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Abstract 

A series of co-crystallizations between four biimidazole based compounds with nine 

symmetric aliphatic di-acids and fifteen perfluorinated halogen-bond donors were carried out to 

determine if a MEPS based ranking can be used to effectively assign selectivity in hydrogen- and 

halogen-bond interactions. The results suggested that a simple electrostatic view provides a 

reliable tool for successfully implementing the practical co-crystal synthesis with desired 

connectivity. 

MEPS based selectivity guidelines for halogen-bond interactions were explored in co-

crystallizations between twelve asymmetric ditopic acceptors and nine halogen-bond donors. If 

the difference between the two acceptor sites is below 35 kJ/mol, no selectivity was observed; 

above 65 kJ/mol halogen bond selectivity dominates and mid ȹE range was recognized as the grey 

area where predictions cannot be made.  

To examine competition between hydrogen and halogen bonds, five heteroaryl-2-

imidazoles were co-crystallized with fifteen halogen-bond donors. It was found that halogen bonds 

prefer best the acceptor site, demonstrating that a suitably activated halogen-bond donor can 

compete with a strong hydrogen-bond donor.  

The benefits of ódouble activationô for promoting halogen bond effectiveness was explored 

with nine haloethynylnitrobenzenes. The positive potential on halogen atoms was enhanced 

through a combination of an sp-hybridized carbon and electron-withdrawing nitro group(s). 

Iodoethynylnitrobenzenes were identified as the most effective halogen-bond donors reported to 

date and the compounds were exploited for the interaction preferences of nitro group and nitroỄX-

Csp interactions were identified as synthetic tools for energetic co-crystal assembly. 



  

A synthetic strategy for the deliberate assembly of molecular polygons was developed 

utilizing bifurcated halogen bonds constructed from N-oxides and complementary halogen-bond 

donors via co-crystallization. 

A convenient, effective, and scalable protocol for stabilizing volatile liquid chemicals with 

co-crystallization was achieved. Through the use of halogen-bonding, liquid iodoperfluoroalkanes 

were transformed into crystalline materials with low-vapor pressure, considerable thermal stability 

and moisture resistance.  

To stabilize the energetic compound ethylenedinitramine, a co-crystallization approach 

targeting the acidic protons was employed. Eight co-crystals were obtained and the acceptors were 

identified as supramolecular protecting groups leading to diminished reactivity and enhanced 

stability while retaining the desirable energetic properties. 
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Abstract 

A series of co-crystallizations between four biimidazole based compounds with nine 

symmetric aliphatic di-acids and fifteen perfluorinated halogen-bond donors were carried out to 

determine if a MEPS based ranking can be used to effectively assign selectivity in hydrogen- and 

halogen-bond interactions. The results suggested that a simple electrostatic view provides a 

reliable tool for successfully implementing the practical co-crystal synthesis with desired 

connectivity. 

MEPS based selectivity guidelines for halogen-bond interactions were explored in co-

crystallizations between twelve asymmetric ditopic acceptors and nine halogen-bond donors. If 

the difference between the two acceptor sites is below 35 kJ/mol, no selectivity was observed; 

above 65 kJ/mol halogen bond selectivity dominates and mid ȹE range was recognized as the grey 

area where predictions cannot be made.  

To examine competition between hydrogen and halogen bonds, five heteroaryl-2-

imidazoles were co-crystallized with fifteen halogen-bond donors. It was found that halogen bonds 

prefer best the acceptor site, demonstrating that a suitably activated halogen-bond donor can 

compete with a strong hydrogen-bond donor.  

The benefits of ódouble activationô for promoting halogen bond effectiveness was explored 

with nine haloethynylnitrobenzenes. The positive potential on halogen atoms was enhanced 

through a combination of an sp-hybridized carbon and electron-withdrawing nitro group(s). 

Iodoethynylnitrobenzenes were identified as the most effective halogen-bond donors reported to 

date and the compounds were exploited for the interaction preferences of nitro group and nitroỄX-

Csp interactions were identified as synthetic tools for energetic co-crystal assembly. 



  

A synthetic strategy for the deliberate assembly of molecular polygons was developed 

utilizing bifurcated halogen bonds constructed from N-oxides and complementary halogen-bond 

donors via co-crystallization. 

A convenient, effective, and scalable protocol for stabilizing volatile liquid chemicals with 

co-crystallization was achieved. Through the use of halogen-bonding, liquid iodoperfluoroalkanes 

were transformed into crystalline materials with low-vapor pressure, considerable thermal stability 

and moisture resistance.  

To stabilize the energetic compound ethylenedinitramine, a co-crystallization approach 

targeting the acidic protons was employed. Eight co-crystals were obtained and the acceptors were 

identified as supramolecular protecting groups leading to diminished reactivity and enhanced 

stability while retaining the desirable energetic properties. 
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1 

Chapter 1 - Introduction 

 1.1 Structure-property relationship in chemistry 

The axiom that ñfunction follows formò is of fundamental importance in chemistry and the 

design and preparation of materials with desired properties are principal goals of chemists.1 The 

very essence of chemistry, the periodic table, provides a systematic classification of all known 

elements into different periods and groups to help chemists in rationalizing the properties of these 

elements based on their structure at an atomic level. Moving from the atomic to the molecular 

level, a pioneering investigation conducted in 1947 on saturated hydrocarbons recognized that the 

properties of these compounds varied with molecular bulk and branching.2 

One of the many examples of structure-property relationship in molecules comes from the 

enantiomers of thalidomide, Figure 1.1.3 It turns out that one enantiomer has effective 

antidepressant properties while the other is teratogenic.4 The property difference is directly 

connected to the chirality of the molecular structure.  

 

 

 

Figure 1.1 Chemical structure of thalidomide 

 1.1.1 Structure-property relationship in bulk materials 

For bulk materials, structure-property relations fall into two broad categories,5 Figure 1.2. 

In the first, the property alterations are due to variations in molecular structure and molecular 

conformation. In the second category property alterations arise from differences in the spatial 

relationships between molecules in the crystal, such as intermolecular arrangement, interactions 

and packing of individual building blocks with respect to each other in a crystal lattice. Thus, in 
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order to manipulate the properties of bulk materials, either alterations of molecular structure and 

conformations or refinements in packing arrangements are required.  

Figure 1.2 Categorization of structure-property relationships in bulk materials 

The best examples which show property alterations under both above categories are 

polymorphs. A polymorph is defined as ñDifferent crystalline forms of the same substanceò.6 

Polymorphs of a substance can be attained in two ways (Figure 1.3), if the molecule can have 

different conformations and if the molecule is flexible, polymorphs can be attained by 

conformational changes (conformational polymorphism) and if the molecule is rigid, polymorphs 

can be attained by changing the packing arrangements (packing polymorphism).7 Conformational 

polymorphs give rise to property alterations under category 1 and packing polymorphs under 

category 2, Figure 1.2.  

 

 

 

Structure- property 
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conformations
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Figure 1.3 Schematic representation of a) conformational polymorphism and b) packing 

polymorphism 

Ritonavir provides an example of conformational polymorphism where form 1 is 

comprised of beta like stacks of ritonavir molecules held together via hydrogen bonding while in 

form II, OH groups are participating in hydrogen bonding due to the change in conformation of 

ritonavir molecule. As a result, solubility of the two forms are distinct from each other. Form 1 has 

90 mg/mL of solubility in a 99:1 ethanol water mixture at 5 °C and form II has only 19 mg/mL of 

solubility under same conditions,8 Figure 1.4.  

 

Figure 1.4 Conformational polymorphs of ritonavir and their solubilities8 
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Polymorphic forms of aspirin provide an example of packing polymorphism. Both form I 

and II consist of layers of aspirin molecules with same conformation and similar interactions, and 

the subtle difference between the two forms is the position of the molecules in one layer relative 

to the molecules of the adjacent layer, Figure 1.5. When considering the properties, form II is 

unstable under mechanical stress such as milling and tableting, and readily converted to stable 

form I.9  

 

 

 

 

 

 

 

 

 

Figure 1.5 Packing of aspirin polymorphs shown along the a axis9 

One of the well-known example for how the changes in molecular structure correlate with 

the materials properties comes from even numbered aliphatic dicarboxylic acids. It has been 

observed that melting points of dicarboxylic acids decrease monotonically with increasing number 

of methylene groups in the chain, Figure 1.6.10 Thus alteration of molecular structure by adding 

methylene groups, leads to a predictable alteration of melting properties in the bulk. 
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Figure 1.6 Correlation between the carbon chain length and the melting temperature of aliphatic 

dicarboxylic acids10 

 1.2 Supramolecular chemistry: A way to modify spatial relationships of a 

molecule 

Supramolecular chemistry has been defined asñéthe chemistry of the intermolecular bond, 

covering the structures and functions of the entities formed by association of two or more chemical 

specieséò by Jean-Marie Lehn.11 In simple terms, supramolecular chemistry refers to 

chemistry beyond molecules and focuses on chemical systems composed of molecular subunits 

brought together via intermolecular interactions.12 One of the underlying goals of supramolecular 

chemistry is to control assembly and arrangement of individual components in a predictable way 

and thus to control macroscopic properties of materials.  

Because supramolecular chemistry can lead to modifications in the spatial relationships of 

a molecule of interest, it directly affects macroscopic properties. As an example, trans-stilbene 

molecule is known to give only weak fluorescence in solution and inside loosely-fitting synthetic 

capsules. But it has been shown that by encapsulating trans-stilbene in an elongated 
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supramolecular capsule made up of cavitand molecules, where the molecule is allowed to adapt a 

fully coplanar arrangement, fluorescence of the molecule is enhanced, Figure 1.7.13 

 

 

 

 

Figure 1.7 Encapsulated trans-stilbene inside a cavitand derived capsule13 

 1.3 Crystal engineering: Design of ultimate supramolecules 

Organic crystals can be recognized as the best examples of supramolecules. Indeed Jack 

Dunitz has referred to organic crystals as ñsupermolecule(s) par excellenceò14 where millions of 

molecules are held together in a periodic arrangement by non-covalent interactions. The subsection 

of supramolecular chemistry which focuses on crystals, their packing and property alterations has 

been identified as crystal engineering. Thus, crystal engineering has defined as ñThe understanding 

of intermolecular interactions in the context of crystal packing and the utilization of such 

understanding in the design of new solids with desired physical and chemical propertiesò.15
  

 1.3.1 Supramolecular synthons 

If  crystals can be recognized as supramolecular equivalents of molecules, then crystal 

engineering can be recognized as the supramolecular equivalent of organic synthesis.16 Organic 

synthesis mainly depends on traditional synthons, likewise definite spatial arrangements of 

intermolecular interactions are required to establish reliable connections between individual 

building blocks in crystal engineering. Supramolecular synthons are such recognition units and 

have been defined as ñstructural units within a supermolecule which can be formed andlor 

assembled by known or conceivable synthetic operations involving intermolecular interactionsò.17 
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Supramolecular synthons can be categorized as homosynthons (occur between same 

complementary functional groups) and heterosynthons (occur between different functional 

groups),18 Figure 1.8. 

 

Figure 1.8 Supramolecular synthons 

 1.4 Co-crystal: A supramolecular entity 

The definition of what a co-crystal is, remains under debate.19 Thus, for the scope of this 

dissertation, a co-crystal will  be defined as, solids that are crystalline single phase materials 

composed of two or more different molecular compounds generally in a stoichiometric ratio. In 

simple terms, a co-crystal is comprised of two or more distinctly different molecular entities known 

as co-formers that are brought together via non-covalent interactions within the same crystal 

lattice. This is done without making or breaking any covalent bonds, thus the chemical integrity 

of each individual molecule is preserved. The end result is the formation of a heteromeric species 

via co-crystallization over the natural tendency to form homomeric species via re-crystallization, 

Figure 1.9. Thus, a co-crystal can be recognized as a supramolecular entity which enables the 
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modification of physical properties of a material by changing the spatial relationships between 

molecules in the crystal. 

Figure 1.9 Schematic representation of re-crystallization and co-crystallization 

 1.5 Intermolecular interactions: Glue to design co-crystals 

Co-crystals contain periodic assemblies of molecules connected via intermolecular 

interactions such as ˊ-ˊ stacking interactions,20 dipole-dipole interactions,21 halogen bonds,22 and 

hydrogen bonds,23 Figure 1.10. Knowledge of the intermolecular interactions and their effects on 

crystal packing allows for the engineering of co-crystals with desired properties. 

Figure 1.10 a) CHỄˊ interactions in the co-crystal of bis(trimethylsilyl)acetylene with 

benzene24 and b) ˊ-ˊ interactions in the co-crystal between trinitrotoluene (TNT) and 9-

bromoanthracene25 
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 1.5.1 Hydrogen bond based co-crystals  

A hydrogen bond (HB) is defined as ñan attractive interaction between a hydrogen atom 

from a molecule or a molecular fragment, XīHỄA in which X is more electronegative than H, 

and an atom or a group of atoms in the same or different molecule, in which there is evidence of 

bond formationò,26 Figure 1.11. 

 

 

Figure 1.11 Schematic diagram showing the formation of a hydrogen bond (X-more 

electronegative atom than hydrogen; H-hydrogen; A-acceptor) 

Hydrogen bonds are useful tools for assembling supramolecular structures because they 

are both strong and directional and arguably the most widely used interaction for constructing co-

crystals,27 Figure 1.12. In order to recognize the preferred connectivity patterns, the hydrogen-

bond rules proposed by Margaret C. Etter are very useful.28  

The general rules are, 

1. All acidic hydrogens available in a molecule will be used in hydrogen bonding in the 

crystal structure of that compound.29 

2. All good acceptors will be used in hydrogen bonding when there are available 

hydrogen-bond donors.30 

3. The best hydrogen-bond donor and the best hydrogen-bond acceptor will preferentially 

form hydrogen bonds to one another.31 

These guidelines have provided the stage for important advances in co-crystallizations.  

  

 

 

  A H X A Ҍ X H 
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Figure 1.12 A binary co-crystal between pyridine and terephthalic acid formed via 

acidỄpyridine heterosynthon32 

 1.5.2 Halogen bond based co-crystals 

The definition of halogen bond (XB) states that, ñA halogen bond RīXỄYīZ occurs when 

there is evidence of a net attractive interaction between an electrophilic region on a halogen atom 

X belonging to a molecule or a molecular fragment RïX (where R can be another atom, including 

X, or a group of atoms) and a nucleophilic region of a molecule, or molecular fragment, YīZò,33 

Figure 1.13 

 

 

Figure 1.13 Schematic diagram showing the formation of a halogen bond (R and Z-molecular 

fragments or atoms; X-halogen atom; Y-nucleophilic atom) 

As a new addition to the toolbox of supramolecular chemistry, the halogen bond has gained 

widespread attraction due to its strong, specific and directional nature.34 Key to this interaction is 

the electron-poor nature of the tip of the halogen atom known as the ů hole,35 whose electron-

density is depleted by virtue of the presence of an electron withdrawing group, Figure 1.14.  The 

RïXỄY angle is typically close to 180°.36 The strength of the interaction increases in going from 

chlorine to bromine to iodine depending on the polarizability of the halogen atom.37 Electrostatic 

attractive nature of halogen bonds result in a shorter distance between the donor and acceptor to 

the sum of their van der Waals radii.38 Figure 1.15 shows a conventional halogen bond formed 

between iodine and nitrogen.  

R X Ҍ Y Z R X Y Z 
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Figure 1.14 Formation of the ů hole in halogen atoms 

 

 

 

Figure 1.15 A halogen bond formed between the iodine of 1,4-diiodotetrafluorobenzene and 

pyridine nitrogen of 4-dimethylaminopyridine39 

 1.5.2.1 Techniques to detect halogen bonds 

The best method to detect halogen bond formation in solid state is single crystal X-ray 

diffraction (SCXRD). This is the most common experimental method of obtaining a detailed 3D 

structure of a molecule that allows resolution of individual atoms, and provides detailed 

information about the internal lattice of crystalline substances, including unit cell dimensions, 

bond-lengths, bond-angles, and intermolecular interactions.40 SCXRD is performed by analyzing 

the pattern of X-rays diffracted by an ordered array of many identical molecules (single crystal) 

and requires diffractable crystals in good quality and reasonable size, which is not easily accessible 

always. Thus, other characterization techniques like NMR, IR, Raman, UV-Vis, EPR and 

calorimetry based techniques are utilized for the purpose of detecting halogen bond formation in 

solid, solution and gas phases.  
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NMR spectroscopy is the method of choice in detecting halogen bonds in solution. For 

example, 19F NMR spectroscopy has been utilized to detect chemical shift alterations of 

polyfluorinated XB donors upon interaction with solvents of varying electron donating properties. 

It has observed that a stronger Lewis basic solvent causes a larger 19F shift alteration reflecting the 

strength of the formed XB interactions, Figure 1.16.41  

Figure 1.16 19F NMR chemical shift differences (ȹŭ) of 1,2-diiodoperfluoroethane in 

cyclohexane and the given solvent41  

IR spectroscopy is a simple and effective method in detecting halogen bond formation both 

in solid and solution phases. For example, when a halogen bond is formed with an ethynyl iodine 

atom, the weakening of triple bond occurs, which is accompanied by a red shift of the triple bond 

stretch in IR spectra,42 Figure 1.17.  
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Figure 1.17 Comparison of IR spectra between 1-iodoethynyl-4-iodobenzene (IEIB) and the co-

crystal of IEIB formed with 4,4ô-bipyridine (IEIB:12); red circles highlights the shifts in triple 

bond stretch42 

 1.6 Application of co-crystals 

Co-crystal technology has been used for altering the physical properties of 

pharmaceuticals,43 energetic materials,44 agrochemicals,45 nutraceuticals,46 organic 

semiconductors,47 optoelectronic materials,48 ferroelectric materials,49 charge transfer 

complexes,50 non-linear optics51 and liquid crystals.52 Furthermore, co-crystallization approaches 

have been applied in solid state solvent free synthesis,53 separation and purification processes,54 

chiral resolution,55 and crystallization of non-solid compounds to facilitate manufacturing 

processes.56 

 1.6.1 Pharmaceutical co-crystals 

The most widely applied field of co-crystallization is development of pharmaceutical co-

crystals. In this area co-crystallization has shown prominent results in the formation, design and 

implementation of active pharmaceutical ingredients (API).57 Changing the solid form of an API 

can greatly influence its bioavailability, thermal stability and solubility.58 Pharmaceutical co-
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crystals focus on developing superior physico-chemical properties of the API while holding the 

properties of the drug molecule itself constant.59  

For instance, one study showed how to systematically modulate the aqueous solubility and 

melting behavior of an anticancer drug hexamethylene-4-pyridineacetamide with the assistance of 

hydrogen-bond based co-crystallization, Figure 1.18.60 

Figure 1.18 Aqueous equilibrium solubilities of the API of interest and the five co-crystals 

obtained with even chain dicarboxylic acids60 

Another example provides evidence for the halogen-bond based co-crystals of the 

antimicrobial drug 3-iodo-2-propynyl-N-butylcarbamate (IPBC). Angle of repose tests were 

conducted to study the powder flow properties of the drug and the co-crystals obtained. Free IPBC 

has poor flow properties (no angle of repose is detectable), while  the co-crystal involving the 

excipient CaCl2 has shown superior powder flow characteristics (20° angle of repose form 

funnel/flat surface distance of 25 mm), representing a promising solution to the handling issues 

related to the manufacturing of products containing IPBC.61 
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 1.6.2 Energetic co-crystals 

Energetic materials are a class of compounds that rapidly release energy through a chemical 

reaction or change of state, often accompanied by the expansion of gas.62 The term energetic 

materials encompasses three basic materials classes: explosives, propellants, and pyrotechnics.63 

Explosives contain destructive power, while propellants supply thrust for rockets and engines. 

Pyrotechnics include both explosives and propellants and are used to produce various effects, 

including light, color, smoke and sound.  

When designing safe and effective energetic compounds, a large number of critical 

properties need to be addressed. The main property to consider is the explosive power, and this 

property is affected by the other factors such as density, detonation enthalpy, oxygen balance and 

gas formation upon detonation.64 Another factor to consider is safety, which is based on the 

sensitivity of the material to shock, impact and spark65 and also the toxicity of the compound and 

detonation products.66 Furthermore, cost, processability, water solubility and chemical stability are 

critical factors to consider when designing novel energetics.67 

Traditional methods for improving these properties focus on modifying the chemical 

structure.68 Co-crystallization is an alternative route to modify the properties of available energetic 

materials to design superior materials.69  

One of the most famous examples in the field of energetic co-crystals is the 1:2 hybrid co-

crystal of HMX and CL-20. The co-crystal is a combination of the low sensitivity of HMX and 

high power of CL-20, thus provided a solution to overcome the drawbacks associated with both 

starting energetic compounds, Figure 1.19.64  
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Figure 1.19 a) Detonation velocity comparison and b) impact sensitivity comparison for HMX 

and CL-20 co-crystal and starting compounds64 

 1.6.3 Agrochemical co-crystals 

Agrochemicals refers to chemicals used for agricultural purposes such as pesticides, 

insecticides, herbicides and fungicides and are used to protect crops from pests and thus help to 

improve the quality and quantity of crop production.70 Co-crystallizations provides means for 

altering the physical properties such as solubility, hygroscopicity, thermal stability, filterability 

and flowability of agrochemicals and thereby affecting the overall usability and efficacy of a given 

agrochemical. For example, flupyradifurone is an active ingredient (AI) with insecticidal 

properties. Co-crystal of the AI with salicylic acid (1:1) has been synthesized which displays a 

higher melting point, 85 °C when compared to that of the active by itself (72-74 °C).71  

Another study highlights the ability of fine-tuning the solubility of an agrochemical active, 

cyprodinil, via co-crystallization. Co-crystals of cyprodinil have been obtained with even chain 

aliphatic dicarboxylic acids (C4-C12) and for the co-crystal with succinic acid (C4), more than 

threefold increase in the solubility has observed, Figure 1.20.72  
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Figure 1.20 Solubility profile of cyprodinil co-crystals72 

 1.6.4 Nutraceutical co-crystals 

Nutraceuticals are defined as ña food (or part of a food) that provides medical or health 

benefits, including the prevention and/or treatment of a disease and possesses a physiological 

benefit or reduces the risk of chronic diseaseò.73 Nutraceuticals have become attractive targets for 

co-crystallizations as many of them have major problems with solubility and bioavailability. For 

an instance co-crystals of curcumin with resorcinol and pyrogallol have obtained and the melting 

point analysis has shown the co-crystals (with resorcinol - 166 °C; with pyrogallol - 158 °C) to 

have lower melting points than curcumin (177 °C).74  

In another study, co-crystals of pterostilbene have obtained with carbamazepine, piperazine 

and caffeine. The solubility studies have shown that co-crystal obtained with piperazine to show 

six fold higher aqueous solubility and co-crystal with caffeine to have 27 fold solubility compared 

to single-component pterostilbene. On the other hand, co-crystal with carbamazepine has 

decreased the overall solubility of pterostilbene nearly by threefold, Figure 1.21.75 
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Figure 1.21 Aqueous solubility of pterostilbene and co-crystals75 

 1.6.5 Organic semiconductor co-crystals 

Organic semiconductors are extended conjugated ˊ-systems that have the ability to 

transport charge when an electrical bias is applied. Enforced face-to-face stacking of aromatics in 

the solid state is important to achieve efficient charge transport properties of these materials. Co-

crystallization provides effective means in stacking the semiconductor building blocks. One such 

study has shown how the co-former, resorcinol could enforce face-to-face ˊ-stacking of the 

semiconductor building block 9,10-bis(4-pyridylethynyl)anthracene, Figure 1.22.76 

Figure 1.22 Effective face to-face ˊ-stacking achieved via co-crystallization76 

 1.7 Goals of the dissertation 

Designing co-crystals with practical applications in materials science requires a thorough 

understanding of solid state behavior of non-covalent interactions and a good rationale to control 
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the supramolecular architectures in a predictable manner. Such controlled supramolecular 

assemblies can lead to a better understanding of structure-property relationships. The basic 

concepts can then be focused on spatial modifications of functional materials leading to fine-tuning 

of macroscopic properties.  

Thus, this dissertation will focus on the following goals, 

1. Chapter 2 focuses on understanding the molecular electrostatic potential dependent 

selectivity behaviors of hydrogen bond interactions in the solid state and on 

implementing a simple electrostatic view for co-crystal synthesis.77 

2. Chapter 3 focuses on the solid state behavior of halogen bonding, specifically how a 

simple molecular electrostatic potential surface (MEPS) based view can be used in 

predicting selectivity in halogen bonding.78   

3. Chapter 4 explores if MEPS based selectivity of halogen bonding can lead to guidelines 

that can be used for predicting preferable halogen bonds. 

4. Chapter 5 focuses on the competitive nature of hydrogen bonding and halogen bonding 

when probed with multiple acceptor sites.79 

5. Chapter 6 focuses on design and synthesis of more effective halogen-bond donors, 

haloethynylnitrobenzenes, using double activation phenomena.80  

6. Chapter 7 combines complementary geometric factors of selected halogen-bond donors 

in designing well-defined and discrete supramolecular architectures.81  

7. The capability of halogen-bond based co-crystallization to stabilize volatile liquid 

chemicals and the effectiveness, scalability, isolation capabilities and property 

alterations of this technology is explored in Chapter 8.82  
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8. Chapter 9 focuses on establishing the effectiveness of co-crystal technology to modify 

the properties of an energetic compound, ethylenedinitarmine (EDNA). The main goal 

is to eliminate the high chemical reactivity of EDNA by introducing a supramolecular 

protecting group.83  
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Chapter 2 - Molecular electrostatic potential dependent selectivity in 

hydrogen bonding1  

 2.1 Introduction 

The hydrogen bond2 is undoubtedly the most extensively studied intermolecular 

interaction3 and even after a century of investigations it is still of utmost interest, which is reflected 

by the IUPAC proposed change in 2011 of its very definition.4 The new definition, ñThe hydrogen 

bond is an attractive interaction between a hydrogen atom from a molecule or a molecular fragment 

XïH 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 formationò,5 clearly recognizes 

electrostatics at being at the core of this interaction. Long lasting interest in hydrogen bonding is 

related to its importance in the fields of chemistry, physics, biochemistry, biology, materials 

science, organic synthesis, medicine, pharmacy, mineralogy, crystal engineering, supramolecular 

chemistry, surface science and many more.6 It is indeed the basis of life due to its structural role 

in DNA,7 enzymes,8 and proteins.9 

From a fundamental supramolecular10 and crystal engineering11 viewpoint, the hydrogen 

bond is a key synthetic tool in assembly of molecules into well-defined architectures.12 An 

established set of guidelines in directing hydrogen bonds in a supramolecular context is required 

to design supramolecular architectures in a rational and predictable manner,13 to recognize robust 

synthons,14 to obtain reproducibility in experimental designing and to avoid ñsynthon crossoverò15 

and ñsynthon polymorphismò.16  

In this context, Etter proposed that, in a system with multiple potential structural outcomes, 

the best hydrogen-bond donor and the best hydrogen-bond acceptor will preferentially interact 
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with each other,17 Figure 2.1. This simple set of guidelines offers powerful and practical protocols 

for the directed assembly of solid-state architectures.   

 

 

 

 

 

Figure 2.1 Schematic representation of Etterôs rules in hydrogen bonding (A1-best acceptor, A2-

2nd best acceptor, D1-best donor, D2-2nd best donor) 

In order to take advantage of this approach, it is necessary to find a convenient method for 

recognizing and ranking the best donors and best acceptors in a given system. Several solutions to 

the challenge have been reported.18 One such method utilizes pKa/pKb values of the participating 

molecules to rank the relative strength.19 There are many examples in literature where the 

supramolecular outcome has been successfully predicted based on pKa values.20 This approach has 

been utilized in designing ternary co-crystal system where the strong acid binds to the best acceptor 

site while the weak acid binds to the second best acceptor site, Figure 2.2.21  

 

 

 

 

 

 

 

Figure 2.2 Designing ternary co-crystals utilizing the pKa ranking method21 
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This method is effective as long as the molecules carry the same chemical functionality. 

For example, thiophenol has a pKa of 6.61, which is considerably lower than that of phenol 

(pKa=9.86), which indicates that thiophenol should be a better hydrogen bond donor. But phenols 

have significant hydrogen bond donor ability and are commonly used as hydrogen bond donors22 

whereas thiophenols hardly exhibit any hydrogen bond donor ability.23 

A more general approach proposed by Hunter and co-workers utilizes calculated molecular 

electrostatic potential surface (MEPS) values,24 where the best acceptor represents the highest 

negative value on the surface and the best donor carries the highest positive value. This approach 

has been used extensively in designing hydrogen bonded co-crystals. One such study focuses on 

the calculated molecular electrostatic potential values to rank the relative hydrogen bond strengths 

of hydroxybenzoic acids.25 The structural results agree with the predicted outcome by MEPS and 

follow best-donor best-acceptor hierarchy, Figure 2.3.  

Figure 2.3 a) Ranking of hydrogen bonding sites of 4-hydroxybenzoic acid based on calculated 

MEPS and b) structural outcome: best donor binds to the best acceptor and 2nd best donor binds 

to the 2nd best acceptor25 

In order to gather information on such studies where a ranking of acceptor sites have been 

done, a comprehensive Cambridge Structural Database (CSD)26 search was conducted targeting 

interaction between any nitrogen and acid functionality. Results yielded 1141 hits and among them 

180 structures contained an acceptor with multitopic of acceptor sites. Further analysis of these 

180 hits revealed that, even though the underlying concepts of MEPS based ranking is applied in 

a)                                            b)  
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few of the studies,27 none of these studies directly utilize a ranking of acceptor sites based on 

calculated MEPS in hydrogen bonding.  

Thus, designing of a system that can be used to study MEPS dependent ranking of 

hydrogen bond acceptor sites is of utmost interest. Because of this reason, a series of co-

crystallizations between four biimidazole based compounds, (1,1'-bis(pyridin-4-ylmethyl)-2,2'-

biimidazole A1, 1,1'-bis(pyridin-3-ylmethyl)-2,2'-biimidazole A2, 1,1'-bis(pyridin-2-ylmethyl)-

2,2'-biimidazole A3 and 1,1'-dibenzyl-2,2'-biimidazole A4) Figure 2.4 and nine symmetric 

aliphatic di-acids (Figure 2.5) were carried out in order to determine if a ranking based on 

calculated MEPS can be used to effectively assign selectivity in hydrogen-bond based 

intermolecular interactions. A1-A3 have two identical pyridine nitrogen atoms (blue), and two 

identical imidazole nitrogen atoms (red) to give four acceptors per molecule. Acceptor A4 (Figure 

2.4) was synthesized as a control molecule, in order to study the impact of sterics when forming 

hydrogen bonds with imidazole nitrogen sites. Thus A4 contain only imidazole nitrogen sites while 

retaining the structure similarities to other molecules of this family.  

 

 

 

 

 

 

 

 

Figure 2.4 Acceptors employed in the study  
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Figure 2.5 Donors (aliphatic di-acids) employed in the study 

The different acceptor sites were ranked (best and second-best) with the utilization of 

calculated MEPS for A1-A3. Systematic co-crystallizations with nine aliphatic diacids28 (Figure 

2.5) in 1:2 stoichiometry were performed with these three molecules. With A4, 1:1 stoichiometric 

studies were performed. In addition, experiments using 1:1 and 1:4 stoichiometries (of acceptor to 

donor) were performed with A1 and A3. 
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The study is undertaken in response to two hypotheses, 

1. If a hydrogen-bond donor has a choice of two different acceptor sites, it will 

preferentially select the best-acceptor as determined by molecular electrostatic 

potentials surfaces (MEPS). 

2. The selectivity in hydrogen bonding will not be affected by the relative amount of 

reactants present in the system. 

 2.2 Experimental 

 2.2.1 General 

All precursors, solvents and dicarboxylic acids were purchased from commercial sources 

and used without further purification. 2,2ô-Biimidazole was synthesized following a reported 

procedure.29 1H NMR spectra were recorded on a Varian Unity plus 400 MHz spectrometer in 

CDCl3 or DMSO-d6. Infrared spectra were recorded with a Nicolet 380 FT-IR with a digital 

resolution of 0.9 cm-1 and data processed using Omnic30 software. Melting points were determined 

using Fischer-Johns Mel-Temp melting point apparatus and are uncorrected.   

 2.2.2 Electrostatic potential calculations  

Molecular electrostatic potential surfaces of A1-A4 were generated with density functional 

B3LYP level of theory using 6-311++G** basis set in vacuum. All calculations were carried out 

using Spartanô08 software.31 All molecules were geometry optimized and the maxima and minima 

on the electrostatic potential surface (0.002 e/au isosurface) determined using a positive point 

charge in the vacuum as a probe. The numbers indicate the interaction energy (kJ/mol) between 

the positive point probe and surface of the molecule at that particular point. These numbers are 

related to the electrostatic potentials on the atoms with the negative number corresponding to a 

negative potential and positive number corresponding to a positive potential. 
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 2.2.3 Synthesis of acceptors  

 2.2.3.1 Synthesis of 1,1'-bis(pyridin-4-ylmethyl)-2,2'-biimidazole, A1 

 

2,2ô-Biimidazole (0.27 g, 2.0 mmol) and NaOH (0.32 g, 8.0 mmol) were placed in a 100 

mL round bottomed flask with 20 mL of acetonitrile.  The mixture was stirred at room temperature 

for two hours. 4-Picolyl chloride hydrochloride (0.65 g, 4.0 mmol) in acetonitrile (20 mL) was 

added to the mixture and refluxed for 24 hours at 50 °C - 60 °C.  The reaction was monitored with 

TLC and after completion, the solvent was removed by rotary evaporation. The residue was 

dissolved in water (50 mL) and extracted with methylene chloride (30 mL x 3).  Organic layers 

were combined, dried over anhydrous MgSO4 and rotary evaporated to obtain the dark brown 

powder as the product. Yield: 0.35 g (56%); m.p. 157-160 °C; 1H NMR (400 MHz, CDCl3):8.49 

(d, 4H), 7.11 (d, 2H), 6.94 (d, 2H), 6.91 (d, 4H), 5.84 (s, 4H). 

 2.2.3.2 Synthesis of 1,1'-bis(pyridin-3-ylmethyl)-2,2'-biimidazole, A2 

 

2,2ô-Biimidazole (0.27 g, 2.0 mmol) and NaOH (0.32 g, 8.0 mmol) were placed in a 100 

mL round bottomed flask with 20 mL of acetonitrile.  The mixture was stirred at room temperature 

for two hours. 3-Picolyl chloride hydrochloride (0.65 g, 4.0 mmol) in acetonitrile (20 mL) was 
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added to the mixture and refluxed for 24 hours at 50 °C - 60 °C.  The reaction was monitored with 

TLC and upon completion the solvent was removed by rotary evaporation. The residue was 

dissolved in water (50 mL) and extracted with methylene chloride (30 mL x 3).  Organic layers 

were combined, dried over anhydrous MgSO4 and rotary evaporated to obtain the brown powder 

as the product. Yield: 0.45 g (71%); m.p. 112-115 °C; 1H NMR (400 MHz, CDCl3):8.46 (d, 2H), 

8.45 (s, 2H), 7.39 (d, 2H), 7.17 (m, 2H), 7.11 (d, 2H), 6.95 (d, 2H), 5.78 (s, 4H). 

 2.2.3.3 Synthesis of 1,1'-bis(pyridin-2-ylmethyl)-2,2'-biimidazole, A3 

 

2,2ô-Biimidazole (0.27 g, 2.0 mmol) and NaOH (0.32 g, 8.0 mmol) were placed in a 100 

mL round bottomed flask with 20 mL of acetonitrile.  The mixture was stirred at room temperature 

for two hours. 2-Picolyl chloride hydrochloride (0.65 g, 4.0 mmol) in acetonitrile (20 mL) was 

added to the mixture and refluxed for 24 hours at 50 °C - 60 °C.  The reaction was monitored with 

TLC and upon completion the solvent was removed by rotary evaporation. The residue was 

dissolved in water (50 mL) and extracted with methylene chloride (30 mL x 3).  Organic layers 

were combined, dried over anhydrous MgSO4 and rotary evaporated to obtain the pale brown 

powder as the product. Yield: 0.25 g (40%); m.p. 180-183 °C; 1H NMR (400 MHz, CDCl3): 8.53 

(d, 2H), 7.53 (t, 2H), 7.15 (t, 2H), 7.12 (s, 2H), 7.07 (s, 2H), 7.05 (d, 2H), 5.87 (s, 4H). 
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 2.2.3.4 Synthesis of 1,1'-dibenzyl-2,2'-biimidazole, A4 

 

2,2ô-Biimidazole (0.33 g, 2.5 mmol) and NaOH (0.39 g, 9.9 mmol) were placed in a 100 

mL round bottomed flask with 20 mL of acetonitrile.  The mixture was stirred at room temperature 

for two hours. Benzyl bromide (0.63 g, 5.0 mmol) in acetonitrile (20 mL) was added to the mixture 

and refluxed for 24 hours at 50 °C - 60 °C. The reaction was monitored with TLC and after 

completion the solvent was removed by rotary evaporation. The residue was dissolved in water 

(50 mL) and extracted with methylene chloride (30 mL x 3).  Organic layers were combined, dried 

over anhydrous MgSO4 and rotary evaporated to obtain the yellow powder as the product. Yield: 

0.69 g (89%); m.p. 144-146 °C; 1H NMR (400 MHz, CDCl3):5.71 (s, 4H), 6.94 (d, 2H), 7.03 (m, 

4H), 7.14 (d, 2H), 7.25 (m, 6H). 

 2.2.4 Grinding experiments and IR spectroscopy 

A1-A4 were initially put through a co-crystal screen using solvent-assisted grinding (a few 

drops of methanol) with nine aliphatic dicarboxylic acids. In all 36 reactions the acceptors and 

donors were mixed in 1:2 stoichiometric ratio (A1-A3) or 1:1 stoichiometric ratio (A4) and the 

solid resulting from each reaction was characterized using IR spectroscopy to determine if a co-

crystal had formed. In each reaction, 10 mg of the acceptor was used with the respective 

stoichiometric amount of the acid. In 28 out of 36 experiments the vibrational spectra displayed 

broad stretches near 1,850 and 2,450 cmī1 (Figure 2.6) indicative of intermolecular OīHỄN 

hydrogen bond formation.32  
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 2.2.5 Synthesis of co-crystals  

The mixtures obtained in the grinding experiments were dissolved in a minimum amount 

of methanol (2 ml) and placed in a 2 dram borosilicate vial for slow evaporation in order to obtain 

crystals suitable for single crystal X-ray diffraction. In the instances where the single crystals were 

not produced with the above approach, a range of methods such as slow evaporation with ethyl 

acetate, vapor diffusion with methanol and hexane as the solvent and anti-solvent, and 

crystallization under freezing conditions were used. All in all, thirteen crystals were obtained and 

analyzed with single crystal X-ray diffraction. Table 2.1 summarizes the experimental details. 

Appendix B.1 contains the relevant X-ray experimental data.  

Table 2.1 Experimental details of the thirteen co-crystals obtained 

Code 

Mixed 

Mole 

ratio 

Amounts used 
Solvent and 

method 

Crystal 

stoichiometry 

Melting 

point 

(°C) 

Crystal 

color & 

habit 

A1:Suc 1:2 
A1 -10 mg, 0.032 mmol 

Suc - 7.5 mg, 0.063 mmol 

Methanol 

Slow evaporation 
1:1 161-165 

Colorless 

prism 

A1:Adi  1:2 
A1 - 10 mg, 0.032 mmol 

Adi  - 9.2 mg, 0.063 mmol 

Methanol 

Slow evaporation 
1:1 167-170 

Bronze 

plate 

A1:Sub 1:2 
A1 - 10 mg, 0.032 mmol 

Sub - 11 mg, 0.063 mmol 

Methanol 

Slow evaporation 
1:1 148-151 

Orange 

plate 

A1:Seb 1:2 
A1 - 10 mg, 0.032 mmol 

Seb - 13 mg, 0.063 mmol 

Methanol 

Slow evaporation 
1:1 140-144 

Orange 

plate 

A1:Dod 1:2 
A1 - 10 mg, 0.032 mmol 

Dod - 15 mg, 0.063 mmol 

Methanol 

Slow evaporation 
1:1 138-143 

Bronze 

prism 

A1:Mal  1:2 
A1 - 10 mg, 0.032 mmol 

Mal  - 6.6 mg, 0.063 mmol 

Methanol 

Slow evaporation 

Freezing conditions 

1:1 95-98 
Colorless 

needle 

A1:Glu  1:2 
A1 - 10 mg, 0.032 mmol 

Glu - 9.2 mg, 0.063 mmol 

Methanol 

Slow evaporation 
1:2 153-155 

Bronze 

prism 

A3:Adi  1:2 
A3 - 10 mg, 0.032 mmol 

Adi  - 9.2 mg, 0.063 mmol 

Methanol 

Slow evaporation 
1:1 159-162 

Colorless 

plate 

A3:Sub 1:2 
A3 - 10 mg, 0.032 mmol 

Sub - 11 mg, 0.063 mmol 

Methanol 

Slow evaporation 
1:1 131-135 

Colorless 

prism 

A3:Seb 1:2 
A3 - 10 mg, 0.032 mmol 

Seb - 13 mg, 0.063 mmol 

Methanol 

Slow evaporation 
1:1 130-133 

Colorless 

prism 

A3:Dod 1:2 
A3 - 10 mg, 0.032 mmol 

Dod - 15 mg, 0.063 mmol 

Methanol 

Slow evaporation 
1:1 120-123 

Colorless 

prism 

A3:Pim 1:2 
A3 - 10 mg, 0.032 mmol 

Pim - 10 mg, 0.063 mmol 

Methanol 

Slow evaporation 

Freezing conditions 

1:2 90-93 
Colorless 

plate 

A4:Mal  1:1 
A4 - 10 mg, 0.033 mmol 

Mal  - 3.3 mg, 0.032 mmol 

Methanol 

Slow evaporation 
1:1 90-94 

Yellow 

prism 
Freezing conditions were achieved by keeping the vials inside a freezer at 0 ºC 
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 2.2.6 Variable stoichiometric studies  

 To explore the possible influence of reaction stoichiometry in hydrogen bond selectivity, 

A1 and A3 were combined with adipic acid, suberic acid, sebacic acid and dodecandioic acid, 

respectively in 1:1 and 1:4 stoichiometries. The reactants were dissolved in a minimum amount of 

methanol and slow evaporated in pursuance of crystals and were analysed using IR spectroscopy 

in order to determine the co-crystal formation and 1H NMR spectroscopy in order to determine the 

stoichiometry. 

 2.3 Results 

 2.3.1 Electrostatic potentials 

The ditopic acceptorss used in this study (A1-A3) contain two different acceptor sites, 

pyridine nitrogen (N(py)) and imidazole nitrogen (N(im)). The control molecule A4 contain only 

N(im) sites. The ranking of the acceptor sites is established using molecular electrostatic potential 

surfaces and the results from the density functional theory (DFT) calculations are shown in Table 

2.2. Higher negative potential on the acceptor suggests better hydrogen-bond accepting ability. 

Table 2.2 Calculated electrostatic potential values of the acceptors 

 

 2.3.2 Grinding experiments and characterization by IR spectroscopy 

The solvent-assisted grinding experiments were analyzed through IR spectroscopy and 28 

of the 36 experiments resulted a successful co-crystal formation, equivalent to a supramolecular 

yield of 78%. All co-crystals displayed broad bands near the 1,850 and 2,500 cmī1 region (as a 

Molecule Atom Electrostatic potential (kJ/mol-1) 

1,1'-bis(pyridin -4-ylmethyl)-2,2'-biimidazole A1 
Pyridine N -188 

Imidazole N -124 

1,1'-bis(pyridin -3-ylmethyl)-2,2'-biimidazole A2 
Pyridine N -180 

Imidazole N -125 

1,1'-bis(pyridin -2-ylmethyl)-2,2'-biimidazole A3 
Pyridine N -150 

Imidazole N -120 

1,1'-dibenzyl-2,2'-biimidazole A4 Imidazole N -149 
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result of O-HỄN hydrogen bonds)33 and significant changes in the C=O stretch of the carboxylic 

acid indicating co-crystal formation Table 2.3. Figure 2.6 compare the IR spectrum of the co-

crystal A3:Dod with the starting compounds (A3: blue; A3:Dod co-crystal: red; Dod: purple);  

green circles highlights the formation of broad stretches near 2495 and 1865 cmī1 and black circles 

highlights the shift of carbonyl stretch (1686 to 1698 cmī1). The supramolecular yields from IR 

analysis are summarized in Table 2.4. 

Table 2.3 IR data for the grinding experiments 

Mixture  
Carbonyl stretch (cm-1) O-HỄN stretches 

(cm-1) 
Co-crystal? 

Di-acid Ground mixture 

A1:Suc 1685 1692 2532,1870 Y 

A1:Adi  1685 1687 2600,1900 Y 

A1:Sub 1685 1688 2500,1906 Y 

A1:Seb 1686 1689 2497,1896 Y 

A1:Dod 1686 1689 2541,1914 Y 

A1:Mal  1696 1692 2586,1900 Y 

A1:Glu  1683 1694 2590,1900 Y 

A1:Pim 1685 1688 2450,1900 Y 

A1:Aze 1689 1688 2500,1940 Y 

A2:Suc 1685 1686 2532,1900 Y 

A2:Adi  1685 1688 2488,1915 Y 

A2:Sub 1685 1689 2495,1900 Y 

A2:Seb 1686 1686 2499,1924 Y 

A2:Dod 1686 1686 2495,1922 Y 

A2:Mal  1696 1716 2561,1964 Y 

A2:Glu  1683 1701 2588,1941 Y 

A2:Pim 1685 1690 2530,1941 Y 

A2:Aze 1689 1690 2528,1924 Y 

A3:Suc 1685 1695 2503,1943 Y 

A3:Adi  1685 1691 2528,1895 Y 

A3:Sub 1685 1690 2495,1850 Y 

A3:Seb 1686 1701 2520,1888 Y 

A3:Dod 1686 1698 2495,1865 Y 

A3:Mal  1696 1708 2582,1980 Y 

A3:Glu 1683 1689 2550,1957 Y 

A3:Pim 1685 1689 2511,1942 Y 

A3:Aze 1689 n/a n/a N 

A4:Suc 1685 1681 n/a N 

A4:Adi  1685 1686 n/a N 

A4:Sub 1685 1686 n/a N 

A4:Seb 1686 1689 n/a N 

A4:Dod 1686 1686 n/a N 

A4:Mal  1696 1701 2586,1970 Y 

A4:Glu  1683 1685 2600,1900 Y 

A4:Pim 1685 1687 n/a N 

A4:Aze 1689 1686 n/a N 
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Figure 2.6 Comparison of hydrogen bond formation in A3:Dod (green circles highlight the 

formation of broad stretches and black circles highlight the shifts in the carbonyl stretch)  

 Table 2.4 Summary of supramolecular yields 

 

 2.3.3 Crystal growth and structure analysis  

Although vibrational spectroscopy provides unambiguous information about whether a co-

crystal has formed or not, it does not reveal the actual interactions between the donor and acceptor 

sites. Thus, in order to examine any hydrogen-bond preferences, single crystal data are required.  

The initial approach for crystal growth was slow evaporation with methanol, but many of these 

experiments produced gels or powders, thus a variety of other methods were employed. Ultimately 

thirteen crystals suitable for single crystal analysis was obtained and structurally characterized. 

Acceptor 
Grinding experiments 

Success rate Supramolecular yield 

1,1'-bis(pyridin -4-ylmethyl)-2,2'-biimidazole A1 9/9 100% 

1,1'-bis(pyridin -3-ylmethyl)-2,2'-biimidazole A2 9/9 100% 

1,1'-bis(pyridin -2-ylmethyl)-2,2'-biimidazole A3 8/9 89% 

1,1'-dibenzyl-2,2'-biimidazole A4 2/9 22% 
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Seven structures were obtained for A1-based co-crystals, five for A3-based co-crystals, 

and one co-crystal of A4 was structurally characterized. Despite the fact that IR spectroscopy 

indicates that A2 is also capable of forming co-crystals, suitable crystals of A2 were not available 

even after repeated attempts. 

Thirteen crystal structures were solved (A1:Suc, A1:Adi , A1:Sub, A1:Seb, A1:Dod, 

A1:Mal , A1:Glu , A3:Adi , A3:Sub, A3:Seb, A3:Dod, A3:Pim and A4:Mal ) and the relevant 

crystallographic data and  hydrogen bond geometries are provided in Appendix B.1.  

 2.3.4 Crystal structures 

 2.3.4.1 Structures of A1:Suc A1:Adi, A1:Sub, A1:Seb and A1:Dod 

In A1:Suc, both acid groups form hydrogen bonds with the pyridine nitrogen atoms of the 

acceptor resulting in a 1:1 stoichiometric co-crystal. These interactions produce infinite 1-D 

chains, and imidazole nitrogen atoms are not participating in any noticeable short contacts, Figure 

2.7.  

 

 

 

Figure 2.7 Primary hydrogen bond interactions in A1:Suc 

The remaining four structures of A1 with even-chain acids, A1:Adi , A1:Sub, A1:Seb and 

A1:Dod, all display the same primary hydrogen-bond interactions between the carboxylic acid 

functionality and the pyridine nitrogen atoms of the acceptor resulting in 1:1 stoichiometric co-

crystals in each instance, Figure 2.8.  The 1-D chains persist and no notable short contacts to the 

N(im) sites can be seen.  
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Figure 2.8 Primary hydrogen bond interactions in a) A1: Adi , b) A1: Sub, c) A1: Seb and d) 

A1: Dod 

 2.3.4.2 Structure of A1:Mal 

The existence of an odd-chain diacid as the hydrogen-bond donor in A1:Mal does not 

affect the principle interaction trend. Each acid binds to two pyridine nitrogen atoms generating 1-

D chains with a 1:1 stoichiometric co-crystal, Figure 2.9. 

Figure 2.9 Primary hydrogen bond interactions in A1:Mal  
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 2.3.4.3 Structure of A1:Glu 

However, in the last crystal structure of A1, with glutaric acid as the donor, the expected 

O-HỄN(py) hydrogen bonds are present, but at the same time a head-to-head acidỄacid dimer 

formation can also be seen. Thus, the stoichiometry is changed to 1:2 (acceptor:donor) although 

the 1-D chains prevail, Figure 2.10.    

Figure 2.10 Primary hydrogen-bond interactions in A1:Glu  

 2.3.4.4 Structures of A3:Adi A3:Sub, A3:Seb and A3:Dod 

In the crystal structure of A3:Adi , the primary hydrogen bonds occur between the acid 

functionality and the best acceptor site, the N(py) leading to a 1-D chain architecture, Figure 2.11. 

 

 

 

 

Figure 2.11 Primary hydrogen bond interactions in A3:Adi  

All  four even-acid co-crystals of A3 essentially display the same structural features leading 

to  1:1 stoichiometric co-crystal formation via O-HỄN(py) bonds resulting infinite 1-D chains, 

Figure 2.12.  
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Figure 2.12 Primary hydrogen bond interactions in a) A3:Sub b) A3:Seb and c) A3:Dod 

2.3.4.5 Structure of A3:Pim 

A3:Pim is the only co-crystal of A3 obtained with an odd-chain diacid and this structure 

is similar to that of A1:Glu  with primary O-HỄN(py) hydrogen bonds and an acidỄacid dimer 

leading to 1:2 stochiometric 1-D chains, Figure 2.13. 

 

Figure 2.13 Primary hydrogen bond interactions in A3:Pim 
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 2.3.4.6 Structure of A4:Mal  

The only crystal structure obtained with A4 shows primary O-HỄN(im) hydrogen bond 

formation, Figure 2.14. 

 

 

 

 

Figure 2.14 Primary hydrogen bond interactions in A4:Mal  

 2.4 Discussion  

 2.4.1 Characterization by IR spectroscopy 

All co-crystallization experiments were first screened using IR spectroscopy. Co-crystal 

formation was confirmed by two broad stretches in the 1800-2500 cm-1 region as a result of O-

HỄN hydrogen bond formation. The other indication was the shifts of C=O stretch. According to 

these observations a 78% of supramolecular yield was obtained. In all cases, the C=O stretch 

appeared above 1670 cm-1 (Table 2.3) confirming the neutral co-crystal formation. If a salt 

formation occurs, the proton is transferred to the acceptor site and an asymmetric carboxylate 

(COO-) band appears around 1650-1590 cm-1, combined with a weaker symmetric carboxylate 

stretch in the 1400 cm-1 region.34 

On the other hand, when a co-crystal is formed, the acidỄacid dimer in the free carboxylic 

acid is breaking and the acidỄacceptor interaction is forming, Figure 2.15. These changes can be 

picked up from the IR spectra. The carboxylic acid dimer has a center of symmetry, thus only 

asymmetric C=O stretching vibrations absorb in the infrared. When the co-crystal is formed, the 

dimer is converted to monomer and the C=O stretching frequency shifts to a higher wave number. 
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The lower absorption frequency of the carboxylic acid dimer is due to hydrogen bonding and 

resonance which lengthens the C=O bond, but when a co-crystal is formed the C=O is free of 

interactions and strengthens the bond leading to the higher wave number shifts of infrared.35 

Furthermore the O-H out-of-plane bending of an acidỄacid dimer produces a broad, medium-

weak band around 930 cm-1 and the co-crystal formation via acidỄacceptor interactions leads to 

the disappearance of this band.   

Figure 2.15 Conversion from acidỄacid dimer to acidỄpyridine heterosynthon 

 2.4.2 Relationship between molecular electrostatic potentials and interaction selectivity 

The MEPS calculations indicate that the pyridine nitrogen atoms in A1-A3 represent the 

best acceptor sites leaving the imidazole nitrogen atoms as the second-best acceptors. Thus if the 

molecular electrostatic potentials can be used to rank the acceptor sites, then the hydrogen bond 

formation should prefer the best acceptor site.  

In fact, in all twelve crystal structures of A1 and A3, the primary hydrogen bond involves 

the pyridine nitrogen atoms which were considered the best acceptors based on the calculated 

MEPS.  In none of these cases, imidazole nitrogen site compete successfully for an acid-based O-

H donor. These results underscores that a relatively simplified, electrostatic-based, view of 

hydrogen bonding can provide a powerful tool for predicting selectivity in competitive molecular 

recognition events. Furthermore, analysis of the relationship between the molecular electrostatic 

potential value on the pyridine nitrogen in A1-A3 and their success rate in forming co-crystals 

determined by grinding results shows a good correlation, Figure 2.16. 
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Figure 2.16 Relationship between the molecular electrostatic potential value on the pyridine 

nitrogen in A1-A3 and their success rates in forming co-crystals 

 2.4.3 Selectivity or steric effects?  

An alternative argument why the N(py) site was selected in all these structures, could point 

to unfavorable steric hindrance at the N(im) site. To discard such an idea, A4 was utilized as a 

control molecule as it only contains N(im) acceptor sites, but otherwise displays the same shape 

and size as A1-A3. Two of nine attempted co-crystallization reactions yielded co-crystals and the 

crystal structure obtained for A4:Mal  confirmed that the imidazole nitrogen sites of these 

molecules are in fact accessible for interactions. Thus, there is no inherent steric reason for why 

all co-crystals of A1-A3 are constructed via O-HỄN(py) instead of O-HỄN(im) bonds.  

 2.4.4 Melting point analysis and structure relations  

Melting points of all the co-crystals were plotted against the melting points of respective 

co-formers. For co-crystals of A1, the melting points does not show much of a trend, Figure 2.17. 

Other than the co-crystals of A1:Mal  and A1:Adi , all co-crystals have a melting point between 

the two co-formers.  
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Figure 2.17 Melting points of A1-based co-crystals 

Furthermore, the melting point of A1:Glu  is considerably higher than the melting point of 

glutaric acid, almost close to the value of A1. This irregularity can be correlated to the structure of 

A1:Glu , where the 1:2 stoichiometry is observed compared to the other co-crystals of A1 with 1:1 

stoichiometry.  

 Melting points of A3 co-crystals show a linear relationship with the melting points of the 

respective acid, Figure 2.18. Other than the A3:Adi , all melting points are lower than both the co-

formers in each instance. As in the A1:Adi  co-crystal the melting point of A3:Adi  is also different, 

but a simple structural explanation for this anomaly is not apparent.  
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Figure 2.18 Melting points of A3-based co-crystals 

 2.4.5 Variable stoichiometries  

In addition to investigating the viability of molecular electrostatic potential dependent 

selectivity of hydrogen bonding one of the other goals was to explore if the structural outcomes 

could be substantially affected by changes in reaction stoichiometries. Therefore, we focused our 

attention on a group of eight reactions that had produced 1:1 co-crystals with A1 and A3, despite 

a starting reaction stoichiometry of two donors to one acceptor. A1 and A3 were then combined 

with four diacids (adipic acid, suberic acid, sebacic acid and dodecandioic acid) in two different 

stoichiometries, 1:1 and 1:4 respectively. The objective was to determine if different ratios would 

influence the nature or extent of O-HỄN binding in this family of compounds. Crystalline solids 

were obtained in all sixteen instances and analyzed using IR spectroscopy and 1H NMR on single-

crystal samples. According to the 1H NMR results, all eight crystals produced from 1:1 reaction 

mixtures yielded products with a 1:1 ratio of donor to acceptor. One of the 1H NMR spectrum is 

shown in Figure 2.19 and the remaining spectra are provided in Appendix A.1. At this 
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stoichiometric ratio an excess of acid is not available, thus the hydrogen bond formation 

undoubtedly prefer the best acceptor pyridine site forming 1:1 co-crystals.  

 

 

 

 

 

 

 

 

 

Figure 2.19 1H NMR of 1:1 stoichiometric co-crystal formation in A1:Adi  with 1:1 reaction 

stoichiometry 

In six out of eight reactions using 1:4 stoichiometry of reactants, the resulting co-crystals 

displayed a 1:1 ratio indicating the preference towards the best acceptor site. In two cases, A1:Sub2 

and A3:Sub2, the 1H NMR spectra reveal the formation of 1:2 co-crystals, Figure 2.20 and Figure 

2.21. Such 1:2 co-crystals can be envisioned as the result of either all four nitrogen atoms in the 

acceptor being engaged in an O-HỄN hydrogen bond or, as observed in A1:Glu   and A3:Pim,  

the involvement of two nitrogen atoms and a self-complementary acidỄacid dimer formation. To 

distinguish between these two options, the fingerprint region in each infrared spectrum was 

examined to find evidence for the presence/absence of a symmetric acidỄacid dimer, Figure 2.22.  
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Figure 2.20 1H NMR of 1:2 stoichiometric co-crystal of A1:Sub2 with 1:4 reaction 

stoichiometry 

 

Figure 2.21 1H NMR of 1:2 stoichiometric co-crystal of A3:Sub2 with 1:4 reaction 

stoichiometry 
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Figure 2.22 O-H out of plane bend for a) suberic acid b) A1:Sub and c) A1:Sub2 

The mode associated with an out-of-plane O-H bend in the acidỄacid dimer in suberic acid 

itself shows up as broad stretch of medium intensity at 923 cm-1.  No such mode can be found in 

the IR spectra of either A1:Sub2 or A3:Sub2 which leads to the conclusion that the excess of acid 

has resulted in a 1:2 co-crystal where all available nitrogen atoms (both pyridine and imidazole) 

participate in O-HỄN heterosynthons. Figure 2.22 compares the O-H out of plane bend stretch in 

the finger print region of Suberic acid, A1:Sub and A1:Sub2. Similar results were observed for 

O-H out of plane bend 

O-H out of plane 

bend - absent 

O-H out of plane 

bend ï absent  

a) 

 

 

 

 

 

 

 

b) 

 

 

 

 

 

 

 

c) 
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A3:Sub and A3:Sub2 co-crystals providing evidence for the absence of acidỄacid dimer, thus the 

presence of four O-HỄN hydrogen bond interactions leading to 1:2 co-crystal formation in 

A1:Sub2 and A3:Sub2. These results suggest that even in variable stoichiometry, electrostatic 

potential dependent selectivity still plays the major role in directing intermolecular hydrogen 

bonds. 

 2.5 Conclusions 

A systematic structural study based on co-crystallizations of four biimidazole based-

acceptors and nine aliphatic di-acids was carried out and the results indicate that the use of 

calculated molecular electrostatic potential surfaces provide a reliable and practical tool for 

predicting the resulting molecular recognition events. The carboxylic acid moieties in each of the 

twelve co-crystals always prefer to bind to the better acceptor predicted by MEPS calculations, 

which, in this case, is a pyridine nitrogen atom rather than an imidazole nitrogen atom, Figure 

2.23. In other words, if a powerful hydrogen-bond donor has a choice of acceptor, the selection 

depends strongly on the molecular electrostatic potential on the acceptor.  

Figure 2.23 Results of the postulated structural outcome 

Additionally, variable stoichiometric studies suggested that even the presence of an 

excessive amount of hydrogen-bond donor does not affect the molecular recognition event. This 

molecular electrostatic potential dependent selectivity of hydrogen bonding is likely to be a general 
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feature of strong hydrogen bonds and, as such, will facilitate the use of more complex synthetic 

strategies for desired supramolecular targets. 
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Chapter 3 - Halogen bond preferences in co-crystal synthesis: A 

hierarchy based on molecular electrostatic potential surfaces1 

 3.1 Introduction 

Intermolecular interactions are important for all molecular recognition events, and 

represent the primary tools in supramolecular chemistry and crystal engineering.2 Thus, it is crucial 

to have a better understanding of the fundamental nature of these interactions in order to 

successfully design complex supramolecules in a predetermined and effective manner.3 Halogen 

bonding is a relatively recent addition to the tool box of supramolecular chemistry.4 According to 

IUPAC, ñA halogen bond RīXỄYīZ occurs when there is evidence of a net attractive interaction 

between an electrophilic region on a halogen atom X belonging to a molecule or a molecular 

fragment RïX (where R can be another atom, including X, or a group of atoms) and a nucleophilic 

region of a molecule, or molecular fragment, YīZò.5 According to this definition, the halogen-

bond donor is the halogen atom with an electropositive tip which accepts the electrons from the 

electronegative acceptor atom, Figure 3.1. The convention is adopted to align it with the generally 

accepted definition of the hydrogen bond.6  

Figure 3.1 Formation of a halogen bond between the electropositive tip of a halogen atom (X) 

and an electronegative acceptor (Y); R and Z are molecular fragments 

Halogen bonds have tunable strength7 and directionality8, thus possess the necessary 

requirements of a suitable supramolecular tool.  Halogen-bond donor ability increases in the order 

of F<Cl<Br<I reflecting the ease of polarizability.9 Presence of electron-withdrawing substituents 
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increase the halogen bond strength by serving to activate the halogen-bond donor atom by 

removing the electron density from the halogen atom.10 Generally, the bond distance between 

acceptor and donor atoms in a halogen bond is significantly shorter than the sum of van der Waals 

radii.11 In addition to conventional halogen bonds, two other halogenỄhalogen contacts, classified 

as type I and type II depending on the geometry of interactions, are frequently reported in crystal 

structures of halogen-substituted molecules, Figure 3.2.12 Between these two halogenỄhalogen 

contacts, type II interactions are now considered true halogen bonds as they are analogous to 

conventional halogen bonds according to the IUPAC definition.13   

Figure 3.2 (a) Conventional halogen bond (b) type I halogenỄhalogen contact (c) type II 

halogenỄhalogen contact; (R & Z- connected molecular fragments, X-halogen atom, Y- 

acceptor atom) 

The interest in halogen bonding started to expand in the last decade or so, rapidly making 

a transition from fundamental to applied chemistry. For example, halogen bonded mesomorphic 

and electronic components have been prepared,14 and catalysis,15 ion sensing,16 macromolecular 

organizations,17 solid state synthesis18 and recycling or resolution processes19 have all been 

performed with halogen bonding.  In addition, halogen bonds have found uses in non-linear optical, 

photoresponsive and phosphorescent materials, liquid crystals, magnetic and conducting materials 

and in nanoparticle self-assembly.20 Halogen bonds are also relevant to life sciences.21 

As discussed in Chapter 2, in a system with multiple hydrogen-bond moieties, the best 

hydrogen-bond donor and the best hydrogen-bond acceptor (as determined by electrostatic 
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potential surfaces) preferentially bind to each other.22 Considering the fundamental similarities 

between the hydrogen bond and halogen bond in strength, directionality and specificity,23 it would 

be possible to rank and utilize the halogen bonds in a similar manner. Different approaches have 

been utilized in order to explore a possible hierarchy of halogen bonds. 

One such approach24 uses a basicity scale towards iodoorganic compounds and has found 

an interesting correlation between the pKb and the IỄY normalized intermolecular distances. In 

another study25 19F NMR titrations have been used to determine association constants for the 

interactions of a variety of Lewis bases with fluorinated iodoalkanes and iodoarenes. The results 

suggest linear free energy relationships for the halogen-bond donor ability of substituted 

iodoperfluoroarenes, demonstrating that both substituent constants (ů) and calculated molecular 

electrostatic potential surfaces are useful for constructing such relationships. Numerous theoretical 

studies26 as well as experiments in solution phase27 lead to further revelations about hierarchical 

halogen bonding. Furthermore, a supramolecular hierarchy among halogen-bond donors have been 

established using calculated molecular electrostatic potential values.28 Another study has shown 

that the relative strength and capability of iodo- and bromo-based molecules to act as halogen-

bond donors in a competitive scenario can be related to molecular electrostatic potentials, Figure 

3.3.29  

Figure 3.3 Hierarchical halogen bond formation of iodine and bromine (best donor (I) binds to 

the acceptor while second best donor (Br) forms a type I halogen contact)27 

All these studies have focused on the ranking of halogen-bond donors, but there is a lack 

of systematic studies based on the molecular electrostatic potential surfaces for halogen bond 
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formations. At this point, it is not clear if an electrostatic potential-based ranking of acceptors will 

work in halogen bonding, due to the scarcity of relevant studies. Thus, we decided to carry out a 

systematic co-crystallizations on a series of N-heterocyclic halogen-bond acceptors, in order to 

establish if halogen bonds are also likely to follow best-donor/best-acceptor guidelines. Selected 

acceptors (A1-A3) are shown in Figure 3.4. Each of these molecules contain of two types of 

binding sites, pyridine nitrogen and imidazole nitrogen leading to a total of four acceptor sites per 

molecule. In addition, to ensure that the imidazole nitrogen atom was not inaccessible due to some 

steric hindrance, we also included ligand A4, with essentially the same shape, but with only one 

type of acceptor site.   

 

 

 

 

 

 

Figure 3.4 Acceptors employed in the study 

Ranking of the acceptor sites were performed through calculated molecular electrostatic 

potential surfaces. These four compounds were then co-crystallized with 13 halogen-bond donors, 

including ten iodine-based donors (D1-D10) and three bromine donors (D11-D13), Figure 3.5. D5 

was included as a control molecule where the iodine is not activated.  
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Figure 3.5 Halogen-bond donors employed in this study 

The study is undertaken in response to three hypotheses, 

1. If a halogen-bond donor has a choice of two different halogen-bond acceptors, it will 

preferentially select the best-acceptor as determined by molecular electrostatic 

potentials surfaces (MEPS). 

2. A brominated halogen-bond donor will be less successful at forming co-crystals than 

the corresponding iodoinated analogues. 

3. Activation of the halogen bond donor is crucial to form halogen bond interactions.  
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 3.2 Experimental  

 3.2.1 General 

All reagents, solvents, and donors D1-D9 and D11-D13 were purchased from commercial 

sources and used as received. 2,2ô-Biimidazole30 and A1-A4 were synthesized according to 

previously reported methods31 and discussed in Chapter 2. Donor D10 was prepared according to 

the synthetic methods reported.32 1H NMR spectra were recorded on a Varian Unity plus 400 MHz 

spectrometer in CDCl3 or DMSO-d6. Infrared spectra were recorded with a Nicolet 380 FT-IR with 

a digital resolution of 0.9 cm-1 and data processed using Omnic33 software. Melting points were 

determined using Fischer-Johns Mel-Temp melting point apparatus and are uncorrected.    

 3.2.2 Electrostatic potential calculations  

Electrostatic potentials on the acceptors and donors were calculated with density functional 

B3LYP level of theory with 6-311++G** basis set in vacuum. All calculations were carried out 

using Spartan 8 software.34 All molecules were geometry optimized and the maxima and minima 

on the electrostatic potential surface (0.002 e/au isosurface) determined using a positive point 

charge in the vacuum as a probe. The numbers indicate the interaction energy (kJ/mol) between 

the positive point probe and the surface of the molecule at that particular point. These numbers are 

related to the electrostatic potentials on the atoms with the negative number corresponding to a 

negative potential and positive number corresponding to a positive potential. 

 3.2.3 Grinding experiments and IR spectroscopy 

The initial screening was carried out with solvent-assisted grinding using methanol as the 

solvent. Acceptors and donors were mixed in respective stoichiometric quantities and the solid 

resulting from each reaction was characterized by IR spectroscopy. Successful interactions 

between the acceptor and donor were identified using specific shifts of the peaks of the mixture 
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compared to starting compounds, Figure 3.6. In each reaction, 10 mg of the acceptor was used 

with stoichiometric amount of the respective halogen-bond donor. In 25 of 52 experiments the 

vibrational spectra displayed shifts of peaks in the fingerprint region compared to their initial 

positions (Figure 3.6) indicative of halogen bond formation. 

 3.2.4 Synthesis of co-crystals  

The resulting mixtures from grinding experiments were dissolved in a minimum amount 

of methanol and placed in a 2 dram borosilicate vial for slow evaporation in order to obtain crystals 

suitable for single crystal X-ray diffraction. Once the crystals were formed they were again 

analyzed using IR spectroscopy, melting point analysis and subjected to single crystal X-ray 

diffraction. 16 crystals were obtained and their structures subsequently solved with single crystal 

X-ray diffraction. Table 3.1 summarizes the experimental details. Appendix B.2 contains the 

relevant X-ray experimental data.  

Table 3.1 Experimental details of the sixteen co-crystals obtained 

Code 

Mixed 

Mole 

ratio 

Amounts used 
Solvent and 

method 

Crystal 

stoichiometry 

Melting 

point 

(°C) 

Crystal 

color & 

habit 

A1:D1 1:2 
A1 -10 mg, 0.032 mmol 

D1 - 22 mg, 0.063 mmol 

Methanol 

Slow evaporation 
1:1 57-60 

Colorless 

prism 

A1:D2 1:2 
A1 - 10 mg, 0.032 mmol 

D2 - 29 mg, 0.063 mmol 

Methanol 

Slow evaporation 
1:1 118-120 

Colorless 

plate 

A1:D3 1:2 
A1 - 10 mg, 0.032 mmol 

D3 - 35 mg, 0.063 mmol 

Methanol 

Slow evaporation 
1:2 94-97 

Bronze 

prism 

A1:D4 1:2 
A1 - 10 mg, 0.032 mmol 

D4 - 41 mg, 0.063 mmol 

Methanol 

Slow evaporation 
1:2 99-103 

Colorless 

plate 

A1:D7 1:2 
A1 - 10 mg, 0.032 mmol 

D7 - 25 mg, 0.063 mmol 

Methanol 

Slow evaporation 
1:2 152-154 

Colorless 

prism 

A1:D8 1:2 
A1 - 10 mg, 0.032 mmol 

D8 - 25 mg, 0.063 mmol 

Methanol 

Slow evaporation 
1:1 139-143 

Colorless 

plate 

A1:D10 1:2 
A1 - 10 mg, 0.032 mmol 

D10 - 35 mg, 0.063 mmol 

Methanol 

Slow evaporation 
1:2 140-142 

Colorless 

prism 

A2:D2 1:2 
A2 - 10 mg, 0.032 mmol 

D2 - 29 mg, 0.063 mmol 

Methanol 

Slow evaporation 
1:1 75-78 

Colorless 

plate 

A2:D3 1:2 
A2 - 10 mg, 0.032 mmol 

D3 - 35 mg, 0.063 mmol 

Methanol 

Slow evaporation 
1:1 95-97 

Colorless 

block 

A2:D7 1:2 
A2 - 10 mg, 0.032 mmol 

D7 - 25 mg, 0.063 mmol 

Methanol 

Slow evaporation 
1:2 92-95 

Colorless 

plate 
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A2:D8 1:2 
A2 - 10 mg, 0.032 mmol 

D8 - 25 mg, 0.063 mmol 

Methanol 

Slow evaporation 
1:1 160-163 

Colorless 

prism 

A2:D9 1:2 
A2 - 10 mg, 0.032 mmol 

D9 - 32 mg, 0.063 mmol 

Methanol 

Slow evaporation 
1:2 150-152 

Colorless 

prism 

A2:D10 1:2 
A2 - 10 mg, 0.032 mmol 

D10 - 35 mg, 0.063 mmol 

Methanol 

Slow evaporation 
1:2 143-146 

Colorless 

prism 

A3:D9 1:2 
A3 - 10 mg, 0.032 mmol 

D9 - 32 mg, 0.063 mmol 

Methanol 

Slow evaporation 
1:1 149-153 

Colorless 

prism 

A3:D10 1:2 
A3 - 10 mg, 0.032 mmol 

D10 - 35 mg, 0.063 mmol 

Methanol 

Slow evaporation 
1:2 142-145 

Colorless 

plate 

A4:D9 1:1 
A4 - 10 mg, 0.032 mmol 

D9 - 16 mg, 0.032 mmol 

Methanol 

Slow evaporation 
1:1 148-150 

Colorless 

plate 

 

 3.3 Results 

 3.3.1 Electrostatic potentials 

The ditopic acceptor molecules used in this study (A1-A3) contain two different types of 

acceptor sites, pyridine nitrogen (N(py)) and imidazole nitrogen (N(im)). The control molecule A4 

contains only N(im) sites. The ranking of the acceptor sites is established using molecular 

electrostatic potential surfaces and the results from the DFT calculations are provided in Table 3.2. 

Higher negative potential on the acceptor depicts better halogen-bond accepting ability. Table 3.2 

also summaries the electrostatic potentials on halogen-bond donors. The higher the positive value 

on the donor site, the higher the expected halogen-bond donor ability.  

Table 3.2 Calculated surface potential values of the acceptors and donors 

 Molecule Atom Electrostatic potential (kJ/mol-1) 

Acceptors 

1,1'-bis(pyridin-4-ylmethyl)-2,2'-

biimidazole A1 

Pyridine N -188 

Imidazole N -124 

1,1'-bis(pyridin-3-ylmethyl)-2,2'-

biimidazole A2 

Pyridine N -180 

Imidazole N -125 

1,1'-bis(pyridin-2-ylmethyl)-2,2'-

biimidazole A3 

Pyridine N -150 

Imidazole N -120 

1,1'-dibenzyl-2,2'-biimidazole A4 Imidazole N -149 

Donors 

1,2-diiodotetrafluoroethane D1 Iodine +163 

1,4-diiodooctafluorobutane D2 Iodine +168 

1,6-diiodoperfluorohexane D3 Iodine +169 

1,8-diiodoperfluorooctane D4 Iodine +169 

Iodobenzene D5 Iodine +103 

Iodopentafluorobenzene D6 Iodine +166 
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 3.3.2 Grinding experiments and characterization by IR spectroscopy 

Based on IR spectroscopy 25 of the 52 experiments resulted in successful co-crystal 

formation, equivalent to a supramolecular yield of 48%. All co-crystals showed the presence of 

peaks from both starting compounds as well as shifts of C-F vibrations compared to the respective 

halogen-bond donor. Table 3.3 summarizes the selected peak shifts of co-crystals identified by IR 

analysis along with the comparison of IR spectra for co-crystal A2:D3, Figure 3.6.  

Table 3.3 IR analysis of C-F stretches for the ground mixtures 

 

1,2-diiodotetrafluorobenzene D7 Iodine +162 

1,4-diiotetrafluorobenzene D8 Iodine +169 

1,3,5-triiodotrifluorobenzene D9 Iodine +158 

4,4ô-diiodoperfluorobiphenyl D10 Iodine +164 

Bromopentafluorobenzene D11 Bromine +143 

1,4-diiodotetrafluorobenzene D12 Bromine +139 

4,4ô-dibromopurfluorobiphenyl D13 Bromine +132 

Co-crystal Halogen-bond donor (cm-1) Ground mixture (cm-1) 

A1:D1 1153, 1099 1118, 1083 

A1:D2 1192, 1133 1187, 1115 

A1:D3 1199, 1141 1211, 1134 

A1:D4 1204, 1146 1211, 1139 

A1:D6 1488, 974 1483, 962 

A1:D7 1489, 1438 1500, 1433 

A1:D8 1459, 941 1455, 938 

A1:D9 1403, 1049 1396, 1037 

A1:D10 1459, 954 1456, 948 

A2:D1 1153, 1099 1131, 1083 

A2:D2 1192, 1133 1162, 1137 

A2:D3 1199, 1141 1213, 1138 

A2:D4 1204, 1146 1216, 1142 

A2:D6 1488, 974 1479, 967 

A2:D7 1489, 1438 1487, 1435 

A2:D8 1459, 941 1461, 937 

A2:D9 1563, 1049 1560, 1041 

A2:D10 1459, 954 1453, 945 

A3:D7 1489, 1438 1488, 1434 

A3:D8 1459, 941 1462, 942 

A3:D9 1403, 1049 1397, 1039 

A3:D10 1459, 954 1455, 951 

A4:D7 1489, 1438 1486, 1434 

A4:D8 1459, 941 1461, 938 

A4:D9 1563, 1403 1561, 1400 
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Figure 3.6 Comparison of IR spectra for A2:D3 (red) with the IR spectra of A2 (blue) and D3 

(green); purple circles highlight the shifts in C-F stretches 

 3.3.3 Crystal growth and structure analysis  

All the reaction combinations were used in solvent based crystallization attempts even if 

the IR results did not show successful reaction. The method of crystallization for all attempts was 

slow evaporation from methanolic solutions. 16 crystals were obtained and analyzed using single 

crystal X-ray diffraction in order to examine any halogen-bond preferences.  

Seven structures were obtained for A1-based co-crystals, six for A3-based co-crystals, and 

two co-crystals with A2 and one with A4 was structurally characterized. The supramolecular yields 

from the study are summarized in Table 3.4. Relevant crystallographic data and key halogen bond 

geometries for the 16 crystal structures are provided in Appendix B.2.  
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Table 3.4 Summary of supramolecular yields 

 

 3.3.4 Crystal structures 

 3.3.4.1 Structures of A1-based co-crystals  

Seven co-crystals based on A1 were obtained, A1:D1, A1:D2, A1:D3, A1:D4, A1:D7, 

A1:D8 and A1:D10.  

The crystal structure of A1:D1 shows a 1:1 stoichiometry and primary halogen bonds take 

place with the N(py) atoms of the acceptor, Figure 3.7, leading to infinite 1-D chains. There are 

no obvious structure directing short contacts involving the imidazole nitrogen atoms.  

 

 

 

 

 

 

 

Figure 3.7 Primary halogen bond interactions in A1:D1 

The crystal structure of A1:D2 shows a 1:1 stoichiometry with primary halogen bond 

interactions between iodine and pyridine nitrogen atoms, Figure 3.8. The imidazole nitrogen atoms 

are not involved in any notable short contacts.  

 A1 A2 A3 A4 

Potentials kJ/mol 
Npyridine ï (-188) 

Nimidazole ï (-124) 

Npyridine ï (-180) 

Nimidazole ï (-125) 

Npyridine ï (-150) 

Nimidazole ï (-120) 
Nimidazole ï (-149) 

Success rate - grinding 9/13 9/13 4/13 3/13 

Success rate ï slow 

evaporation 
7/13 6/13 2/13 1/13 

Total supramolecular 

yield 
69% 69% 31% 23% 

Success rate with iodine 

donors ï grinding 
9/10 9/10 4/10 3/10 

Supramolecular yield with 

iodine donors 
90% 90% 40% 30% 

Total supramolecular yield ï 48% 

Total supramolecular yield with iodine donors ï 63% 

Total supramolecular yield with bromine donors ï 0% 
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Figure 3.8 Primary halogen bonds in the crystal structure of A1:D2 

Unlike in previous cases, the crystal structure of A1:D3 shows 1:2 stoichiometry. Thus all 

four nitrogen atoms of A1, Figure 3.9, participate in halogen bonds. The extended architecture is 

composed of 1-D chains of molecular rectangles.  

Figure 3.9 Primary halogen bond interactions in A1:D3 

The crystal structure A1:D4 has a 1:2 stoichiometry. Unlike in previous structures, iodine 

atoms in D4 behave asymmetrically leading to a trimer formation in A1:D4, with only one iodine 

atom participating in a halogen bond with pyridine N, Figure 3.10. The second iodine atom and 

the imidazole nitrogen atoms are not involved in any notable short contacts.  

Figure 3.10 Primary halogen bond interactions in A1:D4 leading to a trimer  
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The crystal structure of A1:D7 displays 1:2 stoichiometry where one acceptor molecule 

interacts with two donor molecules forming a discrete trimer, Figure 3.11. The primary halogen 

bonds take place between one of the two iodine atoms and the N-pyridine moiety (the best 

acceptor) whereas the second iodine atom is involved in an IỄI type II contact (Figure 3.2) with 

an iodine atom from a neighboring donor molecule, Figure 3.11.   

Figure 3.11 a) Primary halogen bond interactions in the co-crystal A1:D7 and b) secondary 

interactions in co-crystal A1:D7 

The crystal structure of A1:D8 has a 1:1 stoichiometry and contains infinite 1-D chains 

constructed from IỄN(py) halogen bonds, Figure 3.12. The imidazole nitrogen atoms do not 

participate in halogen bonding and instead form short contacts with C-H moieties of a neighboring 

acceptor molecule, resulting in a stacking of adjacent chains, Figure 3.12.  

 

Figure 3.12 a) Formation of infinite chains via halogen bonds in A1:D8 and b) secondary 

interactions of imidazole nitrogen atoms 

a) 

 

 

 

 

b) 

a)                                                                                              b)  



65 

The last co-crystal structure obtained with A1, A1:D10 has 1:2 stoichiometry and contains 

discrete trimers as the second iodine atom does not participate in a halogen bond. Again, the best 

acceptor, N(py) is the preferred binding site, Figure 3.13. Neither imidazole nitrogen atom nor the 

second iodine atom of the donor participate in any notable intermolecular interactions.  

 

Figure 3.13 Trimer formation in co-crystal A1:D10 

 3.3.4.2 Structures of A2-based co-crystals  

Six co-crystal structures were obtained with A2, A2:D2, A2:D3 A2:D7, A2:D8, A2:D9 

and A2:D10. Co-crystal A2:D2 has a stoichiometry of 1:1. A2:D2 is constructed via the primary 

halogen bonds between iodine and pyridine nitrogen atoms (the best acceptor) which lead to 1-D 

infinite chains, Figure 3.14. The imidazole nitrogen atoms are not engaged in any short contacts. 

Figure 3.14 Halogen bonds in the crystal structure of A2:D2 

 

The crystal structure of A2:D3 also shows that the co-crystal has a 1:1 stoichiometry with 

IỄN(py) halogen bonds, Figure 3.15. The structure contains 1-D chains in a zigzag pattern formed 

via IỄN(py) and imidazole nitrogen atoms are participating in self-complementary hydrogen 

bonds, Figure 3.15.  
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Figure 3.15 a) Primary halogen bond interactions in A2:D3 and b) self-complementary 

hydrogen bonds of imidazole moiety 

In the crystal structure of A2:D7 the best-acceptor, N(py) forms a bifurcated halogen bond, 

Figure 3.16, which leads to the formation of  chains of tetrameric rhombic shape architectures. No 

notable secondary interactions are found with the imidazole nitrogen atoms.    

 

 

 

 

 

 

Figure 3.16 Primary halogen bond interaction in A2:D7 

The crystal structure of A2:D8 has a 1:1 stoichiometry and contains 1-D chains. Imidazole 

nitrogen atoms participate in secondary short contacts as observed in A1:D8, Figure 3.17.  

Figure 3.17 a) Primary and b) secondary interactions in A2:D8 

a)                                                                                                            b)          

a)                                                                                                b)  



67 

The crystal structure of A2:D9 also displays a 1:1 stoichiometry. Unlike in previous cases, 

this structure contains two distinct halogen-bond motifs. First, a trimer assembled via a IỄN(py) 

halogen bonds, Figure 3.18. The latter leads to óchains of hexamersô where all four nitrogen atoms 

form halogen bonds, Figure 3.18. The third iodine atom of the donor molecule is inactive, which 

is a documented phenomenon associated with this particular halogen-bond donor.35 

Figure 3.18 a) Trimer formation in A2:D9 and b) a hexagon in the crystal structure of A2:D9 

In crystal structure of A2:D10 all four nitrogen atoms are participating in halogen bonds 

leading to infinite ribbons, Figure 3.19.   

Figure 3.19 An infinite ribbon in A2:D10 

 3.3.4.3 Structures of A3-based co-crystals  

Only two crystal structures were obtained with A3. A3:D9 has a stoichiometry of 1:1 and 

contains 1-D chains assembled using IỄN(py), Figure 3.20. The imidazole nitrogen atoms and the 

third iodine atom do not have any significant short contacts. 

a)                                                                             b)  
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Figure 3.20 Primary halogen bond interactions in co-crystal A3:D9 

The structure of A3:D10 shows that the acceptor and donor are present in a 1:2 

stoichiometry and, similarly to the structure A2:D10, contains chains of rectangles using all four 

nitrogen atoms on the acceptor, Figure 3.21.  

 

 

 

 

 

 

 

 

Figure 3.21 Rectangle in the structure of A3:D10 

 3.3.4.4 Structures of A4-based co-crystals  

Only one crystal structure was obtained with A4, A4:D9. In the 1:1 co-crystal of A4:D9, 

the óarmsô of the acceptor are directed to same side of the molecule. One of the imidazole nitrogen 

atoms form a conventional, near-linear halogen bond, whereas the other imidazole nitrogen atom 

forms a bifurcated halogen bond with two adjacent donor molecules, Figure 3.22. Interestingly, all 
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three iodine atoms of the donor participate in halogen bonds which is unique in this series of crystal 

structures, Figure 3.22.  

Figure 3.22 a) Halogen bond interactions in the structure of A4:D9 and b) all three iodine atoms 

in D9 participating in halogen bonding 

 3.4 Discussion  

The sequence of experiments performed in this study represents an attempt at identifying 

patterns of behavior that can have a general applicability when it comes to understanding halogen-

bond driven molecular recognition events and co-crystal synthesis, as well as to determine if 

halogen-bond interactions follow the same best-donor/best-acceptor rules (where the ranking is 

based on electrostatics) as are hydrogen bonds. 52 co-crystallizations were performed using three 

molecules with two different acceptor sites on each of them and one control molecule with only 

one type of nitrogen atoms. Co-crystallization attempts were conducted between the four acceptors 

and 13 halogen-bond donors.  

 3.4.1 Characterization by IR spectroscopy 

IR spectroscopy is known to be a versatile, convenient and accurate screening method for 

determining if a particular combination of donors and acceptor resulted in the formation of a co-

a)                                                                                           b) 
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crystal.36 When the halogen bonds are formed between acceptors and donors, some of the original 

stretching bands are affected although it is sometimes difficult to find obvious patterns to the way 

in which some of modes are red or blue shifts compared to their original positions. This is 

consistent with previously reported observations of halogen bonds in the solid state.37 

 3.4.2 Relationship between molecular electrostatic potentials and halogen bond 

formation  

The three ditopic acceptors A1-A3 have two acceptor sites that differ primarily by their 

electrostatic potentials. According to the DFT calculated MEPS values, N(py) has more negative 

potential than N(im) making it the best acceptor. The grinding experiments showed a good 

correlation between the potential on the acceptor sites and the supramolecular yield (success of 

reaction) indicating that electrostatic potentials play a major role in ranking the relative strength 

and efficiency of competing halogen-bond sites, Table 3.4. Partial potential on the N(py) atoms of 

A1 and A2 are close, and their success rates are also similar. Upon moving from A1 to A4 the 

electrostatic potential on the nitrogen atoms are decreasing and their success rates are also 

decreasing indicating the strong dependency of electrostatic potential governing halogen bond 

formation in co-crystal synthesis. An examination of all 15 crystal structures with ditopic acceptors 

clearly demonstrate that, given a choice, a strong halogen-bond donor preferentially interacts with 

an acceptor atom with a higher negative electrostatic potential, which proves the initial hypothesis 

that halogen-bond selectivity follows a best-donor/best acceptor guideline. Four of these 15 

structures showed the participation of an imidazole nitrogen atom in a halogen bond, A1:D3, 

A2:D9, A2:D10 and A3:D10. In all four structures IỄN(im) distances were substantially longer 

than the IỄN(py) distances. An analysis of van der Waals radii reduction percentages for two types 
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of halogen bonds for these four structures provide an indication that IỄN(py) interactions are more 

favorable and stronger than IỄN(im) interactions,38 Figure 3.23.  

 

 

 

 

 

 

 

 

Figure 3.23 Van der Waals radii reduction percentages for A1:D3, A2:D9, A2:D10 and A3:D10 

 3.4.3 Importance of activation and polarizability towards halogen bond formation  

All  activated iodine based halogen-bond donors showed comparable electrostatic potential 

values and the experimental data show the increased success in forming halogen bonds with these 

donors. Furthermore, there is a dramatic difference in halogen-bond ability between iodo- and 

bromo-substituted compounds, which reflect the polarizability, MEPS and size/depth of the 

respective ů-hole; the success rate of iodine based donors is 63%, whereas none of the bromo-

substituted donors produced co-crystals. On the other hand, the control experiments with 

iodobenzene showed that the óactivationô offered by electron-withdrawing fluorine substituents 

increase the ability of halogen bond formation by boosting the size and strength of ů-hole and by 

influencing the MEPS on the halogen atom.  
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 3.4.4 Electrostatic based selectivity or steric effects?  

In order to ensure that observed binding preferences were not simply the result of steric 

hindrance, A4 was included as a control molecule which only contains imidazole sites in the same 

steric environment as in A1-A3. Co-crystal structure A4:D9 supports that fact that there is no steric 

effect that impacts the interactions with imidazole nitrogen. Furthermore, the structures A1:D3, 

A2:D9, A2:D10 and A3:D10 also supports this fact which show successful halogen bond 

formations with imidazole nitrogen atoms, apart from the major interactions with pyridine nitrogen 

atoms in each co-crystal. The conformational flexibility of the acceptor molecules means that they 

can adjust their shape according to the demand, thus the observed best-donor/best-acceptor 

interactions in each co-crystal is purely based on their molecular electrostatic potential values. 

 3.4.5 Variations in intermolecular interactions 

Apart from the conventional halogen bonds and secondary interactions with pyridine and 

imidazole nitrogen atoms, in A2:D7 and A4:D9 the nitrogen atoms are participating in 

dissymmetric bifurcated halogen bonds, where one of the contacts is shorter than the other. Such 

halogen bonds are rare, as nitrogen atoms, with only one lone pair, tend to be satisfied with a single 

electron-pair acceptor, forming one non-covalent interaction.  

When considering the donor molecules in these 16 co-crystal structures various patterns 

can be recognized. In A1:D7, one of the iodine atoms of halogen-bond donor is participating in 

forming an IỄI halogen bond where the electropositive tip of the iodine atom is interacting with 

the electronegative region of another iodine atom, Figure 3.11. In A1:D4 and A1:D10, even though 

the two iodine atoms in donors ñshouldò have the same initial strength as they are symmetric 

molecules, the second iodine atom is not participating in any interactions leading to a trimer. It is 

possible that once the first halogen bond is formed, some electron density is donated into the donor 



73 

molecule and this new charge has to be dispersed through the remaining molecule which may lead 

to a slight reduction of the positively charge s-hole on the remaining iodine atom thereby rendering 

it less effective. In A4:D9, all three donor atoms of D9 are participating in halogen bonds, which 

is uncommon with this molecule, Figure 3.22b. On the other hand, this illustrates that all three 

iodine atoms of D9 are capable of simultaneously forming halogen bonds in a single solid state 

structure.    

 3.5 Conclusions 

This study highlights the importance of using molecular electrostatic potentials as a way 

of ranking halogen bond acceptor ability in a system with multiple acceptor sites. In fact, halogen 

bonds reflect the previously established guidelines of hydrogen bonding and follows a best-donor 

best-acceptor interaction hierarchy in the solid state. In all 15 crystal structures obtained with 

ditopic acceptors A1-A3, halogen bonds involving the better acceptor are favored, Figure 3.24. 

The supramolecular yield for each acceptor was a reflection of the maximum value of its 

electrostatic potential. Furthermore, halogen-bond ability of activated iodine donors is 

dramatically greater compared to that of activated bromo-analogues and unactivated iodo-

compounds. These facts realize the importance of polarizability and activation in successful 

halogen bond formations.  

Figure 3.24 Results of the postulated structural outcome 
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Chapter 4 - Dependency of electrostatic potential differences in 

governing halogen bond selectivity  

 4.1 Introduction 

Designing predictable supramolecular architectures requires a clear understanding of 

intermolecular interactions.1 In this context, there is an abundance of studies on hydrogen bonding, 

the most well-known among non-covalent interactions.2 Halogen bonding,3 a recent addition to 

the tool box of supramolecular chemistry, has not yet received the same amount of attraction. 

Halogen bonding can be viewed as a primaril y electrostatic interaction between an electron 

deficient halogen atom and an electronegative region of another atom or molecule.4 The 

anisotropic distribution of the electrostatic potential leaves an amphiphilic character to the halogen 

atom, where there is a region of positive potential known as the ñů holeò5 and a region of negative 

potential, Figure 4.1. Therefore, a covalently bound halogen can interact with both electronegative 

and electropositive entities depending on the approaching direction.  

 

 

 

 

Figure 4.1 Anisotropic distribution of positive and negative electrostatic potential on a halogen 

atom (X); R- attached molecular fragment 

Even though the concept of halogen bonding dates back more than a century,6 the ability 

of halogen atoms to function as effective and reliable sites for structure directing molecular 

recognition processes remained underexplored until the 1990s.7 Thus, halogen bonding (XB) and 

its potentials in the field of supramolecular chemistry are still in the infancy stage of realization.8  

R 
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Fundamental studies on halogen bonding span a wide range including examination of the 

electrostatic nature,9 geometric features of halogen bonding,10 activation process for halogen 

atoms,11 design of halogen-bond donors and acceptors,12 hierarchy of halogen bonding13 and the 

nature of halogen bonding in gas phase,14 solution phase15 and in the solid state.16 Furthermore, 

studies on controlling halogen bonding in supramolecular architectures have been at the center of 

some studies.17 Apart from these fundamental studies, halogen bonding has received attraction 

from material chemists due to applications in supramolecular gels,18 nanoparticle self-assembly,19 

liquid crystals,20 optical materials,21 separation processes,22 stabilization processes23 and electric 

and magnetic materials.24 In addition, halogen bonding in biological systems25 is attracting much 

attention, and medicinal chemistry promises a bright future in applying halogen bonding in drug 

discoveries26 and in transmembrane anion transport.27  

Etterôs rules on hydrogen bond selectivity28 provide a clear understanding on the molecular 

recognition behavior of hydrogen bonding,29 but a similar set of guidelines are still to be realized 

in halogen bonding. Chapter 3 describes the study on electrostatic potential dependent selectivity 

of halogen bonding and the results suggested that halogen bonding favors a better acceptor site as 

ranked by MEPS calculations while a second best acceptor site on the molecule did not form any 

noticeable interactions.30 Even though the results were conclusive, in some structures, a best-

donor/best-acceptor preference is missing. Further analysis lead to the realization that when the 

MEPS difference between the two acceptor sites is low, there is no binding preference. This was 

further confirmed by a CSD31 survey conducted on halogen bonded systems of acceptors with two 

different acceptor moieties where even though a MEPS based ranking is possible in predicting the 

best acceptor site, halogen bond interactions did not follow any preference for binding.32  
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Thus in a system with two different types of acceptor sites and a halogen-bond donor probe, 

there are essentially three possible outcomes, Figure 4.2.  

1. If the electrostatic potential difference on the two acceptor sites is sufficiently large; 

halogen bonding will follow best-donor/best-acceptor interaction hierarchy and will 

interact preferentially with best acceptor site.  

2. If the electrostatic potential difference of the two acceptor sites are very small, halogen 

bonding will occur with both acceptor sites.  

3. There might be a region of MEPS difference where binding preference cannot be 

predicted.  

Figure 4.2 Three possible outcome of co-crystallizations between an asymmetric ditopic 

acceptor and halogen-bond donors 

In order to address these possibilities, a library of acceptors with multitude of acceptor sites 

with different values of MEPS values on each acceptor were required. Furthermore, the selected 

library was required to include a wide range of MEPS difference between the two acceptor sites. 

The evaluated library of acceptors are shown in Figure 4.3, along with the MEPS value of each 

acceptor site and the MEPS difference for each molecule (ȹE value) is also provided.  
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Probing of halogen bond selectivity was done through a systematic co-crystallization 

approach. Nine iodine-based perfluorinated halogen-bond donors were selected (including 

aromatic and aliphatic donors), Figure 4.4. Co-crystallization experiments between the twelve 

acceptors and nine donors were conducted (108 reactions) and solid state structures were obtained 

for 36 combinations.  

Figure 4.3 Acceptors under study; MEPS values on each acceptor site and ȹE value for each 

acceptor are shown in kJ/mol 
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Figure 4.4 Halogen-bond donors under study 

The study is undertaken in response to three hypotheses, 

1. There is a cut off value for MEPS difference where halogen bonds lack selectivity. 

2. There is a MEPS range that the halogen bond selectivity cannot be predicted (grey area 

of MEPS difference). 

3. A systematic co-crystallization study would minimize the range of this grey area. 

 4.2 Experimental  

 4.2.1 General 

All precursors, solvents, donors and acceptor A13 were purchased from commercial 

sources and used without further purification. A1 and A2 were synthesized as reported in Chapter 

2.33 A5-A12 were synthesized following a modified procedure of a literature report.34 A1435 and 

D1036 were also synthesized following literature procedures. 1H NMR spectra were recorded on a 

Varian Unity plus 400 MHz spectrometer in DMSO-d6. Infrared spectra were recorded with a 

Nicolet 380 FT-IR with a digital resolution of 0.9 cm-1 and data processed using Omnic37 software. 
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Melting points were determined using Fischer-Johns Mel-Temp melting point apparatus and are 

uncorrected. 

 4.2.2 Electrostatic potential calculations 

Molecular electrostatic potentials surfaces on the acceptor molecules and donor molecules 

were calculated with density functional B3LYP level of theory using 6-311++G** basis set in 

vacuum. All calculations were carried out using Spartan 8 software.38 All molecules were 

geometry optimized and the maxima and minima on the electrostatic potential surface (0.002 e/au 

isosurface) determined using a positive point charge in the vacuum as a probe. The numbers 

indicate the interaction energy (kJ/mol) between the positive point probe and surface of the 

molecule at that particular point. A positive value for the interaction energy indicates a positive 

surface potential while a negative value indicates a negative surface potential. 

 4.2.3 Synthesis of acceptors 

 4.2.3.1 Synthesis of 1-(pyridin-4-ylmethyl)-benzimidazole, A5 

 

 

 

 

 

 

Benzimidazole (0.23 g, 2.0 mmol) and NaOH (0.16 g, 4.0 mmol) were placed in a 100 mL 

round bottomed flask with 20 mL of acetonitrile. The mixture was stirred at room temperature for 

one hour. 4-Picolyl chloride hydrochloride (0.33 g, 2.0 mmol) in acetonitrile (20 mL) was added 

to the mixture and refluxed for 24 hours at 50 °C - 60 °C. The reaction was monitored with TLC 

and after completion, the solvent was removed by rotary evaporation. The residue was dissolved 
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in water (50 mL) and extracted with methylene chloride (30 mL x 3). The organic layers were 

combined, dried over anhydrous MgSO4 and rotary evaporated to obtain an orange colored solid. 

Yield: 0.35 g (85%); m.p. 105-107 °C (reported 105-110 °C);34 1H NMR (400 MHz, DMSO-

d6):8.52 (d, 1H), 8.45 (s, 1H), 7.70 (d, 1H), 7.47 (d, 1H), 7.22 (m, 4H), 5.59 (s, 2H). 

 4.2.3.2 Synthesis of 5,6-dimethyl-1-(pyridin-4-ylmethyl)-benzimidazole, A6 

 

 

 

 

 

 

 

5,6-Dimethylbenzimidazole (0.29 g, 2.0 mmol) and NaOH (0.16 g, 4.0 mmol) were placed 

in a 100 mL round bottomed flask with 20 mL of acetonitrile. The mixture was stirred at room 

temperature for one hour. 4-Picolyl chloride hydrochloride (0.33 g, 2.0 mmol) in acetonitrile (20 

mL) was added to the mixture and refluxed for 24 hours at 50 °C - 60 °C. The reaction was 

monitored with TLC and after completion the solvent was removed by rotary evaporation. The 

residue was dissolved in water (50 mL) and extracted with methylene chloride (30 mL x 3). The 

organic layers were combined, dried over anhydrous MgSO4 and rotary evaporated to obtain the 

pale orange powder as the product. Yield: 0.34 g (72%); m.p. 180-185 °C (reported 185-190 °C);34 

1H NMR (400 MHz, DMSO-d6): 8.51 (d, 2H), 8.26 (s, 1H), 7.45 (s, 1H), 7.22 (s, 1H), 7.14 (d, 

2H), 5.51 (s, 2H), 2.27 (s, 6H). 
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 4.2.3.3 Synthesis of 4-((imidazol-1-yl)methyl)pyridine, A7 

 

 

 

 

 

 

Imidazole (0.14 g, 2.0 mmol) and NaOH (0.16 g, 4.0 mmol) were placed in a 100 mL round 

bottomed flask with 20 mL of acetonitrile. The mixture was stirred at room temperature for one 

hour. 4-Picolyl chloride hydrochloride (0.33 g, 2.0 mmol) in acetonitrile (20 mL) was added to the 

mixture and refluxed for 24 hours at 50 °C - 60 °C. The reaction was monitored with TLC and 

after completion the solvent was removed by rotary evaporation. The residue was dissolved in 

water (50 mL) and extracted with methylene chloride (30 mL x 3). The organic layers were 

combined, dried over anhydrous MgSO4 and rotary evaporated to obtain the dark green powder as 

the product and recrystallized with ethyl acetate to obtain dark green crystals. Yield: 0.32 g (62%); 

m.p. 65-68 °C; 1H NMR (400 MHz, DMSO-d6): 8.54 (d, 2H), 7.81 (s, 1H), 7.23 (s, 1H), 7.14 

(d, 2H), 6.98 (s, 1H), 5.29 (s, 2H). 

 4.2.3.4 Synthesis of 1-(pyridin-3-ylmethyl)-benzimidazole, A8 

 

 

 

 

 

 

Benzimidazole (0.23 g, 2.0 mmol) and NaOH (0.16 g, 4.0 mmol) were placed in a 100 mL 

round bottomed flask with 20 mL of acetonitrile. The mixture was stirred at room temperature for 

one hour. 3-Picolyl chloride hydrochloride (0.33 g, 2.0 mmol) in acetonitrile (20 mL) was added 
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to the mixture and refluxed for 24 hours at 50 °C - 60 °C. The reaction was monitored with TLC 

and after completion the solvent was removed by rotary evaporation. The residue was dissolved in 

water (50 mL) and extracted with methylene chloride (30 mL x 3). The organic layers were 

combined, dried over anhydrous MgSO4 and rotary evaporated to obtain a brown solid and 

recrystallized with ethyl acetate to obtain brown crystals as the product. Yield: 0.33 g (79%); m.p. 

50-52 °C (reported 50-55 °C);34 1H NMR (400 MHz, DMSO-d6): 8.67 (s, 1H), 8.48 (d, 2H), 7.68 

(m, 2H), 7.59 (m, 1H), 7.35 (m, 1H), 7.21 (m, 2H), 5.57 (s, 2H).  

 4.2.3.5 Synthesis of 4-((2-phenyl-imidazol-1-yl)methyl)pyridine, A9 

 

 

 

 

 

 

2-Phenylimidazole (0.29 g, 2.0 mmol) and NaOH (0.16 g, 4.0 mmol) were placed in a 100 

mL round bottomed flask with 20 mL of acetonitrile. The mixture was stirred at room temperature 

for one hour. 4-Picolyl chloride hydrochloride (0.33 g, 2.0 mmol) in acetonitrile (20 mL) was 

added to the mixture and refluxed for 24 hours at 50 °C - 60 °C. The reaction was monitored with 

TLC and after completion the solvent was removed by rotary evaporation. The residue was 

dissolved in water (50 mL) and extracted with methylene chloride (30 mL x 3). The organic layers 

were combined, dried over anhydrous MgSO4 and rotary evaporated to obtain the orange powder 

as the product and recrystallized in ethyl acetate to obtain the product as a dark orange crystals. 

Yield: 0.21 g (45%); m.p. 35-38 °C (reported 33-38 °C);39 1H NMR (400 MHz, DMSO-d6): 8.50 

(d, 2H), 7.51 (m, 2H), 7.39 (m, 4H), 7.12 (s, 1H), 6.97 (s, 1H), 5.40 (s, 2H). 
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 4.2.3.6 Synthesis of 5,6-dimethyl-1-(pyridin-3-ylmethyl)-benzoimidazole, A10 

 

 

 

 

 

 

5,6-Dimethylbenzimidazole (0.29 g, 2.0 mmol) and NaOH (0.16 g, 4.0 mmol) were placed 

in a 100mL round bottomed flask with 20 mL of acetonitrile. The mixture was stirred at room 

temperature for one hour. 3-Picolyl chloride hydrochloride (0.33 g, 2.0 mmol) in acetonitrile (20 

mL) was added to the mixture and refluxed for 24 hours at 50 °C - 60 °C. The reaction was 

monitored with TLC and after completion the solvent was removed by rotary evaporation. The 

residue was dissolved in water (50 mL) and extracted with methylene chloride (30 mL x 3). The 

organic layers were combined, dried over anhydrous MgSO4 and rotary evaporated to obtain pale 

orange powder as the product. Yield: 0.29 g (63%); m.p. 87-90 °C (reported 91-93 °C);40 1H NMR 

(400 MHz, DMSO-d6): 8.62 (s, 1H), 8.48 (d, 1H), 8.30 (s, 1H), 7.65 (d, 1H), 7.43 (s, 1H), 7.33 (m, 

2H), 5.49 (s, 2H), 2.27 (s, 6H). 

 4.2.3.7 Synthesis of 3-((2-phenylimidazol-1-yl)methyl)pyridine, A11 

 

 

 

 

 

 

 

2-Phenylimidazole (0.29 g, 2.0 mmol) and NaOH (0.16 g, 4.0 mmol) were placed in a 100 

mL round bottomed flask with 20 mL of acetonitrile. The mixture was stirred at room temperature 
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for one hour. 3-Picolyl chloride hydrochloride (0.33 g, 2.0 mmol) in acetonitrile (20 mL) was 

added to the mixture and refluxed for 24 hours at 50 °C - 60 °C. The reaction was monitored with 

TLC and after completion the solvent was removed by rotary evaporation. The residue was 

dissolved in water (50 mL) and extracted with methylene chloride (30 mL x 3). Organic layers 

were combined, dried over anhydrous MgSO4 and rotary evaporated to obtain pale orange powder 

as the product. Yield: 0.35 g (69%); m.p. 39-42 °C (reported 33-38 °C);34 1H NMR (400 MHz, 

DMSO-d6): 8.46 (d, 1H), 8.26 (s, 1H), 7.56 (m, 2H), 7.38 (m, 6H), 6.08 (m, 1H), 5.39 (s, 2H). 

 4.2.3.8 Synthesis of 3-((imidazol-1-yl)methyl)pyridine, A12 

 

 

 

 

 

 

Imidazole (0.14 g, 2.0 mmol) and NaOH (0.16 g, 4.0 mmol) were placed in a 100 mL round 

bottomed flask with 20 mL of acetonitrile. The mixture was stirred at room temperature for one 

hour. 3-Picolyl chloride hydrochloride (0.33 g, 2.0 mmol) in acetonitrile (20 mL) was added to the 

mixture and refluxed for 24 hours at 50 °C - 60 °C. The reaction was monitored with TLC and after 

completion the solvent was removed by rotary evaporation. The residue was dissolved in water 

(50 mL) and extracted with methylene chloride (30 mL x 3). The organic layers were combined, 

dried over anhydrous MgSO4 and rotary evaporated to obtain the dark brown color powder as the 

product. Yield: 0.32 g (82%); m.p. 41-45 °C; 1H NMR (400 MHz, DMSO-d6): 8.56 (s, 1H), 8.52 - 

8.52 (d, 1H), 7.82 (s, 1H), 7.67 (d, 1H), 7.38, (d, 1H), 7.24 (d, 1H), 6.93 (d, 1H), 5.26 (s, 2H). 
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 4.2.3.9 Synthesis of 1,1'-bis(pyridin-4-ylmethyl)-2,2'-biimidazole, A14 

 

 

 

 

A round-bottom flask equipped with a magnetic stir bar was charged with 3-aminopyridine 

(1.0 g, 11 mmol), formaldehyde (2.5 mL, 37% in water), and formic acid (3.0 mL). The reaction 

mixture was stirred for 19 hours at reflux, allowed to cool to room temperature, acidified with 6M 

aqueous hydrochloric acid (pH < 2), and evaporated to dryness in vacuo. The dry material was 

mixed with 15 mL of saturated NaHCO3 and extracted with chloroform (4 x 10 mL). The combined 

organic layers were dried (Na2SO4) and concentrated in vacuo to produce a brick red oil. The 

product was further purified via flash column chromatography on silica gel (eluent petroleum 

ether/ethyl acetate 15:1) to produce a light-tan oil as the product. Yield: 0.45 g (35%); 1H 

NMR (400 MHz, DMSO-d6) 8.10 (d, 1H), 7.89 (d, 1H), 7.15 (dd, 1H), 7.05 (m, 1H), 2.89 (s, 6H).  

 4.2.4 Co-crystal screening  

The screening was carried out through solvent-assisted grinding with methanol. Each 

acceptor and donor was mixed together in stoichiometric ratio and ground with the assistance of a 

drop of methanol (a total of 108 experiments). In each experiment, 10 mg of the acceptor was used 

with the corresponding amount of donor. Once the solvent had evaporated, the solid was analyzed 

using IR spectroscopy to determine whether a co-crystal had formed or not. Successful interactions 

between the acceptor and donor were identified using the specific shifts of the peaks of the mixture 

compared to starting compounds.  
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 4.2.5 Synthesis of co-crystals 

Solids from grinding experiments were dissolved in a minimum amount (~2 ml) of 

methanol and left in a vial for slow evaporation in order to obtain crystals suitable for single crystal 

X-ray diffraction; 36 crystal growth experiments were successful. Details on thirteen of these were 

reported in Chapter 3.30 Table 4.1 summarizes the experimental details for the remaining 23 

structures. 

Table 4.1 Experimental details of the 23 co-crystals obtained 

Code 
Mixed 

Mole ratio 
Amounts used Solvent and method 

Crystal 

stoichiometry 

Crystal 

color & 

habit 

A5:D8 1:1 
A5 -10 mg, 0.048 mmol 

D8 - 19 mg, 0.048 mmol 

Methanol, 

Slow evaporation 
2:3 

Colorless 

needle 

A5:D10 1:1 
A5 -10 mg, 0.048 mmol 

D10 - 27 mg, 0.048 mmol 

Methanol, 

Slow evaporation 
1:1 

Colorless 

plate 

A6:D2 1:1 
A6 -10 mg, 0.042 mmol 

D2 - 19 mg, 0.042 mmol 

Methanol, 

Slow evaporation 
1:1 

Colorless 

plate 

A6:D8 1:1 
A6 - 10 mg, 0.042 mmol 

D8 - 17 mg, 0.042 mmol 

Methanol, 

Slow evaporation 
2:3 

Colorless 

needle 

A7:D3 1:1 
A7 - 10 mg, 0.063 mmol 

D3 - 35 mg, 0.063 mmol 

Methanol, 

Slow evaporation 
1:1 

Colorless 

plate 

A7:D8 1:1 
A7 - 10 mg, 0.063 mmol 

D8 - 25 mg, 0.063 mmol 

Methanol, 

Slow evaporation 
1:1 

Colorless 

prism 

A7:D10 1:1 
A7 - 10 mg, 0.063 mmol 

D10 - 35 mg, 0.063 mmol 

Methanol, 

Slow evaporation 
1:1 

Yellow 

plate 

A8:D8 1:1 
A8 - 10 mg, 0.048 mmol 

D8 - 19 mg, 0.048 mmol 

Methanol, 

Slow evaporation 
1:1 

Colorless 

prism 

A8:D9 1:1 
A8 - 10 mg, 0.048 mmol 

D9 - 25 mg, 0.048 mmol 

Methanol, 

Slow evaporation 
1:2 

Colorless 

rod 

A9:D8 1:1 
A9 - 10 mg, 0.043 mmol 

D8 - 17 mg, 0.043 mmol 

Methanol, 

Slow evaporation 
2:1 

Colorless 

plate 

A9:D9 1:1 
A9 - 10 mg, 0.043 mmol 

D9 - 22 mg, 0.043 mmol 

Methanol, 

Slow evaporation 
1:1 

Colorless 

block 

A10:D4 1:1 
A10 - 10 mg, 0.042 mmol 

D4 - 28 mg, 0.042 mmol 

Methanol, 

Slow evaporation 
2:3 

Colorless 

rod 

A10:D7 1:1 
A10 - 10 mg, 0.042 mmol 

D7 - 17 mg, 0.042 mmol 

Methanol, 

Slow evaporation 
1:2 

Bronze 

plate 

A10:D8 1:1 
A10 - 10 mg, 0.042 mmol 

D8 - 17 mg, 0.042 mmol 

Methanol, 

Slow evaporation 
1:1 Gold prism 

A10:D9 1:1 
A10 - 10 mg, 0.042 mmol 

D9 - 22 mg, 0.042 mmol 

Methanol, 

Slow evaporation 
1:2 

Colorless 

prism 

A11:D9 1:1 
A11 - 10 mg, 0.043 mmol 

D9 - 22 mg, 0.043 mmol 

Methanol, 

Slow evaporation 
1:1 

Colorless 

prism 

A11:D10 1:1 
A11 - 10 mg, 0.043 mmol 

D10 - 24 mg, 0.043 mmol 

Methanol, 

Slow evaporation 
1:2 

Colorless 

prism 

A12:D2 1:1 
A12 - 10 mg, 0.063 mmol 

D2 - 29 mg, 0.063 mmol 

Methanol, 

Slow evaporation 
1:1 

Colorless 

plate 
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A12:D8 1:1 
A12 - 10 mg, 0.063 mmol 

D8 - 25 mg, 0.063 mmol 

Methanol, 

Slow evaporation 
1:1 

Colorless 

prism 

A13:D1 1:1 
A13 - 10 mg, 0.082 mmol 

D1 - 29 mg, 0.082 mmol 

Methanol, 

Slow evaporation 
3:2 

Colorless 

plate 

A13:D2 1:1 
A13 - 10 mg, 0.082 mmol 

D2 - 37 mg, 0.082 mmol 

Methanol, 

Slow evaporation 
2:1 

Colorless 

plate 

A13:D3 1:1 
A13 - 10 mg, 0.082 mmol 

D3 - 46 mg, 0.082 mmol 

Methanol, 

Slow evaporation 
1:1 

Colorless 

plate 

A13:D7 1:1 
A13 - 10 mg, 0.082 mmol 

D7 - 33 mg, 0.082 mmol 

Methanol, 

Slow evaporation 
1:1 

Colorless 

prism 

 

 4.3 Results 

 4.3.1 Electrostatic potentials 

MEPS values for the acceptor molecules are provided in Figure 4.3. For each acceptor 

molecule the difference of MEPS values were calculated using equation 4.1 and was defined as 

the ȹE value. Table 4.2 summarizes the calculated MEPS values for the donors under study.  

ȹE value = |MEP value on the best acceptor| ï |MEP value on the 2nd best acceptor|           (4.1) 

  

Table 4.2 Calculated electrostatic potentials on halogen-bond donors under study 

 

 4.3.2 Grinding experiments and characterization by IR spectroscopy 

Solvent-assisted grinding experiments were analyzed using IR spectroscopy to identify any 

notable interactions between the two potential co-formers. The analysis was done by comparing 

the IR spectra of the ground mixture with spectra of the respective co-formers. The key IR modes 

Molecule Atom Electrostatic potential (kJ/mol) 

1,2-diiodotetrafluoroethane D1 Iodine +163 

1,4-diiodooctafluorobutane D2 Iodine +168 

1,6-diiodoperfluorohexane D3 Iodine +169 

1,8-diiodoperfluorooctane D4 Iodine +169 

Iodopentafluorobenzene D6 Iodine +166 

1,2-diiodotetrafluorobenzene D7 Iodine +162 

1,4-diiotetrafluorobenzene D8 Iodine +169 

1,3,5-triiodotrifluorobenzene D9 Iodine +158 

4,4ô-diiodoperfluorobiphenyl D10 Iodine +164 
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targeted were the C-F stretches of the halogen-bond donor.  A shift of three wave numbers or more 

was considered to be significant and indicative of a positive result. The summary of the IR analysis 

is provided in the Table 4.3 along with the success rate for each acceptor and donor; 89 of 108 

reactions produced co-crystals resulting in an 82% supramolecular yield.  

Table 4.3 IR analysis for grinding experiments 

 

 4.3.3 Crystal growth and structure analysis  

Even though the IR analysis provides unambiguous results for the successful co-crystal 

formation, it does not provide details about specific interaction sites, which is crucial for 

determining the selectivity of interactions in halogen bonding, thus single crystal data were 

required. Suitable crystals were obtained in 36 experiments and details on thirteen crystal 

structures have reported in Chapter 3,30 remaining 23 structures are presented in the order of 

increasing ȹE value on the ditopic acceptor. X-ray experimental data and crystallographic data 

and halogen bond geometries are provided in the Appendix B.3. 

 

Donors 

% 

Success 
Potential 

(kJ/mol) 

D1 D2 D3 D4 D6 D7 D8 D9 D10 

+163 +168 +169 +169 +166 +162 +169 +158 +164 
Best 

acceptor 

2nd best 

acceptor  

A
c
c
e

p
to

rs
 

A1 -199 -177 r r r V V V V V V 6/9 67 

A2 -207 -181 r V V V r V V V r 6/9 67 

A3 -209 -178 r V V V V V V V V 8/9 89 

A4 -199 -166 r V V r V V V V V 7/9 78 

A5 -207 -171 r V V V V V V V r 7/9 78 

A6 -217 -180 r V V V r V V V V 7/9 78 

A7 -204 -166 r V V r V V V V V 7/9 78 

A8 -213 -167 r V V V V V V V V 8/9 89 

A9 -180 -125 V V V V V V V V V 9/9 100 

A10 -188 -124 V V V V V V V V V 9/9 100 

A11 -217 -50 V V V V V V V V V 9/9 100 

A12 -210 -35 r V V V V V V V r 7/9 78 

% Success 
3/12 11/12 11/12 10/12 10/12 12/12 12/12 12/12 9/12 

 
25 92 92 83 83 100 100 100 75 
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With A5 (ȹE = 22 kJ/mol) two crystal structures were obtained (A5:D8 and A5:D10) and 

in both cases both binding sites N(im) and N(py) form a halogen bond; no XB preference is noted, 

Figure 4.5.  

Figure 4.5 Primary halogen bond interactions in a) A5:D8 and b) A1:D10; both acceptor sites 

engage in halogen bonding 

Two structures (A6:D2 and A6:D8) were obtained with A6 (ȹE = 26 kJ/mol) and again 

both binding sites form halogen bonds, Figure 4.6.   

 

 

  

Figure 4.6 Primary halogen bond interactions in a) A6:D2 and b) A6:D8 
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Similarly, A7 (ȹE = 31 kJ/mol) produced three structures (A7:D3, A7:D8 and A7:D10) 

with all acceptor moieties participating in halogen bonding, Figure 4.7.  

Figure 4.7 Primary halogen bond interactions in a) A7:D3 b) A7:D8 and c) A7:D10 

In the two structures (A8:D8 and A8:D9) of A8 (ȹE = 33 kJ/mol), again all acceptors were 

involved in halogen bonding, Figure 4.8.  

Figure 4.8 Primary halogen bond interactions in a) A8:D8 and b) A8:D9 

However, with A9 (ȹE = 36 kJ/mol), two structures (A9:D8 and A9:D9) were obtained 

and they behave differently. A9:D8 shows a preferential halogen bond formation with the best 
















































































































































































































































































































































































































































