthesis of N-(5-bromopyrimidin-2-yl)pentanamide (Br-PM-butyl) 

A solution of 2-amino-5-bromopyrimidine (1.00 g, 6.00 mmol) in pentanoic anhydride (2.40 mL, 

12.00 mmol) was stirred for 1.5 hrs at 150 ℃ and then cooled to 0 ℃. The precipitate that formed 

was washed off with hexane to get the pure product. Yield: 66.52%, Mp: 116-118 °C. 1H NMR 

(400 MHz, DMSO-d6): δ10.69 (s, 1H), 8.79 (s, 2H), 2.45 (t, 2H), 1.54 (p, 2H), 1.31 (h, 2H), 0.89(t, 

3H). 13C NMR (600 MHz, DMSO-d6): δ 173.69, 160.83, 158.41, 115.07, 38.33, 29.01, 13.98, 

16.00.  

 5.2.4.5 Synthesis of N-(5-bromopyrimidin-2-yl)hexanamide (Br-PM-pentyl) 

A solution of 2-amino-5-bromopyrimidine (1.00 g, 6.00 mmol) in hexanoic anhydride (2.77 mL, 

12.00 mmol) was stirred for 1.5 hrs at 150 ℃ and then cooled to 0 ℃. The precipitate that formed 

was washed off with hexane to get the pure product. Yield: 76.67%, Mp: 105-107 °C. 1H NMR 

(400 MHz, DMSO-d6): δ 10.69 (s, 1H), 8.79 (s, 2H), 2.44 (t, 2H), 1.55 (p, 2H), 1.28 (m, 4H), 

0.85(t, 3H).13C NMR (600 MHz, DMSO-d6): δ 173.70, 160.81, 158.40, 115.05, 38.57, 35.87, 

33.04, 26.56, 24.15, 16.08.  

 5.2.4.6 Synthesis of N-(5-bromopyrimidin-2-yl)heptanamide (Br-PM-hexyl) 

A solution of 2-amino-5-bromopyrimidine (1.00 g, 6.00 mmol) in heptanoic anhydride (3.16 mL, 

12.00 mmol) was stirred for 1.5 hrs at 150 ℃ and then cooled to 0 ℃. The precipitate that formed 

was washed off with hexane to get the pure product. Yield: 65.12%, Mp: 109-111 °C. 1H NMR 

(400 MHz, DMSO-d6): δ 10.69 (s, 1H), 8.79 (s, 2H), 2.44 (t, 2H), 1.55 (p, 2H), 1.28 (m, 6H), 0.86 

(t, 3H).13C NMR (400 MHz, DMSO-d6): δ 171.84, 159.05, 156.67, 113.27, 36.84, 31.51, 28.72, 

25.06, 22.46, 14.40.  
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 5.2.4.7 Synthesis of N-(5-bromopyrimidin-2-yl)octanamide (Br-PM-heptyl) 

A solution of 2-amino-5-bromopyrimidine (1.00 g, 6.00 mmol) in octanoic anhydride (3.57 mL, 

12.00 mmol) was stirred for 1.5 hrs at 150 ℃ and then cooled to 0 ℃. The precipitate that formed 

was washed off with hexane to get the pure product. Yield: 87.94%, Mp: 98-100 °C. 1H NMR (400 

MHz, DMSO-d6): δ 10.68 (s, 1H), 8.79 (s, 2H), 2.44 (t, 2H), 1.55 (p, 2H), 1.26 (m, 8H), 0.85 (t, 

3H).13C NMR (400 MHz, DMSO-d6): δ 171.83, 159.04, 156.67, 113.26, 36.83, 31.63, 29.02, 

28.93, 25.10, 22.53, 14.41.  

Crystals suitable for single-crystal X-ray diffraction were obtained for all 21 compounds through 

slow evaporation, Table 5.1. The PM-methyl crystal structure has been previously reported.18 

Table 5.1.  Solvents used for crystal growth and crystal descriptions 

Compound Code Solvent Color, Morphology 

N-(pyrimidin-2-yl)acetamide PM-methyl Ethyl acetate Colorless, plate 

N-(pyrimidin-2-yl)propionamide PM-ethyl Ethyl acetate Colorless, irregular 

N-( pyrimidin -2-yl)butyramide PM-propyl Ethyl acetate White, needle 

N-( pyrimidin -2-yl)pentanamide PM-butyl Ethyl acetate Colorless, irregular 

N-( pyrimidin -2-yl)hexanamide PM-pentyl Ethyl acetate Colorless, irregular 

N-( pyrimidin -2-yl)heptanamide PM-hexyl Ethyl acetate Colorless, needle 

N-( pyrimidin -2-yl)octanamide PM-heptyl Ethyl acetate Colorless, needle 

N-(5-bromopyrimidin-2-yl)acetamide Br-PM-methyl Acetone + Methanol Orange, plate 

N-(5-bromopyrimidin-2-yl)propionamide Br-PM-ethyl Acetone + Methanol Orange, prism 

N-( 5-bromopyrimidin -2-yl)butyramide Br-PM-propyl Acetone Colorless, needle 

N-( 5-bromopyrimidin -2-yl)pentanamide Br-PM-butyl Acetonitrile Colorless, block 

N-( 5-bromopyrimidin -2-yl)hexanamide - form 1 Br-PM-pentyl-Form 1 Acetonitrile Colorless, plate 

N-(5-bromopyrimidin -2-yl)hexanamide - form 2 Br-PM-pentyl-Form 2 Acetonitrile Colorless, plate 

N-( 5-bromopyrimidin -2-yl)heptanamide Br-PM-hexyl Ethyl acetate Colorless, needle 

N-( 5-bromopyrimidin -2-yl)octanamide Br-PM-heptyl Ethyl acetate Colorless, needle 
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N-(5-chloropyrimidin-2-yl)acetamide Br-PM-methyl 
Ethyl acetate + Acetonitrile + 

Methanol 
Colorless, irregular 

N-(5-chloropyrimidin-2-yl)propionamide Br-PM-ethyl Methanol Colorless, irregular 

N-( 5-chloropyrimidin -2-yl)butyramide Br-PM-propyl Chloroform Colorless, plate 

N-( 5-chloropyrimidin -2-yl)pentanamide  Br-PM-butyl Ethyl acetate Colorless, block 

N-( 5-chloropyrimidin -2-yl)hexanamide Br-PM-pentyl Acetonitrile Colorless, needle 

N-( 5-chloropyrimidin -2-yl)heptanamide Br-PM-hexyl Ethyl acetate Colorless, plate 

N-( 5-chloropyrimidin -2-yl)octanamide Br-PM-heptyl Ethyl acetate Colorless, needle 

 

 5.2.5 Molecular electrostatic potential calculations (MEP)  

MEP surfaces were generated for all molecules explored in this study using Spartan’14 Version 

1.1.4. The molecular skeleton was first loaded from a ChemDraw file, which was then geometry-

optimized using DFT with the B3LYP functional and the 6-311++G** triple-zeta basis set in 

vacuum. On this optimized structure, the maxima and minima on the MEP surface (0.002 e/au 

isosurface) were determined using a positive point charge in the vacuum as a probe.   

 5.3 Results 

 5.3.1 MEP values of the target materials 

The calculated MEP values are shown in Figure 5.4. 

 5.3.1.1 MEP values of the PM Series   
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 5.3.1.2 MEP values of the Cl-PM series 

 

 

 

 

 

 

 5.3.1.3 MEP values of the Br-PM series 

 

 

 

 

 

 

 

 

 

 5.3.2 SCXRD analysis of the target materials 

In each of the seven crystal structures from the PM series, the primary intermolecular interactions 

are four hydrogen bonds, C-H(py)···O=C / N(py)···H-N / N−H···N(py) / C=O···H-C(py), which 

produce tightly interlocked dimers, Figure 5.5.  

In six of seven structures, there is an additional C-H(py)···O=C hydrogen bond, which serves to 

connect adjacent dimers (it is not present in the structure of PM-propyl).  The only other 

Figure 5.4.  MEP values (kJ/mol) at the likely donor-acceptor sites in the 21 target compounds. 
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noteworthy hydrogen bonds (N(py)···H-C/ C-H···N(py)) appeared in the crystal structure of PM-

methyl, which, interestingly, is the least sterically hindered molecule in this series.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The dominant hydrogen bonds in the seven crystal structures of the Cl-PM series are shown in 

Figure 5.6. The addition of a halogen atom to the five-position has affected the supramolecular 

assembly compared to what was found in the PM-series. Five of the seven structures did display 

dimers created by four complementary hydrogen bonds, C-H(py)···O=C/ N(py)···H-N / N-

(a) PM-methyl (b) PM-ethyl 

(c) PM-propyl 
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Figure 5.5.  The intermolecular interactions in three different types of single crystal structures 

appeared in the PM series. 
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H···N(py) / C=O···H-C(py) similar to what was found in the corresponding members of the PM 

series. However, Cl-PM-butyl and Cl-PM-heptyl were completely different and instead 

presented (N(py)···H-C /N-H···N(py)/C=O···H-N) and C=O···H-N interactions, respectively. 

Two of the members in this series, Cl-PM-methyl and Cl-PM-propyl, also contained halogen 

bonds. All but one structure, Cl-PM-ethyl, comprised a C-H (py)···O=C hydrogen bond. Finally, 

similar to what was noted in the PM-methyl structure, (N(py)···H-C/ C-H···N(py)) were present 

in the Cl-PM-methyl structure which has the least steric hindrance in this series. 
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The Br-PM series was largely similar to the PM series, as all crystal structures contained the same 

dimers created by four intermolecular hydrogen bonds (C-H(py)···O=C/N(py)···H-N /N-

H···N(py)/C=O···H-C(py)), Figure 5.7, similarly to what was found in the PM series. All but one 

structure, Br-PM-ethyl, also comprised a C-H (py)···O=C hydrogen bond as similar to Cl-PM-

ethyl. Furthermore, two polymorphs of Br-PM-pentyl were obtained (Appendix E). Both were 

crystallized from acetonitrile and appeared as colorless plates in P-1 and P21/c space groups, 

respectively. Similar to the PM-methyl and the Cl-PM-methyl structures, an additional hydrogen 

bond, (N(py)···H-C/ C-H···N(py)), was present in Br-PM-methyl, again, the least sterically 

hindered member in the series. 

The hydrogen and halogen bond angles and distances in the 22 crystal structures are given in Table 

5.2. 
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Figure 5.6.  The intermolecular interactions in five different types of single crystal structures 

appeared in the Cl-PM series. 
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In the crystal structures, hydrogen bond angles among the inter-dimers ranged from 126° to 166°, 

Table 5.2. In the chloro series, the halogen bond angles among inter-dimers ranged from 170° to 

175°, and in the bromo series, from 168° to 177°, indicating that when halogen bonds are present, 

they tend to be more linear than hydrogen bonds.   

Table 5.2.  Inter-dimer hydrogen or halogen bond angles and distances 

Alkyl 

chain  

PM series 

(Hydrogen bond) 

Cl-PM series 

(Halogen bond) 

Br-PM series 

(Halogen bond) 

C-X···O/° X···O/Å  C-X···O/° X···O/Å  C-X···O/° X···O/Å  
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Figure 5.7.  The intermolecular interactions in four different types of single crystal structures 

appeared in the Br-PM series. 
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 5.4 Discussion 

We initially hypothesized that these pyrimidine derivatives would potentially engage in four 

different types of synthons through N-H···O=C or N-H···N (py) hydrogen bonds, resulting in N-

H···N/ N···N-H, N-H···O=C/C=O···H-N homo synthons, or N···N-H/N-H···O=C, N-H···O=C 

hetero synthons. However, in all three series, only the N-H···N/N···N-H homo synthon was 

observed. In the final crystal structures, none of the compounds showed evidence of 𝐶1
1(4) chain 

formation. In contrast, additional hydrogen bonds involving aromatic protons were present, 

resulting in highly self-complementary dimers assembled via two different hydrogen bonds, Figure 

5.8. The aromatic protons of these molecules do carry a relatively large positive charge due to the 

two heterocyclic nitrogen atoms, allowing them to act as reasonably effective hydrogen-bond 

donors. This could also explain how the system arranges itself in the presence of an unequal 

number of acceptors and donor sites. In these molecules, which contain one conventional donor 

and three acceptors, the aromatic protons can level that imbalance by providing effective 

hydrogen-bond donor sites. 

In none of the three series did we observe any notable structural influences from variations in alkyl 

chain lengths. The increased steric bulk and molecular ‘greasiness’ did not alter the primary 

molecular recognition events that brought adjacent molecules together into tightly bound dimeric 

Methyl 126.02 3.348(2) 170.51 3.14998(4) 175.44 3.034(2) 

Ethyl 165.91 3.226(4) N/A N/A N/A N/A 

Propyl 140.26 3.184(16) 175.09 2.9322(9) 176.23 2.9105(13) 

Butyl 155.68 3.4148(18) N/A N/A 172.06 2.8900(13) 

Pentyl 156.77 3.2740(17) N/A N/A 176.32/172.11 2.9356(15)/2.9080(16) 

Hexyl 154.71 3.294(2) N/A N/A 170.25 3.0090(14) 

Heptyl 164.73 3.2784(17) N/A N/A 168.71 2.919(2) 
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units. Furthermore, the specific nature of the alkyl chain (odd or even number of carbons) also 

does not produce any notable changes in the crystal structures in this series (Figure 5.9).  

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Generally, an increase in molecular weight tends to enhance thermal stability due to increased van 

der Waals forces. However, as the alkyl chain length increases, the polarity of the molecule also 

decreases, making the material more hydrophobic (greasy), which can also reduce thermal 

stability. In our case, although molecular weight increases with the alkyl chain length, the 

1 

 
2 

 

3 

 

Figure 5.8.  The primary intermolecular interactions in all the crystal structures. 

Figure 5.9.  Thermal stability variation of three series. 
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reduction in polarity seems to be the dominant factor, leading to a decrease in thermal stability. 

However, while chain length clearly affects thermal behavior, the odd or even nature of the alkyl 

chain shows no noticeable impact on thermal stability.  

Compared to the PM series, the introduction of halogen atoms altered the MEP of the donor and 

the acceptor sites in the Br-PM series and Cl-PM series. The presence of electron-withdrawing 

groups decreases the electron density from donor sites, making them stronger donors. In contrast, 

the electron withdrawal from acceptor sites leads to decreased electron density, making them 

weaker acceptors. However, these changes in MEP did not significantly impact the supramolecular 

assembly, as the same primary interaction was retained in all crystal structures. However, our final 

observations suggest that hydrogen bonds can be replaced by halogen bonds without disrupting 

the overall self-assembly as long as the halogen bond donor is sufficiently strong. 

To summarize, we synthesized three series of 2-aminopyrimidine derivatives: PM, Cl-PM, and Br-

PM. Crystal structure determinations showed that in the PM series, adjacent dimers were further 

interconnected through a C-H···O hydrogen bond, and in the other two series, every inter-dimer 

link was provided by a near-linear halogen bond. In the PM series, all seven structures exhibited 

hydrogen bonding. In contrast, the chlorine series displayed only two halogen bonds, while in Br-

PM, a Br···O halogen bond was present in seven of eight structures (including the polymorphs). 

This reflects the greater polarizability of the bromine atom, which enhances its ability to participate 

in structure-directing halogen bonds.   

In crystal structures, among the inter-dimers, hydrogen bond angles ranged from 126° to 166°, 

while halogen bond angles varied from 170° to 175° in the chlorine series and 168° to 177° in the 

bromine series. These findings highlight that halogen bonds are more directional than hydrogen 

bonds. In hydrogen bonds, the charge is distributed across the entire hydrogen atom on the donor 
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site. In contrast, halogen bonds exhibit more directionality due to the specific alignment of the 

sigma hole along the p-orbital colinear with the covalent Cl/Br-C bond. 

 5.5 Conclusions 

 

 

 

 

 

 

 

 

 

 

This study was motivated by an ongoing need for systematic structural investigations of amide-

substituted 2-aminopyrimidines to explore the influence and balance between hydrogen and 

halogen bonds in these crystal structures and as well as to understand how increasing molecular 

complexity affects these interactions, and to develop a reproducible method for supramolecular 

reactions. We investigated 21 amide derivatives of 2-aminopyrimidine, categorized into three 

different series (PM, Cl-PM, and Br-PM series) to explore the effect of alkyl chain length, nature, 

and halogen substitution on supramolecular assembly. Our findings revealed that steric effects, 

including the alkyl chain length and whether the chain contained an odd or even number of 

carbons, did not influence the final crystal structures (Figure 5.10).  

Figure 5.10.  Key findings of the study. 
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We observed that the same primary bonding motifs remain mostly consistent across each series. 

Additionally, aromatic protons were found to act as hydrogen bond donors, helping to balance 

those systems with an unequal number of acceptors and donor sites. Moreover, we showed that 

hydrogen bonds can be replaced by halogen bonds without disrupting the overall crystal assembly 

if the halogen bond donor is sufficiently strong. This was mainly observed in the bromine series, 

where seven out of eight structures formed halogen bonds, compared to only two out of seven in 

the chlorine series. 

Furthermore, it was noted that halogen bonds are more directional than hydrogen bonds. This was 

reflected in the crystal structures: hydrogen bond angles ranged from 126° to 166° in the PM series; 

chlorine halogen bonds ranged from 170° to 175°; and bromine halogen bonds ranged from 168° 

to 177°. Overall, these findings provide valuable insights into the role of halogen bonds in 

supramolecular assembly, demonstrating their potential as reliable alternatives to hydrogen 

bonding in crystal engineering.  

Understanding the interplay between hydrogen and halogen bonds in molecules with moderate 

structural complexity expands the possibilities of designing new molecular structures with tailored 

noncovalent interactions. However, this study also raises an important question: how does 

increasing structural complexity influence supramolecular cocrystal assembly?  

 5.6 References 

1. Sokolov, A. N.; MacGillivray, L. R. Supramolecular Ladders: Self-Assembly Fintium to 

Adfintium. Crystal Growth & Design 2006, 6 (11), 2615–2624. 

2. Ji, X.; Wang, J.; Wang, T.; Wang, N.; Li, X.; Huang, Y.; Huang, X.; Hao, H. Supramolecular 

Self-Assembly Process during Gelation and Crystallization of Cefradine. Industrial & 

Engineering Chemistry Research 2022, 62 (1), 405–415. 

3. Dergham, M.; Lin, S.; Geng, J. Supramolecular Self‐Assembly in Living Cells. Angewandte 

Chemie 2022, 61 (18). 



113 

4. Campos, M. T.; Pires, L. S.; Magalhães, F. D.; Oliveira, M. J.; Pinto, A. M. Self-Assembled 

Inorganic Nanomaterials for Biomedical Applications. Nanoscale 2025, 17, 5526–5570. 

5. Nilabja Maity; Sharma, M. K.; Ghosh, S.; Huss-Hansen, M. K.; Roy, A.; Narayanan, R.; Matti 

Knaapila; Matsuda, W.; Seki, S.; Patil, S. Supramolecular Self-Assembly of 

Diketopyrrolopyrrole with Unprecedented Photoconductivity. ACS Applied Electronic 

Materials 2023, 5 (9), 5093–5102. 

6. Wang, H.; Bisoyi, H. K.; Urbas, A. M.; Bunning, T. J.; Li, Q. The Halogen Bond: An Emerging 

Supramolecular Tool in the Design of Functional Mesomorphic Materials. Chemistry - A 

European Journal 2018, 25 (6), 1369–1378. 

7. Varadwaj, P. R.; Marques, H. M.; Varadwaj, A.; Yamashita, K. π-Hole Halogen Bonds Are 

Sister Interactions to σ-Hole Halogen Bonds. Crystal Growth & Design 2024, 24 (19), 7789–

7807. 

8. Meazza, L.; Foster, J. A.; Fucke, K.; Pierangelo Metrangolo; Resnati, G.; Steed, J. W. Halogen-

Bonding-Triggered Supramolecular Gel Formation. Nature Chemistry 2012, 5 (1), 42–47. 

9. Scilabra, P.; Terraneo, G.; Resnati, G. The Chalcogen Bond in Crystalline Solids: A World 

Parallel to Halogen Bond. Accounts of Chemical Research 2019, 52 (5), 1313–1324. 

10. Aakeröy, C. B.; Fasulo, M.; Schultheiss, N.; Desper, J.; Moore, C. Structural Competition 

between Hydrogen Bonds and Halogen Bonds. Journal of the American Chemical Society 

2007, 129 (45), 

11. Vogel, L.; Wonner, P.; Huber, S. M. Chalcogen Bonding: An Overview. Angewandte Chemie 

International Edition 2018, 58 (7), 1880–1891. 

12. Haberhauer, G.; Gleiter, R. The Nature of Strong Chalcogen Bonds Involving Chalcogen‐

Containing Heterocycles. Angewandte Chemie International Edition 2020, 59 (47), 21236–

21243. 

13. Scheiner, S. Various Sorts of Chalcogen Bonds Formed by an Aromatic System. The Journal 

of Physical Chemistry A 2022, 126 (25), 4025–4035. 

14. Mahmudov, K. T.; Kopylovich, M. N.; Silva, M. F. C. G. da; Pombeiro, A. J. L. Chalcogen 

Bonding in Synthesis, Catalysis and Design of Materials. Dalton Transactions 2017, 46 (31), 

10121–10138. 

15. Jia, S.; Ye, H.; You, L. Interplay between Chalcogen Bonds and Dynamic Covalent Bonds. 

Organic Chemistry Frontiers 2022, 9 (15), 3966–3975. 

16. F. Dean Toste; Sigman, M. S.; Miller, S. J. Pursuit of Noncovalent Interactions for Strategic 

Site-Selective Catalysis. Accounts of Chemical Research 2017, 50 (3), 609–615. 



114 

17. Heleen Duijs; Kumar, M.; Dhiman, S.; Su, L. Harnessing Competitive Interactions to Regulate 

Supramolecular “Micelle-Droplet-Fiber” Transition and Reversibility in Water. Journal of the 

American Chemical Society 2024, 146 (43). 

18. Borys Ośmiałowski; Kolehmainen, E.; Satu Ikonen; Arto Valkonen; Kwiatkowski, A.; Grela, 

I.; Esa Haapaniemi. 2-Acylamino- and 2,4-Bis(Acylamino)Pyrimidines as Supramolecular 

Synthons Analyzed by Multiple Noncovalent Interactions. DFT, X-Ray Diffraction, and NMR 

Spectral Studies. The Journal of Organic Chemistry 2012, 77 (21), 9609–9619. 

19. Aragoni, M. C.; Cherchi, M. F.; Lippolis, V.; Pintus, A.; Podda, E.; Slawin, A. M. Z.; Woollins, 

J. D.; Arca, M. Self-Assembly of Supramolecular Architectures Driven by σ-Hole Interactions: 

A Halogen-Bonded 2D Network Based on a Diiminedibromido Gold(III) Complex and 

Tribromide Building Blocks. Molecules 2022, 27 (19), 6289. 

20. Bellavita, R.; Braccia, S.; Falanga, A.; Galdiero, S. An Overview of Supramolecular Platforms 

Boosting Drug Delivery. Bioinorganic Chemistry and Applications 2023, 2023 (1), 1–15.  

21. Wu, S.-T.; Long, L.-S.; Huang, R.-B.; Zheng, L.-S. PH-Dependent Assembly of 

Supramolecular Architectures from 0D to 2D Networks. Crystal Growth & Design 2007, 7 (9), 

1746–1752.  

22. Caroprese, V.; Tekin, C.; Cencen, V.; Majid Mosayebi; Navid Asmari; Liverpool, T. B.; 

Woolfson, D. N.; Fantner, G. E.; Maartje M. C. Bastings. Interface Flexibility Controls the 

Nucleation and Growth of Supramolecular Networks. Nature Chemistry 2025, 17 (3), 325–

333.  

23. Cameron, J. M.; Geoffroy Guillemot; Galambos, T.; Amin, S.; Hampson, E.; Kevin Mall 

Haidaraly; Newton, G. N.; Guillaume Izzet. Supramolecular Assemblies of Organo-

Functionalised Hybrid Polyoxometalates: From Functional Building Blocks to Hierarchical 

Nanomaterials. Chemical Society Reviews 2022, 51 (1), 293–328.  

24. Eiji Yashima; Naoki Ousaka; Taura, D.; Shimomura, K.; Tomoyuki Ikai; Maeda, K. 

Supramolecular Helical Systems: Helical Assemblies of Small Molecules, Foldamers, and 

Polymers with Chiral Amplification and Their Functions. Chemical Reviews 2016, 116 (22), 

13752–13990.  

25. Politzer, P.; Murray, J. S. Quantitative Analyses of Molecular Surface Electrostatic Potentials 

in Relation to Hydrogen Bonding and Co-Crystallization. Crystal Growth & Design 2015, 15 

(8), 3767–3774.  

26. Spackman, M. A.; McKinnon, J. J.; Jayatilaka, D. Electrostatic Potentials Mapped on Hirshfeld 

Surfaces Provide Direct Insight into Intermolecular Interactions in Crystals. CrystEngComm 

2008, 10 (4).  

27. Sandhu, B.; McLean, A.; Sinha, A. S.; Desper, J.; Sarjeant, A. A.; Vyas, S.; Reutzel-Edens, S. 

M.; Aakeröy, C. B. Evaluating Competing Intermolecular Interactions through Molecular 

Electrostatic Potentials and Hydrogen-Bond Propensities. Crystal Growth & Design 2017, 18 

(1), 466–478.  



115 

28. de la Torre, B.; Albericio, F. The Pharmaceutical Industry in 2017. An Analysis of FDA Drug 

Approvals from the Perspective of Molecules. Molecules 2018, 23 (3), 533.  

29. Baskar Nammalwar; Bunce, R. A. Recent Advances in Pyrimidine-Based Drugs. 

Pharmaceuticals 2024, 17 (1), 104–104.  

30. Yet, L. 2-Aminopyrimidines. Privileged Structures in Drug Discovery 2018, 237–283.  

31. Koroleva, E. V.; Gusak, K. N.; Ignatovich, Z. V. Synthesis and Applications of 2-

Aminopyrimidine Derivatives as Key Intermediates in Chemical Synthesis of Biomolecules. 

Russian Chemical Reviews 2010, 79 (8), 655–681.  

32. Siddique, A.; Shaheen, S.; Iftikhar, A.; Faisal, A.; Rehman, H. M.; Shah, M.; Tahir, A.; Rashid, 

U. Bicyclic 2-Aminopyrimidine Derivatives as Potent VEGFR-2 Inhibitors and Apoptosis 

Inducers: Structure-Guided Design, Synthesis, Anticancer Assessment, and In-Silico 

Exploration. European Journal of Medicinal Chemistry 2025, 293, 117726.  

33. Deng, W.; Chen, X.; Jiang, K.; Song, X.; Huang, M.; Tu, Z.-C.; Zhang, Z.; Lin, X.; Ortega, R.; 

Patterson, A. V.; Smaill, J. B.; Ding, K.; Chen, S.; Chen, Y.; Lu, X. Investigation of Covalent 

Warheads in the Design of 2-Aminopyrimidine-Based FGFR4 Inhibitors. ACS Medicinal 

Chemistry Letters 2021, 12 (4), 647–652.  

34. Xu, S.; Zhu, Y.; Meng, J.; Li, C.; Zhu, Z.; Wang, C.; Gu, Y.-C.; Han, L.; Wen, J.; Tong, M.; 

Shi, X.; Hou, Y.; Liu, Y.; Zhao, Y. 2-Aminopyrimidine Derivatives as Selective Dual 

Inhibitors of JAK2 and FLT3 for the Treatment of Acute Myeloid Leukemia. Bioorganic 

Chemistry 2023, 134, 106442.  

35. Gerninghaus, J.; Rezart Zhubi; Kraemer, A.; Karim, M.; Tran; Joerger, A. C.; Schreiber, C.; 

Berger, L. M.; Benedict Tilman Berger; Theresa A.L. Ehret; Elson, L.; Lenz, C.; Saxena, K.; 

Mueller, S.; Shirit Einav; Knapp, S.; Hanke, T. Back-Pocket Optimization of 2-

Aminopyrimidine-Based Macrocycles Leads to Potent Dual EPHA2/GAK Kinase Inhibitors 

with Antiviral Activity. bioRxiv 2024, 67 (15).  

36. Mo, C.; Zhang, Z.; Guise, C. P.; Li, X.; Luo, J.; Tu, Z.; Xu, Y.; Patterson, A. V.; Smaill, J. B.; 

Ren, X.; Lu, X.; Ding, K. 2-Aminopyrimidine Derivatives as New Selective Fibroblast Growth 

Factor Receptor 4 (FGFR4) Inhibitors. ACS Medicinal Chemistry Letters 2017, 8 (5), 543–

548.  

37. Kadirova, Sh. A.; Nuralieva, G. A.; Alieva, M. A.; Talipov, S. A.; Tilyakov, Z. G.; Parpiev, N. 

A. Synthesis and Crystal Structure of 2-Aminoacetyl-1,3,4-Thiadiazole. Russian Journal of 

General Chemistry 2005, 75 (12), 1962–1964. 

 

  



116 

Chapter 6 - Can the stoichiometry of cocrystals be controlled? 

 6.1 Introduction 

The studies described in the previous chapters examined hydrogen-bonding preferences in nitrogen 

heterocyclic molecules and explored how these interactions influence the formation of cocrystals. 

These investigations highlighted the role of molecular recognition in directing supramolecular 

assembly in the solid state. Unlike covalent synthesis, where undesired products are often 

considered impurities or byproducts, supramolecular synthesis through cocrystallization offers 

unique opportunities. Different solid forms that arise from the same molecular components, such 

as cocrystals with different stoichiometries, can deliver distinct and meaningful products with 

unique structural and physicochemical properties. This aspect of supramolecular chemistry raises 

an important question: can the stoichiometry of cocrystals be controlled during their formation?  

In the early days, cocrystal research primarily focused on selecting suitable coformers and 

supramolecular synthons to improve the reliability of synthesis. 1-7 However, subsequent studies 8-

13 revealed that stoichiometry can also be a critical design parameter for improving properties, as 

many compounds can form cocrystals with different stoichiometric ratios of targets-coformers. 

Stoichiometric variation plays a significant role in determining crystal packing, hydrogen-bonding 

networks, and thermodynamic stability. For example, Rodríguez-Hornedo and coworkers 

demonstrated that cocrystal formation and the stability of the cocrystal depend strongly on how 

much coformer is dissolved in the solvent. 14 They tested this with Carbamazepine (CBZ) and 4-

aminobenzoic acid (4ABA) and discovered that at low 4ABA, the pure dug CBZ is most stable 

and it does not form any cocrystals, in intermediate levels of 4ABA, the cocrystal with 2:1 

(CBZ:4ABA) is stable, and at higher 4ABA levels, the 1:1 cocrystal is the most stable. 

Additionally, this study also revealed that the solvent choice and composition are critical to 
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cocrystal design in solution-based cocrystallization. These findings highlight that cocrystal 

stoichiometry may be systematically controlled. Several experimental strategies have been 

developed to achieve intentional stoichiometric control. Leyssens and coworkers demonstrated 

that caffeine and maleic acid form either 1:1 or 2:1 cocrystals depending on their solubility in 

different solvents.15 

The importance of stoichiometric control has also been explored in pharmaceutical cocrystals to 

determine whether changes in stoichiometric ratios affect material performance. Li and Matzger 

reported a dissolution study of three stoichiometrically different CBZ-4-ABA cocrystals (1:1, 2:1, 

and 4:1), each with distinct dissolution behavior. CBZ is a BCS class II anti-epileptic drug 

exhibiting low aqueous solubility and high permeability, and 4-ABA is a coformer with higher 

aqueous solubility than CBZ. This study revealed that stoichiometric control does not directly 

affect drug dissolution, but a weaker metastable cocrystal improves solubility because it shows a 

less dense crystal packing. 8 

In addition to solvent-based methods, mechanochemical methods have proven powerful for 

stoichiometric control of cocrystals. 16 Jones and coworkers showed that grinding experiments 

with the same molecular components in different stoichiometries yield distinct cocrystal forms, 

and these forms can be interconverted by further mechanical treatment. 17 

Moving beyond batch synthesis, stoichiometric control has also been tested on larger-scale 

preparation. Kulkarni reported solvent-free continuous cocrystallization of caffeine and maleic 

acid, where precise control of composition enabled the selective production of either 1:1 or 2:1 

cocrystals. 18 Cocrystals with only 1:1 stoichiometry were obtained at 100 °C, and cocrystals with 

1:2 stoichiometry were obtained at a higher temperature (110 ℃). A mixture of 1:1 and 2:1 

cocrystals was obtained at lower temperatures. This study shows that by selecting appropriate 



118 

target coformer ratios and temperature, the stoichiometry of the cocrystal can be controlled.  These 

studies demonstrate that stoichiometric control in cocrystal synthesis is achievable, reproducible, 

and important, in both solvent-based and mechanochemical methods. Also, this should be regarded 

as a fundamental design parameter in crystal engineering and needs to be further studied. 

In our study, we selected a target molecule (Figure 6.1) with multiple donor and acceptor sites that 

can undergo supramolecular reactions with suitable coformers (Figure 6.2). We wanted to establish 

whether we can deliberately control the stoichiometry of cocrystals through mechanochemical 

grinding and, if so, whether we can crystallize them in a suitable solvent while maintaining the 

same stoichiometry via slow evaporation. Additionally, we explored whether stoichiometric 

control can be related to the pKa of the coformer and how the pKa of our selected coformers relates 

to the MEPs of the donor and acceptor sites of the carboxylic group of coformers.  Therefore, we 

selected coformers with varying acidities (the pKa values of the selected acids are listed in Table 

6.1). 19  

 

 

 

 

 

 

 

 

 

- Donor 

- Acceptor 

Figure 6.1.  Chemical structure of the selected target, 5-(pyridin-3-yl) pyrimidin-2-amine. 
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Table 6.1.  pKa values of selected coformers 

 

 

 

 

 

 

 6.2 Experimental section 

 6.2.1 General 

All precursors and solvents were purchased from commercial sources and used without further 

purification. 1H NMR and 13C NMR spectra were recorded on Bruker 400 MHz spectrometers. 

Coformer Code pKa 

3,5-dinitrobenzoic acid 3,5-dNBA 2.83 

3,4-dichlorobenzoic acid 3,4-dClBA 3.64 

4-iodobenzoic acid 4-IBA 3.99 

Benzoic acid BA 4.19 

3-methyl benzoic acid 3-MBA 4.27 

3-dimethylamino benzoic acid 3-dMABA 4.76 

4-dimethylamino BA 4-dMABA 5.20 

3,5-dNBA 

3,4-dClBA BA 

4-IBA 

4-MBA 

3-dMABA 4-dMABA 

Weaker acid 

Figure 6.2.  Chemical structures of selected coformers. 
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Melting points were recorded on a TA Instruments DSC Q20 differential scanning calorimeter. IR 

spectra were recorded using a Nicolet 380 FTIR spectrometer with attenuated total reflection 

(ATR) and a ZnSe crystal. Electrostatic potentials were calculated with the density functional 

B3LYP level of theory using the 6-311++G** basis set in vacuum, using Spartan’14 software.  

 6.2.2 Synthesis of the 5-(pyridin-3-yl) pyrimidin-2-amine (PM) 

2-Amino-5-bromopyrimidine (3.83 g, 26.04 mmol), 3-pyridylboronic acid (3.20 g, 26.0 mmol), 

and sodium carbonate (2.80 g, 26.4 mmol) were added to a round-bottom flask (RB). Acetonitrile 

(75 mL) and water (75 mL) were added to the RB, and N2 was bubbled through the mixture for 10 

minutes. Bis(triphenylphosphine)palladium (Ⅱ) dichloride (0.72g, 1.04 mmol) was added, and N2 

was bubbled for another five minutes. The apparatus was fitted with a condenser, and the mixture 

was heated under reflux at 80 °C under a N2 atmosphere overnight. The product was purified 

through column chromatography. Yield 74.3 %, M.P: 191-193 °C. 1H NMR (400 MHz, DMSO-

d6) δ 8.86 (s, 1H), 8.64 (s,2H), 8.52 (dd, J=4.9, 1.6 Hz, 1H), 8.04 (d, J=8.1 Hz, 1H), 7.45 (dd, 

J=8.0, 1H), 6.89 (s, 2H). 13C NMR (101 MHz, DMSO-d6) δ 163.53, 156.67, 148.38, 146.66, 

133.30, 131.51, 124.48, 119.68. The pure product was crystallized in ethyl acetate to obtain 

suitable crystals for SCXRD. Details of the crystallographic experiment are given in Appendix F. 

 6.2.3 Cocrystal screening by liquid-assisted grinding (LAG) 

Liquid-assisted grinding was performed at 1:1 or 1:2 stoichiometric ratios of the target and 

coformers, with a few drops of methanol added. The IR spectra of the ground mixture and starting 

materials were compared to confirm the cocrystal formation, and the melting points were recorded. 

The ground mixtures identified as cocrystals were then allowed to slowly evaporate in suitable 

solvents for a few weeks to obtain crystals suitable for SCXRD.  
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 6.3 Results 

 6.3.1 MEP values of the target molecule and coformers 

The calculated molecular electrostatic potentials (MEPs) of the target molecule and acceptor/donor 

sites of the carboxylic group of coformers are shown in Figure 6.3 and Table 6.2. 

 

 

 

 

 

 

Table 6.2.  MEPs of the acceptor and donor sites of the carboxylic group of coformers 

 

 

 

 

 

 

 

 6.3.1.1 Correlations of coformer donor and acceptor MEPs with pKa values 

The relationships between the donor and acceptor MEPs and the pKa values of the coformers 

were plotted, and both show linear relationships (Figures 6.4 and 6.5).  

 

Coformer 
Acceptor 

MEP/kJ/mol 
Donor 

MEP/kJ/mol 

3,5-dNBA -108 +330 

3,4-dClBA -142 +284 

4-IBA -151 +275 

BA -163 +259 

3-MBA -168 +258 

3-dMABA -179 +247 

4-dMABA -193 +224 

Figure 6.3.  MEP values of the target/PM molecule. (kJ/mol). 
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 6.3.2 FTIR evidence for cocrystal formation 

The ground samples were first analyzed by FTIR to determine whether cocrystals had formed. The 

appearance of new peaks, the disappearance of pre-existing starting material peaks, or peak shifts 

Figure 6.4.  The relationship between the donor MEPs and the pKa values of the coformers. 

Figure 6.5.  The relationship between the acceptor MEPs and the pKa values of the coformers. 
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were considered as positive indicators of successful cocrystallization. Figure 6.6 shows the FTIR 

analysis of the target, PM with 3-MBA (1:1), provided to illustrate one of the analyses.  

 

 

 

 

 

 

 

 

 

 

 

If the FTIR spectrum of the 1:2 ground mixture exhibited new peaks, disappearance of pre-existing 

peaks, or peak shifts compared to the starting materials, and was also different from the spectrum 

of the 1:1 sample, it was considered evidence of a 1:2 cocrystal formation. All ground samples 

were analyzed in the same manner, and the resulting data are presented in Table 6.3.  

All ground samples produced spectra different from those of their starting materials, and based on 

these spectra, all samples indicated positive cocrystallization (Table 6.4), although it was 

sometimes difficult to differentiate between 1:1 and 1:2 solid forms.  

 

 

Figure 6.6.  FTIR analysis of PM-3-MBA (1:1) ground sample with its starting materials. 

PM-3-MBA 

PM 

3-MBA 
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Table 6.3.  IR frequencies of ground samples 

 

Table 6.4.  Summary of positive cocrystals based on IR analysis 

 

 

 

 

 

 

 

 

 6.3.3 DSC analysis of cocrystals 

Products were then analyzed by DSC to further confirm the formation of 1:1 and 1:2 solid forms 

in the 1:1 and 1:2 ground mixtures. Figure 6.7 shows the DSC analysis of PM and 3-MBA to 

illustrate how we use DSC to differentiate the formation of different solid forms in 1:1 and 1:2 

stoichiometries.  

 

Target N-H bending 

vibration = 1658 cm-1 Coformer C=O 

stretching/cm-1 
1:1 sample/cm-1 1:2 sample/cm-1 

Coformer 

3,5-dNBA 1698 1657 1658, 1682, 1698 

3,4-dClBA 1673 1688,1666 1678,1653 

4-IBA 1675 1692, 1667 1667 

BA 1681/1670 1689, 1681, 1668,1656 1680,1663 

3-MBA 1677 1659 1680 

3-dMABA 1670 1676,1657 1685,1674,1662 

4-dMABA 1667, 1600 1594, 1658 1659, 1593 

Coformer 
Cocrystal summary 

1:1 1:2 

3,5-dNBA √ √ 

3,4-dClBA √ √ 

4-IBA √ √ 

BA √ √ 

3-MBA √ √ 

3-dMABA √ √ 

4-dMABA √ √ 
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The target material's melting point is 191-193 ℃, and the coformers’ melting point is 112-114 ℃. 

The 1:1 stoichiometric grinding mixture produced a product with a melting point of 118-120 °C, 

whereas the 1:2 stoichiometric grinding mixture yielded a product with a lower melting point of 

107-109 °C, indicating the formation of two distinct solid forms in both ground samples. In the 

1:2 sample, some unreacted acid is also present. In the same way, we analyzed all ground mixtures, 

and the melting points are given in Table 6.5. 

 

 

PM/Targe 3-MBA 

1:2 stoichiometry 

191-193 ℃ 

112-114 ℃ 

118-120 ℃ 107-109 ℃ 

1:1 stoichiometry 

112-114 ℃ 

Figure 6.7.  DSC analysis of PM-3-MBA (1:1 and 1:2) ground samples with their starting 

materials. 
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Table 6.5.  Melting points of ground mixtures 

Target M.P. = 191-193 ℃ 
Melting point/℃ 1:1 ratio 1:2 ratio 

Coformer 

3,5-dNBA 205-207 199-201 172-174 

3,4-dClBA 204-206 163-164/178-181 178-181 

4-IBA 270 -273 171-173/181-183 181-183 

BA 121-125 122-124 123-125 

3-MBA 112-114 118-120 107-109 

3-dMABA 148-150 123-125 123-125 

4-dMABA 241-243 156-158 154-157 

 

Based on the DSC results, we were able to reach the following summary (Table 6.6).  

Table 6.6.  Summary of positive cocrystals based on DSC analysis 

Coformer 1:1 1:2 

3,5-dNBA √ √ 

3,4-dClBA √ √ 

4-IBA √ √ 

BA √ X 

3-MBA √ √ 

3-dMABA √ X 

4-dMABA √ X 

 

 6.3.4 SCXRD analysis of target material (PM) and its cocrystals 

 6.3.4.1 Target material/PM 

Crystals of the target material were obtained from ethyl acetate, and the asymmetric unit and the 

crystal structure, viewed along the crystallographic a-direction, are given in Figure 6.8. The 

crystals were grown as colorless, plate-shaped monoclinic crystals in the P21 space group. The 

asymmetric unit consisted of two target molecules, in which one interacts with the other via an -
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N-C-N-H- binding moiety, forming N⸱⸱⸱H-N/N-H⸱⸱⸱N dimeric interactions. These interactions 

propagate to form infinite chains through these dimeric interactions. Notably, the pyridine nitrogen 

atom does not participate in any intermolecular interactions and remains available as a potential 

hydrogen-bond acceptor.  

 

 

 

 

 

 

 

 

 6.3.4.2 Cocrystals 

After synthesis and analysis of powdered cocrystals, the cocrystals were crystallized from suitable 

solvents, yielding crystals as shown in Table 6.7. Details of crystallographic experiments are given 

in Appendix F. 

Table 6.7.  Solvents used for crystal growth and crystal descriptions 

Compound Solvent/s Color and morphology 

PM-3,5-dNBA (1:1) Methanol Colorless, plate 

PM-3,4-dClBA (1:1) Methanol Colorless, needle 

PM-4-IBA (1:1) - PⅠ Methanol + Ethyl acetate Colorless, plate 

PM-4-IBA (1:1) - PⅡ Methanol + Ethyl acetate Colorless, irregular 

PM-BA (1:1) Methanol Colorless, plate 

PM-3-MBA (1:1) Methanol Colorless, plate 

PM-3-MBA (1:2) Methanol Colorless, plate 

Figure 6.8.  The asymmetric unit and a fragment of the crystal structure of 5-(pyridin-3-yl) 

pyrimidin-2-amine. 
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 6.3.4.2.1 Crystal structure of PM-3,5-dNBA (1:1) 

 

 

 

 

 

 

Crystallization from both the 1:1 and 1:2 ground mixtures yielded the same 1:1 stoichiometric 

cocrystal, although mechanochemical grinding produced products with both 1:1 and 1:2 

stoichiometries. This preference may arise because the 1:1 cocrystal nucleates more readily in 

solution and continues to grow, suggesting it is the kinetic product. Once nucleation occurs, the 

solution crystallizes in the 1:1 form, even in the presence of excess coformer. In the crystal, PM 

displayed N-H⸱⸱⸱O=C/O-H⸱⸱⸱N dimeric interactions with 3,5-dNBA, and the acceptor site on the 

pyridine ring was not involved in any intermolecular interaction (Figure 6.9). 

 6.3.4.2.2 Crystal structure of PM-3,4-dClBA (1:1) 

Two slow evaporation crystallization experiments were carried out using 1:1 and 1:2 

stoichiometric ratios. From the 1:1 solution sample, a 1:1 stoichiometric cocrystal was successfully 

obtained, whereas the 1:2 sample did not produce crystals suitable for SCXRD. However, 

mechanochemical grinding experiments indicated positive cocrystal formation for both 

stoichiometries. In the crystal structure, PM formed N-H···O=C / O-H···N dimeric interactions 

PM-3-dMABA (1:1) Methanol Light yellow, plate 

PM-3-dMABA (1:2) Methanol Light yellow, irregular 

Figure 6.9.  The asymmetric unit and a fragment of the crystal structure of PM-3,5-dNBA (1:1). 
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with 3,4-dClBA, similar to those observed in the PM-3,5-dNBA cocrystal. The acceptor site on 

the pyridine ring was not involved in any intermolecular interactions (Figure 6.10). 

 

 

 

 

 

 

 

 6.3.4.2.3 Crystal structures of PM-4-IBA (1:1) 

 

 

 

 

 

 

 

 

Crystal growth with 4-IBA by slow evaporation yielded two polymorphs with 1:1 stoichiometry 

in the P2₁/c and I2 space groups. From the 1:1 mixture, a 1:1 cocrystal (polymorph I) was obtained. 

In contrast, slow evaporation of the 1:2 mixture produced the same 1:1 cocrystal (polymorph I) 

(a) (b) 

Figure 6.10.  The asymmetric unit and a fragment of the crystal structure of PM-3,4-dClBA 

(1:1). 

Figure 6.11.  The asymmetric units of the crystal structures of (a) PM-4-IBA (1:1) form Ⅰ, (b) 

PM-4-IBA (1:1) form Ⅱ. 
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along with an additional polymorph, which also exhibited a 1:1 stoichiometry. No 1:2 cocrystal 

was observed. 

 

 

 

 

 

 

 

 

 

 

 

The main difference between polymorphs was the location of the coformer interaction. In form Ⅰ, 

the coformer interacted with the pyridine nitrogen atom on the second ring, which was not involved 

in the previously discussed cocrystals with 3,5-dNBA or 3,4-dClBA. In the asymmetric unit, there 

was only one target and one coformer molecule, and C-H⸱⸱⸱O=C/O-H⸱⸱⸱N dimeric interactions 

between target and coformer were discovered (Figure 6.11, (a)). The pre-existing homomeric 

interactions are not disturbed (Figure 6.12, (a)). 

In contrast, in the second polymorph, the coformer interacted with the -N-C-N-H- binding site, 

replacing the target's homomeric interactions, forming N-H⸱⸱⸱O=C/O-H⸱⸱⸱N dimeric interactions 

(Figure 6.11, (b)). Within the asymmetric unit, there were two target molecules and two coformer 

molecules, all of which maintained a 1:1 stoichiometry.  

Figure 6.12.  Schematic representation of cocrystal formation observed in the 1:1 and 1:2 slow 

evaporation samples. 



131 

 6.3.4.2.4 Crystal structure of PM-BA (1:1) 

Crystal growth by slow evaporation of the 1:1 solution produced a 1:1 stoichiometric cocrystal. 

Similarly, slow evaporation of the 1:2 solution also yielded the same 1:1 cocrystal, and no 1:2 

cocrystal was observed. In the crystal structure, the target molecule and the coformer interact 

through the available pyridine nitrogen atom, forming C-H⸱⸱⸱O=C/O-H⸱⸱⸱N dimeric interactions 

(Figure 6.13). 

 

 

 

 

 

 

 

 

 

 6.3.4.2.5 Crystal structures of PM-3-MBA (1:1) and PM-3-MBA (1:2) 

Crystal growth with 3-MBA revealed the formation of both 1:1 and 1:2 cocrystals by slow 

evaporation. In the 1:1 stoichiometric form, the target molecule interacts with the coformer through 

the available pyridine nitrogen atom, forming O-H⸱⸱⸱N/C-H⸱⸱⸱O=C dimeric interactions. In the 1:2 

stoichiometric form, one target molecule interacts with two coformer molecules; one coformer 

engages the pyridine nitrogen atom by forming a single N⸱⸱⸱H-O interaction, and while the other 

coformer molecule interacts with the -N-C-N-H- moiety, forming N-H⸱⸱⸱O=C/O-H⸱⸱⸱N dimeric 

interactions. Although the pyridine nitrogen atom is involved in both structures, the way it interacts 

Figure 6.13.  The asymmetric unit and a fragment of the crystal structure of PM-BA (1:1). 



132 

differs slightly. In the 1:2 stoichiometric cocrystal, the coformer is flipped, interacting in the 

opposite direction, forming a single N⸱⸱⸱H-O interaction rather than an O-H⸱⸱⸱N/C-H⸱⸱⸱O=C dimer 

(Figure 6.14).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 6.3.4.2.6 Crystal structures of PM-3-dMABA (1:1) and PM-3-dMABA (1:2) 

The crystal structures of PM-3-dMABA exhibit the same interaction patterns as those of PM-3-

MBA cocrystals and produced cocrystals in both 1:1 and 1:2 stoichiometric ratios. In the 1:1 

cocrystal, the target molecule interacts through the available pyridine nitrogen atom, and in the 1:2 

cocrystal, one coformer interacts with the pyridine nitrogen atom, while the second coformer 

interacts with the -N-C-N-H- moiety. Similar to PM-3-MBA. in the 1:2 cocrystal, the coformer 

Figure 6.14.  The asymmetric unit and fragments of the crystal structures of PM-3-MBA (1:1 

and 1:2). 
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molecule occupying the pyridine nitrogen atom is flipped compared to the 1:1 cocrystal, forming 

a single N⸱⸱⸱H-O interaction rather than an O-H⸱⸱⸱N/C-H⸱⸱⸱O=C dimer (Figure 6.14).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

No crystals suitable for SCXRD were found for PM-4-dMABA in either 1:1 or 1:2 stoichiometric 

mixtures, although IR and DSC results suggested the formation of a cocrystal. 

The summary of cocrystals that yielded suitable cocrystals is given in Table 6.8. 

Table 6.8.  Summary of cocrystal formation in solution 

Coformer 1:1 1:2 

3,5-dNBA √ X 

3,4-dClBA √ X 

Figure 6.15.  The asymmetric unit and fragments of the crystal structures of PM-3-dMABA 

(1:1 and PM-3-dMABA (1:2). 
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 6.4 Discussion 

In this study, we explored whether we could achieve stoichiometric control of cocrystals through 

mechanochemical grinding using a target with multiple donor and acceptor sites and selected 

coformers with different acidities.  The target contains three potential acceptor sites and two donor 

sites (Figure 6.16(a)) and, overall, three possible binding sites (Figure 6.16(b)). The two N-H donor 

sites exhibit comparable ‘strengths’ or competitiveness, as indicated by molecular electrostatic 

potential (MEP) values. Among the acceptor sites, the pyridine nitrogen atom had the most 

negative MEP value, which suggests that it is the strongest acceptor. The two acceptor sites on the 

pyrimidine ring are slightly less negative, indicating a weaker acceptor strength relative to the 

pyridine nitrogen atom. The donor-acceptor MEP values of the carboxylic group of coformers vs 

the pKa values of the coformers revealed a linear correlation between donor/acceptor strength and 

acidity.  

 

 

 

 

 

 

4-IBA √ X 

BA √ X 

3-MBA √ √ 

3-dMABA √ √ 

4-dMABA X X 

Figure 6.16.  Two schematics showing (a) donor and acceptor sites of the target molecule, and (b) 

possible binding sites of the target molecule. 

-Donors -Acceptors 

 

 

(a) 

Binding site 2’ 

Binding site 2” 

Binding site 1 (b) 
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Solid-state grinding experiments indicated that cocrystals could form in both 1:1 and 1:2 

stoichiometric ratios by systematically varying the coformer amount, as indicated by IR and DSC 

results. IR spectroscopy, however, provided limited clarity due to overlapping bands and multiple 

spectral shifts, which made it difficult to differentiate between the two stoichiometries. In contrast, 

melting point analysis confirmed the formation of distinct compounds, with separate melting 

points observed for the 1:1 and 1:2 mixtures. 

Solution-based crystallization experiments yielded mixed results, unlike mechanochemical 

grinding, which depends on several factors, including solubility, solvation, and nucleation. Some 

combinations formed cocrystals consistent with the mechanochemical grinding, whereas others 

did not (Figure 6.17).  

A mechanochemical grinding study by Jones and co-workers of 1:1 and 1:2 mixtures of 

nicotinamide and suberic acid reported that the 1:1 grinding mixture produced only the 1:1 

cocrystal, whereas the 1:2 grinding mixture initially formed the 1:1 cocrystal but gradually 

converted to the 1:2 cocrystal upon extended grinding. 17 This behavior suggested that grinding of 

1:2 stoichiometry first produces the 1:1 kinetically favored product and then transforms into the 

thermodynamically more stable 1:2 form. However, the interconversion is relatively fast if the 

difference in stability between the two stoichiometric variations is not very significant. 

 

 

 

 

 

 Figure 6.17.  Schematic of nicotinamide and suberic acid. 
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In our study, mechanochemical grinding of a 1:1 mixture consistently yielded the 1:1 cocrystal, 

while 1:2 mixtures predominantly produced the 1:2 cocrystal under the same conditions. This 

observation suggests only a small difference in stability between the two heteromeric compounds. 

In contrast, slow evaporation from solvents, both in 1:1 and 1:2 grinding mixtures, predominantly 

yielded 1:1 cocrystals, further supporting the interpretation that the 1:1 form may be the kinetically 

favored product. Accessing the corresponding thermodynamic 1:2 cocrystal may therefore require 

alternative approaches, such as slurry experiments. 20 This behavior may also be interpreted in the 

context of Ostwald’s rule of stages, which suggests that crystallization can proceed through 

metastable phases before reaching the most stable form. 21 This can also be rationalized by the 

competition between supramolecular synthons of different strengths. The initial appearance of the 

1:1 form likely results from the rapid establishment of the strongest available intermolecular 

interactions, followed by a transformation to the thermodynamically more stable 1:2 form. This 

would involve rearrangement of these interactions to produce the most stable packing arrangement. 

17,22 However, synthon energies were not included in the present study and will be explored in the 

future to investigate the relative stability of these compounds. 

 

 

 

 

 

 

A detailed analysis of single-crystal structures revealed that the hydrogen-bond capability of the 

coformer may also affect the crystallization outcome. The strongest acids, 3,5-dNBA and 3,4-

Figure 6.18.  A summary of cocrystal stoichiometries obtained from slow evaporation. 



137 

dClBA, formed exclusively 1:1 cocrystals, and both showed similar bonding patterns:  heteromeric 

dimeric interactions with the pyrimidine sites, effectively disrupting pre-existing target-target 

interactions. The pyridine nitrogen atom, despite being a strong acceptor, remained unengaged, 

indicating that strong acids may favor the most stable two-point interactions over a single strong 

interaction. Intermediate acids, such as 4-IBA and BA, formed only 1:1 stoichiometry cocrystals, 

interacting primarily with the available pyridine nitrogen atom, which does not require breaking 

or replacing a pre-existing target-target motif. However, 4-IBA exhibited polymorphism, and in 

the second polymorph, the coformer interacted with the pyrimidine site, breaking pre-existing 

target interactions. 

Weaker acids, such as 3-MBA and 3-dMABA, produced both 1:1 and 1:2 stoichiometries. In 1:1 

complexes, the coformer interacts with the available pyridine nitrogen atom, requiring no 

competition or energy to break any target-target interactions. In 1:2 complexes, a second coformer 

molecule disrupted target-target interactions and engaged with the binding site 1. Very weak acids, 

such as 4-dMABA, failed to form cocrystals from solution (Figure 6.18). 

 

 

 

 

 

 

 

 

 

Figure 6.19.  A schematic showing target binding sites of coformers with different 

strengths. 
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 6.5 Conclusions 

 

 

 

 

 

 

 

 

 

In this work, we have demonstrated that stoichiometric control in a cocrystal can be achieved 

through mechanochemical grinding by adjusting the ratios of reactants. Crystal growth 

experiments further revealed that stoichiometric outcomes are strongly dependent on solubility, 

solvation, nucleation rates, and coformer strength, and in particular, the study suggests that the 1:1 

stoichiometric cocrystals may be the kinetic product. Strong coformers/acids preferentially formed 

stable 1:1 cocrystals. In contrast, weaker acids formed both 1:1 and 1:2 stoichiometries. Very weak 

acids failed to form cocrystals in solution, underscoring the importance of coformer strength. 

Mechanochemical grinding can be an effective strategy for controlling cocrystal stoichiometry. 

However, our results also underscore that cocrystal nucleation and crystallization outcomes reflect 

a balance between thermodynamic stability and kinetic accessibility. 
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Chapter 7 - Can the odd-even effect be used to dial in the structure-

property relationship of acetylated 2-aminopyrazine derivatives? 

 7.1 Introduction 

So far, our studies have focused on how structural features influence homomeric and heteromeric 

interactions in the solid state. Building on this understanding, the present chapter explores how 

structural control can be used to fine-tune physical properties of these materials. 

The arrangement of molecules in the solid-state plays a crucial role in determining the physical 

properties of organic materials.1-5 Even small variations in molecular structure can make a 

significant difference in packing, intermolecular interactions, and resulting physical properties. 6-

10 Systematic variations in alkyl chain lengths within homologue series have been shown to display 

an odd-even effect, where compounds with even numbers of carbon atoms adopt more favorable 

alignments of terminal functional groups and thus more efficient intermolecular interactions.11-14 

Such molecules typically exhibit higher melting points than their odd-numbered counterparts, 

which often display conformational mismatches that disrupt optimal packing and reduce thermal 

stability. This effect has been extensively studied in n-alkanes, diols, dithiols, diamines, 

dicarboxylic acids, and n-alkyl carboxylic acids, demonstrating the importance of carbon chain 

length as a determinant of solid-state properties.15-20 Across many organic materials, the odd-even 

effects have been used to engineer specific and tailor-made charge-transport 21-26, interfacial 27-30, 

and thermal properties 31-35 of solid-state materials. 

Taken together, these studies demonstrate that the number of carbon atoms in alkyl chains, 

especially the odd or even arrangement, is an important determinant of solid-state packing, 

affecting density and melting behavior, resulting from conformational strain and well-defined 

intermolecular interactions. Inspired by these results, we decided to explore if it would be possible 
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to covalently attach a range of odd-even alkyl chains onto an existing molecular scaffolding in 

order to impart specific thermal properties on the resulting compounds.  In addition, we also 

wanted to establish if a decreasing degree of polarity on a molecular level could be translated into 

increased resistance to hygroscopicity on a macroscopic bulk level. We targeted a family of 2-

aminopyrazine in the expectation that a commonly observed hydrogen-bonded dimer 36,37 would 

provide the necessary core with considerable structural consistency, 

 7.2 Experimental section 

 7.2.1 General 

All precursors and solvents were purchased from commercial sources and used without further 

purification. 1H NMR spectra and 13C NMR spectra were recorded on a Bruker 400 MHz and 600 

MHz spectrometers. Melting points were recorded on a TA Instruments DSC Q20 differential 

scanning calorimeter, and thermogravimetric analyses were conducted on a TA Instruments TGA 

Q50 instrument. IR spectra were recorded using a Nicolet 380 FTIR spectrometer with an 

attenuated total reflection (ATR) technique and a ZnSe crystal. PXRD patterns were collected 

using a Bruker X-ray powder diffractometer equipped with CuKα radiation, operated at 30 kV and 

15 mA. Single-crystal X-ray diffraction (SCXRD) data were collected on a Rigaku XtaLAB 

Synergy-S single-crystal X-ray diffractometer equipped with CuKα radiation.  

 7.2.2 Synthesis of the PZ Series 

The syntheses of N-(pyrazin-2-yl)alkylamides were carried out according to a literature 

procedure.39  

 7.2.2.1 Synthesis of N-(pyrazin-2-yl)acetamide (PZ2) 

A solution of 2-aminopyrazine (1.00 g, 11.0 mmol) in acetic anhydride (1.99 mL, 22.0 mmol) was 

stirred for 1.5 hours at 100 °C and then cooled to 0 °C. The resulting precipitate was filtered off, 
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and the reaction contents were purified by column chromatography using a hexane/ethyl acetate 

(4:6) mixture as the eluant to isolate the pure product. Yield: 59.7 %, mp: 120-123 °C. 1H NMR 

(600 MHz, DMSO-d6) δ 10.77 (s, 1H), 9.31 (s, 1H), 8.38 (dd, J = 3286.4, 2.6, 1.5 Hz, 1H), 8.34 

(d, J = 2.6 Hz, 1H), 2.13 (s, 3H). 13C NMR (151 MHz, DMSO-d6) δ 170.06, 149.27, 143.04, 

139.99, 136.62, 24.12. 

 7.2.2.2 Synthesis of N-(pyrazin-2-yl)propionamide (PZ3) 

A solution of 2-aminopyrazine (1.00 g, 11.0 mmol) in propionic anhydride (2.68 mL, 22.0 mmol) 

was stirred for 1.5 hours at 100 °C and then cooled to 0 °C. The precipitate that formed was filtered 

off, and the reaction contents were extracted with ethyl acetate. The organic layer was washed with 

saturated sodium bicarbonate solution, brine, and water and dried with anhydrous magnesium 

sulfate, filtered, and concentrated in vacuo to isolate the pure product. Yield: 72.9 %, mp: 109-111 

°C. 1H NMR (600 MHz, DMSO-d6) δ 10.71 (s, 1H), 9.34 (s, 1H), 8.37 (dd, 1H), 8.33 (d, J = 2.4 

Hz, 1H), 2.44 (q, J = 7.6 Hz, 2H), 1.08 (t, J = 7.5 Hz, 3H). 13C NMR (151 MHz, DMSO-d6) δ 

173.61, 149.35, 142.99, 139.87, 136.63, 29.51, 9.67. 

 7.2.2.3 Synthesis of N-(pyrazin-2-yl)butyramide (PZ4) 

A solution of 2-aminopyrazine (1.00 g, 11.0 mmol) in butyric anhydride (3.32 mL, 22.0 mmol) 

was stirred for 1.5 hours at 100 °C and then cooled to 0 °C. The resulting precipitate  was filtered 

off, and the reaction contents were extracted with ethyl acetate. The organic layer was washed with 

saturated sodium bicarbonate solution, brine, and water and dried with anhydrous magnesium 

sulfate, filtered, and concentrated in vacuo to isolate the pure product. Yield: 61.5%, mp: 102-104 

°C. 1H NMR (600 MHz, DMSO-d6) δ 10.73 (s, 1H), 9.34 (s, 1H), 8.38 (dd, J = 2.6, 1.5 Hz, 1H), 

8.34 (d, J = 2.6 Hz, 1H), 2.41 (t, J = 7.3 Hz, 2H), 1.61 (h, J = 7.4 Hz, 2H), 0.91 (t, J = 7.4 Hz, 3H). 

13C NMR (151 MHz, DMSO-d6) δ 172.84, 149.30, 143.04, 139.95, 136.66, 38.13, 18.69, 14.01. 
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 7.2.2.4 Synthesis of N-(pyrazin-2-yl)pentanamide (PZ5) 

A solution of 2-aminopyrazine (1.00 g, 11.0 mmol) in pentanoic anhydride (4.22 mL, 22.0 mmol) 

was stirred for 1.5 hours at 100 °C and then cooled to 0 °C. The precipitate that formed was filtered 

off, and the reaction contents were extracted with ethyl acetate. The organic layer was washed with 

saturated sodium bicarbonate solution, brine, and water and dried with anhydrous magnesium 

sulfate, filtered, and concentrated in vacuo to isolate the pure product. Yield:60.2%, mp: 87-90 °C. 

1H NMR (600 MHz, DMSO-d6) δ 10.73 (s, 1H), 9.34 (s, 1H), 8.38 (dd, J = 2.6, 1.5 Hz, 1H), 8.34 

(d, J = 2.6 Hz, 1H), 2.43 (t, J = 7.4 Hz, 2H), 1.58 (p, J = 7.5 Hz, 2H), 1.32 (h, J = 7.4 Hz, 2H), 

0.89 (t, J = 7.4 Hz, 3H). 13C NMR (151 MHz, DMSO-d6) δ 172.95, 149.32, 143.03, 139.94, 136.66, 

35.95, 27.36, 22.20, 14.19. 

 7.2.2.5 Synthesis of N-(pyrazin-2-yl)hexanamide (PZ6) 

A solution of 2-aminopyrazine (1.00 g, 11.0 mmol) in hexanoic anhydride (4.86 mL, 22.0 mmol) 

was stirred for 1.5 hours at 100 °C and then cooled to 0 °C. The precipitate that formed was filtered 

off, and the reaction contents were extracted with ethyl acetate. The organic layer was washed with 

saturated sodium bicarbonate solution, brine, and water and dried with anhydrous magnesium 

sulfate, filtered, and concentrated in vacuo to isolate the pure product. Yield: 77.4% , mp: 95-98 

°C. 1H NMR (600 MHz, DMSO-d6) δ 10.72 (s, 1H), 9.34 (s, 1H), 8.37 (d, J = 1.5 Hz, 1H), 8.33 

(d, J = 2.2 Hz, 1H), 2.41 (t, J = 7.4 Hz, 2H), 1.59 (p, J = 7.3 Hz, 2H), 1.30 - 1.25 (m, 4H), 0.86 (t, 

3H). 13C NMR (151 MHz, DMSO-d6) δ 172.97, 149.31, 143.01, 139.92, 136.65, 36.20, 31.25, 

24.92, 22.34, 14.28. 

 7.2.2.6 Synthesis of N-(pyrazin-2-yl)heptanamide (PZ7) 

A solution of 2-aminopyrazine (0.50 g, 5.26 mmol) in heptanoic anhydride (2.77 mL, 10.52 mmol) 

was stirred for 1.5 hours at 100 °C and then cooled to 0 °C. The precipitate that formed was washed 



145 

off with hexane to get the pure product. Yield: 71.6 %, mp: 91-93 °C. 1H NMR (400 MHz, DMSO-

d6) δ 10.71 (s, 1H), 9.34 (d, J = 1.5 Hz, 1H), 8.38 (dd, J = 1.9 Hz, 1H), 8.34 (d, J = 2.6 Hz, 1H), 

2.42 (t, J = 7.4 Hz, 2H), 1.59 (p, J = 7.2 Hz, 2H), 1.36 - 1.25 (m, 6H), 0. 85 (t, 3H). 13C NMR 

(101 MHz, DMSO-d6) δ 172.92, 149.34, 143.00, 139.92, 136.68, 36.25, 31.47, 28.71, 25.20, 

22.43, 14.38. 

 7.2.2.7 Synthesis of N-(pyrazin-2-yl)octanamide (PZ8) 

A solution of 2-aminopyrazine (0.50 g, 5.26 mmol) in octanoic anhydride (3.13 mL, 10.52 mmol) 

was stirred for 1.5 hours at 100 °C and then cooled to 0 °C. The precipitate that formed was washed 

off with hexane to get the pure product. Yield: 75.9 %, mp: 99-101 °C. 1H NMR (400 MHz, 

DMSO-d6) δ 10.71 (s, 1H), 9.34 (s, 1H), 8.38 (dd, J = 1.9 Hz, 1H), 8.34 (d, J = 2.6 Hz, 1H), 2.42 

(t, J = 7.4 Hz, 2H), 1.59 (p, J = 7.1 Hz, 2H), 1.33 - 1.22 (m, 8H), 0.85 (t, 3H). 13C NMR (101 

MHz, DMSO-d6) δ 172.93, 149.34, 143.01, 139.93, 136.68, 36.25, 31.60, 29.01, 28.90, 25.24, 

22.53, 14.40. 

 7.2.2.8 Synthesis of N-(pyrazin-2-yl)nonanamide (PZ9) 

A solution of 2-aminopyrazine (1.00 g, 10.52 mmol) in octanoic anhydride (4.00 mL, 12.17 mmol) 

was stirred for 1.5 hours at 100 °C and then cooled to 0 °C. The precipitate that formed was washed 

off with hexane to get the pure product. Yield: 97.7%, mp: 95-99 °C. 1H NMR (400 MHz, DMSO-

d6) δ 10.71 (s, 1H), 9.34 (s, 1H), 8.37 (dd, J = 3.9 Hz, 1H), 8.33 (d, J = 2.5 Hz, 1H), 2.42 (t, J = 

7.4 Hz, 2H), 1.58 (h, J = 6.3, 5.8 Hz, 3H), 1.25 (d, J = 11.3 Hz, 14H), 0.85 (t, J = 6.6 Hz, 4H).  

Crystals suitable for single-crystal X-ray diffraction (SCXRD) of seven compounds out of eight 

were obtained by slow evaporation from a variety of solvents (Table 7.1). Suitable crystals of PZ9 

could not be obtained, despite attempts with different solvents and solvent systems. Details of 

crystallographic experiments are given in Appendix G. 
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Table 7.1.  Solvents used for crystal growth and crystal descriptions 

Compound Code Solvent Color, Morphology 

N-(pyrazin-2-yl)acetamide PZ2 Ethyl acetate Colorless, plate 

N-(pyrazin-2-yl)propionamide PZ3 Ethyl acetate Colorless, irregular 

N-(pyrazin-2-yl)butyramide PZ4 Ethyl acetate Orange, prism 

N-(pyrazin-2-yl)pentanamide PZ5 Ethyl acetate Orange, plate 

N-(pyrazin-2-yl)hexanamide PZ6 Ethyl acetate Orange, irregular 

N-(pyrazin-2-yl)heptanamide PZ7 Acetonitrile Colorless, plate 

N-(pyrazin-2-yl)octanamide PZ8 Acetonitrile Colorless, plate 

N-(pyrazin-2-yl)nonanamide PZ9 - - 

 

 7.2.3 Thermal Stability Analysis 

The thermal stability of materials was analyzed using differential scanning calorimetry (DSC). 

Approximately 0.5-1.2 mg of each sample was accurately weighed and sealed in an aluminum pan. 

The measurements were carried out under a nitrogen atmosphere to prevent oxidation, and the 

samples were heated from 35 °C to 300 °C at a constant heating rate of 10°C/min. The 

corresponding thermograms were recorded, and the melting points were determined from the 

endothermic peak temperatures. All measurements were performed using the same instrument 

settings to ensure consistency and comparability among the samples. 

 7.2.4 Hygroscopicity Studies 

Hygroscopicity studies were performed under controlled relative humidity (RH) conditions of 85% 

(using KCl) in a humidity chamber. A supersaturated salt solution was prepared to maintain 

constant humidity. Solid forms PZ2, PZ3, PZ4, and PZ5 were placed inside the chamber and 
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monitored over a defined period of time. Samples were analyzed weekly by thermogravimetric 

analysis (TGA). 

 7.3 Results 

 7.3.1 SCXRD analysis of target materials  

The primary hydrogen bond patterns in the crystal structures of PZ2-PZ8 are displayed in Figure 

7.1 (a-c), together with the relevant graph-sets notations. 40 

 

 

 

 

 

 

 

 

 

Compounds with an even number of carbon atoms in the alkyl chains adopt the packing 

arrangement shown in Figure 7.1(a), where all alkyl chains are oriented in the same direction, 

resulting in optimal packing. They displayed C-H(pz)···N(pz) / N(pz)···H-C(pz) / N-H···C=O 

primary hydrogen-bond interactions. In contrast, the odd-carbon compounds (PZ3 and PZ5) appear 

with their alkyl chains oriented in opposite directions (Figure 7.1(b) and 7.1 (c)). This leads to 

conformational mismatches that disrupt efficient packing. They displayed C-H(pz)···O=C / 

N(pz)···H-C(pz) / N-H···N(pz) primary interactions or N-H···N(pz) / N(pz)···H-C(pz) / C-
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Figure 7.1.  Primary hydrogen-bond interactions in the crystal structures of (a) PZ2, (b) PZ3, and 

(c) PZ5. 
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H···C=O interactions respectively. Notably, PZ7 is an exception, as it adopts the same packing 

arrangement as the even-carbon compounds. 

In PZ2, PZ4, PZ6, PZ7, and PZ8 crystals, the alkyl chains and the aromatic rings were essentially 

segregated into different regions based on homomeric self-association. In PZ3 and PZ5, however, 

an aromatic ring of one molecule was more closely associated with the alkyl chain of a neighboring 

molecule. 

 7.3.2 Thermal stability of target materials  

The melting points of each compound were determined (Table 7.2), and an overall decrease in 

melting temperature across the series was observed. However, compounds with an even number 

of carbon atoms consistently showed higher melting points than their odd-numbered analogues, 

suggesting enhanced thermal stability for the even-numbered series (Figure 7.2). 

Table 7.2.  Melting points and crystallographic densities. 

 

 

 

 

 

 

 

 

 

 

 

 

Structure T/K Dcalc/g cm-3 (at T) M.P./℃ 

PZ2 (C2) 294 1.365 134-136 

PZ3 (C3) 210 1.337 107-110 

PZ4 (C4) 210 1.310 109-112 

PZ5 (C5) 210 1.221 87-90 

PZ6 (C6) 210 1.224 95-98 

PZ7 (C7) 210 1.189 91-93 

PZ8 (C8) 210 1.209 99-102 

PZ9 (C9) - - 88-96 
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 7.3.3 Hygroscopicity of target materials  

The TGA results showed that decreasing molecular ‘polarity’ enhances the resistance to 

hygroscopic behavior, with only PZ2 being hygroscopic in this series. PZ2 absorbs only 1 water 

molecule (11.2%) per PZ2 molecule, with this absorption remaining constant over time (Figure 

7.3). Other compounds remained stable over time under the same conditions. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2.  Melting point and crystal density for PZ2-PZ9. 

Figure 7.3.  The TGA curves of PZ2 confirming the presence of water absorption. 
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 7.4 Discussion 

In this study, the effect of alkyl chain length, with emphasis on odd-even alternation, was 

investigated to understand its influence on the melting behavior of 2-aminopyrazine derivatives. 

Generally, an increase in molecular weight tends to enhance thermal stability by increasing the 

number of van der Waals interactions. However, as the alkyl chain length increases, the molecule's 

polarity simultaneously decreases, making the material more hydrophobic, thus potentially 

lowering its thermal stability. In our case, the reduced polarity appears to be the dominant factor, 

leading to a decrease in overall thermal stability up to PZ5. However, for longer chains (PZ6, PZ7, 

and PZ8), a slight increase in melting points was observed, suggesting that the effect of molecular 

weight begins to counterbalance the reduced polarity. These observations highlight the competing 

roles of molecular weight and polarity in determining the materials' thermal behavior.  

Alongside this general trend, derivatives containing even-numbered alkyl chains consistently 

exhibit higher melting points than their odd-numbered counterparts, highlighting a clear odd-even 

effect on thermal stability. This odd-even alternation is further supported by crystal density data. 

Compounds with higher melting points are more dense, consistent with more efficient, compact 

crystal packing, whereas lower-melting-point derivatives show reduced densities, indicative of 

more open packing (Figure 7.4).  

We also explored whether reduced molecular polarity could translate into enhanced resistance to 

hygroscopicity at the macroscopic level. Hygroscopicity tests revealed that only PZ2, with the 

shortest and most polar alkyl chain, exhibited significant water absorption, whereas none of the 

longer -chain derivatives showed any detectable moisture uptake under the same conditions. As 

alkyl chain length increases, materials become more hydrophobic, reducing their tendency to 
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interact with atmospheric moisture and thereby suppressing moisture uptake. These findings show 

a direct correlation between molecular-level polarity and macroscopic hygroscopicity.  

 

 

 

 

 

 

 

 

Further testing was conducted on PZ2 to determine whether the observed moisture uptake is due 

to surface adsorption. PXRD analysis, followed by SCXRD, confirmed that it is not a surface 

Figure 7.4.  Melting point and crystal density for PZ2-PZ9 (red = melting point, black = 

density). 
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Figure 7.5.  PXRD and SCXRD of PZ2. 
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adsorption, as evidenced by changes in both the PXRD pattern and the crystal structure of PZ2 

(Figure 7.5). Before water absorption, PZ2 crystallizes in the Pn space group, and after water 

absorption, it crystallizes in the P21/c space group. The SCXRD further confirmed the adsorption 

of one water molecule over time.  

Lastly, a family of 2-aminopyrazine derivatives was deliberately selected for this study with the 

expectation that the commonly observed N-H···N/N···H-N hydrogen-bond dimer (Figure 7.6, (a)) 

would provide the necessary core, thereby maintaining overall structural consistency across the 

series. However, none of the structures formed the anticipated dimer, yet mostly maintained the 

overall structural consistency through alternative intermolecular interactions.  The aromatic 

protons in these compounds have a relatively high positive charge due to the presence of two 

nitrogen atoms in the ring, which promotes alternative hydrogen bonds 41 and alters the expected 

interaction patterns.  However, the structures remained largely constant across the series (Figure 

6, (b)), except for two compounds with odd-numbered alkyl chains (Figure 7.6, (c) and (d)).  

 

 

 

 

 

 

 

 

 

(a) (b) (c) (d) 

Figure 7.6.  (a) The anticipated hydrogen bonding pattern and (b), (c), (d) observed hydrogen 

bonding patterns. 
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 7.5 Conclusions  

 

 

 

 

 

 

 

 

 

 

In conclusion, this study systematically investigated the influence of the odd-even effect on the 

thermal behavior of 2-aminopyrazine derivatives, and the results confirmed that it plays a 

dominant role in governing thermal properties. Even-numbered derivatives exhibited higher 

melting points and densities, reflecting more efficient crystal packing, whereas odd-numbered 

derivatives exhibited poor packing and reduced thermal stabilities. In contrast, hygroscopicity tests 

reveal that decreasing molecular polarity can increase macroscopic resistance to hygroscopicity, 

with only PZ2 being hygroscopic. Interestingly, increasing the alkyl chain length by just one 

carbon atom was sufficient to prevent water absorption, indicating that even a small structural 

modification can significantly influence bulk properties. Finally, although the anticipated N-

H···N/N···H-N dimer was not observed, the series maintained the overall structural consistency 

through alternative interactions, showing the adaptability of the hydrogen-bond network. 

Collectively, these findings highlight that subtle variations in alkyl chains provide a powerful 

strategy to alter solid-state arrangements and, consequently, macroscopic properties. 

Figure 7.7.  Key findings of the study. 
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Chapter 8 - Analogue of favipiravir and its cocrystals: Insights into 

structure-property relationships 

 8.1 Introduction 

Building on our previous study of pyrazine-based backbones, the present study focuses on a 

pharmaceutical molecule containing this backbone. Favipiravir (6-fluoro-3-hydroxypyrazine-2-

carboxamide) is a broad-spectrum antiviral drug that was approved in Japan in 2004 for influenza 

treatment and that received additional interest during the 2019 coronavirus outbreak as a potential 

COVID-19 therapeutic agent. The drug acts as a prodrug that is intracellularly converted into its 

ribofuranosyl-5′-triphosphate form, which inhibits viral RNA polymerase, thereby suppressing 

viral replication (Figure 8.1). 1-4 

 

 

 

 

 

 

 

 

 

 

Despite its promising antiviral activity, favipiravir exhibits several limitations associated with its 

physical properties, including relatively low aqueous solubility (8.7 mg/mL), high permeability 

(1.09 × E-5-1.35 × E-5 cm/s), and poor tabletability. 5-8 One of the key structural features of 

Figure 8.1.  The mechanism of action of favipiravir. 
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favipiravir is its ability to undergo keto-enol tautomerism (Figure 8.2) and rotamerism, which 

makes it conformationally flexible resulting in different physical forms. 9-12 To date, two 

crystalline forms of this drug have been identified, and this has also been a challenge in drug 

development. 13,14 Favipiravir is generally considered a BCS class II drug,.15 but reported 

classifications vary across different studies, and this is not yet an FDA-approved drug. 5,16  

As pharmaceutical cocrystallization has emerged as an effective crystal engineering approach to 

improve the solid-state properties of active pharmaceutical ingredients (APIs), several studies have 

reported cocrystals of favipiravir, as it has multiple hydrogen-bond donors and acceptors, making 

it a suitable candidate for cocrystallization. 6, 17-19 This has led to notable improvements in 

solubility and dissolution behavior of favipiravir, underscoring the importance of this strategy for 

improving physical properties. 

 

 

 

 

 

 

To investigate the structural landscape resulting from a specific atom-atom substitution we have 

synthesized an iodo analogue of favipiravir and its cocrystals with the same coformers previously 

used for favipiravir. 6, 17-19 Systematic variations in molecular structure are widely employed in 

crystal engineering, as they help understand how small structural changes affect material 

properties. Changing the halogen atom from fluorine to iodine can modulate steric effects, and 

polarizability, thereby directly influencing crystal packing and lattice stability. Studying the iodo 

(b) 
(a) 

Figure 8.2.  The enol (a) and keto (b) isomers of favipiravir. 
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analogue of favipiravir will therefore provide a broader understanding of how halogen atoms affect 

solid-state organization. 

With this in mind, we decided to examine the structural landscape of the iodo derivative of 

favipiravir (Figure 8.3) to establish whether it forms cocrystals with the same coformers (Figure 

8.4) previously 6, 17-19 used for favipiravir. Furthermore, we wanted to evaluate how halogen-atom 

substitution influences the physicochemical properties of the resulting cocrystals compared to 

those of favipiravir. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.3.  Chemical structure of the iodo analogue of favipiravir (2-hydroxy-5-

iodobenzamide). 

 

Figure 8.4.  Coformers used for the cocrystallization studies. 
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 8.2 Experimental section 

 8.2.1 General 

All precursors and solvents were purchased from commercial sources and used without further 

purification. 1H NMR and 13C NMR spectra were recorded on a Bruker 400 MHz spectrometer. 

Melting points were recorded on a TA Instruments DSC Q20 differential scanning calorimeter. IR 

spectra were recorded using a Nicolet 380 FTIR spectrometer with attenuated total reflection 

(ATR) and a ZnSe crystal. Single-crystal X-ray diffraction (SCXRD) data were collected on a 

Rigaku XtaLAB Synergy-S single-crystal X-ray diffractometer equipped with Cu Kα radiation. 

PXRD patterns were collected using a Bruker X-ray powder diffractometer equipped with Cu Kα 

radiation, operated at 30 kV and 15 mA. Electrostatic potentials were calculated with the density 

functional B3LYP level of theory using the 6-311++G** basis set in vacuum, using Spartan’14 

software.  

 8.2.2 Synthesis 

 8.2.2.1 Synthesis of 2-hydroxy-5-iodobenzamide (I-Fav ) 

2-Hydroxybenzamide (1.00g, 7.30 mmol) was dissolved in DMF, and N-iodosuccinimide (2.62 g, 

12.00 mmol) was added and allowed to react for six hours at 80 ℃. The reaction mixture was 

diluted with water, resulting in a pale brown precipitate. The precipitate was then filtered and 

washed with sufficient Na2S2O3 solution to remove excess N-iodosuccinimide from the crude, then 

washed with water to obtain a yellowish-orange-colored precipitate. Yield = 42.9%. M.P. 217-219 

℃. 1H NMR (400 MHz, Chloroform-d) δ 12.46 (s, 1H), 8.64 (s, 1H), 7.61 (s, 1H), 5.87 (s, 1H). 

13C NMR (101 MHz, DMSO-d6) δ 169.43, 161.69, 152.18, 135.15, 100.66.  
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 8.2.2.2 Cocrystal synthesis by liquid-assisted grinding (LAG) 

Liquid-assisted grinding was performed on a 1:1 stoichiometric mixture of 2-hydroxy-5-

iodobenzamide and each coformers in the presence of 1 or 2 drops of methanol. The ground 

mixtures were analyzed by PXRD to confirm the formation of new crystalline phases and by IR 

spectroscopy and DSC to further confirm the cocrystal formation. The positive ground mixtures 

were then slowly evaporated using suitable solvents for a few weeks to obtain crystals suitable for 

SCXRD.  

 8.3 Results 

 8.3.1 FTIR and DSC analysis of I-Fav 

I-Fav exhibited possible different forms, as indicated by the IR spectrum (Figure 8.5) and the DSC 

(Figure 8.6). The IR spectrum suggests the presence of both enol and keto forms in the solid state, 

as evidenced by three C=O stretching vibrations, and DSC shows two peaks, indicating different 

solid forms.  

 

 

 

 

 

 

 

 

 

 Figure 8.5.  IR spectrum of the ground mixture. 
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 8.3.2 SCXRD analysis of I-Fav  

The powdered sample was allowed to crystallize under various conditions to identify possible 

forms. The solvents/conditions used for crystal growth and crystal descriptions are listed in Table 

8.1. Details of crystallographic experiments are given in Table 8.2 and Appendix H. The primary 

hydrogen bonds present are displayed in Figure 8.7.  

Table 8.1.  Solvents used for crystal growth and crystal descriptions 

Compound Code Solvent 

Color and 

morphology 

Melting point/ 

℃ 

2-hydroxy-5-iodobenzamide-Form Ⅰ I-Fav -Ⅰ Dimethylformamide Orange, needle 207-209 

2-hydroxy-5-iodobenzamide-Form Ⅱ I-Fav -Ⅱ Methanol + Ethanol +Ethyl 

acetate 

Orange, plate 221-223 

2-hydroxy-5-iodobenzamide-Form Ⅲ I-Fav -Ⅲ Methanol Yellow, needle 218-220 

2-hydroxy-5-iodobenzamide-Form Ⅳ I-Fav -Ⅳ Heat/No solvent Colorless, plate 220-222 

 

 

 

 

Figure 8.6.  DSC of the ground mixture. 
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Table 8.2.  Some crystallographic parameters and enol/keto ratios of four forms 

 

Form Ⅰ of I-Fav was previously reported by Romero and coworkers in 2023 9, and we recrystallized 

it from DMF and reanalyzed it, obtaining improved cell parameters. In this structure, molecules 

are connected in a 2:1 enol-to-keto stoichiometric ratio, and there are six molecules in the 

asymmetric unit. The molecules display a combination of intra- and intermolecular interactions, 

as shown in Figure 8.8(a).  

 

Compound Enol: Keto ratio Space group a/Å b/Å c/Å Z: Z' 

I-Fav-Ⅰ 2:1 P 2
1
/n 7.94473(4) 23.04677(9) 24.66163(10) 24: 6 

I-Fav-Ⅱ 1:2 P 2
1
/c 12.6611(3) 5.01590(10) 35.2516(8) 12 : 3 

I-Fav-Ⅲ 0:1 F d d 2 29.8381(10) 22.6885(7) 4.33819(18) 16 : 1 

I-Fav-Ⅳ 1:0 P 2
1
 4.4914(2) 5.1753(2) 16.4120(6) 2: 1 

Form Ⅰ (2 enol + 1 keto)
1
 Form Ⅱ (1 enol + 2 keto) 

Form Ⅲ (keto) Form Ⅳ (enol) 

Figure 8.7.  Forms of I-Fav. 
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Form Ⅱ was obtained as orange plates from a methanol-ethanol-ethyl acetate mixture (Figure 8.8, 

(b)) and displayed a 1:2 enol to keto ratio with three independent molecules in the asymmetric 

unit.  In contrast to form Ⅰ, no halogen bonds were observed in this structure.  

 

 

 

 

 

 

 

Form Ⅲ was obtained from methanol by slow evaporation and contains only the keto form. The 

asymmetric unit contains one independent molecule. The crystal structure also displays type Ⅰ  

halogen bonds (Figure 8.9 (a)). Form Ⅳ (Figure 8.9 (b) was obtained by melting the material and 

slowly cooling it, and it consisted solely of the enol form. The asymmetric unit also consisted of 

one independent molecule. An intramolecular hydrogen bond was observed, and the structure is 

further stabilized by several intermolecular interactions, including type Ⅱ halogen bonds.   

(a) (b) 

(a) (b) 

Figure 8.8.  Form Ⅰ and Form Ⅱ of I-Fav with labels. 

Figure 8.9.  Form Ⅲ and Form Ⅳ of I-Fav with labels. 
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 8.3.3 Cocrystallization results of I-Fav 

Building on our understanding of the I-Fav structural landscape, we next explored its ability to 

form cocrystals. The resulting grinding experiments were analyzed by PXRD and FTIR. PXRD 

was used to detect the formation of different crystalline phases, and the appearance of new peaks 

or the disappearance of peaks from the starting materials indicated the formation of new crystalline 

phases; a conclusive sign of cocrystallization. Figure 8.10 shows the cocrystallization of 

theophylline and I-Fav, with a distinct PXRD pattern compared to the two starting materials.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Some experiments yielded PXRD patterns that made it difficult to determine whether positive 

cocrystallization had occurred based solely on PXRD data. Therefore, FTIR was employed to 

further characterize all ground mixtures. Figure 8.11 shows a comparison of the FTIR spectra of 
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Figure 8.10.  PXRD patterns of I-Fav -Theo and its starting materials. 
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theophylline, I-Fav, and the ground mixture thereof. In the FTIR analysis, we compared the amide 

carbonyl and NH₂ stretching bands, along with theophylline carbonyl bands, to those of the ground 

mixtures. We found that many of the vibrational signatures of the starting material had completely 

shifted, and no residual starting material bands remained, indicating successful cocrystal 

formation. 

 

 

 

 

 

 

 

 

 

 

 

 

Based on the IR analyses, all ground mixtures showed evidence of cocrystal formation, Table 

8.3.  

Table 8.3.  Summary of grinding experiments 

 Coformer PXRD IR 

1 5-fluorouracil √ √ 

2 Saccharin √ √ 

3 Theophylline √ √ 

4 Tromethamine √ √ 

Ground mixture 

Figure 8.11.  IR spectra of I-Fav-Theo ground mixture and its starting materials. 
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According to literature, 18 favipiravir and 2HBA did not form cocrystals, and gallic acid and 3,4-

dHBA formed hydrates. 17,18 Based on our IR results, all ground mixtures indicate positive 

cocrystallization; however, it is not possible to confirm, conclusively, whether the compounds 

were hydrates or cocrystals.  

 8.3.4 SCXRD results of cocrystals 

Slow evaporation was employed for single-crystal growth, and only three cocrystals suitable for 

SCXRD were obtained, probably due to the polarity/solubility mismatch between the coformer 

and the I-Fav. The solvents used for crystal growth and crystal descriptions for the resultant 

cocrystals are listed in Table 8.4, and the details of crystallographic experiments are given in 

Appendix H. 

Table 8.4.  Solvents used for crystal growth and crystal descriptions 

Compound Code Solvent Color and morphology Melting point/ ℃ 

2-hydroxy-5-iodobenzamide + Theophylline I-Fav -Theo Methanol Colorless, prism 224-226 

2-hydroxy-5-iodobenzamide + Tromethamine I-Fav -Tro Methanol Colorless, needle 141-144 

2-hydroxy-5-iodobenzamide + 5-fluorouracil I-Fav -5-flu Methanol Colorless, needle 204-206 

 

5 4-aminobenzoic acid √ √ 

6 Nicotinamide X √ 

7 Isonicotinamide √ √ 

8 Urea X √ 

9 Ferulic acid X √ 

10 3-hydrobenzoic acid √ √ 

11 4-hydrobenzoic acid X √ 

12 3,5-dihydrobenzoic acid X √ 

13 Gallic acid √ √ 

14 3,4-dihydrobenzoic acid √ √ 

15 2-hydrobenzoic acid √ √ 

 Success rate 66.67% 100% 



169 

All three crystals of cocrystals were grown from methanol and form 1:1 stoichiometric solids 

(Figure 8.12 (a)). I-Fav adopts the enol form in two of the three cocrystals, while the I-Fav -Tro 

cocrystal exhibits the keto form. These cocrystals were stabilized by several intra- and 

intermolecular interactions. Upon close examination, these structures were found to be further 

stabilized by halogen bonds (Appendix I). However, all structures crystallized differently 

compared to those previously reported for favipiravir cocrystals 6,17-19 (Figure 8.13), which 

indicates that the F → I atom-atom substitution has a considerable effect on specific intermolecular 

interactions as well as on overall crystal packing.  

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) (c) 

(b) (c) (a) 

Figure 8.12.  Asymmetric units of (a) I-Fav-Theo cocrystal, (b) I-Fav-5-flu cocrystal, and (c) 

I-Fav-Tro cocrystal. 

Figure 8.13.  Asymmetric unit of (a) Fav-Theo cocrystal, (b) Fav-5-flu cocrystal, and (c) Fav-

Tro cocrystal. 
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 8.3.5 Thermal stability of cocrystals 

Thermal stabilities were also determined, and most of the I-Fav cocrystals displayed improved 

properties compared to the favipiravir cocrystals. 6,17-19 However, melting points have been 

reported only for nine favipiravir cocrystals. Therefore, the comparison was limited to these nine 

cocrystals and their corresponding iodo analogues (Figure 8.14). Among these nine cocrystals, six 

showed higher melting points compared to the corresponding favipiravir cocrystals, while the 

remaining three cocrystals exhibited lower thermal stability. 

 

 

 

 

 

 

 

 

 

 8.4 Discussion 

The primary goal of this study was to explore how fluorine-to-iodine substitution affects the solid-

state organization of the iodo analogue of favipiravir compared to favipiravir. The successful 

isolation of multiple forms of the iodine derivative reveals an expanded crystal form diversity 

compared to favipiravir, which has been reported to exhibit only two forms (Figure 8.15). 13 
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Figure 8.14.  Thermal stability comparison of I-Fav and Fav cocrystals (* = outliers). 



171 

 

 

 

 

 

 

 

This behavior can be explained by the influence of the substituent at the 6-position (Figure 8.16) 

on the keto-enol equilibrium, as well as by the polarity of the surrounding environment. In general, 

the enol form is preferred in apolar media, whereas the keto form is stabilized in polar solvents. 9 

Therefore, by controlling solvent polarity, mixtures of enol and keto tautomers can be obtained. 

As the I-Fav crystallized into different forms in different environments, the effect of solvent 

polarity is clearly evident. 

In contrast, both reported forms of favipiravir exist in the enol form, whereas the iodo analogue 

exhibits both keto and enol tautomers. This observation may be explained by the fact that keto 

tautomerism becomes increasingly favored with decreasing electronegativity of the substituent at 

the 6-position, following the trend H ≫ I ≈ Br > Cl ≥ F. 9 The electronegativity of the 6-substituent 

alters the ring's overall dipole moment and charge distribution. When the substituent is strongly 

electron-withdrawing, such as F, the keto form becomes less stable. Among the halogen atoms, Br 

and I promote greater keto character than F or Cl, which may lead to mixtures of keto and enol 

forms in both the solid state and in solution.  

 

 

Figure 8.15.  Two reported forms of favipiravir. 
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There is no clear evidence regarding the precise impact of iodine substitution on cocrystal 

formation. For favipiravir, fourteen out of fifteen experiments have shown positive results, 

including twelve cocrystals and two hydrates, while only one system did not form a cocrystal. 

However, the iodo analogue showed positive results with all coformers; however, there is still 

insufficient structural data to definitively determine whether all the obtained phases are cocrystals 

or hydrates. Nevertheless, PXRD, DSC, and IR analyses suggest the formation of new crystalline 

phases.  

Notably, thermal stability analysis of the iodo analogue cocrystals revealed markedly higher 

melting points than those of favipiravir itself (67%). This can be attributed to the presence of the 

heavier iodine atom. In halogen-substituted compounds, the incorporation of bulkier halogens with 

higher molecular weights, such as iodine, often enhances lattice stability. 20,21 Additionally, the 

presence of iodine may increase melting points by promoting more intermolecular interactions, 

including halogen bonds. Similar improvements in thermal stability for halogenated compounds 

compared to their non-halogenated analogues have been widely reported in the literature. 20-22 

However, halogen substitution alone does not fully determine thermal stability, and the overall 

supramolecular packing within the crystal lattice also plays a significant role. Therefore, the 

6 

Figure 8.16.  General structure of favipiravir analogues with the 6-position labeled. 
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observed increase in melting points for most of the I-Fav cocrystals likely arises from a 

combination of the larger iodine atom and favorable crystal packing interactions. 

Properties such as solubility, dissolution behavior, and permeability remain to be investigated to 

determine whether the observed structural changes translate into improved drug performance. In 

addition, the impact of iodine on drug toxicity and overall safety must be carefully evaluated to 

assess its suitability for pharmaceutical applications. Nevertheless, these findings establish a solid 

foundation for future studies and demonstrate that halogen substitution combined with 

cocrystallization is a promising strategy for overcoming solid-state limitations. 

 8.5 Conclusions 

Table 8.5.  Summary of key findings of the study 

 

This study demonstrates that iodine substitution of favipiravir expands the crystal form diversity 

and introduces both keto and enol tautomers, in contrast to favipiravir, which crystallizes only in 

the enol form. Iodo analogue cocrystals generally exhibit higher thermal stability, likely due to the 

heavier iodine atom and the increased number of intermolecular interactions (Table 8.5). Overall, 

these findings highlight that iodine substitution, combined with cocrystallization, is a promising 

approach to modulate solid-state properties, providing a foundation for further studies on 

properties such as solubility, permeability, and bioavailability, which are known limitations of 

favipiravir. 

Compound Tautomer (s) Crystal forms 
Cocrystal 

formation 

Thermal 

stability 

Favipiravir Enol only 2 12/15 
Lower thermal 

stability 

Favipiravir iodo 

analogue 
Keto+ Enol 4 15/15 

Higher thermal 

stability 



174 

 8.6 References 

1. Furuta, Y.; Gowen, B. B.; Takahashi, K.; Shiraki, K.; Smee, D. F.; Barnard, D. L. Favipiravir 

(T-705), a Novel Viral RNA Polymerase Inhibitor. Antiviral Research 2013, 100 (2), 446–454.  

2. Delang, L.; Abdelnabi, R.; Neyts, J. Favipiravir as a Potential Countermeasure against 

Neglected and Emerging RNA Viruses. Antiviral Research 2018, 153, 85–94.  

3. Jin, Z.; Du, X.; Xu, Y.; Deng, Y.; Liu, M.; Zhao, Y.; Zhang, B.; Li, X.; Zhang, L.; Peng, C.; 

Duan, Y.; Yu, J.; Wang, L.; Yang, K.; Liu, F.; Jiang, R.; Yang, X.; You, T.; Liu, X.; Yang, X. 

Structure of Mpro from COVID-19 Virus and Discovery of Its Inhibitors. Nature 2020, 582 

(7811), 289–293.  

4. Sood, S.; Bhatia, G. K.; Seth, P.; Kumar, P.; Kaur, J.; Gupta, V.; Punia, S.; Tuli, H. S. Efficacy 

and Safety of New and Emerging Drugs for COVID-19: Favipiravir and Dexamethasone. 

Current Pharmacology Reports 2021, 7 (2), 49–54.  

5. Selin Seda TİMUR; Meltem ATAŞOĞLU; Yalçın ÖNER; Tutku Ceren KARABULUT; 

Hakan EROĞLU. In Vitro Studies for BCS Classification of an Antiviral Agent, Favipiravir. 

Journal of Research in Pharmacy 2021, 25(6) (25(6)), 944–952.  

6. Wang, X.; Wang, L.; Yao, C.; Xie, G.; Song, S.; Li, H.; Qu, Y.; Tao, X. Novel Formulations 

of the Antiviral Drug Favipiravir: Improving Permeability and Tabletability. Crystal Growth 

& Design 2021, 21 (7), 3807–3817.  

7. Favipiravir. go.drugbank.com. https://go.drugbank.com/drugs/DB12466. (Accessed,10.02. 

2025) 

8. Gupta, S.; Omar, T.; Zhou, Q.; Scicolone, J.; Callegari, G.; Dubey, A.; Muzzio, F. High-Dose 

Modified-Release Formulation of a Poorly Soluble Drug via Twin-Screw Melt Coating and 

Granulation. International Journal of Pharmaceutics 2025, 670, 125090.  

9. Romero, A. H.; Fuentes, G.; Suescun, L.; Piro, O.; Echeverría, G.; Gotopo, L.; Pezaroglo, H.; 

Guzmán Álvarez; Cabrera, G.; Cerecetto, H.; Couto, M. Tautomerism and Rotamerism of 

Favipiravir and Halogenated Analogues in Solution and in the Solid State. The Journal of 

Organic Chemistry 2023, 88 (15), 10735–10752.  

10. Umar, Y. Theoretical Studies of the Rotational and Tautomeric States, Electronic and 

Spectroscopic Properties of Favipiravir and Its Structural Analogues: A Potential Drug for the 

Treatment of COVID-19. Journal of Taibah University for Science 2020, 14 (1), 1613–1625.  

11. Deneva, V.; Slavova, S.; Kumanova, A.; Vassilev, N.; Nedeltcheva-Antonova, D.; Antonov, 

L. Favipiravir—Tautomeric and Complexation Properties in Solution. Pharmaceuticals 2022, 

16 (1), 45–45.  

12. Assis, L. C.; de Castro, A. A.; de Jesus, J. P. A.; da Cunha, E. F. F.; Nepovimova, E.; Krejcar, 

O.; Kuca, K.; Ramalho, T. C.; La Porta, F. de A. Theoretical Insights into the Effect of 

Halogenated Substituent on the Electronic Structure and Spectroscopic Properties of the 

https://go.drugbank.com/drugs/DB12466


175 

Favipiravir Tautomeric Forms and Its Implications for the Treatment of COVID-19. RSC 

Advances 2021, 11 (56), 35228–35244.  

13. Goloveshkin, A. S.; Korlyukov, A. A.; Вологжанина, А. В. Novel Polymorph of Favipiravir-

an Antiviral Medication. Pharmaceutics 2021, 13 (2), 139–139.  

14. Babashkina, M. G.; Frontera, A.; Кертман, А. В.; Yasemin Saygideğer Kont; S. Murugavel; 

Safin, D. A. Favipiravir: Insight into the Crystal Structure, Hirshfeld Surface Analysis and 

Computational Study. Journal of the Iranian Chemical Society 2021, 19 (1), 85–94.  

15. Sajadian, S. A.; Ardestani, N. S.; Esfandiari, N.; Askarizadeh, M.; Jouyban, A. Solubility of 

Favipiravir (as an Anti-COVID-19) in Supercritical Carbon Dioxide: An Experimental 

Analysis and Thermodynamic Modeling. The Journal of Supercritical Fluids 2022, 183, 

105539.  

16. Gattani, V.; Dawre, S. Development of Favipiravir Loaded PLGA Nanoparticles Entrapped in 

In-Situ Gel for Treatment of Covid-19 via Nasal Route. Journal of Drug Delivery Science and 

Technology 2022, 79, 104082.  

17. Deka, P.; Gogoi, D.; Althubeiti, K.; Rao, D. R.; Thakuria, R. Mechanosynthesis, 

Characterization, and Physicochemical Property Investigation of a Favipiravir Cocrystal with 

Theophylline and GRAS Coformers. Crystal Growth & Design 2021, 21 (8), 4417–4425.  

18. Li, H.; Wang, L.; Xie, G.; Yao, C.; Song, S.; Qu, Y.; Han, P.; Wang, H.; Sun, Y.; Wu, H.; Tao, 

X. Cocrystals of Favipiravir: Improved Physicochemical Properties and Solution Stability 

Study. Crystal Growth & Design 2023, 23 (12), 8656–8669.  

19. Li, H.; Wang, L.; Ye, X.; Yao, C.; Song, S.; Qu, Y.; Jiang, J.; Wang, H.; Han, P.; Liu, Y.; Tao, 

X. Efficient Screening of Pharmaceutical Cocrystals by Microspacing In-Air Sublimation. 

Journal of the American Chemical Society 2024, 146 (17), 11592–11598.  

20. Mirocki, A.; Lopresti, M. Impact of Halogen Substituent Nature and Position on the Structural 

and Energetic Properties of Carbamazepine Cocrystals with Meta‐Halobenzoic Acids: A Two‐

Pathway Synthesis Study. ChemPlusChem 2025, 90 (11). 

21. Benito, M.; Frontera, A.; Elies Molins. Cocrystallization of Antifungal Compounds Mediated 

by Halogen Bonding. Crystal growth & design 2023, 23 (4), 2932–2940.  

22. Nanubolu, J. B.; Ravikumar, K. Correlating the Melting Point Alteration with the 

Supramolecular Structure in Aripiprazole Drug Cocrystals. CrystEngComm 2016, 18 (6), 

1024–1038.  

 

 

  



176 

Chapter 9 - Can we modulate some photophysical properties of 

cocrystals? 

 9.1 Introduction  

We previously explored how systematic modifications of molecular structure influence physical 

properties of bulk materials such as thermal stabilities and hygroscopicity. Building on these, the 

present chapter focuses on modulating the photophysical properties of cocrystals, examining how 

structural features can be leveraged to control properties.  

Key characteristics of solid-state materials, such as thermal stability1-4, aqueous solubility5-7, 

mechanical flexibility8-12, and manufacturability13-14, determine performance and effectiveness 

when transitioning from fundamental research to applications and devices. The molecular building 

blocks of a crystalline material also impact its bulk properties, and the relative orientation of these 

building blocks with respect to each other can make a dramatic difference in physical properties.  

With this in mind, a range of bottom-up strategies has been employed to control solid-state 

assembly through the deliberate use of directional intermolecular forces.15-22  

Recently, cocrystallization has emerged as an effective way to tune photophysical properties of 

solid-state materials. In 2020, Zeng and coworkers reported the color tuning of an active 

pharmaceutical ingredient via cocrystallization, presenting metronidazole and pyrogallol 

cocrystals as a case study.23 In this study, the cocrystal showed an increased dissolution rate 

compared to the drug itself, and the results suggested that the cocrystal strategy may be used to 

tune the color of pharmaceutical drugs, which might help drug formulation development. A study 

by Wang and coworkers developed a color-tunable up-conversion emission switch in which two 

different electron donors with the same acceptor molecule yield distinct red and yellow emissions, 

providing a good example of controlling cocrystal-to-cocrystal transformation. .24 MacGillivray 
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and coworkers reported a red zwitterionic cocrystal of acetaminophen and 2,4-

pyridinedicarboxylic acid, and despite both parent materials being colorless, the cocrystal 

exhibited a red color, due to reduced ᴨ-ᴨ gap as determined using density functional theory 

calculations.25 Together, these studies suggest that cocrystallization can be a powerful approach to 

modulate photophysical properties of solid-state materials.  

Inspired by such studies, we explored the possibility of fine-tuning photophysical properties in a 

series of cocrystals by making very specific changes to the nature of the coformers, whilst keeping 

the overall crystal structures as consistent as possible. We also examined the relative importance 

of competing factors in solid-state assembly such as hydrogen bonding and ‘sterics’ by increasing 

the chain length of our target material systematically, to maintain considerable control of the main 

structural parameters and metrics in these solids. With these two goals in mind, we synthesized 

nine cocrystals using five different acceptor molecules (targets) and two different donor molecules 

(coformers). The molecules are classified as ‘donors’ and ‘acceptors’ based on the role they are 

most likely to play in a charge-transfer scenario. Here, we chose 3-dimethylaminobenzoic acid 

(3DMABA), and 4-aminobenzoic acid (4ABA ) as donors with different electron-donating 

capacities and (N-(5-nitropyridin-2-yl)acetamide (T1), N-(5-nitropyridin-2-yl)propionamide (T2), 

N-(5-nitropyridin-2-yl)butyramide (T3), N-(5-nitropyridin-2-yl)pentanamide (T4), and N-(5-

nitropyridin-2-yl)hexanamide (T5) as acceptors to set up a group of cocrystals (Figure 9.1).  

The choice of coformers was deliberate, and we expected the carboxylic acid functionality of the 

donors to form robust 𝑅2
2 (8) dimeric hydrogen-bonding (Figure 9.2) with the pyridine and amide 

nitrogen atom of the acceptors; this heterosynthon is well established in the literature.26-28 We 

intended for this to promote a certain amount of structural consistency across the series of 

cocrystals. If overall structural control was achieved, we hypothesized that it would be possible to 
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make deliberate changes to the photophysical behavior of these materials simply by referencing 

the calculated HOMO-LUMO gap of donor-acceptor pairs of molecules. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 9.2 Experimental section 

 9.2.1 General 

All acceptor molecules were synthesized and purified in our laboratory. 29 Other precursors and 

solvents were purchased from commercial sources and used without further purification. Melting 

points were recorded on a TA Instruments DSC Q20 differential scanning calorimeter. IR spectra 

𝑹𝟐
𝟐(8) 

Figure 9.1.  Chemical structures of donor and acceptor molecules. 

Figure 9.2.  Anticipated 𝑹𝟐
𝟐 (8) dimeric hydrogen-bonding motif. 
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were recorded with a Nicolet 380 FTIR spectrometer using an attenuated total reflection (ATR) 

technique with a ZnSe crystal. Single-crystal X-ray diffraction (SCXRD) data were collected on a 

Rigaku XtaLAB Synergy-S single-crystal X-ray diffractometer equipped with Cu Kα radiation. 

PXRD patterns were collected using a Bruker X-ray powder diffractometer equipped with CuKα 

radiation, operated at 30 kV and 15 mA. Diffuse reflectance absorbance data were measured using 

a Cary 500 UV-Vis-NIR spectrophotometer. HOMO-LUMO calculations were done with density 

functional B3LYP level of theory using 6- 311++G** basis set in vacuum, using Spartan’14 

software.30 

 9.2.2 Preparation of the cocrystals 

Liquid-assisted grinding was performed with equimolar amounts of donor and acceptor in the 

presence of one or two drops of methanol. In each case, the FTIR spectrum of the ground mixture 

was compared to those of the pure starting materials to confirm cocrystal formation. A solution of 

the ground mixture in a suitable solvent was then allowed to evaporate slowly for about one week 

to allow crystal formation. No cocrystals incorporating T1 were formed; on the other hand, two 

polymorphs of T2-3DMABA cocrystals were formed. Details concerning these cocrystals formed 

by this procedure are presented in Table 9.1. 

Table 9.1.  Solvents used for crystal growth and crystal descriptions 

Compound Code Solvent 
Color and 

morphology 

Melting point/℃ 

N-(5-nitropyridin-2-yl)propionamide 

+3DMABA-Polymorph Ⅰ 
T2-3DMABA-PⅠ Methanol Light orange, plate 121-123 ℃ 

N-(5-nitropyridin-2-yl)propionamide 

+3DMABA-Polymorph Ⅱ 
T2-3DMABA-PⅡ Dichloromethane Orange, plate 125-127 ℃ 

N-(5-nitropyridin-2-yl)butyramide  

+ 3DMABA 
T3-3DMABA Methanol 

Reddish orange, irregular 

block 
123-125 ℃ 

N-(5-nitropyridin-2-yl)pentanamide 

+3DMABA 
T4-3DMABA Methanol Orange, irregular block 140-142 ℃ 

N-(5-nitropyridin-2-yl)hexanamide 

+3DMABA 
T5-3DMABA Methanol Orange, plate 123-125 ℃ 
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N-(5-nitropyridin-2-yl)propionamide 

+4ABA 
T2-4ABA Ethyl acetate Light yellow, needle 154-156 ℃. 

N-(5-nitropyridin-2-yl)butyramide + 

4ABA 
T3-4ABA Methanol Yellow, irregular 161-164 ℃ 

N-(5-nitropyridin-2-yl)pentanamide 

+4ABA 
T4-4ABA Methanol Yellow, plate 141-144 ℃ 

N-(5-nitropyridin-2-yl)hexanamide 

+4ABA 
T5-4ABA Methanol Light yellow, needle 121-123 ℃ 

 

Selected crystallographic data are summarized in Table 9.2, while complete experimental details 

are given in Appendix I. The structures were solved with the ShelXT 2018/2 31 structure solution 

program using the intrinsic phasing solution method, and Olex2 32 was used as the graphical 

interface. The model was refined with version 2018/3 of ShelXL 2018/3 33 using Least Squares 

minimization.  

Table 9.2.  Crystallographic data 

Structure 

Space 

group 

Z, Z’ a/Å b/Å c/Å Ucell/Å
3 T/K 

Dcalc/g cm-3 

(at T) 

T2-3DMABA-PⅠ P21/n 4,1 16.7360(4) 4.91439(11) 21.9254(5) 1784.68(7) 200.00(10) 1.341 

T2-3DMABA-PⅡ C2/c  8,1 24.8829(8) 6.1032(2)  23.3288(12)  3484.7(2)  295.0(4) 1.374  

T3-3DMABA P-1  2,1 6.21761(15)  12.5048(2)  12.7578(4)  945.96(4)  200.0(1)  1.314  

T4-3DMABA P-1  2,1 6.35274(15)  12.46903(18)  12.9378(3)  966.16(4) 200(2)  1.335  

T5-3DMABA P-1  2,1 6.42159(9)  12.65205(14)  13.02701(17)  992.29(2) 200.00(10) 1.347  

T2-4ABA P21/n  4,1 12.5882(2)  5.17490(7)  23.3666(4)  1521.34(4) 200.00(10)  1.451  

T3-4ABA P-1  2,1 5.8059(4)  11.8005(10)  12.9057(16)  823.35(14)  200.00(10)  1.397  

T4-4ABA P-1  2,1 6.15171(12)  12.3495(4)  12.6749(4)  892.97(4)  295.9(3) 1.340  

T5-4ABA P21/n  4,1 20.1578(5)  4.90086(14)  32.5043(9)  3210.75(15)  297(1) 1.265  

 

 9.2.3 Solid-state replacement studies 

Solid-state replacement experiments were carried out to evaluate the possibility of coformer 

exchange in the pre-formed cocrystals. The isolated cocrystal was mixed with the second, and 

potentially disruptive, coformer in two different stoichiometric ratios (1:0.5 and 1:1 relative to the 

original coformer composition), and the mixtures were subjected to liquid-assisted grinding 
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(LAG). The resulting products were analyzed by PXRD and compared with PXRD patterns of the 

starting cocrystals and the corresponding starting materials to determine whether coformer 

exchange had occurred.  

 9.3 Results 

 9.3.1 Physical appearance  

All starting targets and coformers in this study appeared as white or off-white powders. However, 

striking color changes occurred during the grinding studies, as depicted in Figure 9.3. It should be 

noted that none of the grinding experiments with T1 produced any cocrystals, based on our IR 

analysis, and neither of the ground mixtures of T1 gave any notable color changes.   

 

 

 

 

 

 

 

 

 

 

 

 

All cocrystals that were formed with T2-T5 displayed distinctly different physical appearances 

(Figure 9.4) compared to their respective starting materials. 

 

 

3DMABA T3 4ABA 

T3-3DMABA T3-4ABA 

Figure 9.3.  Physical appearance of starting materials: T3, 3DMABA, 4ABA, and their 

ground mixtures. 
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 9.3.2 Infrared spectra (IR) analysis 

To confirm the formation of cocrystals, the IR spectra of acceptors, donors, and ground mixtures 

were analyzed. The characteristic peaks of all five acceptors, two donors, and ground mixtures are 

given in Table 9.3. 

Table 9.3.  IR frequencies of acceptors, donors and ground mixtures. 

 Coformer 

3DMABA 4ABA 

Target IR stretch/cm-1 1670 1660 

T1 1685/1669 1678/1670 1672/1662/1656 

T2 1682 1705, 1672 1707,1672 

T3 1695 1712,1675 1706,1675 

T4 1697 1714,1679 1715,1674 

T5 1697 1712,1679 1695,1686 

 

In the IR spectrum of each cocrystal, the characteristic peaks have shifted significantly from their 

original positions. However, for the T1 acceptor with both 3DMABA and 4ABA, the signature 

coformer bands remained in the same place, indicating no cocrystal formation.  

Figure 9.4.  Physical appearance of resultant ground mixtures. 
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In the 3DMABA coformer, the C=O stretch is observed at 1670 cm−1, while in the 4ABA coformer 

it is located at 1660 cm−1.  The C=O modes of the four ground mixtures, T2-3DMABA, T3-

3DMABA, T4-3DMABA, and T5-3DMABA, corresponding to the 3DMABA donor, exhibit a 

blue shift, at 1672,1675,1679, and 1679 cm-1, respectively. In these four mixtures, the C=O band 

accountable for acceptors, T2, T3, T4, and T5, are also blue shifted to 1705, 1712, 1714, and 1712 

cm-1, respectively. 

As with the ground mixtures of the 3DMABA coformer, the four mixtures of the 4ABA coformer 

exhibit a blue shift for donor C=O, at 1672, 1675, 1674, and 1686 cm-1, respectively. In these four 

cocrystals, the C=O peaks accountable for targets T2, T3, and T4 are also blue shifted to 1707, 

1706, and 1715 cm-1, respectively, except the C=O band for T5. For T5-4ABA, the C=O mode 

belonging to T5 is red-shifted to 1695 cm-1, confirming the formation of a different type of 

cocrystal. 

In summary, significant shifts of the position of the C=O stretching modes were taken as evidence 

for cocrystal formation. 

 9.3.3 Crystal structure analysis (SCXRD) 

We obtained crystals suitable for single-crystal X-ray diffraction for nine cocrystals (T2-

3DMABA-PⅠ, T2-3DMABA-PⅡ, T3-3DMABA, T4-3DMABA, T5-3DMABA, and T2-4ABA, 

T3-4ABA, T4-4ABA, T5-4ABA). In all but one compound, there is a 1:1 stoichiometric ratio of 

the donor and acceptor molecules. The one exception is T5-4ABA, where the donor: acceptor ratio 

is 1:2. In addition, T2-3DMABA produced two polymorphs, crystallized from methanol and 

dichloromethane, respectively, Table 9.1. 
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The polymorphs of T2 belonged to P21/n and C2/c space groups in the monoclinic system. The 

T3-3DMABA, T4-3DMABA, and T5-3DMABA cocrystals exhibit a similar packing arrangement 

to each other, all in the triclinic, P-1 space group, Figure 9.5. 

All donor and acceptor molecules in the cocrystals are stacked in a slipped face-to-face 

arrangement, facilitating charge-transfer between neighboring π clouds. Charge-transfer is 

indicated by relatively short interplanar distances (3.171 Å for T2-3DMABA-PⅠ, 3.324 Å for T2-

3DMABA-PⅡ, 3.337 Å for T3-3DMABA, 3.345 Å for T4-3DMABA, and 3.299 Å for T5-

3DMABA (Appendix I) leading to colored compounds. The donor and acceptor of each cocrystal 

are interconnected through C=O⋯H-N and O-H⋯N(py) hydrogen bonds (Figure 9.5 (a) ⅰ, (b) ⅰ, 

and (c) ⅰ).  
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In the series with 4ABA coformer, the cocrystals belonged to two different space groups, P21/n 

and P-1. T2-4ABA and T5-4ABA belong to the P 21/n space group in the monoclinic system, and 

T3-4ABA and T4-4ABA belong to the P-1 space group in the triclinic system. In each case, 

acceptor and donor appear in a 1:1 stoichiometric ratio except for the one with the T5 target, where 

they interact in a 2:1 acceptor: donor ratio, Figure 9.6 (c). Although T2-4ABA and T5-4ABA 

belong to the same space group, the packing arrangement is different since the molar ratios are 

different. In the first three cocrystals, the layers are weakly connected with a face-to-face pattern 

leading to charge-transfer interaction, but the last one was completely different (interlayer 

distances: 3.237 Å for T2-4ABA, 3.175 Å for T3-4ABA, 3.277 Å for T4-4ABA, and 3.355 Å for 

T5-4ABA (Appendix I).  

 

 

 

(c) ⅰ (c) ⅱ 

Figure 9.5.  (a) ⅰ. Asymmetric unit of T2-3DMABA-PⅠ, (a) ⅱ. π∙∙∙π stacking, (b) ⅰ. Asymmetric 

unit of T2-3DMABA-PⅡ, (b) ⅱ. π∙∙∙π  stacking, (c) ⅰ. Asymmetric unit of T3-3DMABA, (c) ⅱ. 

π∙∙∙π stacking (blue = donor, green = acceptor). 
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(a) ⅰ (a) ⅱ 

(b) ⅰ (b) ⅱ 

(c) ⅰ (c) ⅱ 

Figure 9.6.  (a) ⅰ. Asymmetric unit of T2-4ABA, (a) ⅱ. π∙∙∙π stacking (blue = donor, green = 

acceptor), (b) ⅰ. Asymmetric unit of T3-4ABA-PⅡ, (b) ⅱ. π∙∙∙π stacking  (green = donor, blue/red 

= acceptors), (c) ⅰ. Asymmetric unit of T5-4ABA, (c) ⅱ. Charge-transfer structure. 
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9.3.4 Powder X-ray diffraction (PXRD) analysis  

 To establish phase purity of the cocrystals, the PXRD patterns of the acceptor, donors, and ground 

mixtures were analyzed. The simulated PXRD patterns of the nine cocrystals were generated using 

Mercury63 and compared with the experimental PXRD patterns of the ground mixtures (Appendix 

I). The powder patterns of the cocrystals are different from those of the individual donors and 

acceptors, suggesting the formation of new crystalline phases. Furthermore, the diffraction peak 

positions in the experimental PXRD patterns of the six cocrystals (T3-3DMABA, T4-3DMABA, 

T5-3DMABA, T2-4ABA, T3-4ABA, and T4-4ABA) and the simulated PXRD patterns are 

consistent with each other, without the presence of additional peaks, underscoring that these 

powders are structurally homogenous.  However, the simulated and experimental powder patterns 

of T2-3DMABA and T5-4ABA are different and also unrelated to their donor and acceptor PXRD 

patterns, respectively, indicating possible polymorphism (which was separately confirmed for T2-

3DMABA in our single-crystal X-ray studies).  

 9.3.5 HOMO-LUMO calculations 

Frontier molecular orbital theory can provide valuable insights into the photophysical properties 

of charge-transfer compounds. To explore whether it is possible to correlate the observed 

photophysical properties of these cocrystals with the calculated HOMO-LUMO energy gap, we 

carried out the relevant DFT calculations at the B3LYP/6-311++G**  level of theory in vacuum 

using Spartan to determine the energy levels of donors and acceptors separately, as well as for the 

heteromeric donor-acceptor pairs. (Figures 9.7 and 9.8). Donor and acceptor molecules display 

wide HOMO-LUMO gaps with values of 4.2 eV for 3DMABA, 4.9 eV for 4ABA, and 4.5 eV for 

all four target molecules. When the cocrystals are formed, the HOMO-LUMO gaps are narrowed. 

The energy gap values [ELUMO - EHOMO] of T2-3DMABA, T3-3DMABA, T4-3DMABA, T5-
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3DMABA, T2-4ABA, T3-4ABA, T4-4ABA, and T5-4ABA are 2.6 eV, 2.5 eV, 2.5 eV, 2.5 eV, 

3.3 eV, 3.3 eV, 3.3 eV, 3.5 eV, and 3.1 eV, respectively. This narrowing facilitates the charge-

transfer between donor and acceptor molecules. As shown in Figures 7 and 8, the HOMOs of the 

four cocrystals are located on the corresponding donors, and the LUMOs are distributed on the 

acceptors. It further confirms that the charge-transfer transitions take place from donors to 

acceptors. Moreover, the colors of the materials aligned effectively with the resultant energy gaps. 
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Figure 9.7.  HOMO and LUMO energy level diagrams of 3DMABA cocrystals and their starting 

materials. 
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 9.3.5 Charge transfer character 

The optical properties and electronic transitions for T3-3DMABA and T3-4ABA were further 

investigated using TD-DFT calculations at the B3LYP/6-31G level of theory in vacuum using 

Gaussian. The calculated electronic absorption spectrum of T3-3DMABA exhibits two low-energy 

transitions at 679 nm (S1) and 676 nm (S2), and each is composed of multiple electronic 

transitions. The oscillator strengths of these transitions are 0.0064 a.u. and 0.0343 a.u., 
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Figure 9.8.  HOMO and LUMO energy level diagrams of 4ABA cocrystals and their starting 

materials. 
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respectively. Therefore, it can be concluded that this absorption peak is dominated by the 

excitation at 676 nm.  

Similarly, the electronic absorption spectrum of T3-4ABA was calculated at the same level of 

theory. Two low-energy transitions were observed at 487 nm (S1) and 486 nm (S2), with oscillator 

strengths of 0.0028 a.u. and 0.0029 a.u., respectively. Since the oscillator strengths are nearly 

identical, both transitions contribute similarly to the absorption spectrum. Analysis of the 

molecular orbital contributions shows that the first excited state (S1, 487 nm) arises from a 

combination of HOMO → LUMO+1 and HOMO-1 → LUMO transitions, while the second 

excited state (S2, 486 nm) involves HOMO-1 → LUMO+1 and HOMO → LUMO+1 transitions. 

These results indicate that both states have comparable transition probabilities, leading to similar 

intensities in the calculated spectrum. The transitions and their contributions are given in Table 

9.4 and Figure 9.9.   

Table 9.4.  Calculated electronic absorption parameters 

Compound 
Excitation 

energy/eV 

Excited 

state 

Oscillator 

strength (a.u) 
Transitions Weight 

T3-3DMABA 

1.8255 (679 nm) 1 0.0064 

HOMO-1→LUMO 21.03% 

HOMO-1→LUMO+1 3.83% 

HOMO→LUMO 22.08% 

HOMO→LUMO+1 2.95% 

1.8334 (676 nm) 2 0.0343 

HOMO-1→LUMO 0.04% 

HOMO-1→LUMO+1 19.75% 

HOMO→LUMO 2.7% 

HOMO→LUMO+1 23.36% 

T3-4ABA 

2.5461 (487 nm) 1 0.0028 
HOMO-1→LUMO 19.72% 

HOMO→LUMO 30.12% 

2.5522 (486 nm) 2 0.0029 
HOMO-1→LUMO+1 21.76% 

HOMO→LUMO+1 28.08% 
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 9.3.6 Photophysical properties 

 9.3.6.1 Solid-state UV absorption 

Solid-state UV absorption spectra of the acceptors, donors, and cocrystals were obtained to 

investigate the photophysical properties of the cocrystals (Figure 9.10 and Appendix I). Acceptor 

molecules exhibit absorption peaks in the range of 300-420 nm, while 3DMABA shows the 

absorption around 350-450 nm, and 4ABA has a strong absorption within 325-350 nm. In 

Figure 9.9.  Molecular orbitals contributing to the transitions. 

T3 - 3DMABA 

HOMO-1 

HOMO 

LUMO 

LUMO+1 

T3 - 4ABA 

HOMO 

HOMO-1 

LUMO 

LUMO+1 
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particular, the absorption peaks of cocrystals with 3DMABA coformers exhibit a wide range of 

absorbance within 400-600 nm, and the cocrystal with 4ABA coformer shows a broad range of 

absorbance within 400-500 nm. The absorption peaks of the acceptor and the donor molecules can 

be attributed to π → π* transitions. Moreover, the absorption bands of all nine cocrystals display 

broadening and red-shift, indicating the occurrence of charge-transfer between the acceptor and 

the donor molecules within the cocrystals.  

The absorbance wavelengths of these materials are more readily related to the observed colors of 

each material, respectively. The cocrystals with 3DMABA absorb mostly below 600 nm, and they 

appear red/orange to the naked eye.  Similarly, cocrystals with 4ABA are yellow, and they all 

absorb below 500 nm, which is consistent with expectations.  

 

 

 

 

 

 

 

 

 

 9.3.6.2 Photoluminescence studies 

Photoluminescence (PL) spectra were collected using a Jobin-Yvon Fluoromax-2 with a xenon arc 

lamp source and photon-counting detection electronics. Although several compounds exhibited 

photoluminescence, the observed color did not originate from their emission. Instead, visible color 
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Figure 9.10.  Solid-state UV-Visible spectra comparison of (a) T4-3DMABA cocrystal with 

its parent materials and (b) T4-4ABA cocrystal with its parent materials. 
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arises solely from their absorption characteristics in the UV-visible range. The corresponding 

photoluminescence data are provided in Appendix I. 

 9.3.7 Solid-state replacement studies 

The PXRD patterns of the ground products showed no significant differences from those of the 

parent cocrystal (Appendix I). All characteristic peaks of the original cocrystal and the second 

coformer were retained, and no new peaks corresponding to a new phase were observed. These 

results indicate that solid-state replacement has not occurred under the given conditions, even at a 

1:1 stoichiometric ratio. This indicated that the initially formed cocrystal is thermodynamically 

stable and resistant to coformer replacement at least under the experimental conditions that we 

explored. 

 9.4 Discussion 

The present study demonstrates that systematic modification of target molecules and the use of 

different coformers can provide an effective strategy for tuning photophysical properties of 

cocrystals. In this work, nine charge-transfer cocrystals were synthesized and all of them exhibited 

distinct visible color changes during LAG, suggesting the formation of charge-transfer cocrystals. 

IR spectroscopy further confirmed the formation of new cocrystals through characteristic shifts in 

vibrational bands relative to the starting materials, and DSC revealed new melting points for each 

compound. 

Crystallographic data were obtained, providing detailed insight into their supramolecular 

assembly. Structural analyses revealed that most cocrystals adopt a 1:1 donor-acceptor 

stoichiometry, except for T5-4ABA, which forms a 2:1 acceptor-to-donor ratio. Nevertheless, 

across the nine synthesized cocrystals, the 𝑅2
2(8) hydrogen-bond motif was persistent, indicating 

that the primary supramolecular synthon remains robust despite variations in targets and 
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coformers. The retention of this motif also demonstrates that the expected hydrogen-bonding 

interactions between the target and coformer functional groups direct the crystal packing and 

maintain structural consistency across the series. Further, they showed that they are packed in a 

slipped face-to-face arrangement, in which acceptor aromatic rings interact with donor aromatic 

rings through charge transfer interactions. PXRD analyses further confirmed the homogeneity of 

the synthesized materials. The PXRD patterns of the ground samples aligned well with those 

simulated from the crystal structures and were absent from the remaining starting materials.  

Theoretical calculations provide additional insight into these structures. The calculated HOMO-

LUMO energy gaps for the donor-acceptor pairs fall within the visible range, supporting the 

formation of charge-transfer interactions. In particular, the relatively smaller energy gaps 

calculated for the 3DMABA cocrystals and slightly larger gaps obtained for the 4ABA cocrystals 

agreed with the observed colors. Theoretical calculations also indicated that the HOMO is 

localized on the donor molecule, while the LUMO is localized on the acceptor molecule, as 

expected for these charge-transfer cocrystals. Additionally, calculations of the charge-transfer 

character further support the presence of donor-to-acceptor electronic transitions,  

The solid-state UV-visible absorption spectra provide further experimental evidence for these 

charge-transfer interactions. The broadening and red-shift of absorption bands in the solid state are 

characteristic of intermolecular π-π interactions between donor and acceptor molecules. These 

spectral changes support the conclusion that the observed colors originate primarily from donor-

acceptor π-π charge-transfer interactions. Photoluminescence studies showed that only some 

cocrystals are photoluminescent. Importantly, the observed colors of the cocrystals arise mainly 

from absorption rather than emission processes. 
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Finally, solid-state replacement experiments indicate that no coformer exchange occurs within the 

cocrystals, demonstrating the stability of pre-existing cocrystals. 

Overall, the results demonstrate that coformer selection provides an effective way of modulating 

the photophysical properties of charge-transfer cocrystals without significantly altering their 

fundamental structural motifs. The correlation between calculated HOMO-LUMO gaps and 

experimentally observed colors indicates that theoretical predictions can serve as a tool for pre-

determining cocrystals with targeted photophysical properties. 

 9.5 Conclusions 

 

 

 

 

 

 

 

  

 

Figure 9.10.  Summary of findings of the study. 

 

In summary, nine cocrystals were successfully synthesized and fully characterized. By deliberately 

selecting coformers and systematically modifying the targets, we were able to maintain structural 

consistency across all cocrystals while preserving the 𝑅2
2(8) hydrogen-bonded motif. The crystal 

structure analysis reveals that the donor and acceptor molecules in each cocrystal are combined in 

a 1:1 stoichiometric ratio, except for T5-4ABA, which has a 2:1 acceptor: donor ratio. This 
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demonstrates that competing intermolecular forces, such as sterics and hydrogen bonding, do not 

significantly restrict control over solid-state structural parameters. 

All cocrystals exhibited color changes during liquid-assisted grinding. These cocrystals have small 

HOMO-LUMO gaps (2.6 eV for T2-3DMABA-PⅠ; 2.5 eV for T3-3DMABA, T4-3DMABA, and 

T5-3DMABA; 3.3 eV for T2-4ABA and T3-4ABA; 3.5 eV for T4-4ABA; and 3.1 eV for T5-

4ABA), which facilitates charge-transfer and serves as a rationale for their observed colors. This 

indicates that calculated HOMO-LUMO gaps of donor-acceptor pairs can be used to guide the 

design of functional cocrystals with desired colors.  

In solid-state UV-visible spectra, the absorption bands of all cocrystals display considerable 

broadening and red shift, indicating the occurrence of charge-transfer between the acceptor and 

the donor molecules within the cocrystals. Photoluminescence studies showed that only some 

compounds are photoluminescent; however, the observed colors arise solely from UV-visible 

absorption.  

Overall, this study shows that systematic coformer selection enables modulation of photophysical 

properties and establishes a predictive strategy for the rational design of functional cocrystal 

systems 
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Chapter 10 - Future work 

In Chapter 2, we systematically investigated how alkyl chain length influences the formation of 

chain- and dimer-bonding intermolecular structural features in 2-aminopyridine derivatives. 

However, we did not examine how bulky aromatic groups attached to the amide group may affect 

chain and dimer motif formation, even though two of our compounds contained phenyl rings. This 

would be very interesting to explore because it is well known that aromatic pi-pi interactions are 

capable of providing considerable structural influence. 

In Chapter 6, we described how we successfully identified cocrystals of the PM (5-(pyridin-3-yl) 

pyrimidin-2-amine) molecule with selected coformers in 1:1 and 1:2 stoichiometric ratios. 

However, further investigations are required to better understand (i) the true mechanisms 

governing their formation and (ii) to identify robust methods for synthesizing the 

thermodynamically stable product (Figure 10.1). 

 

Figure 10.1.  Schematic of planned future work for Chapter 6. 
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The intrinsic mechanism of mechanochemical cocrystallizations needs to be explored further by 

monitoring the formation of the cocrystal as a function of time during the grinding experiment. 1,2 

In such experiments, grinding will be paused at short time intervals, and the resulting solid phases 

will be analyzed by PXRD. The experiment will be carried out for longer periods than usual 

grinding experiments (up to 60 minutes) to determine if the product converts from intermediate 

phases to the thermodynamic product. Such experiments would provide a better understanding of 

whether cocrystal formation follows a stepwise mechanism involving kinetically favored 

intermediates that transform into thermodynamically more stable phases later. In addition, since 

we obtained the kinetic product predominantly in the crystal growth in solution, slurry experiments 

will be performed to identify the thermodynamically stable product. 3-6  

The choice of solvent is also an important factor for solution-based crystal growth, as it can 

influence solubility, hydrogen bonding, and nucleation conditions. Moreover, the temperature used 

for solution-based cocrystallization can also have a significant impact, as it alters the solvent 

evaporation rate, which, in turn, affects the cocrystal formation. There are many examples 

illustrating how a specific solvent or solvent mixture can selectively direct the formation of 

cocrystals with particular stoichiometries. 7-9 For example, cyanuric acid and 4,4'-bipyridine form 

a 2:1 cocrystal when crystallized from methanol, whereas a 1:1 cocrystal is obtained in an aqueous 

medium.  Blagden et al. showed that when a 2:1 stoichiometric ratio of benzoic acid and 

isonicotinamide was allowed to form cocrystals in a water-ethanol solvent system, they resulted 

in two different cocrystals based on the solvent composition. 7 A 2:1 cocrystal was obtained in a 

higher water content, whereas a 1:1 cocrystal was obtained with a higher ethanol content (Figure 

10. 2). Although solvent effects are clearly important, they were not systematically investigated in 

this work and will be addressed in future studies. 
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In chapter 8, an iodo analogue of favipiravir and its cocrystals were synthesized. Since the study 

primarily focused on fundamental structural analysis and potential improvements in solid-state 

properties through cocrystallization, a pharmacological evaluation was not performed. In the 

future, we plan to conduct pharmacological studies to assess the biological activity and medicinal 

potential of this analogue. Second, the work described in this thesis focused only on the thermal 

stability of the obtained cocrystals, although we initially intended to investigate several other 

properties. Future work will therefore examine solubility and dissolution behavior. 10-14 Finally, 

not all cocrystals yielded crystals suitable for structural analysis, primarily due to the 

incompatibility of solvents with the I-Fav and coformers (Figure 10.3). To overcome these 

limitations, alternative methods for synthesizing cocrystals will be explored, such as melt mixing 

and sublimation. 15-19 

 

Figure 10.2.  Comparison of the growth of (1:1) and (2:1) cocrystals of benzoic acid and 

isonicotinamide in different solvent compositions. 7 
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Figure 10.3.  Schematic of planned future work for Chapter 8. 
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Appendix A - Additional information for Chapter 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure A.1.  Copyright permission for Chapter 1, Figure 1.1. 
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Figure A.2.  Copyright permission for Chapter 1, Figure 1.4. 
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 Figure A.3.  Copyright permission for Chapter 1, Figure 1.9. 
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Figure A.4.  Copyright permission for Chapter 1, Figure 1.15. 
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Figure A.5.  Copyright permission for Chapter 1, Figure 1.16 and 1.17. 
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 Figure A.6.  Copyright permission for Chapter 1, Figure 1.18. 
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Figure A.7.  Copyright permission for Chapter 1, Figure 1.22 and 1.23. 
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Figure A.8.  Copyright permission for Chapter 1, Figure 1.24. 
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Figure A.9.  Copyright permission for Chapter 1, Figure 1.25. 
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Figure A.10.  Copyright permission for Chapter 1, Figure 1.26. 
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Appendix B - Additional information for Chapter 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.1.  Copyright permission for Chapter 2. 
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Figure B.2.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(5-nitropyridin-

2-yl)acetamide (NO2-methyl). 

 

Figure B.3.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(5-nitropyridin-

2-yl)propionamide (NO2-ethyl). 
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Figure B.4.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(5-nitropyridin-

2-yl)butyramide (NO2-propyl). 

Figure B.5.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(5-nitropyridin-

2-yl)pentanamide (NO2-butyl). 
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Figure B.6.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(5-nitropyridin-

2-yl)hexanamide (NO2-pentyl). 

Figure B.7.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(5-nitropyridin-2-

yl)benzamide (NO2-phenyl). 
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Figure B.8.  1H NMR (600 MHz, DMSO-d6) spectrum of N-(3-chloro-5-

trifluoromethylpyridin-2-yl)acetamide (Cl-CF3-methyl). 

Figure B.9.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(3-chloro-5-

trifluoromethylpyridin-2-yl)propionamide (Cl-CF3-ethyl). 
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Figure B.10.  1H NMR (600 MHz, DMSO-d6) spectrum of N-(3-chloro-5-

trifluoromethylpyridin-2-yl)butyramide (Cl-CF3-propyl). 

Figure B.11.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(3-chloro-5-

trifluoromethylpyridin-2-yl)pentanamide (Cl-CF3-butyl). 
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Figure B.12.  1H NMR (600 MHz, DMSO-d6) spectrum of N-(3-chloro-5-

trifluoromethylpyridin-2-yl)hexanamide (Cl-CF3-pentyl). 

Figure B.13.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(3-chloro-5-

trifluoromethylpyridin-2-yl)benzamide (Cl-CF3-phenyl). 
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Table B.1.  Crystallographic information for the NO2 series crystal structures  

Code 
NO2-methyl- 

polymorph Ⅰ 

NO2-methyl-

polymorph Ⅱ 
NO2-ethyl 

Formula C7H7N3O3 C7H7N3O3 C8H9N3O3 

Dcalc./ g cm-3 1.506 1.493 1.462 

m/mm-1 1.034 1.025 0.973 

Formula Weight 181.16 181.16 195.18 

Colour colourless colourless colourless 

Shape prism irregular prism 

Size/mm3 0.12×0.05×0.03 0.15×0.10×0.09 0.12×0.05×0.03 

T/K 220.00(10) 210.00(10) 210.00(10) 

Crystal System triclinic triclinic monoclinic 

Space Group P-1 P-1 P21/n 

a/Å 7.2283(2) 8.02943(18) 4.50892(10) 

b/Å 9.7152(2) 8.12347(16) 21.7772(5) 

c/Å 11.6501(3) 13.3252(3) 9.21050(16) 

α/° 91.812(2) 87.5332(16) 90 

β/° 91.105(2) 74.8204(18) 101.4070(19) 

γ/° 102.238(2) 73.9913(19) 90 

V/Å3 798.85(3) 805.90(3) 886.53(3) 

Z 4 4 4 

Z' 2 2 1 

Wavelength/Å 1.54184 1.54184 1.54184 

Radiation type Cu Ka Cu Ka Cu Ka 

Qmin/° 3.797 3.438 4.06 

Qmax/° 77.575 79.744 77.599 

Measured Refl. 6216 5931 8830 

Independent Refl. 6216 5931 1864 

Reflections with I >2(I) 5569 5474 1712 

Rint - - 0.0183 

Parameters 246 246 133 

Restraints 0 0 0 

Largest Peak 0.208 0.180 0.208 

Deepest Hole -0.23 -0.240 -0.158 

GooF 1.047 1.064 1.032 

wR2 (all data) 0.1146 0.1197 0.1008 

wR2 0.1119 0.1176 0.0991 

R1 (all data) 0.0417 0.0424 0.0376 

R1 0.0384 0.0405 0.0355 
 

Code 
NO2-propyl- 

polymorph Ⅰ 

NO2-propyl-

polymorph Ⅱ 
NO2-butyl 

Formula C9H11N3O3 C9H11N3O3 C10H13N3O3 

Dcalc./ g cm-3 1.403 1.429 1.362 

m/mm-1 0.907 0.925 0.859 

Formula Weight 209.21 209.21 223.23 

Colour colourless colourless colourless 

Shape irregular plate plate 

Size/mm3 0.07×0.04×0.02 0.40×0.07×0.02 0.21×0.05×0.01 
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T/K 210.00(10) 200.00(10) 150.00(10) 

Crystal System monoclinic orthorhombic monoclinic 

Space Group P21/c Pnma P21/n 

a/Å 9.0227(3) 10.14871(17) 5.6933(2) 

b/Å 18.8967(6) 6.59742(12) 9.1087(4) 

c/Å 5.8106(2) 14.5221(3) 21.0588(11) 

α/° 90 90 90 

β/° 90.335(3) 90 94.456(4) 

γ/° 90 90 90 

V/Å3 990.68(5) 972.33(3) 1088.78(8) 

Z 4 4 4 

Z' 1 0.5 1 

Wavelength/Å 1.54184 1.54184 1.54184 

Radiation type Cu Ka Cu Ka Cu Ka 

Qmin/° 4.68 5.317 5.293 

Qmax/° 76.942 79.406 78.785 

Measured Refl. 7138 4395 8282 

Independent Refl. 2034 1119 2196 

Reflections with I >2(I) 1488 1022 1696 

Rint 0.0338 0.0197 0.0498 

Parameters 142 96 150 

Restraints 0 0 0 

Largest Peak 0.132 0.148 0.244 

Deepest Hole -0.139 -0.206 -0.282 

GooF 1.025 1.064 1.078 

wR2 (all data) 0.1142 0.0973 0.1631 

wR2 0.1019 0.0940 0.1748 

R1 (all data) 0.0606 0.0375 0.0710 

R1 0.0407 0.0348 0.0557 
 

Code NO2-pentyl NO2-phenyl 

Formula C11H15N3O3 C12H9N3O3 

Dcalc./ g cm-3 1.328 1.484 

m/mm-1 0.819 0.924 

Formula Weight 237.26 243.22 

Colour colourless colourless 

Shape plate plate 

Size/mm3 0.19×0.05×0.01 0.09×0.04×0.01 

T/K 150.00(10) 294.9(8) 

Crystal System triclinic triclinic 

Space Group P-1 P-1 

a/Å 5.6262(5) 5.7530(5) 

b/Å 9.0985(6) 7.2811(6) 

c/Å 12.0319(9) 13.4868(10) 

α/° 105.347(6) 101.345(6) 

β/° 91.822(7) 100.260(7) 

γ/° 90.524(6) 90.498(7) 

V/Å3 593.55(8) 544.48(7) 

Z 2 2 



224 

 

Table B.2.  Crystallographic information for the Cl-CF3  series crystal structures  

Code Cl-CF3-methyl Cl-CF3-ethyl Cl-CF3-propyl 

Formula C8H6ClF3N2O C9H8ClF3N2O C10H10ClF3N2O 

Dcalc./ g cm-3 1.71 1.607 1.069 

m/mm-1 0.432 3.524 1.563 

Formula Weight 238.6 252.62 266.65 

Colour light yellow colourless colourless 

Shape needle needle needle 

Size/mm3 0.11×0.03×0.02 0.26 × 0.03 × 0.02 0.237 × 0.018 × 0.007 

T/K 149.99(10) 210.00(10) 210.00(10) 

Crystal System triclinic monoclinic triclinic 

Space Group P-1 P21/n P-1 

a/Å 4.7910(5) 4.83435(8) 4.80254(13) 

b/Å 9.8561(8) 13.2158(3) 11.8213(3) 

c/Å 10.7070(10) 16.3556(4) 20.7088(7) 

α/° 109.061(8) 90 75.468(3) 

β/° 99.810(8) 92.4297(19) 88.852(2) 

γ/° 96.389(8) 90 84.664(2) 

V/Å3 463.27(8) 1044.02(4) 1133.13(6) 

Z 2 4 4 

Z' 1 - - 

Wavelength/Å 0.71073 1.54184 1.54184 

Radiation type Mo Ka Cu Kα Cu Ka 

Qmin/° 2.441 8.606 4.408 

Qmax/° 31.34 155.862 155.962 

Measured Refl. 5565 15854 17349 

Independent Refl. 2416 2195 4699 

Z' 1 1 

Wavelength/Å 1.54184 1.54184 

Radiation type Cu Ka Cu Ka 

Qmin/° 3.812 6.206 

Qmax/° 79.499 78.56 

Measured Refl. 6768 5701 

Independent Refl. 2397 2111 

Reflections with I >2(I) 1969 1621 

Rint 0.0428 0.0409 

Parameters 159 167 

Restraints 0 0 

Largest Peak 0.222 0.438 

Deepest Hole -0.281 -0.28 

GooF 1.102 1.071 

wR2 (all data) 0.1757 0.2067 

wR2 0.1677 0.1906 

R1 (all data) 0.0666 0.0802 

R1 0.0566 0.0669 
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Reflections with I 

>2(I) 
1604 2195 4699 

Rint 0.049 0.0406 0.0439 

Parameters 141 173 310 

Restraints 0 51 0 

Largest Peak 0.451 0.26 0.45 

Deepest Hole -0.354 -0.25 -0.41 

GooF 0.992 1.114  

wR2 (all data) 0.1236 0.1073 0.1448 

wR2 0.1097 0.1051 0.1364 

R1 (all data) 0.0899 R1 = 0.0442 0.0702 

R1 0.0507 0.0405 0.0536 
 

Code Cl-CF3-butyl Cl-CF3-pentyl Cl-CF3-phenyl 

Formula C11H12ClF3N2O C12H14ClF3N2O C13H8ClF3N2O 

Dcalc./ g cm-3 1.555 1.455 1.563 

m/mm-1 3.131 2.816 2.993 

Formula Weight 280.68 294.7 300.66 

Colour colourless colourless colourless 

Shape needle needle needle 

Size/mm3 0.316 × 0.027 × 0.016 0.30×0.02×0.01 0.09×0.03×0.02 

T/K 140.02(10) 210.00(10) 295.2(3) 

Crystal System triclinic triclinic monoclinic 

Space Group P-1 P-1 P21/n 

a/Å 4.76716(12) 4.7818(3) 10.0203(3) 

b/Å 11.4387(4) 10.7147(8) 4.93051(15) 

c/Å 12.4307(3) 13.4436(7) 25.9237(9) 

α/° 116.059(3) 91.830(5) 90 

β/° 99.003(3) 93.648(5) 94.134(3) 

γ/° 90.330(2) 101.535(5) 90 

V/Å3 599.31(3) 672.80(7) 1277.43(7) 

Z 2 2 4 

Z' - 1 1 

Wavelength/Å 1.54184 1.54184 1.54184 

Radiation type Cu Ka Cu Ka Cu Ka 

Qmin/° 8.044 3.298 3.419 

Qmax/° 155.97 72.044 80.017 

Measured Refl. 10083 7010 9232 

Independent Refl. 2482 2535 2650 

Reflections with I 

>2(I) 
2482 2146 2146 

Rint 0.0401 0.0554 0.0351 

Parameters 211 173 213 

Restraints 0 0 0 

Largest Peak 0.45 0.666 0.248 

Deepest Hole -0.30 -0.53 -0.225 

GooF 1.05 1.072 1.081 

wR2 (all data) 0.1022 0.1828 0.1294 

wR2 0.1002 0.176 0.1208 
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R1 (all data) 0.0412 0.0769 0.0573 

R1 0.0381 0.0684 0.0454 
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Appendix C - Additional information for Chapter 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.1.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(3,5-

dibromopyridin-2-yl)propionamide (3,5-diBr-ethyl). 

Figure C.2.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(3,5-

dibromopyridin-2-yl)butyramide (3,5-diBr-propyl). 
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Figure C.3.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(3,5-

dibromopyridin-2-yl)pentanamide (3,5-diBr-butyl). 

Figure C.4.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(3,5-

dibromopyridin-2-yl)hexanamide (3,5-diBr-pentyl). 
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Figure C.5.  1H NMR (400 MHz, Chloroform-d) spectrum of N-(3-iodopyridin-2-

yl)acetamide (3-iodo-methyl). 

Figure C.6.  1H NMR (400 MHz, Chloroform-d) spectrum of N-(3-iodopyridin-

2-yl)butyramide (3-iodo-propyl). 
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Figure C.7.  1H NMR (400 MHz, Chloroform-d) spectrum of N-(3-iodopyridin-2-

yl)pentanamide (3-iodo-butyl). 

Figure C.8.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(3-iodopyridin-2-

yl)hexanamide (3-iodo-pentyl). 
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Table C.1.  Crystallographic information for the 3,5-dibromo series crystal structures  

Compound 
3,5-dibromo -

ethyl 

3,5-dibromo -
propyl 

3,5-dibromo -
butyl 

3,5-dibromo -
pentyl 

Formula C8H8Br2N2O C9H10Br2N2O C10H12Br2N2O C11H14Br2N2O 

Dcalc./ g cm-3 1.999 1.916 1.891 1.791 

μ/mm-1 9.761 8.983 8.525 6.228 

Formula Weight 307.98 322.01 336.04 350.06 

Colour colourless colourless yellow colourless 

Shape needle needle needle needle 

Size/mm3 0.10×0.02×0.01 0.06×0.01×0.01 0.16×0.01×0.01 0.30×0.03×0.02 

T/K 293(2) 210.00(10) 150.00(10) 210.00(10) 

Crystal System monoclinic monoclinic triclinic triclinic 

Space Group P21/n P21/c P-1 P-1 

a/Å 4.84170(10) 4.7566(3) 4.7731(2) 4.78153(14) 

b/Å 13.4406(3) 10.6612(9) 10.7402(9) 10.6651(4) 

c/Å 15.7310(4) 22.1111(17) 11.9625(4) 13.0948(4) 

α/° 90 90 86.751(5) 87.547(3) 

β/° 91.397(2) 95.514(6) 80.682(4) 85.773(3) 

γ/° 90 90 77.296(6) 77.114(3) 

V/Å3 1023.40(4) 1116.09(15) 590.20(6) 648.95(4) 

Z 4 4 2 2 

Z' 1 1 1 1 

Wavelength/Å 1.54184 1.54184 1.54184 0.71073 

Radiation type Cu Kα Cu Kα Cu Kα Mo Kα 

θmin/° 4.327 4.017 3.745 2.472 

θmax/° 79.783 68.221 79.544 31.211 

Measured Refl. 8185 6365 4783 8388 

Independent Refl. 2183 2034 4783 3448 

Reflections with I 

> 2(I) 
1861 1482 4217 2870 

Rint 0.0310 0.0545 . 0.0254 

Parameters 123 128 126 150 

Restraints 0 0 0 0 

Largest Peak 0.998 1.219 1.276 1.01 

Deepest Hole -0.823 -0.567 -0.722 -0.465 

GooF 1.059 1.012 1.161 1.07 

wR2 (all data) 0.0964 0.1351 0.1674 0.0819 

wR2 0.0923 0.1231 0.1633 0.0788 

R1 (all data) 0.0396 0.0749 0.068 0.0464 

R1 0.0339 0.0524 0.0602 0.0347 

Table C.2.  Crystallographic information for the 3-iodo series crystal structures 

Code 3-iodo-methyl 3-iodo-propyl 3-iodo-butyl 3-iodo-pentyl 

Formula C7H7IN2O C9H11IN2O C10H13IN2O C11H15IN2O 

Dcalc./ g cm-3 1.977 1.800 1.720 1.633 

μ/mm-1 28.161 2.957 21.209 19.277 

Formula Weight 262.05 290.10 304.12 318.15 

Colour colourless pale green dark yellow colourless 

Shape needle plate needle needle 
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Size/mm3 0.13×0.02×0.01 0.15×0.03×0.02 0.24×0.03×0.03 0.14×0.01×0.01 

T/K 292.9(4) 150.00(10) 210.00(10) 210.00(10) 

Crystal System monoclinic monoclinic monoclinic triclinic 

Space Group P21/c P21/c P21/c P-1 

a/Å 14.9733(7) 4.74032(19) 4.78780(8) 4.7428(3) 

b/Å 8.9699(4) 25.5787(10) 28.2733(4) 14.1658(11) 

c/Å 14.2975(6) 8.8861(3) 8.74078(12) 19.6495(10) 

α/° 90 90 90 95.841(6) 

β/° 113.511(5) 96.641(3) 97.0817(14) 96.730 (5) 

γ/° 90 90 90 96.501(5) 

V/Å3 1760.86(14) 1070.23(7) 1174.19(3) 1293.74 (14) 

Z 8 4 4 4 

Z' 2 1 1 2 

Wavelength/Å 1.54184 0.71073 1.54184 1.54184 

Radiation type Cu Kα Mo Kα Cu Kα Cu Kα 

θmin/° 3.219 2.441 3.126 2.280 

θmax/° 80.506 33.620 79.620 68.229 

Measured Refl. 26003 14773 8800 13402 

Independent Refl. 3841 3653 2486 4689 

Reflections with I 

>2(I) 
3339 2841 2271 2886 

Rint 0.0466 0.0325 0.0395 0.0726 

Parameters 209 119 132 273 

Restraints 0 0 0 6 

Largest Peak 1.358 1.658 0.659 1.181 

Deepest Hole -1.408 -1.007 -0.887 -0.770 

GooF 1.069 1.094 1.085 1.024 

wR2 (all data) 0.0967 0.1153 0.0987 0.1667 

wR2 0.0933 0.1104 0.0970 0.1460 

R1 (all data) 0.0435 0.0617 0.0367 0.1013 

R1 0.0377 0.0457 0.0344 0.0562 
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Appendix D - Additional information for Chapter 4 

Table D.1.  Crystallographic information for the T2 series cocrystal structures 

Code T2-2,5-dMBA T2-3,5-dNO2 T2-3dMABA-form 1 

Formula C17H19N3O5 C16H13N4O9 C17H20N4O5 

Dcalc./ g cm-3 1.333 1.573 1.341 

m/mm-1 0.832 1.14 0.841 

Formula Weight 345.35 405.3 360.37 

Colour colourless colourless light orange 

Shape needle irregular plate 

Size/mm3 0.09×0.03×0.03 0.28×0.15×0.12 0.28×0.04×0.00 

T/K 210.00(10) 210.00(10) 200.00(10) 

Crystal System monoclinic triclinic monoclinic 

Space Group P21/c P-1 P21/n 

a/Å 13.1917(2) 8.81977(15) 16.7360(4) 

b/Å 4.89126(9) 10.68818(19) 4.91439(11) 

c/Å 26.7523(5) 10.9514(2) 21.9254(5) 

a/° 90 64.773(2) 90 

b/° 94.4801(18) 69.1624(18) 98.240(2) 

g/° 90 71.3907(16) 90 

V/Å3 1720.89(6) 855.52(3) 1784.68(7) 

Z 4 2 4 

Z' 1 1 1 

Wavelength/Å 1.54184 1.54184 1.54184 

Radiation type Cu Ka Cu Ka Cu Ka 

Qmin/° 3.314 4.618 3.116 

Qmax/° 79.873 79.857 80.512 

Measured Refl. 12252 14064 13114 

Independent Refl. 3590 3692 3662 

Reflections with I >2(I) 2982 3252 2689 

Rint 0.0304 0.0291 0.0341 

Parameters 237 314 247 

Restraints 0 4 0 

Largest Peak 0.202 0.58 0.208 

Deepest Hole -0.211 -0.333 -0.224 

GooF 1.055 1.073 1.039 

wR2 (all data) 0.1277 0.1474 0.1508 

wR2 0.1215 0.1424 0.1331 

R1 (all data) 0.0571 0.0531 0.0674 

R1 0.0475 0.0491 0.0493 
 

Code T2-3dMABA-form 2 T2-4ABA 

Formula C17H20N4O5 C15H16N4O5 

Dcalc./ g cm-3 1.374 1.451 

m/mm-1 0.862 0.939 

Formula Weight 360.37 332.32 

Colour orange light yellow 

Shape plate needle 
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Size/mm3 0.13×0.06×0.02 0.29×0.01×0.01 

T/K 295.0(4) 200.00(10) 

Crystal System monoclinic monoclinic 

Space Group C2/c P21/n 

a/Å 24.8829(8) 12.5882(2) 

b/Å 6.1032(2) 5.17490(7) 

c/Å 23.3288(12) 23.3666(4) 

a/° 90 90 

b/° 100.391(4) 91.8814(16) 

g/° 90 90 

V/Å3 3484.7(2) 1521.34(4) 

Z 8 4 

Z' 1 1 

Wavelength/Å 1.54184 1.54184 

Radiation type Cu Ka Cu Ka 

Qmin/° 3.612 3.785 

Qmax/° 80.128 79.786 

Measured Refl. 11779 11401 

Independent Refl. 3650 3225 

Reflections with I >2(I) 2357 2645 

Rint 0.0429 0.0326 

Parameters 246 234 

Restraints 0 0 

Largest Peak 0.207 0.187 

Deepest Hole -0.201 -0.258 

GooF 1.048 1.084 

wR2 (all data) 0.2083 0.1091 

wR2 0.1849 0.1044 

R1 (all data) 0.0938 0.0554 

R1 0.0655 0.0443 

 

Table D.2  Crystallographic information for the T3 series cocrystal structures 

Code T3-2,3,4,5-fl T3-2,4-dNO2 T3-2,5-diCH3 

Formula C16H13F4N3O5 C16H15N5O9 C18H21N3O5 

Dcalc./ g cm-3 1.541 1.519 1.312 

m/mm-1 1.26 1.096 0.807 

Formula Weight 403.29 421.33 359.38 

Colour colourless colourless colourless 

Shape plate prism plate 

Size/mm3 0.12×0.06×0.02 0.14×0.05×0.03 0.30×0.04×0.02 

T/K 210.00(10) 210.00(10) 200.00(10) 

Crystal System triclinic orthorhombic triclinic 

Space Group P-1 P212121 P-1 

a/Å 4.86180(10) 5.22919(16) 4.90830(8) 

b/Å 11.3550(2) 14.0294(5) 13.0781(2) 

c/Å 15.9165(4) 25.1119(7) 14.3839(3) 

a/° 91.323(2) 90 86.9579(16) 

b/° 96.255(2) 90 83.9364(16) 
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g/° 95.250(2) 90 82.4135(13) 

V/Å3 869.30(3) 1842.26(10) 909.40(3) 

Z 2 4 2 

Z' 1 1 1 

Wavelength/Å 1.54184 1.54184 1.54184 

Radiation type Cu Ka Cu Ka Cu Ka 

Qmin/° 2.794 3.52 3.092 

Qmax/° 79.918 80.057 79.961 

Measured Refl. 13977 13546 20107 

Independent Refl. 3736 3952 3893 

Reflections with I >  

2(I) 
3065 3648 3429 

Rint 0.0228 0.0499 0.0295 

Parameters 262 280 247 

Restraints 0 0 0 

Largest Peak 0.332 0.2000 0.215 

Deepest Hole -0.239 -0.278 -0.159 

GooF 1.079 1.051 1.03 

wR2 (all data) 0.1274 0.1165 0.1196 

wR2 0.1206 0.1143 0.1159 

R1 (all data) 0.0501 0.0460 0.0467 

R1 0.0424 0.0428 0.0417 

Code T3-3,4-dCl T3-3,5-dNO2 T3-3-Cl 

Formula C16H15Cl2N3O5 C16H15N5O9 C16H16ClN3O5 

Dcalc./ g cm-3 1.488 1.502 1.453 

m/mm-1 3.576 1.084 2.326 

Formula Weight 400.21 421.33 365.77 

Colour colourless colourless colourless 

Shape plate needle block 

Size/mm3 0.13×0.07×0.02 0.12×0.04×0.03 0.18×0.06×0.04 

T/K 210.00(10) 210.00(10) 210.00(10) 

Crystal System triclinic monoclinic triclinic 

Space Group P-1 P21/n P-1 

a/Å 4.87480(10) 8.26213(12) 6.0859(2) 

b/Å 12.0211(3) 6.01994(10) 7.6444(2) 

c/Å 15.5775(4) 37.4638(4) 18.2137(5) 

a/° 93.197(2) 90 99.188(2) 

b/° 90.063(2) 90.3432(12) 90.396(2) 

g/° 101.531(2) 90 91.061(2) 

V/Å3 892.96(4) 1863.33(5) 836.30(4) 

Z 2 4 2 

Z' 1 1 1 

Wavelength/Å 1.54184 1.54184 1.54184 

Radiation type Cu Ka Cu Ka Cu Ka 

Qmin/° 2.841 2.359 2.458 

Qmax/° 72.138 80.032 79.863 

Measured Refl. 11834 19473 10711 

Independent Refl. 3482 4043 3486 
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Reflections with I >  

2(I) 
2920 3506 3006 

Rint 0.0366 0.0289 0.029 

Parameters 244 281 235 

Restraints 0 0 0 

Largest Peak 0.26 0.228 0.535 

Deepest Hole -0.333 -0.179 -0.271 

GooF 1.059 1.039 1.055 

wR2 (all data) 0.1418 0.1058 0.1314 

wR2 0.1307 0.1014 0.126 

R1 (all data) 0.0461 0.0458 0.0515 

R1 0.0381 0.0394 0.0453 

Code T3-3-diCH3N T3-3-NO2 T3-4-CN T3-4-fl 

Formula C18H22N4O5 C16H16N4O7 C17H16N4O5 C16H16FN3O5 

Dcalc./ g cm-3 1.314 1.43 1.342 1.437 

m/mm-1 0.813 0.977 0.851 0.988 

Formula Weight 374.39 376.33 356.34 349.32 

Colour orange colourless colourless colourless 

Shape ? needle needle needle 

Size/mm3 0.33×0.08×0.02 0.27×0.02×0.02 0.28×0.04×0.03 0.33×0.04×0.03 

T/K 200.0(1) 210.00(10) 210.00(10) 210.00(10) 

Crystal System triclinic triclinic monoclinic monoclinic 

Space Group P-1 P-1 P21/c P21/c 

a/Å 6.21761(15) 4.99171(9) 4.83063(6) 7.59530(10) 

b/Å 12.5048(2) 11.5069(3) 31.9978(5) 14.04110(10) 

c/Å 12.7578(4) 30.9609(6) 11.58214(19) 30.4154(3) 

a/° 79.345(2) 88.0014(18) 90 90 

b/° 78.280(3) 87.1547(16) 99.9929(13) 95.4890(10) 

g/° 80.4467(17) 79.9953(18) 90 90 

V/Å3 945.96(4) 1748.55(7) 1763.09(5) 3228.82(6) 

Z 2 4 4 8 

Z' 1 2 1 2 

Wavelength/Å 1.54184 1.54184 1.54184 1.54184 

Radiation type Cu Ka Cu Ka Cu Ka Cu Ka 

Qmin/° 3.582 3.902 2.762 2.919 

Qmax/° 80.089 80.038 79.506 79.899 

Measured Refl. 17956 20113 17575 32800 

Independent Refl. 4064 7154 3761 6984 

Reflections with I > 

2(I) 
3741 5526 3030 5862 

Rint 0.0236 0.0387 0.0399 0.0328 

Parameters 255 505 244 463 

Restraints 0 0 0 0 

Largest Peak 0.163 0.21 0.227 0.236 

Deepest Hole -0.263 -0.229 -0.202 -0.199 

GooF 1.103 1.057 1.053 1.038 

wR2 (all data) 0.1092 0.1435 0.1729 0.1187 

wR2 0.1073 0.1342 0.1646 0.1134 
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Table D.3  Crystallographic information for the T4 series cocrystal structures 

R1 (all data) 0.0402 0.0614 0.0657 0.0481 

R1 0.0375 0.0474 0.0575 0.0404 

Code T3-NH2 T3-4OCH3 T3-3-CH3 

Formula C16H18N4O5 C17H19N3O6 C17H19N3O5 

Dcalc./ g cm-3 1.397 1.381 1.382 

m/mm-1 0.89 0.894 0.863 

Formula Weight 346.34 361.35 345.35 

Colour yellow colourless colourless 

Shape irregular prism plate 

Size/mm3 0.16×0.12×0.11 0.30×0.13×0.07 0.33×0.16×0.04 

T/K 200.00(10) 200.00(10) 200.00(10) 

Crystal System triclinic monoclinic monoclinic 

Space Group P-1 P21/n P21/n 

a/Å 5.8059(4) 13.0517(3) 7.65985(9) 

b/Å 11.8005(10) 5.04275(8) 6.09444(6) 

c/Å 12.9057(16) 26.4711(5) 35.6251(4) 

a/° 73.991(9) 90 90 

b/° 78.882(9) 93.9326(18) 93.5547(10) 

g/° 78.277(7) 90 90 

V/Å3 823.35(14) 1738.13(5) 1659.87(3) 

Z 2 4 4 

Z' 1 1 1 

Wavelength/Å 1.54184 1.54184 1.54184 

Radiation type Cu Ka Cu Ka Cu Ka 

Qmin/° 3.601 3.68 2.485 

Qmax/° 81.117 79.808 79.824 

Measured Refl. 11962 14179 13173 

Independent Refl. 3406 3693 3582 

Reflections with I > 2(I) 2923 3251 3299 

Rint 0.0349 0.0305 0.0218 

Parameters 243 245 237 

Restraints 0 0 0 

Largest Peak 0.239 0.241 0.257 

Deepest Hole -0.259 -0.173 -0.185 

GooF 1.057 1.040 1.088 

wR2 (all data) 0.1498 0.1248 0.0999 

wR2 0.1439 0.1201 0.0974 

R1 (all data) 0.0555 0.0505 0.0374 

R1 0.0495 0.0448 0.0349 

Code T4-2,3,4,5-fl T4-2,4,6-fl T4-2,5-diCH3 

Formula C17H15F4N3O5 C27H29F3N6O8 C19H23N3O5 

Dcalc./ g cm-3 1.548 1.411 1.299 

m/mm-1 1.244 1.011 0.788 

Formula Weight 417.32 622.56 373.4 

Colour colourless colourless colourless 
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Shape needle needle needle 

Size/mm3 0.30×0.02×0.01 0.35×0.02×0.01 0.23×0.02×0.02 

T/K 200.00(10) 210.00(10) 200.00(10) 

Crystal System triclinic triclinic monoclinic 

Space Group P-1 P-1 C2/c 

a/Å 5.06721(10) 4.90321(17) 25.2079(8) 

b/Å 13.7011(4) 18.1251(9) 4.97601(13) 

c/Å 14.0676(4) 18.4556(10) 30.9158(10) 

a/° 68.244(3) 116.531(5) 90 

b/° 81.177(2) 91.841(4) 100.155(3) 

g/° 84.523(2) 91.214(3) 90 

V/Å3 895.56(4) 1465.53(14) 3817.2(2) 

Z 2 2 8 

Z' 1 1 1 

Wavelength/Å 1.54184 1.54184 1.54184 

Radiation type Cu Ka Cu Ka Cu Ka 

Qmin/° 3.411 2.679 2.904 

Qmax/° 80.259 78.853 79.901 

Measured Refl. 11198 16255 13678 

Independent Refl. 3713 5734 4043 

Reflections with I > 2(I) 2903 3500 2912 

Rint 0.0324 0.0464 0.0544 

Parameters 272 411 274 

Restraints 0 0 24 

Largest Peak 0.264 0.26 0.238 

Deepest Hole -0.249 -0.265 -0.206 

GooF 1.063 1.039 1.031 

wR2 (all data) 0.117 0.1971 0.1341 

wR2 0.1103 0.1699 0.1197 

R1 (all data) 0.0587 0.0962 0.0744 

R1 0.0446 0.0615 0.0503 

Code T4-3,4-diCl T4-3,5-diNO2 T4-3-Cl 

Formula C17H17Cl2N3O5 C17H17N5O9 C17H18ClN3O5 

Dcalc./ g cm-3 1.464 1.488 1.415 

m/mm-1 3.418 1.058 2.204 

Formula Weight 414.23 435.35 379.79 

Colour colourless colourless colourless 

Shape needle needle plate 

Size/mm3 0.40×0.04×0.03 0.19×0.02×0.01 0.15×0.07×0.01 

T/K 200.00(10) 200.00(10) 200.00(10) 

Crystal System triclinic monoclinic triclinic 

Space Group P-1 C2/c P-1 

a/Å 4.87001(7) 27.9184(7) 5.04078(10) 

b/Å 12.6656(3) 5.97470(13) 13.4518(3) 

c/Å 15.4607(3) 23.4620(6) 13.4964(3) 

a/° 89.3955(17) 90 99.1349(19) 

b/° 86.8021(14) 96.710(2) 93.0157(18) 

g/° 80.6742(15) 90 98.4318(18) 
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V/Å3 939.57(3) 3886.76(16) 891.08(3) 

Z 2 8 2 

Z' 1 1 1 

Wavelength/Å 1.54184 1.54184 1.54184 

Radiation type Cu Ka Cu Ka Cu Ka 

Qmin/° 2.863 3.188 3.327 

Qmax/° 80.004 78 79.553 

Measured Refl. 11172 11754 10341 

Independent Refl. 3880 3935 3574 

Reflections with I > 2(I) 11172 3024 3136 

Rint 0.0305 0.0349 0.0311 

Parameters 253 289 244 

Restraints 0 0 0 

Largest Peak 0.302 0.159 0.367 

Deepest Hole -0.24 -0.177 -0.243 

GooF 1.101 1.079 1.062 

wR2 (all data) 0.1129 0.1177 0.1269 

wR2 0.1095 0.1108 0.1222 

R1 (all data) 0.0423 0.0632 0.0482 

R1 0.0383 0.0458 0.043 

Code T4-3-diCH3N T4-3-NO2 T4-4-Br-3-CH3 

Formula C19H24N4O5 C17H18N4O7 C18H20BrN3O5 

Dcalc./ g cm-3 1.335 1.425 1.531 

m/mm-1 0.815 0.958 3.255 

Formula Weight 388.42 390.35 438.28 

Colour None colourless pale orange 

Shape ? needle plate 

Size/mm3 0.19×0.14×0.06 0.24×0.03×0.02 0.21×0.17×0.05 

T/K 200(2) 200.00(10) 200.00(10) 

Crystal System triclinic triclinic monoclinic 

Space Group P-1 P-1 P21/n 

a/Å 6.35274(15) 4.96088(8) 6.15336(7) 

b/Å 12.46903(18) 12.0470(2) 15.39939(16) 

c/Å 12.9378(3) 31.3015(6) 20.0693(2) 

a/° 97.3653(16) 98.5918(15) 90 

b/° 103.862(2) 91.4079(14) 91.2821(10) 

g/° 99.5009(15) 99.9270(14) 90 

V/Å3 966.16(4) 1819.57(5) 1901.25(3) 

Z 2 4 4 

Z' 1 2 1 

Wavelength/Å 1.54184 1.54184 1.54184 

Radiation type CuKa Cu Ka Cu Ka 

Qmin/° 3.574 2.859 3.618 

Qmax/° 80.154 79.986 80.046 

Measured Refl. 37103 26926 17620 

Independent Refl. 4176 7726 4097 

Reflections with I > 2(I) 3858 5891 3760 

Rint 0.0285 0.0336 0.0401 
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Parameters 264 523 254 

Restraints 0 0 0 

Largest Peak 0.259 0.448 0.627 

Deepest Hole -0.231 -0.279 0.329 

GooF 1.083 1.064 1.076 

wR2 (all data) 0.1162 0.1567 0.1023 

wR2 0.1136 0.1446 0.1002 

R1 (all data) 0.0412 0.0668 0.0388 

R1 0.039 0.0518 0.0367 

Code T4-CN T4-4-NH2 T4-3-CH3 

Formula C18H18N4O5 C17H20N4O5 C18H21N3O5 

Dcalc./ g cm-3 1.345 1.34 1.306 

m/mm-1 0.84 0.841 0.804 

Formula Weight 370.36 360.37 359.38 

Colour colourless yellow colourless 

Shape needle plate plate 

Size/mm3 0.30×0.03×0.03 0.15×0.11×0.03 0.20×0.06×0.02 

T/K 200.00(10) 295.9(3) 200.00(10) 

Crystal System monoclinic triclinic monoclinic 

Space Group P21/c P-1 P21/n 

a/Å 4.85817(7) 6.15171(12) 16.7193(2) 

b/Å 29.7628(5) 12.3495(4) 5.16327(6) 

c/Å 12.8236(2) 12.6749(4) 21.1736(3) 

a/° 90 73.875(3) 90 

b/° 99.4174(13) 79.965(2) 91.1948(12) 

g/° 90 76.405(2) 90 

V/Å3 1829.21(5) 892.97(4) 1827.44(4) 

Z 4 2 4 

Z' 1 1 1 

Wavelength/Å 1.54184 1.54184 1.54184 

Radiation type Cu Ka Cu Ka Cu Ka 

Qmin/° 2.969 3.655 3.335 

Qmax/° 79.804 80.078 79.928 

Measured Refl. 13434 14844 12341 

Independent Refl. 3821 3854 3783 

Reflections with I > 2(I) 3298 3482 3253 

Rint 0.0264 0.0174 0.0266 

Parameters 253 252 245 

Restraints 0 1 0 

Largest Peak 0.251 0.144 0.166 

Deepest Hole -0.191 -0.188 -0.182 

GooF 1.08 1.078 1.028 

wR2 (all data) 0.1145 0.1287 0.1108 

wR2 0.1099 0.1253 0.1054 

R1 (all data) 0.0483 0.0453 0.0469 

R1 0.0417 0.0426 0.0396 
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Table D.4.  Crystallographic information for the T5 series cocrystal structures 

Code T5-3-Cl T5-3diMABA T5-4ABA 

Formula C18H20ClN3O5 C20H26N4O5 C29H37N7O8 

Dcalc./ g cm-3 1.422 1.347 1.265 

m/mm-1 2.155 0.812 0.782 

Formula Weight 393.82 402.45 611.65 

Colour colourless orange light yellow 

Shape needle plate needle 

Size/mm3 0.16×0.03×0.02 0.16×0.12×0.04 0.10×0.02×0.02 

T/K 150.00(10) 200.00(10) 297(1) 

Crystal System monoclinic triclinic monoclinic 

Space Group P21/c P-1 P21/n 

a/Å 5.01440(10) 6.42159(9) 20.1578(5) 

b/Å 13.3931(2) 12.65205(14) 4.90086(14) 

c/Å 27.4515(3) 13.02701(17) 32.5043(9) 

a/° 90 76.6124(10) 90 

b/° 93.8960(10) 75.8298(12) 90.875(2) 

g/° 90 80.7872(10) 90 

V/Å3 1839.34(5) 992.29(2) 3210.75(15) 

Z 4 2 4 

Z' 1 1 1 

Wavelength/Å 1.54184 1.54184 1.54184 

Radiation type Cu Ka Cu Ka Cu Ka 

Qmin/° 3.227 3.572 2.562 

Qmax/° 79.945 79.934 78.442 

Measured Refl. 16634 20759 24768 

Independent Refl. 3975 4253 6488 

Reflections with I > 2(I) 3595 3980 3585 

Rint 0.0413 0.0187 0.0376 

Parameters 253 273 423 

Restraints 0 0 0 

Largest Peak 0.321 0.283 0.202 

Deepest Hole -0.236 -0.294 -0.193 

GooF 1.045 1.081 1.018 

wR2 (all data) 0.0993 0.1156 0.1726 

wR2 0.0966 0.114 0.1407 

R1 (all data) 0.0423 0.0408 0.0994 

R1 0.0378 0.0391 0.0538 
 

Code T5-2,3,4,5-fl T5-2,4,6-fl T5-2,5-diCH3 

Formula C18H17F4N3O5 C29H33F3N6O8 C20H25N3O5 

Dcalc./ g cm-3 1.468 1.398 1.295 

m/mm-1 1.16 0.982 0.776 

Formula Weight 431.35 650.61 387.43 

Colour colourless colourless colourless 

Shape needle needle plate 

Size/mm3 0.28×0.02×0.01 0.15×0.01×0.01 0.26×0.07×0.02 

T/K 200.00(10) 210.00(10) 150.0(5) 

Crystal System triclinic triclinic triclinic 
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Space Group P-1 P-1 P-1 

a/Å 4.78918(9) 4.8840(2) 4.89908(8) 

b/Å 12.2190(3) 18.0690(7) 13.15204(19) 

c/Å 17.2979(4) 19.1787(8) 15.9892(2) 

a/° 101.369(2) 66.110(4) 77.1583(12) 

b/° 94.0816(18) 87.807(4) 84.7462(11) 

g/° 98.7096(19) 88.165(3) 82.4882(12) 

V/Å3 975.60(4) 1546.11(12) 993.76(3) 

Z 2 2 2 

Z' 1 1 1 

Wavelength/Å 1.54184 1.54184 1.54184 

Radiation type Cu Ka Cu Ka Cu Ka 

Qmin/° 2.62 2.839 2.84 

Qmax/° 79.759 78.547 79.82 

Measured Refl. 11382 17802 26448 

Independent Refl. 4060 6007 4176 

Reflections with I >2(I) 3161 3555 3842 

Rint 0.0242 0.0553 0.0258 

Parameters 280 429 264 

Restraints 0 0 0 

Largest Peak 0.286 0.294 0.233 

Deepest Hole -0.206 -0.262 -0.214 

GooF 1.041 1.028 1.058 

wR2 (all data) 0.1397 0.2204 0.1041 

wR2 0.131 0.1858 0.1022 

R1 (all data) 0.0626 0.1139 0.0399 

R1 0.049 0.0695 0.0372 
 

Code T5-3,4-dCl T5-3,5-dNO2 T5-4CN 

Formula C18H19Cl2N3O5 C18H19N5O9 C19H20N4O5 

Dcalc./ g cm-3 1.429 1.507 1.308 

m/mm-1 3.246 1.057 0.806 

Formula Weight 428.26 449.38 384.39 

Colour colourless colourless colourless 

Shape irregular needle needle 

Size/mm3 0.09×0.08×0.05 0.40×0.03×0.01 0.40×0.04×0.01 

T/K 200.00(10) 150.00(10) 200.00(10) 

Crystal System triclinic monoclinic triclinic 

Space Group P-1 I2/a P-1 

a/Å 9.0768(3) 27.6487(7) 4.88505(8) 

b/Å 9.0837(3) 5.17999(9) 11.1351(2) 

c/Å 12.6868(5) 30.2938(8) 18.4476(3) 

a/° 105.164(3) 90 101.5273(15) 

b/° 98.256(3) 114.085(3) 90.6641(13) 

g/° 92.782(3) 90 96.4956(14) 

V/Å3 995.09(6) 3960.96(19) 976.32(3) 

Z 2 8 2 

Z' 1 1 1 

Wavelength/Å 1.54184 1.54184 1.54184 
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Radiation type Cu Ka Cu Ka Cu Ka 

Qmin/° 3.658 3.196 2.446 

Qmax/° 80.017 79.608 79.841 

Measured Refl. 13025 14558 11075 

Independent Refl. 4152 4207 4077 

Reflections with I >2(I) 3347 3443 3338 

Rint 0.0483 0.05 0.0195 

Parameters 273 298 291 

Restraints 2 0 6 

Largest Peak 0.481 0.232 0.148 

Deepest Hole -0.429 -0.234 -0.161 

GooF 1.036 1.045 1.082 

wR2 (all data) 0.1513 0.1086 0.1288 

wR2 0.1412 0.1016 0.123 

R1 (all data) 0.0635 0.0509 0.0515 

R1 0.0521 0.0408 0.0425 

 

Table D.5.  Hydrogen bond distances of crystal structures 

 
Co-crystal Code N-H…O D…A/Å N…H-O A…D/Å 

T2-3,5-dNBA N7-H7···O23 2.9097(16) N2···H22-O22 2.6472(15) 

T2-2.5-dMBA N7-H7···O23 2.864(2) N2···H22-O22 2.7266(18) 

T2-3-dMABA-form 1 N19-H19···O9 2.876(2) N13···H8-O8 2.701(2) 

T2-3-dMABA-form 2 N10-H10···N23 3.058(3) N2···H22-O22 2.671 

T2-4ABA N17-H17···O8 2.909(2) N16···H9-O9 2.700(2) 

T3-2,4-dNBA N7-H7···O27 2.916(3) N1···H26-O26 2.654(3) 

T3-2,3,4,5-tFBA N10-H10···O23 2.9235(14) N1···H24-O24 2.6700(14) 

T3-3,5-dNBA N22-H22···O11 2.8560(16) N16···H12-O12 2.6903(15) 

T3-3NBA N19-H19···O9 2.8700(19) N18···H8-O8 2.7263(19) 

T3-4CBA N10-H10···O24 2.900(2) N2···H23-O23 2.678(2) 

T3-3,4-dClBA N11-H11···O23 2.936(2) N2···H24-O24 2.677(2) 

T3-3ClBA N17-H17···O10 2.9327(18) N11···H9-O9 2.6841(18) 

T3-2.5-dMBA N18-H18···O8 2.8275(14) N12…H9-O9 2.7371(13) 

T3-4FBA N27-H27···O9 2.9403(13) N21···H8-O8 2.6787(13) 

T3-m-TA N17-H17···O9 2.9466(13) N11···H8-O8 2.6897(11) 

T3-4MxBA N18-H18···O8 2.8410(15) N12···H9-O9 2.7161(15) 

T3-3-dMABA N19-H19···O8 2.9079(12) N13···H9-O9 2.6671(12) 

T3-4ABA N10-H10···O23 2.7800(18) N6···H24-O24 2.7912(17) 

T4-2,4,6-tFBA N10-H10···O3 2.818(3) N3···H2-O2 2.734(3) 

T4-2,3,4,5-tFBA N7-H7···O28 2.919(2) N1···H29-O29 2.687(2) 

T4-3,5-dNBA N7-H7···O30 2.841(3) N1···H31-O31 2.636(3) 

T4-3NBA N31-H31···O8 2.891(2) N25···H9-O9 2.693(2) 

T4-4CBA N18-H18···O9 2.9185(15) N12···H8-O8 2.6521(15) 
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T4-3,4-dClBA N18-H18···O10 2.8993(17) N17···H11-O11 2.6724(15) 

T4-3ClBA N17-H17···O9 2.9477(19) N11···H10-O10 2.6606(19) 

T4-2.5-dMBA N7-H7···O24 2.830(2) N6···H25-O25 2.730(2) 

T4-4-Br-3-MBA N18-H18···O9 2.905(2) N12···H10-O10 2.706(2) 

T4-m-TA N17-H17···O9 2.8919(14) N11···H8-O8 2.6915(15) 

T4-3-dMABA N19-H19···O8 2.9115(13) N18···H9-O9 2.6769(13) 

T4-2ABA N17-H17···O8 2.7887(14) N11···H9-O9 2.8284(12) 

T5-2,4,6-tFBA N10-H10···O3 2.819(4) N3···H2-O2 2.746(4) 

T5-2,3,4,5-tFBA N20-H20···O12 2.9016(18) N19···H13-O13 2.6653(19) 

T5-3,5-dNBA N22-H22···O11 2.8309(17) N16···H12-O12 2.6683(15) 

T5-4CBA N21-H21···O9 2.8775(16) N12···H8-O8 2.7094(16) 

T5-3,4-dClBA N18-H18···O11 2.920(3) N12···H10-O10 2.673(3) 

T5-3ClBA N17-H17···O9 2.9344(16) N16···H10-O10 2.6897(16) 

T5-2.5-dMBA N18-H18···O8 2.8091(13) N12···H9-O9 2.7504(12) 

T5-3-dMABA N19-H19···O8 2.9928(14) N18···H9-O9 2.6629(13) 

T5-2ABA N17-H17···O8 2.828(3) N16···H9-O9 2.747(2) 
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Appendix E - Additional information for Chapter 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure E.1.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(pyrimidin-2-

yl)acetamide (PM-methyl). 

Figure E.2.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(pyrimidin-2-

yl)propionamide (PM-ethyl). 
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Figure E.3.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(pyrimidin-2-

yl)butyramide (PM-propyl). 

Figure E.4.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(pyrimidin-2-

yl)pentanamide (PM-butyl). 



247 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure E.5.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(pyrimidin-2-

yl)hexanamide (PM-pentyl). 

Figure E.6.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(pyrimidin-2-

yl)heptanamide (PM-hexyl). 
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Figure E.7.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(pyrimidin-2-

yl)octanamide (PM-heptyl). 

Figure E.8.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(5-

chloropyrimidin-2-yl)acetamide (Cl-PM-methyl). 
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Figure E.9.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(5-

chloropyrimidin-2-yl)propionamide (Cl-PM-ethyl). 

Figure E.10.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(5-

chloropyrimidin-2-yl)butyramide (Cl-PM3-propyl). 
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Figure E.11.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(5-

chloropyrimidin-2-yl)pentanamide (Cl-PM-butyl). 

Figure E.12.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(5-

chloropyrimidin-2-yl)hexanamide (Cl-PM-pentyl). 
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Figure E.13.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(5-

chloropyrimidin-2-yl)heptanamide (Cl-PM-hexyl). 

 

Figure E.14.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(5-

chloropyrimidin-2-yl)octanamide (Cl-PM-heptyl). 
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Figure E.15.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(5-

bromopyrimidin-2-yl)acetamide (Br-PM-methyl). 

Figure E.16.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(5-

bromopyrimidin-2-yl)propionamide (Br-PM-ethyl). 



253 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure E.17.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(5-

bromopyrimidin-2-yl)butyramide (Br-PM-propyl). 

Figure E.18.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(5-

bromopyrimidin-2-yl)pentanamide (Br-PM-butyl). 
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Figure E.19.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(5-

bromopyrimidin-2-yl)hexanamide (Br-PM-pentyl). 

Figure E.20.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(5-

bromopyrimidin-2-yl)heptanamide (Br-PM-hexyl). 
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Table E.1.  Crystallographic information for the PM series crystal structures 

Compound PM-methyl PM-ethyl PM-propyl PM-butyl 

Formula C6H7N3O C7H9N3O C8H11N3O C9H13N3O 

Dcalc./ g cm-

3 
1.398 1.307 1.273 1.235 

m/mm-1 0.839 0.759 0.719 0.681 

Formula 

Weight 
137.15 151.17 165.2 179.22 

Colour colourless colourless white colourless 

Shape plate irregular needle irregular 

Size/mm3 0.16×0.08×0.02 0.19×0.13×0.08 0.15×0.02×0.01 0.16×0.10×0.03 

T/K 294.28(10) 294.20(10) 294.1(2) 294.25(10) 

Crystal 

System 
triclinic monoclinic monoclinic monoclinic 

Space Group P-1 I2/m I2/a I2/a 

a/Å 5.7366(4) 9.4300(16) 17.7106(5) 14.1135(5) 

b/Å 7.7844(5) 6.8202(14) 5.3994(2) 9.5709(3) 

c/Å 8.2021(5) 12.068(2) 18.1317(5) 15.7423(5) 

α/° 69.903(6) 90 90 90 

β/° 79.695(5) 98.060(16) 96.210(3) 114.958(4) 

γ/° 71.797(6) 90 90 90 

V/Å3 325.71(4) 768.5(2) 1723.69(10) 1927.87(13) 

Figure E.21.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(5-

bromopyrimidin-2-yl)octanamide (Br-PM-heptyl). 
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Z 2 4 8 8 

Z' 1 0.5 1 1 

Wavelength/Å 1.54184 1.54184 1.54184 1.54184 

Radiation 

type 
Cu Ka Cu Ka Cu Ka Cu Ka 

Qmin/° 5.763 5.589 4.907 5.565 

Qmax/° 79.647 68.219 79.933 79.922 

Measured 

Refl. 
4241 4507 8395 11115 

Independent 

Refl. 
1387 756 1876 2088 

Reflections 

withI>2(I) 
1194 563 1576 1677 

Rint 0.029 0.0599 0.0284 0.0322 

Parameters 96 71 115 123 

Restraints 0 0 0 0 

Largest Peak 0.209 0.349 0.133 0.128 

Deepest Hole -0.144 -0.201 -0.117 -0.190 

GooF 1.078 1.045 1.062 1.080 

wR2 (all data) 0.131 0.1980 0.1074 0.1360 

wR2 0.1266 0.1712 0.1030 0.1278 

R1 (all data) 0.0478 0.0775 0.0437 0.0519 

R1 0.0438 0.0615 0.0364 0.0441 
 

 

Compound PM-pentyl PM-hexyl PM-heptyl 

Formula C10H15N3O C11H17N3O C12H19N3O 

Dcalc./ g cm-3 1.215 1.202 1.185 

m/mm-1 0.656 0.637 0.617 

Formula Weight 193.25 207.27 221.3 

Colour colourless colourless colourless 

Shape irregular needle needle 

Size/mm3 0.26×0.14×0.10 0.18×0.02×0.02 0.32×0.02×0.02 

T/K 292.66(13) 210.00(10) 210.00(10) 

Crystal System triclinic triclinic monoclinic 

Space Group P-1 P-1 P21/n 

a/Å 5.48770(10) 5.4040(3) 9.4878(2) 

b/Å 9.4348(3) 9.4516(4) 5.36366(9) 

c/Å 10.5745(3) 11.8359(3) 24.6068(5) 

α/° 86.598(2) 86.634(3) 90 

β/° 83.945(2) 78.835(3) 97.8206(19) 

γ/° 76.146(2) 74.900(4) 90 

V/Å3 528.28(2) 572.59(4) 1240.58(4) 

Z 2 2 4 

Z' 1 1 1 

Wavelength/Å 1.54184 1.54184 1.54184 

Radiation type Cu Ka Cu Ka Cu Ka 

Qmin/° 4.207 3.807 3.626 

Qmax/° 79.941 79.132 79.614 

Measured Refl. 8131 6602 7258 
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Independent Refl. 2263 2366 2554 

Reflections withI>2(I) 1952 2059 2153 

Rint 0.0306 0.0216 0.0341 

Parameters 132 141 150 

Restraints 0 0 0 

Largest Peak 0.167 0.215 0.141 

Deepest Hole -0.197 -0.175 -0.252 

GooF 1.059 1.074 1.052 

wR2 (all data) 0.136 0.1361 0.1166 

wR2 0.1312 0.1306 0.1108 

R1 (all data) 0.0475 0.0544 0.0493 

R1 0.0438 0.0474 0.0417 

 

 

Table E.2.  Crystallographic information for the Cl-PM series crystal structures 

Compound Cl-PM-methyl Cl-PM-ethyl Cl-PM-propyl Cl-PM-butyl 

Formula C6H6ClN3O C7H8ClN3O C8H10ClN3O C9H12ClN3O 

Dcalc./ g cm-

3 
1.596 1.475 1.403 1.308 

m/mm-1 4.261 3.683 3.297 2.905 

Formula 

Weight 
171.59 185.61 199.64 213.67 

Colour colourless colourless colourless colourless 

Shape irregular irregular plate block 

Size/mm3 0.16×0.14×0.08 0.14×0.12×0.08 0.23×0.06×0.03 0.17×0.10×0.10 

T/K 210.00(10) 210.00(10) 210.00(10) 240.00(10) 

Crystal 

System 
orthorhombic triclinic triclinic monoclinic 

Space Group Cccm P-1 P-1 P21/c 

a/Å 11.52290(10) 11.72860(10) 4.48170(10) 8.51521(9) 

b/Å 18.7942(3) 12.73070(10) 8.33370(10) 26.9519(2) 

c/Å 6.59400(10) 13.53730(10) 12.9705(2) 9.59636(7) 

a/° 90 116.5720(10) 89.4260(10) 90 

b/° 90 103.2490(10) 87.8120(10) 99.8219(9) 

g/° 90 99.7370(10) 77.4270(10) 90 

V/Å3 1428.02(3) 1671.82(3) 472.475(14) 2170.09(3) 

Z 8 8 2 8 

Z' 0.5 4 1 2 

Wavelength/Å 1.54184 1.54184 1.54184 1.54184 

Radiation 

type 
Cu Ka Cu Ka Cu Ka Cu Ka 

Qmin/° 4.501 3.891 3.41 3.28 

Qmax/° 79.885 79.923 79.932 79.955 

Measured 

Refl. 
3405 37773 10560 27544 

Independent 

Refl. 
854 7231 2039 4696 
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Reflections 

withI>2(I) 
808 6691 1983 4264 

Rint 0.0210 0.0219 0.0263 0.0274 

Parameters 71 453 124 283 

Restraints 0 0 0 4 

Largest Peak 0.308 0.260 0.314 0.199 

Deepest Hole -0.381 -0.506 -0.235 -0.228 

GooF 1.147 1.091 1.103 1.047 

wR2 (all data) 0.1020 0.0961 0.0821 0.1325 

wR2 0.1004 0.0945 0.0817 0.1302 

R1 (all data) 0.0397 0.0343 0.0306 0.0495 

R1 0.0387 0.0326 0.0301 0.0466 
 

Compound Cl-PM-pentyl Cl-PM-hexyl Cl-PM-heptyl 

Formula C10H14ClN3O C11H16ClN3O C12H18ClN3O 

Dcalc./ g cm-3 1.333 1.289 1.261 

m/mm-1 2.811 2.588 2.42 

Formula Weight 227.69 241.72 255.74 

Colour colourless colourless colourless 

Shape needle plate needle 

Size/mm3 0.12×0.03×0.01 0.25×0.07×0.01 0.21×0.02×0.02 

T/K 210.00(10) 210.00(10) 210.00(10) 

Crystal System monoclinic monoclinic triclinic 

Space Group P21/n P21/c P-1 

a/Å 11.8655(2) 14.1859(2) 4.79170(10) 

b/Å 4.92610(8) 4.43507(5) 7.8274(2) 

c/Å 20.0131(3) 20.7479(4) 18.7292(4) 

a/° 90 90 98.463(2) 

b/° 104.1198(16) 107.3484(18) 97.059(2) 

g/° 90 90 100.985(2) 

V/Å3 1134.44(3) 1245.98(4) 673.80(3) 

Z 4 4 2 

Z' 1 1 1 

Wavelength/Å 1.54184 1.54184 1.54184 

Radiation type Cu Ka Cu Ka Cu Ka 

Qmin/° 3.959 3.264 2.414 

Qmax/° 80.012 79.725 80.04 

Measured Refl. 8403 10186 10790 

Independent Refl. 2430 2692 2900 

Reflections withI>2(I) 2201 2455 2627 

Rint 0.0214 0.0270 0.0299 

Parameters 141 150 159 

Restraints 0 0 0 

Largest Peak 0.199 0.184 0.251 

Deepest Hole -0.232 -0.177 -0.263 

GooF 1.050 1.052 1.063 

wR2 (all data) 0.0902 0.0918 0.101 

wR2 0.0879 0.0891 0.0989 

R1 (all data) 0.0349 0.0350 0.0408 
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R1 0.0319 0.0322 0.0374 

 

Table E.3.  Crystallographic information for the Br-PM series crystal structures 

 

Compound Br-PM-methyl Br-PM-ethyl Br-PM-propyl Br-PM-butyl 

Formula C6H6BrN3O C7H8BrN3O C8H10BrN3O C9H12BrN3O 

Dcalc./ g cm-3 1.936 1.797 1.659 1.594 

m/mm-1 7.106 6.235 5.465 4.999 

Formula Weight 216.05 230.07 244.1 258.13 

Colour orange orange colourless colourless 

Shape plate prism needle block 

Size/mm3 0.15×0.08×0.03 0.06×0.03×0.03 0.21×0.03×0.01 0.15×0.10×0.04 

T/K 210.00(10) 210.00(10) 210.00(10) 210.00(10) 

Crystal System orthorhombic triclinic triclinic triclinic 

Space Group Cccm P-1 P-1 P-1 

a/Å 11.8524(2) 11.91357(16) 4.59547(11) 8.16640(10) 

b/Å 18.7728(2) 12.78923(14) 8.48559(18) 10.95870(10) 

c/Å 6.66220(10) 13.5543(2) 12.8938(4) 13.4268(2) 

a/° 90 116.3584(13) 89.593(2) 70.2550(10) 

b/° 90 103.3625(12) 87.432(2) 73.2710(10) 

g/° 90 100.5427(10) 76.571(2) 78.2360(10) 

V/Å3 1482.36(4) 1701.06(4) 488.56(2) 1075.49(2) 

Z 8 8 2 4 

Z' 0.5 4 1 2 

Wavelength/Å 1.54184 1.54184 1.54184 1.54184 

Radiation type Cu Ka Cu Ka Cu Ka Cu Ka 

Qmin/° 4.412 3.893 3.431 3.601 

Qmax/° 79.935 79.992 79.319 80.023 

Measured Refl. 4747 38605 10411 20918 

Independent Refl. 890 7366 2074 4659 

Reflections 

withI>2(I) 
863 6792 1978 4406 

Rint 0.0291 0.0285 0.0342 0.0228 

Parameters 71 453 123 263 

Restraints 0 0 0 0 

Largest Peak 0.459 0.654 0.286 0.322 

Deepest Hole -0.473 -0.973 -0.536 -0.657 

GooF 1.143 1.059 1.111 1.05 

wR2 (all data) 0.0723 0.0713 0.0662 0.064 

wR2 0.0718 0.0700 0.0657 0.0633 

R1 (all data) 0.0264 0.0277 0.025 0.0243 

R1 0.0259 0.0257 0.0241 0.0232 

Compound 
Br-PM-pentyl-

From 1 

Br-PM-pentyl-

From 2 
Br-PM-hexyl Br-PM-heptyl 

Formula C10H14BrN3O C10H14BrN3O C11H16BrN3O C12H18N3OBr 

Dcalc./ g cm-3 1.539 1.537 1.527 1.427 

m/mm-1 4.607 4.601 4.378 3.926 

Formula Weight 272.15 272.15 286.18 300.2 

Colour colourless colourless colourless colourless 
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Shape plate plate needle needle 

Size/mm3 0.22×0.12×0.01 0.15×0.09×0.02 0.28×0.02×0.02 0.14×0.01×0.01 

T/K 210.00(10) 210.00(10) 210.00(10) 210.00(10) 

Crystal System monoclinic triclinic monoclinic triclinic 

Space Group P21/c P-1 P21/n P-1 

a/Å 26.6210(2) 4.22728(7) 11.27079(12) 5.4649(2) 

b/Å 10.98102(12) 9.25178(15) 5.29124(5) 10.9705(4) 

c/Å 8.05210(6) 15.5113(2) 21.5186(2) 12.1885(4) 

a/° 90 83.8025(13) 90 92.709(3) 

b/° 93.5054(7) 88.2380(13) 104.0832(10) 102.343(3) 

g/° 90 77.2224(13) 90 100.682(3) 

V/Å3 2349.43(4) 588.148(16) 1244.72(2) 698.59(4) 

Z 8 2 4 2 

Z' 2 1 1 1 

Wavelength/Å 1.54184 1.54184 1.54184 1.54184 

Radiation type Cu Ka Cu Ka Cu Ka CuKa 

Qmin/° 3.327 2.866 4.083 3.728 

Qmax/° 79.925 79.969 79.855 79.976 

Measured Refl. 28790 8938 14677 8672 

Independent Refl. 5067 2536 2713 2908 

Reflections 

withI>2(I) 
4631 2499 2476 2558 

Rint 0.0344 0.0185 0.0329 0.0530 

Parameters 319 141 150 159 

Restraints 8 0 0 0 

Largest Peak 0.622 0.449 0.574 0.800 

Deepest Hole -0.483 -0.443 -0.538 -0.537 

GooF 1.090 1.076 1.082 1.033 

wR2 (all data) 0.0904 0.0616 0.0767 0.1050 

wR2 0.0884 0.0614 0.0744 0.1018 

R1 (all data) 0.0331 0.0237 0.0315 0.0472 

R1 0.0307 0.0235 0.0287 0.0407 

𝑹𝟐
𝟐(7) 𝑹𝟐

𝟐(7) 

𝑹𝟐
𝟐(8) 

𝑹𝟐
𝟐(7) 𝑹𝟐

𝟐(7) 
𝑹𝟐

𝟐(8) 

(a (b
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𝑹𝟐
𝟐(7

) 

𝑹𝟐
𝟐(7) 

𝑹𝟐
𝟐(8) 

𝑹𝟐
𝟐(7) 

𝑹𝟐
𝟐(7) 𝑹𝟐

𝟐(8) 

(d) 

𝑹𝟐
𝟐(7

)

𝑹𝟐
𝟐(7) 𝑹𝟐

𝟐(8

)
𝑹𝟐

𝟐(7) 
𝑹𝟐

𝟐(7) 𝑹𝟐
𝟐(8) 

(a) (b

Figure E.22.  Interactions seen in single crystal structures of the PM series: (a) PM4, (b) PM5, 

(c) PM6, and (d) PM7. 

Figure E.13.  Interactions seen in single crystal structures of the Cl-PM series: (a) Cl-PM5, and 

(d) Cl-PM6. 
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𝑹𝟐
𝟐(7) 𝑹𝟐

𝟐(7) 
𝑹𝟐

𝟐(8) 
𝑹𝟐

𝟐(7) 
𝑹𝟐

𝟐(7) 𝑹𝟐
𝟐(8) 

(a) (b) 

𝑹𝟐
𝟐(7) 

𝑹𝟐
𝟐(7) 𝑹𝟐

𝟐(8) 

𝑹𝟐
𝟐(7) 

𝑹𝟐
𝟐(8) 𝑹𝟐

𝟐(7) 

(c (d

Figure E.24.  Interactions seen in single crystal structures of the Br-PM series: (a) Br-PM4, (b) 

Br-PM5-form 1, (c) Br-PM5-form 2, and (d) Br-PM7. 
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Appendix F - Additional information for Chapter 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table F.1.  Crystallographic information for the cocrystal structures 

Compound PM 
PM-3,5-dNBA 

(1:1) 

PM-3,4-dClBA 

(1:1) 
PM-BA (1:1) 

Formula C9H8N4 C16H12N6O6 C16H12Cl2N4O2 C16H14N4O2 

Dcalc./ g cm-3 1.308 1.550 1.543 1.305 

μ/mm-1 0.689 1.047 3.897 0.734 

Formula Weight 172.19 384.32 363.20 294.31 

Colour colourless colourless colourless colourless 

Shape plate plate needle plate 

Size/mm3 0.29×0.17×0.05 0.19×0.04×0.01 0.15×0.01×0.01 0.20×0.10×0.03 

T/K 210.00(10) 210.00(10) 210.00(10) 180.00(10) 

Crystal System monoclinic monoclinic monoclinic orthorhombic 

Space Group P21 P21/c C2/c Pbca 

a/Å 5.25350(10) 9.50838(9) 29.1141(6) 7.45278(17) 

b/Å 25.9979(4) 5.91447(5) 3.80603(9) 10.9671(2) 

c/Å 6.47550(10) 29.3138(3) 29.2700(7) 36.6461(8) 

α/° 90 90 90 90 

β/° 98.7220(10) 92.7103(8) 105.455(2) 90 

γ/° 90 90 90 90 

V/Å3 874.20(3) 1646.68(3) 3126.10(13) 2995.28(11) 

Z 4 4 8 8 

Z' 2 1 1 1 

Figure F.F.1.  1H NMR (400 MHz, DMSO-d6) spectrum of 5-(pyridin-3-

yl)pyrimidin-2-amine. 
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Wavelength/Å 1.54184 1.54184 1.54184 1.54184 

Radiation type Cu Kα Cu Kα Cu Kα Cu Kα 

θmin/° 3.400 3.018 3.133 2.411 

θmax/° 79.477 79.864 79.947 74.493 

Measured Refl. 13876 17700 9214 11746 

Independent Refl. 3682 3594 3248 3045 

Reflections with I > 

2(I) 
3460 3243 2580 2614 

Rint 0.0265 0.0181 0.0371 0.0385 

Parameters 251 265 229 211 

Restraints 1 1 0 0 

Largest Peak 0.141 0.170 0.417 0.387 

Deepest Hole -0.227 -0.227 -0.0334 -0.260 

GooF 1.051 1.070 1.030 1.100 

wR2 (all data) 0.1125 0.0962 0.1269 0.2172 

wR2 0.1109 0.0932 0.01186 0.2120 

R1 (all data) 0.0399 0.0378 0.0589 0.0770 

R1 0.0383 0.0344 0.0452 0.0709 
 

Compound 
PM-4-iodoBA 

(1:1) - PⅠ 

PM-4-iodoBA 

(1:1) - PⅡ 
PM-3-MBA (1:1) PM-3-MBA (1:2) 

Formula C16H13IN4O2 C16H13IN4O2 C17H16N4O2 C25H24N4O4 

Dcalc./ g cm-3 1.719 1.791 1.305 1.361 

μ/mm-1 15.627 16.285 0.723 0.786 

Formula Weight 420.20 420.20 308.34 444.48 

Colour colourless colourless colourless colourless 

Shape plate irregular plate plate 

Size/mm3 0.06×0.02×0.01 0.06×0.01×0.01 0.10×0.06×0.02 0.20×0.13×0.02 

T/K 210.00(10) 210.00(10) 180.00(10) 130.02(10) 

Crystal System monoclinic monoclinic monoclinic monoclinic 

Space Group P21/c I2 P21/c Pn 

a/Å 20.5182(4) 18.8853(6) 19.8414(10) 11.62320(16) 

b/Å 7.53674(14) 6.51749(16) 7.6330(4) 6.47182(8) 

c/Å 10.5929(2) 25.8679(7) 10.5342(4) 14.70109(16) 

α/° 90 90 90 90.0 

β/° 97.502(2) 101.787(3) 100.341(5) 101.3167(12) 

γ/° 90 90 90 90.0 

V/Å3 1624.07(6) 3116.81(15) 1569.49(13) 1084.36(2) 

Z 4 8 4 2 

Z' 1 2 1 1 

Wavelength/Å 1.54184 1.54184 1.54184 1.54184 

Radiation type Cu Kα Cu Kα Cu Kα Cu Kα 

θmin/° 2.172 2.656 4.531 4.448 

θmax/° 80.555 69.884 80.218 79.804 

Measured Refl. 14176 22750 4974 18922 

Independent Refl. 3512 5806 4974 3829 

Reflections with I > 

2(I) 
2935 5131 3934 3448 

Rint 0.0380 0.0565 . 0.0326 
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Code PM-3-dMABA (1:1) PM-3-dMABA (1:2) 4-dMABA-PⅣ 

Formula C18H19N5O2 C27H30N6O4 C9H11NO2 

Dcalc./ g cm-3 1.301 1.346 1.300 

μ/mm-1 0.721 0.758 0.757 

Formula Weight 337.38 502.57 165.19 

Colour light yellow light yellow colourless 

Shape plate irregular plate 

Size/mm3 0.22×0.16×0.03 0.04×0.04×0.03 0.06×0.03×0.01 

T/K 180.00(10) 180.00(10) 210.00(10) 

Crystal System monoclinic monoclinic monoclinic 

Space Group P21/c Pn P21/n 

a/Å 21.0362(5) 13.5450(3) 7.7127(3) 

b/Å 7.46761(15) 6.79712(13) 10.5159(5) 

c/Å 11.3318(2) 14.2479(3) 20.8144(9) 

α/° 90 90 90 

β/° 104.699(2) 109.009(3) 90.315(4) 

γ/° 90 90 90 

V/Å3 1721.85(7) 1240.23(5) 1688.15(12) 

Z 4 2 8 

Z' 1 1 2 

Wavelength/Å 1.54184 1.54184 1.54184 

Radiation type Cu Kα Cu Kα Cu Kα 

θmin/° 2.171 3.912 4.248 

θmax/° 79.962 80.117 70.020 

Measured Refl. 15667 26617 12902 

Independent Refl. 3702 5042 3166 

Reflections with I >2(I) 3137 4045 2007 

Rint 0.0248 0.0355 0.0476 

Parameters 240 340 239 

Restraints 0 99 4 

Largest Peak 0.217 0.591 0.158 

Deepest Hole -0.237 -0.318 -0.207 

GooF 1.052 1.071 1.016 

wR2 (all data) 0.1141 0.2250 0.1607 

wR2 0.1083 0.2061 0.1388 

R1 (all data) 0.0471 0.0879 0.0878 

R1 0.0406 0.0731 0.0539 

  

Parameters 220 417 222 302 

Restraints 0 1 0 2 

Largest Peak 0.649 1.037 0.169 0.828 

Deepest Hole -1.110 -1.091 -0.192 -0.243 

GooF 1.053 1.051 1.058 1.102 

wR2 (all data) 0.0788 0.1053 0.1458 0.1460 

wR2 0.0745 0.1004 0.1358 0.1361 

R1 (all data) 0.0451 0.0478 0.0624 0.0562 

R1 0.0353 0.0407 0.0493 0.0501 
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Figure G.1.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(pyrazin-2-

yl)acetamide (PZ-methyl). 

Figure G.2.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(pyrazin-2-

yl)propionamide (PZ-ethyl). 
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Figure G.3.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(pyrazin-2-

yl)butyramide (PZ-propyl). 

Figure G.4.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(pyrazin-2-

yl)pentanamide (PZ-butyl). 
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Figure G.5.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(pyrazin-2-

yl)hexanamide (PZ-pentyl). 

Figure G.6.  1H NMR (400 MHz, DMSO-d6) spectrum of N-(pyrazin-2-

yl)heptanamide (PZ-hexyl). 
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Figure G.7.  1H NMR (600 MHz, DMSO-d6) spectrum of N-(pyrazin-2-

yl)octanamide (PZ-heptyl). 

Figure G.8.  1H NMR (400 MHz, DMSO-d6)  spectrum of N-(pyrazin-2-

yl)nonanamide (PZ-octyl). 
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Table G.1.  Crystallographic information for the PZ series crystal structures 

Code PZ-methyl PZ-ethyl PZ-propyl PZ-butyl 

Formula C6H7N3O C7H9N3O C8H11N3O C9H13N3O 

Dcalc./ g cm-3 1.365 1.337 1.310 1.221 

μ/mm-1 0.819 0.777 0.740 0.673 

Formula Weight 137.15 151.17 165.20 179.22 

Colour colourless colourless orange orange 

Shape plate irregular prism plate 

Size/mm3 0.38×0.15×0.06 0.04×0.04×0.03 0.14×0.12×0.05 0.24×0.15×0.02 

T/K 294.0(1) 209.99(10) 210.00(10) 210.00(10) 

Crystal System monoclinic triclinic monoclinic monoclinic 

Space Group Pn P-1 P21/n P21/c 

a/Å 5.0284(3) 8.4791(3) 5.37130(10) 9.2186(2) 

b/Å 16.8737(10) 11.1074(4) 41.8856(7) 10.7160(2) 

c/Å 8.1771(5) 13.0709(4) 7.80350(10) 9.8745(3) 

α/° 90 68.526(3) 90 90 

β/° 105.825(6) 81.176(3) 107.456(2) 91.112(2) 

γ/° 90 81.630(3) 90 90 

V/Å3 667.51(7) 1126.66(7) 1674.78(5) 975.28(4) 

Z 4 6 8 4 

Z' 2 3 2 1 

Wavelength/Å 1.54184 1.54184 1.54184 1.54184 

Radiation type Cu Kα Cu Ka Cu Kα Cu Kα 

Qmin/° 2.619 3.656 2.110 4.798 

Qmax/° 80.179 80.192 79.130 79.898 

Measured Refl. 9528 13484 11592 6688 

Independent Refl. 2029 4546 3514 2045 

Reflections with I 

>2(I) 
1747 3368 2979 1779 

Rint 0.0381 0.0309 0.0267 0.0186 

Parameters 191 333 227 123 

Restraints 2 22 0 0 

Largest Peak 0.122 0.303 0.145 0.149 

Deepest Hole -0.154 -0.238 -0.187 -0.197 

GooF 1.093 1.029 1.064 1.062 

wR2 (all data) 0.1132 0.1545 0.1056 0.1167 

wR2 0.1015 0.1393 0.1011 0.1128 

R1 (all data) 0.0443 0.0700 0.0440 0.0464 

R1 0.0381 0.0521 0.0376 0.0409 
 

Code PZ-pentyl PZ-hexyl PZ-heptyl 

Formula C10H15N3O C11H17N3O C12H19N3O 

Dcalc./ g cm-3 1.244 1.189 1.209 

μ/mm-1 0.672 0.630 0.630 

Formula Weight 193.25 207.27 221.30 

Colour orange colourless colourless 

Shape irregular plate plate 

Size/mm3 0.08×0.03×0.02 0.17×0.09×0.02 0.18×0.03×0.01 
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T/K 210.00(10) 210.00(10) 210.00(10) 

Crystal System monoclinic monoclinic monoclinic 

Space Group P21/n P21/n P21/n 

a/Å 5.42753(14) 5.4058(3) 5.42822(13) 

b/Å 50.8181(9) 56.9212(19) 59.6267(13) 

c/Å 7.80542(16) 7.8356(4) 7.82621(19) 

α/° 90 90 90 

β/° 106.618(3) 106.135(5) 106.227(3) 

γ/° 90 90 90 

V/Å3 2062.94(8) 2316.1(2) 2432.17(10) 

Z 8 8 8 

Z' 2 2 2 

Wavelength/Å 1.54184 1.54184 1.54184 

Radiation type Cu Kα Cu Ka Cu Ka 

Qmin/° 3.479 3.105 2.964 

Qmax/° 74.657 67.284 75.957 

Measured Refl. 11926 8645 14975 

Independent Refl. 3973 8645 4802 

Reflections with I 

>2(I) 
3017 8006 3621 

Rint 0.0310 - 0.0347 

Parameters 263 274 299 

Restraints 0 0 0 

Largest Peak 0.137 0.472 0.184 

Deepest Hole -0.208 -0.389 -0.221 

GooF 1.019 1.048 1.033 

wR2 (all data) 0.1302 0.2933 0.1227 

wR2 0.1198 0.2897 0.1131 

R1 (all data) 0.0620 0.0965 0.0609 

R1 0.0460 0.0930 0.0444 



272 

Appendix H - Additional information for Chapter 8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure H.1.  Copyright license for Chapter 8, Figure 8.1. 
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Table H.1.  Crystallographic information for the Fav-I polymorphic crystal structures 

Compound Fav-IA-Ⅰ Fav-IA-Ⅱ Fav-IA-Ⅲ Fav-IA-Ⅳ 

Formula C5H4IN3O2 C5H4IN3O2 C5H4IN3O2 C5H4IN3O2 

Dcalc./ g cm-3 2.339 2.373 2.404 2.308 

μ/mm-1 4.206 4.268 4.324 4.151 

Formula Weight 265.01 265.01 265.01 265.01 

Colour orange orange yellow colourless 

Shape needle plate needle plate 

Size/mm3 0.15×0.03×0.02 0.18×0.06×0.02 0.17×0.02×0.01 0.27×0.12×0.01 

T/K 293.0(4) 294(1) 294.6(5) 293.0(2) 

Crystal System monoclinic monoclinic orthorhombic monoclinic 

Space Group P21/n P21/c Fdd2 P21 

a/Å 7.9475(2) 12.6611(3) 29.8234(12) 4.4914(2) 

b/Å 23.0470(4) 5.01590(10) 22.6528(8) 5.1753(2) 

c/Å 24.6638(5) 35.2516(8) 4.33493(18) 16.4120(6) 

α/° 90 90 90 90 

β/° 91.396(2) 96.282(2) 90 91.809(4) 

γ/° 90 90 90 90 

V/Å3 4516.21(17) 2225.27(9) 2928.60(19) 381.30(3) 

Z 24 12 16 2 

Z' 6 3 1 1 

Wavelength/Å 0.71073 0.71073 0.71073 0.71073 

Radiation type Mo Kα Mo Kα Mo Kα Mo Kα 

θmin/° 2.419 2.325 2.258 2.483 

θmax/° 37.703 38.019 38.019 35.622 

Figure H.2.  1H NMR (400 MHz, DMSO-d6) spectrum of 2-hydroxy-5-

iodobenzamide. 
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Measured Refl. 77441 44905 8767 11637 

Independent Refl. 21993 11444 3314 3072 

Reflections with I > 

2(I) 
12658 7747 2605 2100 

Rint 0.0266 0.0317 0.0203 0.0403 

Parameters 667 334 116 112 

Restraints 34 0 1 3 

Largest Peak 1.128 0.679 0.684 0.976 

Deepest Hole -0.876 -1.321 -0.366 -0.385 

GooF 1.005 1.034 1.046 0.976 

wR2 (all data) 0.0866 0.0827 0.0615 0.0806 

wR2 0.0742 0.0755 0.0579 0.0745 

R1 (all data) 0.0787 0.0545 0.0436 0.0591 

R1 0.0351 0.0317 0.0289 0.0349 

 

Table H.2.  Crystallographic information for the Fav-I cocrystal structures 

Code Fav-IA-5-Flu Fav-IA-Theo Fav-IA-Tro 

Formula C13H10F2IN7O6 C12H12IN7O4 C9H15IN4O5 

Dcalc./ g cm-3 2.036 1.931 1.976 

μ/mm-1 15.385 2.127 19.638 

Formula Weight 525.18 445.19 386.15 

Colour colourless colourless colourless 

Shape needle prism needle 

Size/mm3 0.07×0.01×0.01 0.11×0.02×0.01 0.18×0.01×0.01 

T/K 293.1(6) 294.4(6) 293.1(4) 

Crystal System monoclinic monoclinic orthorhombic 

Space Group P21/m P21/c Pbca 

a/Å 6.9340(6) 7.6772(3) 20.3705(9) 

b/Å 6.3637(12) 14.7736(7) 7.2574(5) 

c/Å 19.6295(19) 13.5049(6) 35.1223(14) 

α/° 90 90 90 

β/° 98.451(10) 90.596(4) 90 

γ/° 90 90 90 

V/Å3 856.8(2) 1531.65(12) 5192.4(5) 

Z 2 4 16 

Z' 0.5 1 2 

Wavelength/Å 1.54184 0.71073 1.54184 

Radiation type Cu Kα Mo Kα Cu Kα 

θmin/° 2.276 2.653 3.323 

θmax/° 68.133 35.679 80.614 

Measured Refl. 5642 25925 23545 

Independent Refl. 1686 6455 5515 

Reflections with I 

>2(I) 
1089 4783 3605 

Rint 0.0648 0.0296 0.0583 

Parameters 175 243 351 

Restraints 6 0 1 

Largest Peak 1.846 0.659 2.408 
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Deepest Hole -1.331 -0.532 -2.013 

GooF 1.036 1.049 1.052 

wR2 (all data) 0.2306 0.0802 0.2281 

wR2 0.2034 0.0746 0.2037 

R1 (all data) 0.1168 0.0472 0.1073 

R1 0.0802 0.0299 0.0741 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure H.3.  PXRD analysis of Fav-IA-5-fluorouracil and Fav-IA-Saccharin ground 

samples and their starting materials. 
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Figure H.4.  PXRD analysis of Fav-IA-4-ABA and Fav-IA-Nicotinamide ground 

samples and their starting materials. 

Figure H.5.  PXRD analysis of Fav-IA-FerulicA and Fav-IA-3HBA ground 

samples and their starting materials. 
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Figure H.6.  PXRD analysis of Fav-IA-2-HBA and Fav-IA-Tromethamine 

ground samples and their starting materials. 

Figure H.7.  PXRD analysis of Fav-IA-Isonicotinamide and Fav-IA-Urea 

ground samples and their starting materials. 
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Figure H.8.  PXRD analysis of Fav-IA-4-HBA and Fav-IA-3,5-dHBA ground 

samples and their starting materials. 

Figure H.9.  PXRD analysis of Fav-IA-GallicA and Fav-IA-3,4-dHBA 

ground samples and their starting materials. 
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Table H.3.  Thermal stabilities of Fav and I-Fav cocrystals. 

Thermal stabilities/℃ 

# Coformer Fav cocrystals 5,6 Fav-IA cocrystals 

1 5-fluorouracil * 204-206 

2 Saccharin * 179-181 / 184-186 

3 Theophylline 197.3 224-226 

4 Tromethamine - 141-144 

5 4-aminoBA 159.5 154-156 

6 Nicotinamide 120-122 113-115 

7 Isonicotinamide 158.6-160.6 134-136 

8 Urea - 123-125 

9 Ferulic acid 172.7 150-153 

10 3-HBA 159.25 161-163/168-170 

11 4-HBA 163.65 167-169 

12 3,5-dHBA 188.25 181-183 

13 Gallic acid 179.9 (hydrate) 196-198 

14 3,4-diHBA 183.85 (hydrate) 155-158 

15 2HBA N/A 141-143/146-149 
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Appendix I - Additional information for Chapter 9 

Table I.1.  Crystallographic information for the 3DMABA cocrystal structures 

 

Cocrystal 
T2-

3DMABA-PⅠ 

T2-

3DMABA-PⅡ 
T3-3DMABA T4-3DMABA T5-3DMABA 

Formula C17H20N4O5 C17H20N4O5 C18H22N4O5 C19H24N4O5 C20H26N4O5 

Dcalc./ g cm-

3 
1.341 1.374 1.314 1.335 1.347 

μ/mm-1 0.841 0.862 0.813 0.815 0.812 

Formula 

Weight 
360.37 360.37 374.39 388.42 402.45 

Colour light orange orange orange Orange orange 

Shape plate plate plate plate plate 

Size/mm3 
0.28×0.04×0.0

0 

0.13×0.06×0.0

2 

0.33×0.08×0.0

2 

0.19×0.14×0.0

6 

0.16×0.12×0.0

4 

T/K 200.00(10) 295.0(4) 200.0(1) 200(2) 200.00(10) 

Crystal 

System 
monoclinic monoclinic triclinic triclinic triclinic 

Space Group P21/n C2/c P-1 P-1 P-1 

a/Å 16.7360(4) 24.8829(8) 6.21761(15) 6.35274(15) 6.42159(9) 

b/Å 4.91439(11) 6.1032(2) 12.5048(4) 12.46903(18) 12.65205(14) 

c/Å 21.9254(5) 23.3288(12) 12.7578(4) 12.9378(3) 13.02701(17) 

α/° 90 90 79.345(2) 97.365316) 76.6124(10) 

β/° 98.240(2) 100.391(4) 78.280(3) 103.862(2) 75.8298(12) 

γ/° 90 90 80.4467(17) 99.5009(15) 80.7872(10) 

V/Å3 1784.68(7) 3484.7(2) 945.96(4) 966.16(4) 992.29(2) 

Z 4 8 2 2 2 

Z' 1 1 1 1 1 

Wavelength/

Å 
1.54184 1.54184 1.54184 1.54184 1.54184 

Radiation 

type 
Cu Kα Cu Kα Cu Kα Cu Kα Cu Kα 

θmin/° 3.116 3.612 3.582 3.574 3.572 

θmax/° 80.512 80.128 80.089 80.154 79.934 

Measured 

Refl. 
13114 11779 17956 37103 20759 

Independent 

Refl. 
3662 3650 4064 4176 4253 

 

Table I.2.  Crystallographic information for the 4ABA cocrystal structures 

 

Cocrystal T2-4ABA T3-4ABA T4-4ABA T5-4ABA 

Formula C15H16N4O5 C16H18N4O5 C17H20N4O5 C29H37N7O8 

Dcalc./ g cm-3 1.451 1.397 1.340 1.265 
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μ/mm-1 0.939 0.890 0.841 0.782 

Formula Weight 332.32 346.34 360.37 611.65 

Colour light yellow yellow yellow light yellow 

Shape needle irregular plate needle 

Size/mm3 0.29×0.01×0.01 0.16×0.12×0.11 0.15×0.11×0.03 0.10×0.02×0.02 

T/K 200.00(10) 200.00(10) 295.9(3) 297(1) 

Crystal System monoclinic triclinic triclinic monoclinic 

Space Group P21/n P-1 P-1 P21/n 

a/Å 12.5882(2) 5.8059(4) 6.15171(12) 20.1578(5) 

b/Å 5.17490(7) 11.8005(10) 12.3495(4) 4.90086(14) 

c/Å 23.3666(4) 12.9057(16) 12.6749(4) 32.5043(9) 

α/° 90 73.991(9) 73.875(3) 90 

β/° 91.8814(16) 78.882(9) 79.965(2) 90.875(2) 

γ/° 90 78.277(7) 76.405(2) 90 

V/Å3 1521.34(4) 823.35(14) 892.97(4) 3210.75(15) 

Z 4 2 2 4 

Z' 1 1 1 1 

Wavelength/Å 1.54184 1.54184 1.54184 1.54184 

Radiation type Cu Kα Cu Kα Cu Kα Cu Kα 

θmin/° 3.785 3.601 3.655 2.562 

θmax/° 79.786 81.117 80.078 78.442 

Measured Refl. 11401 11962 14844 24768 

Independent Refl. 3225 3406 3854 6488  

 

Interplanar distances of cocrystals 

 

 

 

 

 

 

 

 

Figure I.1.  Interplanar distances of T2-3DMABA-PⅠ. 
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Figure I.2.  Interplanar distances of T2-3DMABA - PⅡ. 

Figure I.3.  Interplanar distances of T3-3DMABA. 

Figure I.4.  Interplanar distances of T4-3DMABA.  
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Figure I.5.  Interplanar distances of T5-3DMABA. 

Figure I.6.  Interplanar distances of T2-4ABA. 

Figure I.7.  Interplanar distances of T3-4ABA. 
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PXRD patterns of ground mixtures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure I.8.  Interplanar distances of T4-4ABA. 

Figure I.9.  Interplanar distances of T5-4ABA. 

Figure I.10.  Two negative results for T1-3DMABA and T1-4ABA. 
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Figure I.12.  PXRD of T3-3DMABA and T4-3DMABA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

➔ Indication of a 

third polymorph 

Figure I.11.  PXRD of T2-3DMABA. 
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Figure I.13.  PXRD of T5-3DMABA. 

Appendix Figure I.14.  PXRD of T2-4ABA and T3-4ABA. 
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Figure I.15.  PXRD of T4-4ABA and T5-4ABA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Solid-state UV-visible spectra 
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Photoluminescence studies 
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Figure I.17.  Solid-state UV-vis spectra for 4ABA cocrystals. 

Figure I.16.  Solid-state UV-vis spectra for 3DMABA cocrystals. 
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Figure I.18.  Photoluminescence spectra of targets. 

Figure I.19.  Photoluminescence spectra of coformers. 
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Figure I.20.  Photoluminescence spectra of 3DMABA cocrystals. 
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Figure I.21.  Photoluminescence spectra of 4ABA cocrystals. 
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Solid-state replacement studies 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

0

3300

6600

9900

0

18000

36000

54000

0

7900

15800

23700

0

5000

10000

15000

0

420

840

1260

0

190

380

570

 

 T3

 

 3DMABA

 

 4ABA

 

 T3-3DMABA cocrystal_1:1

 

 T3:3DMABA_4ABA_1:1:0.5

 

 

 T3:3DMABA_4ABA_1:1:1

20.46 

26.21 

18.74 9.80 

9.34 

22.12 

15.61 

14.06 
9.74 

12.29 

14.23 

21.07 26.66 

7.40 

15.77 

14.48 
19.56 26.31 

7.15 

14.03 
16.00 

26.66 

19.63 7.60 

15.34 

7.15 14.10 
19.40 

14.41 

26.36 

7.30 

15.85 

Figure I.22.  Solid-state replacement study of T3-3DMABA cocrystal. 
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Figure I.23.  Solid-state replacement study of T3-4ABA cocrystal. 
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Appendix J - Additional information for Chapter 10 

 

 

Figure J.1.  Copyright license for Chapter 8, Figure 10.2. 


