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The research works presented in the thesis entitled “Self-assemblies of Sulphonamide 

Derived Urea, Thiourea and Conformational Isomers of a Mercury Complex” are based 

on various non-covalent self-assemblies of sulphonamide derived urea, thiourea derivatives. 

Details studies to explore their self-assemblies as well as of their solvates, ionic-crystals, 

polymorphs, and isomers are presented. The content of the thesis is divided into five chapters. 

Each chapter other than the introduction chapter has a concise discussion, experimental and 

references. The first chapter provides literature examples to lay the foundation for the 

research; the contents of each chapter are elaborated below. 

Chapter 1: Introduction 

Non-covalent assemblies are formed by interactions among similar or dissimilar organic, 

inorganic or combination from both the classes of molecules are of paramount importance in 

material sciences and biology. These assemblies are built by reversible weak intermolecular 

interactions provide flexibilities to adopt pre-organized and re-organized structures. Hence, it 

is a challenge to utilize non-covalent interactions such as hydrogen bond, van der Waals 

interaction, π-stacking, C-H∙∙∙π interaction, ion-π interaction, metal-ligand coordination to 

build new assemblies and also to analyze their presence in an identified non-covalent 

assembly. Concise discussion to introduce weak interactions influencing various non-

covalent assemblies are provided. As the thesis has study on urea and thiourea derivatives, 

which themselves have widespread literature selected examples of non-covalent assemblies 

of these classes of compounds are deliberated. The assemblies of the parent compounds, as 

well as different forms such as cocrystals, polymorphs, and metal complexes are presented 

here. Selective examples on the utility of urea and thiourea derivatives in sensing anions, 

toxic cations are discussed. The significant roles of the weak interactions guiding the 

geometrical aspects of the host molecules are demonstrated. This chapter is ended with a 

section on the scopes of the research followed by the detailed list of literature references 

Chapter 2:  

Solvates and ionic cocrystals 4-{[(4-nitrophenyl)carbamoyl]amino}-N-(pyrimidin-2-

yl)benzene-1-sulfonamide  

This chapter is on the synthesis characterization and study on various assemblies of the 4-

{[(4-nitrophenyl)carbamoyl]amino}-N-(pyrimidin-2-yl)benzene-1-sulfonamide (2.1), its 

solvates and ionic cocrystals with tetrabutylammonium halides. The compound was 

synthesized by reacting 4-nitrophenylisocynate with a drug molecule sulfadiazine and it was 

obtained as two different solvates which were characterized by NMR, IR, mass spectrometry 
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and single crystal X-ray diffraction. The self-assemblies of two (DMF) solvates (2.1.1 and 

2.1.2), three ionic cocrystals (2.1.3-2.1.5), and a salt (2.1.6) of the sulfadiazine-derived urea 

were studied. Both solvates had one DMF molecule anchored by bifurcated hydrogen bonds 

with the urea moiety, whereas the 1:2 solvate had the second DMF in the interstitial spaces. 

The structural characteristics of three isostructural ionic co-crystals specifically those of 

tetrabutylammonium halides combined with 4-{[(4-nitrophenyl)carbamoyl]amino}-N-

(pyrimidin-2-yl)benzene-1-sulfonamide, where the halides are chloride, bromide, and iodide, 

were established. In contrast, when tetrabutylammonium fluoride was used, the expected 

ionic co-crystal did not form. Instead, the reaction yielded the salt 

(2.1.6), whose structure was also determined. In each ionic co-crystal, charge-assisted 

hydrogen bonds were formed between the halide ions and the N−H bonds of the urea group. 

The ionic co-crystals displayed homo-dimeric synthons of the parent compound, indicating 

that the slight adjustments in the dimer's geometrical structure, influenced by the angular 

variations of the host, played a crucial role in creating the necessary space to accommodate 

spherical halide ions of varying ionic radii. The basic nature of fluoride led to deprotonation, 

resulting in the formation of a salt. This chapter have showed the utilization of dimeric sub-

assemblies within the assembly to have increased the solvent uptake as well as to prepared 

iso-structural ionic cocrystals. The potential utility of 2.1 as a substrate for fluoride detection 

visually is described. 

Chapter 3:  

Polymorphic solvates and ionic cocrystals of N-(5-methyl-1,2-oxazol-3-yl)-4-{[(4-

nitrophenyl)carbamoyl]amino} benzene-1-sulfonamide  

The structural characteristics, thermal stability, and de-solvation processes of two 

polymorphs of DMF solvate (3.1.1 and 3.1.2) of N-(5-methyl-1,2-oxazol-3-yl)-4-{[(4-

nitrophenyl)carbamoyl]amino}benzene-1-sulfonamide (3.1) were investigated. These 

polymorphs were characterized by their unique synthon assemblies and slight variations in 

the host molecule geometries. The compound 3.1 underwent a novel C–N bond formation 

reaction with tetrabutylammonium iodide (TBAI), leading to an N-butylated derivative 

(3.1.4). Similarly, DMF (3.2.1) and DMSO solvates (3.2.2) of 4-{[(4-nitrophenyl) carbamoyl] 

amino}-N-(1,3-thiazol-2(3H)-ylidene)benzene-1-sulfonamide (3.2) exhibited analogous 

dimeric structures but with distinct conformations of the host molecule. De-solvation of these 

solvates also produced a uniform form. While TBAI generated an ionic co-crystal (3.2.3) 

with 3.2, the formation of dimers by the host molecule created hydrophobic spaces 
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accommodating the cation. Both compounds were transformed into salts (3.1.3 and 3.2.4) via 

deprotonation by tetrabutylammonium fluoride, with 3.1 uniquely also undergoing 

deprotonation by tetrabutylammonium bromide under standard conditions. The visible 

spectra of the salts derived from both 3.1 and 3.2 were identical, attributed to the shared 

chromophore in their structures. 

Chapter 4:  

Assemblies of Sulfathiazole and Sulfamethazine Derived Thiourea: Polymorphs, 

Solvates and Fluoride Detection 

The study explored the hydrogen-bonded structures of thiourea-modified sulfa-drugs, 

specifically 4-(3-arylthioureido)-N-(thiazol-2(3H)-ylidene)benzenesulfonamides with varying 

aryl groups (phenyl (4.1), 4-methoxyphenyl (4.2), and 2,3- or 2,4- or 3,4-dichlorophenyl (4.3-

4.5), 4-nitrophenyl (4.6 and 4.7), along with their polymorphs and solvates. Except for a 

DMSO (1:2) solvate, all studied derivatives formed homo-dimeric hydrogen-bonded 

structures. Among these, the phenyl derivative exhibited two polymorphic forms, one with a 

hairpin-like configuration and another with an extended structure. The orientation of the -

SO2- groups and the thiourea sections differed across the homodimers of these polymorphs. 

For the dichlorophenylthiourea derivatives of sulfathiazole, the nature of chlorine-chlorine 

interactions varied based on the chloro-groups' positions on the phenyl ring, affecting the 

melting points predictably across this series according to the calculated energies of the 

homodimers.  

Additionally, the dimethylformamide hydrate and dimethylacetamide solvate of N-(4,6-

dimethylpyrimidin-2(1H)-ylidene)-4-(3-(4-nitrophenyl)thioureido)benzene sulfonamide 

shared similar unit cell dimensions, illustrating that the water molecule in the former 

compensated for the space needed for an extra methyl group in dimethylacetamide compared 

to dimethylformamide, facilitating tight molecular packing. Furthermore, the study 

highlighted the ability of the 4-nitrophenylthiourea-based compounds to selectively detect 

fluoride ions visually, showcasing their potential application in sensing. 

Chapter 5: 

Conformational isomers of a mercury complex of 2-(anthracen-9-ylmethylene)-N-

phenylhydrazine carbothioamide. 

A study reported on an anionic mercury(II) complex with 2-(anthracen-9-ylmethylene)-N-

phenylhydrazinecarbothioamide (H5.1) and two isomers of a neutral mercury(II) complex 
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involving the anion of the same ligand (5.1). The complex, denoted as 5.1.3, featured a 

monodentate H5.1 ligand (the neutral form of the ligand) and chloride as ligands. The neutral 

mercury(II) complex, exhibited two conformational isomers (5.1.1 and 5.1.2), arising from 

the E or Z geometry of the ligands across the conjugated C=N−N=C−N scaffold of the 

coordinated ligand. These isomers of the complex were prepared and characterized 

independently. The spectroscopic behaviours of the isomers in solution were examined using 

1HNMR and fluorescence spectroscopy. A facile transition from the E-isomer to the Z-isomer 

in solution was observed. The E isomer of the ligand was found to be more stable than the Z 

isomer by 8.37 kJ/mol. The energy barrier for the conversion of the E-isomer to the Z-isomer 

of the ligand was calculated to be 167.37 kJ/mol. The study also discussed the role of the 

mercury ion in facilitating the conversion from the E to the Z form. It was noted that the 

mercury complex 5.1.3 featured the E-form of the ligand. Additionally, the distinct 

photophysical properties of these mercury complexes were highlighted. 

 

  

TH-3407_186122013



 
 

 

 

CONTENTS 

 
 

Table of content:                                                                                    Page No. 

 

Chapter 1: Introduction                                                                                                          1 

1.1: Preliminary aspects of non-covalent assemblies                                                                1 

1.2: Descriptions and analysis of hydrogen-bonded assemblies                                               2 

1.3: Varieties in hydrogen-bonded assemblies                                                                          5  

1.4: Halogen bonds                                                                                                                  11 

1.5: Salient aspects of urea/thiourea derivatives for Supramolecular chemistry                     13 

1.6: Self-assemblies of urea and thiourea derivatives                                                              16 

1.7: Anion assisted self-assembly of urea and thiourea derivatives                                         22 

1.8: Consequences of anion binding by urea/thiourea based receptors in detections              28 

1.9: The thiourea in cation binding                                                                                          31 

1.10: Scope of this work                                                                                                          33 

1.11: References                                                                                                                       34 

 

Chapter 2: Self-assemblies of Solvates, Ionic-crystals and Salt of 4-{[(4-Nitrophenyl)- 

carbamoyl]amino}-N-(pyrimidin-2-yl)benzene-1-sulfonamide 

 

2.1: Introduction                                                                                                                      51 

2.2: Synthesis and characterization of the DMF solvates 2.1.1 and 2.1.2                               53 

2.3: Structural descriptions of the two solvates 2.1.1 and 2.1.2                                              54 

2.4: Synthesis and characterization of ionic-cocrystals                                                           59 

2.5: Structural descriptions of ionic cocrystals 2.1.3-2.1.5                                                      61 

2.6: Synthesis and characterization of the TBA salt 2.1.6                                                       64 

2.7: Structure of TBA salt 2.1.6                                                                                               65 

2.8: DSC analysis of the salt (2.1.6) and the solvates (2.1.1 and 2.1.2)                                  67 

2.9: Comparisons of IR spectra of the solvates, Ionic cocrystal and salts                               69 

2.10: Hirshfeld surface analyses                                                                                              70 

2.11: Summary from the comparisons                                                                                     74 

2.12: Solution study of solvates and ionic co-crystal                                                               75 

2.13: 1HNMR titration of 2.1 with tetrabutylammonium halides                                            77 

TH-3407_186122013



 
 

 

 

2.14: UV-visible studies                                                                                                           80 

2.15: Optimization of Energy by DFT calculations                                                                 81 

2.16: Conclusion                                                                                                                      82 

2.17: References                                                                                                                       83 

             Appendix - Chapter 2                                                                                                  86   

 

Chapter 3: Polymorphic Solvates, Ionic-cocrystals and C-N Bond Formation to Form 

Ionic Cocrystal in Sulfamethoxazole and Sulfathiazole Derived Urea 

3.1: Introduction                                                                                                                      94 

3.2: Synthesis and characterization of the urea derivatives 3.1 and 3.2                                  95 

3.3: Preparation of solvates of 3.1                                                                                           95 

3.4: Structural descriptions of the polymorphs 3.1.1 and 3.1.2                                               96 

3.5: Crystal morphologies, IR and thermal studies of the polymorphs                                   99 

3.6: The Optimized energy calculation                                                                                  102 

3.7: Study on the different Supramolecular adducts of 3.1 with tetrabutylammonium  

halides                                                                                                                                     104 

3.8: Structural descriptions of salt 3.1.3 and butylated-3.1 (3.1.4)                                        107 

3.9: Solvates, ionic cocrystal and salt of 3.2                                                                          108    

3.10: Structural descriptions of solvates of 3.2                                                                      110     

3.11: Thermal studies of the solvates 3.2.1 and 3.2.2                                                            111 

3.12: Ionic co-crystal of 3.2 with TBA iodide                                                                       112      

3.13: Optimized energy of the solvates                                                                                 114 

3.14: Hirshfeld analysis                                                                                                         115 

3.15: Solution studies on the interactions of tertbutyl ammonium halides with 3.1 

and 3.2.                                                                                                                                   116 

3.16: UV visible studies                                                                                                         119                   

3.17: Conclusions                                                                                                                   120 

3.18: References                                                                                                                     120 

       Appendix - Chapter 3                                                                                                      123     

 

Chapter 4: Assemblies of Sulfathiazole and Sulfamethazine Derived Thiourea: 

Polymorphs, Solvates and Fluoride Detection 

4.1: Introduction                                                                                                                     135 

4.2: Synthesis of 4-(3-phenylthioureido)-N-(thiazol-2(3H)-ylidene)benzenesulfonamide  

TH-3407_186122013



 
 

 

 

(4.1)                                                                                                                                        136 

4.3:  Structural descriptions of the conformational polymorphs 4.1.1 and 4.1.2                   137 

4.4. Comparison of the morphologies of the polymorphs 4.1.1 and 4.1.2                             142 

4.5: Synthesis of thiourea derivative 4-{3-(4-methoxyphenyl)thioureido)-N-(thiazol-2(3H)-

ylidene}benzenesulfonamide (4.2)                                                                                        143                 

4.6: Structural descriptions of the thiourea derivative 4.2                                                     144 

4.7: Synthesis of 4-(3-(a,b-dichlorophenyl)thioureido)-N-(thiazol-2(3H)-ylidene)benzene 

sulfonamide; (a,b = 2,3 (4.3); 2,4 (4.4) or 3,4(4.5) respectively)                                           145 

4.8: Structural descriptions of the thiourea derivative 4.3-4.5                                               146 

4.9: Synthesis of 4-(3-(4-nitrophenyl)thioureido)-N-(thiazol-2(3H)-ylidene)benzene 

sulfonamide (4.6) and its solvates (4.6.1-4.6.4)                                                                     149 

4.10: Structural descriptions of the thiourea derivative 4.6.1-4.6.4                                       150 

4.11: N-(4,6-dimethylpyrimidin-2(1H)-ylidene)-4-(3-(4-

nitrophenyl)thioureido)benzenesulphon amide (4.7) and its solvates (4.7.1-4.7.4).              153                                                               

4.12: Structural descriptions of the thiourea derivative 4.7.1-4.7.4                                       155 

4.13: Comparison of energies of homodimers                                                                       160 

4.14: Hirshfeld surface analysis                                                                                             162 

4.15: Trends in melting points                                                                                               165 

4.16: Solution studies on Fluoride Ions Detection                                                                 166      

4.17: Conclusions                                                                                                                   168                                                                                                            

4.18: References                                                                                                                     169 

         Appendix - Chapter 4                                                                                                    172 

 

Chapter 5: E or Z Isomers Arising from Geometries of Ligand in Mercury Complex of 

2-(Anthracen-9-ylmethylene)-N-phenylhydrazine carbothioamide 

5.1: Introduction                                                                                                                     189 

5.2: Synthesis and characterization of mercury complexes (5.1.1-5.1.3)                              191                                             

5.3: Structural aspects of the mercury complexes (5.1.1-5.1.3)                                             195 

5.4: Conversion of isomers studied by 1HNMR spectroscopy in solution                             200 

5.5: The implications of  the orientations of the anthryl group in the emission spectra        206 

5.6: Conclusions                                                                                                                     211 

5.7: References                                                                                                                       211 

             Appendix - Chapter 5                                                                                                216 

 

TH-3407_186122013



 
 

 

 

Thesis Conclusion                                                                                                                 226 

Appendices                                                                                                                            229 

List of Publication                                                                                                                240 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

TH-3407_186122013



 
 

 

 

ABBREVIATIONS 

 

CH3CN: Acetonitrile                                                           RT: Room temperature (30 ℃) 

ACQ: Aggregation Caused Quenching                               THF: Tetrahydrofuran                                                            

AIE: Aggregation induced emission                                   TGA: Thermo-gravimetric analysis 

AIEE: Aggregation Induced Enhanced Emission               THB: Trihydroxy benzene                           

Å: Angstrom                                                                        TNP: Trinitrophenol 

DFT: Density functional theory                                          UV-vis: Ultraviolet-visible 

DHB: Dihydroxy benzene                                                   H2O: Water 

DNP: Dinitrophenol 

DMSO: Dimethyl sulfoxide 

DMF: Dimethyl formamide  

DNA: Deoxyribonucleic acid  

DLS: Dynamic light scattering 

EtOH: Ethanol 

ESIPT: Excited state intramolecular proton transfer 

FESEM: Field emission scanning electron microscope 

FRET: Forster resonance energy transfer          

HOMO: Highest occupied molecular orbital   

IR: Infrared 

ICT: Internal charge transfer 

ICT: Isothermal calorimetric titration                   

LUMO: Lowest unoccupied molecular orbital        

MS: Mass spectrometry 

MeOH: Methanol 

µM: Micromolar 

nM: Nanomolar 

NP: Nitrophenol 

HNO3: Nitric acid 

NMR: Nuclear magnetic resonance 

PET: Photo-induced electron transfer 

KBr: Potassium bromide 

PDC: Pyridinedicarboxylate 

RET: Resonance energy transfer 

RNA: Ribonucleic acid 

TH-3407_186122013



Introduction 
 

 

1 

 

 

Chapter 1 

Introduction 

Introduction 

1.1: Preliminary aspects of non-covalent assemblies 

Self-assemblies formed by non-covalent interactions among similar or dissimilar organic, 

inorganic or combination from both the classes of molecules or ions1 are of paramount 

importance in material sciences2 and as bio-based assemblies.3 In general, the functional 

aspects of biological systems are guided by non-covalent interactions. For example, the self-

assemblies of nucleobases4 and proteins5 are among the fundamental ones. These assemblies 

built by reversible weak intermolecular interactions provide flexibility to adopt preorganized 

and reorganized structures. Hence, it is a challenge to utilize non-covalent interactions such 

as hydrogen bond,6 van der Waals interaction,7 π-stacking,8 C-H∙∙∙π interaction,9 ion-π 

interactions,10 metal-ligand coordination11 to build new assemblies and also to analyze their 

presence in an assembly. The strength of non-covalent interactions, excluding ionic 

interactions, is consistently weaker than that of conventional covalent bonds.12  

A comparison of the energies of selected covalent bonds and non-covalent interactions is 

provided in Table 1.1.  

    Table 1.1 Comparison of the different weak interactions with selected covalent bonds  

   Non-covalent interaction (kJ/mol) Covalent bond (kJ/mol) 

Ion-ion                                     200-300 

Ion-dipole                                  50-200 

Halogen bond                            10-150 

Hydrogen bond                           4-120 

C=O        690 

C=C        600 

C-C         360 

C-S          272 

Dipole-dipole                                5-50 

π- interactions                               0-50 

van-der Waals interaction              < 4 

C=S        573      

C-X        213-485 

X= halogen 

 

The non-covalent self-assemblies have diverse applications in the development of drugs13 

catalysis,14 nano-science,15 molecular machine16 and as sensors.17 Various topics, such as 

host-guest chemistry18 require improvisation of weak interactions. The directional effect of 

weak interactions in non-covalent assemblies decides the architectures, and also provides 

challenges to build a desired form of an assembly from an identified set of multiple 

components.19 The modulations of optical20 and magnetic properties21 of non-covalent 

assemblies by stimuli ions provide scopes to design advanced materials. The strength of non-

covalent interactions, excluding ionic interactions, is weaker than conventional covalent 
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bonds.22 So, for systematic research to create novel non-covalent assemblies from chemically 

and biologically significant species one has to analyze the weak interactions with molecular 

understandings. 

1.2: Descriptions and analysis of hydrogen-bonded assemblies                   

A hydrogen bond is an intramolecular or intermolecular interaction between a hydrogen 

atom and an electronegative atom such as an X–H bond, in which X is a more 

electronegative atom than hydrogen.23 It is represented by D-H…A, where D represents 

the electronegative atom (e.g., O, N, S, halogen etc.) providing the hydrogen to interact 

with an electronegative atom termed as an acceptor (A). An acceptor generally possesses 

a lone pair of electrons. A molecule may be involved in hydrogen bonds by serving as a 

hydrogen bond donor or acceptor or both. Intramolecular or intermolecular hydrogen bonds 

of the functional groups, together with other weak interactions, bring varieties to the 

architecture of self-assembly. The intramolecular hydrogen bonds provide stability to a 

particular geometry; whereas, the intermolecular hydrogen bonds among the same or 

different types of molecules constitute the assembly.  

 

Figure 1.1: Representation of hydrogen bond  

 

The hydrogen bonds (abbreviated as H-bonds) H-bonds are categorized into three classes: 

strong, moderate and weak.24 A strong H-bond is formed when an acidic hydrogen interacts 

with a proficient hydrogen bond acceptor atom or ion. Such bonds conventionally have linear 

or close to geometry. When a strong hydrogen bond is between an ion and acidic hydrogen  

(usually found in the case when proton transfer from the acid counterpart occurs), it is known 

as a charge-assisted hydrogen bond.25 In contrast, a moderate hydrogen bond assumes a 

slightly bent geometry, whereas weak hydrogen bonds are hydrogen bonds from a relatively 

strong bonds as hydrogen bond donors such as C-H bonds interacting with electronegative 

atoms such as O, N, S, halogen etc.26 described as C-H∙∙∙X  bond or with π-cloud described as 

(C-H∙∙∙π  interaction). Table 1.2 contains a list of the bond parameters that are characteristic 

of strong, moderate, and weak hydrogen bonds. The bond energy of the three different types 

of hydrogen bonds falls within the intervals of 60 - 120 kJmol-1 for strong, 16 - 60 kJmol-1 for 

moderate, and ~12 kJmol-1 for weak hydrogen bonds.  
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Table 1.2: Donor-acceptor distances and angles in hydrogen bonds 

Parameter Strong Moderate  Weak  

Bond energy (kJmol-1) 60-120 16-60 < 12 

H···A (r Å) 1.2-1.5 1.5-2.2 2.2-3.2 

D···A (R Å) 2.2-2.5 2.5-3.2 3.2-4.0 

∠D-H···A (α°) 175-180 130-180 90-150 

 

Hydrogen bonds are also categorized as linear, bifurcated, and trifurcated hydrogen bonds, 

based on the number of atoms connecting to a pivot. Figure 1.2 illustrates the donor or 

acceptor site serving as a pivot for multiple hydrogen bonds. Bifurcated hydrogen bond27 

exhibit bent or non-linear geometries, where one hydrogen atom interacts with two hydrogen 

bond acceptors, or conversely, two hydrogen atoms interact with one hydrogen bond acceptor 

site. Trifurcated hydrogen bonds have bent geometry, with one hydrogen atom or acceptor 

species interact with three hydrogen bond acceptors or donor respectively. The linear 

hydrogen bonds involving one hydrogen bond donor and one acceptor (Fig. 1.2a) are 

generally stronger than the respective similar counterparts in a bifurcated or trifurcated 

hydrogen bond. 

 

Figure 1.2: (a) Linear,  (b) bifurcated and (c)  trifurcated hydrogen bonds. 

 

The smallest intermolecular point of contact or non-covalent connection between two 

molecules inside supramolecular assemblies is called a synthon.28 Identifications of the 

synthons in a non-covalent assembly of a particular form of a compound also helps in 

distinguishing other forms of assemblies present in its cocrystals, polymorphs, and in 

related iso-structural structures. However, it is also important to have information on the 
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characteristics and energies of the synthons to plan for a predesigned non-covalent 

synthesis. Etter introduced Graph set notation to describe different hydrogen-bonded units 

found in non-covalent assemblies.29 The graph-set notations describe hydrogen bonds as 

 (where G as R  is for ring, G as D for discrete, G as C for chain, and  G as S for self- 

or intramolecular hydrogen-bonded systems. The total number of atoms (n) involved in 

hydrogen-bonded unit under description is shown within bracket, and the number of donors 

and acceptors in these assemblies are indicated as subscripts and superscripts after G. 

The π-interactions among aromatic molecules play a crucial role in self-assemblies.9 For 

simplicity, different π-interactions thorough face to face and edge to face arrangements 

between two benzene rings are shown in Fig. 1.3. In the face to face arrangements the 

rings are at parallel to each other, in eclipsing or translated positions. Perpendicular 

orientations result in C-H∙∙∙π interactions as shown in the edge to face interactions. More 

options for stacking arrangements arise among unsymmetrically substituted rings as well 

as in polyaromatic systems. The X-Hˑˑˑπ interactions (X = C, N, O etc.) contribute to 

stabilize conformers, guide quaternary structures and influence physiochemical properties, 

optical properties.  

 

Figure 1.3: Different types of π-interactions among two benzene rings 
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Though weak, C-H∙∙∙X play key roles in biology as well as guiding architectures of self-

assemblies.30 For example, two polymorphs of 1,3,5-trinitrobenzene has C-H∙∙∙O and C-H∙∙∙N 

interactions,31 that guided it to form dimeric or trimeric assemblies in distinguishable manner 

in the two polymorphs (Fig. 1.4). 

 

Figure 1.4: Two types of assemblies found in the polymorphs of 1,3,5-trinitrobenzene  

 

These examples have clearly shown the varieties of interactions in self-assemblies. The 

energies being different, each has its role in an assembly. Nevertheless, the hierarchical 

effects of these interactions can not be ignored, so as the interplay of weak interactions.  

1.3: Varieties in hydrogen-bonded assemblies 

The functional behavior of the biological system has direct or indirect implications of 

hydrogen bonds, and the field is too vast and is not in the direct reach of research work 

carried out in this thesis; hence only the self-assembling aspects of synthetic molecules are 

discussed here.  Most of the compounds that have both hydrogen bonding donors as well as 

acceptor sites form intermolecular hydrogen-bonded assemblies that are generally revealed 

through various spectroscopic techniques and diffraction techniques. The simplest examples 

of hydrogen-bonded assemblies are from hydrogen-bonded water molecules, dimers of 

carboxylic acids, etc. The impact of hydrogen bonds in those assemblies on the 

physiochemical properties is well documented in standard textbooks.  

In general, the hydrogen-bonded assembly of a compound possesses different cyclic 

arrangements, providing dimeric or higher assemblies. Such units are referred to as 

homomeric synthons when the constituents of the hydrogen-bonded units are from the same 

functional group. Thus, utilizing them in appropriate ways provides cocrystals, 

multicomponent crystals or robust 1D-2D structures.  For illustrations of homomeric 

synthons, a trimeric homo synthon and chain-arrangements through homo synthon are shown 

in Fig. 1.5. The first one is between two carboxylic acids through O-H‧‧‧O hydrogen bonds 
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and other one is between two diamino triazine molecules through N-H‧‧‧N bonds. Upon 

increasing monomeric units in an assembly, polymeric chains or cyclic assembled structures 

are formed.  

 

Figure 1.5: Examples of some homomeric synthons of (a) carboxylic acids, (b) diamino 

triazines, (c) pyrazole and (d) substituted urea. 

 

Alteration arrangement of molecules in an assembly modify physical properties, which are 

often seen in polymorphs. The changes in the hydrogen bonds bring about differences in 

properties such as solubility.32 and thermal stability33 from the original compounds. As an 

illustrative example, the two polymorphs of the 5,5-diethylbarbituric acid (1.3) display two 

types of hydrogen-bonded assemblies, namely, one having a linear chain-like structure and 

the other possessing square-grid structures34 (Fig. 1.6). In these polymorphs the molecules are 

differently arranged to provide the N-H···O hydrogen bonds either to remain as single chain 

or as two assembly of two chains.   
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Figure 1.6: The structure of 5,5-diethylbarbituric acid 1.3, 1.3a and 1.3b are self-assemblies 

of two polymorphs.  

Polymorphs of cocrystals differing in synthons, such as co-crystal of 4,4'-bipyridine with 4-

hydroxybenzoic acid are reported in literature.35 Both the polymorphs had O-H∙∙∙N and O-

H∙∙∙O hydrogen bonds but were with different synthons. The thermodynamically more stable 

polymorph referred to as 1.3a has the self-assembly driven by carboxylic acid-carboxylic 

acid synthons with R2
2(8) graph set notation. The other polymorph 1.3b is a kinetic product 

and has catemers of carboxylic acid held together through linear hydrogen bonds with C(9) 

graph set notation.  

 

Figure 1.7: Synthon polymorphs of co-crystal of 4,4'-bipyridine with 4-hydroxybenzoic acid. 

 

Multicomponent cocrystals, solvates and hydrates are cocrystals where the partner molecules 

are solvent molecules. They are of interest due to their availability and compositionally, form 

polymorphic forms with different properties. Water molecules are often observed in crystals 

and they are responsible to anchor multiple host units to provide multi-component 

assemblies. This happens as their presence in a lattice, increases the numbers of sites for the 

formation of hydrogen bonds or to allow the lattice water molecules to act as fillers. A large 

number of organic/inorganic molecules form solvates with varying amounts of solvent 

molecules, providing a series of solvates of the same or different solvent molecules (also 

called as pseudo-polymorph). It is a challenge to obtain porous structures through the de-

solvation of solvates from solvated/hydrated self-assemblies of flexible molecules. But, in 

many rigid frameworks, the structures upon de-solvation, porous skeletons are easily 

obtained. Solvate formation provides scopes to stabilise different structures with different 

solvents, where conformational adjustments of the host occur.36  

For example, tolbutamide is a urea-based drug; it shows two polymorphs (1.4a-1.4b),37, one 

having chair-like and other U-like geometry. They exhibited different conformations due to 
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the torsional freedom of the alkyl chain. Two flexible geometries were stabilized in the solid 

state by the interplay of weak interactions in a different manner.  

    

Figure. 1.8: Two different conformations in the two polymorphs of tolbutamide 

 

Co-crystals are among the well-studied hydrogen-bonded systems that are crystalline single-

phase materials made up of two or more components.38 They are composed of two or more 

different molecular and/or ionic compounds, generally in a stoichiometric ratio which are 

neither solvates nor simple salts.39 Co-crystals provide a means to regulate bio-availability, 

solubility/dissolution and physical stability. These properties are crucial for effective drug 

actions, leading to enhanced therapeutic outcomes.40 Furthermore, studies on pharmaceutical 

co-crystals offer innovative approaches to the formulation of drugs.   

Hydrogen-bonded organic frameworks are prepared by utilizing the directional 

intermolecular hydrogen bonds of different organic functional groups in polyfunctional 

compounds.41 Example 1.5, shown in Fig. 1.9, is a hydrogen-bonded organic framework 

constructed from the association of six molecules of a tricarboxylic acid 1,3,5-tris(4-

carboxyphenyl)benzene as repeated units to provide robust porous architecture.42 This 

framework has hydrogen bonds and π-stackings. It exhibits permanent porosity and has a 

BET surface area of 1095 m²g-¹ with ability to efficiently absorb gases such as N2, H2, and 

CO2.  
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Figure 1.9: Hexagonal geometry created in honeycomb assembly of 1,3,5-tris(4-

carboxyphenyl)benzene. 

For higher stability which is obtained electrostatically, hydrogen bond guides HOFs. The 

HOF 1.6 is such an example, built through hydrogen bonds between guanidinium cations and 

arenesulfonate anions.43 In this case, there are electrostatic interactions due to the counter 

ions, where the guanidinium cations provide six hydrogen bond donor sites, while three 

oxygen on the sulfonate anions serve as acceptor sites. The sulfones thus act as bridges to 

provide cyclic structures to form the HOF with hexagonal structural patterns. 

 

 

Figure 1.10: The Guanidinium cation, alkyl-sulfonate anion, and hexagonal hydrogen-

bonded units in the HOF 1.8. 

Acid-base properties controlling proton transfer remain as a limitation as there is no clear-cut 

conclusions to prepare an assembly with or without proton transfer when the Pka values of 

the host and guest are comparable.44 The compounds having predominant electrostatically 

non-covalent assemblies such as cations and anions form ion-pairs;45 form ladders or stacks 

of an infinite ionic lattice.  Step-by-step assembling of organo-ammonium halide molecules 
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generates supramolecular clusters (Fig. 1.11).46 In these examples, quaternary ammonium 

cations with large alkyl groups show packing similarity to that with neutral organic 

compounds.  

 

Figure 1.11: Assembling of ion pars of organo-ammonium cations from monomer to 

construct 3D structures.  

The free sites outside the principal coordination sphere of a metal complex may be utilized 

for ions or molecules outside the central coordination sphere; these supramolecular binding 

sites once utilized provide the second coordination sphere of a coordination complexs47a The 

hydrogen bond sites in second coordination sphere are utilized in various metalloenzymes.47b 

In synthetic complexes they are very pertinent, for example, cis-phosphine-based 

isonicotinamide platinum (II) complex 1.7 exhibited a linear chain-like arrangement due to 

hydrogen bonds among the free amide groups.48 On the other hand, analogous phosphine-

based palladium complex 1.8 with nicotinamide as co-ligand was also a cis complex, but with 

large dissimilarity in the amide-amide hydrogen bonds.49 The difference was that the 

isonicotinamide complex had conventional homomeric amide-amide synthon, but the 

nicotinamide based complex had crisscross hydrogen bonded homomeric synthon as shown 

in Fig 1.12 These highlight the role of directional hydrogen bonds in positional isomers as 

ligands to modify supramolecular assemblies. 
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Figure 1.12: Zig-zag and linear hydrogen-bonded chains of 1.7 platinum (II), 1.8 palladium 

(II) complexes. 

Self-assemblies of an inorganic complex with another complex of the same or different kinds 

of organic molecules undergo a modification of the intra or intermolecular interactions of the 

host molecules. These newly formed self-assemblies include different classes of 

Supramolecular systems, namely, inclusion complexes, coordination polymers and metal-

organic frameworks, each exhibiting its own characteristic shape, size and dimension.50 

Additionally, hydrogen-bonded self-assemblies of inorganic complexes offer the possibility 

of generating host systems featuring different network structures with different types of 

pores.51 

1.4: Halogen bonds  

Halogen bonds are another type of non-covalent interaction defined as halogen bond when 

there is an evidence of a net attractive interaction between an electrophilic region associated 

with a halogen atom in a molecular entity and a nucleophilic region in another, or the same, 

molecular entity.52 Conventionally, a halogen bond is denoted as R-X…Y, where (…) 

represents the halogen bond, and X and Y are halogen atoms. The R−X is a covalent bond 

acting as the halogen bond donor having an electrophilic region or a region with the potential 

for electrophilicity on its electrostatic potential surface. The Y acts as the halogen bond 

acceptor, encompassing anions, lone pairs, or a π-system. Halogen bonds exhibit energy 

ranging from 10 kJ/mol up to 150 kJ/mol. The halogen bond origin is due to σ-hole or π-hole 

interactions,53 arising due to an electron deficiency located on the outer lobe of a partially 

filled p orbital of a halogen atom engaged in a covalent bond. This electron deficiency leads 

to the formation of a region characterized by an elevated positive electrostatic potential, 

which allows the interactions with electron-rich acceptor entities. Due to their decreased 

electronegativity, the halogen atom down the period of the periodic table exhibits better 

effects of σ-hole and π-hole; that is halogen bonds generally follows the trend F < Cl < Br < 

I.  Desiraju and Parthasarathy categorized halogen bonds into two main types.54 The first 

type, Type I, involves symmetrical interactions where the angles θ1 and θ2 are approximately 
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equal whereas the second type, Type II, represents bent interactions where the angles θ1 ≈ 

180°, and θ2 ≈ 90°. Type II contacts are attractive halogen bonds, whereas all type I contacts 

are not necessarily to be considered as a true halogen bond. 

 

 

Figure 1.13: Commonly observed halogen-bond geometries involve halogen atoms (X) 

forming interactions with Lewis bases (D), where X = halogen, R = C, N, O, halogen, and D = 

Lewis bases that are neutral (N, O, S, Se etc.) or anionic (Cl−, Br−, I− etc.). 

For example, the co-crystals of 2-aminopyrazine and 1,4-diiodo-tetrafluorobenzene,55 1.9-1.11 

each have a dimensional architecture formed through hydrogen bonds and halogen bonds. In this 

case, the assembly has N∙∙∙I bond, and due to the hierarchical effect as well as electronic factors, 

the rest of the halogen atoms are not involved in halogen bonds.  

 

Figure 1.14: One-dimensional architecture of three co-crystal by halogen bonding as well as 

hydrogen bonding.  

The differences in halogen bonds in a scheme of interactions of the packing pattern of a 

compound result in polymorphic structures. For example, compound 1.12 forms concurrent 

polymorphs that have different halogen bonds in the respective packing patterns as illustrated 

in Fig 1.15.56. The one having C-Br…O-C interactions was less stable and transformed easily 

upon heating to the other form, which has the assembly guided by the C-Br…O=C 

interactions.  
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     1.12b 

 1.12a 

 

Figure 1.15: The line drawing of the compound 1.12 and self-assemblies of the two 

polymorphs having different halogen bonds  

 

The halogen bonds have contributed to understand intrinsic structural properties and in 

various subject areas such as crystal engineering,57 medicinal chemistry,58 anion receptors,59 

organic catalysis,60 conductive and magnetic materials,61 self-healing materials,62 novel 

optoelectronics,63 porous solids,64 and molecular machines,65 they have shown potential roles. 

1.5: Salient aspects of urea/thiourea derivatives for Supramolecular chemistry 

The urea is the well-studied organic compound since 1828;66,67 urea itself as well as their 

derivatives find utility in supramolecular chemistry,68 agrochemicals69 and materials science, 

where they serve as key components in drug development.70 The self-assembly of urea and 

thiourea derivatives through non-covalent interactions is a captivating field of exploration 

within supramolecular chemistry and materials science.71-72 Beside these, the thiourea and 

derivatives are the sulfur-based counterparts of urea derivatives have parallel chemistry with 

differences arising from the difference in having an S-atom instead of an O-atom in their 

structures offer a distinct chemical landscape and are also known for their strong hydrogen-

bonded assemblies find applications in chemical transformations, especially in 

organocatalysis.73 Urea and thiourea have efficacy as antibacterial,74-75 antimicrobial,76 

antifungal,77 anti-inflammatory,78-79 and anti-cancer agents.80-81 
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Some examples of widely used urea and thiourea-based medicines are listed in Fig. 1.16. 

Benzimidazole urea 1.13-1.15 serve as dual-targeting drugs to block the function of gyrase 

and topoisomerase IV's ATPase.82-84 Urea derivative 1.16-1.18 has antimalarial potency.85-87 

The urea derivatives 1.19-1.21,88-90 are anticancer agents. 
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Figure 1.16: Chemical structures of selected urea and thiourea compounds used as 

chemotherapeutic agents. 

This list of selective compounds makes it clear that the interactions of these in biological 

systems requires adequate analysis and such studies would result in new drug discovery and 

also the possible to make these in modulated applied pharmaceutical ingredients.91-92 

Accordingly, urea and thiourea are widely recognized for their ability to create numerous 

stable hydrogen bonds and also their interactions with biological molecules, such as with 

amino acid residues within the active sites of enzymes and receptors. The structural 

difference in functional groups and structural differences in the isomeric forms of thiourea-
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based compounds make a difference in their cytotoxicity. For example, compound 1.22 

shows superior anti-cancer, antimalarial, and antimicrobial activities over 1.23 (Fig 1.17).93    

 

Figure 1.17: Two positional isomers that show anti-cancer activities. 

The Ru(II)-arene complexes 1.24 and 1.25 containing acyl-thiourea coligands,94 (Fig. 1.18) 

show cytotoxicity in human lung cell lines A549 and MRC-5. The Ru(II)-arene complexes, 

1.24 having neutral acyl thiourea and chloride in coordination sphere demonstrated the higher 

cytotoxicity than the one having anionic acyl thiourea and without a chloride ion. Both the 

complex showed cytotoxicity, each having different binding behavior from the same set of 

ligands. It was shown that the role of the part containing Ru-Cl bonds in cytotoxicity was less 

prominent than the effects from the ligand part. 

 

 

Figure 1.18: Ru(II)-arene complexes containing acyl thiourea ligands. 

1.6: Self-assemblies of urea and thiourea derivatives 

Urea and thiourea themselves form channel-like structures and form different clathrates.95 

Urea and thiourea derivatives possess hydrogen C=O/S as bond acceptor and also have two 

N-H as hydrogen bond donors. They may adopt any of the four distinct conformations, 

namely anti/anti, anti/syn, syn/anti and syn/syn conformation; these conformations play a 

pivotal role in guiding the formation of various self-assemblies as depicted in Scheme 1.3.96-

100 In syn conformation, S/O=C-N-H dihedral angle is close to 180° and in anti-conformation, 

S/O=C-N-H dihedral angle is close to 0°. Thus, self-assembly of urea/thiourea derivatives 

have far-reaching implications to organize into well-defined non-covalent assemblies. 
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(a) 

 

                                          (b) 

 

Scheme 1.3: Illustration of (a) four different geometries of urea and thiourea and (b) their 

selected self-assemblies. 

A series of meta-substituted bis-thiourea derivatives 1.26a-1.30d101 showed diverse self-

assembly by adopting different conformations such as syn-anti and anti-anti arrangements, as 

depicted in Fig. 1.19.  Three distinct types of self-assembly among these bis-thiourea 

compounds includes complete cyclic dimers (Figure 1.19b), incomplete cyclic dimers (Figure 

1.19c), and extended hydrogen-bonded network structures (Figure 1.19-g). The compounds 

1.30a-c formed dimeric self-assemblies from the anti-anti conformation of thiourea moieties 

(Fig. 1.19b). Compound 1.30b had dimer of dimers, and displayed incomplete dimeric self-

assemblies. The compounds exhibiting incomplete cyclic self-assemblies or the absence of 

cyclic dimeric arrangements were specifically those containing one or two syn/anti 

conformations. The self-assemblies of compounds 1.28a-1.29a exhibit geometries 

categorized as type 1, 1.26a exhibit type 2, and 1; examples provide a glimpse on the 

structural diversity and self-assembly behaviors of thiourea compounds. 
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(a) 

    

   Figure 1.19: Different types of sub-assembled units within an assembly of urea derivatives 

 

The carboxylic acid derived urea derivative 1.31102 ligand and also its coordination polymers 

1.32 and 1.33 exhibited anti-anti conformation. But it adopted syn-anti conformation in 

sodium complex (1.34).  

 

Figure 1.20: Stabilization of different conformers of a urea carboxylic acid   
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Urea tapes refers to the intermolecular bifurcated hydrogen bonded units formed between two 

urea units. They influence the architecture of an assembly. For example self-assembling of 

urea-derivatives in a head-to-tail, in oligo(p-phenylene vinylene) urea, provide well-defined 

tape-like supramolecular nanofibers and fluorescent organogels.103 The cooperative hydrogen 

bonding, π-stacking and van der Waals interactions between the interactive units situated on 

both sides of these building blocks contributes to the overall assembly (1.36). 

 

(a) 

 

 

(b) 

Figure 1.21: Structures of two bis-urea derivatives 1.35 that self-assemble through head to 

head arrangements of urea (1.36). 

Non-covalently linked ureido macrocycles 1.37 nanotubes characterized by a distinctive 

columnar structure and a prominent central cavity as shown in Fig. 1.22.104-105 This organized 

assembly was facilitated by intermolecular hydrogen bonds and edge-to-face π-stacks. Within 

the tubular aggregates, the ureidocarbonyl groups were aligned parallelly but in opposite 
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directions. The specific configuration of the ureido groups played a crucial role to provide the 

nanotube like structure. The assembly adsorbed a diverse range of molecules within their 

cavities.  

 

Figure 1.22: Self-assembly of macrocyclic ureido compound to provide nanotube like 

structure. 

Supramolecular self-assembly formed by quadruple hydrogen bonds such as in 1.38, results 

in assemblies that have higher thermal stability.106 Studies carried out from solution of the 

compound in various solvents at various concentrations have shown its stability as 

supramolecular polymeric entity; for example, at higher concentrations of 1.38, the N-H 

proton of the urea moiety exhibited a downfield shift in chemical shift, suggesting its 

hydrogen-bonded aggregate in solution. Additionally, the alkylidene protons were appeared 

at upfield chemical shift positions, indicating interactions with the aromatic unit.  

 

(a) 

Figure 1.23: Example of a quadruple hydrogen bonded dimer 
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Meijer and coworkers reported dimers of 2-ureido-4-pyrimidinone 1.39 having quadruple 

hydrogen bonds as illustrated in Fig. 1.24.107-108 This dimerized product formation 

equilibrium has high association constant (Kdim > 10-7 M-1) accordingly exhibits physical 

properties similar to those of conventional polymers held together by covalent bond. The 

viscosity of this self-assembled supramolecular polymer is highly dependent on the 

concentration and temperature.  

 

Figure 1.24:  A Supramolecular polymer formed by quadruple hydrogen bonds 

 

Self-assemblies of urea and related compounds have provided examples for study of 

conformational polymorphs, for example, a thiourea based anti-tubercular drug isoxyl has 

two forms, namely form 1 (1.40) and form 2 (1.41).109 Polymorph 1.40, has the thiourea part 

adopting a syn-anti orientation, while the polymorph 1.41, assumes an anti-anti orientation. 

Polymorph 1.40 has hydrogen-bonded dimers, as illustrated in 1.40a, while the self-assembly 

of polymorph 1.41 has the thiourea tape, depicted in 1.41a. Form 1 was stable up to 91.7°C, 

while form 2 was stable till its melting point at 142.7°C. The form 1, upon heating beyond 

91.7°C underwent a phase change, transforming into form 2. There was a residual part while 

preparing solution of the form 2, upon analysis of this by powder X-ray diffraction study, 

showed it be form 1, while the undissolved part of form 1 remained unchanged. 
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Figure 1.25: The structure of the two polymorphs isoxyl and their assemblies.  

 

The formation of cocrystals of urea-based drug molecules, for example, Lenvatinib, has 

significantly affected the solubility of the original component.110 A noteworthy improvements 

in solubility when compared to the parent lenvatinib was observed in the co-crystal of 

lenvatinib with salicylic acid. There was a 120-fold increase in solubility compared to the 

lenvatinib. Similarly, the co-crystal of lenvatinib with sulfamerazine exhibited a substantial 

2.25-fold enhancement in solubility when compared to the pure lenvatinib drug. 

      

                                                                                 1.42                                    1.43 

Figure 1.26: Co-crystal formation of lenvatinib with sulfamerazine and salicylic acid.  

1.7: Anion assisted self-assembly of urea and thiourea derivatives 

Depending on the shape and binding sites, an anion may guide the orientation of a suitably 

designed host urea derivative resulting molecular switches. Haley and coworkers reported a 

supramolecular bis-urea 1.44 featuring a bipyridine moiety.111 This molecule exhibits 

independent binding behavior with halide and oxy-anions to provide different geometries in 
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the salts. Hence had a molecular switching capability upon correct choice of the anion such as 

chloride, bromide, iodide, dihydrogen phosphate, and hydrogen sulfate ion to stabilize a 

particular form. The binding of the receptor with these anions follows the order H2PO4 
- > 

OAc- > HSO4
- = Cl- > Br- ~ NO3

- > I-. The high affinity of the compound towards 

dihydrogenphosphate was attributed to the formation of a greater number of hydrogen bonds 

with the receptor, and a proton transfer occurring between the anion and the pyridine nitrogen 

of the receptor. The distinction in the conformations in presence of oxo-anions and halides, 

were analyzed by 1H-NMR titrations. The tetrabutylammonium halide led to a shift in the N-

H of the urea and the aryl Csp
2-H resonance situated on the bipyridine unit, confirming the 

involvement of Csp2-H in hydrogen bonding with halide guests. Conversely, with oxo-anion, 

the chemical shift of the Csp
2-H aryl proton was not notably affected, indicating that Csp

2-H 

did not take part in hydrogen bonding. Based on the chemical shifts of these protons and 

density functional theory calculations, a Z- conformer 1.44c for halide anions, whereas, for 

and U (1.44a) or S (1.44b) conformer for oxo-anions were proposed. 

 

Figure 1.27: Bipyridine based bis-urea receptor binding to different anions. 

 

The receptor 1.45 derived is a urea functionalized iso-quinoline forms platinum complex;112 

the complex had showed distinct interactions with halides and oxo anions (Fig 1.28). It 

exhibited a 1:2 binding ratio with halides and a 1:1 binding ratio with oxo anions. The four 

urea groups were engaged with a single anion providing a cone-shaped arrangement (1:1 
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binding) with oxyanions or, with halides, the urea groups were in an alternating manner (1:2 

binding). At higher concentrations of chloride, bromide or iodide, it adopted a 1:2 alternate 

binding of 1.45a, while with dihydrogen phosphate and sulfate anion 1:1 cone-shaped 

configuration of 1.45b was observed. The conformation of the organic part in the complexes 

was validated both in solution through 1H-NMR and in solid-state using X-ray 

crystallography. Importantly, the association constants for dihydrogen phosphate and sulfate 

anions were found to be higher than those for the chloride, bromide and iodide 

 

Figure 1.28: Iso-quinoline based urea receptor bound to halide and oxo anions. 

 

Bis-urea 1.46, 2,6-bis(2-anilinoethynyl)pyridine113 upon protonation of pyridine group bind 

anions. 1.46a, the receptor displayed a significantly enhanced anion binding affinity, 

substantiated by a binding constant that exceeded that of the neutral form by an order of 

magnitude. The salts of a series of thiourea 2-pyridyl-phenyl thiourea had intramolecular 

hydrogen bonds providing an anti-anti conformation of the N-H bond with respect to the C=S 

bond (1.47a). The protonated species of the receptor had an altogether different orientation, 

due to this, it had different binding selectivity toward different anions 
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Figure 1.29: Pyridyl based bis-urea receptor 

 

The neutral thiourea 1.47 was in anti-syn conformation, had selectivity to bind with acetate 

anions than bromide and chloride ions. When protonated, the compound had better affinity 

for bromide and chloride ions but it underwent deprotonation in the presence of acetate ions 

and reverting to its geometry that was associated with the neutral state.114 

 

 

Figure 1.30: Triggering of intramolecular hydrogen bonded syn-anti conformers of thiourea 

and urea receptors to anti-anti form by anion binding. 
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In its neutral form, the compound 1.48, originating from 1-(5-Methylthiazol-2-yl)-3-

phenylthiourea, displays an anti-syn conformation.115 This conformation is mainly attributed 

to a strong hydrogen bond formation between the N-H group of the thiourea and the N atom 

within the thiazole moiety (Fig. 1.31). However, this strong interaction was disrupted upon 

the introduction of acidic compounds such as HBr, HCl, HNO3, HClO4, and H3PO4. As a 

result, the anti-syn conformation of the neutral form transitioned into anti-anti conformation 

1.48a. Similar change upon anion binding properties, was observed in the intramolecular 

hydrogen bonded urea derivative 1.49116. In its neutral state, this compound emitted light at a 

wavelength of 356 nm when excited at 321 nm and adopted an anti-syn conformation. 

However, upon protonation with a strong acid like CF3COOH, the hydrogen bond between 

the urea and pyridyl group was disrupted. This disruption led to a conformational change 

from an anti-syn to anti-anti conformation 1.49a, resulting in a shift in the emitted light to a 

longer wavelength (λem = 420 nm).  

 

Figure 1.31: 2,6-pyridinedicarboxylamide based bis-urea receptor in recognition of fluoride 

ion. 

The bis-urea derivative 1.50 has 2,6-substituted pyridinediamide moieties,117 show distinct 

response binding to fluoride ions as compared to other halides (chloride, bromide, and 

iodide). In the presence of a fluoride ion it showed a notable conformational alteration from 

anti-syn geometry to anti-anti geometry 1.50a. This behavior was attributed to the selective 

compatibility of the molecular cavity of the bis-urea receptor, to accommodate a fluoride ion 

to the other halides. 

 

    

                                                        1.51a 
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                                                                                                  1.51b 

   

                                                                                                   1.51c 

  

                                                                                                             1.51d 

Figure 1.32: Formation of super gelators silver complex 

 

Grepioni and his team conducted research on the exploration of supramolecular gels 

employing a silver(I) super-gelator complex that includes 1-phenyl-3-(quinolin-5-yl)urea 

(1.51) as a crucial component118. Their research reveals that these gel structures obtained in 

open vials display temperature-dependent transition, shifting from a gel state to a solution 

state. Importantly, when subjected to crystallization in sealed containers using different 

gelling solvents such as ethanol, methanol, and isopropanol, these gels yielded distinct crystal 

forms known as polymorphs. Specifically, they obtained four unique polymorphic 

modifications labelled as Form I to Form IV. Forms I to III share structural similarities, 

characterized by a lack of coordination between the nitrate anion and the silver metal. In 

contrast, Form IV exhibits a distinctive feature where the oxygen atom of the nitrate anion 

directly binds to the silver metal. This research provided insights into the effectiveness of 

gels as a promising method for creating new crystal structures, emphasizing the critical role 

of polymorphism in the field of solid-state chemistry. 
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1.8: Consequences of anion binding by urea/thiourea based receptors in detections 

Membrane transport of anions is a fundamental process in biology and plays a pivotal role in 

various cellular functions, including osmotic regulation, signal transduction, and the 

movement of important molecules like chloride ions,119 hence the anion detections is a very 

important topic.120-121 Photoluminescence and colorimetry detection and identification of 

anions122 takes advantage of specific binding of ions through supramolecular interactions. 

Urea and thiourea derivatives have emerged as pivotal components in the realm of anion 

sensing, a crucial field within analytical chemistry.123 Their hydrogen bonding capabilities, 

have proven to be exceptional receptors for specific anions. Through hydrogen bonding 

interactions, they selectively and sensitively bind with anions, inducing changes in their 

physical and chemical properties. This ability additionally provides insight into phenomena 

related to anions and advances a wide range of scientific fields. The chromophoric segment 

of urea and thiourea receptors often serves as the signaling component. The formation of 

hydrogen bonding complex of receptors with anions and the process of deprotonation of these 

receptors is significantly affected by the basicity of anions and acidity of N-H protons.124 It is 

important to note that the N-H bonds in thiourea are more acidic than the N-H bonds in urea. 

For example in the urea compound 1.52 has lower acidity than the corresponding thiourea 

compound 1.53,125 due to which they have different anion sensing abilities for acetate. For 

example, the urea derivative form hydrogen bonded species with acetate anion, whereas the 

thiourea gets deprotonated by acetate anion. 

 

Figure 1.33: Urea and thiourea derivative 

 

The urea based bis-naphthalimide receptor 1.54 upon interactions with two equivalents of 

fluoride or hydroxide in dimethylsulfoxide (DMSO) solution showed changes in the 

absorption spectra.126 Specifically, the intensity of the absorption band of the parent 

compound at 400 nm was decreased, and a new absorption band at 540 nm emerged. These 

alterations likely result from the deprotonation of one of the N-H bonds within the urea 

group, leading to the formation of stable monoanionic species. A solution of 1.54 

dimethylsulfoxide turns brown to red upon addition of limited amounts of fluoride or acetate 
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ions, due to deprotonation of the N-H of urea segment (due to the formation of 1.54a), 

whereas, beyond a particular concentration, the same solution turns red to blue, upon addition 

of an excess amounts of fluoride or hydroxide ions due to formation of 1.54b by di-

deprotonation as depicted in the Fig. 1.34.  

 

Figure 1.34: Stepwise binding of anions with a urea derive naphthalimide sensor. 

Fluorescence quenching through the mechanism of photoinduced electron transfer 

(abbreviated as PET) is a common approach in optical sensing of anions. Gunnlaugsson and 

their team pioneered the investigation of anion sensing through PET quenching, utilizing a 

thiourea compound with an urea functionalized anthracene-based fluorophore 1.55.127 

Various anions such as fluoride, chloride, bromide, acetate, and dihydrogen phosphate caused 

fluorescence quenching. Upon binding with anions, the enhancement of electron transfer 

from the highest occupied molecular orbital (HOMO) of the receptor-anion complex to the 

excited state of the fluorophore (anthracene) becomes a more competitive process. This 

increased competitiveness, led to the quenching or "switching off" of fluorescence emission. 

This quenching effect was particularly more pronounced in the presence of fluoride as 

compared to other anions like chloride, bromide and iodide. This was due to its smaller size 

and higher basicity of fluoride ion, and it has better binding with the receptor, resulting in 

more efficient quenching.  
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Figure 1.35: Thiourea derived anthracene-based florescence sensor. 

 

Gunnlaugsson and coworkers also synthesized thiourea-based naphthalimide anion sensors, 

designated as 1.30a and 1.30b.128 These compounds exhibit the ability to form 1:1 complex 

with fluoride, acetate, and dihydrogenphosphate anions. Upon the addition of specific anions, 

the compounds underwent a noticeable color transformation from light yellow to deep purple. 

On the other hand, in DMSO solvent, these compounds displayed green emission at 525 nm. 

However, the introduction of anions led to the quenching of this emission. Notably, fluoride 

exhibits a higher quenching effect compared to other anions. In contrast, chloride and 

bromide do not induce any observable changes upon addition to 1.56a and 1.56b, possibly 

attributable to their larger size and lower charge density. Receptor 1.57 was capable of 

forming a 1:1 stoichiometric salt with dihydrogen phosphate anion.129 The assembly of salt 

was established through hydrogen bonds, with the involvement of naphthalimide N-H and 

thiourea N-H groups interacting with the oxygen atoms of the anion. Receptor 1.57 

underwent further modification to prepare new sensors, denoted as 1.58a and 1.58b.130 The 

assessment of the compound’s anion-binding capabilities with dihydrogen phosphate and 

acetate anions involved monitoring changes in the 1H-NMR and fluorescence spectra of 

1.58a and 1.58b in the presence of these anion. 

 

Figure 1.36: Thiourea based naphthalimide as fluorescent receptors 
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There are many examples having different chromophore/fluorophore anchored to 

urea/thiourea units. One such colorimetric and florescence chemo sensors quinine derivative 

1.59 containing two anion binding sites is shown in Fig. 1.37. It showed response towards 

dihydrogen phosphate, acetate and fluoride ion via photoinduced electron transfer (PET) and 

intramolecular charge transfer (ICT) mechanisms.131 The fluoride and acetate ions at low 

concentrations formed hydrogen bonds with the thiourea part of the receptor. 

 

Figure 1.37: A chemo sensor of thiourea-derived quinine. 

This led to the quenching of fluorescence due to photoinduced electron transfer. At higher 

concentrations of fluoride and acetate ions, deprotonation of the amino group of the 

acridinedione took place, but the N-H of thiourea moiety remained unchanged. Consequently, 

there was an increase in the charge-density on the donor group. This caused intramolecular 

charge-transfer, led to an increase in fluorescence intensity.  

The above discussions have suggested the role of urea/thiourea part in detections of anions by 

(a) providing binding sites, (b) getting deprotonated, and (c) by influencing the mechanism of 

emission process by electronic effect. Hence the steric and electronic aspects are being 

studied in developing new sensors based on those principles.  

1.9: The thiourea in cation binding 

The thiophilic heavy toxic metals, such as lead, mercury, and cadmium, and other transition 

metal ion that contribute to toxicity in the environment,132 thiourea derivatives are well 

known to provide binding sites to them during optical detection of those ions.133   Thiourea-

based compounds 1.60a and 1.60b are specific fluorescent chemo sensors for the detection of 

Hg2+ in aqueous solutions134 The fluorescence emissions of these compounds are poor as they 

are in  quenched state due to PET occurring from the thiourea group to the naphthalamide 

group. When these compounds form complexes with Hg2+, the PET process gets suppressed, 

leading to a remarkable enhancement in their fluorescence emission (Figure 1.38). 
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Figure 1.38: Fluorescence switching of 1.60a and 1.60b upon complexation with Hg2+. 

 

The tetra-2-pyridylthiocarbazone-based fluorescence sensor 1.61, detects mercury ions in an 

aqueous medium.135 Compound 1.61 exhibited an absorption peak at 345 nm, but in the 

presence of mercury nitrate, this peak was shifted to 395 nm. During a fluorescence titration 

of this compound with mercury (II) ions, weak fluorescence intensity of the compound at 530 

nm was significantly increased. Furthermore, a new peak emerged at approximately 635 nm, 

featuring a 100-fold increase in integrated emission. Upon titration with other metal ions, the 

compound did not exhibit a significant absorption or emission spectral changes. The process 

was due to selective cyclization and desulfurization reactions caused by mercury leading to a 

formation of compound 1.62, which other ions did not do, the compound 1.62 is highly 

emissive. Similar cyclisation reaction caused in the receptor 1.63 enables selective detection 

of mercury ions.136 In this example also, other metal ions did not influence the fluorescence 

intensity. 

 

Figure 1.39: Cyclization and desulfurization by mercury metal ion in its detection. 

 

The compound 1.65 has electron-rich methoxy group underwent cyclization in the 

presence of copper ions, in contrast to the compound 1.67 that has an electron 

withdrawing nitro group, latter did not undergo cyclization reaction.137 The UV 
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absorption peaks of compound 1.65 and 1.67 were at 280 nm and 275 nm, respectively. 

However, upon the addition of copper nitrate salt, these peaks of the compounds 

underwent a significant shift to 299 nm and 345 nm, respectively. This shift in UV 

absorption spectra indicated the formation of new heterocyclic compound 1.66 and 

copper complexes 1.68 as a result of the interaction with copper ions. When other first-

row transition metal ions were added, only marginal changes were observed in these 

absorption bands.  

 

Figure 1.40: Cyclisation and metal complex formation by copper metal ion. 

These are certain selective examples where the thiourea and related compounds binding or 

chemical reactivity has enabled us to serve as sensors. But there are many examples of based 

on similar principles and are used in metal ion sensing, primarily the urea/thiourea based 

receptors serves as anchoring template or undergoes changes to influence the chromophores 

or a fluorophore part in optical sensing.    

1.10: Scope of this work 

The emergence of new pharmaceuticals,135 agrochemicals,136 and pigments,137 based on urea 

derivatives have provided wide scopes to study the various urea-based compounds. For 

example, in medicinal chemistry bioavailability, stability, polymorphs and cocrystals have 

high priority. The conformation aspects, chiral inductions guiding recognitions and enhancing 

active components in a drug formulation has been of great priority. Furthermore, studying of 

interactions of drug related molecules with solvents and toxic molecules are of importance to 

regulate their toxicity. Various non-covalent assemblies138 including assemblies of ionic 

organic compounds in the form of ionic cocrystals or as salts have provided unusual packing 

patterns. Due to large interest in design of assemblies139 related to biomolecules and wide-
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spread features associated with weak interactions,140 our interest has been to study the self-

assembling properties of urea and thiourea derived compounds by having additional function 

units for hydrogen bonds. Addition of such functional units will diversify the scopes to have 

extended hydrogen bonds to create larger sizes of sub-assemblies, to in turn to recognize or 

bind guest/s in different ways. As the sulpha-drugs have large scopes to modify and diverse 

Supramolecular features, we have studied here sulpha-drugs derived urea to understand their 

assembling properties making impacts on physical and chemical properties. This would also 

provide an assessment on the role of sulphonamide units influencing the original assembly of 

the urea or thiourea without the sulphonamide part. The weak interactions of thiourea derived 

molecules have high impacts in specific detection of toxic ions. We have taken up a study so 

as to stabilize isomers across the thiolate form of urea derivative in metal complex and to 

stabilize conformational isomers. Conformational adjustments are routinely studied in 

solvates and polymorphs,36 thus, more researches, to stabilize conformers in solid as well as 

solution from different conformations has definite interest. There are also limited studies on 

conformational isomers of metal complexes, hence, the present study has been able to 

provide examples required to clear the possibilities in such isomerism.  
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Chapter 2 
 

Self-assemblies of Solvates, Ionic-crystals and Salt of 4-{[(4-Nitrophenyl)- 

carbamoyl]amino}-N-(pyrimidin-2-yl)benzene-1-sulfonamide 

2.1: Introduction 

As described in the introduction chapter, urea-derived molecules have wide ranges of 

applications. Realising such a necessity, a new host system having a urea part covalently 

linked to a drug component, namely a urea-derived sulfadiazine drug 4-{[(4-

nitrophenyl)carbamoyl]amino}-N-(pyrimidin-2-yl)benzene-1-sulfonamide (2.1) has been 

designed, and its supramolecular aspects are presented in this chapter. This host molecule 

possesses multiple supramolecular binding sites based on the drug sulfadiazine and 

nitrophenyl urea units (Fig. 2.1). There is a vast literature on the self-assemblies where 

functional units, such as enamine, sulphonamide and urea contribute as key hydrogen 

bonding components.1, 2 Hence, the host 2.1 has scopes to design different cocrystals and 

multicomponent assemblies by capitalizing on the hydrogen bonding abilities of the 

N=C−NH, nitrophenyl-urea and sulphonamide parts of its structural skeleton. To illustrate the 

supramolecular aspects of this selected host molecule, some of the probable hydrogen-bonded 

homomeric and heteromeric synthons originating from the host are illustrated in the A-F of 

Fig. 2.1.  The hydrogen-bonded synthons of imine or amine forms or from different types of 

urea-O=X (X = C, S etc.) interactions differ by very small energies.3,4 Notably, solvates of 

sulfadiazine exist in either amine or imine form, a phenomenon extensively explored in 

literature,5-8 and their formation in a particular form was guided by environment and 

crystallisation conditions. Hence, the formation or availability of any of such synthons within 

an assembly would be controlled by subtle effects originating from electronic, steric and 

environmental factors. Hence, the solvent used for crystallization, crystallization conditions, 

nature of a guest molecule, and effect of functional groups will be reflected in non-covalent 

assemblies of the host. The compound 2.1 also features an intervening −SO2− group that 

would have a control on the overall geometry of this host molecule within a self-assembly. 
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Figure 2.1: Structure of 2.1, some hydrogen-bonded synthons (A-F). 

 

Having the 4-nitrophenyl chromophore in the compound would not only influence the weak 

interactions but also provide a means to study the changes in absorptions resulting from a 

recognition of a substrate by the host. The formation of complementary hydrogen bonds or 

selective deprotonation of the N−H bond of the urea moiety would influence the electronic 

levels of the 4-nitrophenyl urea group to cause a signal transduction. On the other hand, it is 

imperative to gain a comprehensive understanding of the several aspects stemming from the 

interactions between ionic organic compounds to prepare ionic cocrystals.  For example, 

cocrystals of the host with ionic organic salt such as tetraalkylammonium halides would 

provide avenues to investigate: (a) ionic cocrystals, (b) systematic structural aspects on halide 

urea interactions, (c) assembling pattern of a series of structures of ionic cocrystals, (d) the 

physiochemical properties and reactivity of the ionic cocrystals, and (e) design aspects of 
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crystal engineering for broader ramifications in drug design. Keeping these points in mind, a 

systematic study on 2.1 is presented.  

2.2: Synthesis and characterization of the DMF solvates 2.1.1 and 2.1.2 

The sulfadiazine-urea derivative 2.1 was synthesized through a condensation reaction 

involving 4-nitrophenyl isocyanate and sulfadiazine. The crystallization of a solution of the 

compound in dimethyl formamide (DMF) at room temperature resulted in the formation of 

the 1:1 DMF solvate, denoted as 2.1.1. When the solution of the compound in DMF was 

heated at 80 °C and followed by a slow evaporation at room temperature, yielded crystals of a 

1:2 solvate with DMF, it is designated as 2.1.2. The characterization of the solvated and un-

solvated forms of the compound was carried out by different spectroscopic methods, 

including 1HNMR, infrared spectroscopy, as well as by single-crystal X-ray structure 

determination and powder-X-ray diffraction technique. 

 

Figure 2.2: 1HNMR (600 MHz, DMSO-d6) spectra of the host 2.1. 

 

The 1HNMR spectra of 2.1 is shown in Fig. 2.2. The compound showed the aromatic peaks 

designated as d and e at 7.92 and 7.65 ppm, respectively, whereas the proton f and g appeared 

at 7.92 and 8.20-8.22 ppm, respectively. The peak labelled as a and b appeared at 7.05 and 

8.51 ppm. The chemical shifts of the two protons of the urea portion of the 2.1 were observed 

at 9.55 and 9.35 ppm.  The N-H of the diazine part appeared at 11.64 ppm. On the other hand, 

the 1HNMR spectra of the two solvates (2.1.1 and 2.1.2), exhibited those peaks but showed 

additional peaks for the DMF solvent molecules of crystallization each with appropriate 

integration. The integrations of the NMR signals corresponding to DMF protons indicated 

them to identify as the 1:1 or 1: 2 solvate of DMF (Fig A2.2 and Fig. A2.4). In the solvates 
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the N-methyl groups displayed signals at 2.89 and 2.73 ppm in both the solvates, while the 

C−H groups of the DMF molecule was observed at 7.95 ppm.   

2.3: Structural descriptions of the two solvates 2.1.1 and 2.1.2 

The structures of both the solvates were determined by single-crystal X-ray diffraction 

analysis. The crystals of the 2.1.1 belonged to the triclinic P  space group with Z = 2. In the 

structure, it was found that each 2.1 was bound to the DMF molecule through the hydrogen 

bonds involving the N-H bonds of the urea portion of the molecule. The self-assembly of this 

solvate had hydrogen-bonded homo-dimeric amine-amine synthons of the type shown as A of 

Fig. 2.1a. 

  

                                                 (a)                                                             (b) 

 

 

(c) 

Figure 2.3: (a) Hydrogen bonds homodimers between the diazine rings found from the 

crystal structure of   2.1.1, (b) dimers through C−H···O interactions and (c) π-stacking 

facilitating formation of layers in the self-assembly of 2.1.1. 

The hydrogen-bonded homodimers were formed by two N4−H···N6 hydrogen bonds (dD···A, 

2.918 Å; ∠D−H···A, 174°), represented by R2
2(8) graph set notation9-10 (Fig. 2.3a). The self-

assembly of the solvate also involves intermolecular C−H···O interactions, wherein an 

oxygen atom of the nitro group interacted with a C−H bond of the nitrophenyl ring belonging 

to another host molecule (Fig. 2.3b). This interaction served as supportive hydrogen bonds to 

stabilise the homodimers formed by a diazine−diazine homo-synthon. It also locks the free 

spatial change of the rest part of the molecule. In order to ascertain imine or amine form of 

TH-3407_186122013



Chapter 2  
 

 

55 

 

 

the diazine-sulphonamide part present in the host molecules in the assembly of the 2.1.1, 

different C-N bond parameters of the diazine part were examined and these are listed in Table 

2.1. It was found that the C14-N4 bond distance in 2.1.1 was 1.375(4) Å, and this distance in 

2.1.2 was 1.375(4) Å, whereas respective C14-N5 bond distances were 1.322(4) Å and 

1.319(5) Å. These bond distances fit for sp2-sp2 bonds and suggested a delocalised state of 

amine and imine forms in the ring. 

Table 2.1: Selected bond and contact distances involving the diazine part of the two DMF 

solvates of 2.1  

 

Bonds Bond –

distance (Å) 

Bond –

distance (Å) 

  

 

2.1.2 

(1:2) 

 

2.1.1 

(1:1) 

S1-O4  

S1-O5  

S1-N4  
N4-C14  

N5-C15  
N5-C14  

N6-C14  

N6-C17  

N5---O4 

1.423(2) 

1.431(3) 

1.636(3) 
1.375(4) 

1.326(5) 
1.322(4) 

1.329(3) 

1.323(6) 
3.018 

1.424(3) 

1.439(3) 

1.644(4) 
1.383(5) 

1.333(5) 
1.319(5) 

1.347(5) 

1.335(5) 
3.011  

 

Thus, two different types of homo-dimeric synthons, as illustrated in Fig. 2.3a and 2.3b, 

contributed to the overall self-assembly of 2.1. As from the free-riding model in X-ray 

crystallography, we could locate the hydrogen atom on the N-H next to the S atom; the amine 

form of the host was observed and accordingly the homo-dimeric synthon is best described as 

an amine-amine synthon. This synthon was strengthened by the presence of another weak but 

supportive C17−H···O (dD···A, 3.278 Å; ∠D−H···A, 134°) hydrogen bond involving O5 of 

the SO2 group. Four hydrogen bonds, involving both the diazine and SO2 group contributed 

to the homodimer. The C17−H···O5 hydrogen bond, in conjunction with the N4−H···N6 

hydrogen bond, constituted another cyclic synthon characterized by a R2
2(7) graph set 

notation. As a consequence of the C17−H···O5 hydrogen bond, the locking of the orientation 

of the diazine moiety in a fixed direction occurred. The locked orientation provided an 

angular shape to the parent molecule and generated a concave hydrophobic space within the 

self-assembly. The dimethyl formamide molecules were accommodated in these concave 

spaces created as interstitial spaces.  

The oxygen atom of the dimethyl formamide molecule of 2.1.1 participated in conventional 

bifurcated hydrogen bonds with the two N−H bonds of the 4-nitrophenylurea moiety. This 

hydrogen-bonded synthon was characterized as a R2
1(6) graph set notation. The conventional 
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urea tapes, arising from the hydrogen bond interaction of C=O with the N−H bonds of 

neighboring urea molecules, are commonly encountered in literature,11-12 But in the present 

solvate these tapes were not evident. The formation of hydrogen bonds between the urea and 

DMF molecules had blocked the hydrogen-bonding sites of the urea moiety, otherwise which 

would have been essential to form urea tapes. The hydrogen bonds C2−H···O3 (dD···A, 3.35 

Å; ∠D−H···A, 151°) and C9−H···O1 (dD···A, 3.31 Å; ∠D−H···A, 136°), along with weak 

C−H···π (dH···π, 2.73 Å) and π···π (3.88 Å) interactions (Fig. 2.3c), played roles to control the 

geometry of the host and provided additional support to the primary synthon. These weak 

C−H···O interactions within this solvate contributed to the locking of the spatial orientation 

of the diazine ring, providing extra support to the diazine-diazine R2
2(8) synthon. 

Furthermore, the π···π interactions contributed to the formation of a layer-like structure. 

 

(a) 

 

(b)                        
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Figure 2.4 (a) Homodimers in the self-assembly of the solvate 2.1.2. (b) Angles between the 

planes containing diazines with the planes containing the rest of the host of 2.1.1 and 2.1.2, 

respectively. 

The crystals of the other solvate, namely 2.1.2, belonged to the P  space group with Z = 2. 

This solvate exhibited a higher unit-cell volume but lower crystal density in comparison to 

the 1:1 solvate. From the bond distances and bond angles among the constituent atoms of the 

diazine ring in the solvate, it was found that the host molecule of this solvate also had amine 

form. It was found that C14-N4 bond in the 2.1.2, was 1.375(4); whereas, C14-N5 was 

1.319(5) Å.  The prominent hydrogen bond parameters of both solvates are listed in Table 

2.2. 

Table 2.2: Hydrogen bond parameters of the solvates (2.1.1 and 2.1.2) 

Solvate D-H···A dD-H (Å) dH···A (Å) dD···A (Å) ∠D-H···A (o) 

2.1.1 

 

 

 

 

2.1.2 

 

 

N(2) -H(2N) ···O(6) [-1+x, y, z] 

N(3) -H(3N) …O(6) [-1+x, y, z] 

N(4) -H(4N) …N(6) [2-x, 1-y,-z] 

C(2)-H(2) …O(3)  [2-x, 1-y, 1-z] 

C(17)-H(17) …O(5)  [2-x, 1-y, -z] 

C(19)-H(19B) …O(5)  [x, 1+y, z] 

C(20)-H(20) …O(2)  [1-x, 2-y, 1-z] 

 

N(2) -H(2N) ···O(6) [1-x, 1-y, 1-z] 

N(3) -H(3N) …O(6) [1-x, 1-y, 1-z] 

N(4) -H(4N) …N(6) [1-x, 2-y,-z] 

C(10)-H(10) …O(1)  [-1+x, 1+y, z] 

C(12)-H(12) …O(7)  [1-x, 1-y, -z] 

C(15)-H(15) …O(3)  [x, 1+y, z] 

C(17)-H(17) …O(5)  [1-x, 2-y, 1-z] 

C(19)-H(19A) …O(2)  [2-x, -y, 1-z] 

 

 

1.00(5) 

0.84(4) 

0.87(4) 

0.99(5) 

0.93 

0.96 

0.93 

 

0.83(3) 

0.80(3) 

0.83(3) 

0.93 

0.93 

0.93 

0.93 

0.96 

1.97(5) 

2.12(4) 

2.05(4) 

2.46(5) 

2.56 

2.44 

2.44 

 

2.08(3) 

2.08(3)   

2.08(3)     

2.53   

2.51   

2.43 

2.56 

2.50 

2.857(6)  

2.879(5) 

2.918(5) 

3.359(6) 

3.278(6) 

3.367(5) 

3.329(6) 

 

2.859(4) 

2.837(3) 

2.906(4) 

3.341(4) 

3.275(6) 

3.179(4) 

3.283(4) 

3.415(5) 

 

147(4) 

151(4) 

174(5) 

151(4) 

134 

164 

159 

 

156(3) 

158(3) 

177.5(12) 

146 

140 

138 

135 

160 

 

Similar to the 1:1 solvate, the 2.1.2 solvate also displayed diazine-diazine homo-dimeric 

synthons (Fig. 2.4a). In this solvate, a DMF molecule was anchored to the urea moiety 

through N−H···O bifurcated hydrogen bonds, and other DMF molecules occupied the 

available spaces between these dimers, as illustrated in Fig. 2.4a. The anchoring of these 

DMF molecules within the lattice was achieved through C−H···O interactions hence it was 

an interstitial DMF molecule. Notably, the interstitial DMF molecules were observed in pairs, 

with each pair being held together by C−H···O interactions. The geometry of the host 

molecules of 2.1.1 and 2.1.2 apparently look similar. However, a careful look at the 

geometries revealed that there was a slight difference in the orientation of the individual host 

molecules in the two solvates. It was evident in the interplanar angle between the plane 

containing the diazine and the plane containing the other part of each molecule. Specifically, 
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this angle was 83.71° in the 1:1 solvate, while it was 89.64° in the 1:2 solvate (Fig. 2.4b). 

Powder X-ray diffraction analyses of the solvates validated the purity in each case as a single 

phase. As the 2.1 was crystallized as DMF solvate, there was an interest to generate solvent 

free crystals by desolvating the solvated forms. It was not possible to obtain crystals suitable 

for a single-crystal structure determination of the de-solvated form of 2.1.  

From the crystallographic information file, it was determined that the unit cell volume of 

2.1.2 was 1376.67 Å3, and the crystal density was 1.352 g/cm3. In comparison, these values 

for 2.1.1 were 1117.40 Å3 and 1.449 g/cm3, respectively. Therefore, the solvate containing 

interstitial DMF of crystallization exhibited a less densely packed structure. To further 

analyze the samples, scanning electron microscopic images were examined, as depicted in 

Fig. 2.5a−25c. The de-solvated form displayed needle-shaped structures with floral 

arrangements, whereas the 1:1 solvate exhibited floral arrangements of plate-like structures. 

The 1:2 solvate displayed an agglomerated arrangement, indicating a reduction in the particle 

sizes. These images revealed morphological distinctions among the solvates, and the de-

solvated form was there, however the de-solvated sample morphologies have some 

resemblances to that of the solvate that was prepared by heating solution in DMF.  

 

 

 (a) 
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(b) 

 

 

 (c) 

Figure 2.5: (a) – (c) Scanning electron microscopic images of 2.1, 2.1.1, 2.1.2 respectively 

2.4: Synthesis and characterization of ionic-cocrystal 

The observation of having different geometries of the host in the 1:1 solvate and the 1:2 

solvate had significance, as the dimeric assemblies in both cases exhibited similarity yet 

showed differences in compositions. In the latter case, the stretched structure of the host 

provided spaces between the homomeric units to accommodate the second solvent molecules. 

The distinction was crucial as it helped us to design isostructural ionic cocrystals with 

tetrabutylammonium halides. The design is based on the fact that the urea part will have an 

affinity for the halide ion of an organic salt to form an ionic cocrystal. Where the cationic 

counterpart of the halide may be accommodated in the interstitial near the homodimers. Such 

inclusion of ionic salt by 2.1 will involve minimal alterations of the structural arrangements 

as  

 

Figure 2.6: A schematic diagram showing predesign ionic cocrystal of 2.1 with tetra butyl 

ammonium halides.  
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as illustrated in Fig. 2.6. The halide ions being spherical are with similar supramolecular 

features. So, alteration of hydrogen bonds will be nominal to form the self-assemblies with 

salts having the same cation but the anions from a series of anions (Cl, Br, I). Based on these 

arguments, the three isostructural ionic cocrystals of 2.1 with tetrabutylammonium halide 

(halide = Chloride, bromide and iodide) denoted as 2.1.3-2.1.5 could be prepared and those 

were structurally characterized. The ionic cocrystals of 2.1 (2.1.3, 2.1.4 and 2.1.5 were 

individually obtained by crystallization from respective solution of the two components in 

mixed solvents of DMSO/DMF. All three ionic cocrystals were obtained from crystallisation 

from a solution prepared by dissolving 2.1.1 together with five equivalents of the 

corresponding tetrabutylammonium halide.  

 

Scheme 2.2: Formation of ionic co-crystals 

The resulting solution in each case was stirred for 5 minutes at room temperature. 

Subsequently, the mixture from each case was filtered, and the filtrate was left for 

crystallization under undisturbed conditions in open air. After standing for 4−5 days, the 

crystals were collected and characterized through IR, NMR, PXRD, and single-crystal XRD 

analyses. 

 

Figure 2.7: 1HNMR (600 MHz, DMSO-d6) spectra of the 2.1.3 

TH-3407_186122013



Chapter 2  
 

 

61 

 

 

 

The 1HNMR spectrum of the ionic cocrystal 2.13 is presented in Fig. 2.6. The proton signal 

of the CH3 group of TBA group exhibited a triplet with a peak at 0.93 ppm. Among the three 

CH2 groups of the TBA group, one appeared as a triplet and the other two as quintet and 

sextet, with chemical shifts at 3.16, 1.56, and 1.31 ppm, respectively. The signal arising from 

the N-H of urea at 10.10 and 9.87 ppm was observed. The 13C-NMR spectrum of 2.1.3 is 

given in Fig A2.7. The carbonyl carbon of the urea group appeared at 152.31 ppm, and the 

four carbons of the TBA group appeared at 57.95, 23.51, 19.67 and 13.97 ppm, respectively.   

2.5: Structural descriptions of ionic cocrystals 2.1.3-2.1.5 

The crystal of each ionic co-crystal belonged to the P21/c space group. For the ionic cocrystal 

2.1.3, the crystal volume and density were 3842.2(15) Å3 and 1.197 g/cm3, respectively. The 

corresponding values for the other two ionic cocrystals were 3872.4(5) Å3, 1.264 g/cm3 and 

3976.0(12) Å3, 1.308 g g/cm3, respectively. The similarity index (π) of the unit cells is 

general and used to judge the isomorphous relations.  It is calculated based on the formula 

given in Equation 1. 

…Equation 1 

where a, b, and c and a′, b′, and c′ are the orthogonalized lattice parameters of the two 

crystals under consideration.13 The calculated similarity indexes for the unit cells of chloride 

and bromide salts, chloride and iodide salts, and bromide and iodide salts were 0.012, 0.009, 

and 0.005, respectively. The value of π close to zero signifies the highest similarity among 

them. The crystal structures of 2.1.3 -2.1.5 in Fig. 2.8a−2.8c. 

    

                                  (a)                                                                       (c) 
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                                     (b)                                                                      (d) 

Figure 2.8. Hydrogen-bonded dimeric assemblies of the ionic cocrystals (a) 2.1.3, (b) 2.1.4 

and (c) 2.1.5, and (d) packing pattern of 2.1.3. 

The presence of chloride, bromide, and iodide ions in these ionic cocrystals did not alter the 

diazine−diazine synthon of the host. In each self-assembly, homo-dimeric R2
2(8) and R2

2(7) 

synthons, similar to those observed in the DMF cocrystal of 2.1, were retained. The urea 

moiety in each case formed hydrogen bonds with the respective halide ions through 

bifurcated hydrogen bonds. This interaction involved the two N−H bonds of the urea moiety 

and the halides, resulting in a R2
1(6) synthon. Additionally, a C−H···X hydrogen bond was 

observed, involving a C−H bond of the tetrabutylammonium cation. The hydrogen-bond 

distances and angles within the assemblies are detailed in Table 2.3. 

Table 2.3: Hydrogen bond parameters of ionic cocrystals (2.1.3-2.1.5) 

Ionic cocrystal D-H···A dD-H (Å) dH···A (Å) dD···A (Å) ∠D-H···A (o) 

2.1.3 N(2) -H(2N) …Cl(1) [-1/2+x,1/2-y,1/2+z] 

N(3) -H(3N) ...Cl(1) [-1/2+x,1/2-y,1/2+z] 

N(4) -H(4N) …N(6) [1-x, -y, 1-z] 

C(17) -H(17) …O(5) [1+x, y, z] 

C(22) –H(22A) …O(1) [1-x,1-y,1-z] 

C(29) -H(29A) …O(3) [x, y, z] 

C(29) -H(29B) …Cl(1) [x, y, z] 

 

0.86  

0.86 

0.86 

0.93 

0.97 

0.97 

0.97 

2.28 

2.39 

2.03 

2.56 

2.46 

2.38 

2.78 

3.112(5) 

3.207(5) 

2.885(7) 

3.417(8) 

3.407(11) 

3.321(8) 

3.748(7) 

162  

159 

172 

153 

166 

164 

171 

 

2.1.4 N(2) -H(2N) …Br(1) [1/2+x,1/2-y,-1/2+z] 

N(3) -H(3N) …Br(1) [1/2+x,1/2-y,-1/2+z] 

N(4) -H(4N) …N(6 ) [-x,1-y,-z] 

C(22) -H(22B) …O(1) [1-x, -y,- z] 

C(29) -H(29A) …Br(1) [1+x, y, z] 

C(29) -H(29B) …O(3) [1+x,y,z] 

 

0.86 

0.86 

0.77(5) 

0.97 

0.97 

0.97 

2.43 

2.56 

2.19(5) 

2.45 

2.86 

2.41 

3.267(5) 

3.374(5) 

2.900(7) 

3.392(11) 

3.813(7) 

3.346(8) 

164 

159 

154(5) 

165 

168 

161 

2.1.5 N(2)-H(2N) ---I(1) [-1/2+x,1/2-y,1/2+z] 

N(3)-H(3N) ---I(1) [-1/2+x,1/2-y,1/2+z] 

N(4)-H(4N) ---N(6) [1-x, -y,1-z] 

C(22) --H(22A)  ..O(1) [1-x, 1-y, 1-z] 

C(29) -H(29A) …I(1) [x, y, z] 

C(29) -H(29B) …O(11) [x, y, z] 

 

0.86 

0.86 

0.92(5) 

0.97 

0.97 

0.97 

2.64 

2.81 

2.00(5) 

2.49 

3.02 

2.46 

 

3.485(7) 

3.633(7) 

2.910(10) 

3.427(15) 

3.971(9) 

3.356(11) 

 

167 

160 

171(5) 

162 

167 

154 
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In this investigation on the structures of the ionic co-crystal, particularly to determine the 

prevalence of the amine or imine form in the diazine-sulphonamide segment, a detailed 

analysis of the C-N bond distances in the diazine portion was conducted, as outlined in Table 

2.4. The study revealed that for the ionic co-crystals labelled as 2.1.3, 2.1.4, and 2.1.5, the 

C14-N4 bond lengths were respectively 1.391(7) Å, 1.405(6) Å, and 1.383(8) Å, while the 

C14-N5 bonds were 1.333(5) Å, 1.313(7) Å, and 1.320(9) Å. In the case of the TBA salt 

2.1.6, the C14-N4 and C14-N5 bonds measured 1.371(6) Å and 1.342(5) Å, respectively. 

Across all these structures, the C14-N4 bond consistently exhibited a longer distance than the 

C14-N5 bond, suggesting the dominant formation of the amine form. This contrasts with the 

expected shorter C14-N4 bond length in the imine form. Additionally, salt 2.1.6 displayed a 

unique trend where the C14-N4 bond was shorter, and the C14-N5 bond was longer 

compared to those in the ionic co-crystals, likely due to the introduction of a negative charge 

on the N4 atom. 

Table 2.4: Selected bond and contact distances involving the diazine part of the 2.1 in the 

ionic cocrystals and salt.  

 
Bond Bond –

distance (Å) 

Bond –distance (Å) 

  

 

TBA salt 

(2.1.6) 

Cocrystal of  2.1 with tetrabutylammonium 

Chloride  

(2.1.3) 

Bromide 

(2.14)  

Iodide 

(2.1.5) 

S1-O4  
S1-O5  

S1-N4  

N4-C14  
N5-C15  

N5-C14  

N6-C14  
N6-C17  

N5---O4 

1.439(3)  
1.453(3)  

1.587(4)   

1.371(6)  
1.329(7)  

1.342(5)  

1.339(6)  
1.330(6) 

2.962  

1.420(4)  
1.438(4)  

1.642(5)   

1.391(7)  
1.335(7)  

1.333(7)  

1.328(7)  
1.339(7)  

2.916 

1.416(4)  
1.431(4)  

1.631(5)  

1.405(6)  
1.339(7)  

1.313(7)  

1.312(6)  
1.327(7) 

2.925  

1.416(5)  
1.435(5)  

1.646(6)  

1.383(8)  
1.328(9)  

1.371 

1.341(8)  
1.345(9)  

2.917 

 

The hydrogen bond angles, particularly those involving the halide as the central ion, 

exhibited a distorted Y shape. It may be noted that, depending on the hydrogen bond donors 

and the shapes of the receptors, a halide ion may adopt various anion coordination 

geometries. Among these geometries, a T shape has been commonly observed in literature.14-

17 The Y shape represents a deformed T-shaped geometry.18 There are also examples of four 

coordinated hydrogen-bond environments for halide ions, characterized by the presence of 

four N−H···halide hydrogen bonds.19-20 Certain halide-bound self-assemblies have been 

recognized as anion carriers.21-22 In the three crystal structures of the ionic cocrystals, weak 

C29−H···halide interactions, along with N−H···halide hydrogen bonds, were common 

interactions. The hydrogen bond (N−H···X) distances d(D···A)), d(D−H···A), and bond 
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angles (∠D−H···A) were observed within the ranges of 3.11−3.63 Å, 2.28−2.81 Å, and 

159−167°, respectively. For a given donor, the trends in the difference in the D−H···X 

distances were 0.15 Å from chloride to bromide and 0.25 Å from bromide to iodide 

acceptors.15 In comparing the D···A bonds of the two bifurcated N−H···X hydrogen bonds, it 

was observed that for chloride and bromide, the N···X bond differed by approximately 0.16 

and 0.17 Å, respectively. On the other hand, for the bromide and iodide salts, the N···X bond 

differed by approximately 0.22 and 0.26 Å, respectively. These obvious distinctions in the 

bond parameters arise due to variances in the ionic radii of the three halides. In the ionic 

cocrystals involving tetrabutylammonium halides and urea23-25 and insights from previous 

investigations on ionic cocrystals with oximes emphasize one of the requirements to form 

such cocrystals is the availability of hydrophobic space to accommodate the cation within the 

respective assembly.26-27 In the current scenario, the hydrophobic arms of the 

tetrabutylammonium cation are situated within the hydrophobic concave region. This 

arrangement is facilitated by the geometrically adjustable angular-shaped host in the 

assembly, stabilized by the C29−H···O interactions. 

2.6: Synthesis and characterization of the TBA salt 2.1.6 

The crystalline tetrabutylammonium salt of 2.1 was synthesized by reacting 2.1 with one 

equivalent of tetrabutylammonium fluoride hydrate in DMF. Crystallization occurred from an 

undisturbed solution under ambient conditions, providing off-white crystals. These crystals 

were subsequently collected through decantation of the solution and subjected to 

comprehensive characterization using analytical methods such as 1HNMR, IR, PXRD, and 

SC-XRD. The formation of the salt involved the deprotonation of the N−H proton adjacent to 

the diazine ring by tetrabutylammonium fluoride.  
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(a) 

 

(b) 

Figure 2.9: (a) 1HNMR and (b) 1H 2D-HOMOCOSY (600MHz, DMSO-d6) spectra of the 

TBA salt 2.1.6 

The 1H NMR spectral analysis of TBA salt is showcased in Fig. 2.9a, reveals significant 

chemical shifts. The assignment of each peak and the coupling was confirmed through 2D-

HOMOCOSY NMR spectra, as shown in Fig. 2.9b. The urea-derived N-H protons are 

observed at chemical shifts of 9.90 and 9.43 ppm. The spectrum lacks a peak for the N-H 

proton of the diazine group, signifying its deprotonation. This spectral feature confirms the 

development of a negative charge on the N4 nitrogen atom, resulting in pronounced shielding 

effects on the protons of the diazine ring relative to the original ligand. Additionally, the 

aromatic protons labelled as b and a exhibited more shielding in comparison to their positions 

in the parent ligand 2.1, where they resonated at 8.10 ppm and 6.39 ppm, respectively, 

shifting to 8.51 ppm and 7.04 ppm in the TBA salt. Moreover, the aromatic protons 

designated as d and f, which usually appear as distinct doublets, converge into a single triplet 

peak with a chemical shift positioned at 7.71 ppm in the salt. 

2.7: Structure of TBA salt 2.1.6 

The crystals of the TBA salt of 2.1 were from the monoclinic P21/c space group (Z = 4). The 

crystal volume and crystal density of 2.1.6 were 3976.0(12) Å3 and 1.308 g/cm3 respectively. 

The asymmetric unit of the compound comprises a tetrabutylammonium cation and an anion 

of 2.1, depicted in Fig. 2.10a. Notably, the negatively charged N4 site of the diazine moiety 
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engaged in a bifurcated hydrogen-bond scheme with the urea moiety, as illustrated in Fig. 

2.10b. 

 

(a) 

 

                                 (b) 

 

 

(c) 

 

Figure 2.10: (a) Asymmetric unit of 2.1.6 (b) prominent hydrogen bonds and C−H···π 

interactions in the self-assembly and (c) a packing diagram of 2.1.6 

 

The self-assembly exhibited bifurcated hydrogen bonds, namely N2−H···N4 and N3−H···N4, 

characterized by dD···A values of 3.275 Å and 3.059 Å, and angles ∠D−H···A measuring 153° 

and 169°, respectively. These hydrogen bonds contributed to the formation of R2
1(6) 

synthons within the self-assembly. Additionally, the O5 atom of the −SO2− group 

participated in N2−H···O5 and C4−H···N5 hydrogen bonds, resulting in a R2
1(6) synthon. 

The adjacent urea moieties within the assembly were oriented in opposite directions within 

the same plane and connected through weak hydrogen bonds (C2−H···O4 with dD···A at 3.266 

Å and ∠D−H···A at 123°, and O3···H−C15 with dD···A at 3.423 Å and ∠D−H···A at 133°). 
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The tetrabutylammonium cation was incorporated into the assembly through C28−H···O1 

(dD···A at 3.311 Å and ∠D−H···A at 141°), C30−H···N6 (dD···A at 3.506 Å and ∠D−H···A at 

179°) hydrogen bonds, as well as a C−H···π interaction (dD···A ranging from 3.68 to 3.92 Å).  

The diazine ring participated in a C−H···π interaction (dD···π at 2.88 Å) as shown in Fig 2.10b. 

The resulting packing pattern revealed a grid-like structure with rectangular barricades 

formed by the self-assembled anions, effectively trapping the tetrabutylammonium cations 

within (Fig. 2.10c). This observation is consistent with our earlier findings regarding the 

encapsulation of tetrabutylammonium cations within the rectangular voids of a grid-like 

structure composed of hydrogen-bonded anions of oxime molecules.16-17 Some important 

hydrogen bond parameters of salt 2.1.6 is given in Table 2.5 

Table 2.5: Hydrogen bond parameters of salt 2.1.6 

 D-H···A dD-H (Å) dH···A (Å) dD···A (Å) ∠D-H···A (o) 

2.1.6 N(2) -H(2N) ···O(5)) [1-x,1/2+y,1/2-z] 

N(2) -H(2N) ···N(4) [1-x,1/2+y,1/2-z] 

N(3) -H(3N) ···N(4) [1-x,1/2+y,1/2-z] 

C(4) -H(4) …O(5) [1-x,1/2+y,1/2-z] 

C(28) -H(28B) …O(1) [x,3/2-y,-1/2+z] 

C(30) -H(30A) …N(6) [1-x,1/2+y,1/2-z] 

 

0.86 

0.86 

0.86 

0.93 

0.97 

0.97 

 

2.35 

2.48 

2.21 

2.32 

2.50 

2.53 

3.101(4) 

3.275(5) 

3.059(4) 

3.131(5) 

3.311(6) 

3.506(7) 

 

145 

153 

169 

146 

141 

179 

 

  

2.8: TG/DSC analysis of the salt (2.1.6) and the solvates (2.1.1 and 2.1.2) 

The thermogravimetry of 1:2 solvate 2.1.2 and TBA salt 2.1.6 is shown in Fig. A2.11. The 

differential scanning calorimetry analyses of the two solvates indicated that upon heating 

2.1.2 (Fig. 2.11a), losses DMF molecules occurred in two steps at 136 °C and 156 °C. In 

contrast, the DMF solvents were lost from the 2.1.1 at 135 °C (Fig. A2.11a). Hence, de-

solvation of 2.1.1 was performed by heating the sample at 150 °C overnight. The powder X-

ray diffraction patterns of the two solvates and desolates were compared to check whether the 

packing patterns of any those to be common or not. The PXRD patterns are depicted in Fig. 

2.5a. These PXRD patterns suggested that the primary {hkl} reflections of 2.1.2 were 

retained in the de-solvated form. This was indicating the backbone observed in the 1:2 

solvate was also observed in the de-solvated form. This could be due to the fact that the 1:2 

de-solvate was the thermodynamic product formed in a hot solution. The host molecule of the 

solvate had a stretched geometry. Thus, upon heating 2.1.1 not only got de-solvated, but also 

the molecules slightly reorganised to adopt a similar packing as that of the host molecules in 

2.1.2. 
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                              (a)                                                                             (b) 

 

                                       (c)                                                                  (d)       

Figure 2.11: Differential scanning calorimetry of the (a) 2.1.2 and (b) 2.1.1 and (c) 2.1.6 

(heating rate 10ºC/min under nitrogen atmosphere) (d) Overlaid powder X-ray diffraction of 

the de-solvate and two DMF solvates of the 2.1. 

The solvate 2.1.2 underwent a stepwise weight loss due to the sequential removal of DMF 

molecules Fig. 2.11a. The initial loss occurred at 136°C with an enthalpy change of 38.45 

kJ/mol, followed by a subsequent loss at 156°C with an enthalpy change of 13.64 kJ/mol 

(Fig. 2.11a). Ultimately, decomposition transpired at 270°C, accompanied by an associated 

enthalpy change of 68.60 kJ/mol. In contrast, 2.1.1 experienced a single event of DMF loss at 

136 °C, with an enthalpy change of 19.39 kJ/mol, as shown in Fig 2.11b. Decomposition took 

place at 209 °C, accompanied by an enthalpy change of 11.43 kJ/mol. The decomposition 

temperature from TG of the solvate and the salt was similar showing that charge-assisted 

hydrogen bonds are effective enough to make a difference between the thermal stability of 

the solvates and the salt. The thermal stability of the salt 2.1.6, in comparison to the DMF 

solvates, exhibited notable differences. Thermogravimetric analysis indicated decomposition 
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upon heating above 200 °C (Fig. A2.11b). This thermal behavior was further confirmed by 

differential scanning calorimetry, revealing an endothermic peak for fusion at 208°C with an 

enthalpy change of 49.54 kJ/mol. Subsequently, another broad endothermic peak at 248 °C, 

accompanied by an enthalpy change of 65.69 kJ/mol, was observed (Fig. 2.11c). 

2.9: Comparisons of IR spectra of the solvates, Ionic cocrystals, and salt  

In the overlaid diagram, as shown in Fig 2.12 for IR spectra, multiple broad stretches in the 

N−H and C−H regions were observed for both co-crystals and the salt, spanning the range of 

2900−3500 cm−1. The presence and effects of weak C−H···O interactions of salt, cocrystal 

and the solvates were challenging to discern in this IR region due to overlapping signals. 

Each cocrystal and the salt exhibited a distinct absorption peak at 2958 cm−1 and 2872 cm−1 

corresponding to the C−H stretching of the TBA group.  

 

Figure 2.12: Overlaid diagram of IR spectra of solvate, ionic co-crystal and the TBA salt. 

To assess the S−O stretching frequencies, a comparative analysis was conducted among 

solvates, cocrystals, and salt. In the neat sample of the parent compound 2.1.1, an asymmetric 

SO2 stretch was observed at 1326 cm−1, and the symmetric stretches arising from the two 

S=O groups in slightly different environments were identified at 1190 cm−1 and 1151 cm−1.27-

28 The co-crystals exhibited SO2 symmetrical stretches within the ranges of 1198−1192 cm−1 

and 1155−1159 cm−1, indicating a consistent environment for the SO2 group in each case. 

This observation aligned with the identical synthon involving C−H···O interactions observed 

in each cocrystal. In the salt, symmetrical stretches for the two S=O bonds, present in slightly 
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different environments, were observed at 1198 cm−1 and 1174 cm−1. Notably, one of the S=O 

stretches in the salt was shifted by 24 cm−1 (0.07 kcal/mol) to higher energy compared to the 

parent compound. This has been attributed to the negative charge on the nitrogen atom 

attached to the sulfur atom. The higher SO2 symmetrical stretching frequencies observed in 

the three cocrystals, ranging from 5 to 8 cm−1 above the SO2 symmetrical stretching 

frequency of the 1:1 DMF solvate, may suggest close similarities in the synthons involving 

SO2 in these ionic cocrystals. This observation suggested that the influence of C−H···O 

interactions on one of the S=O bonds played a role in shaping the overall molecular 

environments. The packing arrangement of 2.1.6 revealed the bifurcated C−H···O(SO2) 

hydrogen bond. Notably, this bifurcated hydrogen bond involved urea and the nitrogen of 

diazine, representing a charge-assisted hydrogen bond. In aromatic nitro compounds, the 

asymmetrical and symmetrical N−O vibrations are typically found in the ranges of 

1550−1475 cm−1 and 1360−1290 cm−1, respectively. For the parent compound, these 

vibrations are noted at 1539 cm−1 and 1302 cm−1. In both the salt and the cocrystals, these 

vibrations are seen at 1535 cm−1 and between 1335−1336 cm−1. In each instance, the nitro 

group engaged in C−H···O hydrogen bonding, leading to similar N−O symmetrical stretches. 

This was also evident in the nitrophenol cocrystal, which exhibited C−H···O interactions. In 

this case, the N−O stretching was found at 1337 cm−1.67 In 2.1.1, the C=O stretch of the urea 

component was observed at 1724 cm−1. However, in both the ionic cocrystals and the salt, 

this stretching was observed in the range of 1713−1715 cm−1. The observed shift of 

approximately 10 cm−1 (equivalent to 0.29 kcal/mol) in the ionic cocrystals and salt, 

compared to the neutral bifurcated hydrogen bonds, indicated a higher electrostatic character 

in the hydrogen bonds involving urea. This increase in electrostatic interaction led to a 

decrease in the C=O stretching frequency in the ionic cocrystals or in other words, weaker 

carbon-oxygen double bond strength of the urea group within the ionic cocrystals relative to 

the C=O bond was observed in the solvates.  

2.10: Hirshfeld surface analyses 

Hirshfeld surface analyses26 were performed to provide supporting evidence for the hydrogen 

bonds in each of the solvates and the ionic cocrystal and for their comparisons. 

Representative examples from these analyses, focusing on the solvates and ionic cocrystals 

are presented in Fig. 2.13. The red spots observed at the contact points on the surfaces serve 

as clear indicators of the corresponding hydrogen bonds. The d-norm values for the solvate 
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2.1.2 were in the range from -0.57 to 1.49, while for 2.1.1, these values were in the range 

from -0.56 to 1.31. The same value for the salt (2.1.6) and for the ionic co-crystal (2.1.3-

2.1.5) were -0.44 to 1.50, -0.57 to 1.98, -0.50 to 1.80 and -0.56 to 2.07 respectively. In order 

to retain the relatively larger size of the tetrabutylammonium cation in these self-assemblies, 

the host counterpart should have hydrophobic spaces. The fulfilment of this requirement was 

reflected in the Hirshfeld surface analyses, which are included in Fig. 2.14.  

 

 

                             (a)                                      (b)                                                 (c) 

 

                 (d)                                                      (e)                                                      (f) 

 

Figure 2.13: Hirshfeld surfaces of the (a) 2.1.1 (b) 2.1.2 (c) 2.1.3 (d) 2.1.6 (e) 2.1.4 and (f) 

2.1.5 

The solvate showed a comparable percentage of hydrophobic interactions to hydrophilic 

interactions (Table 2.6). In contrast, the salt and the ionic cocrystals, featuring a hydrophobic 

tetrabutylammonium cation, exhibited higher percentages of C···H and H···H interactions 

compared to hydrophilic interactions involving heteroatoms (N, O, X) −H (Table 2.6). These 

observations suggest that both repulsive and attractive hydrophobic interactions, along with 

strong charge-assisted hydrogen bonds, contributed to the self-assembly of the ionic 

cocrystals and the salt. 
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Figure 2.14: 2D fingerprint plots (including reciprocal contacts) of the H···C, H···H, H···O, 

H···N and H···anion interactions of the solvates, salt and cocrystals 

Table 2.6: Percentages of the H···C, H···H, H···O, H···N and H···anion interaction (include 

reciprocal contacts) in 2D fingerprint plots. 

 

Interactions 

(%) 

H···C H···H H···O H···N H···anion 

2.1.1 

2.1.2 

7.8 

13.1 

34.1 

32.7 

38.6 

33.2 

6.5 

9.3 

- 

- 

2.1.6 17.8 50.7 19.4 11.6 - 

2.1.3 9.4 48.5 24.1 7.4 5.9 

2.1.4 14.8 47.6 15.5 7.5 10.9 

2.1.5 15.1 46.4 15 7.0 11.2 

        

The orientation of the diazine moiety in each of these structures was independently analyzed 

by listing the key distances between atoms that could be related to explain the orientations. 

These distances are given in Tables 2.1 and 2.2. It was found that the S1···O4 and S1···O5 

distances were comparable in each case, and these distances were in the range of 1.415(5) 

−1.453(5) Å. As expected, the S1−N4 distances of each ionic cocrystal and also that of the 

solvate were similar, which were found to be in the range between 1.646 and 1.631 Å, 

whereas such a distance in the salt was 1.587 Å. This suggested that considerable N=S 

double-bond character was present in the salt, supporting the presence of an imine form. This 

also suggested the presence of pπ−dπ interactions between the p orbital of nitrogen and the d 

orbital of sulfur. As a consequence of deprotonation, such a shortening of the S−N bond 

occurred, and a similar shortening of S−N bond was observed in the different salts of 

sulfadiazine.5 It may be noted that the C14−N4 distance of the salt was comparable (the 
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difference was 0.01 Å), but in the cocrystals, the order of this bond distance was such that 

TBACl cocrystal > TBAI cocrystal> TBABr cocrystal. Hence, the change in C14−N4 

distance in the cocrystals was not due to electronic effects but due to steric effects. This 

inference was also based on the fact that the S1···O4 and S1···O5 through-space distances 

are comparable but N5−O4 has distances that had the trend TBACl cocrystal <TBAI 

cocrystal ≈ TBABr cocrystal. This showed that the orientations of the diazine ring in the 

chloride and iodide salts were similar, whereas in the bromide salt it was slightly different. 

This spatial distance in the parent compound in the 1:1 DMF solvate was the highest. Further 

to these, the orientations of the diazine ring with respect to the urea plane in each case were 

nonoverlapping. An overlaid diagram drawn by keeping the urea part in one plane in the 

solvate, salt and an ionic cocrystal is shown in Fig 2.15. 

 

Figure 2.15.Overlaid diagram of 2.1.1, 2.1.2, 2.1.6, and 2.1.3 (in each case the urea portion is 

drawn on the same plane). 

The overlaid diagram distinctly illustrates variations in the orientation of the diazine moiety. 

The torsion angles influencing these orientation changes are outlined in Table 2.7. From the 

torsion angle table, it is clear that all the torsion angles in the ionic co-crystal have close 

similarities, while the same torsion angles were different from the solvates and the salt.  In 

both the solvates 2.1.1 and 2.1.2, it was found that there is some difference in the torsion 

angles of both the solvates. The torsion angle N4-S1-C13-C12 in the case of 2.1.1, it is -123° 

(4) whereas for the 1:2 solvate 2.1.2, it is 57.2° (3). Similarly, the torsion angles O5-S1-C13-

C12 and angles O5-S1-C13-C13 in case of 2.1.1, it is 128.1° (4) and -51.0° (4) respectively 

whereas the same torsion angles for 2.1.2, were -52.4° (3) and 124.6° (2) respectively. While 

the orientations exhibited similarities among the ionic cocrystals, a substantial difference was 
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evident in the salt, attributed to the formation of an imine form through deprotonation. The 

cations and anions were accommodated within the concave, adjustable space of an angular 

scaffold formed by the leaves. The flexibility of the cation, combined with the semi-rigid 

nature of the host, allowed for the accommodation of various spherical halide ions with 

different sizes. 

Table 2.7: Torsion angles of solvates, ionic cocrystals and salts of 2.1 

 

2.11: Summary from the comparisions 

From the structural examinations, several critical insights were derived. (a) In the solvates, 

salt, and cocrystals, the urea moiety displayed bifurcated hydrogen bonds, (b) A homo-

dimeric synthon was consistently present in both the solvates and ionic cocrystals, suggesting 

a recurring structural motif. (c) The C−H···O intermolecular forces were pivotal in stabilizing 

a similar orientation of the diazine ring across different ionic cocrystals. (d) The structural 

analysis revealed a slight variation between the plane of the diazine moiety and the plane of 

the remaining structure of 2.1 in each case. This variation facilitated the formation of two 

distinct solvates with the same solvent and isostructural ionic cocrystals. (e) In the case of the 

salt, the orientation of the anion differed from the parent form (neutral form of host), which 

was attributed to the hydrogen bonding interactions of the urea with the negatively charged 

N4 atoms. (f) The formation of the salt involved an S=O bond character resulting from the 

deprotonation at the sulfonamide proton (g) To integrate the halides with minimal alterations 

in the molecular assemblies, there were adjustments in the geometry of the angular-shaped 

2.1. The angular discrepancies between the plane containing the diazine ring and the planes 

containing the remainder of 2.1, 2.1.3, 2.1.4, and 2.1.5 were measured to be 70.30°, 74.12° 

and 78.00°, respectively. This observation implies that the varying angles were a result of the 
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semi-flexibility inherent in 2.1. This flexibility facilitated the creation of additional space 

necessary to accommodate anions, which was directly related to the increase in their 

respective ionic radii.  

2.12: Solution study of solvates and ionic co-crystal 

This study has provided a scope to systematically study the interactions of various TBA 

halides with the host 2.1 in solution and to compare the spectral changes in solution with the 

data of the isolated salt and cocrystals by dissolution. In order to make adequate assignment 

of peaks shifting positions upon interactions with a TBAX, at first, the aromatic ring protons 

of 2.1.1 were assigned from the correlation observed in 2D-HOMO-COSY-1HNMR spectra 

shown in Fig. 2.16.  

 

Figure 2.16: 1H-HOMO-COSY (600 MHz, DMSO-d6) spectrum of the 2.1.1 

The three hydrogen atoms of the diazine ring appeared as a triplet and doublet, whereas the 

nitrophenyl ring protons were observed as two doublets of doublets and the other four protons 

of the phenylene part on another side of urea were also identified as a doublet of doublets 

from the A2B2 pattern in each case. The signals for ring protons and urea protons (N−H) of 

the parent host, 2.1.1, 2.1.6 and ionic cocrystals (2.1.3-2.1.5) are shown in Fig. 2.17. The 

aromatic region of the 1H NMR spectrum of 2.1.1 was different from that of 2.1, as the 

former had an extra signal at 7.95 ppm due to the aldehyde C−H of the DMF. The aliphatic 

region of the DMF solvate also had two singlet peaks at 2.89 and 2.73 ppm for the CH3 signal 
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of the DMF of the solvate (Fig. A2.2). A similar observation was made with 2.1.2, where the 

integration matched with a composition as a 1:2 solvate (Fig. A2.3). 

 

Figure 2.17: 1HNMR (600 MHz, DMSO-d6) of 2.1.1, 2.1.6 and ionic cocrystals 2.1.3-2.1.5 

(aromatic region) 

The N−H3N proton of 2.1.6 and 2.1.4 was slightly de-shielded in comparison to 2.1.1, whereas 

in the case of 2.1.3 the N−HN3 and N−HN2 protons both showed downfield shifts of 0.52 and 

0.56 ppm, respectively. The N−HN2 proton of 2.1.6 appeared at 9.9 ppm, a shift of ∼0.36 

ppm, and the cocrystal 2.1.4 showed a downfield shift. The aromatic protons of all the 

compounds except 2.1.6 appeared in the same region in their respective 1H NMR spectra, but 

in the case of 2.1.6, the sulfadiazine ring protons were shielded and observed upfield due to 

the negative charge on the N4 atom. The proton next to the diazine nitrogen atom and the 

proton present at a meta position with reference to the SO2 group showed upfield shifts of 

0.40 and 0.21 ppm, respectively. The doublet peak of the proton (ortho to the SO2 group) was 

shifted upfield by 0.21 ppm, and this peak merged with the doublet peak of the proton (meta 

to the nitro group), showing a doublet of doublet peak. The proton appearing at 7.04 ppm was 

shifted to 6.39 ppm. These have shown that the cocrystal or salt formation influenced the 

chemical shifts of host-molecule in each case. The anionic form showed large difference with 

respect to the cocrystals. The effect of hydrogen bonding influenced the chemical shifts of the 

labile N-H protons in all the ionic cocrystals. 
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2.13: 1HNMR titration of 2.1 with tetrabutylammonium halides 

The two NH proton signals experienced varying degrees of shift, indicating a differential 

impact on their electronic environments due to the addition of the tetrabutylammonium 

chloride. When an excess of tetrabutylammonium chloride was added to 2.1, the N−H proton 

adjacent to the nitrophenyl group experienced de-shielding, resulting in a chemical shift 

increase of 1.32 ppm. Conversely, the N−H proton, located away from the nitrophenyl ring, 

was shifted by 1.23 ppm, as shown in Fig. 2.18b. The magnitude of the shifts in the chemical 

shifts of the N−H protons of the urea moiety varied in each case. These variations in chemical 

shifts are ascribed to the asymmetrical bifurcated hydrogen bonding interactions with the 

chloride ion. The broad singlet N−H resonance of the amino-diazine segment in 2.1, observed 

at 11.67 ppm, remained unchanged even with the addition of excess amounts of TBA 

chloride (4.2 equivalents). It was confirmed that TBA chloride primarily interacted with the 

urea portion of the molecule without causing deprotonation of the diazine N−H proton. As a 

result, the protons on the ring of 2.1 were unaffected by the addition of TBA chloride. The 

observed difference in the acidity of the two N−H bonds is attributed to the distinct functional 

groups attached to the urea moiety. Specifically, the nitrophenyl group exerts an electron-

withdrawing effect on the adjacent N−H bond, influencing its chemical environment and 

acidity. 

 

(a) 
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(b) 

 

(c) 

Figure 2.18: Changes in the chemical shifts of N-H3N and N-H2N protons in respective 

1HNMR spectrum of the 2.1 upon increasing the concentrations of tetrabutylammonium a) 

fluoride, (b) chloride and (c) bromide. 

Therefore, the deprotonation of this particular N−H bond was more favoured. Upon adding 

TBA chloride, distinct shifts in the chemical shifts of the two N−H bonds were observed. A 

1HNMR titration using tetrabutylammonium bromide demonstrated a similar pattern of shifts, 

as depicted in Fig. 2.18c. However, a titration with tetrabutylammonium iodide did not result 

in significant alterations in the chemical shifts. This implies that the N−H protons on the urea 

moiety were sensitive to changes in each case. To illustrate these variations, plots of the 

changes in the chemical shift of the N−H versus the concentration were generated and are 

shown in the inset (Fig 2.18), highlighting the differential response of these protons to 

varying halide ions. A consistent observation across the experiments was that the difference 
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in the chemical shifts of the N−H protons increased as the concentration of TBA salts in the 

solution increased. However, the extent of this incremental change was varied. These 

variations in chemical shifts implied the formation of hydrogen bonds with anions. The 

differential shifts were due to the differences in electronegativity of the anions, affecting the 

extent of interactions and, consequently, the magnitude of the shift in the N−H proton 

chemical shifts.  

The 1HNMR titration experiments involving 2.1 with tetrabutylammonium fluoride offered 

valuable insights into the deprotonation process induced by fluoride ions in 2.1, as shown in 

Fig. 2.18a. These titrations indicated deprotonation of the N−H proton adjacent to the diazine 

part of the molecule. This phenomenon was evident from the disappearance of the peak at 

11.67 ppm, originally present in the parent compound, after the addition of 

tetrabutylammonium fluoride. Additionally, during these titrations, the chemical shifts 

corresponding to the two protons of the urea moiety exhibited significant changes. The 

relative increments of the chemical shifts of the two N−H protons of the urea moiety by the 

fluoride ions were different (Fig. 2.18a). At higher fluoride ion concentrations, the 1H NMR 

spectra revealed a broadening of the signals corresponding to the two protons in the urea 

moiety. This broadening implies a proton exchange and the eventual loss of one N−H proton, 

a conclusion supported by the observed decrease in the overall signal integration for these 

two N−H protons. These observations are indicative of deprotonation occurring within the 

urea group, coupled with a proton transfer occurring between the two N−H protons of the 

urea. As the deprotonation took place, the chemical shifts of the C−H protons of the diazine 

ring were affected. The triplet originally observed at 7.04 ppm in the 1HNMR spectrum 

exhibited significant shielding, resulting in a shift to 6.34 ppm. Additionally, the resonance 

appearing at 8.5 ppm also showed shielding. When fluoride ions were introduced at low 

concentrations, the aromatic protons of the nitrophenyl and the adjacent phenylene ring to the 

urea moiety remained largely unaffected, particularly up to the addition of approximately 1.2 

equivalents of fluoride ions. As the concentration of fluoride ions was raised, there was a 

noticeable effect on the chemical shifts of the protons in all the rings. This observation 

indicates that a second deprotonation event on the urea moiety occurred at these higher 

fluoride concentrations. With increased concentrations of TBAF, the protons of the 

nitrophenyl ring, initially resonating at 8.21−8.19 and 7.70−7.67 ppm, experienced shielding 

due to the negative charge developed on the urea moiety. The triplet initially observed at 7.04 

ppm shifted to a higher field as a result of anion formation at the amino-diazine site. This 
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shift ultimately resulted in the triplet appearing at 6.4 ppm, reflecting a shift of 0.64 ppm. In 

the NMR titration, the formation of a dianion was further evidenced by the marked changes 

in chemical shifts observed beyond the addition of 1.2 molar equivalents. The association 

constant with TBAF as well as with TBACl were calculated by using BindFit v0.5 

(http://app.supramolecular.org/bindfit/) and these were found to be 37.99 (±6.99) M-1 and 

18.42 (± 2.12) M-1 respectively. This was in accordance with the observation that fluoride 

could deprotonate the host but other halides could not. 

2.14: UV-visible studies 

UV-visible spectroscopic spectral changes help in the understanding of molecular and on 

recognition by urea derivatives.29 Urea-derived probes showing changes in UV-visible 

spectra have been used in distinguishing fluoride ions from other ions.30-32 The compound 2.1 

showed an absorption at 347 nm. These absorption changes change upon interaction with 

fluoride ions. Upon adding a solution of tetrabutylammonium fluoride t solution of 2.1, 

showed a noticeable change in the intensity of this π−π* transition. The absorption intensity 

was diminished, and the peak was gradually shifted to 372 nm (as shown in Fig, 2.19a) with 

increasing fluoride concentrations. Additionally, a new absorption peak emerged at 484 nm. 

These specific changes were not seen with other TBA halides, as shown in Fig. 2.19b. The 

initial alterations in the absorption characteristics were attributed to the formation of an anion 

through the abstraction of the N−H proton from the amino diazine part by the fluoride ion. 

With the addition of increasing amounts of fluoride ions, the N−H group in the urea moiety 

underwent deprotonation, a phenomenon that was also evidenced by the NMR titration 

results. In a solution, the state of the urea moiety being mono-deprotonated was not 

distinguishable. 
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                                                (a)                                                                 (b) 

Figure 2.19: The changes in the UV-visible spectra of the 2.1 (4.3 × 10-5) in 

dimethylsulphoxide upon addition of different aliquots (12 µL) of (a) tetrabutylammonium 

fluoride and (b) with other halides (10-2 M). 

2.15: Optimization of energy by DFT calculations 

To elucidate the observed absorption spectra, Density Functional Theory (DFT) calculations 

using the B3LYP functional with a 6-311++G (2d,2p) basis set were employed to determine 

the HOMO-LUMO gaps of the compounds. The calculated HOMO-LUMO gap for 2.1 was 

308.4 nm, while the gap for the DMF-solvated molecule was found to be 321.2 nm. 

Additionally, time-dependent DFT calculations predicted two distinct electronic transitions at 

348.92 nm and 315.18 nm, having oscillator strengths of 0.32 and 0.21, respectively, as 

shown in Fig. 2.20 and Fig. A2.12. These predicted transitions correlate well with the broad 

absorption peak observed for 2.1 at 347 nm. The time-dependent DFT calculations for the salt 

showed two closely spaced absorption peaks at 387.19 nm and 360.45 nm, each with 

oscillator strengths of 0.15 and 0.14, respectively (as seen in Fig 2.20 and Fig. A2.12). 
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                  (a)                                          (b)                                                     (c) 

                                 

                                     (d)                                                                  (e) 

Figure 2.20: HOMO and LUMO gap and optimized structure of (a) 2.1.1 (b) 2.1.2 (c) 2.1 (d) 

2.1.3 and (e) 2.1.4 

This data indicates an initial shift in absorption from 347 nm to 372 nm, as observed in UV-

visible titration. This shift, as detailed in Fig. 2.19, is attributed to the formation of the 2.1 

anion. The energy gaps between the HOMO and LUMO for both TBA chloride and TBA 

bromide cocrystals were found to be quite small and did not match the UV-visible spectra 

observed. In these instances, the HOMO was based on the anion, while the LUMO was based 

on the ligand. Thus, oscillator strength for the transitions between the HOMO and LUMO 

was investigated and found to be 0.002. The low value indicated that in these cases, the 

HOMO-LUMO transitions were likely forbidden. For 2.1.3 and 2.1.4, the transitions occurred 

from HOMO-3 to LUMO and from HOMO-5 to LUMO, respectively, as shown in Fig. 2.20. 

TD-DFT calculations revealed that these transitions, occurring at 366.05 nm and 330.13 nm, 

had oscillator strengths of 0.15 and 0.20, respectively. The absorptions observed for the salts 

at 346 nm and 348 nm corresponded well with these findings, suggesting an agreement 

between the experimental and theoretical spectra.  

2.16: Conclusion 

In this study, we explored two distinct solvates of 2.1 with dimethylformamide. These forms 

exhibited a medium-strength hydrogen bond with a hydrophilic site and weak hydrogen 

bonds from the hydrophobic interstitial space. The homo-dimers of the semi-rigid angular 

shaped of 2.1 provided a required platform in synthesizing three isostructural ionic cocrystals. 

These isostructural cocrystals were characterized by their spherical shaped halide ions, which 

vary in their sizes. The structural and solution studies of the cocrystals yielded novel insights. 
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(a) the homo-dimeric synthons of 2.1 demonstrate showing remarkable adaptability, allowing 

for the formation of isostructural complexes with minimal alterations in interaction types. 

This adaptability is exemplified in the accommodation of various ionic salts, specifically 

TBA chloride, bromide, and iodide, to form structurally analogous entities. (b) in solution 

studies, the hydrogen bonds formed between the urea component of 2.1 and chloride or 

bromide ions were distinctly observed. However, these interactions did not significantly alter 

the absorbance characteristics of the nitrophenyl group linked to the urea segment. (c) In 

solution, fluoride ions caused a sequential di-deprotonation of 2.1, a process that was evident 

in the changes observed in the UV-visible spectra. Interestingly, only the mono-deprotonated 

form of this salt could be crystalized from the solution. (d) Notably, a solution of the salt of 

2.1 exhibited the same color transition mirroring the change observed when 2.1 interacted 

with fluoride ions. These indicated that the interaction with fluoride ions triggered the 

deprotonation of 2.1, resulting in a color change and the formation of anionic species. 
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1. Cao, H.-L.; Zhou, J.-R.; Cai, F.-Y.; Lü, J.; Cao, R. Two-Component Pharmaceutical 

Cocrystals Regulated by Supramolecular Synthons Comprising Primary N··· H··· O 

Interactions. Cryst. Growth Des. 2018, 19 (1), 3–16. 

2. B, H.; Hasija, A.; Cruz-Cabeza, A. J.; Shruti, I.; Chopra, D. Multicomponent Crystals 

of Chlorpropamide: Multiple Conformers, Multiple Z′, and Proton Transfer at Play. 

Cryst. Growth Des. 2021, 21 (6), 3158–3167. 

3. Léon, I.; Tasinato, N.; Spada, L.; Alonso, E. R.; Mata, S.; Balbi, A.; Puzzarini, C.; 

Alonso, J. L.; Barone, V. Looking for the Elusive Imine Tautomer of Creatinine: 

Different States of Aggregation Studied by Quantum Chemistry and Molecular 

Spectroscopy. Chempluschem 2021, 86 (10), 1374–1386. 

4. Sun, Y. P.; Ren, X. H.; Wang, H. J.; Shan, Y. Y.; Xing, L. J. Hydrogen-Bonding 

Interaction in a Complex of Amino Acid with Urea Studied by DFT Calculations. 

Struct. Chem. 2009, 20 (2), 213–220. 

5. Elacqua, E.; Bucar, D.-K.; Henry, R. F.; Zhang, G. G. Z.; MacGillivray, L. R. 

Supramolecular Complexes of Sulfadiazine and Pyridines: Reconfigurable Exteriors 

and Chameleon-like Behavior of Tautomers at the Co-Crystal–Salt Boundary. Cryst. 

Growth Des. 2013, 13 (1), 393–403. 

TH-3407_186122013



Chapter 2  
 

 

84 

 

 

6. Singh, M. P.; Baruah, J. B. Combinations of Tautomeric Forms and Neutral-Cationic 

Forms in the Cocrystals of Sulfamethazine with Carboxylic Acids. ACS Omega 2019, 

4 (7), 11609–11620. 

7. Lu, J.; Cruz-Cabeza, A. J.; Rohani, S.; Jennings, M. C. A 2: 1 Sulfamethazine–

Theophylline Cocrystal Exhibiting Two Tautomers of Sulfamethazine. Acta 

Crystallogr. Sect. C Cryst. Struct. Commun. 2011, 67 (8), o306–o309. 

8. Ghosh, S.; Bag, P. P.; Reddy, C. M. Co-Crystals of Sulfamethazine with Some 

Carboxylic Acids and Amides: Co-Former Assisted Tautomerism in an Active 

Pharmaceutical Ingredient and Hydrogen Bond Competition Study. Cryst. Growth 

Des. 2011, 11 (8), 3489–3503. 

9. Bernstein, J.; Davis, R. E.; Shimoni, L.; Chang, N. Patterns in Hydrogen Bonding: 

Functionality and Graph Set Analysis in Crystals. Angew. Chemie Int. Ed. English 

1995, 34 (15), 1555–1573. 

10. Etter, M. C. Encoding and Decoding Hydrogen-Bond Patterns of Organic 

Compounds. Acc. Chem. Res. 1990, 23 (4), 120–126. 

11. Turner, D. R.; Smith, B.; Goeta, A. E.; Evans, I. R.; Tocher, D. A.; Howard, J. A. K.; 

Steed, J. W. The R2 1 (6) Hydrogen-Bonded Synthon in Neutral Urea and Metal-

Bound Halide Systems. CrystEngComm 2004, 6, 633–641. 

12. Yang, Z.; Huang, X.; Zhao, Q.; Li, S.; Wu, B. Hydrogen-Bonded 1D Nanotubes and 

2D Layers of Group 12 Metal Complexes with a Pyridylurea Ligand. CrystEngComm 

2012, 14 (17), 5446–5453. 

13. Ranjan, S.; Devarapalli, R.; Kundu, S.; Saha, S.; Deolka, S.; Vangala, V. R.; Reddy, 

C. M. Isomorphism:Molecular Similarity to Crystal Structure Similarity’in 

Multicomponent Forms of Analgesic Drugs Tolfenamic and Mefenamic Acid. IUCrJ 

2020, 7 (2), 173–183. 

14. Gratzer, K.; Diemer, V.; Clayden, J. Signal Transduction in Oligoamide Foldamers by 

Selective Non-Covalent Binding of Chiral Phosphates at a Urea Binding Site. Org. 

Biomol. Chem. 2017, 15 (17), 3585–3589. 

15. Steiner, T. Hydrogen-Bond Distances to Halide Ions in Organic and Organometallic 

Crystal Structures: Up-to-Date Database Study. Acta Crystallogr. Sect. B Struct. Sci. 

1998, 54 (4), 456–463. 

16. Tarai, A.; Baruah, J. B. Anion Assisted Conformationally Guided Self-Assemblies of 

Multi-Component Cocrystals of Dioxime. CrystEngComm 2016, 18 (29), 5482–5491. 

TH-3407_186122013



Chapter 2  
 

 

85 

 

 

17. Tarai, A.; Baruah, J. B. Water‐Assisted Emission Enhancement of 

2‐Hydroxynaphthaldoxime and Related Compounds. ChemistrySelect 2018, 3 (41), 

11406–11413. 

18. Tamuly, C.; Sarma, R. S.; Batsanov, A. S.; Goeta, A. E.; Baruah, J. B. 4-[Bis (4-

Hydroxy-3, 5-Dimethylphenyl) Methyl] Pyridinium Chloride and Bromide. Acta 

Crystallogr. Sect. C Cryst. Struct. Commun. 2005, 61 (5), o324–o327. 

19. Russell, J. M.; Parker, A. D. M.; Radosavljevic-Evans, I.; Howard, J. A. K.; Steed, J. 

W. Simultaneous Anion and Cation Binding by a Simple Polymer-Bound 

Ureidopyridyl Ligand. Chem. Commun. 2006, No. 3, 269–271. 

20. Hussain, S.; Brotherhood, P. R.; Judd, L. W.; Davis, A. P. Diaxial Diureido Decalins 

as Compact, Efficient, and Tunable Anion Transporters. J. Am. Chem. Soc. 2011, 133 

(6), 1614–1617. 

21. Brammer, L.; Bruton, E. A.; Sherwood, P. Understanding the Behavior of Halogens 

as Hydrogen Bond Acceptors. Cryst. Growth Des. 2001, 1 (4), 277–290. 

22. Dias, C. M.; Valkenier, H.; Davis, A. P. Anthracene Bisureas as Powerful and 

Accessible Anion Carriers. Chem. Eur. J. 2018, 24 (23), 6262–6268. 

23. Manna, U.; Nayak, B.; Das, G. Dual Guest [(Chloride) 3-DMSO] Encapsulated 

Cation-Sealed Neutral Trimeric Capsular Assembly: Meta-Substituent Directed 

Halide and Oxyanion Binding Discrepancy of Isomeric Neutral Disubstituted Bis-

Urea Receptors. Cryst. Growth Des. 2016, 16 (12), 7163–7174. 

24. Huang, C.; Wang, R.; Shu, X.; Fan, Y.; Qi, Y.; Li, S.; Xia, C. Crystal Structures of the 

2: 2 Complex of 1, 1′-(1, 2-Phenylene) Bis (3-m-Tolylurea) and Tetrabutylammonium 

Chloride or Bromide. Acta Crystallogr. Sect. E Crystallogr. Commun. 2017, 73 (9), 

1316–1319. 

25. Nayak, B.; Halder, S.; Das, G. Terminal Substituent Induced Differential Anion 

Coordination and Self-Assembly: Case Study of Flexible Linear Bis-Urea Receptors. 

Cryst. Growth Des. 2019, 19 (4), 2298–2307. 

26. Spackman, M. A.; Jayatilaka, D. Hirshfeld Surface Analysis. CrystEngComm 2009, 

11 (1), 19–32. 

27. Qureshi, N.; Yufit, D. S.; Steed, K. M.; Howard, J. A. K.; Steed, J. W. Anion 

Hydrogen Bonding from a ‘Revealed’Urea Ligand. CrystEngComm 2016, 18 (28), 

5333–5337. 

TH-3407_186122013



Chapter 2  
 

 

86 

 

 

28. Wu, B.; Huang, X.; Xia, Y.; Yang, X.-J.; Janiak, C. Oxo-Anion Binding by 

Protonated (Dimethylphenyl)(Pyridyl) Ureas. CrystEngComm 2007, 9 (8), 676–685. 

29. Amendola, V.; Fabbrizzi, L.; Mosca, L. Anion Recognition by Hydrogen Bonding: 

Urea-Based Receptors. Chem. Soc. Rev. 2010, 39 (10), 3889–3915. 

30. Evans, N. H.; Beer, P. D. Advances in Anion Supramolecular Chemistry: From 

Recognition to Chemical Applications. Angew. Chemie Int. Ed. 2014, 53 (44), 11716–

11754. 

31. Braschi, I.; Paul, G.; Gatti, G.; Cossi, M.; Marchese, L. Embedding Monomers and 

Dimers of Sulfonamide Antibiotics into High Silica Zeolite Y: An Experimental and 

Computational Study of the Tautomeric Forms Involved. RSC Adv. 2013, 3 (20), 

7427–7437. 

32. Shinde, S.; Incel, A.; Mansour, M.; Olsson, G. D.; Nicholls, I. A.; Esen, C.; Urraca, J.; 

Sellergren, B. Urea-Based Imprinted Polymer Hosts with Switchable Anion 

Preference. J. Am. Chem. Soc. 2020, 142 (26), 11404–11416. 

Appendix - Chapter 2 

2A.1: Experimental Section 

Synthesis of the N,N-dimethylformamide solvate 4-{[(4-nitrophenyl)carbamoyl]amino}-

N-(pyrimidin-2-yl)benzene-1-sulfonamide (2.1): 4-Nitrophenyl isocyanate (328 mg, 2 

mmol) was added to a well stirred solution of sulfadiazine (501 mg, 2.0 mmol) in DMF (10 

ml). The resulting solution was stirred for about 8 hrs. A yellow precipitate was formed (yield 

92 %), was dissolved by adding further DMF (5 ml).  The solution was kept undisturbed for 

crystallization and crystals of the N,N-dimethylformamide solvate 4-{[(4-

nitrophenyl)carbamoyl]amino}-N-(pyrimidin-2-yl)benzene-1-sulfonamide was formed after 

five to six days. 

Spectral data of solvates, ionic cocrystals and salt: 

(2.1.1): (yield 84%).IR (neat, cm−1): 3044 (bw), 2813 (w), 1727 (s), 1647 (s), 1576 (s),1544 

(m), 1491 (s), 1439 (m), 1409 (m), 1327 (s), 1244 (s), 1190 (m), 1150 (s), 1091 (s), 939 (s), 

845 (m), 795 (m), 737 (m), 706 (m), 638 (m), 561 (s).1HNMR (600 MHz, DMSO-d6, ppm): 

11.67 (bs, 1H), 9.54 (bs, N−H), 9.35 (s, N−H), 8.50- 8.49 (d, J= 5 Hz,2H) 8.21−8.19 (d,J= 9 

Hz, 2H), 7.95 (s, 1H), 7.92−7.91 (d, J=9Hz, 2H), 7.70−7.67 (d, J= 9 Hz, 2H), 7.64−7.63 (d,J= 
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9 Hz, 2H),7.04 (t, 1H), 2.89 (s, 3H), 2.73 (s, 3H).13C NMR (125 MHz, DMSO-d6): 162.4, 

151.8, 145.9, 143.2, 141.4, 129.0, 125.2, 117.8,117.8, 35.8, 30.8). 

(2.1.2):  Isolated yield: 42 %). IR (Neat, cm-1): 1722 (s), 1649 (s), 1581 (s), 1546 s), 1491 (s), 

1443 (s), 1406 (s), 1333 (s), 1298 (m), 1248 (s), 1197 (s), 1149 (s), 1109 (s), 1086 (s), 945 

(s), 847 (s), 799(s), 736(s), 708 (s), 639(s), 561 (s). 1HNMR (600 MHz, DMSO-d6, ppm): 

11.67 (s, 1H), 9.54 (s, N-H), 9.35 (s, N-H), 8.50- 8.49 (d, J = 5 Hz, 2H) 8.21-8.19 (d, J = 9 

Hz, 2H), 7.95 (s, 1H), 7.92-7.91 (d, J = 9 Hz, 2H), 7.70-7.67 (d, J = 9 Hz, 2H), 7.64-7.63 (d, J 

= 9 Hz, 2H), 7.04 (t, 1H), 2.89 (s, 6H), 2.73 (s, 6H). 

(2.1.3): Isolated yield: 42 %). IR (Neat, cm-1):  2958 (m), 2874 (m), 1715 (s), 1578 (s), 1541 

(s), 1508 (w), 1491  (s), 1439  (s), 1412 (s),1335 (s), 1313 (m), 1299 (s), 1283  (w), 1265 (w), 

1239 (s), 1198 (s), 1174 (w), 1154  (s), 1108  (w), 1093  (s), 1026 (w), 940 (s), 860 (s), 829  

(m), 804  (s), 752 (s), 708 (s), 671 (m), 643 (s).   1HNMR (600 MHz, DMSO-d6): 11.66 (s, 

1H), 10.10 (s, N-H), 9.87 (s, N-H), 8.50- 8.51 (d, J = 5 Hz, 2H) 8.21-8.20 (d, J = 9Hz, 2H), 

7.92-7.91 (d, J = 9 Hz, 2H), 7.70-7.69 (d, J = 9Hz, 2H), 7.64-7.63 (d, J = 9Hz, 2H), 7.04 (t, 

1H), 0.93 (t, 12H), 1.27-1.33 (m, 8H), 1.53-1.58 (m, 8H), 3.16 (m, 8H). 13CNMR (125 MHz, 

DMSO-d6): 157.1, 151.9, 146.0, 143.3, 141.3, 133.2, 129.1, 125.3, 117.7, 117.6, 113.0, 57.6, 

23.1, 19.3, 13.6. 

(2.1.4): Isolated yield: 37 %. IR (Neat, cm-1): 3040 (b, w), 2957 (s), 2874 (w), 1712 (s), 1570 

(s), 1535 (m), 1491 (s), 1439 (m), 1411 (s), 1336 (s), 1301 (w), 1239 (s), 1195  (s), 1155 (s), 

1090 (s), 1022 (m), 938 (s), 857 (s), 800 (s), 746 (s), 707 (s), 671 (w), 640 (s).  1H NMR (600 

MHz, DMSO-d6, ppm): 11.67 (s, N-H), 9.62 (s, N-H), 9.43 (s, N-H), 8.51- 8.50 (d, J = 5 Hz, 

2H), 8.21-8.20 (d, J = 9 Hz, 2H), 7.92-7.91 (d, J = 9 Hz, 2H), 7.71-7.69 (d, J = 10 Hz, 2H), 

7.65-7.63 (d, J = 8 Hz, 2H), 7.04 (t, 1H), 3.16 (m, 8H), 1.53-1. 59 (m, 8H), 1.27-1.33 (m, 

8H), 0.93 (m, 12H). 13C NMR (125 MHz, DMSO-d6, ppm): 157.0, 151.8, 145.9, 143.2, 141.3, 

129.8, 129.0, 125.2, 117.8, 117.7, 112.1. 

(2.1.5):  Isolated yield: 39 %. IR Neat, cm-1): 2958  (m), 2873 (w), 1713 (s), 1406 (w), 1582  

(w), 1535 (s), 1491 (s), 1406 (s), 1332 (s), 1302 (s), 1237 (s), 1193  (m), 1159 (s), 1105 (s), 

1024 (w), 939 (s), 856 (s), 802  (s), 707  (s), 641 (s), 570  (s), 504  (w), 431  (w). 1HNMR 

(600 MHz, DMSO-d6, ppm): 11.70 (s, N-H), 9.60 (s, N-H), 9.38 (s, N-H), 8.46- 8.45 (d, J = 4 

Hz, 2H), 8.21-8.19 (d, J = 9 Hz, 2H), 7.89-7.88 (d, J = 8 Hz, 2H), 7.71-7.69 (d, J = 9 Hz, 2H), 

7.62-7.61 (d, J = 8 Hz, 2H), 6.96 (t, 1H J = 8Hz), 3.16 (m, 8H), 1.53-1.59 (m, 8H), 1.27-1.33 
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(m, 8H), 0.93 (m, 12H), 13C NMR (125 MHz, DMSO-d6, ppm): 157.0, 151.8, 145.9, 143.2, 

141.3, 133.2, 129.0, 125.2, 117.8, 117.7, 115.9, 57.6, 23.1, 19.2, 13.5. 

(2.1.6): The isolated yield 65 %. IR (neat, cm-1): 3279 (b, w), 2962 (m), 2872 (s), 1714 (s), 

1588 (s), 1539 (s), 1492(s), 1402 (s), 1302 (s), 1262 (m), 1237 (m), 1197 (s), 1174 (s), 1082 

(s), 1020 (s), 968 (w), 799 (s), 734 (w), 702 (s), 645 (m).  1HNMR (600 MHz, DMSO-d6, 

ppm): 9.90 (s, N-H), 9.43 (s, N-H), 8.19 - 8.17 (d, J = 10 Hz, 2H), 8.11 - 8.10 (d, J = 5 Hz, 

2H), 7.72-7.69 (dd, J = 9 Hz, 4H) 7.44-7.42 (d, J = 8 Hz, 2H), 6.39 (t, J = 8Hz, 1H), 3.15 (m, 

8H), 1.53 - 1.58 (m, 8H), 1.27 -1.33 (m, 8H), 0.92 (m, 12H). 13CNMR (125 MHz, DMSO-d6, 

ppm): 157.1, 152.0, 146.6, 140.95, 139.9, 127.7, 125.1, 117.6, 117.1, 109.5, 57.52, 23.1, 

19.2, 13.5.  

 

     

                                 (a)                                                                                 (b) 

   

                                 (c)                                                                          (d) 
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                              (e)                                                                                (f) 

Figure A2.1: Powder X-ray diffraction patterns of the (a) 2.1.1 (b) 2.1.2 (c) 2.1.6 (d) 2.1.3 (e) 

2.1.4 (f) 2.1.5 

 

Figure A2.2: 1H-NMR (DMSO-d6, 600 MHz,) spectra of the 2.1.1 
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Figure A2.3: 13CNMR (125 MHz, DMSO-d6) spectra of the 2.1.1 

 

 
 

Figure A2.4: 1HNMR (600 MHz, DMSO-d6) spectrum of the 2.1.2 
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Figure A2.5: 13CNMR (DMSO-d6, 125 MHz) spectra of the 2.1.6 

 

 

Figure A2.6: 13CNMR (125 MHz, DMSO-d6) spectrum of the 2.1.3 
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Figure A2.7: 1HNMR (DMSO-d6 , 500 MHz) spectrum of the 2.1.4 

 
Figure A2.8: 13CNMR (600 MHz, DMSO-d6) spectrum of the 2.1.4 
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Figure A2.9: 1HNMR (500 MHz, DMSO-d6) spectrum of the 2.1.5 

 

 
Figure A2.10: 13CNMR (125MHz, DMSO-d6,) spectrum of the 2.1.5 

 

     

                                   (a)                                                                     (b) 

Figure A2.11: Thermogram of (a) 2.1.2 (1:2 solvate) and (b) 2.1.6 (heating rate 10ºC/min 

under nitrogen atmosphere). 
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                                      (a)                                                                  (b) 

 

                                       (c)                                                                              (d) 

Figure A2.12: Molar absorptivity vs wavelength plot calculated by TD-DFT for (a) 2.1.1 (b) 

2.1.2 (c) 2.1.6 and (d) 2.1.3. 
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Chapter 3 

 
Polymorphic Solvates, Ionic-cocrystals and C-N Bond Formation to Form 

Ionic Cocrystal in Sulfamethoxazole and Sulfathiazole Derived Urea 

3.1: Introduction 

In the previous chapter, we explored the synthesis and structural analyses of two solvates, salt 

and ionic co-crystal, from a urea molecule derived from sulfadiazine.  A notable observation 

from that is on the presence of synthons in the self-assembly of the 2.1 molecules, which 

exhibited the ability to accommodate one or two DMF molecules into their interstitial spaces. 

Based on those observations, the homo-dimeric synthons present in the 2.1 were utilized to 

prepare ionic co-crystals with tetrabutylammonium halides. Building on these insights, we 

aimed to further explore similar self-assembly of urea derivatives derived from 

sulfamethoxazole and sulfathiazole. In this chapter, solvates, ionic cocrystals and anion 

guided reactivity of sulfa-drug modified urea derivatives, namely, nitrophenylurea N-(5-

methyl-1,2-oxazol-3-yl)-4-{[(4-nitrophenyl)carbamoyl]amino}benzene-1-sulfonamide (3.1) 

and 4-{[(4-nitrophenyl)carbamoyl]amino}-N-(1,3-thiazol-2(3H)-ylidene)benzene-1-

sulfonamide (3.2) are presented.  

 

Scheme 3.1:   A representative outline of the different crystal forms of the sulfa-drug derived 

urea studied in this chapter. 

The two urea derivatives were chosen here has two independent heterocyclic units in their 

respective structure. Due to the presence of a sulfonamide unit connected to the heterocycle, 

the heterocyclic part may be either in imine or amine form as illustrated in Scheme 3.1. 
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Accordingly, this study is directed to study possible polymorphs solvates, cocrystals, in-situ 

chemical transformations. The compounds were utilized to prepare polymorphic solvates, 

series of solvates and ionic cocrystals as depicted in Scheme 3.1.  

3.2: Synthesis and characterization of the urea derivatives 3.1 and 3.2  

The nitrophenyl urea derivatives N-(5-methyl-1,2-oxazol-3-yl)-4-{[(4- nitrophenyl)carbamo-

l]amino}benzene-1-sulfonamide (3.1) and the 4-{[(4-nitrophenyl)carbamoyl]amino}-N-(1,3-

thiazol-2(3H)-ylidene)benzene-1-sulfonamide (3.2)  were prepared by the reactions of the 

respective sulfa-drug with the 4-nitrophenylisocyanate at room temperature in dry 

tetrahydrofuran. Both the reactions yielded a single product, which was further purified by 

crystallization. The compounds were characterized by 1HNMR, 13CNMR, IR and mass 

spectroscopy. As an illustration, the 1HNMR spectra of compound 3.1 is shown in Fig 3.1. 

 

Figure 3.1: 1HNMR (600 MHz, DMSO-d6) spectra of the compound 3.1. 

The compound showed the aromatic peaks designated as a and b appeared at 8.21-8.20 and 

7.71-7.69 ppm, respectively, whereas the proton c and d appeared at 7.67-7.66 and 7.80-7.78 

ppm, respectively. The peaks labeled as e and f appeared at 6.14 and 2.30 ppm. The chemical 

shifts of the two protons of the urea portion of the 3.1 were observed at 9.57 and 9.39 ppm, 

respectively. The N-H of the oxazole part labelled as N-H4N appeared at 11.31 ppm. The 

13CNMR of this compound depicted in Fig. A3.3, showed a chemical shift at 170.47 ppm and 

12.19 ppm for the carbon of carbonyl of the urea part and methyl of the oxazole part, 

respectively. 

3.3: Preparation of solvates of 3.1  

Two polymorphs of dimethylformamide (DMF) solvate of 3.1, abbreviated as 3.1.1 and 3.1.2, 

were obtained by crystallization from of a solution of 3.1 in DMF solvent under two different 

conditions. The solvate 3.1.1 was obtained from a solution of 3.1 in DMF at room 
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temperature. Whereas the polymorph of the solvate 3.1.2 was crystallized from a solution in 

DMF, that was heated at 80 ͦ C. The distinctions of the polymorphs could be made from the 

crystal morphologies and from the unit-cell parameters determined by indexing the Laue 

patterns observed from the X-ray diffraction patterns of the individual crystals. The crystals 

of the solvate 3.1.1 were belonged to the P21/n space group, and it had a unit cell volume of 

2287.4(6) Å3 and crystal density was 1.424 gcm−3.  These crystal parameters for the 3.1.2 

were P  space group, unit-cell volume of 1135.5(5) Å3 and crystal density 1.435 gcm−3, 

respectively. We also had limited scopes for crystallization of the 3.1 from solvents other 

than DMF due to limited solubility, though 3.1 was soluble in DMSO, we could not obtain 

crystals of solvate with this solvent. 

3.4: Structural descriptions of the polymorphs 3.1.1 and 3.1.2  

The asymmetric units of the two polymorphic forms of the DMF-solvate were determined by 

single crystal structural study is shown in Fig. 3.2. The crystal structures of the two 

polymorphs have suggested that the solvent DMF in the respective 3.1 in the lattice were 

different in environments. It was apparent from the observed N4-C14 bond distances in the 

respective 5-methyl-1,2-oxazole ring of polymorphs. These N4-C14 bond distances were in 

3.1.1 was 1.39(6) Å, and for 3.1.2, it was 1.39(4) Å. These distances were in accordance with 

the C-NH bonds in related compounds having the amine form and it may be noted that 

depending on the partner molecules, the imine or amine forms were observed in cocrystals of 

sulfonamide urea.1-2 In the present case, the two polymorphs had very similar yet some 

differences in the conformation, due to conformational adjustments. The conformational 

adjustments are often observed in flexible molecules in the solid state where the geometry of 

the molecule is away from an expected conformer.3-6 The host of the 3.1.1 was hydrogen-

bonded by weak C-H∙∙∙X (O, N) hydrogen bonds, as well as by moderate hydrogen N-H∙∙∙O 

bonds (Fig 3.2a). The hydrogen bonds between these molecules along the ac-crystallographic 

plane formed R2
2(10) synthons by utilizing C15-H∙∙∙N5 (dD···A, 3.198 Å; ∠D−H···A, 161°) 

and the N4-H…O(SO2) (dD···A, 3.091 Å; ∠D−H···A, 163°) hydrogen bonds as shown in the 

upper-left portion of the Fig. 3.2a. 
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                                        (a)                                                                       (b) 

 

 

                             (c)                                                                                (d) 

               

Figure 3.2: (a) Hydrogen-bonded assemblies of 3.1.1 (upper-left is showing a homo-dimeric 

synthon), (b) Assembling of the parent compounds to form chain-like structure. (c) Hydrogen 

bonded dimers in the assembly of 3.1.2 (drawing on the right side is the chem draw figure of 

hydrogen bonds of urea) and, (d) assembling of the dimers in 3.1.2. 

Each urea unit of the molecule was holding a DMF molecule by forming bifurcated N-

H∙∙∙O=C hydrogen bonds. The host molecules present in the ac-crystallographic plane were 

arranged as head-to-head (considering the thiazole end as the head and the nitro-phenyl end 

as the tail part of the molecule) arrangements to form hydrogen bonds as illustrated in Fig 

3.2b. The host molecules had L-shape geometry; they formed linear chains along the a-

crystallographic axis. These chains were self-assembled, and such self-assemblies were 

organized in such that the two 5-methyl-1,2-oxazole rings were located parallel to each other 
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in a stacked manner. Whereas in the case of 3.1.2, the self-assembly was much different from 

3.1.1. In this case, there were hydrogen-bonded dimeric assemblies, which held two DMF 

molecules per dimer as illustrated in Fig. 3.2c. These dimers were formed by the hydrogen 

bonds of N-H of urea moiety with the N-atom of 5-methyl-1,2-oxazole ring of another 

molecule. One of the oxygen atoms of the sulfonamide group makes a hydrogen bond N2-

H∙∙∙O5(SO2) (dD···A, 2.975 Å; ∠D−H···A, 148°) by using one of the N-H of urea moiety and 

formed N3-H∙∙∙N5 (dD···A, 3.050 Å; ∠D−H···A, 174°) hydrogen bond by using another N-H 

of urea moiety. The dimers had head-to-tail arrangements between two hydrogen-bonding 

molecules. Thus, the urea portions of the host molecules were not available to form hydrogen 

bonds with the carbonyl group of the DMF. Whereas, the other polymorph had interactions of 

the N-H bonds of the urea portion with the DMF. The self-assembly provided a geometrical 

arrangement to allow the N4-H bond to project away from the dimeric assembly. Hence, the 

DMF molecules got attached to this N-H bond by forming N4-H∙∙∙O7 (dD···A, 2.704 Å; 

∠D−H···A, 139°) hydrogen bonds.   

The dimers of both polymorphs were also connected through C-H∙∙∙O hydrogen bonds, where 

the oxygen atoms of the urea and the nitro-group acted as hydrogen bond acceptors (Fig. 

3.2a). Hydrogen bond parameters of both the solvates are given in Table 3.1. 

 

 

Table 3.1: Hydrogen bond parameters of solvates (3.1.1 and 3.1.2) 
 

Solvate D-H···A (Symmetry) dD-H (Å) dH···A (Å) dD···A (Å) ∠D-H···A (o) 

3.1.1 
 

 

 
 

 

 

N(2) -H(2N) ···O(7) [1/2-x, 1/2+y, 1/2 –z] 

 

N(3) -H(3N) ···O(7) [1/2-x, 1/2+y, 1/2 –z] 
 

N(4) -H(4N)  ···O(5) [1+x, y, z ] 

 
C(2)-H(2)  ···O(3)  [2-x, 1-y, -z] 

 

C(9)-H(9)  ···O(1)  [2-x, 1-y, -z] 
 

C(15)-H(15) …N(5)  [-1+x, y, z] 

 
C(19)-H(19C) …O(2)  [-x, 1- y, -z] 

 

0.80(4) 

 

0.77(4) 
 

0.85(4) 

 
0.93 

 

0.93 
 

0.93 

 
0.96 

 

2.15(4) 

 

2.12(4) 
 

2.27(4) 

 
2.56(5) 

 

2.53 
 

2.30 

 
2.37 

 

2.897(6)  

 

2.839(6) 
 

3.091(4) 

 
3.455(5) 

 

3.234(5) 
 

3.198(5) 

 
3.151(19) 

 

155(4) 

 

156(4) 
 

163(4) 

 
161 

 

133 
 

161 

 
138 

 

 

3.1.2 
 
N(2) -H(2N) ···O(5)) [-x, 1-y, -z] 

 

N(3) -H(3N) ···N(5) [-x, 1-y, -z] 
 

N(4) -H(4N) ···O(7) [-1+x,1+y, z] 

 
C(2) -H(2A) …O(3) [1-x, 1-y, 1-z] 

 

C(15) -H(15) …O(2) [-1+x,1+y, z] 
 

 
0.86 

 

0.86 
 

0.86 

 
0.93 

 

0.93 
 

 
2.21 

 

2.19 
 

1.99 

 
2.57 

 

2.54 
 

 
2.975(3) 

 

3.050(3) 
 

2.704(3) 

 
3.424(3) 

 

3.331(4) 
 

 
148 

 

174 
 

139 

 
152 

 

142 
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The angle between the planes containing the heterocycle and that of the rest of the molecule 

in 3.1.1 and 3.1.2 were 71.81° and 57.10°, respectively.  The two polymorphs had different 

synthons and the packing was also different; accordingly, the two forms were synthon 

polymorphs. These polymorphs were formed as a consequence of synthon competition to 

form a dimer or monomeric form. The π-stacking contributing to generate synthon-

polymorphs, are available in the literature.7 In the present case, it is a competition of DMF 

molecule to form a hydrogen bond with the urea moiety and the completive ability to form 

hydrogen-bonded dimer, are the two apparent factors guiding the formation of the 

polymorphs. The difference between the assemblies of the polymorphs was that in one case, 

sulfonamide∙∙∙5-methyl-1,2-oxazole and urea∙∙∙DMF synthons were dominant, and in the 

other case the urea∙∙∙5-methyl-1,2-oxazole and DMF∙∙∙amine synthons were dominant. There 

are relatively lesser numbers of examples of polymorphic cocrystals in literature.8 There are 

examples of urea-based hydrates of ionic cocrystals where the synthon polymorph was due to 

having and not having C–H⋯O interactions to be dimers or to remain as monomers.9 The 

unit-cell volume of the former polymorph was 2.014 times higher than the latter, but the 

crystal densities of the crystals of the two polymorphs were comparable. Alternatively, it may 

be suggested that the unit-cell volume of the polymorph possessing the dimer of host in the 

assembly was twice that of the one with monomers of host assemblies. A recent report has 

revealed that hexamidine diisethionate of which two polymorphic dehydrates that may be 

inter-converted to each other at low temperature.10 In that report, the cell axes of the unit-cell 

of the polymorphs were about twice as that of the others observed, and the polymorphs were 

interconvertible. The reversible transformation between the two forms in that example was 

possible as the host molecules had a nominal difference in showing just an interplanar angle 

difference of 2.53(7) °. Hence in that example, the conformational change could be easily 

achieved. But the situation in our present examples of the synthon polymorphs is far apart 

from those examples. No thermal transformation between the two forms was observed. This 

is attributed to the independent synthons involved in the two polymorphs. A thermal inter-

conversion would require significant hydrogen-bond reorganization and orientation changes 

among the host molecules if they were to undergo a transition from one to another.  

3.5: Crystal morphologies, IR and thermal studies of the polymorphs 

 The crystal morphologies of the two polymorphs were clearly distinguishable as evident in 

their respective SEM images (Fig.3.3a, b). The 3.1.1 had flack-like morphology of 20µm 

average dimensions, whereas a relatively smaller cube-like morphology of the crystals 
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(~2µm) was observed in the case of the other polymorph. The Bravais, Friedel, Donnay, and 

Harker crystal morphology was simulated and these are shown in Fig. 3.3c and 3.3d. The 

simulated morphologies suggested that 3.1.1 to adopt hexagonal crystal faces, whereas a 

cubical growth for 3.1.2 was seen. 

                             

                               (a)                                                                                (b) 

                       

                              (c)                                                                                   (d) 

Figure 3.3: (a) and (b) are the scanning electron microscopic images of the solvates 3.1.1 and 

3.1.2 respectively. (c) and (d) are the Bravais, Friedel, Donnay and Harker (BFDH) crystal 

morphologies of the 3.1.1 and 3.1.2 respectively.  

We found that the host molecules in each polymorph were similar but not identical; the 

overlay of the two host molecules was not superimposable (Fig. 3.4a). The experimentally 

determined powder-XRD patterns of the two samples (Fig. 3.4b) were distinguishable but had 

the matching diffraction patterns as per the simulated PXRD patterns for the respective 

crystallographic information file.  The IR spectra of the two polymorphic solvates had a close 

resemblance as shown in Fig 3.4c. A difference was noticed in the sharp S=O stretching 

appearing at 1162 cm-1 and 1149 cm-1 for 3.1.1 and for 3.1.2, with a weak S=O stretch at 

1177 cm-1 and a sharp stretch at 1163 cm-1. The S=O stretching was split as both the S=O 

bonds participated in hydrogen bonds of the dimeric assembly in this case. Hirshfeld surface 

analyses revealed the contact points and showed the differences in the synthons (Fig. 3.18). 
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The DSC of the polymorphs showed that 3.1.1 lost DMF at 166°C and decomposed at 266°C 

whereas the 3.1.2 lost DMF at 148 °C and decomposed at 257 °C. The de-solvation 

temperatures, as well as the decomposition temperatures, were confirmed by recording 

thermogravimetry of the samples (Fig. A3.15). The thermogravimetry revealed that the 

individual polymorphic cocrystal lost one DMF per molecule of the solvate in the specified 

temperature as observed in DSC (Fig. 3.4d). We examined the de-solvated samples prepared 

by independently heating the respective sample of the polymorph. The powder XRD patterns 

of the two de-solvated samples were identical (Fig 3.4b) and indicated that they yielded a 

common form after the loss of solvents. In general, the de-solvation processes are known to 

cause conformational changes in flexible hosts,6 leading to a change in the packing from the 

solvated form. The difference in temperature of the de-solvation of the two polymorphic 

solvates was 24 °C (~ 0.2 kJ/mol).  

      

                                                    (a)                                                        (b) 

 

 

     
          (c)                                                                         (d)           
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Figure 3.4. (a) Powder X-ray diffraction patterns, and (b) FT-IR spectrum of 3.1.1 and 3.1.2.; 

and (c) Differential scanning calorimetry (heating rate 10º C/min under nitrogen atmosphere) 

(d) The overlaid diagram of the hosts in the polymorph 3.1.1 and 3.1.2. 

The enthalpy changes for the de-solvation process of the two polymorphs 3.1.1 and 3.1.2 

were 49.24 kJ/mole and 50.74 kJ per mole respectively. Though the enthalpy difference was 

small, de-solvation required thermal energy to release the DMF by heating the individual 

polymorph till the de-solvation temperatures were around 148°C and 162.59 °C respectively. 

The urea part of polymorph 3.1.1 had hydrogen-bonded to DMF through NHs of the urea 

part, whereas, in polymorph 3.1.2 the DMF molecules were in interstitial; hence, those 

molecules were lost on heating at a relatively lower temperature than the former polymorph. 

The thermal energy was provided by external heating to reach the de-solvation temperatures, 

disrupted the weak interactions originally present in the two polymorphs and caused the 

reorganization of weak interactions to form a common de-solvated form. The urea-based 

compounds without a solvent generally have urea-carbonyl tapes to meet the norms of Etter’s 

rule.11 In the present case, both the polymorphs were transformed to a thermodynamically 

favorable form of the de-solvate.  In literature, the de-solvation of a series of solvates of 

2,4,6-triethyl-1,3,5-tris(phenoxymethyl)-benzene showed that the solvates with a similar 

packing resulted in a common de-solvated polymorph. Whereas the one having a dissimilar 

packing yielded a different form.12 In the present case, the two solvates had distinct packing 

patterns, yet they yielded a common form upon de-solvation, these observations pointed out 

that there were hydrogen bond reorganizations during the course of release of the solvent 

molecules from the polymorphs to provide the stable form. 

3.6: The Optimized energy calculation 

The energy of the different forms of host found in the polymorphs and the hydrogen-bonded 

dimers of the hosts in the two polymorphs of the DMF-solvate were calculated by DFT at 

B3LYP level with 6-31+G (d, p) basis set. The host molecule of the 3.1.2 had 3.68 kJ/mol 

less energy than the 3.1.1 (Fig. 3.5a). Analogously, the discrete solvated host of the 

polymorph 3.1.2 was more stable than the 3.1.1 by energy 23.05 KJ/mol (Fig. 3.5b). The 

energy of the H-bonded dimers comprising of the sulfonamide∙∙∙5-methyl-1,2-oxazole 

synthon of the two polymorph 3.1.1 and urea⋯5-methyl-1,2-oxazole synthon present in 3.1.2 

were calculated. The energy of the H-bonded dimer in 3.1.1 was lesser by 55.53 kJ/mol than 

the dimer in 3.1.2 (Fig. 3.5c). Hence, the relative energies were in in a reverse order in the 

dimers than the difference between the monomers of the respective polymorphs. This 
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suggested that the dimeric assemblies contributed to the higher stability of 3.1.1 over the de-

solvated form of 3.1.2. Furthermore, the de-solvation temperature observed in TG –DSC 

analysis was higher than for 3.1.2. Hence, 3.1.1 had higher thermal stability, and theoretical 

analyses suggested a substantial contribution to the stability from the sulfonamide⋯5-methyl-

1,2-oxazole synthon in the lattice.  

 

(a) 

 

(b) 

 

(c) 

Figure 3.5: Energy differences between the optimized structures calculated by DFT using 

B3LYP level with 6-31+G (d, p) basis set by (a) the host molecules, (b) solvated host 

molecules and (c) dimers of the polymorphs 3.1.1 and 3.1.2. 
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3.7: Study on the different Supramolecular adducts of 3.1 with tetrabutylammonium 

halides   

In the last chapter, we presented ionic cocrystals with three tetrabutylammonium halides with 

a urea-based receptor.13 The results from similar attempts to prepare the ionic cocrystals with 

tetrabutylammonium halides (TBAX, X = Cl, Br, I) with 3.1 were different from that study. 

The quaternary ammonium fluoride generally deprotonates basic N-H components of urea-

derived compounds.14 Hence, as expected the reaction of 3.1 with TBAF yielded the 

corresponding salt 3.1.3. However, we found that the same crystalline salt was also obtained 

from the reaction of 3.1 with TBABr in DMF at room temperature for several days. It was an 

exceptional observation to have formed a salt upon treatment of the 3.1 with TBABr.  

 

Figure 3.6: 1HNMR (DMSO-d6, 600 MHz) spectra of the 3.1.3. 

 

The 1HNMR spectra of the compound 3.1.3 is depicted in Fig 3.6. The compound showed the 

aromatic peaks designated as a and b appeared at 8.19-8.18 and 7.70-7.69 ppm respectively, 

whereas the proton c and d appeared at 7.43-7.41 and 7.59-7.57 ppm, respectively. The peaks 

labelled as e and f showed chemical shifts at 5.78 and 2.29 ppm, respectively. The chemical 

shifts of the two protons of the urea portion of the 3.1.3 were observed at 9.58 and 9.12 ppm 

respectively.  

Attempted crystallization of ionic cocrystal of 3.1 with TBACl was not successful, and the 

host precipitated out from the solution upon concentration. But, to our surprise, a hot solution 

(80ºC) of 3.1 with TBAI yielded an ionic cocrystal with tetrabutylammonium iodide with a 

chemically modified form of 3.1. In this case, the 3.1 was N-butylated by forming a C-N 

bond and the 3.1.4 (butyl-3.1) was formed in situ and acted as the host. This was attributed to 
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TBAI formation of butyl iodide and tributylamine in situ leading to the formation of 3.1.4. 

Such C-N bond-forming reactions do not take place under ordinary conditions, which is an 

unconventional observation.  A Plausible mechanism is depicted in Scheme 3.2.  

 

Scheme 3.2: A plausible mechanism of the C-N bond formation from reaction of 3.1 with 

TBAI. 

 

The assignment of the butyl peaks of 3.1.4 is marked in Fig 3.7. The crystal was further 

characterized by mass spectra (Fig. A3.9), single-crystal XRD, and powder XRD (Fig. 

A3.1d). The 1H-NMR has established clearly the N-butylated product by showing the 

adequate integration for the distinguishable N-butyl group on the host from the N-butyl 

groups in the cation.  

 

Figure 3.7: 1HNMR (DMSO-d6, 600 MHz) spectra of the 3.1.4. 

 

The 1HNMR spectra of the compound 3.1.4 is depicted in Fig 3.7. The proton labelled as a 

and b showed chemical shifts at 7.76-7.74 and 8.21-8.20 ppm, respectively, while the proton 

labelled as c and d appeared at 7.71-7.69 and 7.68-7.67 ppm, respectively. The proton 
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labelled as e and f from 5-methyl-1,2-oxazole part displayed peaks at 6.44 and 2.37 ppm 

respectively. The proton labelled as g and j from the butylated part appeared at 3.70-3.68 and 

0.88-0.86 ppm respectively.  

 

Figure 3.8: Variable temperature 1HNMR spectra (DMSO-d6, 600 MHz) of 3.1.1 with 10 

equivalents of TBAI showing C-N bond formation to form the 3.1.4 (In in situ in the reaction 

mixture 

A temperature-dependent 1HNMR study was carried out (Fig. 3.8) to check the course of the 

reaction. The C-N bond formation was clearly seen from such a study, carried out in the 

temperature varied from 25°C to 100°C, as new sets of signals for the protons –NCH2– and –

CH3– of the in-situ formed N-butyl group developed as the butyl as well as for tributyl amine 

generated in situ as the temperature was increased. The integration of the proton NMR signal 

appearing at 11.37 ppm for the NH group of the heterocycle decreased and was shifted with 

the progress of the N-butylation reaction upon increasing the temperature. As per the 

structure of the salt shown in Scheme 3.2, there are three types of butyl environments from 

the three compounds in the reaction mixture which are N+(CH2
aCH2

bCH2
cCH3

d)4I, 

(CH2
a′CH2

b′CH2
c′CH3

d′)-3.1 and N(CH2
a′′CH2

b′′CH2
c′′CH3

d′′)3. The protons from the 

CH2
bCH2

c, CH2
b′CH2

c′, CH2
b′′CH2

c′′ are indistinguishable as they overlap each other; the 

peaks with * (red asterisk) are from CH2
a′ and CH2

a′′ and with * (violet asterisk) are from are 

from CH3
d′ and CH3

d′′ respectively. The peak at 11.17, marked with *(blue asterisk) is from 

the N-H next to the heterocycle. This NMR study on the kinetic of the reaction showed in 

intermediate formation during the C-N bond formation, and it was a process leading to the 

single product as depicted in Scheme 3.2. 
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3.8: Structural descriptions of salt 3.1.3 and butylated-3.1 (3.1.4) 

The structures of both the salt 3.1.3 and the butylated product 3.1.4 were determined by 

single-crystal X-ray diffraction analysis. The crystals of both 3.1.3 and 3.1.4 belonged to the 

P , space group with Z = 2. The unit cell volume of 3.1.3 was 1751.7(7) Å3, and the crystal 

density was 1.249 g/cm3 and the same values for 3.1.4 were 2148.4(5) Å3 and 1.303 g/cm3 

respectively. The self-assembly of the salt 3.1.3 included hydrogen-bonded dimers formed by 

two N-Hs of the urea part with the ring N-atom of the 5-methyl-1,2-oxazole part of the other 

participating molecule. The dimers were inter-linked by weak C-H∙∙∙O interactions between 

the S=O and N=O bonds of two molecules with two independent C-H bonds of the methyl 

groups of the 5-methyl-1,2-oxazoles. As in the ionic cocrystal, the TBA-cations were also 

held in the spaces at the junction of the two dimers (Fig. 3.9a). The cations were linked to the 

anions by C-H∙∙∙O hydrogen bond and C-H∙∙∙π interactions. 

                                   

 

                                  (a)                                                                                 (b)      

Figure 3.9: A portion of the hydrogen-bonded assembly of the (a) 3.1.4 and (b) 3.1.3 

showing some prominent hydrogen bonds.        

The host molecules accommodated the iodide anion by bifurcated hydrogen bonds of the two 

N-H bonds of the urea part with the iodide. Due to N-butylation, the self-assembly did not 

possess the dimeric synthon as seen in 3.1.2. There were bifurcated hydrogen bonds with 

iodide. Instead, the two molecules of the host were present in a head-to-tail manner and 

assembled through C-H∙∙∙O interactions as illustrated in Fig. 3.9b. The cations were held at 
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the two ends of such dimers where the hydrophobic parts were located. The inability of the 

3.1 to form the ionic cocrystals with their original form as compared to the analogous 4-{[(4-

nitrophenyl)carbamoyl]amino}-N-(pyrimidin-2-yl)benzene-1-sulfonamide (2.1) that was 

reported earlier13 was attributed to the different dimeric synthon in each case. Though the 

compounds had an L-like shaped geometry, the dimeric synthon of 3.1 was the urea-5-

methyl-1,2-oxazole based synthon, which broke down to form hydrogen bonds with a halide 

(the solution NMR study also supports this, which is discussed separately). In the earlier 

report 2.1, the packing of dimeric synthons provided enough spaces to accommodate the 

ionic parts, whereas to provide space for the ions in the case of 3.1, the host underwent 

modification by N-butylation to have a bigger domain of the hydrophobic part. This 

explanation is based on the fact that in many ionic cocrystals, to accommodate the 

hydrophobic part of the tetrabutylammonium cation the host adopts different spatial 

arrangements and self-assembles itself or with another component.15-17  

3.9: Solvates, ionic cocrystal and salt of 3.2      

 

 

Scheme 3.3:  The solvates, ionic cocrystal and salt of 3.2 

 

To delve deeper into the study of self-assemblies akin to those formed by 3.1, our research 

was extended to prepare the solvates of dimethyl sulfoxide, dimethylformamide, and the ionic 

co-crystal with tetrabutylammonium salts of the 4-{[(4-nitrophenyl)carbamoyl]amino}-N-

(1,3-thiazol-2(3H)-ylidene)benzene-1-sulfonamide (3.2). The exploration leading to the 

preparation of different forms of 3.2 is depicted in Scheme 3.3.  
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Figure 3.10: 1HNMR (DMSO-d6, 600 MHz,) spectra of the 3.2.2 

 

The 1HNMR of 3.2.2 is given in Fig. 3.10. The proton labelled as a and b appeared as 8.21-

8.19 and 7.70-7.69 ppm, respectively while the proton labelled as c and d appeared at 7.61-

7.60 and 7.74-7.73 ppm, respectively. The thiazole protons labelled as e and f appeared at 

7.24 and 6.82-6.81 respectively. The urea protons of 3.2.2 appeared at 9.51 and 9.29 ppm 

respectively while the N-H of thiazole showed a peak at 12.66 ppm.  The assignment of all 

peaks was done by recording the 2D-HOMOCOSY spectrum as shown in Fig. 3.11 showed 

the diagonal relationship among the coupled protons. This analysis confirmed the assigned 

peaks in the 1HNMR spectra. The 1HNMR of the DMF solvate 3.2.1 is given in Fig. A3.10.   

 

Figure 3.11: 1HNMR (DMSO-d6, 600 MHz,) spectra of the 3.2.2 
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3.10: Structural descriptions of solvates of 3.2.  

The crystals of DMSO solvate 3.2.1 were from the P21/n space group and had a unit-cell 

volume of 2220.34(3) Å³ and a crystal density of 1.473 gcm³. The crystals of DMF solvate 

3.2.2, belonged to the P21/c space group, with a unit cell volume of 2183(4) Å³ and a crystal 

density of 1.514 gcm³. The imine form of the host molecule was found in the DMSO and 

DMF solvates of the 3.2. The heterocyclic part in the solvates had N4-C14 bond distances as 

1.33(1) Å and 1.31(7) Å respectively, in the DMF and DMSO solvates. These distances were 

shorter by 0.06 Å and 0.09 Å than the comparable N-C bond in the heterocycle rings of the 

host of the solvate 3.1.1, where amine form was observed. The host molecule in each case 

had different orientations of the heterocyclic units. The angle between the planes containing 

heterocycle and the rest of the molecule of 3.2.2 was 87.59°; whereas, in 3.2.1, it was 78.58°. 

The projections of C=O of the urea moieties were in opposite directions with respect to each 

other in the two solvates (Fig. 3.12a). Assemblies of the two solvates had hydrogen-bonded 

dimers {R2
2(8) synthons shown in Fig. 3.12b and c. The hydrogen-bonded dimers of hosts in 

the DMSO solvate were connected end-to-end by C3-H∙∙∙O2(urea) hydrogen bonds forming 

R2
2(10) synthons to provide a chain-like structure; whereas, in the DMF solvate, such dimers 

were located at translated positions providing zig-zag arrangements. 

       

                                      (a)                                                            (b) 

 

   

                                       (c)                                                              (d) 
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 Figure 3.12: (a) Overlaid diagram of the hosts in 3.2.2 and 3.2.1. Assembling of the 

hydrogen-bonded dimers of (b) 3.2.2, (c) 3.2.1 (d) Powder XRD patterns of the 3.2.2 and 

3.2.1 and after de-solvation. 

3.11: Thermal studies of the solvates 3.2.1 and 3.2.2 

Thermal gravimetric analyses of the 3.2.1 showed that the DMF molecule of the solvate was 

lost at 124 °C, and the host got decomposed at 277 °C; whereas the DMSO solvate lost the 

DMSO molecule at 163°C and in this case, the host decomposed at 263 °C as illustrated in 

Fig. 3.13.  The enthalpy of de-solvation from DSC for the DMSO and DMF solvates of the 

host were 54.41 kJ/mole and 45.14 kJ per mole respectively. The difference in the two de-

solvation temperatures was 39 °C (~0.32 kJmol-1). We de-solvated the 3.2.1 and 3.2.2 by 

heating the samples above the de-solvation temperature which was observed in 

thermogravimetry (Fig. A3.15).  The PXRD patterns of the samples before and after de-

solvation are shown in Fig. 3.12d. The PXRD patterns of the de-solvated samples were 

identical. Hence, the de-solvation yielded a common de-solvated form.  This was an 

interesting point to us, as many solvates such as in the case of several solvates of furosemide, 

have different conformational adjusted structures.18 The literature suggests that the phase 

transition during heating causes de-solvation of isostructural solvates to transform them into a 

common polymorph,19 that was possible due to phase transitions during heating.    

     
(a)                                                      (b) 

 

Figure 3.13: Differential scanning calorimetry of (a) 3.2.1 (b) 3.2.2 (heating rate 10ºC/min 

under nitrogen atmosphere).  

  

Thermal stability,20 phase-transition21 and formation of hydrates22 are also key issues that 

complicate the de-solvation of solvates/ cocrystals. The issue on thermal stability during de-
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solvation was not a concern in our samples as there were no decompositions below the de-

solvation temperature (vide thermogravimetry). The DMSO and DMF solvates in the present 

case were not isostructural, but their respective lattice had identical H-bonded dimers, 

holding the solvent molecules in different manners. Once solvent molecules were removed 

from those dimers, the thermal energy converted them into a common de-solvated form. In 

addition to these, de-solvation of solvates generating polymorphs has also been reported 

earlier.60-63 However, in those examples, relatively higher activation energies were required to 

remove partner molecules. Hence such studies generate interest in search for a new 

polymorph and also to develop porous structures. Our observations on the de-solvation as 

compared to literature on the de-solvation of solvates, suggested a substrate dependency in 

the de-solvation rather than packing similarities. Though we do not have a generalized 

inference to make, this may suggest that the external heat required to be applied to expel the 

solvent molecules, but it is evident that the domain of the self-assembly is the key factor in 

transforming to the common form of the host in the given example. 

3.12: Ionic co-crystal  of 3.2 with TBA iodide 

Attempts to prepare the cocrystal of 3.2 with TBACl or TBABr, from the respective solution 

in DMSO or DMF were not successful. However, we could obtain a cocrystal of the 3.2 with 

TBAI. In this case, the quality of the structure was not good, but we could obtain the 

arrangements of the molecules in the cocrystal. 1HNMR spectra of the ionic co-crystal 3.2.3 is 

depicted in Fig 3.14. The ionic cocrystal showed  N-H proton of the urea group in 1HNMR at 

9.57 and 9.29 ppm respectively. The N-H of the thiazole part appeared at 12.67 ppm while 

the protons of the TBA group appeared in the range 3.17-0.92 ppm. The 13CNMR of  3.2.3 is 

given in Fig. A3.13. The carbon of the carbonyl group appeared at 168.73 ppm, whereas the 

four carbon peaks of the TBA group appeared at 57.53, 23.08, 19.23 and 13.52 ppm 

respectively.  
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Figure 3.14: 1HNMR (DMSO-d6, 600 MHz) spectra of the 3.2.3 

 

The ionic co-crystal, 3.2.3, was from the P  space group, exhibiting a crystal volume of 

1985.5(2) Å³ and a crystal density of 1.319 gcm³.  This ionic cocrystal had dimeric 

assemblies of 3.2, similar to the DMF cocrystal (Fig. 3.15). The H-bonded dimers were 

positioned on top of each other in a slightly displaced position. The dimers were connected to 

each other by C2-H∙∙∙O3 interactions providing an R2
2(14) synthons. The iodide had a 

tetrahedral hydrogen bonding environment. 

 

Figure 3.15: A part of the self-assembly of the 3.2.3 showing the H-bonded R2
2(8) dimer. 

 

We also obtained a tetrabutylammonium salt of 3.2 from a spontaneous reaction between 3.2 

with TBAF. The salt was obtained as a semi-solid, hence it was characterized in the solution 

state by recording 1HNMR, IR, and UV-visible spectra. The 1HNMR of the compound 3.2.4 

is depicted in Fig. 3.16. The protons labelled as a and b showed chemical shifts at 8.19-8.17 

ppm and 7.70-7.68 ppm, respectively while the aromatic protons labelled as c and d appeared 

at 7.43-7.41 and 7.64-7.63, respectively. The thiazole proton got de-shielded due to the 

formation of a negative charge on the nitrogen atom and displayed chemical shift at 6.92-6.91 
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and 6.43 respectively. One of the urea protons was de-shielded in comparison to the parent 

host and appeared at 9.61 and 9.16 ppm, respectively. 

 

 

Figure 3.16: 1HNMR (DMSO-d6, 600 MHz) spectra of the 3.2.4 
 

From the structural study on the different solvates and cocrystals, we found that in the case of  

3.1 the heterocyclic unit had an amine form; but the salt of the 3.1 had the imine form. 

Whereas, in the case of 3.2 the hetero-cyclic part had imine form consistently in all the forms.  

3.13: Optimized energy of the solvates 

The absorptions due to the S0–S1 of the two solvates 3.2.1 and 3.1.1 were found to be at 352 

and 353 nm. Whereas the peak S0–S1 transition of the anion was at 484 nm. The HOMO–

LUMO gaps of the solvates and salt were calculated by DFT (Fig. 3.17). The energy 

difference between the HOMO and the LUMO for DMF solvates, labelled as 3.1.1 and 3.2.1, 

was found to be 3.87 eV (320.37 nm) and 3.60 eV (344.4 nm), respectively. In contrast, for 

the salt 3.1.3, this gap was significantly lower at 2.60 eV, which corresponds to a wavelength 

of 477 nm. This theoretical transition peak at 477 nm aligns closely with the experimentally 

observed peak at 484 nm. 

 

                                      (a)                                                          (b) 
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(c) 

Figure 3.17: HOMO and LUMO gap (a) 3.1.1 (b) 3.2.2 (c) 3.1.3, (calculated by DFT using 

B3LYP/6-31+G (d, p) as basis set. 

3.14: Hirshfeld analysis 

Hirshfeld analysis is an excellent method for quantifying the nature of the intermolecular 

interaction. As predicted, Hirshfeld surface analysis revealed hydrogen bond contact sites of 

each form of the hosts. Figure 3.18 shows the Hirshfeld plotted over dnorm. The colour coding 

was used to demonstrate intermolecular interactions. Red, white, and blue dots indicate 

intermolecular interactions with distances less than, equal to, and greater than van der Waal 

radii, respectively. The negative value of the dnorm represents the red spot area, whereas the 

positive value represents the blue zone. The dnorm value for polymorphic solvate 3.1.1 was -

0.54 to 1.40Å, but for 3.1.2 it was -0.56 to 1.29Å. The dnorm value for TBA salt 3.1.3 ranged 

from -0.53 to 1.59 Å. The dnorm values for solvates 3.2.1, 3.2.2, and ionic co-crystal 3.2.3 

were -0.58 to 1.23, -0.62Å to 1.19, and -0.59 to 1.68Å, respectively. 

 

  

                 (a)                                                 (b)                                          (c) 

               
(d)                                                                        (e) 
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(f) 

 

Figure 3.18: Hirshfeld surfaces of (a) 3.1.1(b) 3.1.2, (c) 3.1.3 (d) 3.2.1 (e) 3.2.2 (f) 3.2.3 

 

3.15: Solution studies on the interactions of tertbutyl ammonium halides with 3.1 and 

3.2 

The 1HNMR spectrum of the 3.1.1 was recorded by adding different amounts of 

tetrabutylammonium chloride, bromide, and fluoride in independent experiments as shown in 

Fig. 3.19.  The 3.1 had three labile protons from the urea part and the heterocyclic part which 

appeared at 9.37 ppm, 9.57 ppm, and 11.31 ppm. These signals were significantly affected by 

the hydrogen bond formation or deprotonation. In the case of TBACl and TBABr (Fig. 3.19a 

and b), there was an insignificant effect on the signal of the N-H of the heterocycle, whereas,  

the two peaks of urea were de-shielded. These were de-shielded to an extent (Δδ) of 0.97 ppm 

and 0.93 ppm, respectively by TBACl, whereas with TBABr, these were shifted to higher 

side δ by 0.21 ppm and 0.18 ppm, respectively. This indicated that 3.1 primarily interacted 

with chloride and bromide by hydrogen bonds with the N-H bonds of urea. The same 

compound when treated with TBAI, formed the N-butylated product 3.1.4 as discussed 

earlier. 

 

(a) 
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(b) 

 

(c) 

 

Figure 3.19: The aromatic region of the 1H NMR (600 MHz, DMSO-d6) titration showing 

the aromatic protons of 3.1.1 was recorded by adding different amounts of 

tetrabutylammonium (a) chloride and (b) bromide (up to 4 equivalents) (c) fluoride (up to 1.5 

equivalents) (Only the range of 6.4 ppm to 13 ppm are shown for clarity). 

The 1HNMR titrations of 3.1.1 with TBAF are shown in Fig. 3.19c. It could be clearly seen 

that a significant change in the HC= proton of the ring appeared at 6.13 ppm. This was 

shielded to an extent of 0.37 ppm, due to the anion formation by proton abstraction of the 

amine, resulting in a change in the conjugation of the ring to transform into the imine form. 

In this case, the two N–H of the rings get shifted in different manners. The N–H3N got 

shielded and the N–H2N was de-shielded with the increase in fluoride concentration. Fluoride, 

having the ability to form charge-assisted hydrogen bonds, formed hydrogen bonds in an 

unsymmetrical manner with N–H2N and N–H3N. The enhanced acidity of such H-atoms is due 

to H-bonds with the electronegative counterpart which caused the de-shielding (Δδ = 0.18 

ppm) of N–H2N, whereas the N–H3N was shielded due to the partial negative charge created at 
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the nitrogen site and the diamagnetic effect of fluoride in its vicinity (Fig. 3.19c). The 

deprotonation had also caused shifts in the proton resonances of the aromatic protons 

connected to the urea moiety, thereby affecting the chemical shift positions. 

 

(a) 

 

(b) 

 

(c) 

Figure 3.20: The aromatic region of 1H NMR (600 MHz, DMSO-d6) during the titration of 

the 3.2.1 performed by adding different amounts of tetrabutylammonium (a) fluoride (up to 
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1.5 equivalents) (b) chloride and (c) bromide (up to 4 equivalents) (Only the range of 6.4 ppm 

to 13 ppm are shown for clarity). 

A similar deprotonation of 3.2 was also observed from its titration with TBAF (Fig. 3.20a). In 

this case, the N–H of the ring was lost, and as a consequence, the peak at 11.30 ppm 

disappeared. The two olefin peaks of the thiazole ring at 6.81 and 6.74 ppm were shielded by 

0.93 and 0.39 ppm, respectively. The urea NH were de-shielded and shielded as explained for 

the other salt. In this case, these signals appeared at 9.86 and 9.35 ppm, whence the former 

proton signal was de-shielded to an extent of 0.35 ppm and the latter one was shielded by 

0.06 ppm. The titration of 3.2 with TBACl and TBABr (Fig. 3.20b and c) (up to four 

equivalent of corresponding salt) showed that there was only de-shielding of N-H proton of 

the urea part, while other protons remained unaffected as the respective anions only formed 

the hydrogen bonding with the urea group. These solution-state studies added an incremental 

understanding of the fact that halides are substrate-selective for the two hosts.14 The chemical 

shift changes upon the interactions of 3.1 with fluoride ions affected significant changes in 

the CHC = proton of the heterocycle as it was transformed from the amine to imine form.  

3.16: UV visible studies  

The anion binding and deprotonation in sulfonamide-derived urea decide the color changes 

for specific detection processes.23 Both compounds had nitro-phenyl as the common 

chromophore and showed identical color changes due to the formation of new absorption at 

484 nm as depicted in Fig. 3.21a and b. The changes caused by fluoride and bromide salts 

could be observed by visual changes, as depicted in Fig. 3.21b and 3.21c.  

 

      

(a)                                                          (b) 
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                                                 (c)                                                        (d) 

 

Figure 3.21: Changes in the UV-visible spectra of (a) 3.2 and (b) 3.1 (3.3 × 10−5 M, 2mL in 

each case) in dimethylsulfoxide by aliquots (30 μL) of tetrabutylammonium fluoride (10−2 M) 

and visual color change of (c) 3.1 (d) 3.2 after addition of TBAF and TBABr respectively. 

3.17: Conclusions  

The polymorphs of a DMF solvate of 3.1 were prepared by crystallization from a solution at 

room temperature and from a solution heated to 80 °C. The two polymorphs had different 

synthons: in one polymorph, there were direct hydrogen bonds between DMF, with the urea 

part being more stable. DFT calculations of the H-bonded dimers of the polymorphs provided 

support for such stability. On the other hand, the self-assemblies of the DMSO and DMF 

solvate of 3.2 showed similar hydrogen-bonded dimers of the host molecules, but the 

conformers of the host in these solvates were completely different. Despite the dissimilarities 

in geometrical features, the de-solvation of the two solvates yielded a common form. There 

was in situ C–N bond formation on 3.1 forming an N-butylated host and leading to the 

formation of an ionic cocrystal with TBAI. The two sulfonamide urea derivatives, 3.1 as well 

as 3.2 formed respective salts by proton abstraction in the presence of TBAF, and both 

showed identical color changes due to the changes in the conjugation of the common 

nitrophenyl unit within their structures. 
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Appendix - Chapter 3 

 

A3.1: Experimental section 

Synthesis and characterization of the hosts, solvates, cocrystals and salts: 

(3.1.1): A solution of 4-nitrophenylisocyanate (328 mg, 2 mmol) and sulfamethoxazole (507 

mg, 2 mmol) in acetonitrile (30 ml) was refluxed for 2 hrs. after which the reaction mixture 

was stirred at room temperature for about 6 hrs. This had resulted in the formation of a 

yellow precipitate. This precipitate was filtered and it was dissolved in 3 ml DMF. The 

solution thus prepared was kept undisturbed, which provided the crystals of 3.1.1 yield = 76 

%. IR (Neat, cm-1): 3272 (w), 3135 (w) 1724 (s), 1657 (s), 1615 (s), 1590 (s), 1574 (s), 1542 

(s),  1495 (s), 1468 (s),  1409 (s), 1374 (s), 1384 (s), 1333 (m), 1317(s), 1251 (s), 1197 (s), 

1162 (s), 1106 (s), 1091 (s), 1028 (m), 928 (s), 885 (s), 854 (s), 843 (m), 831 (s),  751 (s), 715 

(s), 667 (s), 645 (s),  579 (s),  556 (s). 1HNMR (600 MHz, DMSO-d6, ppm): 11.31 (s, 1H), 

9.57 (s, N-H), 9.39 (s, N-H), 8.21- 8.20 (d, J = 10 Hz, 2H ), 7.95 (s, 1H ), 7.79 (d, J = 8 Hz), 

7.70 (d, J = 9 Hz ), 7.67 (d, J = 8 Hz ), 6.13 (s, 1H), 2.89 (s, 3H), 2.73 (s, 3H), 2.29 (s, 3H). 

13C NMR (125 MHz, DMSO-d6): 170.3, 162.3, 157.6, 151.8, 145.9, 143.6, 141.4, 132.3, 

128.2, 125.2, 118.2, 117.8, 95.4, 35.8, 30.7, 12.1. 

(3.1.2): A solution of the crude yellow precipitate of 3.1 (103 mg, 0.25 mmol) was dissolved 

in DMF (10 ml) was stirred at 80°C for about 1 h. The solution was filtered to discard 

suspended material (if any) and it was kept undisturbed for crystallization. Upon standing for 

8-10 days red block crystals of the 3.1.2 were obtained (yield 82 %). IR (Neat, cm-1): 3358 

(s), 1719 (s), 1657 (s), 1618 (s), 1593 (s), 1557 (w), 1572 (s), 1538 (s), 1495 (s), 1441 (m), 

1406 (s), 1376 (s), 1326 (s), 1304 (w), 1249 (s), 1198 (s), 1177 (m), 1163 (s), 1108 (s),  1092 

(m), 1040 (s), 924 (m), 875 (s), 854 (s), 833 (s), 812 (s),  752 (s), 702 (s), 666 (s), 643 (s), 

574 (s), 556 (s).  

(3.1.3): The crude 3.1 (42 mg, 0.1 mmol) was dissolved in DMF (5 ml). To this solution 

TBAF trihydrate (63 mg, 0.2 mmol) was added and stirred for 30 mins. The solution was 

filtered and kept for crystallization, which yielded crystalline 3.1.3. The crystals were 

decanted and characterized (yield 85 %). IR (Neat cm-1): 2959 (s), 2874 (s), 1719 (s), 1609 

(s), 1592 (s), 1543 (s), 1494 (s), 1456 (s), 1404 (s), 1334 (s), 1314 (s), 1302(s), 1273 (s), 1246 

(s), 1195 (s), 1175 (s), 1141(s), 1109(s), 1094(s), 1045(s), 1007(m), 931(s),  883(s), 851(s), 

802(s), 750(s), 704(s), 645(s), 587(s), 566(s).  1HNMR (600 MHz, DMSO-d6, ppm): 9.58(s, 

N-H), 9.12(s, N-H), 8.19 (d, J = 9 Hz, 2H), 7.70 (d, J = 9 Hz, 2H), 7.58 (d, J = 8 Hz, 2H), 

TH-3407_186122013



Chapter 3  
 

 

124 

 

 

7.42 (d, J = 9 Hz, 2H), 5.78 (s, 1H), 3.16 ( t, J = 8 Hz, 8H), 1.59- 1.54 (m, 8H), 1.34- 1.27 (m, 

8H), 0.93(t, J = 7 Hz, 12H). Same reaction with excess amounts of TBABr (5 mmol) instead 

of TBAF yielded the same salt. 

(3.1.4): A solution of tetrabutylammonium iodide (185 mg, 0.5 mmol) and 3.1 (42 mg, 0.1 

mmol) in DMF (10 ml) was stirred at 80 °C for 6 hs and the resulting solution left 

undisturbed for 8 days yielded crystals of the salt. The supernatant liquid was decanted and 

the crystals were dried by pressing filter paper (yield 49 %). IR (Neat, cm-1): 2958 (s), 2934 

(w), 2873(m), 1713 (s), 1611 (m), 1590 (s), 1560 (s), 1539 (s), 1508(s), 1493 (s), 1448 (s), 

1405(m), 1374(m), 1341 (s), 1314 (m), 1304 (s), 1247 (s), 1198 (s), 1162 (s), 1113 (s), 1092 

(s), 1027 (s), 925 (w), 882 (s), 856 (s), 827 (m), 804 (m), 749 (s), 712 (s), 678 (s), 645 (s), 

594 (s), 569 (s), 556 (s).  1HNMR (600 MHz, DMSO-d6, ppm): 9.59 (s, N-H), 9.45 (s, N-H), 

8.21 (d, J = 9 Hz, 2H), 7.77 (d, J = 8 Hz, 2H), 7.70 (d, J = 10 Hz, 2H), 7.68 (d, J = 9 Hz, 2H), 

6.44 (s, 1H), 3.69 (t, J = 7 Hz, 3H), 3.18-3.15 (t, J = 8 Hz, 8H), 2.37 (s, 3H), 1.59-1.54 (m, 

10H), 1.34-1.28 (m, 10H), 0.94(t, J = 7Hz, 12H), 0.87 (t, J = 7 Hz, 3H). 13C NMR (125 MHz, 

DMSO-d6): 170.8, 159.2, 151.7, 145.8, 144.1, 141.4, 130.4, 128.4, 125.2, 118.3, 117.9, 97.8, 

57.5, 48.1, 29.8, 23.1, 19.2, 13.5, 12.2. 

(3.2.1):  A solution of 4-nitrophenylisocyanate (328 mg, 2 mmol) (20 ml), sulfathiazole (511 

mg, 2 mmol) in dry acetonitrile (20 ml) was stirred for 8 h. This yielded yellow precipitate, 

which was filtered. It was dissolved in DMF (3 ml) and kept undisturbed condition for 

crystallization. Needle shaped crystals of 3.2.1 were formed after 2-3 days (yield, 81 %).  IR 

(Neat cm-1) : 3093 (bs), 1725 (s), 1651 (s), 1588 (s), 1567 (s), 1526 (s), 1492 (s), 1414 (s), 

1331 (s), 1301 (s), 1249 (s), 1190 (s), 1173 (s), 1145 (s), 1102 (s), 1087 (s), 927 (s), 851 (s), 

828 (s), 733 (s), 711 (s), 690 (s), 669 (s), 649 (s), 631 (s), 602 (s), 575 (s), 559 (s). 1HNMR 

(600 MHz, DMSO-d6, ppm): 12.70 (s, 1H), 9.53 (s, N-H), 9.31 (s, N-H), 8.21 (d, J = 9 Hz, 

2H ), 7.94 (s, 1H), 7.74 (d, J = Hz, 2H ), 7.70 (d, J = 9 Hz, 2H ), 7.61 (d, J = 9 Hz, 2H ), 7.24 

(d, J = 5 Hz, 1H ), 6.82 (d, J = 4 Hz, 1H ), 2.88 (s, 3H ), 2.72 (s, 3H ). 13CNMR (125 MHz, 

DMSO-d6): 168.8, 162.5, 151.9, 146.1, 142.5, 141.4, 135.6, 127.2, 125.3, 118.1, 117.9, 

108.2, 35.9, 30.9. 

(3.2.2): The 3.2 (42 mg, 0.1 mmol) was dissolved in DMSO (0.5 ml) in a plastic vial (1ml 

capacity) and left undisturbed for crystallization. Block type of crystals of 3.2.2 were formed 

in a week. The crystals were collected by decanting the supernatant liquid.  IR (Neat, cm-1) : 

3101 (bs), 1716 (s), 1595 (s), 1538 (s), 1489 (s), 1435 (s), 1332 (s), 1299 (s), 1246 (s), 1195 

(s), 1174 (s), 1143 (s), 1113 (s), 1088 (s), 1011 (s), 939 (s), 849 (s), 733 (s), 709 (s), 652 (s), 

TH-3407_186122013



Chapter 3  
 

 

125 

 

 

631 (s), 576 (s), 552 (s). 1HNMR (600 MHz, DMSO-d6, ppm): 12.67 (s, 1H), 9.51(s, N-H), 

9.29 (s, N-H), 8.21 (d, J = 9 Hz, 2H), 7.74 (d, J = 8 Hz, 2H ), 7.70 (d, J = 9 Hz, 2H ), 7.60 (d, 

J = 9 Hz ), 7.24 (d, J = 4 Hz, 1H ), 6.82 (d, J = 4 Hz, 1H ), 2.54 (s, 6H ) . 13C NMR (125 

MHz, DMSO-d6): 168.7, 151.8, 145.9, 142.4, 141.3, 135.6, 127.1, 125.2, 124.4, 118.0, 117.8, 

108.1. 

(3.2.3): Cocrystal of 3.2 with tetrabutylammonium iodide was prepared by stirring a mixture 

of 3.2 (42 mg, 0.1 mmol) with ten equivalents amounts of TBAI (369 mg, 1 mmol) in DMF 

(10ml) for 5 mins at room temperature. The mixture was filtered and filtrate was kept in open 

air for slow evaporation to obtain the crystals of 3.2.3 after 12 days (yield 53 %). IR (Neat, 

cm-1): 2958 (m), 2870 (m), 1713 (s), 1590 (s), 1560 (s), 1536 (s), 1493 (s), 1411 (s), 1302 (s), 

1245 (s), 1196 (s), 1146 (s), 1112 (s), 1087 (s), 934 (s), 854 (s), 740 (s), 702 (s), 650 (s), 634 

(s), 574 (s), 558 (s). 1HNMR (600 MHz, DMSO-d6, ppm): 12.67 (s, 1H ), 9.52 (s, N-H ), 9.29 

(s, N-H ), 8.20 (d, J = 9 Hz, 2H ), 7.73 (d, J = 8 Hz, 2H ), 7.69 (d, J = 9 Hz, 2H ), 7.60 (d, J = 

8 Hz, 2H ), 7.24 (d, J = 5 Hz, 1H ), 6.81 (d, J = 4 Hz, 1H ), 3.15 (t, 8H ), 1.59- 1.54 (m, 8H ), 

1.34- 1.28 (m, 8H ), 0.93 (t, 12H ). 13C NMR (125 MHz, DMSO-d6): 168.7, 151.8, 145.9, 

142.4, 141.3, 135.6, 127.1, 125.2, 124.4, 117.9, 117.8, 108.1, 57.5, 23.1, 19.2, 13.5. 

(3.2.4): A solution of tetrabutylammonium fluoride trihydrate (63 mg, 0.2 mmol) 3.2 (42 mg, 

0.1 mmol) in DMF (5 ml) was stirred for 1 h to obtain 3.2.4 as a white precipitate. IR (Neat 

cm-1) : 2959 (m), 2872 (m), 1709 (s), 1657 (s), 1592 (s), 1539 (s), 1495 (s), 1433 (s), 1304 

(s), 1266 (m), 1233 (s), 1201 (s), 1178 (s), 1164 (m), 1141 (s), 1091 (s), 948 (s), 856 (s), 842 

(s), 752 (s), 736 (s), 697 (s), 655 (s), 644 (s), 618 (s), 576 (s), 560 (s). 1HNMR (600 MHz, 

DMSO-d6, ppm): 9.61 (s, N-H), 9.17 (s, N-H), 8.18 (d, J = 9 Hz, 2H), 7.69 (d, J = 9 Hz, 2H), 

7.63 (d, J = 8 Hz, 2H), 7.42 (d, J = 9 Hz, 2H), 6.920 (d, J = 4 Hz, 1H), 6.43 (d, J = 4 Hz, 1H), 

3.16 (t, 8H), 1.59- 1.54 (m, 8H), 1.33- 1.27 (m, 8H), 0.93 (t, 12H). 13C NMR (125 MHz, 

DMSO-d6): 169.6, 151.8, 146.3, 141.1, 140.4, 139.7, 136.9, 126.9, 125.1, 117.6, 117.4, 

107.1, 57.5, 23.1, 19.2, 13.5. 

All the solvates and cocrystals were stable at room temperature under ambient conditions at 

least for a week. 
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                                          (c)                                                               (d) 

      

                           (e)                                                                            (f) 

 

(g) 
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Figure A3.1: PXRD pattern of complexes (a) 3.1.1, (b) 3.1.2, (c) 3.1.3, (d) 3.1.4 and (e) 3.2.1 

(f) 3.2.2 (g) 3.2.3 (Red = Experimental, Black = Simulated). Simulated pattern generated 

from CIF file. 

 

     

                                           (a)                                                                    (b) 

    

                                         (c)                                                                        (d) 

     

                                         (e)                                                                    (f) 
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  (g) 

Figure A3.2: FT-IR spectrum (neat) of the (a) 3.1.1 (b) 3.1.2 (c) 3.1.3 (d) 3.1.4 (e) 3.2.1 (f) 

3.2.2 and (g) 3.2.4 

 

Figure A3.3: 13CNMR (125 MHz, DMSO-d6) spectra of the 3.1 
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Figure A3.4: 1HNMR (DMSO-d6, 600 MHz) spectra of the 3.1.1.  

 

 

 
Figure A3.5: 1H-2D-HOMOCOSY (600 MHz, DMSO-d6) spectrum of the 3.1.1. 

 

 
 

Figure A3.6: 13CNMR (125 MHz, DMSO-d6) spectra of the 3.1.1 
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Figure A3.7: 1HNMR (DMSO-d6, 600 MHz) spectra of the 3.1.1 at variable temperatures. 

 
 

Figure A3.8: 13CNMR (125 MHz, DMSO-d6) spectra of the 3.1.4. 

 
Figure A3.9: ESI mass spectrum of the 3.1.4 
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Figure A3.10: 1HNMR (DMSO-d6, 600 MHz,) spectra of the 3.2.1. 

 

 
 

Figure A3.11: 13CNMR (125 MHz, DMSO-d6) spectra of the 3.2.1 
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Figure A3.12: 13CNMR (125 MHz, DMSO-d6) spectra of the 3.2.2 

 
Figure A3.13: 13CNMR (125 MHz, DMSO-d6) spectra of the 3.2.3   

 
Figure A3.14: 13CNMR (125 MHz, DMSO-d6) spectra of the 3.2.4 
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                                            (a)                                                                (b) 

 

Figure A3.15: Thermogram of the polymorph (a) 3.1.1 (b) 3.1.2.  

 
 

Figure A3.16: 2D fingerprint plots (including reciprocal contacts) of the H···C, H···H, 

H···O, H···N and H···anion interactions of a) 3.1.1 b) 3.1.2 c) 3.1.3. 

 
 

Figure A3.17: 2D fingerprint plots (including reciprocal contacts) of the H···C, H···H, 

H···O, H···N and H···anion interactions of (a) 3.2.1 (b) 3.2.2 (c) 3.2.3 
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                                                                            (a)        

 
                               (b)                                                          (c) 

    
                           (d)                                                        (e)    

 
(f)                                                             (g) 

 
(h) 

 

Figure A3.18: HOMO and LUMO gap (a) 3.2.1 (b) de-solvate of 3.1.1 (c) de-solvate of 3.1.2 

(d) dimer of 3.1.1 (e) dimer of 3.1.2 (f) dimer of 3.1.3 (g) dimer of 3.2.1 (h) 3.2.2 calculated 

by DFT using B3LYP/6-31+G (d, p) as basis set. 
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Chapter 4 

Assemblies of Sulfathiazole and Sulfamethazine Derived Thiourea: 

Polymorphs, Solvates and Fluoride Detection 

4.1: Introduction 

In the last two chapters, the role of homo-dimers in the self-assemblies of urea derivatives 

derived from various sulpha drugs was presented. Thus, it was essential to study analogous 

thiourea-derived sulfa-drugs to explore the role of thiourea units in generating polymorphic 

and ionic cocrystals. In this chapter, a study of the role of the sub-assemblies within the self-

assemblies of six sulfathiazole thiourea derivatives and a sulfamethazine-based thiourea 

derivative listed in Fig. 4.1 is presented. The study was carried out primarily to find out the 

common build-up units from a series of closely related members of compounds with 

differences in the substitution or positional isomers in their respective assemblies. It was with 

an expectation that the sub-assemblies formed within the assemblies would be guided by 

steric as well as electronic and organized through packing requirements. Systematic analysis 

of the crystal structures of a series of closely related compounds would help to establish the 

characteristic signature of those assemblies.  

 

Figure 4.1: Different sulfathiazole and sulfamethazine derivatives studied in this work. 

The energy associated with those sub-assembling units will impact physical properties. 

Accordingly, the energy of the series of principal sub-assemblies is theoretically evaluated. 

Namely, there will be many possibilities, such as the -SO2- units of sub-assemblies may have 

different projections, or the arylthiourea portion may adopt syn-syn or syn-anti or anti-anti 

orientations to provide differences to generate polymorphs. Furthermore, a study on the 

assembling of the positional isomers of the dichloro-phenyl thiourea derivatives (4.3, 4.4 and 

4.5) listed in Fig. 4.1 would provide scopes to understand the role of halogen-bond 

interactions in providing the directionality to those assemblies. Thus, to identify the core 
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repeat units on which the self-assemblies of each form would be built, the compounds listed 

in Fig. 4.1 were studied. 

4.2: Synthesis of 4-(3-phenylthioureido)-N-(thiazol-2(3H)-ylidene)benzenesulfonamide 

(4.1)  

The thiourea derivative 4.1 was prepared by condensation of sulfa drug sulfathiazole and 

phenyl isothiocyanate. The crude product 4.1 was characterized by the ESI-mass spectrum 

([M+1] + =391.0351). The crude product 4.1 was dissolved separately in dimethylformamide 

(DMF) and acetone to produce two conformational polymorphs, 4.1.1 and 4.1.2, respectively. 

The two conformational polymorphs were characterized by SC-XRD, PXRD, 1HNMR and 

13CNMR. 

 

Figure 4.2: 1H-NMR (DMSO-d6, 600 MHz) spectra of the 4.1.2 

The 1HNMR spectrum of the polymorph is depicted in Fig. 4.2. The thiazole protons labelled 

as b and c appeared at 7.25-7.24 ppm and 6.82 ppm respectively, while the N-H proton on the 

heterocyclic ring labelled as a was observed at 12.70 ppm. The phenyl protons labelled as d 

and e were appeared at 7.75-7.73 ppm and 7.67-7.65 ppm, respectively. The aromatic protons 

labelled as f, g and h were observed at 7.47-4.46 ppm, 7.35-7.32 ppm and 7.15-7.13 ppm, 

respectively. The thiourea N-H protons labelled as 1 and 2 of the thiourea part appeared as 

10.07 ppm and 10.03 ppm, respectively. The 13CNMR of 4.1.1 is shown in Fig A4.4b. The 

carbon atom of the thiocarbonyl of the thiourea part in the 13C NMR spectra appeared at 

179.53 ppm. The geometry difference of the molecule in the polymorphs 4.1.1 and 4.1.2 

influenced the C=S stretch appearing in the 800 cm-1 to 860 cm-1 regions of the respective IR 
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spectra. The syn-anti form had C=S stretch at 822 cm-1 and 851 cm-1, and the anti-anti form 

had at 835 cm-1 and 858 cm-1 (Fig. 4.3). 

 

Figure 4.3: (a) Overlaid FT-IR spectra in region of 1750 cm-1 to 500 cm-1 of the two 

polymorphs 4.1.1 and 4.1.2. 

4.3: Structural descriptions of the conformational polymorphs 4.1.1 and 4.1.2 

The two polymorphs of 4.1 could be prepared by crystallization from solution in a specific 

solvent. For this purpose, crystallization from different solvents was undertaken, and it was 

found that crystallization from DMF provided one polymorph, and a mixed solvent of 

methanol and acetone provided another polymorph. The one polymorphic form obtained from 

a solution in dimethylformamide (DMF) (crystals belong to P 21/c) is referred to here as 4.1.1 

had unit cell volume and crystal density 3445.9(7) Å3, 1.505 gcm−3, respectively. On the 

other hand, the other polymorph was obtained from the crystallization from a solution in a 

mixed solvent of methanol and acetone (P , space group) is referred to as 4.1.2 had unit cell 

volume and crystal density 878.1(4) Å3, 1.477 gcm−3, respectively. Though the crystallization 

of any of the two polymorphs was solvent-specific, each polymorph could be transformed 

into one another by re-crystallizing from the specific solvent that provided the particular 

polymorph. A report in the literature showed that the polymorphs of sulfamerazine were 

inter-convertible upon crystallization from different mixed solvents.1 Hence, the solvent-

induced crystallization of the polymorphs of 4.1 were not unexpected results. However, the 

structural aspects of this new thiourea derived from sulfathiazole provided a new outlook on 

the internal structures of their self-assemblies comprised of independent types of homo-

dimers as sub-assemblies that are discussed in the following structural analysis  
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                                          (a)                                                          (b) 

Figure 4.4: (a) and (b) are the geometrical forms of the 4.1 found in the polymorph 4.1.1 and 

4.1.2, respectively. 

The single X-ray crystal structure of polymorph 4.1.1 revealed that it had two symmetry-

independent molecules in the asymmetric unit. Both the molecules that appeared in the 

asymmetric unit had anti-anti orientations of thiourea part as shown in the structure shown by 

the line drawing in Fig. 4.4a. The polymorph 4.1.2 had a syn-anti orientation of the thiourea 

part, illustrated in Fig. 4.4b. The polymorph 4.1.1 had a hydrogen-bonded R2
2(8) homodimer 

formed by the hydrogen bonding between the amino-thiazole part of two independent 4.1 

molecules. The thiourea portions of the dimer had anti-anti geometry. Each homodimer had a 

clip-like (alternatively hair-pin-like) geometry, as depicted in Fig. 4.5a. The projection of the 

-SO2- units across two sides of each homodimer had a syn-relationship (that is projecting 

towards the same direction). Whereas the homodimers of 4.1.2 had anti-projections of the -

SO2- unit; that means those were projecting in opposite directions (Fig. 4.5b) with respect to 

each other. Both the thiourea portions of the homodimer of the polymorph 4.1.2 adopted syn-

anti orientation. The hydrogen bonded R2
2(8) synthons of the two polymorphs had two 

hydrogen bonds (N4-H…N7 2.01 Å, 170o; N3-H…N8 2.00 Å, 168o for 4.1.1 and N4-H…N3 

2.08 Å, 159o for 4.1.2). Due to the anti-anti orientation of the 4.1.1, the N-H of thiourea 

formed hydrogen bonds with the sulphur atom of thiourea part of another molecule 

constituting R2
1(6) synthon. 

 

TH-3407_186122013



 Chapter 4 
 

 

139 

 

 

 

Figure 4.5: Hydrogen-bonded dimers of (a) 4.1.1 and (b) 4.1.2; (c) and (d) are their 

respective packing diagrams. (e) The chain-like arrangements among the homodimers of 

4.1.2 

The prominent hydrogen bonds are N1-H…S4 (2.67 Å, 151o); N2-H…S4 (2.56 Å, 155o) and 

N5-H…S4 (2.67Å, 153o); N6-H…S4 (2.66 Å, 162o) illustrated in the Fig. 4.5c respectively. 

The respective hydrogen bond parameters are listed in Table 4.1. The O3 atom of the -SO2- 

unit had inter-molecular and intra-molecular Sthiazole∙∙∙O interactions (Fig. 4.5c; dS6∙∙∙O3 intra-

molecular 2.89 Å, and dS3∙∙∙O3 inter-molecular 3.00 Å). On the other hand, due to the syn-anti 

orientation, the N-H of the thiourea in the polymorph 4.1.2, formed hydrogen bond with the 

oxygen atom of the -SO2-unit of sulfathiazole part. 

Table 4.1: Hydrogen bond parameters of the polymorphs (4.1.1 and 4.1.2)  

polymorphs D-H···A (Symmetry) dD-H (Å) dH···A (Å) dD···A (Å) ∠D-H···A (o) 

4.1.1 
 

 

 
 

N(1) -H(1) ···S(4) [x, 1+y,  z] 

 

N(2) -H(2) ···S(4) [x, 1+y,  z] 
 

N(4) -H(4)  ···N(7) [x, 3/2-y, -1/2+z ] 

 
N(5) -H(5)  ···S(1) [x, y, z ] 

 

N(6) -H(6)  ···S(1) [x, y, z ] 
 

N(8) -H(8)  ···N(3) [x, 3/2-y, 1/2+z ] 
 

C(15) -H(15) ···O(2) [x, 1+y,  z] 

 
C(15) -H(15) ···O(2) [x, 1+y,  z] 

 

0.86 

 

0.86 
 

0.86 

 
0.86 

 

0.86 
 

0.86 
 

0.93 

 
0.93 

2.67 

 

2.56 
 

2.01 

 
2.67 

 

2.66 
 

2.00 
 

2.59 

 
2.39 

 

3.444(7)  

 

3.363(7) 
 

2.856(8) 

 
3.459(7) 

 

3.487(7) 
 

2.845(7) 
 

3.349(8) 

 
3.246(9) 

151 

 

155 
 

170 

 
153 

 

162 
 

168 
 

139 

 
154 
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The medium-strength hydrogen bonds N1-H…O2 (2.09 Å, 152o) and N2-H…O1 (2.23 Å, 

138o) were responsible for providing a robust hydrogen-bonded cyclic structure as shown in 

Fig. 4.5d. The S=O(1), S=O(2) and S=O(3), S=O(4) bond-lengths in the polymorph 4.1.1 

were 1.44 Å, 1.43 Å respectively; whereas, in the 4.1.2, S=O(1) and S=O(2) bond lengths 

were 1.42 Å and 1.45 Å. The longer S=O(2) bond length in the 4.1.2 bond was due to its 

participation in the hydrogen bond by the oxygen atom with the N-H(1) of the thiourea part. 

In 4.1.1, the sulphonamide group participated in weak S∙∙∙O and also C15-H∙∙∙O2 interactions. 

Whereas, in 4.1.2, the sulphonamide group was involved in two discrete weak N-

Hthiourea∙∙∙O=S hydrogen bonds. The clip-like arrangements were found in polymorph 4.1.1; 

Each clip-like structure was located at alternate positions in upward and downward 

directions. This type of arrangement provided a flat outer surface of a rod-like arrangement 

that was extended along the b-crystallographic axis. In the case of 4.1.2, the homodimers 

were connected by hydrogen bonds to form an extended chain-like arrangement. Stator-like 

structures were observed earlier in freely rotatable thiazole units linked to an imine,2 and the 

hydrated form of such compounds also showed polymorphs.3 In the present example, no 

solvate of 4.1 was observed during crystallization from different solvents. There was also an 

example in the literature on having the hairpin-like structure of a -SO2- unit containing 

compound, namely, di(4-bromobenzenesulfonyl)amine.4 But, in the present case, the dimeric 

assemblies adopted a hairpin-like structure. In an earlier study, it was shown that the number 

of symmetry-independent molecules in a unit cell was dependent on the solvent molecules of 

solvates.5 It was also shown that the different hydrogen-bonded homodimers6 or different 

synthons7 result in polymorphs. There are examples in which the signature of an assembly in 

solution gets carried to a solid-state structure.8 Based on those observations, the homo-

dimeric units in the assemblies with two different geometries were conceived during 

crystallization, and those were guided by the respective solvents. Our findings also 

complimented the occurrence of solvent-mediated conformational polymorphs in urea-

derived chlorosulfanilide that was observed earlier.9 In the two polymorphs, the orientations 

 

4.1.2 
 
N(1) -H(1) ···O(2)) [2-x, 1-y, 1-z] 

 

N(2) -H(2) ···O(1) [-1+x, y, z] 
 

N(4) -H(4) ···O(2) [2-x, 1-y, -z] 

 
N(4) -H(4)  ···N(3) [2-x, 1-y, -z] 

 
0.86 

 

0.86 
 

0.86 

 
0.86 

 
2.09 

 

2.23 
 

2.59 

 
2.08 

 

 
2.876(7) 

 

2.923(7) 
 

3.263(8) 

 
2.898(8) 

 
152 

 

138 
 

136 

 
159 
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of N-H groups of thiourea across the C=S bond had described a geometrical change rather 

than a conformational adjustment during crystallization from a solution.  

Solvent guiding to crystallize a particular crystalline form, as well as their inter-conversion in 

solution, requires an understanding of the schemes of weak interactions.10 In our case, the 

molecules of the two polymorphs had independent geometries (Fig. 4.6a). Hence, the energy 

of each was different. The energy of individual molecules of the two polymorphs was 

calculated by DFT using B3LYP hybrid functional of 6-311++G (2d, p) basis set. The 

molecule with syn-anti form (4.1.2) had energy 14 kJ/mole lower than the molecule having 

anti-anti form (4.1.1). Hence, energetically, they have a small difference. For their 

interconversion, the activation barrier was examined. Accordingly, the energy of the 

molecule with different dihedral angles was calculated using a scan-coordinate of DFT 

calculation. The plot of the respective energy vs the dihedral angles is plotted in Fig. 4.6b. 

The activation barrier for the anti-anti form (form 1 in Fig. 4.6a) to convert to syn-anti (form 

2) was found from the plot to be 41 kJ/mole (Fig. 4.6b). This energy was comparable to the 

energy of solute-solvent hydrogen bonds. Hence, a solvent-assisted conversion between the 

two polymorphs was possible by changing solvents (namely, dissolving the crystalline 

product from DMF in methanol and vice versa). The polymorph obtained from methanol 

acetone mixed solvent could be converted to the polymorph that was obtained from a solution 

in DMF or by crystallising any of the forms from the solution in the respective solvent. 

 

 

Figure 4.6: (a) Geometries of the 4.1 in the polymorphs; (b) Theoretically calculated change 

in the energy of the 4.1 with different dihedral angles S1-C7-N2-H2. 

Both the polymorphs had imine forms (that is, having an exocyclic C=N on the heterocyclic 

part) but had slight geometrical differences. The C14=N3 and C14-N4 bonds of the thiazole 

part with respective carbon-nitrogen bond distances 1.33(8) Å and 1.34(7) Å (Fig. 4.5a) in 
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4.1.1 were relatively longer than the corresponding counterparts in the polymorph 4.1.2 (Fig. 

4.5b). In the latter case, those C=N bond distances were 1.30 (8) Å and 1.32(8) Å, 

respectively. This is explained by the geometrical features of the homodimers. The projection 

of the -SO2- unit with respect to the S-atom of the thiazole rings in the homodimers were 

dissimilar in the 4.1.1 (Fig. 4.5a) whereas the -SO2- units were projected in the same 

direction with respect to the S-atom of the thiazole (Fig 4.5b) in the homodimers of the 4.1.2. 

In the latter case, the O2-atom of the S=O was involved in a hydrogen bond with N4-H(thiazole) 

(dD-A = 3.263 Å, <D-H…A = 136o; Fig. 4.5b). However, the geometry of the homodimer of 

4.1.1 did not permit such a hydrogen bond in its assembly. These differences are attributed to 

the nature of homodimers in the respective assemblies. The differences in the environment 

caused dissimilar electron conjugations in the N4H-C14=N3 part in the former case; hence, 

the dissimilar C=N bonds were observed due to electronic effects. Accordingly, the 

polymorphs are better described by the geometrical differences across the homo-dimeric 

units. Hence, the two polymorphs of 4.1 belong to a class of polymorphs5,11 that occurred 

from geometrical differences among homodimers. 

4.4: Comparison of the morphologies of the polymorphs 4.1.1 and 4.1.2 

The significant structural differences and packing differences provided avenues to explore a 

possible correlation to morphology from scanning electron micrographs and the arrangement 

patterns within unit cells.  

 

Figure 4.7: Bravais, Friedel, Donnay and Harker crystal morphology of (a) 4.1.1 and (b) 

4.1.2. Scanning electron microscopy images of the polymorph (c) 4.1.1 and (d) 4.1.2 
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From the arrangements of molecules in the unit cell, the Bravais, Friedel, Donnay and Harker 

(BFDH) crystal morphologies of the two polymorphs were evaluated and are presented in 

Fig. 4.7a and 4.7b. The crystal morphologies of the two polymorphs under a scanning 

electron microscope are shown in Fig. 4.7c and 4.7d. The SEM images supported the BFDH 

morphologies. 4.1.1 had flat plate-type unidirectional distributions (Fig.4.7c), and 4.1.2 had 

aggregates of rhombus-type microcrystals (Fig. 4.7d), as expected from the arrangements of 

molecules in the unit cells. 

4.5: Synthesis of thiourea derivative 4-{3-(4-methoxyphenyl)thioureido)-N-(thiazol-

2(3H)-ylidene}benzenesulfonamide (4.2) 

The compound 4-{3-(4-methoxyphenyl)thioureido)-N-(thiazol-2(3H)-ylidene}benzene 

sulfonamide was prepared by following a procedure that was similar to the synthesis of the 

compound 4.1. But in this case, 4-methoxyphenyl isothiocyanate was used as a reagent 

instead of the phenyl isothiocyanate. The compound was re-crystallized from methanol-

acetone mixed solvent. The compound showed high-resolution ESI-mass [M+1]+ = 421.0466, 

which corresponded to the structure of the compound and also confirmed the formation and 

purity 

 

 

Figure 4.8: 1H-NMR (DMSO-d6, 600 MHz) spectra of the 4.2 

The 1HNMR spectra of compound 4.2 is depicted in Fig. 4.8. The thiazole protons labelled as 

b and c were observed at 7.25 ppm and 6.83-6.82 ppm, respectively. The N-H proton of the 

ring (a) appeared at 12.70 ppm. The phenyl protons (shown as d and e in the structure) 

appeared at 7.73-7.71 ppm and 7.65-7.64 ppm, respectively. The protons f, g and h appeared 

at 7.33-7.31 ppm, 6.92-6.90 ppm and 3.74 ppm respectively. The N-H protons of thiourea 

labelled as 1 and 2 appeared as 9.86 and 9.92, respectively. The 13CNMR of the thiourea 
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derivative 4.2 is shown in Fig. A4.4c. It showed chemical shift at 179.69 ppm for the carbon 

of thiocarbonyl of thiourea part and a peak at 55.26 ppm for the carbon of methoxy group. 

The IR spectra of the compound had the C=S at 830 cm-1 and S=O at 1148 cm-1 

4.6: Structural descriptions of the thiourea derivative 4.2 

The compound 4.2 was crystallized only in one form upon independent crystallisation from 

solutions in different solvents. The crystal structure of the thiourea derivative 4.2 showed that 

its self-assembly was comprised of homo-dimeric hydrogen-bonded sub-assemblies formed 

by hydrogen bonds between two iminothiazole parts of two molecules (Fig. 4.9a). In these 

homodimers, the two S=O bonds of the -SO2- units across the dimer were projected in the 

same direction and had a syn-relationship to each other. In this regard, the structure had some 

structural similarities to the assembly of the polymorph 4.1.2, whose structure was described 

in the previous section. The thiourea part of the molecule 4.2 had an anti-anti orientation. 

This geometry provided large differences in the packing pattern of this compound as 

compared to the packing pattern of the un-substituted derivative 4.1.2, as the latter had a syn-

anti orientation.  

  

                              (a)                                                                                 (b) 

Figure 4.9: Homo-dimeric assembly of (a) 4.2 and (b) one-dimensional assembling of the 

homodimers 

The self-assembly of the 4.2 had homodimers that were linked together, forming a linear 

chain-like arrangement (Fig. 4.9b). Whereas, the homodimers of 4.1.2 were arranged as a 

one-dimensional chain. It may be suggested that, due to the anti-anti orientation of the 

molecules in the dimers of 4.2, the overall structure was observed to be a hydrogen-bonded 

single chain. Whereas the dimers of 4.1.2 had syn-anti geometry and formed double chains. 

The parent molecules of the 4.2 were different from 4.1.2 by having a methoxy group. The 

steric effect, packing requirement together with the electronic factors caused the overall 

differences in their assembling processes. The methoxy group did not participate in the 

hydrogen bonding scheme. This was an exception to Etter’s rule,12 but it was not surprising as 

there were examples where methoxy-groups remained free without participating in hydrogen 
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bonds in crystal lattice. Such exception is observed in assemblies where the steric effects 

control the weak interactions or vice-versa.13 To avoid the direct repulsions between two 

methoxy groups in the tightly-packed structure, the molecule adopted an anti-anti geometry. 

The structural comparisons between compounds with and without the methoxy group showed 

that the principal homo-dimeric self-assemblies were similar in both cases. 

4.7: Synthesis of 4-(3-(a,b-dichlorophenyl)thioureido)-N-(thiazol-2(3H)-ylidene)benzene 

sulfonamide; (a,b = 2,3 (4.3); 2,4 (4.4) or 3,4 (4.5) respectively) 

Three positional isomers 4-(3-(a,b-dichlorophenyl)thioureido)-N-(thiazol-2(3H)-

ylidene)benzenesulfonamide (where a, b- = 2,3-(4.3), 2,4-(4.4) and 3,4-(4.5)) were prepared 

by condensation reactions of the respective positional isomer of di-chlorophenyl 

isothiocyanate with sulfathiazole in acetonitrile. In each case, the crystallization of each 

compound was independently carried out from solvents such as a mixture of methanol and 

acetone, DMF and DMA. In all the solvents, only one form of individual compound was 

crystallized. All the positional isomeric compounds were characterized by recording the high-

resolution mass, NMR and IR spectra and finally determining the crystal structures. The 

spectral details are listed in the experimental section, as an illustrative case some of the 

spectroscopic details of compound 4.3 is discussed in the text. The ESI-mass spectrum of the 

compound 4.3 showed the [M+1]+ (at 458.9572 which corresponded to the expected value of 

the same). 

 

Figure 4.10: 1H-NMR (DMSO-d6, 600 MHz) spectra of the 4.3 

 

The 1HNMR spectra of 4.3 is depicted in Fig. 4.10. The peak appearing at 7.25 ppm and 

6.83-6.82 ppm were assigned to the thiazole protons marked as b and c, respectively. The N-

H proton of the thiazole (a) appeared at 12.71 ppm. The phenyl protons d and e appeared at 
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7.76-7.75 ppm and 7.71-7.70 ppm, and f, g and h appeared at 7.55-7.54 ppm, 6.38-6.36 ppm 

and 7.52-7.51 ppm, respectively. The N-H protons of thiourea 1 and 2 were observed at 10.32 

ppm and 9.81 ppm respectively. The integration of each peak was in accordance with the 

assigned structure. The 13CNMR of 4.3 is given in Fig. A4.4d, showed a chemical shift at 

180.41 ppm for the carbon of thiocarbonyl of thiourea part. The IR spectra of the compound 

had the C=S at 834 cm-1 and S=O at 1141 cm-1. The 1HNMR spectrum of the other two 

positional isomers, 4.4 and 4.5, are shown in Fig. A4.3b and c, respectively, while 13CNMR 

of the respective positional isomers are shown in Fig. A4.4e and f.  

4.8: Structural descriptions of the thiourea derivative 4.3-4.5 

The crystals of 4.3 and 4.4 belong to the P  space group, while the crystals of 4.5 belong to 

P 21/n space group. The crystal volume and crystal densities of 4.3 and 4.4 are 958.86(17) Å3, 

1.591 gcm−3 and 1000.0(2) Å3, 1.526 gcm−3 respectively, while for the 4.5, these values are 

1955.52(18) Å3 and 1.560 gcm−3. Each of these compounds was monomorphic, and all had 

assemblies of homodimers similar to the ones found in the assembly of 4.1.2. Each of them 

also had a syn-anti orientation of the thiourea portions.  

 

Figure 4.11: The packing diagrams of (a) 4.3, (b), and (c) (d) are halogen bond interactions 

in 4.3, 4.5 and 4.4, respectively; (e) Geometries of two types of halogen bonds  

To avoid a repetitive description of the packing of each positional isomer, one representative 

homodimer (of 4.3) is shown in Fig. 4.11a. The assemblies of these positional isomers had 

inter-chorine interactions, which are listed together with the chlorine-bond parameters in Fig. 
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4.11b-e. The two isomers having the chlorine at the ortho position of the phenyl rings were 

involved in Cl∙∙∙π interactions. On the other hand, there were Cl∙∙∙Cl interactions. The 4.3 had 

C-Cl…Cl- C (3.45 Å, θ1 = θ2, 126o) as well as C-Cl…C (3.37 Å, θ1 = 86.67o, θ2 = 153.89o) 

interactions; whereas, 4.4 and 4.5 had C-Cl…Cl-C (3.47 Å, θ1= θ2, 154.69o) and C-Cl…C 

(3.30 Å, θ1= 74.23o, θ2 = 147.99o) interactions, respectively. The 4.3 had Cl2…π(phenylene) 

interactions and Cl1…π(phenylene) interactions, which were responsible for holding the 

dimers together. The prominent hydrogen bond parameters of the three positional isomers are 

shown in Table 4.2.  

 

These interactions are based on the lengths of the distances between the interacting atoms, 

which were shorter than the sum of the van der Waals radii of the respective atoms involved 

in the interactions.14 There are two types of prominent halogen-bond interactions, namely,14 

type 1 and type 2, as illustrated in Fig 4.11e. Both type 1 and type 2 were observed in the 

self-assembly of 4.3, whereas, in the case of the compounds 4.4 and 4.5, only the type 2 

interactions were observed. In general, chlorine atoms of compounds in self-assemblies 

participate in weak interactions, and there were examples of compounds that adopted helical 

structures due to such interactions.15  

The 4.3 and 4.4 belonged to the same space group; their unit-cell similarity index16 [deviation 

of {(a + b + c)/ (a' + b' + c')} from unity] was 0.03. But this series of positional isomers had 

Table 4.2: Hydrogen bond parameters of the positional isomers (4.3-4.5)  

Positional 

isomers 

D-H···A (Symmetry) dD-H (Å) dH···A (Å) dD···A (Å) ∠D-H···A (o) 

 

4.3 
 

N(1) -H(1) ···O(1) [2-x, 1-y, 1-z] 

 
N(2) -H(2) ···O(2) [-1+x, y, z] 

 

N(4) -H(4)  ···N(3) [2-x, -1-y, -z] 

 

0.86 

 
0.86 

 

0.86 

 

2.11 

 
2.10 

 

2.02 

 

2.909(3) 

 
2.904(3) 

 

2.870(3) 
 

 

154 

 
155 

 

171 

 

4.4 
 

N(1) -H(1) ···O(2) [1-x, 1-y, 1-z] 

 
N(2) -H(2) ···O() [1+x, y, z] 

 

N(1) -H(1) ···O(2)) [1-x, 2-y, 1-z] 

 

N(4) -H(4) ···N(3) [1-x, 2-y, 1-z] 

 

 

0.86 

 
0.86 

 

0.86 

 

0.86 

 

2.14 

 
2.18 

 

2.57 

 

2.12 

 

2.940(6) 

 
2.948(6) 

 

3.237(6) 

 

2.935(6) 

 

 

155 

 
148 

 

136 

 

158 

 

4.5 
 

N(1) -H(1) ···O(1) [-x, -y, -z] 

 
N(2) -H(2) ···O(2) [1+x, y, z] 

 

N(4) -H(4) ···N(3) [-x, 1-y, -z] 
 

 

0.86 

 
0.86 

 

0.86 
 

 

2.14 

 
2.14 

 

2.03 
 

 

2.911(4) 

 
2.917(3) 

 

2.884(4) 
 

 

149 

 
150 

 

173 
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clear differences in their schemes of weak interactions. To illustrate the impact of 

homodimers contributing to packing and unit cell relationship, we have compared present 

findings with our earlier study on the homodimers and self-assemblies of positional isomers 

of the methyl esters and carboxylic acid derivatives.17 The study on the assemblies of the 

positional isomers of the (n-methoxycarbonylmethoxy-naphthalen-1-yloxy)-acetic acid (n = 

4, 5, 6, 7) showed only the positional isomers with n = 6 and n = 7 had similar space group 

and unit cell volume, others were not. Whereas, among the positional isomeric acids (n-

methoxycarbonylmethoxy-naphthalen-1-yloxy)-acetic acid (n = 4, 6 and 7), the space group 

and unit cell volumes of the positional isomers n = 4 and 7 were similar. Whereas the 

positional isomers of the acids with n = 4 and 6 had a similar type of hydrogen-bonded 

homodimer in their respective assemblies but their unit cell volumes had wide differences.14 

Hence, the structural comparisons of structural aspects of those positional isomers with the 

present series, each having homodimer units in assemblies, have a similar observation on the 

limitation of having isomorphous structures from a series. 

 

Figure 4.12: Bar-diagram showing the percentages of the H···Cl, Cl···S, Cl···O, Cl···N, 

Cl···C and Cl···Cl interactions (including reciprocal contacts) in 2D fingerprint plots. 

 

In order to make a quantitative estimation of the various interactions in the self-assemblies of 

the three position isomers, the Hirshfeld analyses were carried out. It provided avenues to 

compare the different contacts in the three positional isomers involving the chlorine atoms. A 

comparative picture of percentile amounts of different contacts is shown in Fig. 4.12. From 

the analysis, it was clear that the hydrogen-chlorine contacts were prominent and comparable 

in the case of 4.4 and 4.5. It was due to the Cl being present at the para-positions; on the other 
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hand, the amounts of C-Cl∙∙∙Cl-C contacts were comparable in the 4.3 and 4.5. These 

percentiles of the different contacts are indicative of the fact that the contribution of the 

electronic factor provided by chlorine substitution was highly dependent on the position of 

the chlorine on the ring. The similarity in having the amounts of the Cl∙∙∙Cl interactions 

played a major role in providing an isomorphic relationship between the 4.3 and 4.4 (Fig. 

4.12). 

These structural comparisons among the positional isomers suggested each positional isomer 

had different unit cell volumes despite having the same molecular formula. Each also had 

homodimer units in assemblies. Thus, those homodimers did not control the respective unit 

cell volumes. This observation is attributed to the fact that each positional isomer has 

different directional weak interactions of the dimeric units and requires different packing 

arrangements. They also need to meet the packing requirements of the unit cell to which they 

belong. These aspects caused the differences among the self-assemblies and resulted in 

observing isomorphous structures within the series of positional isomers with exceptions. 

4.9: Synthesis of 4-(3-(4-nitrophenyl)thioureido)-N-(thiazol-2(3H)-ylidene)benzene 

sulfonamide (4.6) and its solvates (4.6.1-4.6.4) 

The thiourea derivative 4.6 showed [M+1] + at 436.0203 of its ESI-mass spectrum (Fig. 

A4.5). The compound 4.6, upon recrystallization from methanol and acetone, yielded an 

anhydrous form referred to as 4.6.1, where crystallization of the compound from DMF, 

DMA, and DMSO provided crystals of three solvates, namely 4.6.2, 4.6.3 and 4.6.4 (Fig. 

4.13). 

 

Figure 4.13: Different solvates of the 4.6 

The 1HNMR spectra of 4.6.1 is depicted in Fig.4.14. The thiazole protons labelled as b and c 

exhibited chemical shifts at 7.26-7.25 ppm and 6.83 ppm, respectively. The N-H proton 

labelled as a displayed peak at 12.73 ppm. The chemical shift of the N-H protons labelled as 

1 and 2 appeared at 10.57 and 10.51 ppm, respectively. The phenyl protons d and e appeared 

at 7.78-7.76 ppm and 7.67-7.65 ppm, respectively, and the f and g displayed chemical shifts 
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at 7.83-7.81 ppm and 8.22-8.20 ppm, respectively. The carbon of the C=S appeared at 179.37 

ppm in the 13CNMR of 4.6.1, which is given in Fig. A4.4g. The IR spectra of the compound 

4.6.1 had the C=S at 854 cm-1 and S=O at 1142 cm-1.  

 

Figure 4.14: 1H-NMR (DMSO-d6, 600 MHz) spectra of the 4.6.1 

4.10: Structural descriptions of the thiourea derivative 4.6.1-4.6.4 

The crystals of the anhydrous form of compound 4.6 designated as 4.6.1, belong to P21/n 

with unit cell volume 1913.0(6) Å3 and it had a crystal density of 1.512 gcm−3. This form of 

the compound had a close structural similarity with that of the structure of the polymorph 

4.1.2 described earlier. The hydrogen-bonded homo-dimers, as observed in that polymorph, 

were observed in the case of the self-assembly of the 4.6.1 too (Fig. 4.15a). The homodimers 

were stabilised by weak N4-H∙∙∙O2 (dD∙∙∙A, 2.62 Å) hydrogen bonds. It also had the syn-anti 

orientations of the thiourea parts. The molecules of the 4.6.1 were arranged in a double chain-

like-arrangements by the hydrogen bonds between the hydrogen-bonded homodimers. 

The self-assembly of the 4.6 solvate of DMF or DMA (1:1 solvate in each case), namely 

4.6.2 and 4.6.3, each had hydrogen-bonded homodimers similar to the anhydrous form 4.6.1, 

But these solvates had anti-anti orientations of thiourea parts and also had the respective 

solvent molecules in their self-assembly (Fig. 4.15b and Fig. 4.15c). The crystals of the 4.6.2 

and 4.6.3 were of P  space group; the unit cell volume and crystal densities were 

1184.40(18) Å3, 1.426 gcm−3 and 1226.09(11) Å3, 1.416 gcm−3 respectively. As the unit cell 

parameters are close, the unit cell similarity index16 of the two solvates was calculated, and it 

was found as 0.012. This value was very close to zero, showing that the two solvates are 

isomorphous. The structural similarities were attributed to the anti-anti orientations of the 

thiourea portions in the homodimers to form complementary hydrogen bonds with solvent 
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molecules in a similar way. The hydrogen bonds in the solvates provided cyclic assembled 

units with R2
1(6) notation in their respective assemblies. The hydrogen bonds involved in 

such cyclic units in 4.6.2 (DMF solvate) were (N1-H∙∙∙O5 1.99 Å, 168o; N2-H…O5 2.28 Å, 

144o and N1-H∙∙∙O5 1.98 Å, 166o; N2-H…O5 2.22 Å, 151o in the DMA solvate (4.6.3) 

respectively. The prominent hydrogen bond parameters of the solvates of the 4.6 are shown in 

Table 4.3. 

 

 

(e) 

Figure 4.15: Homodimers of the (a) 4.6.1, (b) 4.6.2, (c) 4.6.3 and (d) arrangements of 

discrete hydrogen-bonded molecules of the 4.6.4 (e) The energy of the syn-anti to transform 

to the anti-anti form of 4.6 

The DMSO solvate 4.6.4 (P21/c space group) had unit cell volume and crystal density 

2649.1(8)Å3 and 1.484 gcm−3. It was found to be a 1:2 solvate, having two DMSO molecules 

per host. Accordingly, it had a completely different self-assembly than the other two solvates 

and parent form of 4.6. In this example, the anti-anti orientation of the thiourea was observed 

and there was no homo-dimeric hydrogen-bonded assembly that was found in the other three 

forms. In this solvate, two independent oxygen atoms from two DMSO molecules served as 

TH-3407_186122013



 Chapter 4 
 

 

152 

 

 

hydrogen bond acceptors. This involved N1-H…O6 (2.07 Å, 153o and N4-H…O5 1.84 Å, 

166o) hydrogen bonds with the urea and thiazole N-H bonds. In the solvate, the syn-anti form 

of the thiourea part of the parent compound was changed to the anti-anti form. Due to these 

hydrogen bonds, there were no homo-dimeric sub-assemblies within the assembly. As there 

were two solvent molecules per host, there was an extra space requirement to accommodate 

the two DMSO molecules. The polarity index of DMSO and DMF are 7.2 and 6.4; hence, the 

DMSO, being slightly higher polar, was able to cleave the aminothiazole-aminothiazole 

hydrogen-bonded homodimers. Hence, the DMSO solvent could disrupt the homo-dimeric 

assembly if at all formed or did not allow them to form. This happened as the DMSO 

molecule directly hydrogen bonded to the N-H of the aminothiazole, favoured the host 

molecules to form hydrogen-bonded chain-like arrangements as shown in Fig. 4.15d. There 

were instances in literature where the space provided by dimeric sub-assemblies of bis-

phenol,18 aminothiazole,19 sulphadiazine20 had scopes to form polymorphic solvates or 

solvates of the same solvent with different stoichiometries (pseudo polymorphs). 

Table 4.3: Hydrogen bond parameters of the solvates of 4.6 (4.6.1-4.6.4)  

Solvates of 4.6 D-H···A (Symmetry) dD-H (Å) dH···A (Å) dD···A (Å) ∠D-H···A (o) 

 

4.6.1 
 

N(1) -H(1) ···O(2)) [2-x, -y, -z] 

 

N(2) -H(2) ···O(1) [-1+x, y, z] 

 

N(4) -H(4) ···N(3) [2-x, -1-y, -z] 

 

C(16) -H(16) ···O(4) [3/2-x, -3/2+y, 1/2-z] 

 

 

0.86 

 

0.86 

 

0.86 

 

0.93 

 

2.08 

 

2.13 

 

2.11 

 

2.47 

 

2.888(7) 

 

2.959(6) 

 

2.948(6) 

 

3.293(9) 

 

157 

 

161 

 

164 

 

147 

 

4.6.2 
 

N(1) -H(1) ···O(5) [x, y, z] 

 

N(2) -H(2) ···O(5) [x, y, z] 

 

N(4) -H(4) ···N(3) [-x, -y, -z] 

 

 

0.87(4) 

 

0.88(6) 

 

0.86 

 

1.99(4) 

 

2.28(6) 

 

2.05 

 

2.844(6) 

 

3.034(7) 

 

2.887(5) 

 

 

 

168(4)  

 

144(4) 

 

165 

 

 

4.6.3 
 

N(1) -H(1) ···O(5) [x, y, z] 

 

N(2) -H(2) ···O(5) [x, y, z] 

 

N(4) -H(4) ···N(3) [-x, -y, -z] 

 

 

0.86 

 

0.86 

 

0.86 

 

 

1.98 

 

2.22 

 

2.03 

 

2.820(5) 

 

3.000(5) 

 

2.876(4) 

 

 

166 

 

151 

 

167 

 

4.6.4 
 

N(1) -H(1) ···O(6) [-1+x, y, z] 

 

N(2) -H(2) ···O(2) [x, 1+y, z] 

 

N(4) -H(4) ···O(5) [x, -1+y, -z] 

 

 

0.86 

 

0.86 

 

0.86 

 

 

2.07 

 

2.17 

 

1.84 

 

 

2.860(3) 

 

2.964(3) 

 

2.683(4) 

 

 

153 

 

154 

 

166 
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DFT calculation showed that the syn-anti form of the 4.6 was stable by 15 kJ/mol. The 

activation energy for converting the syn-anti form to the anti-anti form was 46 kJ/mol (Fig. 

4.15e). Hence, the hydrogen bonds with different solvents were enough to cause the required 

geometrical changes to transform one form into another.  

4.11: N-(4,6-dimethylpyrimidin-2(1H)-ylidene)-4-(3-(4-nitrophenyl)thioureido)benzenes 

-ulphon amide (4.7) and its solvates (4.7.1-4.7.4) 

To perform a similar study with phenylthiourea-derived sulfamethazine, its thiourea 

derivative, namely N-(4,6-dimethylpyrimidin-2(1H)-ylidene)-4-(3-

(phenyl)thioureido)benzene sulphonamide ) was prepared. However, we could not obtain 

crystals of this compound from attempted crystallisation from solution in different solvents. 

Hence, it could not take up a structural study. Due to this reason, we looked for an alternative 

compound that was the nitrophenyl thiourea-derived compound, namely N-(4,6-

dimethylpyrimidin-2(1H)-ylidene)-4-(3-(4-nitrophenyl)thioureido)benzene sulphonamide 

denoted as 4.7. This compound was prepared by the condensation reaction of 4-nitrophenyl 

isothiocyanate with sulfamethazine in acetonitrile. The compound showed an ESI-mass peak 

for [M+1] + at 459.0902, which tallys with the calculated value for the assigned structure 

(Fig. A4.5g).  

 

C(16) -H(16) ···S(1) [1-x, -1/2+y, -z] 

 

C(19) -H(19A) …O(4) [2-x, 1-y, 1/2-z] 

 

C(19) -H(19C) …O(6) [2-x, 1-y, 1/2-z] 

 

C(20) -H(20A) ···O(6) [2-x, 1-y, 1/2-z] 

 

C(20) -H(20C) ···O(2) [1+x, y, z] 

 

0.93 

 

0.96 

 

0.96 

 

0.96 

 

0.96 

2.75 

 

2.49 

 

2.57 

 

2.51 

 

2.51 

3.557(4) 

 

3.409(5) 

 

3.455(5) 

 

3.408(5) 

 

3.331(4) 

145 

 

161 

 

153 

 

155 

 

144 
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Figure 4.16: Different solvates of N-(4,6-dimethylpyrimidin-2(1H)-ylidene)-4-(3-(4-

nitrophenyl)thioureido)benzene sulphonamide (4.7 ). 

Four different forms of crystals were formed from this compound from crystallisation from 

solutions in different solvents. A DMF-hydrate solvate (4.7.1) was obtained from the solution 

of 4.7 in DMF as a solvent. Whereas, crystallisation of 4.7 from a methanol/ acetone mixed 

solvent solution provided crystals of the monohydrate of 4.7 (4.7.2). Crystallisation of the 

compound from solution in DMA or DMSO provided the respective solvate, namely 1:1 

DMA solvate (4.7.3) and 1:2 DMSO solvate (4.7.4) (Fig. 4.16). The DMF solvate without a 

water molecule of crystallisation in the solvate was not formed. A cautious attempt to prepare 

the DMF solvate from solution in dry DMF also led to the hydrated form, and this 

crystallisation occurred only under humid conditions (95 % humidity in the air). Hence, the 

dissolved water in DMF picked from humid air or otherwise is responsible for providing the 

hydrated solvate. The DMSO solvate of 4.7 had similar stoichiometry to that of the DMSO 

solvate of 4.6; both the DMSO solvate had host to solvent in a ratio of 1:2. The 1HNMR 

spectra of this solvate 4.7.2 is depicted in Fig. 4.17. The methazine protons b and the phenyl 

protons c showed chemical shifts at 2.26 ppm and 6.76 ppm, respectively. The N-H proton 

labelled as a, 1 and 2 appeared at 11.69 ppm, 10.59 and 10.53 ppm, respectively. The phenyl 

ring protons d, e, f and g exhibited chemical shifts at 7.97-7.95 ppm, 7.70-7.68 ppm, 7.82-

7.80 ppm and 8.22-8.20 ppm, respectively. The 13CNMR of 4.7.2, given in Fig. A4.4l, 

showed peaks at 179.31 and 30.71 ppm for thiocarbonyl carbons of thiourea and methyl 

carbons of the methazine ring, respectively. The IR spectra of the compound had the C=S at 

855 cm-1 and S=O at 1139 cm-1. 
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Figure 4.17: 1H-NMR (DMSO-d6, 600 MHz) spectra of the 4.7.2 

 

4.12: Structural descriptions of the thiourea derivative 4.7.1-4.7.4 

The space group of the respective crystals of 4.7.1-4.7.4 were P   whereas the crystal 

density and unit cell volumes were 1.435 g cm−3, 1272.27(14) Å3; 1.468 g cm−3, 1078.3(5) 

Å3, 1.370 g cm−3, 1323.1(2) Å3, 1.379 g cm−3, 1472.7(10) Å3 respectively. The sum of cell 

axes (a + b + c) in the four forms were 32.468 Å, 34.193 Å, 34.4666 Å, and 36.671 Å, 

respectively. This showed that there was a lack of unit cell similarity among them except for 

the pair DMF hydrate and DMA solvate. A very high unit cell similarity index (0.008) was 

observed among the DMF hydrate and the DMA solvate. There are examples of isomorphous 

multicomponent crystals in the literature.21  

The exciting feature of the hydrated DMF solvate (4.7.1) was that it had heteromeric 

hydrogen-bonded sub-assemblies (Fig. 4.18a). These sub-assemblies were formed by utilising 

the bridging water molecules. The water molecule acted as a hydrogen bond donor to create a 

robust hydrogen-bonded cyclic structure (extended domain).; It was constructed between two 

neighbouring host molecules involving a hydrogen bond between the thiourea of one 

molecule and -SO2-, N-atom (methazine) of another molecule. While doing so, one oxygen 

atom of the -SO2- group of one molecule form hydrogen bonds to N-H (thiourea) of another, 

and the water molecule formed bridges with another N-H bond of the thiourea and N-atom 

(methazine) of the other molecule (Fig. 4.18a). The robust sub-assembly had hydrogen bonds 

between the N-H of thiourea with the oxygen atom of water (N1-H1…O6 1.98 Å, 168o; N2-

H2…O1 2.26 Å, 149o) and -SO2- unit of sulfamethazine with R3
2(8) notation as one portion 

and another portion with R1
2(6) notation. In these, the water molecules acted as hydrogen 

bond donors forming (O6-H(6A) …O1 2.27 Å, 132o; O6-H(6A) …N5 2.38 Å, 143o hydrogen 

bonds with the oxygen atom (O1 of SO2) and the nitrogen atom (N5 of methazine). Due to 

the steric effect of the two 
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Figure 4.18: Crystal packing of (a) 4.7.1 (b) 4.7.2 (c) 4.7.3 and (d) 4.7.4 

 

methyl-groups of the methazine ring, hydrogen-bonded homodimers between two methazine 

units were not formed. The thiourea portion of each molecule had anti-anti orientation. The 

water molecule was accommodated in the solvate to maximise the hydrogen bonds by 

creating an extended domain. The carbonyl oxygen atom of the DMF molecule formed a 

hydrogen bond with the N-H of methazine (N4-H…O5 1.83 Å, 172o). Accordingly, the two 

DMF molecules of each dimer were located at trans-positions with respect to each other and 

were related by a mirror plane/ inversion centre. The hydrogen bond parameters of the 

solvates of 4.7 are shown in Table 4.4. 

The hydrate (4.7.2) and the DMA solvate (4.7.3) had structural similarities (Fig. 4.18b and 

Fig. 4.18c). In both examples, the N-H of thiourea formed hydrogen bonds {N1-H…O2, 2.02 

Å, 158o; N2-H…O2, 2.18 Å, 149o for 4.7.2 and N1-H…O2, 2.02 Å, 161o; N2-H…O2, 2.08 Å, 

155o for 4.7.3 with oxygen atom of the SO2 unit, each synthon had R2
1(6) notation. These 

hydrogen 

Table 4.4: Hydrogen bond parameters of solvates of 4.7 (4.7.1-4.6.3)  

Solvates of 4.7 D-H···A (Symmetry) dD-H (Å) dH···A (Å) dD···A (Å) ∠D-H···A (o) 
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bonds had resulted in linear chain-like arrangements of molecules in both these solvates. In 

the hydrate 4.7.2, the water molecules acted as the intervening molecules to bridge two such 

chains. In the case of 4.7.3, the DMA molecules were hydrogen bonded (N4-H…O5 1.83 Å, 

172o) to the N-H of the methazine ring. The structural difference between the DMSO solvate 

4.7.4 and the other solvates of 4.7 was from the composition difference where two molecules 

of solvents were getting accommodated with respect to a single host molecule. 

   

 

4.7.1 
 
N(1) -H(1) …O(6) [x, y, z] 

 

N(2) -H(2) ...O(1) [1-x, -y, 1-z] 
 

N(4) -H(4) ···O(5) [1+x, y, z] 

 
O(6) -H(6A) ...O(1) [1-x, -y, 1-z] 

 

O(6) -H(6A) ···N(5) [1-x, -y, 1-z] 
 

O(6) -H(6B)···S(1) [1-x, 1-y, 1-z] 

 
C(12) -H(12) ···O(3) [1+x, -1+y, z] 

 
0.86 

 

0.86 
 

0.86 

 
0.81 

 

0.81 
 

0.87 

 
0.93 

 
1.98 

 

2.26 
 

1.83 

 
2.27 

 

2.38 
 

2.65 

 
2.59 

 
2.830(3) 

 

3.031(3) 
 

2.685(3) 

 
2.874(3) 

 

3.064(3) 
 

3.468(2) 

 
3.456(4) 

 
168 

 

149 
 

172 

 
132 

 

143 
 

157 

 
155 

 

 

4.7.2 
 

N(1) -H(1) ···O(2) [x, 1+y, z] 
 

N(2) -H(2) ···O(2) [x, 1+y, z] 

 
N(4) -H(4) ···.O(5) [1-x, -y, 1-z] 

 
O(5) -H(5A) ···O(1) [-x, -y, 1-z] 

 

O(5) -H(5B) ...O(3) [x, -1+y, z] 
 

C(2) -H(2A) ···S(1) [x, 1+y, z] 

 
C(17) -H(17) ···O(4) [x, y, z] 

 

C(19) -H(19C) ···O(1) [1+x, y, z] 
 

 

0.86 
 

0.86 

 
0.86 

 
0.85 

 

0.85 
 

0.93 

 
0.93 

 

0.96 

 

2.02 
 

2.18 

 
2.01 

 
2.01 

 

2.59 
 

2.85 

 
2.53 

 

2.37 

 

2.834(6) 
 

2.955(6) 

 
2.856(6) 

 
2.834(7) 

 

3.299(7) 
 

3.659(7) 

 
3.390(8) 

 

3.257(8) 
 

 

158 
 

149 

 
167 

 
165 

 

141 
 

146 

 
153 

 

154 
 

 

4.7.3 
 

N(1) -H(1) ···O(2) [-1+x, y, z] 

 
N(2) -H(2)···O(2) [-1+x, y, z] 

 

N(4) -H(4) ···O(5) [1-x, 1-y, 1-z] 
 

C(10) -H(5) ···O(1) [1-x, -y, 1-z] 

 
C(15) -H(15C) ···N(3) [1-x, -y, 1-z] 

··· 

C(19) -H(19C) ···O(3) [1-x, 1-y, 1-z] 

 

0.86 

 
0.86 

 

0.86 
 

0.93 

 
0.96 

 

0.96 

 

2.02 

 
2.08 

 

1.84 
 

2.55 

 
2.59 

 

2.56 

 

2.851(4) 

 
2.885(5) 

 

2.694(5) 
 

3.239(5) 

 
3.508(6) 

 

3.483(7) 
 

 

161 

 
155 

 

170 
 

131 

 
161 

 

162 
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                                   (a)                                       (b)                      (c)                          (d) 

 

(e) 

Figure 4.19: (a) Overlaid diagram of structures of the host in the 4.7.1, 4.7.2, 4.7.3 and 4.7.4 

(drawn by keeping the 4-nitrophenylthiourea portion of each on a common plane). (b) 

Representative structure of hydrogen bonded thiourea tape; (c) and (d) Skeletal 

representations of two types of H-bonded chains in solvates of 4.7. (e) Comparative 

percentage contacts of different types of X-H (X = C, N, O and S) bonds obtained from 

Hirshfeld analysis in the different forms of nitrophenyl thiourea-derived compounds/solvates. 

 

In this case, one DMSO molecule had the crystallographic disorder, and the other was not 

(Fig 4.18d). The DMSO molecule without the crystallographic disorder was linked to one N-

H of the thiourea located next to the nitrophenyl group by hydrogen bonds (N1-H…O5 1.97 

Å, 168o). The other N-H bond was involved in the hydrogen bonds with an oxygen atom of -

SO2- group of sulfamethazine part of a neighbouring molecule (N2-H…O2, 2.36 Å, 139o). 

This interaction provided a linear chain-like arrangement among host molecules. As the urea 

N-H were dissimilarly hydrogen bonded, it caused a twisting in the urea plane to adopt a 

puckered intermediate geometry, which was neither the anti-anti nor syn-anti form. This 

indeed can be projected as evidence that the water and solvent competed with differentiable 

capability to get anchored to the host, such as in hydrate and DMF solvate, leading to 

different compositions and self-assemblies. The two planes containing S1-C7-N2-H2 and S1-

C7-N1-H1 of the DMSO solvate were non-overlapping, and the angle between the two planes 

was 7°. As the methazine portion was not forming a homodimer, the two N-H bonds of the 

thiourea adopted slightly different orientations to accommodate an additional DMSO 

molecule. As the anti-anti orientation of the thiourea part was observed, the projection of the 
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methazine portion in each case could be easily visualised by overlaying the structural 

skeleton of different solvates of the 4.7 by keeping the thiourea portion in the plane of the 

paper (Fig. 4.19a). The dihedral angles O1-S2-N3-C14 and O2-S2-N3-C14, as depicted in 

Table 4.5, were wide apart. This clearly depicted the independent orientation of the host in 

each solvate. The changes in the orientations were due to the N-H bond of the methazine 

portion forming hydrogen bonds with water or solvent. molecules. Depending on the 

directional effect of those hydrogen bonds, the metahzine rings got fixed in different 

orientations in the respective lattice. 

Table 4.5: Torsion angles of solvates of 4.7 

 

 

The series of solvates from the two nitro derivatives 4.6 and 4.7 provided new information on 

the homodimer assembly vs. discrete assemblies of the two independent sulfa drugs. The 

participation of water molecules in forming a hydrated heteromeric dimer of 4.7 was clear 

evidence to form an extended cyclic structure to gain stability in self-assembly. As under 

similar conditions, an anhydrous form of 4.6 was obtained, it had homodimer units. The syn-

anti orientation of thiourea was not observed in the solvates, this happened to make room for 

the solvent molecules in the solvates of 4.6. In this case, the homomeric assembly provided 

the pivot, but in the case of 4.7, the homodimer was absent due to steric reasons, but it 

formed cyclic hydrogen-bonded units where water was used in the DMF solvate. The 

hydrogen bonds were formed in the hydrate and DMA solvate involving the oxygen atom of -

SO2- unit with the two N-H of thiourea, thereby providing a chain-like structure. It is worth 

noting that the 4-nitrophenylthiourea derived from sulfathiazole or sulfamethazine had a 

common structural feature; both were devoid of thiourea tapes (Fig. 4.19b). The other 

common feature between them was that one of the N-H thiourea had formed hydrogen bonds 

with DMSO, and other N-H formed hydrogen bonds with an oxygen atom to form chains of 
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the same kind found in both solvates (Fig. 4.19c and 4.19d). The differences arose in the 

space provided to the second DMSO molecules due to difference in having different 

heterocycle. Furthermore, a comparison on the different types of X-H (X = C, N, O, S) 

contacts in all the nitrophenyl thiourea-derived compounds (Fig. 4.19e) in different solvates 

showed dominance of the H-O/O-H contacts in each form. 

4.13: Comparison of energies of homodimers 

The energy of compounds with the conformation that was found in the polymorphs was 

optimized by DFT using B3LYP hybrid functional of 6-311++G (2d, p) basis set. The 

optimized structures and energy differences of discrete molecule and also between the 

homodimers of the two polymorphs are shown in Fig.4.20. The parent conformer of the 4.1.1 

was less stable than that of the 4.1.2; the difference in energy was found to be 13.36 kJ/mol. 

This showed that the energy differences between the two conformers were comparable. The 

same trend was also observed in the stability of the hydrogen-bonded homodimers of the two 

polymorphs. The gain in energy by the homodimer of 4.1.2 compared to 4.1.1 was higher by 

22.09 kJ/mol. Thus, the energies gained by the homodimers were also influenced by steric, 

electronic and conformation, as observed in isolated single hydrogen bonds due to slight 

changes in those parameters.22  

The self-assembly of each monomorphic compound presented here had two different types of 

homodimers that are shown in the representative case 4.4 in Table 4.6. The energy of each 

discrete monomer (the conformer as obtained in the crystal structure) in each case, as well as 

these homodimers, were optimized. The homodimer that was formed by the imine forms of 

two aminothiazole units of two independent compounds is represented as homodimer 1, and 

the one formed by hydrogen bonds between S=O and N-H (thiourea) is designated as the 

homodimer 2 (refer to the footnote of Table 4.6). The difference between the sum of the 

energies of the two molecules with respect to homodimer 1 is represented as ΔE1 and the 

difference with respect to homodimer 2 is referred to as ΔE2. The differences in the energies 

clearly showed a gain in energy by forming any of the homodimers. The stability gained by 

forming homodimer 1 was in the range of 72 - 75 kJ/mole, whereas by forming homodimer 2, 

those were between 30 kJ/mol and 65 kJ/ mole (Table 4.6). The homodimer formation may 

be suggested to be an extended domain formation, which helps in better packing 

arrangements through a gain in considerable amounts of energy.  
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4.1.1 4.1.2 

 
 

Energy difference between the monmers  = -13.36 kJ/mol 

Homodimer of 4.1.1 Homodimer of 4.1.2 

 

 
 

Energy difference between the homodimers  

= - 22.09 kJ/mol 

 

Figure 4.20: DFT optimized [B3LYP hybrid functional of 6-311++G (2d, p) basis set] 

structures of two forms of molecules and homodimers in the 4.1.1 and 4.1.2  

 

Table 4.6: Optimized structure of the conformers in the thiourea derivatives and their 

respective homodimers' net gain in energy by the formation of hydrogen-bonded dimers 

 
Compound Discrete molecule 

a(Hartree) 

Homodimer 1a 

(Hartree) 

Homodimer 2b 

(Hartree) 

ΔE1 

(kJ/mol)e 

ΔE2 

(kJ/mol)e 

4.2     -2297.047071 -4594.121877 -4594.105766 -72.82 -30.52 

4.3     -3101.736168 -6203.500783 -6203.485577 -74.68 -34.76 

4.4     -3101.740330 -6203.508979 -6203.493315 -74.35 -33.23 

4.5   -3101.736949 -6203.501874 -6203.497818 -73.45 -62.80 

4.6.1   -2387.063686 -4774.154736 -4774.152157 -71.84 -65.07 

4.6.2   -2387.058571 -4774.145336 

 

-d -74.69 

 

-d 

a = Representative case of a discrete 

molecule of 4.3       

 

b = Representative homodimer 1 of 4.3                                         

 

c = Representative homodimer 2 of 

4.3 

 
 

 
d = No homodimer 2 was observed; e = Hartree values are converted to kJ/mole from data of seven digit 

 

In the sulfamethazine-derived thiourea, the dimers were not observed, but there were thiourea 

tapes formed between the N-H and C=S hydrogen bonds. As we had limitations in finding the 

energies of linear infinitely grown chains, the energies of homodimers, as illustrated in Table 
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4.7, were calculated and compared with the energy of discrete molecules. It was found that 

the homodimers provide extra stability ranging from 91 kJ/mol to 105 kJ/mol. In the case of 

the 4.7, the steric effect of the methyl group on the heterocyclic ring hindered the formation 

of the hydrogen-bonded homodimers. The self-assembly of the hydrate and solvates of the 

4.7 had chain-like arrangements of the self-assembled host molecules as extended domains to 

accommodate the water or solvent molecules. 

Table 4.7: The DFT-optimized energy of discrete molecules and homodimers in the 

4.7 solvates 

Solvates Discrete molecule of 

4.7 in respective 

solvate (Hartree) 

Dimeric units 

formed by 

thiourea tape 

Difference in energy between 

sum of two molecules with the 
dimer with thiourea tape 

(kJ/mol) 

 

Energy of the 

solvate 

(Hartree) 

4.7.1  

 
-2160.6411 

 
-4474.9712 

 

 

-104.17 

 

-2486.0827 

 

4.7.2 

 
-2160.9917 

 
-4398.5056 

-113.22 -2237.4707 

 

4.7.3 

 
-2160.9904  

-4897.9066 

-91.22 -2448.9359 

 

 

4.14: Hirshfeld surface analysis  

Hirshfeld surfaces23 were calculated using Crystal Explorer version 17.5 

dnorm = (di – ri
vdW)/ ri

vdW + (de – re
vdW)/ re

vdW 

Where de and di are the distances from the Hirshfeld surface to the nearest atoms outside and 

inside the surface. Both de and di are normalised by the van der Waal radius of the atoms 

involved. ri
vdW and re

vdW are van der Waals radii of the atoms. The value of dnorm = negative 

(red spot), where intermolecular contacts between atoms are shorter than the sum of their van 

der Waal radii and if the contacts are longer than van der Waal radii, then dnorm = positive 

(blue spot). Hirshfeld surface analysis of each was carried out to illustrate the contacts on the 

basis of their crystallographic information files. For 4.1.1, the dnorm values ranged from -0.61 

to 1.33, while for 4.1.2, this range was from -0.54 to 1.22 (Fig. 4.22). For 4.1.1 and 4.1.2, the 

closest contact N-H...N / N...H-N was equal to the minimal dnorm value (-0.61 for 4.1.1 and -

0.54 for 4.1.2). The H...N/ N...H intermolecular surface interactions were 6.8 % and 8.1 % of 
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the total Hirshfeld surface for 4.1.1 and 4.1.2, respectively. The N-H of thiourea formed weak 

hydrogen bond with the sulphur atom forming thiourea tapes in 4.1.1, so in this case, less 

bright red spots were observed, whereas both N-H of thiourea in 4.1.2 were forming strong 

hydrogen bond with the oxygen atom of the SO2 group, so in this case intense red spot was 

observed. The intermolecular contacts H...O/ H...O contributed to 12.4 % and 14.1 % of the 

total surface for 4.1.1 and 4.1.2, respectively. In the case of polymorph 4.1.1, the contact 

S=O…S with a bright red spot (dnorm ~ -0.19) was observed, but no such spot was observed in 

the case of 4.1.2. The intermolecular contacts H...O/ H...O contributed 3.5 % in 4.1.1 and none 

in 4.1.2.  

 

Figure 4.22: Fingerprint plot, percentage of interactions and Hirshfeld surfaces mapped with 

d-norm of the polymorph 4.1.1 (upper row) and 4.1.2 (lower row) 

 

The respective range of d-norm values for 4.2, 4.3, 4.4 and 4.5 was between -0.57 to 1.44; -

0.59 to 1.33, -0.5 to 2.06 and -0.58 to 1.43, respectively (Fig. 4.23a-d). All chlorine 

derivatives had shown strong N-H…O as well as N-H…N interactions, while 4.2 had anti-anti 

orientation of thiourea had strong N-H…N interaction and also had weak N-H…S interactions.  

The H…N, H…O, H…C and H…S contacts were at 7.3 %, 16.3 %, 22.9 % and 13.0 % for 4.2, 

respectively.   On the other hand, 4.5 had these surface contacts at 5.9 %, 13.0 %, 7.3 % and 

13.1 % respectively. The 4.5 was involved in C-Cl…C as well as C-Cl… π contacts having 

dnorm (~ -0.1324). The contribution of the Cl…C contacts in it was 7.0 % of the total Hirshfeld 

surface, while the same contacts in the cases of 4.3 and 4.4 were 6.9 % and 3.6 % 

respectively. The 4.3 as well as 4.4 both had C-Cl…Cl-Cl contacts, but 4.5 had no such 

contacts. The two-dimensional fingerprint plots of 4.3 and 4.4 showed Cl…Cl contacts (3.2 % 

for 4.3 and 2.5 % for 4.4)  
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                               (a)                                                                 (b) 

   

                                (c)                                                                          (d) 

 

Figure 4.23: Fingerprint plot and Hirshfeld surfaces mapped with d-norm of (a) 4.2 (b) 4.3 

(c) 4.4 (d) 4.5 (as per the designated abbreviations in each figure) 

 

The range of d-norm values for 4.6.1, 4.6.2, 4.6.3 and 4.6.4 were -0.58 to 1.58, 0.51 to 1.42, -

0.6 to 1.77 and -0.71 to 1.24, respectively and their minimal values of dnorm involved N-H…O 

contacts (Fig. 4.24a-d). The H…O and H…N contacts of 4.6.1, 4.6.2, 4.6.3 and 4.6.4 in two-

dimensional finger print plot contributed 21.3 %, 7.0 %; 10.3 %, 7.0 %; 21.7 %, 7.1; 20.2 %, 

5.8 %, respectively. The range of dnorm values for 4.7.1, 4.7.2, 4.7.3 and 4.7.4 were -0.72 to 

1.42, -0.58 to 1.51, -0.71 to 1.54 and -0.6 to 1.47, respectively (Fig. 4.24e-h). The H…O and 

H…N contacts of 4.7.1, 4.7.2, 4.7.3 and 4.7.4 contributed 15.6 %, 5.7 %; 12.8 %, 6.3 %; 13.0 

%, 7.1; 22.5 %, 7.1 %, respectively.  
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Figure 4.24: Fingerprint plot and Hirshfeld surfaces mapped with d-norm of the four solvates 

of 4.6 and 4.7 (as per the designated abbreviations in each figure) 

4.15: Trends in melting points 

The differential scanning calorimetry studies on the two polymorphs of the 4.1 showed the 

respective melting point of 4.1.1 and 4.1.2 as 185 °C and 203 °C, respectively (Fig. 4.25a). It 

suggested better thermal stability of polymorph 4.1.2 with respect to others, as a higher 

amount of energy was required to melt. It is mentioned in our discussion on theoretical 

energy that the dimer of the 4.1.2 had higher stability by energy 22.09 kJ/mol. The enthalpy 

of fusion of the 4.1.1 and 4.1.2 were 71.24 kJ/mol and 55.56 kJ/mol, respectively. So, the 

observed hierarchy of the melting points between the two agreed with this calculation. DSC 

profile for a cooling cycle after heating the sample to melting temperature did not show an 

inter-conversion in either of the cases. 
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                                              (a)                                                               (b) 

Figure 4.25: Differential scanning calorimetry plots of (a) of the polymorphs 4.1.1 and 4.1.2, 

and (b) positional isomers (heating rate 10 °C min−1 under a nitrogen atmosphere) 4.3, 4.4 

and 4.5. 

Similarly, the melting points of the 4.3, 4.4 and 4.5 were determined from the respective 

differential scanning calorimetry, which were 191.16 °C, 183.54 °C and 205.32 °C, 

respectively (Fig. 4.25b). The respective enthalpy of fusion was 73.20 kJ/mol, 64.12 kJ/mol 

and 91.16 kJ/mol, showing that the corresponding values had a trend as 4.3 ~ 4.4 < 4.5. The 

isomorphic compounds 4.3 and 4.4 had relatively close melting points, as compared to 4.5, 

which had a higher melting point. As mentioned in an earlier section the gain in energy by 

both the homodimers in the case of the two isomorphic cases was comparable, whereas there 

was a larger gain in energy by forming the homodimer in the case of the 4.5. Thus, these 

supported the fact that the analysis of dimers has been able to support the trends in the 

melting points among these three positional isomeric compounds. 

4.16: Solution studies on fluoride ions detection 

The 1HNMR spectra of the respective polymorphs 4.1.1 or 4.1.2 dissolved in DMSO-d6 had 

identical chemical shifts, and the same was true with the 13CNMR spectra; hence, the two 

forms could not be distinguished by NMR. However, it is well known that discrete species of 

thiourea derivatives undergo deprotonation by fluoride ions in DMSO solution.24-26 Hence, 

the consequence of deprotonation of nitrophenyl thiourea by fluoride ions of the two 4- 

nitrophenyl thiourea derivatives, namely 4.6 and 4.7, were studied. In both cases, the addition 

of a 0.033 mM solution of tetrabutylammonium fluoride was studied by varying amounts of 

fluoride from 0.033mM to 0.166 mM concentration. In the case of 4.6, it showed a new 

absorption peak at 425 nm upon interaction with fluoride ions (Fig 4.26a). The visual color 
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change observed in 4.7 was similar to the one seen in the case of 4.6, but there was a 

difference in the way the absorption change took place. 

     

                                    (a)                                                                (b) 

   

                                    (c)                                                                   (d) 

   

                                         (e)                                                            (f) 

Figure 4.26: UV-visible titrations of (a) 4.6 and (b) 4.7 (0.033mM) with the addition of 

different amounts of TBAF (insets are color changes at particular fluoride concentrations); (c) 

and (d) are respective visual colors with the one-mole equivalent of different anions in 

DMSO (4 mM in each case). The color of the solution was observed through the naked eye in 

the solutions of (e) 4.6 and (f) 4.7 in DMSO (10 mM in each case) with different molar 

concentrations of TBAF (encircled by blue ellipses on each sample tube).  

 

In the 4.7, stepwise absorption changes passed through a new peak at 407 nm which 

disappeared with additional amounts of fluoride ion to show absorption at 449 nm (Fig. 

4.26b). This was due to the stepwise formation of hydrogen-bonded species, which 

transformed into an anionic species. This suggestion is based on the stepwise hydrogen 
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bonded thiourea derivatives species with fluoride ion followed by getting deprotonated, as 

shown earlier through solution study.24-26 The color change could be visually seen at a 

concentration of substrate (4 mM concentration) upon the addition of an equivalent 

concentration of fluoride ions (Fig.4.26c and 4.26d). Whereas the addition of other salts, such 

as tetrabutylammonium bromide, chloride, iodide, bicarbonate, bisulphate, cyanide and 

perchlorate, did not cause a color change at this concentration.27 The visual detection at a 

higher concentration of the two analytes (10 mM) with different concentrations of fluoride 

ions is shown in Fig. 4.26e and 4.26f. The color intensity was increased with an increase in 

the concentration of fluoride ions. This showed that visual detection was possible at wide 

ranges of concentrations of fluoride ions. The ability to detect at lower and higher 

concentrations suggests that discrete units of the analytes were responsible for the detection. 

The same experiments carried out with other thiourea derivatives did not show a visual 

change (Fig. A4.6); therefore, the effect of nitrophenyl thiourea part has become apparent in 

the visual color change. This was also reflected in the inability of the other thiourea 

derivatives lacking an auxo-chrome where visual detections were not observed. 

4.17: Conclusions 

The series of thiourea-derived sulfathiazoles studied here had hydrogen-bonded homodimers 

as cyclic sub-assemblies. The importance of the homodimers contributing to polymorphs and 

related self-assemblies was established through structural analysis together with energy 

calculations. All these homodimers had two intermolecular N-H(thiazole) ∙∙∙N 

(sulphonamide) bonds as the principal hydrogen bonds. The S=O groups provided supportive 

weak S=O(sulphonmide)∙∙∙H-N(thiazole) bond to stabilize homodimer in 4.1.2 and 4.6.1. 

When homodimers were not formed, the thiourea tape or bifurcated hydrogen-bonded chains 

involving two N-H of thiourea hydrogen bonding with O atom of -SO2- were favoured. The 

conformational changes across the homodimers provided different dispositions of the -SO2- 

groups in the polymorphs. The isomorphic 4.3 and 4.4 had similar types of chlorine-chlorine 

interactions. Theoretical calculations have shown that the hydrogen-bonded homodimers gain 

in energies than the sum of energies of the two independent components of the dimers and 

were dependent on the steric, conformation and electronic factors. The solvents in solvates 

had guided the conformation of the thiourea across the homodimers. Due to the steric effect 

of methyl groups, the homodimers between methazine in the solvates of 4.7 were not 

observed. In this case, chain-like arrangements were observed, and the conformational 

changes occurred across such chains. However, the methazine part also adopted hydrogen-
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bonded cyclic dimeric structures to maximize hydrogen bonds. This aspect was seen in the 

hydrate and hydrated DMF solvate. The homodimers of sulfathiazole-derived thiourea 

provided a rational structural pattern in polymorphs and solvates with the exception of the 

DMSO solvate of 4.6, whereas chain-like arrangements in the 4.7 were observed. The DMSO 

solvate (1:2 stoichiometry) of the 4-nitrphenylthiourea derivative of sulfathiazole and 

sulfamethazine had a similar chain-like structure, where participation of DMSO molecule in 

H-bonding with one N-H of thiourea had caused hindrance to form hydrogen-bonded 

assembly through bifurcated hydrogen bonds in the respective assembly. This study 

suggested that case-by-case examination is required to ascertain the extended domains 

(repeated sub-assemblies) contributing to their stabilities. 
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Appendix - Chapter 4 

4A.1: Experimental 

 

 

Scheme A.1: Synthesis of 4.1-4.7 

Synthesis and characterization of the polymorphs, solvates and positional isomer (4.1.1-

4.7.4): 

(4.1.1): A solution of phenyl isothiocyanate (270.4 mg, 2 mmol) and sulfathiazole (510.6 mg, 

2 mmol) was prepared in acetonitrile (30 ml), and the solution was stirred at 80 ͦ C for 8 hrs. 

The resulting solution was filtered, and the filtrate was evaporated using a rotary evaporator. 

The residue was dissolved in dimethylformamide (DMF) and kept for crystallization. After 3-

4 days, the crystals of 4.1.1 were obtained. Yield = 82 %. IR (Neat, cm-1): 3266 (w), 3116 

(w), 2778 (w), 1592 (m), 1568 (m), 1526 (s), 1495 (s), 1417 (s), 1314 (s), 1299 (s), 1256 (s), 

1183 (m), 1142 (s), 1089 (s), 940 (s), 858 (s), 835 (s), 757 (s), 715 (s), 688 (m), 672 (s), 645 

(s), 602 (s), 555 (s), 531 (s). 1HNMR (600 MHz, DMSO-d6, ppm): 12.70 (s, 1H), 10.07 {s, N-

H (1)}, 10.03 {s, N-H (2)}, 7.74 (d, J = 9 Hz, 2H), 7.66 (d, J = 8.4 Hz, 2H), 7.47 (d, J = 7.8 

Hz, 2H), 7.34 (t, J = 7.8 Hz, 2H), 7.25 (d, J = 4.2 Hz, 1H), 7.14 (t, J = 7.8 Hz, 1H), 6.82 (d, J 

= 4.8 Hz). 13C NMR (125 MHz, DMSO-d6): 179.52, 168.81, 142.95, 139.19, 137.13, 128.56, 

126.41, 124.78, 123.76, 122.47, 108.18. ESI-MS. Calculated m/z- 391.0357; found: 391.0351 

[(M + H) +, 100%]. 

(4.1.2): The crystals of 4.1.1 were dissolved in a methanol and acetone mixture, and the 

solution was heated at 80°C for 6 hrs. The resulting solution was filtered and kept for 
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crystallization. The crystals of 4.1.2 appeared after 2-3 days. Yield = 79 %. IR (Neat, cm-1): 

3355 (w), 3255 (m), 2921 (w), 1592 (m), 1568 (s), 1520 (s), 1504 (s), 1446 (w), 1411 (s), 

1354 (m), 1287 (s), 1262 (w), 1193 (s), 1142 (s), 1088 (s), 935 (s), 851 (s), 822 (w), 735 (w), 

719 (s), 684 (s), 641 (s), 585 (s), 551 (s), 516 (m), 499 (m). 1H-NMR (600 MHz, DMSO-d6, 

ppm): 12.70 (s, 1H), 10.07 {s, N-H (1)}, 10.03 {s, N-H (2)}, 7.74 (d, J = 9 Hz, 2H), 7.66 (d, J 

= 8.4 Hz, 2H), 7.47 (d, J = 7.8 Hz, 2H), 7.34 (t, J = 7.8 Hz, 2H), 7.25 (d, J = 4.2 Hz, 1H), 7.14 

(t, J = 7.8 Hz, 1H), 6.82 (d, J = 4.8 Hz). 13C-NMR (125 MHz, DMSO-d6): 179.53, 168.83, 

142.97, 139.21, 137.14, 128.58, 126.43, 124.80, 123.78, 122.49, 108.21 

(4.2): A solution of 4-methoxyphenyl isothiocyanate (330.42 mg, 2 mmol) and sulfathiazole 

(510.6, 2 mmol) in acetonitrile (30 ml) was stirred at 80 ͦ C for 8 hrs. A yellow precipitate of 

4.2 was formed, which was filtered and dissolved in DMF, the filtrate was kept undisturbed 

for crystallization. After 3 - 4 days, the crystals of 4.2 were formed. Yield = 71 %. IR (Neat, 

cm-1): 3293 (w), 3098 (w), 3037 (br), 2802 (w), 1591 (s), 1568 (s), 1526 (s), 1507 (s), 1414 

(s), 1322 (s), 1297 (s), 1247 (s), 1173 (m), 1148 (s), 1115 (s), 1085 (s), 1032 (s), 931 (s), 857 

(s), 830 (s), 805 (m), 770 (s), 738 (m), 717 (s), 691 (m), 674 (s), 641 (s), 589 (s), 557 (s), 514 

(m). 1H-NMR (600 MHz, DMSO-d6, ppm): 12.70 (s, 1H), 9.92 {s, N-H (1)}, 9.86 {s, N-H 

(2)}, 7.72 (d, J = 8.8 Hz, 2H), 7.65 (d, J = 8.8 Hz, 2H), 7.32 (d, J = 8.9 Hz, 2H), 7.25 (d, J = 

4.6 Hz, 1H), 6.91 (d, J = 9 Hz, 2H), 6.82 (d, J = 4.7 Hz, 1H). 13C NMR (125 MHz, DMSO-

d6): 179.69, 168.80, 156.73, 143.06, 136.96, 131.87, 126.34, 125.98, 124.39, 122.39, 113.76, 

108.13, 55.26. ESI-MS. Calculated m/z-421.0463; found: m/z 421.0466 [(M + H) +, 100%]. 

(4.3): A solution of 2,3-dichlorophenyl isothiocyanate (408 mg, 2 mmol) and sulfathiazole 

(511 mg, 2 mmol) in acetonitrile (30 ml) was heated at 80 ͦ C for 8 hrs. The white precipitate 

obtained was dissolved in different solvents (a mixture of methanol and acetone, DMF and 

DMA). The resulting solution was filtered and kept for crystallization. After 4 days, the 

crystals of 4.3 were obtained. Yield = 82 %. IR (Neat, cm-1): 3318 (w), 3253 (m), 1577 (s), 

1497 (s), 1454 (w), 1420 (s), 1285 (s), 1234 (w), 1141 (s), 1088 (s), 934 (s), 847 (s), 834 (s), 

782 (m), 722 (s), 686 (s), 642 (s), 582 (m), 553 (s), 499(s). 1HNMR (600 MHz, DMSO-d6, 

ppm): 12.71 (s, 1H), 10.32 {s, N-H (1)}, 9.81 {s, N-H (2)}, 7.76 (d, J = 8.8 Hz, 2H), 7.71 (d, 

J = 8.8 Hz, 2H), 7.55 (d, J = 8 Hz, 1H), 7.52 (d, J = 8 Hz, 1H), 7.37 (t, J = 8.1 Hz, 1H), 7.25 

(d, J = 4.5 Hz, 1H), 6.83 (d, J = 4.7 Hz. 13CNMR (125 MHz, DMSO-d6): 180.41, 168.83, 

142.52, 138.31, 137.63, 131.85, 129.32, 128.64, 128.31, 127.83, 126.45, 124.42, 122.83, 

108.19. ESI-MS. Calculated m/z- 458.9577; found: m/z 458.9572 [(M + H) +, 100%]. 
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(4.4): The synthesis of 4.4 was similar to the synthesis of 4.3, the 2,4-dichlorophenyl 

isothiocyanate was used instead of using 2,3-dichlorophenyl isothiocyanate.  Yield = 79 %. 

IR (Neat, cm-1): 3340 (w), 3234 (m), 3052 (w), 1585 (m), 1564 (s), 1499 (s), 1474 (w), 1410 

(s), 1352 (m), 1326(m), 1306(m), 1283 (s), 1240 (m), 1195 (s), 1178 (w), 1143 (s), 1116 (m), 

1091 (s), 1073 (s), 931 (s), 851 (s), 831 (s), 805 (s), 752 (m), 721 (s), 697 (s), 640 (s), 603 

(m), 586 (m), 572 (s), 553 (s). 1HNMR (600 MHz, DMSO-d6, ppm): 12.72 (s, 1H), 10.30 {s, 

N-H (1)}, 9.71 {s, N-H (2)}, 7.76 (d, J = 8.8 Hz, 2H), 7.70 (d, J = 5.6 Hz, 2H), 7.69 (s, 1H), 

7.57 (d, J = 8.6 Hz, 1H), 7.44 (d, J = 8.6 Hz, 1H), 7.25 (d, J = 4.6 Hz, 1H), 6.83 (d, J = 4.6 

Hz, 1H). 13C NMR (125 MHz, DMSO-d6): 180.38, 168.84, 142.50, 137.61, 135.48, 131.49, 

131.25, 131.07, 129.02, 127.49, 126.45, 124.42, 122.80, 108.19. ESI-MS. Calculated m/z- 

458.9577; found: m/z -458.9572 [(M + H) +, 100%]. 

(4.5): The synthesis of 4.5 was similar to the synthesis of 4.3, the 3,4-dichlorophenyl 

isothiocyanate was used instead of using 2,3-dichlorophenyl isothiocyanate. Yield: 86 %. IR 

(Neat, cm-1): 3323 (w), 3258 (m), 3096(w), 1574 (s), 1499 (s), 1411 (s), 1380 (w), 1309 (m), 

1290 (s), 1246 (w), 1193 (s), 1145 (s), 1089 (s), 1066 (m), 1031 (m), 938 (s), 857 (s), 833(s), 

799 (s), 737 (s), 724 (s), 713 (m), 692 (s), 642 (s), 607 (m), 591 (m), 579 (s), 551 (s), 502 (s). 

1HNMR (600 MHz, DMSO-d6, ppm): 12.72 (s, 1H), 10.29 {s, N-H (1)}, 10.18 {s, N-H (2)}, 

7.87 (s, 1H), 7.76 (d, J = 8.7 Hz, 2H), 7.63 (d, J = 8.7 Hz, 2H), 7.59 (d, J = 8.7 Hz, 1H), 7.45 

(d, J = 8.7 Hz, 1H), 7.26 (d, J = 4.7 Hz, 1H), 6.83 (d, J = 4.7 Hz. 13C NMR (125 MHz, 

DMSO-d6): 179.61, 168.85, 142.49, 139.50, 137.61, 130.54, 130.28, 126.50, 126.34, 124.98, 

124.42, 123.75, 122.79, 108.20. ESI-MS. Calculated m/z- 458.9577; found: m/z- 458.9577 

[(M + H) +, 100%. 

(4.6.1): A solution of 4-nitrophenyl isothiocyanate (360.36 mg, 2 mmol) and sulfathiazole 

(510.6, 2 mmol) in acetonitrile (30 ml) was stirred at 80 ͦ C for 8 hrs. A yellow precipitate was 

4.6 formed. It was dissolved in an acetone and methanol mixed solvent (1:1 v/v), and after 3 

days, crystals of 4.6.1 were formed. Yield = 77 %. IR (Neat, cm-1): 3311 (w), 3244 (m), 1595 

(s), 1561 (s), 1524 (s), 1503 (s), 1406 (s), 1333 (s), 1282 (s), 1260 (s), 1195 (m), 1182 (s), 

1142 (s), 1109 (s), 1088 (s), 1058 (m), 941 (s), 854 (s), 804 (s), 746 (m), 736 (m), 723 (s), 

716 (m), 691 (s), 641 (s), 607 (s), 585 (s), 552 (s), 505 (s). 1H-NMR (600 MHz, DMSO-d6, 

ppm): 12.73 (s, 1H), 10.57 {s, N-H (1)}, 10.51 {s, N-H (2)}, 8.21 (d, J = 9 Hz, 2H), 7.83 (d, J 

= 9 Hz, 2H), 7.78 (d, J = 8.4 Hz, 2H), 7.66 (d, J = 8.4 Hz, 2H), 7.25 (d, J = 4.2 Hz, 1H), 6.83 

(d, J = 4.2 Hz, 1H). 13C NMR (125 MHz, DMSO-d6): 179.37, 168.90, 145.98, 142.64, 
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142.38, 137.85, 126.58, 124.47, 122.82, 121.96, 108.27. ESI-MS. Calculated m/z- 436.0208; 

found: 436.0203 [(M + H) +, 100%]. 

(4.6.2): The yellow precipitate of crude 4.6 was dissolved in DMF. The resultant solution was 

left for crystallization to obtain 4.6.2 crystals after one week. Yield = 87 %. IR (Neat, cm-1): 

3105 (br), 1651 (s), 1594 (s), 1565 (s), 1533 (s), 1494 (s), 1431 (w), 1387 (m), 1327 (s), 1301 

(s), 1249 (s), 1180 (s), 1146 (s), 1113 (s), 1090 (s), 932 (s), 858 (m), 844 (s), 826 (m), 751 

(s), 736 (s), 699 (s), 686 (s), 666 (s), 648 (s), 632 (m), 571 (s), 555 (s), 494 (s). 1H-NMR (600 

MHz, DMSO-d6, ppm): 12.72 (s, 1H), 10.56 {s, N-H (1)}, 10.50 {s, N-H (2)}, 8.21 (d, J = 

9.6 Hz, 2H), 7.95 (s, 1H), 7.83 (d, J = 10.2 Hz, 2H), 7.78 (d, J = 7.2 Hz, 2H), 7.67 (d, J = 9 

Hz, 2H), 7.25 (d, J = 4.8 Hz, 1H), 6.83 (d, J = 4.2 Hz, 1H), 2.88 (s, 3H), 2.73 (s, 3H). 13C 

NMR (125 MHz, DMSO-d6): 179.38, 168.90, 162.38, 145.98, 142.65, 142.39, 137.86, 

126.59, 124.47, 122.84, 121.97, 108.27, 35.84, 30.83. 

(4.6.3): The formation of 4.6.3 was similar to the formation of 4.6.2, the solvent DMA was 

used instead of DMF. Yield = 79 %. IR (Neat, cm-1): 3331 (m), 3008 (w), 1613(m), 1593 (s), 

1568 (s), 1537 (s), 1505 (s), 1493 (s), 1400 (s), 1302 (s), 1251 (s), 1204 (s), 1146 (s), 1114 

(s), 1091 (s), 1012 (s), 930 (s), 848 (s), 839 (s), 826 (m), 735 (s), 699 (s), 663 (m), 647 (s), 

634 (s), 611 (s), 592 (s), 570 (s), 553 (s), 493 (s). 1H-NMR (600 MHz, DMSO-d6, ppm): 

12.73 (s, 1H), 10.56 {s, N-H (1)}, 10.51 {s, N-H (2)}, 8.21 (d, J = 9 Hz, 2H), 7.83 (d, J = 9 

Hz, 2H), 7.78 (d, J = 8.4 Hz, 2H), 7.67 (d, J = 9 Hz, 2H), 7.25 (d, J = 4.2 Hz, 1H), 6.83 (d, J = 

4.2 Hz, 1H), 2.93 (s, 3H), 2.78 (s, 3H), 1.95 (s, 3H). 13C NMR (125 MHz, DMSO-d6): 

179.36, 169.66, 168.88, 145.96, 142.63, 142.37, 137.85, 126.57, 124.44, 122.80, 121.94, 

108.24 

(4.6.4): The formation of 4.6.4 was similar to the formation of 4.6.2, the solvent DMSO was 

used instead of DMF. Yield = 84 %. IR (Neat, cm-1): 3318 (m), 3094 (w), 1592 (s), 1568 (s), 

1520 (s), 1505 (s), 1494 (s), 1432 (s), 1403 (s), 1323 (s), 1304 (s), 1244 (s), 1177 (m), 1134 

(s), 1110 (s), 1088 (s), 1068 (m), 1014 (s), 956 (s), 936 (s), 870 (m), 850 (s), 818 (m), 737 (s), 

695 (s), 668 (m), 643 (s), 632 (s), 604 (m), 567 (s), 551 (s), 484 (s). 1H-NMR (600 MHz, 

DMSO-d6, ppm): 12.73 (s, 1H), 10.56 {s, N-H (1)}, 10.51 {s, N-H (2)}, 8.21 (d, J = 9.6 Hz, 

2H), 7.83 (d, J = 9 Hz, 2H), 7.78 (d, J = 8.4 Hz, 2H), 7.67 (d, J = 9 Hz, 2H), 7.25 (d, J = 4.2 

Hz, 1H), 6.83 (d, J = 4.2 Hz, 1H), 2.54 (s, 6H). 13CNMR (125 MHz, DMSO-d6): 179.40, 

168.89, 145.98, 142.66, 142.40, 137.85, 126.59, 124.48, 122.86, 122.00, 108.30, 40.42. 

(4.7.1): A solution of 4-nitrophenylisothiocyanate (328 mg, 2 mmol) and sulfamethazine (556 

mg, 2 mmol) in acetonitrile (30 ml) was stirred at 80 ͦ C for 8 hrs. A yellow precipitate of 4.7 
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was formed, which was filtered and dissolved in DMF, the filtrate was kept undisturbed for 

crystallization. After 3 - 4 days, the crystals of 4.7.1 were formed. Yield = 89 %. IR (Neat, 

cm-1): 3486 (w), 3251 (w), 3003 (w), 1638 (s), 1597 (s), 1582 (m), 1508 (s), 1493 (m), 1449 

(m), 1408 (s), 1381 (s), 1329 (s), 1303 (s), 1245 (s), 1175 (m), 1134 (s), 1123 (s), 1075 (s), 

1018 (m), 998 (s), 933 (m), 845 (s), 809 (s), 776 (m), 747 (m), 728 (s), 710 (s), 694 (m), 670 

(s), 636 (s), 578 (s), 553 (m), 540 (m), 512 (s). 1H-NMR (600 MHz, DMSO-d6, ppm): 11.56 

(s, 1H), 10.59 {s, N-H (1)}, 10.53 {s, N-H (2)}, 8.21 (d, J = 9.1 Hz, 2H), 7.96 (d, J = 8.7 Hz, 

2H), 7.95 (s, 1H), 7.81 (d, J = 9.2 Hz, 2H) 7.69 (d, J = 8.8 Hz, 2H), 6.77 (s, 1H).13C NMR 

(125 MHz, DMSO-d6): 179.30, 162.32, 145.86, 142.62, 128.87, 124.45, 121.98, 121.90, 

35.80, 30.78. ESI-MS. Calculated m/z- 459.0909; found: m/z 459.0902 [(M + H) +, 100%] 

(4.7.2): The yellow precipitate of 4.7 was dissolved in a mixture of acetone and methanol 

(1:1 v/v). The crystals of 4.7.2 were obtained after 2-3 days. Yield = 93 %. IR (Neat, cm-1): 

3418 (w), 3323 (m), 1633 (m), 1593 (s), 1576 (m), 1538 (s), 1507 (s), 1494 (m), 1435 (s), 

1383 (m), 1330 (s), 1312 (s), 1246 (s), 1180 (w), 1138 (s), 1122 (m), 1080 (s), 969 (s), 855 

(s), 835 (s), 816 (m), 778 (m), 736 (s), 703 (s), 687 (s), 640 (s), 583 (s), 567 (s), 549 (s), 526 

(m), 485 (s). 1H-NMR (600 MHz, DMSO-d6, ppm): 11.69 (s, 1H), 10.59 {s, N-H (1)}, 10.53 

{s, N-H (2)}, 8.21 (d, J = 9.2 Hz, 2H), 7.96 (d, J = 8.8 Hz, 2H), 7.81 (d, J = 9.3 Hz, 2H) 7.69 

(d, J = 8.8 Hz, 2H), 6.76 (s, 1H). 13C NMR (125 MHz, DMSO-d6): 179.31, 156.16, 145.87, 

142.63, 128.88, 124.45, 121.99, 121.91, 30.71. 

(4.7.3): The formation of 4.7.3 was similar to that of the formation of 4.7.2, DMA solvent 

was used instead of DMF. Yield = 83 %. IR (Neat, cm-1): 3310 (m), 3105 (w), 1614 (w), 

1595 (s), 1577 (w), 1508 (s), 1419 (s), 1401 (s), 1334 (s), 1300 (s), 1248 (s), 1177 (m), 1131 

(s), 1112 (s), 1072 (s), 1022 (s), 967 (s), 845 (s), 778 (s), 736 (s), 713 (s), 679 (s), 641 (s), 618 

(m), 601 (m), 581 (s), 564 (s), 549 (m), 532 (s), 494 (s), 478 (s), 427 (s). 1H-NMR (600 MHz, 

DMSO- d6, ppm): 11.69 (s, 1H), 10.58 {s, N-H (1)}, 10.52 {s, N-H (2)}, 8.21 (d, J = 9.6 Hz, 

2H), 7.96 (d, J = 9 Hz, 2H), 7.81 (d, J = 9 Hz, 2H) 7.69 (d, J = 9 Hz, 2H), 6.76 (s, 1H), 2.93 

(s, 3H), 2.78 (s, 3H), 2.26 (s, 6H), 1.95 (s, 3H). 13C NMR (125 MHz, DMSO-d6): 179.32, 

162.63, 156.16, 145.87, 142.64, 128.87, 124.44, 122, 121.92, 37.46, 34.51, 21.41. 

(4.7.4): The formation of 4.7.4 was similar to that of the formation of 4.7.2, DMSO solvent 

was used instead of DMF. Yield = 68 %. IR (Neat, cm-1): 3323 (m), 2859 (w), 1635 (s), 1594 

(s), 1578 (s), 1538 (s), 1506 (s), 1494 (s), 1436 (s), 1383 (s), 1329 (s), 1313 (s), 1248 (s), 

1177 m), 1141 (s), 1115 (s), 1080 (s), 1032 (s), 1011 (s), 955 (s), 855 (s), 835 (s), 816 (m), 

778 (m), 754 (m), 736 (s), 705 (s), 688 (s), 643 (s), 581 (s), 567 (s), 550 (s), 496 (s). 1H-NMR 
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(600 MHz, DMSO-d6, ppm): 11.65 (s, 1H), 10.59 {s, N-H (1)}, 10.53 {s, N-H (2)}, 8.21 (d, J 

= 9 Hz, 2H), 7.96 (d, J = 8.4 Hz, 2H), 7.81 (d, J = 9.6 Hz, 2H) 7.69 (d, J = 9 Hz, 2H), 6.76 (s, 

1H), 2.54 (s, 12H), 2.26 (s, 6H). 13C NMR (125 MHz, ppm, DMSO-d6): 179.32, 156.17, 

145.87, 142.65, 128.88, 124.46, 122.01, 121.93, 40.43. 

Typical method of crystallization: 

4.1.1: 4.1 (100 mg) was dissolved in 10 ml of DMF and stirred at room temperature. The 

resulting solution was left for crystallization, after 6-7 days, crystals of 4.1.1 were collected 

by decanting the supernatant liquid, the yield of the crystals were 84% (84 mg). 

The rest of the crystals were obtained using the similar procedure and in each case the yield 

and purity were assessed by comparing the Powder X-ray Diffraction (PXRD) patterns with 

simulated spectra generated from the CIF file. 

 

 

                  (a)                                             (b)                                                  (c) 

 

                     (d)                                                (e)                                               (f) 

 

                   (g)                                                  (h)                                                 (i) 
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                     (j)                                            (k)                                                      (l) 

 

(m) 

Figure A4.1: Powder X-ray diffraction patterns of the (a) 4.1.1 (b) 4.1.2 (c) 4.2 (d) 4.3 (e) 4.4 

(f) 4.5 (g) 4.6.1 (h) 4.6.2 (i) 4.6.3 (j) 4.7.1 (k) 4.7.2 (l) 4.7.3 (m) 4.7.4 

 
                           (a)                                              (b)                                                (c) 

 
                        (d)                                             (e)                                               (f) 
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                      (g)                                              (h)                                              (i) 

 

 
                     (j)                                                 (k)                                            (l) 

 
                                             (m)                                                           (n) 

Figure A4.2: FT-IR spectrum (neat) of the (a) 4.1.1 (b) 4.1.2 (c) 4.2 (d) 4.3 (e) 4.4 (f) 4.5 (g) 

4.6.1 (h) 4.6.2 (i) 4.6.3 (j) 4.6.4 (k) 4.7.1 (l) 4.7.2 (m) 4.7.3 (n) 4.7.4 
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(a) 

 
(b) 

 
(c) 
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(d) 

 
(e) 
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(f) 

 
(g) 
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(h) 

 
(i) 

Figure A4.3: 1H-NMR (DMSO-d6, 600 MHz) spectra of the (a) 4.1.1 (b) 4.4 (c) 4.5 (d) 4.6.2 

(e) 4.6.3 (f) 4.6.4 (g) 4.7.1 (h) 4.7.3 (i) 4.7.4 

 
                           (a)                                                                             (b) 
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                           (c)                                                                         (d) 

 
                        (e)                                                                         (f) 

   
                        (g)                                                                                 (h) 

 
                              (i)                                                                          (j) 
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                            (k)                                                                           (l) 

  
                         (m)                                                                                 (n) 

Figure A4.4: 13C-NMR (125 MHz, DMSO-d6) spectra of the (a) 4.1.1 (b) 4.1.2 (c) 4.2 (d) 4.3 

(e) 4.4 (f) 4.5 (g) 4.6.1 (h) 4.6.2 (i) 4.6.3 (j) 4.6.4 (k) 4.7.1 (l) 4.7.2 (m) 4.7.3 (n) 4.7.4 

   
                                 (a)                                                                            (b) 
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                                    (c)                                                                (d) 

    
                                   (e)                                                                         (f) 

 
 

(g) 

Figure A4.5: ESI-MS spectra of (a) 4.1 (b) 4.2 (c) 4.3 (d) 4.4 (e) 4.5 (f) 4.6 (g) 4.7 

 

TH-3407_186122013



 Chapter 4 
 

 

187 

 

 

 
                                          (a)                                                                  (b) 

 
                                               (c)                                                         (d) 

 
(e) 

Figure A4.6: UV-visible titration of (a) 4.1 and (b) 4.2 (c) 4.3 (d) 4.4 and (e) 4.5 (3.34 × 10−5 

M) in dimethylsulfoxide solvent with tetra butyl ammonium fluoride (5 molar equivalents) 
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(a)                                                                 (b)                                                                

                                                                                     

Figure A4.7: UV-visible titration of (a) 4.6 (3.34 × 10−5 M) and (b) 4.7 (3.34 × 10−5 M) in 

dimethylsulfoxide solvent with tetra butyl ammonium fluoride (5 molar equivalents). 
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Chapter 5 

E or Z Isomers Arising from Geometries of Ligand in Mercury Complex of 

2-(Anthracen-9-ylmethylene)-N-phenylhydrazine carbothioamide 

 
5.1: Introduction 

From the last chapter, it is apparent that varying solvents, partner molecules and reaction 

conditions can prepare various crystalline forms of thiourea derivatives. We have expanded 

our research to hydrazine carbothioamide, a class of thiourea derivatives with structural 

features depicted in Fig. 5.1(a). This class of compounds find extensive use as ligands and, 

upon complex formation of four coordinated metal complexes, has the possibility to form two 

region-isomers, as illustrated in Fig. 5.1b and 1c. Hence, exploration of such isomers has an 

interest in understanding their individual contribution to a physical property. For example, 

when R1 and R2 are chosen from fluorophore units, such isomers will have characteristic 

emission properties. The comparative emission properties of such isomeric forms of metal 

complexes have not been studied, primarily because of their difficulties in synthesizing the 

individual isomer in pure form. Furthermore, the activation barrier among such forms is 

generally small; hence, from the literature, it is apparent that the energy barrier between two 

forms has to be above ~125 kJ/mol to have either of the forms isolated in either of the forms 

or to have found in one particular form in solution. Hence, these types of conformers are 

categorized as conformation isomers.1-2 The structural studies on such isomers have been 

reported since 1970,3 and with the progress of time, there are more reports of conformational 

isomers of inorganic complexes.4-8 In general, conformational polymorphs are the ones where 

the crystalline form of the same compound or cocrystals have different conformation in the 

solid state. Still, those cannot be distinguished in solution under ordinary conditions.9-10 

Conformation polymorphs of inorganic complexes are prepared by crystallization from 

different solvents.11-13  
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Figure 5.1. (a) Representation of a hydrazine carbothioamide-derived ligand and (b) E- and 

(c) Z-isomers of the bis-chelated of tetracoordinated metal complex (hydrogen atoms marked 

red are to distinguish the E and Z isomers) 

 

In this study, we have chosen 2-(anthracen-9-ylmethylene)-N-

phenylhydrazinecarbothioamide (H5.1; when R1= phenyl and R2 = anthracenyl in the Scheme 

5.2) as a ligand for the preparation of isomers of a mercury complex. The chosen ligand has 

an anthracenyl fluorescent functional group. In each of such proposed isomers, the ligands 

adopt π-conjugated structures and serve as model complexes for the study of the optical 

properties of such isomeric complexes. Alternatively, an ionic form (abbreviated 5.1) of this, 

while serving as a ligand, adopts locked E or Z geometry through coordination to metal ions. 

The anthracenyl group and the phenyl ring are in cis or trans dispositions concerning each 

other across the C=N-N=C-N functional group, respectively. We have chosen to study the 

complexes of this ligand with the soft metal ion, namely, mercury complexes, due to the 

ability of analogous ligands to bind to Sulphur and nitrogen to provide desired chelates. 

Furthermore, there are also examples of isomers,14 polymorphs,15 and mercury complexes 

with different conformations of such ligands.16 The choice of the ligand was also based on the 

extensive literature on thiosemicarbazide derivatives showing wide ranges of structures and 

the ability to form four coordinated complexes with structural variation.17-18 Besides these, 

fluorescence modulation by such a ligand and the detection of mercury ions have attracted 

interest in environmental remediation.19-26 Anthracene-based compounds show emissions that 

are dependent on the geometrical arrangement of the anthracenyl groups in the solid state.27-28 

The mercury ion is well known to either quench or enhance the fluorescence emission of a 

ligand.29-30 The ligand H5.131 is a fluorescent molecule that was studied earlier as a probe for 

detecting mercury ions and preparing copper and zinc complexes.18 So, searching for 
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isolating E- and Z-isomers has made it possible to obtain the two isomers in pure form with 

distinct characteristic signatures in solid state and solution. 

5.2: Synthesis and characterization of mercury complexes (5.1.1-5.1.3) 

The reactions of mercuric chloride with H5.1 were dependent on the solvents and the reaction 

conditions. A bis-chelated neutral mercury (II) complex with 5.1 or neutral complex of 

mercury (II) with monodentate H5.1 was formed under the reaction conditions as shown in 

Scheme 1.  

 

Scheme 5.1: Preparation of the mercury complexes (5.1.1-5.1.3). 

The reaction of H5.1 with mercuric chloride in dichloromethane yielded the complex 5.1.3. 

The reaction H5.1 with mercuric chloride in methanol yielded a yellow precipitate. The 

precipitate upon recrystallization from a solution of the complex in dichloromethane solvent 

(pH of the solution = 5.3) provided the isomer 5.1.3. The same reaction was then performed 

in dimethylformamide, and the pH of the solution was changed to 1.27. This reaction within 3 

h yielded the E-isomer 5.1.1. This suggested that the reaction in DMF released chloride ions 

from the metal salt while forming the complex by accepting the anionic form of the ligand 

(5.1), and in-situ generated hydrochloric acid made the solution acidic. When the precipitate 

of isomer 5.1.1 was dissolved in dichloromethane and DMF mixed solvent and crystallized, it 

yielded the Z-isomer 5.1.2.  
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(a) 

 

(b) 

Figure 5.2: (a) 1HNMR and (b) 1H-2D-HOMOCOSY (600 MHz, CDCl3) spectrum of the 

spectra of the 5.1.3.  

 

All three complexes were characterized by SC-XRD, PXRD, NMR, ESI-mass and elemental 

analysis. The ESI-mass spectrum is shown in Fig. A5.3 (appendix), while the PXRD of all 

the complexes is shown in Fig. A5.1 (appendix). The 1HNMR spectra of the mercury 

complex 5.1.3 was recorded in CDCl3 and is shown in Fig. 5.2. The phenyl protons labelled 

as i, j and k appeared at 7.47-7.46, 7.44-7.43 and 7.36-7.34 ppm respectively; while 

anthracenyl protons labelled as d, e, f, g and h appeared at 8.55, 8.56, 8.05-8.03, 7.60-7.57 

and 7.53-7.50 ppm respectively. The thiourea N-H protons labelled as a and b appeared at 

13.08 and 9.79 ppm.  The proton H-C=N labelled as c appeared at 9.26 ppm. All these peaks 

were assigned by recording the 1H-2D-HOMOCOSY of the complex 5.1.3. The spectra is 
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shown in Fig 5.2. The 1HNMR of two isomers of the neutral complex are discussed 

separately in the section dealing with the conversion of two isomers. The 13CNMR of all the 

mercury complexes is depicted in Fig. A5.2 (appendix). 

The overlaid diagram of the IR spectra of the three mercury complexes is shown in Fig. 5.3. 

In the IR spectra, the N-H stretch of the 5.1.3 was observed at 3250 cm-1. There was a similar 

IR peak in the respective IR spectra of the isomers occurring at 3254 cm-1. The C=S and C=N 

stretches of the complex 5.1.3 were observed at 1451 cm-1 and 1624 cm-1, respectively. These 

stretches were found at 1430 cm-1 and 1662 cm-1 for the two isomers (5.1.1 and 5.1.2). The 

powder XRD of each complex was determined, and phase purity was ascertained by 

comparing the powder X-ray diffraction (PXRD) generated from the respective 

crystallographic information file. For this purpose, the PXRD pattern of the recrystallized 

samples of 5.1.1 and 5.1.2 was recorded independently and compared with crude products 

obtained under different conditions (Fig. A5.1)  

 

Figure 5.3: Overlaid FT-IR spectra of the complexes 5.1.1-5.1.3 

 

The thermogravimetry plots of the two isomers recorded between room temperature and 700 

°C are shown in Fig. 5.4. Each thermogram showed four weight loss steps. In the 

thermogram, the first step was due to weight loss from the release of the DMF molecules, 

whereas the other three steps were due to weight losses by thermal degradation of the ligand 

5.1 in the complex. The weight losses from 5.1.1 were observed at 144˚C, 197˚C, 318˚C, and 

380˚C; for 5.1.2 these weight losses were at 135˚C, 153˚C, 204˚C, 311 ˚C, and at 389 ˚C. 

These weight loss processes were also reflected in the differential scanning calorimetry as 

there were four endothermic peaks in the DSC of both the isomers, as depicted in Fig. 5.4. 
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(a) 

 

(b) 

Figure 5.4: TG-DSC and DTG plots of the (a) 5.1.1. (b) 5.1.2 (heating rate 10ºC/min under 

an argon atmosphere). 

X-ray photoelectron spectroscopy (XPS) is a valuable tool to discern the oxidation state and 

the environment around mercury ions.32-33 Accordingly, the photo-electro spectra of each 

complex were recorded. The ionization potentials of the complexes determined by XPS are 

listed in Table 5.1. The two isomers (5.1.1 and 5.1.2) could not be distinguished from their 

XPS. Both the isomers of the complex showed the 4f Hg7/2 and 4f Hg5/2 ionization as two peaks 

between 101.13 eV and 105.26 eV. On the other hand, complex 5.1.3 had a clear distinction 

in PES, showing the characteristic ionization peaks for chloride. In this complex, the 2pCl1/2 

and 2pCl3/2 ionization peaks were observed at 198.18 and 199.73 eV. 2pS1/2 and 2pS3/2 

ionizations of the complex appeared in the region of 162.7 eV to 164.2 eV.  
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Table 5.1: Binding energy from X-ray photoelectron spectroscopy of the 5.1.1, 5.1.2, and 

5.1.3 

Mercury 

complexes 

Binding Energy (eV) 

C1s N1s O1s S2p Cl2p Hg4f 

5.1.1 284.87 398.60, 

399.91 

532.65 162.77, 

163.97 

 101.23, 

105.26 

5.1.2 284.87 398.74, 

400.01 

532.56 162.84, 

164.14 

 101.25, 

105.28 

5.1.3 284.80, 

288.35 

400.25  162.9, 

164.2 

198.18, 

199.73 

101.13, 

105.17 

 

5.3: Structural aspects of the mercury complexes (5.1.1-5.1.3) 

The crystals of the two isomers 5.1.1 and 5.1.2 belonged to P 21/n and P  space groups, 

respectively, and their crystal volume and crystal densities were 4707.4(5) Å3, 1.490 gcm−3; 

and 2354(3) Å3, 1.489 gcm−3 respectively. The crystals of 5.1.3 belonged to I 2/a space group 

and its crystal volume and density were 4272.56(17) Å3 and 1.527 gcm−3 respectively. The 

crystal structure of complex 5.1.3 had dichloromethane as the solvent of crystallization. This 

solvent of crystallization molecule had a severe crystallographic disorder. So, the crystal 

structure of 5.1.3 was refined by squeezing the dichloromethane part. However, the identity 

of the complex was ascertained by elemental analysis and other spectral tools.  

 
Figure 5.5: (a) Asymmetric unit and (b) structure of the complex 5.1.3 and (c), (d) its 

packing diagram. 
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The complex 5.1.3 was a four-coordinate complex. In the crystal structure, the asymmetric 

unit had a coordinated mercury ion with chloride and ligand H5.1 (Fig. 5.5a). It had two 

ligands and two chlorides (Fig. 5.5b) coordinated to a mercury ion. Mercury ions formed 

mono-nuclear or poly-nuclear complexes with different geometries depending on the type of 

ligands.17,34 A four-coordinate metal complex may adopt a tetrahedral and square planar 

structure or see-saw geometry. Thus, to clearly ascertain the geometry of the complex, the τ4 

parameter35 of the complex was calculated using the formula, and it was found to be 0.967, 

which suggested a geometry around the mercury ion, very close to a tetrahedron. The two 

Hg-S distances in the complex were equal to 2.49 Å; the Hg-Cl bonds were 2.52 Å. The S-

Hg-S, S-Hg-Cl, and Cl-Hg-Cl bond angles differed from the ideal tetrahedron 109.5° between 

- 4.1 ° to - 0.6 ° (Table 5.2).  

 

Table 5.2: Metal-ligand bond distances, bond angles, and τ4 of the complex 5.1.1, 5.1.2, and 

5.1.3. 

Complex Bond distance (Å) Bond angles(˚)  

τ4 (Geometry) Hg-X Hg-S      X-Hg-X S-Hg-S X-Hg-S 

5.1.1  2.45, 2.48a    2.36, 2.37 91.9a 159.2 77.2, 76.9a 0.77 (see-saw, C2v) 

5.1.2 2.41, 2.44a 2.37, 2.37 106.8a 162.9 77.5, 78.2a 0.64 (see-saw, C2v) 

5.1.3 2, 52, 2,52 b 2.49, 2.49 104.6b 105.3 108.9b 0.97 (Td) 

a, X = N; b, X = Cl  

 

The structures of the E- and Z- isomers were comprised of two chelating 5.1 ligands bound to 

one four-coordinate mercury ion. The crystal structures have revealed that both the isomers 

had a similar coordination environment around the mercury (Fig.5.6a and 5.6b) ion. The 

respective Hg-N and Hg-S bond distances and the S-Hg-S, N-Hg-S, and N-Hg-N are listed in 

Table 5.2.  The Hg-S bonds in the two cases were similar, but there were differences in the 

Hg-N bond distances. The Hg-N bonds of 5.1.2 were slightly shorter (0.04 Å to 0.05 Å) from 

the isomer 5.1.1. There were large differences in the orientations of the anthracenyl and 

phenyl groups in the isomers, as depicted in the overlaid geometry of the two isomers in Fig. 

5.6c. 

The differences in the orientations of the aromatic groups of the two isomers were revealed 

by drawing two independent planes, one containing the anthracenyl group and the other 

containing the phenyl group of the same ligand of the two isomers.  
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                                                                   (c)                                                                        

 

                                                                                    (d) 
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Figure 5.6: The structures and packing diagram of the isomers (a) 5.1.1 and (b) 5.1.2. (c) 

Overlaid structures of the two isomers (hydrogen atoms are omitted for clarity). d) The angles 

between the planes containing the anthryl and the phenyl rings of the same ligand in the 

isomers 5.1.1 and 5.1.2. 

 

The angles between these planes are illustrated in Fig. 5.6d. The isomer 5.1.1 had a 68.45˚ 

angle between such planes, whereas, in 5.1.2, it was 80.89˚. For comparison, the angles 

between similar planes were evaluated for the H5.1 and 5.1.3, which were 84.61 ̊ and 79.02 ̊, 

respectively. So, in the chloride complex, there was a change of 5.59˚ on the interplanar angle 

as compared to that of the ligand, whereas the change in the angle in the 5.1.2 was 3.72˚, but 

the same change in the angle in the isomer 5.1.1 was -16.16˚. Thus, the orientations of phenyl 

and the anthracenyl groups of the ligand had changed drastically in the isomer 5.1.1.  

As in the solution, the  E isomer was transformed to the Z isomer, and to explain this 

propensity for the irreversible transformation of the isomer 5.1.1, a DFT calculation was 

carried out by optimising the energy of each isomer as shown in Fig. 5.7. The total optimized 

energy of Z and E isomers were -3470.925 and -3470.919 Hartrees respectively, which  

 

Figure 5.7: Energy difference of the optimised structure of  5.1.1 and 5.1.2.calculated by 

B3LYP/SDD 

showed 5.1.1 was more stable than 5.1.2 by 14.35 Kcal/mol. The difference in stability of the 

cis and trans isomers was attributed to the steric requirements. The electrostatic potential 

surfaces of the two isomers are depicted in Fig. 5.8. The decreasing orders of electrostatic 

potential are represented by various colours as follows: Red < Orange< Yellow< Green< 

Blue< Green. The colour code ranges between -5.044 e−2 to 5.044 e−2 in the 5.1.1  and −4.936 

e−2 to 4.936 e−2 in the 5.1.2. 
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Figure 5.8: Electrostatic potential surfaces of  (a) 5.1.1 and (b) 5.1.2. 

 

Hirshfeld analysis was performed for the analysis of hydrogen bonds. The dnorm and 2D-finger 

print plot of the two isomers (5.1.1 and 5.1.3) is given in Figure 5.9. The dnorm value of isomer 

5.1.1 is in the range of -0.56 to 1.48, while for the other isomer 5.1.2, the value is in the range 

of -0.57 to 1.62. 

  
(a)                                                   (b) 

Figure 5.9: 2D fingerprint plots of the H···C, H···H, H···O, H···N, H…Hg, C…C, H…S 

(including reciprocal contacts), All...C and C…All interactions of (a) 5.1.1 and (b) 5.1.2. 

 

5.4: Conversion of isomers studied by 1HNMR spectroscopy in solution 

The 1HNMR spectra of the isomers and 5.1.3 were examined under different conditions to 

probe the possible conversions of the complex to any of the isomers in the solution. The 

chemical shift of the protons in the complex was solvent-dependent, and the peaks were 

shifted down-field as compared to that of the free ligand. This is attributed to the diamagnetic 

effect of the mercury ion, contributing to the diamagnetic shielding. 

The 2D-1H-HOMO-COSY NMR spectra of the isomers were also recorded to confirm the 

assignments of the peaks (Fig. 5.10). The assignment of each peak in the 1HNMR spectra of 
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the two isomers (5.1.1 and 5.1.2) recorded in CDCl3 are shown in the overlaid diagram (Fig. 

5.11) 

 

                                          (a)                                                              (b) 

Figure 5.10: 1H-2D-HOMOCOSY (600 MHz, DMSO-d6) spectrum of the (a) 5.1.1 and (b) 

5.1.2 

 

The two isomers' chemical shifts differed in their respective chemical shift positions, 

especially the H-C=N peak. This peak appeared as a singlet at 9.15 ppm and 8.68 ppm in 

CDCl3, respectively, for 5.1.1 and 5.1.2 (peaks marked with blue star Fig. 5.11). The aromatic 

peak marked as d of the anthracenyl group of 5.1.1 in CDCl3 appeared at 8.22 ppm, and for 

5.1.2, it appeared at 8.52 ppm. A clear distinction between the N−H chemical shifts of the 

complex 5.1.3 and the isomeric complexes with the corresponding chemical shift of the free 

ligand H5.1 was observed. The respective N-H protons of 5.1.1 and 5.1.2 appeared at 5.87 

ppm and 6.86 ppm in CDCl3. Thus, the chemical shift of the proton of the phenyl N−H of 

5.1.1 was more magnetically shielded than the corresponding proton in 5.1.2, which showed 

that the acidity of this proton was less in isomer 5.1.1. Alternatively, a higher negative 

character (δ-) on this nitrogen atom was observed in the isomer 5.1.2. This was a clear 

difference between the Z-isomer and the E-isomer.  
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Figure 5.11: The 1HNMR (CDCl3, 600 MHz) of the H5.1.DMF, 5.1.1, 5.1.2 and 5.1.3 

 

The phenyl N−H proton of 5.1.3 was shielded from the parent ligand and showed a decrease 

in the acidity of this N−H upon coordination of the ligand to the mercury ion. The proton of 

the NH−C=S part of 5.1.3 and the parent ligand H5.1 were also observed at distinguishable 

positions. For 5.1.3, this peak appeared at 13.25 ppm while for the free ligand H5.1, this peak 

was observed at 10.75 ppm. Hence, a higher acidity of N−H in the complex than that of the 

ligand was observed. Accordingly, in the same solvent, the intrinsic acidity of the 

exchangeable protons of the complexes was different. This suggested that the geometry of the 

ligand and the metal ion influenced the intrinsic acidity of the N−H. The N−H proton next to 

the phenyl −N−H of 5.1.1 and 5.1.2 appeared at 9.19 and 9.59 ppm, respectively, in DMSO-

d6 (Fig.5.12).  
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Figure 5.12: 1HNMR (DMSO-d6, 600 MHz) spectra of the 5.1.1, 5.1.2 and H5.1.DMF. 

 

These lower values of the chemical shifts of the N−H protons in CDCl3 than that in the 

DMSO-d6 solvent were attributed to the lower basicity of CDCl3 than that of DMSO-d6; 

hence, the latter formed strong hydrogen bonds, which eventually led to deprotonation. The 

protons on the phenyl groups in both the isomers displayed distinct chemical shifts. The 

chemical shifts of the protons of the phenyl groups of 5.1.1 appeared at 7.08, 7.26, and 7.30 

ppm in CDCl3, whereas for 5.1.2, these protons appeared at 6.61, 6.66, and 6.72 ppm in 

CDCl3. Thus, the phenyl peaks were de-shielded in 5.1.1 as compared to 5.1.2. This was due 

to the difference in the orientations of the neighbouring aromatic anthracenyl groups affecting 

the magnetic field. The different orientations of the phenyl group concerning the anthracenyl 

groups were reflected in the intramolecular centroid to the centroid of the phenyl and 

naphthyl rings, as shown in Fig.5.13. The proximity, as well as the angular spatial differences 

among the planes of the rings, had influenced the chemical shift positions. 
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Figure 5.13: The distance between the centroid of anthracene and phenyl ring of (a) 5.1.2, (b) 

5.1.1, (c) 5.1.3, and (d) H5.1.DMF 

The 1HNMR titrations in DMSO-d6 delineated the formation of the complex of HgCl2 with 

the ligand H5.1. During the titration of a solution of HgCl2 with the ligand H5.1 in DMSO-

d6, the chemical shift of the N-H protons observed at 12.05 ppm and 10.00 ppm (Fig. 5.14) 

disappeared due to the formation of the 5.1.2. The DMSO solvent has intrinsic basicity, hence 

causing the deprotonation36 of the active N-H proton to form the corresponding anion to 

chelate to mercury ion, providing the 5.1.2.  

 

 

Figure 5.14: 1H-NMR (600 MHz, DMSO-d6 ) titration showing the aromatic protons of 

H5.1.DMF was recorded by adding different amounts of HgCl2. 
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The 1HNMR of a solution of 5.1.3 was recorded in DMSO-d6, revealing that the complex was 

less stable and slowly transformed to 5.1.2. Extra peaks (red asterisks) developed with time 

rather than the desired peaks for the parent complex. However, the complex was stable in 

CDCl3 as in this solvent; there were no extra peaks than the desired ones.  

 

Figure 5.15: 1HNMR (DMSO-d6, 600 MHz) spectra of the 5.1.3. 

 

It may be noted that the E-isomer 5.1.1 was less stable in solution and slowly transformed to 

5.1.2. The 1HNMR of the E-isomer 5.1.1 after 20 hours showed a new peak for phenyl proton 

of 5.1.2 in 1H-NMR spectra (round marked in Fig 5.16).   

 

Figure 5.16: 1HNMR (DMSO-d6, 600 MHz) spectra of the 5.1.1 after 20 hr. 

 

All these transformations were examined by comparing the respective PXRD patterns of the 

isomers recovered in solid form from each solution by slow evaporation. These suggested 

that the individual signatures of the isomers in the solution were carried to the solid 

crystallized. From a mechanistic point of view, the E or Z, as depicted in Fig. 5.17a, was 

possible through a change in the N2-N1-C15-C14 dihedral angle in the isomers. This 

involved changes in the orientations across an extended delocalized C=N-N=C-N functional 

group unit. The process did not require the dissociation of ligands, but it needed a resonating 

platform of chelating ligands to cause a free rotation to transform one form to another, as 
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illustrated in Fig 5.17c. It had to undergo a change by having hydrogen bonds with a solvent, 

which permitted the required rotation across the partial double bond. 

 

 

 

(a)                                                                         (b) 

  

(c) 

Figure 5.17: (a) The dihedral angle N2-N1-C25-C14 of the two isomers of the mercury 

complex; (b) The plot of DFT calculated energy of the different orientations of H5.1 with 

respect to change of every 5˚ of the dihedral angle N2-N1-C25-C14; and (c) The plausible 

mechanism involving hydrogen bonds helping the conversion of the E form to the Z isomer 

and also formation of bis chelated complex from 5.1.3.   

We calculated the energy changes of the Z-form of the thiol form of H5.1 transforming to the 

E-form through a DFT calculation on the energies of the ligand upon every 5° change of the 

N2−N1−C15−C14 dihedral angle. The energy difference between the two isomers of the free 

ligand H5.1 in the neutral form was found to be 8.37 kJ/mol (Fig. 5.17b). This difference was 

comparable to the energy of a weak hydrogen bond or π-interaction. It was also found that the 
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activation energy required to undergo the E to Z form of the neutral ligand (H5.1) was 167.36 

kJ/mol (Fig. 5.17b). Based on the calculated activation barrier, converting the E to Z isomer 

at ambient condition1 would not have been possible without the assistance of hydrogen bonds 

with a solvent. For such a conversion, a rotation across C=N double bonds is required. This 

could happen if the C15=N1 bond adopts a partial double bond character to undergo the 

rotation.  

We found that the pH of the respective solution of H5.1 (0.5 mM) in DMF and DMSO 

solution were 5.32 and 4.80, respectively, and the respective pH changed to 1.02 and 2.15 

respectively, upon the addition of the two-mole equivalent of mercuric chloride. Meanwhile, 

the pH of a solution of H5.1 (10-3 M) in chloroform was 3.20, and it remained unchanged 

upon adding mercuric chloride in the same ratio as in the other two solvents. The decreased 

pH in the respective DMF and DMSO solutions upon adding mercury ions showed that 

complexation passed through deprotonation. A mechanistic path involving hydrogen bonds 

with solvent for the formation of Z-isomer 5.1.2 or E-isomer 5.1.1 is illustrated in Fig 5.17c. 

In this figure, the solvent molecules, such as DMF, formed hydrogen bonds with N-H, 

providing a partial C15=N1 character to allow the conversion of the isomers. A similar path 

is possible in forming isomers from complex 5.1.3, also shown in Fig. 5.17c, where the 

deprotonation, rotation and chelation provided isomeric chelated complex.  

5.5: The implications of  the orientations of the anthryl group in the emission spectra 

The anthracene-based mercury(II) complexes of tripodal ligands provide avenues to 

understand the emission mechanism.20 The photo-physical properties of the E and Z isomers 

were examined. The UV-visible spectra of the isomers 5.1.1 and 5.1.2 in chloroform showed 

absorptions at 396 nm and 389 nm, respectively (inset of Fig. 5.18b). Based on these 

absorptions, the optical band gaps of the two isomers were ascertained by Tauc’s plots37-38 

(Fig. 5.18b) and found to be 3.13 eV (396.1 nm) and 3.19 eV (388.7 nm) for the E-isomer 

5.1.1 and Z-isomer 5.1.2 respectively. The DFT calculations by using the B3LYP/SDD basis 

set provided the HOMO-LUMO gaps 2.99 eV (414.7 nm) for 5.1.1 and 3.22 (385.0 nm) for 

5.1.2 (Fig 5.18a). Based on the DFT calculations, the absorption peaks were attributed to the 

HOMO to LUMO transitions. The absorptions were from ligand-based transitions, and there 

was a slight difference in the absorption positions of the Z and E isomers.  

 

TH-3407_186122013



  Chapter 5 
 

 

207 

 

 

        

                               (a)                                                                                  (b) 

 

Figure 5.18: (a) HOMO-LUMO gap of the two isomers and (b) Tauc’s plots showing the 

optical band gaps of the two isomers 5.1.1 and 5.1.2 {inset is the UV-visible spectra (10-6 M) 

of the two isomers in chloroform}. 

 

The Z-isomer  (5.1.2) in chloroform showed emissions at 411 nm, 436 nm, and  462 nm (λex 

= 380 nm). These three peaks were due to the anthracenyl group's transition from S1 to the 

S0 state (π*-to-π transition). The three peaks were due to vibronic contributions. Peaks at 

similar places were observed for such a transition earlier in metal complexes having 

anthracenyl-based ligands.39 The position of the emissions of the Z-form 5.1.2 in chloroform 

was unchanged upon dilution, but the intensity of each peak was enhanced (Fig. 7a). This 

suggested that the isomer in a higher concentration in chloroform was in a fluorescence 

partial quenched state and upon dilution it got dis-assembled. A concentration-dependent 

emission study of the E-isomer (5.1.1) in chloroform showed an excimer-like emission at 500 

nm (λex = 380 nm). 

This emission was due to assembling, leading to eclipsing among the anthracenyl groups in 

the E-isomeric molecules. It may be noted that the anthracenyl group-containing complexes 

were reported earlier to have shown emission at 555 nm upon excitation at 365 nm, and this 

peak was assigned to excimer emission from π−π interacting anthracene pairs.39-40 Upon a 

decrease in the isomer concentration in chloroform, this emission (Figure 5.19b) diminished, 

and a new emission peak resembling the emission peaks of the Z-isomer was observed. The 

new peak was significantly enhanced upon further dilution. In the crystal structure of the Z-

TH-3407_186122013



  Chapter 5 
 

 

208 

 

 

isomer, the anthracenyl groups were parallel but located at displaced positions. Upon 

dilution, the assembly was disassembled to show the property of discrete anthracenyl groups, 

and thereby, the emission intensities were increased. 

In general, the π-stacking and Hg∙∙∙π interactions quench emission spectra of anthracene-

based mercury complexes.29 In the present case, the two isomers have either N-H∙∙∙π or C-

H∙∙π interactions. These interactions contributed to the observed poor emissions from the 

isomers.  

 

(a)                                                          (b) 

 

 

                                        (c)                                                                  (d)      
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(e) 

Figure 5.19: The changes in fluorescence emission of (a) Z-isomer 5.1.2, (b) E-isomer 5.1.1 

at different molar concentrations in chloroform (λex = 380 nm, 10-8 to 5 × 10-7 M) Changes in 

the fluorescence emission (λex = 400 nm) of (c) E-isomer 5.1.2, (d) Z-isomer 5.1.1 at different 

fractions of water in DMSO solution (e) E isomer 5.1.3 

It is a practice to probe aggregation-induced emission by adding different amounts of water in 

an organic solvent.41 We have carried out an emission study by varying the fractions of water 

in the solution of the two isomers in the dimethyl sulfoxide (DMSO) solvent. A dimethyl 

sulfoxide solution of the Z-isomer (5.1.2) was also in a quenched state (Fig 5.19c), and there 

was no change in emission until 30 % water was added to the solution. But with an increasing 

amount of water from 30 % to 60 %, a peak developed at 467 nm. This peak resembles the E-

isomer, attributing to the dilution effect and causing the disassembly of the isomer by water.  

The shape change resulted from the differently aggregated form, where the vibrational 

contributions had changed. Beyond 60%, the emission decreased due to precipitation. The 

fluorescence emission of the E-isomer (5.1.1) in the DMSO solution was barely changed up 

to 30 % water (initially, the 5.1.1 was in a quenched state with a negligible emission at 503 

nm; Fig. 5.19d). Upon increasing the fractions of water up to 40 %, there was a sudden 

increase in the fluorescence intensity of the E-isomer, showing aggregation-induced 

enhancement. Between 40 % and 90%, the fluorescence intensity was decreased due to 

precipitation. The different geometry of functional groups of a fluorophore influences the 

aggregation-induced emissions.42-43 Conversely, chelation-induced emission contributes to the 

AIE of inorganic complexes.44 The hydrogen bond plays a vital role in stabilizing the 

conformer of hydrazone derivatives.45 In our case, the aggregated state of the E-form was 

different from the Z-form, showing the difference in emission changes in each case.  
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The long wavelength emissions in anthracenyl derivatives were usually attributed to 

aggregation-induced emission.28 The complex 5.1.3 in chloroform showed a relatively strong 

emission at 506 nm (λex = 380 nm, φ = 0.012) (Fig. A5.6) due to excimer emission; this 

emission was associated with vibrational features. The H5.1 and 5.1.3 showed a single 

exponential emission decay profile with a short lifetime of 0.151 ns and 0.152 ns, 

respectively, as shown in Fig. A5.10 and A5.9. The emission decay profiles monitored at 429 

and 456 nm in the DMSO solvent of the Z-isomer showed bi-exponential behaviour of their 

respective decay profiles. The average lifetime of the emissions at those excitations was 6.84 

ns and 4.45 ns, respectively, as shown in Fig. A5.28. The emission decay at 528 nm in 

DMSO of the E-isomer 5.1.1 was also bi-exponential; it had an average lifetime of 2.77 ns, as 

shown in Fig. A5.27. The solvent-dependent emission of palladium complexes having 

anthracenyl-derived ligands in dynamic equilibrium is known in the literature.46The 

observation of the biexponential features from our E-form of the complex suggests the 

involvement of two emission paths in the E-isomers, that is, conventional π*-to-π transition 

and exciplex emission. Both the isomers showed short lifetimes involving exciplex emission, 

and the effect of the mercury ion was not directly felt by anthracene; a similar observation 

was earlier made in related systems.20 

The presence of a chloride ligand in an anthracene-based mercury complex can turn on the 

fluorescence emission of an anthracene unit.30The examinations on the emission spectra of 

the complexes in solution showed a significant difference from the observations made in 

solution.  In 5.1.3, there were no stacks among the anthracene rings, and the rings were 

oblique, and at translated positions to each other, as there were no π-stacks among anthracene 

rings, it showed emission at 552 nm (Fig. 5.20) in the solid state. In the solid state, the free 

ligand H5.1 had extensive π- stacks (Fig. A5.4a) among the anthracene rings, with separation 

among the rings being 3.9 Å; hence, it was weakly emissive. 
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Figure 5.20: Solid-state fluorescence emissions of the mercury complexes (5.1.1- 5.1.3) 

 

5.6: Conclusions 

Due to the large activation barrier for the inter-conversion of E and Z geometry of the ligands 

across the conjugated C=N-N=C-N functional group unit, two stable isomers (5.1.1 and 

5.1.2) of the bis-chelated mercury (II) were observed. Those stable isomers in pure form 

could be prepared. Energetically the inter-conversion of E to Z isomers of the parent 

ligand H5.1 is not favorable, hence, the hydrogen bonding of solvent to the mercury complex 

influenced the conversion by providing partial double bond character to the C=N bond, 

allowing the change of the orientation of phenyl or anthracenyl group. Conventionally, E 

isomer does not easily transform to Z isomer, but in the present circumstance, this was facile. 

The characteristic and distinct features of the respective isomers were shown through the 

1HNMR studies and the distinct emission features arising from different orientations of the 

isomers could be shown. These examples established the role of solvents in guiding the 

conversions of the complexes and the rationally showed that the concentration of the 

complexes and the solvent significantly affected their optical properties. The E-isomer 

showed exciplex emission, whereas the Z-isomer showed conventional S1-So emission.  
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Appendix - Chapter 5 

 

5A.1: Experimental section 

Caution: Mercury compounds are potentially hazard. Hence, experiments with them should 

be done in a fume hood and with adequate precautions. 

Synthesis and spectral data of the three mercury complexes 5.1.1, 5.1.2 and 5.1.3: 

(5.1.1): A solution of ligand H5.1 (355 mg, 1 mmol) and mercury chloride (136 mg, 0.5 

mmol) in DMF (30 ml) was stirred at room temperature for 8 h. The resulting clear solution 

was filtered and kept undisturbed for slow evaporation. After 4-5 days, block type crystals of 

5.1.1 were obtained. Yield, 70 %. IR (Neat, cm-1): 3385 (w), 3258 (w), 3049 (w), 1662 (s), 

1595 (s), 1489 (s), 1430 (s), 1384 (w), 1308 (s), 1247 (s), 1178 (s), 1085 (s), 1062 (m), 1034 

(w), 947 (m), 883 (s), 837(s), 807 (m), 780 (w), 750 (w), 727 (s), 689 (s), 659 (s), 600 (w), 

583 (s), 524 (m), 498 (s), 428 (s). 1HNMR (600 MHz, DMSO-d6, ppm): 9.19 (s, N-H), 8.57 

(s, H-C=N-), 8.41 (s, N-H), 8.13 (d, J = 9 Hz, 4H), 7.95 (s, 2H), 7.95 (d, J = 8.4 Hz, 4H), 7.6 

(t, J = 7.8 Hz, 4H), 7.51 (t, J = 7.8 Hz, 4H), 7.48 (d, J = 7.8 Hz, 4H), 7.26 (t, J = 7.2 Hz, 4H), 

6.99 (t, J = 7.2 Hz, 2H), 2.89 (s, 6H). 2.73 (s, 6H). 13C NMR (125 MHz, DMSO-d6): 162.39, 

162.3, 151.27, 140.75, 130.86, 129.95, 129.16, 129.1, 128.05, 126.65, 126.09, 125.2, 124.63, 

121.66, 120.59, 35.78, 30.77. Analysis calculated for [C44H32HgN6S2].2C3H7NO (5.1.1): C, 

56.89; H, 4.39; N, 10.61; S, 6.07; Analysis found: C, 56.81; H, 4.36; N, 10.67; S, 6.09. ESI-

MS.  Calculated m/z- 911.1836; found: m/z-911.2279 [(M + H) +, 100%]. 

(5.1.2): A solution of ligand H5.1 (355 mg, 1 mmol) and mercury chloride (271 mg, 1 mmol) 

in DMF solvent (20 ml) was stirred at room temperature for 24 hrs. A yellow precipitate was 
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obtained; which was dissolved in dichloromethane. The resulting solution was filtered and to 

it, 0.5 ml of DMF solvent was added and kept undisturbed for slow evaporation. After 2 days 

standing needle-type crystals of 5.1.2 were obtained. Yield, 60 %. IR (Neat, cm-1): 3254 (w), 

3049 (w), 2919 (w), 2851 (w), 1664 (s), 1598 (s), 1532 (s), 1492 (s), 1432 (s), 1383 (m), 

1310 (s), 1249 (s), 1184 (s), 1083 (s), 1064 (m), 1037 (m), 1014 (w), 953 (w), 938 (w), 887 

(s), 840(s), 809 (s), 781 (s), 756 (s), 725 (s), 690 (s), 658 (s), 606 (s), 585 (s), 519 (m), 494 

(s).  1HNMR (600 MHz, DMSO-d6, ppm): 9.57 (s, 2H), 8.73 (s, 2H), 8.69 (s, 2H), 8.16 (d, J = 

8.4 Hz, 4H), 7.95 (s, 2H), 7.88 (d, J = 8.4 Hz, 4H), 7.48 (t, J = 7.2 Hz, 4H), 7.31 (t, J = 7.8 

Hz, 4H), 6.80 (d, J = 7.8 Hz, 4H), 6.56 (t, J = 7.2 Hz, 2H), 6.46 (t, J = 7.8 Hz, 4H), 2.89 (s, 

6H), 2.73 (s, 6H). 13C NMR (125 MHz, DMSO-d6): 164.35, 162.3, 150.72, 140.16, 130.69, 

129.52, 128.66, 127.94, 127.48, 126.34, 125.55, 125.5, 121.43, 120.55, 119.53, 35.78, 30.77. 

Analysis calculated for [C44H32HgN6S2].2C3H7NO (5.1.2): C, 56.89; H, 4.39; N, 10.61; S, 

6.07; Analysis found: C, 56.49; H, 4.33; N, 10.66; S, 6.13. ESI-MS. Calculated m/z- 

911.1836; found: m/z 911.2341 [(M + H) +, 100%]. 

(5.1.3): A solution of ligand (355 mg, 1 mmol) and mercury chloride (136 mg, 0.5 mmol) in 

dichloromethane (30 ml) was stirred at room temperature for 8 h. The precipitate was 

obtained in the case of methanol solvent, and there was a clear solution in the case of 

dichloromethane solvent. The yellow precipitate was dissolved in dichloromethane and the 

solution was filtered and kept undisturbed for slow evaporation. After 1-2 days, the block 

crystal of 5.1.3 was obtained. Yield, 70 %. IR (Neat, cm-1): 3250 (w), 3153 (w), 3038 (w), 

2991 (w), 1624 (m), 1589 (m), 1546 (s), 1510 (s), 1451 (s), 1412 (w), 1349 (m), 1270 (s), 

1206 (s), 1053 (s), 1022 (w), 952 (s), 935 (s), 910(m), 888 (s), 841 (s), 783 (s), 759 (s), 723 

(s), 695 (s), 637 (s), 591 (s), 557 (m), 497 (s), 485 (s), 454 (s), 420(m). 1HNMR (600 MHz, 

DMSO-d6, ppm): 12.13 (s, 2H), 10.13 (s, 2H), 9.45 (s, 2H), 8.74 (s, H-C=N, 2H), 8.58 (d, 

4H), 8.16 (d, J = 8.4 Hz, 2H), 7.59- 7.65 (m, 12H), 7.36 (t, J = 7.8 Hz, 4H), 7.19 (t, 2H), 5.75 

(s, 2H). 13C NMR (125 MHz, DMSO-d6): 174.55, 144.08, 138.69, 130.84, 130.69, 129.76, 

128.96, 128.69, 128.25, 127.90, 127.36, 126.45, 125.61, 124.81, 53.52. Analysis calculated 

for [C44H34Cl2HgN6S2].CH2Cl2 (5.1.3): C, 50.64; H, 3.40; N, 7.87; S, 6.01; Analysis found:  

C, 50.39; H, 3.33; N, 7.83; S, 6.05. 

 

 

Table A5.1: Hydrogen bond parameters of ligand H5.1.DMF and the mercury complexes 

(5.1.1-5.1.3). 

Ligand and complexes D-H···A (Symmetry) dD-H (Å) dH···A (Å) dD···A (Å) ∠D-H···A (o) 
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                                  (a)                                                                       (b) 

 
                                  (c)                                                                        (d) 

Figure A5.1: Powder X-ray diffraction patterns of (a) 5.1.1 (b) 5.1.2 (c) 5.1.3 and (d) mixture 

of both isomers. 

 

H5.1.DMF 

 

 

 
 

N(2) -H(2N) ···S(1) [1-x, 2-y,  –z] 
 

N(3) -H(3N) ···O(1) [1-x, 1-y, 1 –z] 

 
C(7) -H(7)  ···S(1) [-1+x, -1+y, z ] 

0.85(3) 
 

0.87(4) 

 
0.93 

2.55(3) 
 

2.03(3) 

 
2.85 

3.388(2)  
 

2.847(3) 

 
3.649(3) 

171(3) 
 

156(3) 

 
145 

 

5.1.1 

 

N(3) -H(3N) ···O(2)) [1-x, 1-y, -z] 
 

N(6) -H(6N) ···O(1) [1+x, y, z] 

 
C(22) -H(22) ···O(2) [1-x, 1-y, -z] 

 

C(44) -H(44) …O(1) [1+x, y, z ] 

 

0.86 
 

0.86 

 
0.93 

 

0.93 

 

2.03 
 

2.10 

 
2.47 

 

2.33 

 

2.8712(2) 
 

2.9156(2) 

 
3.2359(2) 

 

3.1358(2) 

 

165 
 

159 

 
139 

 

145 

 

5.1.2 

 

N(3) -H(3) …O(2) [1+x, y, 1+z] 
 

N(6) -H(6) ...O(1) [x, y, z] 

 

 

0.86 
 

0.86 

 

 

2.16 
 

2.02 

 

 

3.001(10) 
 

2.854(8) 

 

 

164  
 

163 

 

5.1.3 N(2) -H(2N) …Cl(1) [x, y, z] 

 

N(3) -H(3N) ...Cl(1) [1/2+x, -y, z] 

 

0.91(9) 

 

0.91(6) 

 

2.36(9) 

 

2.66(5) 

 

3.244(5) 

 

3.378(5) 

 

163(8) 

 

137(5) 
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(a) 

 

(b) 

 

(c) 
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(d) 

Figure A5.2: 13CNMR (125 MHz, CDCl3) spectra of (a) 5.1.1, (b) 5.1.2 (c) 5.1.3 and (d) 
13CNMR (125 MHz, DMSO-d6) spectra of the 5.1.3 

 

 
(a) 
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(b) 

Figure A5.3: ESI-MS spectrum of (a) 5.1.1 and (b) 5.1.2 

 
(a) 

 
 

(b) 

Figure A5.4: Packing diagram of (a) H5.1.DMF and (b) 5.1.3 
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Figure A5.5 : Angle between antharacene part and phenyl part of (a) H5.1.DMF and (b) 

5.1.3 

 
Figure A5.6: (a) Fluorescence spectra of three mercury complexes 5.1.1-5.1.3 (3×10-6 M) in 

CHCl3 solvent (λex = 380 nm) 
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Average lifetime = 0.24*0.279+0.76*3.558 = 2.77 ns.  

Figure A5.7: Fluorescence lifetime decay profile of 5.1.1 in dimethyl sulfoxide solvent (λex = 

400 nm) monitored at 528 nm. 

 (IRF= Instrument Response Function) 

 
 

 
Average life time= 0.59*1.21+0.62*9.9= 6.84 ns 

 
Average life time= 0.49*1.138+0.51*7.66= 4.45 ns 

Figure A5.8: Fluorescence lifetime decay profile of 5.1.2 in dimethyl sulfoxide solvent (λex = 

400 nm) monitored at (a) 429 nm (b) 456 nm. 
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Figure A5.9: Fluorescence lifetime decay profile of 5.1.3 in dimethyl sulfoxide solvent (λex = 

400 nm) monitored at 505 nm. 

 

 
Figure A5.10: Fluorescence lifetime decay profile of H5.1.DMF in dimethylsulfoxide 

solvent (λex = 400 nm) monitored at 505 nm. 
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(a) 

 
(b) 

 
(c) 

Figure A5.11: Survey and high-resolution XPS spectra of a) 5.1.1 (b) 5.1.2 and (c) 5.1.3. 
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Thesis Conclusion 

In the thesis, the self-assemblies of a series of urea and thiourea derived from sulfa-drug 

molecules, each having a sulphonamide unit, were comprehensively analyzed. The research 

was focused on the assemblies in the solid state to characterize and study the physical 

properties of the parent compounds, hydrates, solvates, polymorphs, and ionic co-crystals of 

the chosen host molecules.  The research also included a study on the role of the mercury 

complex of a thiourea analogue linked to an anthracenyl unit to generate conformational 

isomers. In general, the research was performed through the lens of crystal engineering, 

aiming to understand various self-assembly properties of the crystal structures for desired 

properties and also to check the binding processes through solution studies by using various 

spectroscopic techniques. Selected energy optimization by DFT was carried out to decipher 

the structure-property relations. 

From the studies on the urea derived sulfa-drugs, a notable observation was the identification 

of the homo-dimeric synthons within their assemblies and their roles in forming polymorphic 

solvates, two different solvates from the same solvent, and systematic formation of a series of 

inclusion of three tetrabutylammoinum halide (halide = chloride, bromide iodide) with same 

host and C-N bond formation by tetrabutylammonium salt.  The urea derivatives derived 

from the sulfadiazine drug molecule exhibited the ability to accommodate one or two 

dimethylformamide (DMF) molecules into their interstitial spaces depending on the 

crystallization conditions. The structural arrangement of a hydrogen-bonded dimer was 

present in the inclusion complex having two DMF was reflected in the inclusion complexes 

with the tetrabutylammonium halides with the host. Thus, the homodimer facilitated the 

inclusion of halide anions, including chloride, bromide, and iodide, resulting in the formation 

of three isostructural ionic co-crystals. On the contrary, the fluoride ion was engaged in the 

deprotonation of acidic N-H protons, thereby led to tetrabutylammonium salt of the host. This 

was attributed to smaller ionic radius and higher electronegativity of fluoride ions. This 

phenomenon underscores the distinct reactivity of the fluoride ion compared to other halide 

ions, with these unique interactions being explored both in solid and solution phases for 

fluoride ion detection. The urea derivative of sulfamethoxazole demonstrated a capability to 

form different polymorphic solvates. The polymorph of DMF solvates were having distinct 

hydrogen bonding signatures that were formed between the DMF molecules and the host. The 

polymorphs of solvate are particularly important in pharmaceutical sciences, which influence 
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the bioavailability, stability and dissolution rate of the drug molecules. Furthermore, the 

tetrabutylammonium salts of bromide and fluoride induce deprotonation of the acidic proton, 

resulting in salt formation in this particular example. On the other hand, the host reacted with 

tetrabutylammonium iodide salt to provide a new salt; it was formed through the formation of 

a C-N bond on the host to form a modified N-butylated host. The sulfathiazole-derived urea 

host had provided solvates with DMF and DMSO, and an ionic co-crystal with the 

tetrabutylammonium iodide.  

Structural sites on a series of thiourea derived sulfa-drugs provided various self-assemblies, 

displaying versatile conformations (syn-syn, syn-anti, anti-anti, and anti-syn). The notable 

feature was the formation of conformational polymorphs of the phenylthiourea derived 

sulfathiazole. In these polymorphs, the thiourea moiety exhibited anti-anti in one form and 

the other form was having syn-anti conformation. Comparative stability analysis, confirmed 

the syn-anti conformation of the thiourea component is energetically more stable than the 

anti-anti conformation. The 4-nitrophenylthiourea derived sulfathiazole exhibited various 

solvates, providing diversity in solvent dependent conformations in the respective thiourea 

segment of solvates. The anhydrous form had syn-anti conformation, solvates having DMF, 

DMA, or DMSO exhibited anti-anti conformation of the host. In the self-assembly processes 

of positional isomers such as 2,3-, 2,4-, and 3,4-dichlorophenylthiourea derived sulfathiazole, 

there were different types of chlorine-chlorine interactions vary depending on the positions of 

the chlorine atoms on the phenyl ring. The orientations of the sulphonamide groups across the 

dimeric assemblies were dependent on the orientation of the urea units and had a major 

contribution to the respective hydrogen-bond scheme. The optimized energy of the 

homodimers within the self-assemblies could be used to describe the trends in melting points 

of the self-assemblies three positional isomers. Though the hydrogen-bonded homodimers 

were prominent in various forms of thiourea derived sulfathiazole, the 4-nitrophenylthiourea 

derived sulfamethazine did not engage in the formation of such hydrogen bonded 

homodimer. This was attributed to the steric effects of the methyl groups present in the parent 

sulfamethazine host. This derivative led to the formation of cyclic or chain-like hydrogen 

bond assemblies in assemblies of hosts in different crystalline forms. The hydrogen-bonded 

chain formation in the DMSO solvate was observed; it was attributed to participation of 

DMSO molecule in hydrogen bonding by disrupting the homodimers. Having the nitro-group 

as auxochrome in the 4-nitrophenylthiourea derivative enhanced its ability to detect fluoride 

ions at various concentrations. This showcased its potential utility in analytical applications.  
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Conformational isomers of an anthracenyl-derived thiosemicarbazone mercury 

complex were reported. This example was the first isolated mercury complex that had 

maintained clear distinctions in solution as well as in solid to show distinct properties. The 

isomers were established by NMR studies in solution, and in solid state those were 

characterized by X-ray crystal structures. In this case, the E or Z form across an extended 

conjugated structure was stabilized in independent isomers. The interactions of solvent 

molecules with the isomers helped to interconvert the isomers in solvent by varying solvent 

and reaction conditions. The two isomers had characteristic emission features in the solution. 

The independent types of emissions originated from the stacking patterns of the anthracenyl 

units in each isomer providing monomer like or excimer-like emissions. These studies are 

critical for advancing our understanding to harness the potential of these systems in ion 

recognition and understanding properties at the molecular level. 
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Details of the analytical equipment 

X-Ray Crystallography 

The X-ray crystallographic data were collected at 296 K with Mo Kα radiation (λ = 0.71073 

Å) using a Bruker Nonius SMART CCD diffractometer or Oxford SuperNova diffractometer. 

CrysAlisPro software was used for analysis of data obtained by Oxford SuperNova 

diffractometer; whereas SAINT and XPREP softwares were used for Bruker Nonius SMART 

APEX CCD diffractometer.  The structures were solved by direct methods and refined by 

full-matrix least-square calculations using SHELXTL-14 and SHELXTL-97 software.1 All 

the non-H atoms were refined in the anisotropic approximation against F2 of all reflections. 

All the H atoms were refined in isotropic approximation and treated as ‘riding’ in calculated 

positions. The locations of the H atoms of the protonated organic molecules were justified by 

difference Fourier synthesis map. The H-atoms attached to water molecules were located in 

the difference Fourier synthesis maps, and refined with isotropic displacement coefficients. It 

was also necessary to apply restrains to optimize the distances of some hydrogen atoms of 

water molecules. The CIF of all the compounds characterized by single crystal X-ray 

structure are included in the soft copy. 

Powder X-ray diffraction patterns were recorded by using a Rigaku X-ray diffractometer 

where copper Kα (λ=1.54Å) was used as the source with 9 kW power equipped on a glass 

surface of air-dried sample using a secondary curved graphite monochromator. Diffraction 

patterns were collected over a 2θ range of 5-45º at a step scan rate of 0.02º. For molecular 

packing diagram we used mercury-3.7 software.3 

FT-IR, UV-visible, Fluorescence, NMR, Mass spectroscopy, Quantum 

yields and Lifetime measurements 

The infra-red spectra of the solid samples were recorded with a Perkin Elmer Spectrum 

Two Fourier transform infrared (FT IR) spectrometer in the region of 4000−400 cm−1 by 

using the ATR method. UV-visible absorption spectra were recorded using Perkin-Elmer 

Lambda 750 spectrophotometer equipped with double cell compartment. Fluorescence 

emissions were measured using Horiba Jobin Yvon Fluoromax-4 spectrofluorometer by 

taking definite amount of solutions and powder samples by exciting at required wavelengths. 

1H-NMR was recorded on a Varian 400 MHZ and BRUKER Ascend 600 MHz NMR 

spectrometer using TMS as internal standard.  
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The ESI-mass spectrum of all the compounds were recorded on an Agilent QTOF 6520 mass 

spectrometer. Quantum yields of solution compounds were measured by of by exciting at the 

stipulated wavelength in a Horiba Jobin Yvon Fluoromax-4 spectrofluorometer. Lifetime 

decay profiles were measured on an Eddinburg Instrument, Model: FSP920 (by using 

excitation source 336 nm). The X-ray photo electron spectroscopy (XPS) study was 

performed using a PHI5000 Versa Probe III XPS system using monochromatic Kα radiation 

at a 1486.7 eV X-ray source. Elemental analyses were carried out on a 3000 series EuroEA 

elemental analyzer. 

All the chemicals and solvents used were as obtained from the standard suppliers such as 

Sigma Aldrich, E. Merck, Ranbaxy etc. The solvents for spectroscopic were of HPLC grade 

(Aldrich or Merck) and used as such. 

Thermal analyses (TGA and DSC), elemental analyses and FESEM  

Thermogravimetry were carried out by using a thermal analyser (STA449 F3 Jupitor and 

SDTQ600) under argon with a heating rate of 10 °C min-1. DSC-thermograms were recorded 

on a Mettler Toledo DSC-1 with a heating rate of 10 °C min−1. Elemental analyses were 

performed with a Perkin-Elmer PE 2400 II CHNS micro analytical analyzer. FESEM studies 

were performed on a Gemini 300 FESEM instrument (Carl Zeiss) with samples prepared by 

placing ~2 μL of 1 mM in DMF solution by drop-cast method on a glass plate covered with 

aluminium foil. 
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Crystallographic data and refinement parameters for compounds 

 

Compound No. 2.1.1  2.1.2 2.1.3 2.1.4 
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Formulae 

C17H14N6O5S C23H28N8O7S C33H50N7O5S1Cl1 C33H50N7O5S1Br1 

 

CCDC No. 

1994468  2086584 1994471 1994470 

 

Mol. wt. 

487.50 560.59 692.31 736.77 

 

Space group 
  P 21/n P 21/n 

 

a /Å 

5.9689(6) 8.4829(18) 9.050(2) 9.0438(6) 

 

b /Å 

8.1807(8) 9.972(2) 26.019(6) 25.8772(18) 

 

c /Å 

23.330(2) 17.103(4) 16.318(4) 16.5480(12) 

 

α/° 

83.186(8) 74.507(8) 90 90.00 

 

β/° 

85.440(8) 81.154(8) 90.644(9) 90.654(2) 

 

γ/° 

81.828(9) 85.623(8) 90 90.00 

 

V/ Å3 

1117.40(19) 1376.7(5) 3842.2(15) 3872.4(5) 

 

Density/g.cm-3 

1.449 1.352 1.197 1.264 

 

Abs. Coeff. /mm-1 

0.198 0.174 0.200 1.161 

 

F(000) 

508 588 1480 1552 

 

Total No. of reflections 

3944  4860 6808 6866 

 

Reflections, I > 2σ(I) 

1819 3417 3533 3911 

 

Max. θ/° 

25.049 25.049 25.050 25.049 

 

Ranges (h, k, l) 

−7 ≤ h ≤ 7 

−7 ≤ k ≤ 9 

−19 ≤ l ≤ 27 

−10 ≤ h ≤ 10 

−11≤ k ≤ 11 

−-20 ≤ l ≤ 20 

−10 ≤ h ≤ 10 

−31 ≤ k ≤ 31 

−19 ≤ l ≤ 19 

−10 ≤ h ≤ 10 

−30 ≤ k ≤ 30 

−19 ≤ l ≤ 19 

 

Complete to 2θ (%) 

99.9 99.9 100.0 100.0 

 

Data/ Restraints/Parameters 

3944/0/341 4860/0/368 6808/11/428 6866/19/432 

 

Goof (F2) 

0.975 1.103 1.081 0.953 

 

R indices [I > 2σ (I)] 

0.0629 0.0549 0.1094 0.0662 
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wR2 [I > 2σ (I)] 

0.1207 0.1269 0.1835 0.2206 

 

R indices (all data) 

0.1511 0.0822 0.1955 0.1199 

 

wR2 (all data) 

0.1733 0.1401 0.2268 0.2856 

 

 

Compound No. 2.1.5 2.1.6 3.1.1 3.1.2 

 

Formulae 

C33H50N7O5S1I1 C33H49N7O5S C20H22N6O7S C20H22N6O7S  

 

CCDC No. 

1994472 1994469  2114796 2114797 

 

Mol. wt. 

783.76 655.85 490.49 490.49 

 

Space group 

P 21/n P 21/c P 21/n P  

 

a /Å 

9.0973(16) 20.3850(17) 5.4023(8) 7.375(2) 

 

b /Å 

25.648(5) 9.3503(7) 23.533(4) 12.029(3) 

 

c /Å 

17.041(3) 20.0936(13) 18.032(3) 13.589(3) 

 

α/° 

90 90 90 108.408(9) 

 

β/° 

90.385(5) 111.978(8) 93.805(6) 94.844(9) 

 

γ/° 

90 90 90 93.191(11) 

 

V/ Å3 

3976.0(12) 3551.6(5) 2287.4(6) 1135.5(5) 

 

Density/g.cm-3 

1.308 1.227 1.424 1.435 

 

Abs. Coeff. /mm-1 

0.903 0.140 0.196 0.197 

 

F(000) 

1620 1408 1024 512 

 

Total No. of reflections 

7038 6277 4060  4014 

 

Reflections, I > 2σ(I) 

5546 2674 2826 3091 

 

Max. θ/° 

25.047 25.048 25.049 25.047 

 

Ranges (h, k, l) 

−10 ≤ h ≤ 10 

−30 ≤ k ≤ 30 

−20 ≤ l ≤ 20 

−24 ≤ h ≤ 20 

−9 ≤ k ≤ 11 

−23 ≤ l ≤ 23 

−6 ≤ h ≤ 6 

−28 ≤ k ≤ 28 

−21 ≤ l ≤ 21 

−8 ≤ h ≤ 8 

−14 ≤ k ≤ 14 

−16 ≤ l ≤ 16 

 

Complete to 2θ (%) 

100.0 99.9 99.9 100.0 
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Data/ Restraints/Parameters 

7038/3/432 6277/0/419 4060/0/321 4014/0/310 

 

Goof (F2) 

1.242 1.000 1.111 1.038 

 

R indices [I > 2σ (I)] 

0.0732 0.0690 0.0691 0.0468 

 

wR2 [I > 2σ (I)] 

0.2241 0.1531 0.1737 0.1263 

 

R indices (all data) 

0.0926 0.1614 0.0985 0.0641 

 

wR2 (all data) 

0.2465 0.2120 0.1931 0.1378 

 

 

Compound No. 3.1.3 3.1.4 3.2.1 3.2.2 

 

Formulae 

C33H50N6O6S C37H59N6O6SI1 C19H20N6O6S2 C18H19N5O6S3 

 

CCDC No. 

2114795 2126026 2114798 2114799 

 

Mol. wt. 

658.85 842.86 492.53 497.56 

 

Space group 

 P  P  P 21/n P 21/c 

 

a /Å 

8.756(2) 9.4076(13) 6.620(4) 25.35(5) 

 

b /Å 

11.006(3) 9.9862(12) 17.561(11) 5.0173(8) 

 

c /Å 

19.951(5) 24.181(3) 19.335(11) 17.801(8) 

 

α/° 

76.116(8) 101.513(4) 90 90 

 

β/° 

84.901(9) 90.566(5) 98.96(2) 105.40(11) 

 

γ/° 

69.801(8) 104.734(4) 90 90 

 

V/ Å3 

1751.7(7) 2148.4(5) 2220.34 2183(4) 

 

Density/g.cm-3 

1.249 1.303 1.473 1.514 

 

Abs. Coeff. /mm-1 

0.143 0.841 0.290 0.386 

 

F(000) 

708 880 1024 1032 

 

Total No. of reflections 

6209 7609 3927 3834 

 

Reflections, I > 2σ(I) 

5010 4508 1722 1908 

 

Max. θ/° 

25.049 25.049 25.050 25.050 

 

Ranges (h, k, l) 

−10 ≤ h ≤ 10 

−13 ≤ k ≤ 13 

−11≤ h ≤ 11 

−11 ≤ k ≤ 11 

−7≤ h ≤ 7 

−20 ≤ k ≤ 20 

−30 ≤ h ≤ 29 

−5 ≤ k ≤ 5 
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−23 ≤ l ≤ 23 −28 ≤ l ≤ 28 −22 ≤ l ≤ 23 −13 ≤ l ≤ 21 

 

Complete to 2θ (%) 

99.9 100.0 100 99.9 

 

Data/ Restraints/Parameters 

6209/0/420 7609/3/466 3927/0/312 3834/0/303 

 

Goof (F2) 

1.068 1.026 1.081 1.015 

 

R indices [I > 2σ (I)] 

0.0586 0.0528 0.0490 0.0721 

 

wR2 [I > 2σ (I)] 

0.1509 0.1446 0.1346 0.1516 

 

R indices (all data) 

0.0742 0.1033 0.0939 0.1484 

 

wR2 (all data) 

0.1687 0.1807 

 

0.1764 0.2107 

 

Compound No. 3.2.3 4.1.1 4.1.2 4.2 

 

Formulae 

C32H49N6O5S2I1 C16H14N4O2S3 C16H14N4O2S3 C17H16N4O3S3 

 

CCDC No. 

2114800 2291589 2291590 2291594 

 

Mol. wt. 

788.79 390.49 390.49 420.52 

 

Space group 

P  P 21/c P  P 21/c 

 

a /Å 

9.2845(6) 21.496(3) 8.1247(19) 17.9282(11) 

 

b /Å 

10.2816(5) 9.2005(6) 10.437(2) 8.8657(5) 

 

c /Å 

21.5213(13) 19.4002(18) 11.019(3) 12.2141(8) 

 

α/° 

95.205(5) 90 107.127(7) 90 

 

β/° 

90.068(5) 116.093(14) 96.722(8) 106.293(2) 

 

γ/° 

103.897(5) 90 95.613(8) 90 

 

V/ Å3 

1985.5(2) 3445.9(7) 878.1(4) 1863.4(2) 

 

Density/g.cm-3 

1.319 1.505 1.477 1.499 

 

Abs. Coeff. /mm-1 

0.954 0.449 0.440 0.424 

 

F(000) 

816 1616 404 872 

 

Total No. of reflections 

7020 6071  3094 3297 

 

Reflections, I > 2σ(I) 

3929 4581 1528 2511 

 

Max. θ/° 

25.050 25.048 24.992 25.048 
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Ranges (h, k, l) 

−11≤ h ≤ 10 

−12 ≤ k ≤ 12 

−24 ≤ l ≤ 25 

−25≤ h ≤ 21 

−10 ≤ k ≤ 10 

−23 ≤ l ≤ 23 

−9≤ h ≤ 9 

−12 ≤ k ≤ 12 

−13 ≤ l ≤ 13 

−21≤ h ≤ 21 

−10 ≤ k ≤ 10 

−14 ≤ l ≤ 14 

 

Complete to 2θ (%) 

99.9 99.7 99.7 99.9 

 

Data/ Restraints/Parameters 

7020/4/431 6071/0/451 3094/0/226 3297/0/245 

 

Goof (F2) 

1.093 1.070 1.031 1.063 

 

R indices [I > 2σ (I)] 

0.0624 0.0865 0.0781 0.0437 

 

wR2 [I > 2σ (I)] 

0.1328 0.2028 0.1636 0.1101 

 

R indices (all data) 

0.1117 0.1115 0.1741 0.0608 

 

wR2 (all data) 

0.1639 0.2154 0.1981 0.1165 

 

 

Compound No. 4.3 4.4 4.5 4.6.1 

 

Formulae 

C16H12Cl2N4O2S3 C16H12Cl2N4O2S3 C16H12Cl2N4O2S3 C16H13N5O4S3 

 

CCDC No. 

2291591 2291592 2291593 2291596 

 

Mol. wt. 

459.38 459.38 459.38 435.49 

 

Space group 

P  P    P 21/n P 21/n 

 

a /Å 

7.8370(8) 8.1394(10) 7.9736(4) 7.9685(14) 

 

b /Å 

10.9199(11) 11.1797(13) 11.3191(6) 11.1444(19) 

 

c /Å 

11.5898(12) 11.9324(15) 21.6791(12) 21.544(4) 

 

α/° 

102.755(3) 108.212(4) 90 90 

 

β/° 

93.648(3) 98.078(4) 91.928(2) 90.805(6) 

 

γ/° 

95.688(3) 98.437(4) 90 90 

 

V/ Å3 

958.86(17) 1000.0(2) 1955.52(18) 1913.0(6) 

 

Density/g.cm-3 

1.591 1.526 1.560 1.512 

 

Abs. Coeff. /mm-1 

0.686 0.657 0.672 0.422 

 

F(000) 

468 468 936 896 

 

Total No. of reflections 

3392  3545 3480 3384 

 

Reflections, I > 2σ(I) 

2351 2262 2558 2633 
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Max. θ/° 

25.040 25.050 25.046 25.042 

 

Ranges (h, k, l) 

−9  ≤  h  ≤ 9 

−13 ≤  k  ≤ 13 

−13  ≤  l  ≤ 13 

−9  ≤  h  ≤ 9 

−13  ≤  k  ≤ 13 

−14  ≤  l  ≤ 14 

−9  ≤ h  ≤ 9 

−13  ≤ k  ≤ 13 

−25 ≤  l  ≤ 25 

−9 ≤  h  ≤  9 

−13 ≤  k  ≤  13 

−25 ≤ l  ≤  25 

 

Complete to 2θ (%) 

100.0 100.0 100.0 99.8 

 

Data/ Restraints/Parameters 

3392/0/244 3545/0/244 3480/0/244 3384/0/253 

 

Goof (F2) 

1.052 1.030 1.065 1.046 

 

R indices [I > 2σ (I)] 

0.0421 0.0609 0.0482 0.0712 

 

wR2 [I > 2σ (I)] 

0.0981 0.1699 0.1109 0.1877 

 

R indices (all data) 

0.0750 0.1039 0.0711 0.0868 

 

wR2 (all data) 

0.1081 0.1916 0.1185 0.1936 

 

Compound No. 4.6.2 4.6.3 4.6.4 4.7.1 

 

Formulae 

C19H20N6O5S3 C20H22N6O5S3 C20H25N5O6S5 C22H27N7O6S2 

 

CCDC No. 

2291595 2291597 2291598 2291599 

 

Mol. wt. 

508.59 522.61 591.75 549.62 

 

Space group 

 P  P  P 21/c P  

 

a /Å 

8.2989(7) 8.1560(4) 10.2992(18) 10.9925(7) 

 

b /Å 

9.4780(8) 9.4655(5) 8.3282(15) 11.1925(7) 

 

c /Å 

16.2747(12) 16.8599(8) 31.021(6) 12.0078(8) 

 

α/° 

83.841(6) 81.108(2) 90 76.210(2) 

 

β/° 

81.363(7) 81.715(2) 95.378(6) 64.831(2) 

 

γ/° 

69.635(8) 73.502(2) 90 73.899(2) 

 

V/ Å3 

1184.40(18) 1226.09(11) 2649.1(8) 1272.27(14) 

 

Density/g.cm-3 

1.426 1.416  1.484 1.435 

 

Abs. Coeff. /mm-1 

0.356 0.346 0.483 0.262 

 

F(000) 

528 544 1232 576 

 

Total No. of reflections 

4188 4342 4664 4500 

 

Reflections, I > 2σ(I) 

3118 3519 3228 4085 

 

Max. θ/° 

25.049 25.047 24.997 25.049 
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Ranges (h, k, l) 

−9 ≤  h  ≤  9 

−10 ≤  k ≤  11 

−17 ≤  l  ≤  19 

−9 ≤  h ≤  9 

−11 ≤ k ≤ 11 

−20 ≤  l  ≤  20 

−12 ≤  h  ≤  12 

−-9  ≤  k  ≤  9 

−36 ≤  l  ≤  36 

−13 ≤  h ≤  13 

−13 ≤  k  ≤  13 

−14 ≤  l  ≤ 14 

 

Complete to 2θ (%) 

99.9 99.8 100.0 100.0 

 

Data/ Restraints/Parameters 

4118/4/308 4342/3/310 4664/0/329 4500/0/346 

 

Goof (F2) 

1.022 1.062 1.049 1.092 

 

R indices [I > 2σ (I)] 

0.0659 0.0677 0.0462 0.0534 

 

wR2 [I > 2σ (I)] 

0.1683 0.1889 0.1019 0.1326 

 

R indices (all data) 

0.0870 0.0798 0.0772 0.0565 

 

wR2 (all data) 

0.1889 0.1999 0.1128 0.1353 

 

Compound No. 4.7.2 4.7.3 4.7.4 H5.1.DMF 

 

Formulae 

C19H20N6O5S2 C23H27N7O5S2 C23H27N6O6S4 C25H24N4OS 

 

CCDC No. 

2291600 2291601 2291602 2156292 

 

Mol. wt. 

476.53 545.63 611.74 428.54 

 

Space group 

P  P  P  P  

 

a /Å 

8.1853(19) 9.0132(8) 8.318(3) 9.6205(15) 

 

b /Å 

8.962(2) 10.6922(10) 10.169(4) 10.1369(14) 

 

c /Å 

15.321(4) 14.7621(13) 18.184(7) 12.2575(16) 

 

α/° 

79.102(13) 83.183(3) 103.056(13) 101.035(6) 

 

β/° 

83.990(10) 75.513(2) 98.471(14) 96.439(5) 

 

γ/° 

78.336(8) 74.145(2) 94.230(14) 101.582(5) 

 

V/ Å3 

1078.3(5) 1323.1(2) 1472.7(10) 1135.2(3) 

 

Density/g.cm-3 

1.468 1.370 1.379 1.254 

 

Abs. Coeff. /mm-1 

0.292 0.249 0.370 0.167 

 

F(000) 

496 572 638 452 

 

Total No. of reflections 

3804 4620 5168 3936  

 

Reflections, I > 2σ(I) 

2697 3795 3618 2879 

 

Max. θ/° 

25.046 25.969 24.995 25.045 
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Ranges (h, k, l) 

−9  ≤  h  ≤ 9 

−10  ≤ k  ≤ 10 

−18  ≤ l  ≤ 18 

−10 ≤  h  ≤  10 

−12 ≤  k  ≤ 12 

−17 ≤  l  ≤ 17 

−9 ≤  h  ≤ 9 

−12 ≤  k ≤ 12 

-21 ≤  l  ≤ 21 

−11 ≤ h ≤ 11 

−12 ≤ k ≤ 12 

−14 ≤ l ≤ 14 

 

Complete to 2θ (%) 

99.3 99.2 99.9 97.6 

 

Data/ Restraints/Parameters 

3804/0/294 4620/0/339 5168/2/374 3936/0/290 

 

Goof (F2) 

1.052 1.147 1.066 1.014 

 

R indices [I > 2σ (I)] 

0.0922 0.0762 0.0498 0.0451 

 

wR2 [I > 2σ (I)] 

0.2273 0.1306 0.1317 0.1236 

 

R indices (all data) 

0.1191 0.0940 0.0762 0.0703 

 

wR2 (all data) 

0.2436 0.1413 0.1432 0.1467 

 

Compound No. 5.1.1 5.1.2 5.1.3 

 

Formulae 

C50H46N8O2S2Hg  C50H46N8O2S2Hg C44H32N6Cl2S2Hg 

 

CCDC No. 

2156295 2156296 2133994 

 

Mol. wt. 

1055.66 1055.66 980.36 

 

Space group 

P 21/n  P  I2/a 

 

a /Å 

16.2442(9) 9.782(6) 15.1199(3) 

 

b /Å 

9.3243(6) 16.642(11) 15.0065(3) 

 

c /Å 

31.1240(17) 17.023(10) 19.0418(5) 

 

α/° 

90 107.900(19) 90 

 

β/° 

93.077(2) 105.41(2) 98.545(2) 

 

γ/° 

90 105.33(2) 90 

 

V/ Å3 

4707.4(5) 2354(3) 4272.56(17) 

 

Density/g.cm-3 

1.490 1.489 1.527 

 

Abs. Coeff. /mm-1 

3.406 3.406 3.863 

 

F(000) 

2120 1060 1944 

 

Total No. of reflections 

8337 8352 3752 

 

Reflections, I > 2σ(I) 

5822 6938 3302 

 

Max. θ/° 

25.049 25.048 24.997 
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Ranges (h, k, l) 

−19 ≤ h ≤ 19 

−11 ≤ k ≤ 11 

−37 ≤ l ≤ 37 

−11 ≤ h ≤ 11 

−19 ≤ k ≤ 19 

−20 ≤ l ≤ 20 

−10≤ h ≤ 17 

−11 ≤ k ≤ 17 

−22 ≤ l ≤ 19 

 

Complete to 2θ (%) 

99.9 100.0 99.9 

 

Data/ Restraints/Parameters 

8337/0/572 8352/0/572 3752/0/249 

 

Goof (F2) 

1.005 1.111 1.101 

 

R indices [I > 2σ (I)] 

0.0443 0.0356 0.0366 

 

wR2 [I > 2σ (I)] 

0.0955 0.0841 0.1034 

 

R indices (all data) 

0.0792 0.0497 0.0424 

 

wR2 (all data) 

0.1114 0.101 0.1070 
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