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Abstract 

 

i 
 

The thesis entitled “Studies on supramolecular assemblies, metal complexes of aromatic 

oxime derivatives for molecular and ions recognition” deals with various non-covalently 

linked self-assemblies of oxime derivatives to establish their molecular and ions recognition 

abilities. The content of the thesis is divided into six chapters.  

Chapter 1: Introduction 

Self-assemblies of oxime containing compounds are well studied, and necessary 

supramolecular features of oxime derivatives to form non-covalently linked self-assembly are 

brought forward in the introductory chapter. This chapter contains discussions on 

pharmaceutical applications, molecular or ion recognition properties, coordination chemistry 

and biological activities of oxime derivatives and their metal complexes.   

Chapter 2 (Part A): Anion Assisted Supramolecular Assemblies of Oxime Derivatives 

and Recognition of Fluoride ion 

In this chapter we have discussed the role of hydroxyl-group together with oxime functional 

group on the self-assemblies of hydroxyaromaticaldoximes. Additionally, we have discussed 

on the role of deprotonating oxime or hydroxy functional group of oxime derivatives by 

fluoride ions to form new supramolecular architecture. Also solution and solid state studies 

presented in this chapter have suggested that fluoride ion can be distinguished from other 

anions through characteristic changes in absorption and emission spectra.  

Chapter 2 (Part B): Anion Assisted Conformationally Guided Dendrimer-like Self-

assemblies of Multi-component Cocrystals of Dioxime 

Oximes having ability to remain as syn-syn or syn-anti conformation provides wide scope to 

study such effects in self-assemblies. These effects are shown in different self-assemblies of 

salts and cocrystals as well as in the parent aromatic dialdoximes. This chapter contains 

discussions on anion assisted conformational guided self-assemblies of dioxime in different 

cocrystals and salts of different tetrabutylammonium salts. The effects of hydration, 

conformational changes, multicomponent cocrystal formation are discussed. Role of 

hydrogen bonding ability of anions, hydrations and intrinsic basicity of anions anchored as 

tetrabutylammonium salt are presented. FT-IR and Raman spectra of oxime are used to 

distinguish different conformers.  
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Chapter 3: Recognition of Aggregation Induced Emission Active Oxime Derivatives by 

Nitrogen Containing Compounds in Solid and Solution State 

The third chapter contains results obtained on selective crystallization of different cocrystals 

and signal transductions caused by nitrogen containing compounds upon interactions with 

aromatic hydroxyaldoximes and their cocrystals shown in the scheme 1. These oxime 

derivatives showed aggregation induced emission enhancement in dimethylsulfoxide solution 

with different water fractions. The packing pattern of the cocrystals with 4,4'-bipyridine, 

hexamethylenetetramine, caffeine and theophylline are investigated to correlate and is 

suggested the role of C-H…π interactions and π-π interactions in emission of solid samples. 

 

Scheme 1: Synthesis of different cocrystals of oxime derivatives 

The differences in fluorescence emission found in solid and solution have suggested that the 

wide variations of emission properties in solid and solution phase. This also enabled to 

establish molecular recognition differently in solution and in solid state.  

Chapter 4 (Part A): Transition Metal Complexes of Hydroxyaromaticaldoximes and 

Their Interactions with Fluoride ion 

The self-assemblies of copper, nickel and zinc chelated metal complexes of 

hydroxyaromaticaldoximes are presented (Scheme 2). The roles of solvated molecules 

contributing to packing are discussed.   

 

Scheme 2: Synthesis of transition metal complexes of 2,4-dihydroxybenzaldoxime. 
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Three different solvates from independent solvent of the copper complexes are discussed to 

suggest the directional properties of free hydroxyl group of the complex in guiding the 

respective self-assemblies of complexes. The role of free hydroxy functional group of these 

metal complexes on detection of fluoride ion in presence of other anions and the role of the 

metal ions in the complex to shift the emission patterns upon interactions with fluorides are 

presented. The advantage of using the zinc complex among copper and nickel complexes in 

the fluoride detection is demonstrated. 

Chapter 4 (Part B): Inclusion of Aldehyde or Oxime in Cadmium Coordination 

Polymer and Conversion of Aldehyde to Oxime 

The synthesis of different cadmium coordination polymers of 1,3-di(pyridin-4-yl)propane 

ligand encapsulating an oxime or aldehyde to understand possible reaction due to formation 

of inclusion complex is presented in this chapter. The association ability of the oxime with 

the parent cadmium complex is higher than aldehyde, facilitated conversion of aldehyde to  

oxime by the cadmium coordination polymer.  

Chapter 5: Supramoleular Aspects of Quinoline-4-carbaldoxime with Aliphatic 

Dicarboxylic or Mineral or Aromatic Carboxylic Acids  

The acid-oxime interactions are observed in quinoline-4-carbaldoxime cocrystals or 

crystalline salts with aliphatic dicarboxylic or mineral or aromatic carboxylic acids. 

Quinoline-4-carbaldoxime forms cocrystals with adipic acid, succinic acid, fumaric acid and 

2-methylbenzoic acid whereas it formed salts with maleic acid, oxalic acid, nitric acid, 

hydrochloric acid, 2-hydroxybenzoic acid, 3-nitrobenzoic acid, 4-nitrobenzoic acid, 2,3-

dihydroxybenzoic acid or 2,4-dihydroxybenzoic acid. Furthermore, in this chapter 

deprotonation, complementing hydrogen bond formation and competition between oxime-

oxime, oxime-carboxylic acid, and carboxylic acid-carboxylic acid interactions are 

established to show that predesign synthesis is possible in systems having less competitive 

hydrogen bond factors to form different synthons.  

Chapter 6: Self-assemblies, Absorption and Emission Properties of Picrate Salts of 

Aromatic Amine or Heterocycle Linked Oxime Derivatives 

In this chapter we discussed on the self-assemblies, photo physical and thermal properties of 

picrate salts of aromatic amine or heterocycle linked oxime derivatives. Several oximes 

(scheme 3) are used for preparation of salts with different nitro-aromatic phenols. In this 

chapter the various aspects such as protonation at specific positions, the change of oxime-
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oxime synthons on salt formation, charge transfer interactions are presented. The relevance of 

such interactions in solution is discussed.  

 

Scheme 3: Synthesis of different picrate salts of oxime derivatives with different protonation 

sites. 

The extent of protonation of oxime derivatives by picric acid is found to be different in each 

case. Solid state UV-vis studies revels that picrate salt of indole-3-carbaldoxime has charge-

transfer interactions between protonated oxime and picrate anion. Thermal properties 

observed in differential scanning calorimetry of the picrate salts are also described in this 

chapter. Furthermore, in this chapter it is shown that hydrogen bond donor-acceptor 

properties associated the heterocyclic amines makes different self-assemblies of salts that are 

having close structural relationship when independently considered. It is also shown that 

charge-transfer adducts of picric acids are observed only in specific cases. 

              The thesis is concluded with brief conclusions deliberating the major findings on 

different self-assemblies and the difference in solution properties from solid state properties. 

The major findings are attributed to the understanding on competitive hydrogen bond 

formation and conformational guidance to form specific types of architectures and to utilize 

them in molecular and ion recognitions. The synthon expansion and specificity in formation 

of charge transfer complexes are depicted. And also certain series of cocrystals and salts that 

are isostructural suggesting a step towards predesigned non-covalent synthesis. Certain 

spectra and crystallographic table for each compound is given at the end. The 

crystallographic information files are also included. And detail structural description, 

synthetic procedure and spectroscopic characterization of each oxime derivatives, cocrystals 

and salts are available in the experimental section which is included at the end of each 

chapter. 
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Introduction 
 

1 

 

1.1: Introductory aspects on supramolecular chemistry 

Supramolecular chemistry refers to chemistry beyond molecules and focuses on chemical 

systems that are made up of discrete numbers of assembled molecular sub-units or 

components and more precisely supramolecular chemistry is ‘chemistry beyond the 

molecule’ or ‘the chemistry of the non-covalent bond’.
1
 In 1987 Nobel Prize was awarded to 

Lehn, Cram and Pedersen for their outstanding work on molecular assemblies formed by 

weak interactions. Supramolecular chemistry deals with weak interactions whereas traditional 

chemistry focuses on the covalent, ionic and dative bonds. In supramolecular chemistry 

discrete molecules interact through varieties of weak interactions, such as Van der Waals 

forces,
2
 hydrogen bonds,

3
 π-π interactions,

4
 cation-π interactions,

5
 anion-π interactions,

6
 C-

H···π interactions,
7
 etc. Important concepts derived from weak interactions have contributed 

to the topics like host-guest chemistry,
8
 self-assemblies,

9
 molecular recognitions

10
 

supramolecular architecture,
11

 molecular machines
12 

etc. Self-assemblies of many biological 

molecules such as nucleobases present in DNA or RNA
13

 involve supramolecular 

interactions, which makes the subject indispensable. Molecular self-assemblies with 

supramolecular features are routinely used to generate materials with new optical,
14

 

magnetic
15

 properties; chemical reactivities such as catalysis.
16

 Supramolecular assemblies 

can be dislodged to easily different components; hence these assemblies are easily modified 

or reorganized to explore new properties. Alternatively, supramolecular chemistry may be 

also defined in terms of non-covalent interactions between ‘host’ and ‘guest’ molecules, 

where host molecule commonly refers to a relatively larger sized molecule or an aggregate 

such as an enzyme or synthetic cyclic and acyclic compound possessing sizeable central 

vacant space or cavity to accommodate guest molecule.
17 

A guest may be a cationic or an 

anionic species, an ion pair or molecules with more complicated structure such as hormone, 

pheromone or neurotransmitter that are easily accommodated by a host. Though hydrogen 

bonds are the principal interactions in host-guest chemistry, the thermodynamic stability of 

host-guest complexes are enhanced by many other weak interactions such as chelate effect or 

macrocyclic effect.
18

 Chelate or macrocyclic effect of cyclic hosts such as corands a sub-class 

of compounds of crown ether is provides more stable metal complexes as compared to the 

corresponding complexes formed by acyclic podands with similar binding sites. The non-

covalent interactions in supramolecular chemistry are very weak as compared with covalent 

bonds of a compound.
19

 For example, C-H bond energy is 430 KJ/mole and C-O bond energy 

is 340 KJ/mol. Whereas C-H···O interaction is less than 20 KJ/mol.  
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Certain covalent and non-covalent interactions (supramolecular interactions) are listed in 

Table 1.1 for comparison. These energy values clearly suggest that the possibility of easy 

disruptions of supramolecular assemblies as compared to covalently linked systems. 

Table 1.1 Strength of different supramolecular interactions and covalent bonds.  

Non-covalent bonds (kJ/mol) Covalent bonds (kJ/mol) 

Hydrogen bond                           ~4-120  C-C bond                  360 

Electrostatic interaction              ~4.1-80  C-H bond                  430 

Van-der Waals interaction         ~0.4-4 C=C bond                 600 

π-π interaction                            ~0-50  C=O bond                 690 

Cation-π interaction                   ~5-80  

Ion-dipole                                   ~50-200 

Dipole-dipole                             ~5-50 

Ion-ion                                        ~200-300 

 

 

1.2: Hydrogen bonds in supramolecular chemistry 

Hydrogen bond is one of the major weak interaction in supramolecular chemistry which helps 

to construct various supramolecular assemblies.
20 

Generally it is a dipole-dipole interaction in 

which a hydrogen atom attached to an electronegative atom (or electron withdrawing group) 

is attracted towards a more electronegative neighboring atom. Hydrogen bonds are typically 

represented as D-H···A, where D is the electronegative atom such as O or N to donate 

hydrogen to electronegative atom bearing a lone pair as an acceptor (A). A schematic 

representation of a hydrogen bond is shown in Fig. 1.1a, where D is hydrogen bond donor 

which donates hydrogen bond to acceptor A atom. 

           

 (a)                                          (b) 

Figure 1.1: (a) Representation of hydrogen bond parameters and (b) Hydrogen bond between 

two water molecules. 

In Fig. 1.1a the distance between donor and acceptor atom is represented by R, and the angle 

∠DHA is represented by α. The separation distances between D···H and H···A are marked as 

d and r respectively. Based on the strengths of the hydrogen bonds they are classified in three 

different categories namely strong, moderate and weak hydrogen bond. A strong hydrogen 

bond has almost similar character to a covalent bond and formed between strong acid and 

good hydrogen bond acceptor with a linear geometry. But the moderate hydrogen bonds are 
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formed between neutral donor and neutral acceptor with slightly bending geometry. Different 

types of hydrogen bonds are listed in Table 1.2 by their corresponding energy in kJmol
-

1
.There are also so large numbers of weak interactions involving C-H bonds such as C-H···π 

or interaction of C-H bonds with heavy atom (Br, S, Se etc) that have bond energy ranging 

from 2-10 kJ/mol. 

Table 1.2: Hydrogen bond parameters in different types of hydrogen bonds. 

Parameters  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 

 

A hydrogen atom attached to an electronegative atom of a functional group behaves as 

hydrogen bond donor. An electron rich atom within the same functional group or on a 

different functional group acts as hydrogen bond acceptor. These hydrogen bond donors and 

acceptors atom form intra and intermolecular hydrogen bond respectively depending on the 

orientations and locations. Hydrogen bonds formed between different functional groups such 

as carboxylic acids, phenols and amides are widely studied. These functional groups forming 

hydrogen bonds alone or together with another functional group in a molecule provide scope 

to construct different supramolecular assemblies.
21 

Some common ways to form assemblies 

by amide, phenol and carboxylic acid are illustrated in Fig. 1.2. Based on the structures 

adopted due to the hydrogen bonds a self-assembly may be suggested to comprised of  

discrete, infinite chain, intramolecular and cyclic type hydrogen bonds or combinations of 

these hydrogen bonds.
22 

Versatility in hydrogen bonded motifs necessitate their demarcation 

by descriptors. The concept of synthon to describe hydrogen bonded motifs present within 

non-covalent self-assemblies was introduced by Desiraju.
23

 This has been used extensively 

describing hydrogen bonded assemblies. Synthons
 

are widely used in supramolecular 

chemistry to describe the robust supramolecular assemblies in simplified manners. In 

supramolecular chemistry ‘synthon’ defines as the smallest intermolecular interacting units or 

non-covalently bonded two molecules in large size supramolecular assemblies. In general 

hydrogen bonded ring-like assemblies are most versatile supramolecular synthons which have 

been extensively used to describe supramolecular features in crystal engineering.
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Figure 1.2: Different types of hydrogen bonded assemblies formed by carboxylic acid, 

phenol and amide functional groups. 

Hydrogen bonded assemblies in biological systems are indispensable and hydrogen bonds 

among nucleobases pair of DNA or RNA or in proteins constitute the backbone of such 

examples. Nucleobases, such as adenine and thymine form a stable Watson-Crick base pair 

‘A-T’ whereas similarly guanine and cytosine form similar base pair ‘G-C’ through hydrogen 

bonds (Fig. 1.3).
24

 

                   

(a)                                   (b) 

Figure 1.3: Watson-Crick base pairs formed by hydrogen bonds between (a) adenine and 

thymine (A-T); (b) guanine and cytosine (G-C). 

Depending on the number of hydrogen bonds formed by the same acceptor atom of a 

molecule; hydrogen bonds are classified into different categories like bifurcated and 

trifurcated hydrogen bonds. When one hydrogen atom interacts with two acceptor atoms it is 

called bifurcated
25

 and when there are three acceptor atoms for single donor atom it is called 

trifurcated
26 

hydrogen bonds. The bifurcated and trifurcated hydrogen bonds act as bridge in 

many supramolecular assemblies. Etter
27

 introduced graph-set notation
28

 to demarcate 

hydrogen bonded assemblies and she also formulated certain rules that may be prime factors 

to build pre-designed supramolecular assemblies. As per graph-set notation graph set 

designator ‘G’ is assigned into four different smallest building blocks, R for ring, D for 

discrete, C for chain and S for self or intramolecular hydrogen bonded systems. The number 

of donor and acceptor atoms present in the assemblies is designated by subscript and 

superscript respectively and total number of atoms involved in this graph set notation is put in 

the bracket (Fig. 1.4a).  
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Some examples of different types of hydrogen bonded assemblies with their graph set 

notations are given in Fig. 1.4b. 

   

(a)                                                                         (b) 

Figure 1.4: (a) Etter’s graph set notations; (b) Some examples of hydrogen bonded 

assemblies with graph set notations. 

Etter’s rules are as follows: 

             (a) All good proton donors and acceptors are involved in hydrogen bonding 

interactions. 

             (b) Six-membered-ring intramolecular hydrogen bonds form in preference to 

intermolecular hydrogen bonds. 

             (c) The best proton donor and acceptor remaining after intramolecular hydrogen bond 

formation will form intermolecular hydrogen bonds. 

In general, due to geometrical and energetics many functional groups have strong tendency to 

form cyclic hydrogen bonded synthons and some examples are illustrated in the Fig. 1.5. 

 

Figure 1.5: Examples of cyclic hydrogen bonded synthons and their corresponding graph-set 

notations. 

1.3: Supramolecular assemblies formed by hydrogen bonds 

Development of new and novel building blocks with the aid of hydrogen bonds as principal 

interactions assisted by other interactions is one of the challenges in supramolecular 

chemistry. Interplay among weak interactions and the directional nature of non-covalent 

interactions play major roles in deciding architectures of various supramolecular assemblies. 

Depending on the shape of host various network structures of supramolecular systems are 
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available.
29 

Irrespective of the shape of the molecules, a hydrogen bonded system can be 

made by self-assembling or assemblies mediated by guest molecules or may be organized by  

combinations of two three different independent molecules. Self-assembly of four molecules 

of guanosine derivative 1.1 as shown in Fig. 1.6 is such an example of hydrogen bonded 

quartet supramolecular assembly (1.1a).
30

  

 

Figure 1.6: Guanosine derivative 1.1 and hydrogen bonded quartet 1.1a. 

The supramolecular assembly 1.1a is formed by self-organization of hydrogen bonds. The 

carboxylic acid-adenine interactions can be stabilized in two different ways by V-shaped 

molecule 1.2 which has an active carboxylic acid group. The carboxylic acid acts as hydrogen 

bond acceptor or donor that helps to bind an nucleobase adenine molecule in two different 

ways.
31 

Though both assemblies involve N-H···O and O-H···N hydrogen bonds but bind 

adenine molecule through two different sites to form two different supramolecular assemblies 

1.2a and 1.2b as illustrated in Fig. 1.7.  

 

Figure 1.7: Structure of compound 1.2 and hydrogen bonded supramolecular assemblies 1.2a 

and 1.2b of 1.2. 

Indole containing a carboxylic acid group 1.3 at 3-position of the five-membered heterocycle 

form a 1:2 cocrystal with 5-nitroquinoline (Fig. 1.8). This cocrystal namely 1.3a is formed by 

charge transfer interaction as well as by hydrogen bonds.
32
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Figure 1.8: Indole-3-carboxylic acid 1.3 and cocrystal of 1.3 molecule with 5-nitroquinoline 

(1.3a). 

These two examples show that the supramolecular assemblies can be modified to form 

supramolecular isomers or hydrogen bonded assemblies and some molecules can be hold 

multiple guests of same kind or other. 

Above discussion ascertained different features of direction and energetic hydrogen bonds in 

different supramolecular assemblies. Hydrogen bonds play a major role in molecular and ion 

recognition in solid and solution state. As the present thesis is directed towards studied on 

supramolecular aspects and molecular or ion recognition of oximes and related compounds, 

the next portions of this chapter is on certain features of non-covalent self-assemblies and 

self-assemblies of various oxime related compounds.    

1.4: Molecular recognition 

The term molecular recognition means specific and selective interactions between two or 

more molecules through non-covalent interactions such as hydrogen bonding, metal 

coordination, hydrophobic forces, Van der Waals forces, π-π interactions and other non-

covalent interactions.
33 

Molecular recognition phenomenon is crucial in biological systems, 

and in modern chemical research where both inter or intramolecular phenomena are involved. 

Though topics such as “host-guest chemistry”, “supramolecular chemistry”, and “self-

assembly” are limited to intermolecular processes, molecular recognition is constituent of 

each of them. In addition to direct interactions between host with guest or guest with guest or 

host with host, interactions of a substrate with solvents play a dominant indirect role in 

driving molecular recognition in solution.
34

 Chemists have designed artificial supramolecular 

systems for molecular recognition. One of early example for molecular recognition is crown 

ether selectively binding with cations. Depending on the complex formations or host-guest 

binding capability molecular recognition sub-divided into two parts. One is static and other is 

dynamic molecular recognitions, schematically both recognitions are illustrated Fig. 1.9.
35

  

Static molecular recognition is the interactions between one key and one key hole, which 

mean formation of a 1:1 type complex between one host and one guest (Fig. 1.9a). 
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Figure 1.9: (a) Static and (b) dynamic type molecular recognition. 

For static molecular recognition, it is necessary to create guest molecule specific binding sites 

in the host molecule. But in the case of dynamic molecular recognition the binding of the first 

guest to the first binding site of a host affects the association constant of a second guest 

located at a second binding site (Fig. 1.9b). In systems with positive allosteric effect the 

binding of the first guest increases the association constant of the second guest and vice-

versa. Dynamic molecular recognition is important in biological systems because it provides 

the requisite mechanism to regulate binding of guest molecules. Such molecular recognition 

is also to design highly functional chemical sensors and molecular devices.
36

  

     

(a)                                                              (b) 

Figure 1.10: (a) Different crown ethers with their specific metal ions and (b) Example of 

molecular recognition by crown ether. 

Artificial receptors have been designed for specific molecules to show molecular recognition 

properties. One early example of such a system was a crown ether which was capable of 

selectively binding to specific cations (Fig. 1.10a).
37 

An example of static molecular 

recognition is shown in Fig. 1.10b. In this example a dibenzylammonium cation 1.4 is 

recognised by crown ether 1.5 and the course of recognition process was studied through 

changes in photophysical properties due to complexation of ammonium cation with the crown 

ether (Fig. 1.10b).
38

 

1.5: Weak interactions in anion bound non-covalent assemblies 

Anions are important in our everyday life because they are regulating various processes in 

biological systems, bioinorganic chemistry, organic chemistry and mineralogy. They are 

present approximately 70 % in all enzymes sites and plays important role in manipulation and 
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storage of genetic information (as DNA and RNA are polyanions). Anions also control 

osmotic pressure, activate signal transduction pathways, maintain cell volume and produce 

electrical signals. In fact the transport of anions through phospholipid bilayers of a cell is 

mediated by variety of channels and anion transport proteins with mitochondrial anion 

transport systems are well established. Several X-ray crystal structures of enzymes and 

anionic substrates have revealed hydrogen bonds within them. Not only due to the impact of 

anions in biological system but also the supramolecular chemistry of anions is also of interest 

in the fields such as catalysis and environmental sciences.
39 

Generally anions bind to 

receptors through hydrogen bonds or by electrostatic interactions or other non-covalent 

interactions as illustrated in Fig. 1.11. For anions recognition or sensing of an anion by 

specific receptors, anions must fit their structural framework within the host or bind to 

receptor molecule to change the photophysical properties of the receptor molecule. In general 

anions are larger in sizes than the most of metal cations. The fluoride anion, has an ionic 

radius of 1.33 Å, which is only slightly smaller than the relatively medium-sized metal cation 

K
+ 

(1.38 Å).
40

 The cationic host conventionally holds an anion as counter-anion and the 

interaction between the host and guest in such case is electrostatic in nature. The synthesis 

of neutral anion receptors for selective anion binding is quite challenging. Several 

problems are encountered to design receptors for selective binding of anion. Many 

anions have relatively high free energies of solvation (ΔGsolv(F
-
) = -465 kJ/mol; ΔGsolv (Cl

-
) = 

-340 kJ/mol).
41 

Hence to design of a receptor, requires the understanding on competing 

abilities of anion to bind to surrounding medium while binding to an anion. Secondly, some 

anions are spherical in shape having similar shape as that of metal ions; in such situations 

anions interfere the anion recognition process through self-assembling between anions. 

Thirdly, some anions are not stable at higher pH for example H2PO4
- 
is stable at pH 3-5.5; 

HCO3
- 
is stable between pH 6.5 to 10. So, their detection may be on the basis of interactions 

with a partially protonated receptor. However, difficulty arises when a receptor has 

possibility of interconversion between differently protonated species within a narrow pH 

window. To overcome these problems each of these aspects are required to be attended while 

designing anion selective receptors. 
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Figure 1.11: Anion binding with receptors by different types of noncovalent interactions; (a) 

Electrostatic N-H···anion interaction; (b) N-H···anion interaction; (c) Anion···π interaction; 

(d) C-H···anion interaction and (e) C-X···anion halogen bonds (X= F
-
, Cl

-
, Br

- 
and I

-
). 

As mentioned the most effective way to bind anions by neutral receptors involves utilization 

of the negative charge on anions. For this reason ammonium and quaternary ammonium ions 

are ideal receptors for binding anions. Various functional groups such as urea, thiourea, 

pyrrole, indole, amide etc. are extensively used as an anion sensors or anion receptors. 

Conventionally, anions are basic in nature, so it interacts with acidic proton. When the -NH 

protons of the above functional groups are deprotonated by anions like fluoride or acetate, 

they cause changes in photophysical properties.
 
Several of papers dealt with anion sensors 

that have electron withdrawing group attached to urea, thiourea moiety.
42

 Besides N-

H···anion hydrogen bonds between receptors and anions, anion···π interactions occurs in 

solution as well as in solid-state.
 
Anion···π interactions are commonly arise from anion with 

small sizes with high polarizing powers. Anion···π interactions are used to design of highly 

selective anion receptors.  

π

 

Figure 1.12: Keto and enol form of compound 1.6 and its anion···π interaction with Cl
-
 

anion. 

The importance of anion π-interactions are reflected in the salts of compound 5-

(hydroxyimino)quinolin-8-one 1.6. This compound having a nitrosyl substitutent 8-

hydroxyquinoline unit exists in two different forms namely keto 1.6 or enol 1.6a forms in 

solid-state depending on the neutral or salt of this compound. Compound 1.6 forms salts with 

mineral acids such as hydrochloric, perchloric, nitric or hydrobromic acid. Such salts form 

assemblies through interactions among the anions and receptor by different weak interactions.  
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One representative example of a salt shown in Fig. 1.12 has a chloride ion interacting with 

cationic receptor 1.6b through anion···π interaction.
43

 On the other hand, weak σ interactions 

involving transfer of a fractional charge from anion to an arene where the anion is located 

above the periphery rather than the centre of arene are also known.
44

 

1.6: Neutral host for anion binding 

Urea, thiourea, pyrrole, indole and amide derivatives have been routinely used for the 

selective recognition and sensing of basic anion in polar organic media. Urea and thiourea 

derivatives can have symmetric and unsymmetric substitents and in solid state they can adopt 

varities of structures.
45

 Commonly urea or thiourea adopts tape like structure for forming 

various supramolecular architectures.
46

 Some of the urea based receptors are discussed details 

in different articles with special context to detect anions through signal transductions.
47

 Some 

of the examples are listed in Fig. 1.13.  One such example of urea derivative 1.7 has two nitro 

groups at para position with respect to urea functional unit shows significantly high acidity. 

Due to which the -NH proton of urea moiety can easily be deprotonated and the 

deprotonation influences the spectral response. Such response can be ion specific and are 

utilized to differentiate anions. The compound 1.7 selectively interacts with fluoride anion 

with high binding affinity (Ka >10
-7

 M
-1

) in acetonitrile in comparison to other anions.
48 

 

 

Figure 1.13: Some neutral receptors for anions binding studies having -NH binding sites. 

Compounds 1.8 and 1.9 were identified by Gale and his co-worker as selective to interact 

with specific anions. Compound 1.8 binds with carboxylate anion more strongly as compared 

to compound 1.9. In DMSO-H2O (9.5:5, v/v) mixed solvent, compound 1.9 strongly binds 

with acetate (Ka= 3210 M
-1

) anion over benzoate (Ka= 1399 M
-1

) anion or dihydrogen 

phosphate (Ka= 666 M
-1

). Whereas compound 1.8 binds with acetate ion with high affinity 

with binding constant Ka= 4018 M
-1

, a value much higher as compared to binding constant 

with receptor 1.9.
49  
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Anthraquinone units attached as signaling unit to urea and thiourea, namely compounds 1.10 

and 1.11.
50 

Among these two compounds the thiourea derivative 1.11 is useful for naked eye 

detection of fluoride at room as it changes color on interaction with fluoride ions at room 

temperature. Whereas urea based receptor showed similar colour changes at 60 °C on 

addition of fluoride. This difference arises due to the difference in the self-assemblies of urea 

and thiourea derivatives. Kondo and co-workers have reported amide based neutral receptor 

1.12 for sensing of dihydrogen phosphate.
51

 In mixed solvent DMSO-CH3CN (0.5:9.5, v/v) 

compound 1.12 showed strong binding affinity with dihydrogen phosphate (Ka=1,000,000 M
-

1
) over the acetate ion (Ka=17,000 M

-1
). Dihydrogen phosphate anion has hydrogen bond 

acceptor and donor sites to form stable complex with receptor 1.13.
52 

Receptor 1.13 has 

strong binding with dihydrogen phosphate (Ka=295M
-1

) over acetate (Ka= 251M
-1

) and 

benzoate (Ka=113M
-1

). It is interesting to mention that -NH proton of pyrrole group is 100 

times less acidic as compared to the -NH proton of indole functional group.
 
Hence, indole 

based receptors are more effective in anion binding in comparison to pyrrole based receptors. 

An indole based receptor 1.14 shown in Fig. 1.13 has the ability to interact with fluoride ions 

selectively in a DMSO-water solution. The solid state structural study has provided evidence 

of a twisted geometry of the host while bound to fluoride ion.
53

 The foregoing examples show 

the varieties of interactions leading to formation of anion assisted assemblies which in turn 

affect color changes resulting in easy detection of selective anions. Though there are many 

anions assisted assemblies based on N-H or O-H containing compounds are also used in 

anion binding hosts for detection of basic anions. Hundal and co-workers have developed a 

tripodal catechol-based receptor 1.15 that showed high selectivity toward fluoride anion in 

DMSO with colour change from colourless to bright yellow.
54

 This was attributed to 

deprotonation of the hydroxyl groups based on 
1
H NMR studies and also form the fact on 

obtaining a similar optical response for the strong base TBAOH. Zhang et al. have developed 

chemosensor 1.16 for rapid and selective detection of CN
-
 in aqueous medium. Chemosensor 

1.16 showed strong fluorescence enhancement upon addition of CN
-
 in DMSO/H2O (9:1, v/v) 

with high detection limit 4×10
-7 

M.
55

 A colorimetric fluorescent receptor 1.17 (Fig. 1.14) was 

reported by Chattopadhyay and co-workers for selective and sensitive detection of H2PO4
-
 

anion in aqueous medium. Compound 1.17 showed an optical change from yellow to green 

upon addition of H2PO4
-
 anion.

56
 A bifunctional fluorescent chemosensor 1.18 was reported 

by Chang et al. for the selective detection CN
-
 anion in MeOH solution through colorimetric 

as well as fluorometric changes.
57
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Figure 1.14: Some neutral receptors for anions binding studies having -OH binding sites. 

Chemosensors 1.19 was reported by Yang and co-workers having a hydroxyl group free for 

the selective binding of fluoride anion. Spectroscopic studies indicated that an aldehyde 

group in conjugation with the 1.19 core at an adjacent position to the hydroxyl group would 

elevate the sensitivity towards fluoride immensely.
58 

A new azo-azomethine receptor 1.20, 

containing active phenolic sites, has been designed and synthesized for quantitative detection and 

colorimetric sensing of inorganic fluoride ion in aqueous media.
59 

Compound 1.20 showed facile 

detection of fluoride ion present in aqueous media without any spectroscopic instrumentation 

with a detection limit 0.058 ppm through colorimetric.  

These clearly establish that the anion binding abilities of molecules through hydrogen bond 

has a wide scope to prepare and understand new assemblies and unearthing novel properties. 

In this thesis we focus on supramolecular aspects of oximes and following section is on the 

existing literate on various features associated with oxime functional group containing 

compounds. 

1.7: General feature of oxime functional group      

Oxime derivatives are well studied in organic and inorganic chemistry because of their 

versatile applications in various fields.
60

 Among various functional groups oxime is one of 

common functional group in organic and inorganic chemistry. Depending on the reactant, 

oxime derivatives are divided into different categories namely aldoxime (synthesised from 

aldehydes), ketoxime (synthesised from ketones) and amidoxime (synthesised from the 

amide). The general formula of oxime is R1R2C=NOH, where R1 is one organic side chain 

and R2 is hydrogen atom for aldoxime or it may be alkyl or aryl group for ketoxime.
61

 But in 

the case of amidoxime, general formula is R1C(=NOH)NR2R3.  

Oxime molecules generally exist in two form syn and anti, depend on the position of the 

higher group and the -OH group. Aldoxime and ketoxime are found in both forms except 

aromatic aldoxime. 
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Figure 1.15: Structures of different oximes. 

Synthesis of oximes is very simple, as they are formed upon  reaction of aldehydes or ketones 

with hydroxylamine. There are several procedures available for industrial synthesis of oxime 

from commercially available substrates in solid or liquid state.
62 

1.8: Oxime molecules in biological systems 

Oxime functional group is found in many natural products and biologically active 

compounds.
63 

In 1956 Wilson and Ginsburg introduced pralidoxime 1.21, commonly known as 

2-PAM.
64 

Pralidoxime (pyridinium aldoxime) is used to recover the activity of enzyme that are 

blocked by the organophosphate functional groups. Pralidoxime reacts with organophosphate 

and releases million times faster than the release caused by normal hydroxylamine. Several 

oxime containing molecules (Fig. 1.16) were discovered for organophosphates inhibiter. Such 

compounds include trimedoxime (1.22),
65 

obidoxime (1.23)
66

 and (1-2-hydroxyiminomethyl-1-

pyridino-3-4-carbamoyl-1-pyridino-2-oxapropane dichloride) (1.24)
67

 etc.  

 

Figure 1.16: Some oximes which facilitate release of organophosphates from phosphate 

containing enzymes. 

Compound 1.22 shows high solubility as well as high stability in comparision to the 

compound 1.21, both these compounds are similar in reactivity towards releasing 

organophosphates. Whereas, compounds 1.23 and 1.24 are more effective antidote against 

organophosphate as compared to compounds 1.21 and 1.22. There are other examples of 

oxime functional group containing molecules are used as antibiotic for treatments against 

bacterial infection. Cephalosporin is one of the oldest examples of oxime containing 

antibiotic drug. Cephalosporin belongs to a class of beta-lactam antibiotics, which are used 
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for the treatment of a wide range of bacterial infections, such as respiratory tract infections 

like tonsillitis or bronchitis and urinary tract infections. Depending on their antimicrobial 

activity, cephalosporins are classified into four different generations. First generation 

cephalosporins drug molecules (Fig. 1.17) are used for minor bacterial infections like skin or 

soft-tissue infections, whereas second generation cephalosporins drug molecule used as gram 

negative bacteria.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

 

Figure 1.17: Structures of different cephalosporins.  

Cefuroxime (1.25), is a second generation cephalosporin antibiotic drug molecule. It shows 

higher activity against Haemophilus influenzae and Lyme disease compared with the first 

generation cephalosporins.
68 

A third generation cephalosporin antibiotic cefdaloxime (1.26) 

shows greater activity against gram-negative oranisms. Zwitterionic cephalosporins antibiotic 

drug cefozopran (1.27), is a better antibiotic drug against gram-positive organisms.
69a 

Pyrazole substituted aryl oxime derivatives are also well known for regulating apoptosis and 

autophagy studies in A549 lung cancer cells.
69b

 

1.9: Different supramolecular synthons of oxime based molecules 

Major goal in supramolecular chemistry is to control the self-assemblies of molecules by 

interplay of weak interactions. Thus the ability of a functional group to form homomeric or 

heteromeric assembly is one prime concern to predict a supramolecular assembly. For such a 

purpose in addition to identify weak interactions, the synthons involved in a self-assembly 

becomes very important. Among different groups that form hydrogen bonded assemblies 

such as carboxylic acid, amide, phenol, alcohol etc, oxime is another group that has special 

interest. The interest in self-assembling ability of oxime group is due to the participation of 

nitrogen atom as well as the hydroxyl group independently or together in hydrogen bond 

formation. Due to different ways of hydrogen bond formation with slight energy differences, 

oxime group is no exception to show varieties of supramolecular assemblies resulting in 

polymorphs and self-assemblies to form inclusion complexes. Oxime groups act as hydrogen 

bond donor (via the -O-H) and as hydrogen bond acceptor via -C=N and the -O-H. Oxime 

form hydrogen bonded dimers, as well as oxime···oxime catemers via O-H···N=C and O-

H···O-H hydrogen bonds in solid-state (Fig. 1.18).
70

 

TH-1811_136122034



Introduction 
 

16 

 

 

Figure 1.18: (a) Hydrogen bond donor and acceptor sites of an oxime; (b) Hydrogen bonded 

dimer and catemer formed by (c) O-H···N and (d) O-H···O hydrogen bond. 

There are also other cyclic hydrogen bonded assemblies as shown in Fig. 1.19a that is 

relatively less in numbers.
71

 Having such diversities there are advantages to study assemblies 

of oximes to tune structures by variation of the substituent. Such a factor along with ease to 

convert to various functional groups provides edge on utility of oxime self-assemblies over 

other hydrogen bond forming functional group such as carboxylic acid or amide.
72

 Presence 

of another functional group such as -NH2/-C≡N with oxime functional group in a molecule 

influences structures in solid-state. Such changes are brought about by the additional weak 

interactions, for example O-H···NH2 and O-H···N≡C interactions shown in b and c of Fig. 

1.19. Aakeröy and his coworkers described structural details of various oxime molecules and 

elucidated various oxime synthons.
73

 They performed systematic structural and spectroscopic 

examination of the cocrystals formed between aldoximes R-C=N-OH (where R is H, Me, or 

CN) with N-heterocycles. Such studies have showed that the acidity of the oxime -OH 

hydrogen bond is a crucial factor to decide the efficacy of the supramolecular assembling.
74

 

Careful manipulation of the substituents of oximes also enhances solubility of oxime 

derivatives. Thus enhanced solubility facilitates supramolecular synthesis. 

 

Figure 1.19: (a) Less commonly encountered hydrogen bonded cyclic assemblies of oximes. 

Hydrogen bonded chains formed through (b) O-H···N≡C and (c) O-H···NH2 interactions. 

Structure directing effect caused by hydrogen bonds in a competing situation between 

hydrogen and halogen bond donors is shown by Aakeröy and his co-workers in different 

cocrystals of 3,3'-azobipyridine and 4,4'-azobipyridine with aromatic oximes with halogen 
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atoms, carboxylic acids, phenolic -OH as substituents (Fig. 1.20a).
75 

In these examples 

different competitive binding interactions are observed such as halogen-nitrogen
 
bonds, 

carboxylic acid-nitrogen bonds, cyanide-oxime interactions. These interactions compete with 

oxime-oxime interactions 

       

Figure 1.20: (a) Different types of oximes; (b) Hydrogen and halogen bonding interactions in 

cocrystal and (c) One ternary cocrystal of oxime. 

Due to such competitive effects, halogen substituted phenylaldoxime 1.28 (X= F, Br or I) 

forms three different 1:1 cocrystals with 1-methyl-2-(pyridin-4-yl)-1H-benzo[d]imidazole.
76

 

Self-assemblies of these cocrystals have strong hydrogen bonds along with weak halogen 

bonds (Fig. 1.20b). Strong hydrogen bonds are between oxime -OH and nitrogen atom of 1-

methyl-2-(pyridin-4-yl)-1H-benzo[d]imidazole. Whereas halogen bonds are between halogen 

atoms on the phenyl ring with nitrogen atom of 1-methyl-2-(pyridin-4-yl)-1H-

benzo[d]imidazole.
76 

Hydroxy and cyano-oxime functionalized oxime (Z)-N,4-

dihydroxybenzimidoyl cyanide 1.29 has two hydrogen bond donor sites forms hydrogen 

bonds  with hydroxy and cyano-oxime groups.
77

 From the structural study of these cocrystals 

along with electrostatic potential surfaces calculation, it is established that hydroxyl group as 

a better hydrogen bond donor as compared to cyano-oxime. Ternary cocrystals were obtained 

from binary cocrystals of 1.30 by changing the substitution on to form various cocrystals.
78 

Compound 1.31 effectively binds to five-membered or six-membered N-heterocyclic 

molecules to forms cocrystals.
79

 Compound 1.31 forms a 2:3 cocrystal with 1, 2-di(4-

pyridyl)ethane, the self-assembly of this cocrystal has a porous  supramolecular three 

diemensional network structure.
79

 In another example, α,α',α''-tris(hydroxyimino)-1,3,5-

benzene-triacetonitrile oxime 1.32 which has a three-fold symmetry with three coplanar 

effective hydrogen bond forming moieties is a choice for porous organic networks.
80
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1.10: Oxime derivatives in molecular recognitions 

The detection or removal of hazardous materials is important for environment as well as for 

human life. For specific detection and subsequent removal of hazardous materials, it requires 

specificity in binding by an analyte or in a sense molecular recognition can be a guiding 

factor to achieve them. One such potential example is selective interaction of oximes with 

poisonous nerve gas and phosphate containing insecticides. Nerve agents or phosphorous 

containing materials (Fig. 1.21) are some most dangerous materials for human or animal’s 

life. Since these compounds rapidly affect human and animal life by blocking the action of 

acetylcholinesterase (AChE), causes a critical problem to central nervous system. This 

enzyme is responsible for the breakdown of the neurotransmitter acetylcholine. The blocked 

enzyme becomes free by reacting with oximes.  

 

Figure 1.21: (a) Nerve agents and (b) Synthetic mimics of nerve agents used as less toxic and 

(c) some toxic pesticides. 

Rapid and selective detection of nerve agents are essential for environment and human life. 

Several oximes are used to visualize the presence of nerve agents and related pesticides 

through changes in their fluorescence emissions or colours. The reactivity of an oxime 

without a pyridine unit attached to oxime towards nerve agents are better than a pyridinium 

oxime such as pralidoxime.
81

 Some oxime derivatives used as sensor for nerve agents are 

listed in Fig. 1.22a. Anslyn and his co-workers have developed certain oxime based sensors 

containing a fluorophore for the selective detection of nerve agents.
82-83 

Anslyn and co-

workers showed that oximate are much better nucleophile than the hydrazine. They 

developed two simple chromogenic sensors 1.33a and 1.33b for such study.
82 

Phosphorylation of oxime (Fig. 1.22b) by reacting with nerve agent in a solution causes a 

hypsochromic shift of approximately 50 nm in basic medium, this change was observed 

through naked eyes (Fig. 1.22c). The compound 1.34 is an oxime and coumarin based sensor, 

which is non-fluorescent in basic condition due to the photoinduced electron transfer 

mechanism operative in the system on pH change.
83
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Figure 1.22: (a) Some oximes that detect nerve agents; (b) Reaction between oxime and 

nerve agents and (c) Naked eye detection of nerve agents by oxime molecule. 

Fluorescence emission of the anionic form of the compound 1.34 gradually increases upon 

addition of diisopropyl fluorophosphates (DFP). Rebek and co-workers have developed some 

ortho-hydroxy aromatic oximes associated with fluorescence properties that were utilized to 

sense nerve agents.
84 

Fluorescent arylisoxazole was formed by interaction of ortho-hydroxy 

aromatic oxime with nerve agents; due to formation of cyclized product there was sharp 

optical signal changes was found. N,N-Carbonyl-bridged dipyrrinone oxime 1.35 is a 

potential sensor for organophosphates. The deprotonated form of 1.35 shows a distinct 

crimson red colour by absorbing at 561 nm, which disappears upon addition of 

organophophates or pesticide. The toxic organophophates were detected by this oxime 1.35 

through change of colour as well as changes in fluorescence emission properties.
85 

The oxime 

1.36 containing a dye moiety as fluorophore is useful in the detection of nerve agent diethyl 

chlorophosphate (DCP) with a detection limit of 10 nM in buffer solution.
86

 This detection 

process occurs through cascade reactions by conversion of oxime to nitrile via an isoxazole 

intermediate. The transformation of 1.36 into fluoresceinyl oxime nitrile on reaction with 

nerve agent induces dramatic fluorescence enhancement, enabling one to detect by naked eye 

detection.  

Churchill group developed a BODIPY-salicylaldehyde oxime 1.37 that showed high 

selectivity in binding with nerve agent diethyl cyanophosphonate (DECP) through 

fluorescence turn on mechanism.
87 

Song and his co-workers developed 6-substituted amino-

quinolinoxime 1.38 for visual detection of nerve agent.
88

 Detection of nerve agent in this 

particular example passes through rapid phosphorylation-protonation reaction.
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1.11: Oxime derivatives in detection of cations 

Design of new chemosensors with high sensitivity for selective binding of metal ions is an 

attractive and challenging in research field. This is true for transition metal ions as they are of 

significance in environment pollution. Generally for selective binding of metal ion with a 

receptor, it should have some pre-organised metal binding sites. This criterion is easily 

fulfilled by designing functionalised receptors with different metal binding sites. Oxime 

functional group is more specific toward anion binding studies, as it has acidic proton, but 

recognitions of metal ions by oximes are rare. Compound (E)-7-(diethylamino)-2-oxo-2H-

chromene-3-carbaldehyde oxime 1.39,
 

detects copper(II) ion under physiological 

conditions.
89

 Compound 1.39 showed high selectivity toward copper(II) ions by forming  a 

2:1 copper(II) complex. Oxime based compound 2'-hydroxy-4-methoxy-5'-chlorochalcone 

oxime 1.40 (Fig. 1.23) reacts with palladium(II) to form a 1:2 palladium(II)-1.40 chelate 

complex. This complex is extractable at pH 2.5 with iso-butanol. The compound is unable to 

detect palladium(II) in presence of other interfering ions such as Au
3+

, Cr
3+

and Zr
4+

.
90

 

Phenylazobenzaldehyde oxime 1.41 is another oxime based molecular sensor that shows a 

weak and strong absorption band at 430 and 550 nm upon addition of Pd
2+

 metal ion.
91 

A 

purple colored palladium(II)-complex of 1.41 is formed within 15 minutes remains stable for 

several days at room temperature or upon boiling.  

 

Figure 1.23: Examples of oximes used in detection of metal ions. 

Oxime-ether based compound 1.42 is useful for fluorometric and colorimetric detection of 

palladium(II). This compound shows high selectivity and sensitivity to detect Pd
2+

 in aqueous 

and biological samples.
92 

 Compound 1.42 shows strong green fluorescence emission at 505 nm in aqueous medium 

(Fig. 1.24). Addition of solution of palladium(II) to a solution of 1.42 decreases the green 

florescence consistently. In this process an intramolecular charge transfer process is induced 

by forming stable palladium complex. 2,7-disubstituted phenanthrene-based bis-oximes  
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1.43a and 1.43b are explored for heavy metal cation binding study. The fluorescence 

properties associated with this oxime 1.43a and 1.43b are helpful to understand their sensing 

ability to discriminate Cr
3+

 and Fe
3+

 ions. Binding stoichiometry of these ligands depend on 

the nature of cations. For example, 1.43a form Cr
3+

 complex with 1:2 molar ratio, whereas a 

1:1 stoichiometry was observed for 1.43a-Fe
3+

 complex.
93

 Schmittel and co-workers 

synthesized an oxime based non-emissive iridium complex 1.44 for highly selective detection 

of Hg
2+

 and ClO
-
 ions. This non-emissive iridium complex 1.44 acts as a chemodosimeter 

responding to Hg
2+

 by dehydration reaction in acidic solution. In basic medium it is oxidized 

by ClO
-
, resulting in large increase in emissions at distinct wavelengths depending on the 

ions under consideration.
94

 

 

Figure 1.24: Detection of Pd
2+

 ion by compound 1.42. 

Dual sensing of Hg
2+

and F
- 
ions is possible with compound 1.45 which is an aldoxime and 

azobenzene based compound. It showed excellent sensitivity and selectivity towards Hg
2+ 

ions through catalytic dehydration reaction at pH = 5. On addition of Hg
2+

 ion to a solution of 

1.45 a 70 nm red shift in absorption maximum was observed, thus colour change from pale 

yellow to dark violet makes an easy detection process. Similarly compound 1.45 showed high 

sensitivity and selectivity toward F
- 

ions in DMSO as solvent, In this case colour changes 

from pale yellow to dark red.
95

 A biphenyl-azo conjugated aldoxime 1.46 is photo-responsive 

upon addition of Hg
2+

and F
-
. It shows highly selective binding toward Hg

2+
and F

-
 over a wide 

range of metal ions or anions.  

The detection process takes place through “turn-on” fluorogenic mode. The coordination of 

1.46 with Hg
2+ 

is reversible and it shows less interference from the other common metal 

ions.
96 

These examples exemplify that the oxime based receptors can be designed based on 

the coordination ability of oximes and tuning the environment sensitive optical properties.
 

 

 

 

TH-1811_136122034



Introduction 
 

22 

 

1.12: Oxime derivatives in detection of anions 

Many examples of anion binding receptors are gifted by nature. Such anion binding receptors 

are in neutral or charged states, which based on hydrogen bonding interaction. Many 

fluorescent and colorimetric anion receptors or sensors are developed rapidly. Selective 

detection of anions using synthetic chemosensor has received attention during the past few 

decades. Among those, oxime based compounds have provided a broad ranges of templates 

for selective and sensitive binding of anions. Lin and his co-workers has developed an oxime 

based sensor 1.47 (Fig. 1.25a) for selective and sensitive detection of hypochlorite anion.
97

 

Compound 1.47 showed a strong blue fluorescent emission at 439 nm when excited at 394 

nm in phosphate buffer (0.1 M, pH 9.0) : DMF (1 : 4, v/v). But in the presence of 

hypochlorite it showed a red shift of about 70 nm. Due to formation of deoximation product 

with intra-molecular charge-transfer mechanism is operative in such system that causes 

fluorescence change (Fig. 1.25b). The compound 1.47 showed high selectivity for 

hypochlorite over other anions, cations and oxidants due to the distinct deoximation ability of 

oxychloride. Compound 1.47 is able to detect ClO
- 
anion at

 
different pH (2.5 to 10.5).

97
  

    

Figure 1.25: (a) Oxime based molecules for detection of hypochlorite anion; (b) Reaction 

between oxime and hypochlorite anion and (c) Naked eye detection of hypochlorite by oxime 

molecule. 

A “turn-on” fluorescent and colorimetric probe 1.48 having fluorescein-oxime architecture is 

used for detection of hypochloric acid. The probe 1.48 displayed high sensitivity and 

extremely high selectivity for ClO
- 

anion with a 5 μM limit of detection. The deoximation 

reaction of 1.48 on addition of ClO
- 
showed a distinct fluorescent emission at 530 nm when 

excited at 454 nm.
98

  

Another acid and oxime functionalized BODIPY-based sensor 1.49 is able to detect ClO
- 
in 

aqueous media through “turn-on” fluorescent mechanism (Fig. 1.25c).
99

 It exhibits poor 

fluorescence in absence of ClO
- 
but it showed a new band at 525 nm when excited at 500 nm 

upon addition of HOCl under suitable conditions. Other potentially competing reactive 
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oxygen species or reactive nitrogen species did not affect the detection of HOCl. A 

fluorescent coumarin attached oxime based compound 1.50 exhibits a rapid, highly selective 

and sensitive response to HOCl.
100

 The oxidation reaction of oxime 1.50 is accompanied by a 

7-fold increase in the fluorescent quantum yield (from 0.03 to 0.21) and it has a detection 

limit 25 nM. Compound 1.51 showed strong blue fluorescence emission at 458 nm when 

excited at 339 nm in phosphate buffer.
101 

Upon addition of HOCl, a dramatic fluorescent 

decrease was visually observed.
101

 A phosphorescent chemosensor comprising of iridium(III) 

complex 1.52 containing oximated 2,2′-bipyridine unit was reported for selective and 

sensitive detection of ClO
- 
anion.

102 
Complex 1.52 is weakly emissive due to isomerization of 

C=N-OH passes through a predominantly non-radiative decay path. But in presence of ClO
-
, 

the emission of 1.52 is remarkably enhanced. During the course of reaction oximated 2,2′-

bipyridine unit in 1.52 is converted to a carboxylic acid 4′-methyl-2,2′-bipyridine-4-

carboxylic acid (Fig. 1.25b). 

 

Figure 1.26: Oxime based molecules for detection of (a) fluoride; (b) arsenate and (c) 

cyanide anions. 

Oxime based ligands 1.53-1.55 have shown selective colorimetric and fluorescent 

chemosensor for quantification of fluoride ions (Fig. 1.26a).
103 

Fluoride ion is basic in nature 

which abstracts the oxime acidic proton to generate a phenoxide ion and HF2
-
. UV-Vis 

spectroscopic studies of sensors 1.53 to 1.54 in DMSO revealed a significant red-shift from 

310 nm to 395 nm (1.53), 360 nm to 460 nm (1.54) in the presence of TBAF.  

The compound 1.55 has a distinct advantage over the other two molecules 1.53 and 1.54 in 

sensing fluoride ions, as it is able to detect fluoride ions through both emission and 

absorption spectroscopy.
103

  Oxime based compound 5-(hydroxyimino)quinolin-8-one (1.56) 

shows selective interaction with fluoride ions. Formation of supramolecular adducts between 

1.56 and tetrabutylammonium fluoride in solution causes a drastic colour change to cause 

quenching of the fluorescence emission of 1.56.
104

 The compound 1.56 is also able to detect 

zinc ions in the presence of other competitive cations and anions by causing a selective 
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colour change or through distinguishable fluorescence emission changes. Phenolic oximes 

1.57 and 1.58 linked via different aliphatic spacers
105

 exhibit intense and instantaneous colour 

change upon addition of fluoride ion which are clearly discernible by naked eyes. The 

aliphatic spacers create a large different between the two sensing abilities of the 1.57 and 

1.58 in detection of fluoride ion. Such differences cause remarkable change in optical, 

electrochemical properties in recognition study.
105

 

          
Arsenate or arsenite are highly toxic anions, these can cause serious health problems with 

an increased risk of liver, bladder and lung cancer.
106

 Compounds 1.59 and 1.60 (Fig. 1.26b) 

are used in selective and sensitive detection of arsenate or arsenite anions in water, which are 

present as pollutant.
107-108

 These compounds are weakly fluorescent in aqueous medium. But 

in presence of arsenate or arsenite anions emission of 1.59 and 1.60 gradually increases with 

increase amount of arsenate or arsenite anions.  

Among various anions cyanide ions are extremely toxic to living organisms and a trace 

amount of cyanide anions can caused death. Coumarinyloxime-based fluorescent probe 1.39 

(Fig. 1.26c) has ability to distinguish selective and sensitive manner cyanide from other 

anions. Sensor 1.39 has shown highly selective and sensitive response to the cyanide anion 

over other various anions with a submicromolar limit of fluorimetric detection.
109

 These 

examples show that the selectivity of oxime toward anions depends on the structure of the 

oxime derivative or on the signal transduction unit of oxime derivatives. The ability to 

undergo deprotonation of oxime derivatives with a fluorophore or chromphore unit in 

presence of anions and the supramolecular feature of oxime derivatives makes it possible to 

detect and prevent many noxious properties associated with anions. 

1.13: Coordination chemistry of oxime derivatives 

The oximes show amphiprotic behavior due to acidic hydroxyl group and basic nitrogen atom 

present on them. Oximes have played a crucial role in the development of coordination 

chemistry.
110

 In early examples of coordination chemistry of oximes, dimethylglyoxime was 

identified as a strong binding ligand to nickel(II) ion forming stable bis-dimethylglyoximato 

nickel(II)
 
complex.

111
 Oxime or oximato groups can bind to a metal ion in different ways

110
; 

some of the common binding modes of oxime or oximato groups with a metal ion are shown 

in Fig. 1.27.  
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Figure 1.27: Coordination modes of oxime or oximato groups with metal ion.  

Phenolic oximes (1.61-1.63) are used extensively in industry for metal extraction from waste 

streams, mainly for the extraction of copper.
112

 They show remarkable selectivity for 

copper(II) over other metal ions present in solutions together with copper ions. The favorable 

selectivity for copper is due to the fitting of copper ion in the space formed by two hydrogen 

bonded ligands as 1.61a, shown in Fig. 1.28. Another important feature of phenolic oximes is 

their ability to form polynuclear complexes as both the oximate and phenolate groups can 

bridge metals.  

 

Figure 1.28: Some oxime ligands (1.61-1.67) and 1.61a is a copper(II) complex with 1.61. 

Phenolic oximes 1.61 or 1.62 on double deprotonation behave as tridentate bi-nucleating 

ligands, which may be coordinated to the metal ions by nitrogen or oxygen atoms 

participating in the formation of the metallacrown ring. There are plenty of examples on 

polynuclear trivalent metal complexes with oxime 1.61 or 1.62 as ligands  with Fe(III)
113

 or 

Mn(III).
114

 Majority of the polynuclear oxime complex reports include dinuclear,
113a

 

trinuclear,
114

 tetranuclear,
115

 hexanuclear
116 

having
 
azide,

117
 halide,

116 
perchlorate,

114b 
and 

carboxylate
115 

counterions or co-ligands.  

Both compounds 1.61 and 1.62 form metal complexes with transitions metal ion like 

nickel.
118 

Hexanuclear complexes of manganese and iron metal ions with 1.61 and 1.62 

oxime ligands have shown (Fig. 1.29) single-molecule magnet property. Salicylaldoxime-

based [Mn
III

6] complexes with general formula [Mn
III

6O2(O2CR)2(1.61)6(EtOH)4] are 

prepared from reaction of manganese acetate dihydrate  
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and salicylaldoxime (1.61) in ethanol.
119

 The metallic core of manganese complex consists of 

two off-set, stacked [Mn
III

3(µ3-O)(1.61
2-

)3]
+
 triangles where each edge of the triangle is 

bridged by one oximate -N-O- group; thus, creating an oxo-centred {Mn-N-O-}3 ring. 

Magnetic studies revealed S=4 ground states with axial anisotropies of the order D = -1.2 cm
-

1
 and ‘‘moderate’’ energy barriers to magnetization reversal of Ueff = 28 K. Hexanuclear iron 

complex of oxime 1.62 with the general formula [Fe6O2(OH)2(Et-sao)2(Et-saoH)2(O2CPh)6] 

shown in Fig. 1.29b also showed single-molecule magnets property like the hexanuclear 

manganese complex (Fig. 1.29a).
120 

     

(a)                                                     (b) 

Figure 1.29: Hexnuclear (a) manganese(III) and (b) iron(III) complexes of 1.61 and 1.62 

oximes respectively. 

Compound 1.63a formed octametallic Cu(II) wheels on simple reaction with copper(II) salts, 

and also it formed single-stranded hexametallic mixed-metal Na2Cu4 wheel.
121

 Octametallic 

Cu(II) wheels and hexametallic mixed-metal Na2Cu4 wheel of compound 1.63a is the first 

examples of metalo-wheels of this compound. Similarly compound 1.63b formed 

dodecametallic Mn(III) wheel,
122

 and heterometallic complexes with Zn(II) and Ln(III) metal 

ions.
123

 Phenolic oxime based ligand 3-methyloxysalicylaldoxime 1.64 is useful to construct 

3d/4f heterometallic clusters. From this ligand a family of novel heptanuclear [Mn3Ln4] metal 

complexes was obtained and structurally characterized which are represented examples of 

3d/4f clusters.
124

  

Powell and her co-workers have reported heteromettallic complexes of 1.64 with transition 

and lanthanide metal ions with interesting magnetic properties.
125

 3-Dialkylaminomethyl 

substituted salicylaldoxime (1.65) are used as an efficient metal salt extractant. Compound 

1.65 forms a zwitterionic complex with copper(II) and zinc(II) metal salts, where some 

anions like nitrate, tetrafluoroborate and trifluoroacetate are found in outer sphere of the 

complex.
126 

But with halides such as chloride or bromide it formed inner coordinated metal 
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complex, leading to high chloride selectivity and very good mass transport efficiencies of 

copper(II) chloride. 

2-Hydroxy-1-naphthaldehyde oxime (1.66) forms binuclear metal complex with 

manganese(III) having general formula  [Mn
III

2(1.66
2-

)2(1.66
-
)2(MeOH)2].4MeOH.

127
 And 

also it forms hexanuclear manganese complex in presence of naphthalene-1,8-dicarboxylic 

acid as a co-ligand.
128

 Benzoin oxime 1.67 is used to prepare family of decanuclear 

copper(II),
129

 nickel(II)
130

 and manganese (III)
131 

complexes, each showing anti-

ferromagnetic property. Phenolic oxime ligands form different transitions metal complexes 

having various nuclearity are well described by Tasker and co-workers,
132

 where ‘‘metal 

oximate’’ building blocks are used as ligands to synthesize various homo and heterometallic 

paramagnetic complexes. However in coordination chemistry, pyridyl oximes has significant 

role to synthesized transition metal oxime or metal-oximate complexes with various 

nuclearity. Pyridyl oximes (1.68-1.70; R= H, Me, Ph) have significance in synthesise of 

polynuclear transition metal oxime or metal-oximate complexes (Fig. 1.30). The first 

structurally characterized metal complex of pyridine-2-carbaldehyde oxime was 

{Cu3(OH)(SO4)
-
(1.68)3}.

133 
The dianionic species generated from 1.68-1.70 are important as 

chelating and bridging (μ2-μ4) agents.
134

 Compounds 1.68-1.70 form dodecanuclear and 

hexadecanuclear Ni-cluster on simple reaction with NiCl2.6H2O in presence of base.
135

  

 

Figure 1.30: Some heterocyclic oxime derivatives are used as ligands for synthesis of metal 

complexes. 

Methyl 2-pyridyl ketone oxime (1.69) forms heterometallic complexes with zinc(II) and 

lanthanide(III) ions such as [ZnLn(1.69
-
)3(1.69)3]

-
(ClO4)2 or [ZnLn(NO3)2(1.69

-
)3(1.69)]. 

These blue-green complexes show ligand-based photo-luminescence.
136

 The compound 1.71 

is a potential flexidentate pyridyl-azo-oxime, it provides a series of homoleptic complexes 

[Co
III

(L
1-

)3] or [Co
III

(L
1-

)2]ClO4. These complexes have N6 and N4O2 coordination 

environments respectively.
137 

Ligand 1.72, has similar structural feature as that of 2-pyridyl 

oxime, but coordination chemistry of this ligand 1.72 is very limited. It provides example of 
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supramolecular assembly when complexes to ions like silver (I) or copper(I). The crystal 

structure of [Ag(1.72)2](PF6) contains cations that is comprised of two ligands coordinated 

through the 3-pyridyl nitrogen atoms to one silver(I) ion.
138

 In this complex the oxime 

moieties are cis with respect to each other, and cations are linked by complementary O-H···N 

hydrogen bonds that are formed between oxime moieties present on neighboring ligands. 

These interactions generate an infinite 1D chain like assembly. In crystal lattice, the adjacent 

chains are linked by C-H···O hydrogen bonds. But in the crystal structure of [CuI(1.72)]n 

each tetrahedral copper(I) ion is coordinated to three µ3-I
-
 ligands to generate an infinite one-

dimensional assembly. Porous molecular materials are formed as a consequence of oxime 

1.73 coordinating to nickel(II) metal ion.
139 

 

Figure 1.31: one-dimensional tape-like structure of copper(II) adipate complex with 1.73. 

Metal complexes of oxime ligand 1.73 with zinc(II) and cadmium(II) show nonlinear optical 

(NLO) properties.
140

 Polymeric luminescent zinc(II) and cadmium(II) metal aliphatic 

dicarboxylate complexes of 1.72 or 1.73 with are useful for gas adsorption.
141

 The soft nature 

of 1D coordination polymer crystals of copper(II) adipate complex of 1.73 (Fig. 1.31) was 

investigated by nano-indentation study for  mechanical stress in conditions of different 

indentation loading.
142 

Some of the polynuclear metal complexes of ligand 1.74 show single-

molecular magnet proerties.
143

 Ligand 1.74 forms nano-dimensional octadecanuclear  

heterometallic {Cu6Ln12} clusters with assistance of bridging N3
-
 Ligands. Depending on the 

4f-metal ion present in these octadecanuclear complexes some of them shows single-

molecule magnetic behavior with large magnetic entropy changes.
144

  

Dimeric uranium complex of 1.74 [UO2(1.74)Cl]2 is stable in solution as shown by ESI-MS 

spectrometry and NMR spectroscopy.
145

 Ligand 1.74 forms palladium(II) and platinum(II) 

chelate complexes, which shows biological activity.
146

 Pyrazine-2-amidoxime (1.75) is 

another ligand having similarity to oxime 1.68. This ligand has an extra metal binding site to 

form metal complexes with 3d-4f metal ions. It forms decanuclear {Dy4Ni6} cluster with a 

central butterfly-shaped {Dy4(μ3-OH)2} core and six peripheral diamagnetic nickel(II) 

ions.
147

 Different nuclearities metal complexes of nickel(II) or  cobalt(II/III) metal ions are 

formed by indeno-quinoxaline ligand 1.76 (Fig.1.30), in such complexes nuclearities ranges 
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from 3 up to 8.
 
These complexes have shown interesting magnetic properties.

148
 The reaction 

of 8-quinolinol-2-carboaldoxime (1.77) with nickel(II) and lanthanum(III) metal salts 

afforded different heterometallic decanuclear metal complexes and  magnetic studies on these 

complexes reveal an overall anti-ferromagnetic behavior.
149

  

The foregoing discussions have suggested that the oxime functional group or oxime together 

with other functional group is used as ligands for making of metal complexes with different 

nuclearity. The special interests on oxime complexes because of single molecular magnetic 

properties and unusual optical properties associated with many clusters. Porous materials can 

be also successfully generated from complexation of oxime with metal ions and such 

complexes are useful for gas adsorption study. However, many of metal complexes are 

sensitive to cations or anions; hence leave huge scopes to use oxime based molecules to 

explore interesting properties. 

1.14: Scope of the present work 

From the above literature survey it is clear that oxime derivatives not only have wide 

variations of synthons in self-assemblies but also draw special interests from wide modes of 

binding to metal ions. The oxime functional group containing compounds show interesting 

optical properties in solid state.
150

 Oxime derivatives also have great potential in medicinal 

chemistry; it shows high antibacterial and antifungal properties,
151 

high index of antitumor 

activity.
152

 Oxime derivatives can cause several biological effects such as endothelium 

independent relaxation in blood vessels,
153

 increased targeting of specific nucleobases of 

DNA,
154

 and oxidative DNA cleavage.
155 

Metal complexes of oxime based ligands display 

biological activities.
156

 Some metal complexes of oxime derivatives show biological activity 

as well as catalytic activity for organic transformations.
157

 Metal complexes of pyridine-4-

carbaldoxime shows interesting supramolecular assemblies in solid state through weak 

interactions.
158

 It form oxime-oxime dimeric synthons and O-H···O interactions to form a 

dimeric assembled structure (Fig. 1.32). 

 

   

(a)                                                                (b) 

Figure 1.32: (a) and (b) two different oxime synthons in metal complex of oxime derivatives. 
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In metal complex anion are present as counter ions in free or by occupying coordination sites 

of the metal ion. There are several studies on the oxime containing ligands in which the better 

coordinating site of the ligand coordinates with metal ion, while the oxime part remains free. 

In these complexes free oxime group form hydrogen bonds with anions.
159

 The ability of an 

anion to coordinate to a metal ion or remain in uncoordinated depend on the nature of anions 

or hydrogen bonds provided by the ligand. One such example is CF3SO3
2-

 anion, which a 

counter anion of silver(I) metal, remains in the outer sphere of the silver(I) complex but 

involves in O-H···anion interactions (Fig. 1.33).
160 

Hence, by deprotonation of free oxime 

sites of the oxime based metal complexes, one can synthesized higher nuclearity 

heteromettalic metal complex as illustrated in Fig. 1.33b. And also we can use these metal 

complexes as a template for selective or sensitive detection of basic anions.  

     

(a)                                                                       (b) 

Figure 1.33: (a) Anion-oxime interaction in silver(I) complex of 3,3'-bipyridyl ketone oxime 

and (b) Synthesis scheme of polynuclear metal complexes and anionic assemblies from bis-

chelate metal(II) salicylaldoxime complex. 

As mentioned earlier that the oxime functional group has applications in drugs industry, to 

detect chemical war-weapon as well as controlling certain biological processes, hence 

understanding of oxime derivatives in different supramolecular environments would be 

challenging topic in the field of supramolecular chemistry. Self-assemblies of oximes has 

also prospect to develop new materials with interesting optical properties. Another interesting 

aspect of oxime derivatives is they have ability to detect cation and anion. In such cases 

issues related to hydrolytic stability, sensitivity, selectivity, biocompatibility, solubility and 

cost optimization continues to generate new impetus. Thus, our approach would be to 

1. Study supramolecular assemblies based on oxime containing molecules. 

2. Study the self-assemblies of oximes having additional weak interacting sites within the 

molecule or with other molecules that have hydrogen bond ability with oximes. 
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3. To synthesise multi-component cocrystals of oximes having additional functions groups 

to study the thermal stability and molecular recognition properties. 

4. To utilize non-directional properties of anions and cations for construction of different 

non-covalent self-assemblies of oxime derivatives.  

5. Synthesized self-assemblies of metal complexes as well as metal organic frameworks
161

 

of oxime derivatives which selectively interact with anions or cations. 

So, we chose oxime functionalized phenolic or heterocyclic compounds to establish series of 

supramolecular assemblies formed in various conditions and explore some interesting 

structural, optical and thermal properties.  
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2.1.1: Introduction 

Anions regulate various processes in biological systems, bioinorganic or bioorganic 

chemistry and mineralogy.
1
 Anions are highly polarizable hence soft in nature and have 

higher ionic radii in comparison to cations with identical electrons count. Anions are also 

involved in supramolecular assemblies in a variety of ways. They are part of a neutral 

molecule contributing to various hydrogen bonded schemes. In addition to conventional 

hydrogen bonds, anions provide avenues for anion-π interactions, C-H···anion interactions, 

anion-anion interactions. Each of these interactions contributes to overall stability of a non-

covalent self-assembly. Anions also provide avenues for electrostatically assisted hydrogen 

bonds which have higher bond strength. The electrostatically guided hydrogen bonded self-

assemblies have extra stability and they are subject to extensive research. On the other hand, 

supramolecular assemblies formed due to complementary hydrogen bonds provide selectivity 

in binding of a receptor molecule. The directional behaviours of weak interactions play a 

major role in deciding such assemblies. As the anions are associated with different charge or 

size or shape and it depends on the number or location of binding sites available in a receptor 

to form anion-receptor assembly. Anion-receptor binding is very selective in nature. As an 

illustration, few anions and their complementing receptors
2
 are shown in Fig. 2.1.1. 

 

Figure 2.1.1: Some neutral receptors with their complementing anions. 

There are also alternative ways to look at the supramolecular aspects of anions. A specific 

anion is basically a counter ion of the corresponding acid or metal ions. Anions participate in 

weak interaction scheme of neutral or partially protonated receptors. Alternatively anions 

may also have different extent of protonation while participating as a component to form 

supramolecular assembly. Accordingly, a mono-protonated anion differs from di or tri-

protonated anions or the neutral acid. For example, phosphoric acid remains as either mono, 

di or tri protonated species while interacting with receptors in supramolecular chemistry. The 

anions can transform to form cationic or anionic species such as H2F
+
 or HF2

-
, which have 

distinct ways to form hydrogen bonds with a receptor that differ from HF or F
-
.  
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The anions form hydrated or solvated species to participate in formation of hydrogen bonds 

to form different supramolecular assemblies.
3 

Anions may act as base to form self-

assemblies; for example fluoride ion deprotonates or forms strong hydrogen bond with 

receptors to provide fluoride assisted assemblies.
4
 Anions may also be in the form of metal 

complex; in which central metal ion has definite role to guide directional properties of the 

participating self-assemblies.
5
 Based on these processes, specific interactions with the anion 

takes place to show recognition and these recognition processes are reflected in signal 

transductions. Fluoride ion is capable of deprotonating hydroxyl groups and such 

deprotonation of a hydroxyl group directly attached to a chromophore changes colour.
6
 It is 

also well known fact that the hydrogen bond of a receptor with tetrabutylammonium fluoride 

(TBAF) also causes change in colour and such changes are caused specifically by TBAF 

among a series of tetrabutylammonium salts.
7
 It may be noted that there are large numbers of 

receptor molecules show characteristic changes in absorption and emission properties upon 

interactions with fluoride ions and some of which are fluoride specific. But some of them do 

not differentiate fluoride ion from basic anions such as hydroxide and acetate. This is 

primarily due to the mechanism of interactions of fluoride ions with a receptor. A hydrogen 

bonded receptor without getting protonated and participating only in hydrogen bonding is 

suitable for specific detection of fluoride ion. Thus, understanding of self-assemblies formed 

by interactions of a receptor with fluoride ion is important. Since, tetrabutylammonium cation 

bearing fluoride ion is easily dissolve in organic solvents and are well known to form stable 

adducts, they are of general interest.  

    

(a)                                                             (b) 

Figure 2.1.2: 2:1 Cocrystals of (a) 1-naphthaldoximes and (b) 2,6-dimethoxy-1 

naphthaldehyde with tetrabutylammonium fluoride (TBAF). 

Gothelf and his co-workers reported some simple oxime based sensor for selective detection 

of fluoride ion in protic and aprotic solvent.
7
 They determined fluoride assisted assemblies of 

oxime derivatives and typical examples are shown in Fig. 2.1.2. The 2:1 cocrystals formed 

between 1-naphthaldoximes or 2,6-dimethoxy-1-naphthaldehyde oxime derivatives with 

tetrabutylammonium fluoride (TBAF) have O-H···F interactions as the principal hydrogen 
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bond interactions. Furthermore, the fluoride ions interacting with phenolic or oxime 

compounds are well known, but there was no study relating to fluoride assisted assemblies of 

hydroxyaromatic aldoximes. We felt that the understanding of self-assemblies of 

hydroxyaroamtic aldoximes would enable us to understand oxime-oxime and oxime-phenol 

interactions as these two functional groups are weak acids and would compete in forming 

hydrogen bonds among them. Such molecules also would provide chromophoric and 

fluorophoric sites for signal modulation by interacting with anions or neutral molecules. With 

such anticipations, structures and optical properties associated with different supramolecular 

assemblies generated by oximes 2.1.1-2.1.3 (Fig. 2.1.3a) and respective assemblies generated 

by reacting with tetrabutylammonium fluoride (TBAF) are studied. 

      

(a)                                                                (b) 

Figure 2.1.3: (a) Structures of oxime derivatives 2.1.1-2.1.3 and (b) Different form of 

cocrystals or salts of 2-hydroxyphenylaldoxime with TBAF that may be expected from 

interactions of 2.1.1-2.1.3 with TBAF. 

There are different ways to form salts or cocrystals of 2-hydroxybenzaldoxime by interacting 

with a tetrabutylammonium fluoride (TBAF) as shown in Fig. 2.1.3b. Number of such 

possibilities increase when more hydroxyl-groups are introduced to the aromatic ring. There 

is also additional possibility to form fluoride assisted assemblies involving HF2
-
.
8
 This 

chapter deals with self-assemblies of hydroxyaromatic aldoximes 2.1.1-2.1.3 to ascertain the 

role of hydroxyl-groups on aromatic oxime derivatives and understand the ability of these 

oxime derivatives for recognition of fluoride ion or to form self-assemblies assisted by 

fluoride ions.   

2.1.2: Crystal structure of oxime derivatives 2.1.1-2.1.3 

The crystal structure of oxime 2.1.1 was reported earlier.
9
 The self-assembly of oxime 2.1.1 

is comprised of R
2
2(8) type  homosynthons formed through aldoxime C-H

…
O interactions as 

illustrated in Fig. 2.1.4a. But the structure of oxime 2.1.2 or 2.1.3 has shown that it has 

R
4
4(10) O-Haldoxime....O-Hhydroxy heterosynthons similar to the heterosynthons found in the 

structure of the 2-hydroxyphenylaldoxime.
10

 In the self-assembly of the oximes shows 
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intramolecular hydrogen bond of O-H of the 2-hydroxy group with the nitrogen atom of the 

oxime as illustrated in Fig. 2.1.4b.  

    

                                              (a)                                            (b) 

Figure 2.1.4: The dimeric assemblies of the oximes (a) 2.1.1 and (b) 2.1.2. 

Thus assemblies of these compounds differ in the type of interactions present within their 

respective self-assemblies. The dimeric self-assembly of the 2.1.2 has two O-H
…

O 

interactions to stabilise a ten-membered ring. From the stability point of view, the former has 

lower stability for obvious reason of the hierarchy of the bond strength between the O-H
…

O 

interaction over a C-H
…

O interaction. 

2.1.3: Adducts of oximes 2.1.1-2.1.3 with tetrabutylammonium fluoride 

Tetrabutylammonium fluoride (TBAF) forms cocrystals 2.1.1.TBAF (2.1.4) with 2-

hydroxynaphthaldoxime (2.1.1) in 1:1 molar ratio between host and coformer, on the other 

hand, 2,3-dihydroxyphenylaldoxime (2.1.2) forms cocrystal (2.1.2)2.TBAF (2.1.5) with 

TBAF which is in 2:1 ratio. Similar reaction between 2,4-dihydroxyphenylaldoxime (2.1.3) 

and TBAF causes deprotonation of one phenolic hydroxy group of 2.1.3 to form salt 2.1.6  

(Fig. 2.1.5). Structures of cocrystals 2.1.4-2.1.5 and salt 2.1.6 are determined by single 

crystal X-ray diffraction and they are also characterized by other spectroscopic techniques. 

The difference in their molecular compositions are reflected as cocrystal 2.1.4 has 1:1 and the 

other has 2:1 oxime and TBAF molar ratio, which is evident in their elemental analysis and 

integration of protons in 
1
H-NMR spectra. 

 

Figure 2.1.5: Cocrystals of oximes 2.1.1-2.1.2 with TBAF and tetrabutylammonium salt of 

oxime 2.1.3. 
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Whereas, the salt 2.1.6 has 2:1 molar ratio between oxime molecules and TBAF. Each 

cocrystal or salt and oxime derivative is characterized by X-ray diffraction as well as FT-IR 

spectroscopic technique. The FT-IR spectra of oxime derivatives have characteristic peak at 

1620-1632 cm
-1

 for C=N stretching, but on crystallization with TBAF these peaks are shifted 

to 1614-1624 cm
-1

. Similar -OH stretching of oxime functional group show characteristic 

peak at 3313-3454 cm
-1

 which were not found in the crystalline products with TBAF. This 

peak is shifted or disappearance because formation of strong hydrogen bond between oxime -

OH and fluoride anion.  

2.1.4: Anion assisted supramolecular assemblies of oximes 2.1.1-2.1.3 

Solid state self-assembly of cocrystal 2.1.4 has oxime molecules arranged in chain-like 

structures. The chain-like structures are formed along c-crystallographic axis by hydrogen 

bonds bridging oxime molecules by fluoride ions. Each fluoride ion is connected to two 

oxime molecules from two opposite directions. One side of fluoride ion is connected through 

O-H···F interaction involving OH group of oxime functionality. Other side has an O-H···F 

interaction with phenolic hydroxy group and a C-H···F interaction of a hydrogen atom at 

ortho-position to the hydroxy group to form a chelate-like motif. Such interactions inhibit the 

ortho-hydroxy group to form conventional intramolecular hydrogen bond. Carbon-fluorine 

covalent bonds have role in oximes to form cocrystals.
11

 In the present case, we observed a 

weak C-H···F interaction and a O-H···F interactions that contribute to form hydrogen bonded 

cyclic motif. In this particular case, such cyclic motif is more favorable than formation of an 

intramolecular cyclic hydrogen bonded motif which was found in ortho-hydroxyaromatic 

oxime derivatives.
9,10

 Due to the interaction of the phenolic hydroxyl O-H with fluoride, the 

hydrogen atom of this group projects outwards from the oxime group unfavorable for 

intramolecular hydrogen bond.  

   

(a)                                                                      (b) 

Figure 2.1.6: (a) Representation of chain formed through fluoride ions interacting with O-H 

and C-H bond at one end and through OH of oxime at other end and (b) Chain-like 

arrangement of oximes in structure of cocrystal 2.1.4 holding tetrabutylammonium cations in 

between layers (30% thermal ellipsoids in ORTEP diagram).  
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Different weak interactions contributing to form the chain-like structures are shown in Fig. 

2.1.6a. Although oximes can self-assemble to form various catemers, strong participation of 

fluoride ions in hydrogen bond do not allow formation of any of the conventional catemers.
12

 

Hence, it is clear that the fluoride ions does not allow formation of oxime-oxime or oxime-

phenol interactions. In the crystal lattice of cocrystal 2.1.4, tetrabutylammonium ions are held 

between two such chains, which are stabilized by C-H···O and C-H···F interactions. Some of 

the important hydrogen bond parameters are listed in Table 2.1.1. Fluoride ion of cocrystal 

2.1.4 (Fig. 2.1.6b) also interacts with two tetrabutylammonium cations through C-H···F 

interactions. Thus, fluoride ions make a conjugated system for proton transfer by bridging 

two different types of hydroxy groups at two ends of oxime molecules. Structure has 

crystallographically disordered tetrabutylammonium cation, which could not be resolved. 

Table 2.1.1: Prominent hydrogen bond parameters of cocrystals 2.1.4, 2.15 and salt 2.1.6. 

Cocrystals/salt D-H···A dD-H(Å)  dH···A (Å) dD···A(Å) ∠D−H···A (°) 

2.1.4 O(1)-H(1A)···F(1) [-x, 1/2+y, 1/2-z] 0.82 1.74 2.555 173 

C(8)-H(8)···F(1) [1-x, 1/2 +y,1/2 -z] 0.93 2.59 3.468 158 

C(20)-H(20A)···F(1) [x, 1/2 -y,1/2 +z] 

C(14)-H(14A)···O(2) [x, y, z] 

0.97 

0.97 

2.45 

2.70 

3.276 

3.529 

142 

143 

 

2.1.5 

 

 

 

 

2.1.6 

     

O(3)-H(3A)···F(1) [x, -1+y, -1+z] 0.82 1.79 2.579 161 

O(1)-H(1)···F(1) [x, y, -1+z] 0.82 1.74 2.556 171 

O(6)-H(6)···F(1) [1+x, y, z] 

C(30)-H(30A)···O(1) [x, y, z] 

0.82 

0.97 

1.77 

2.63 

2.576 

3.599 

165 

174 

 

O(3)-H(3A)···O(1) [1/2+x, 1/2+ y, z] 

 

0.82 

 

1.90 

 

2.679 

 

169 

 

Cocrystal 2.1.5 is formed between oxime 2.1.2 and TBAF is in 2:1 molar ratio. Composition 

of this cocrystal is also established from integration of proton signals in
 1

H-NMR spectra. The 

1
H-NMR spectra of cocrystal 2.1.5, shows clearly discernible signals from 

tetrabutylammonium cations in aliphatic region due to two sets of methylene proton and 

methyl groups with chemical shifts at 3.5-0.5 ppm; integration of this set of signals 

correspond to one TBAF molecule with respect to two molecules of oxime 2.1.2. The 
1
H-

NMR spectra of the cocrystal is suggestive of a stable self-assembly in solution. Assembling 

process in the solid state in this case is also guided by strong O-H···F interactions, which 

results 4+4 cyclic units between four molecules of oximes with four fluoride ions (Fig. 

2.1.7a). Fluoride ions act as central point to grow such cyclic structures to make 2D rectangle 

like grid arrangements. Lengths of the grid-like structure are shown in inset of Fig. 2.1.7b.  

Each cyclic unit holds tetrabutylammonium cations within them. Two hydroxyl groups and 

two oxime groups from four independent oxime 2.1.2 molecules are involved in O-H···F 

interactions to contribute to coordination environment of fluoride ions in cocrystal 2.1.5 (Fig. 

2.1.7b). Fluoride ions adopt tetrahedral hydrogen bond environment around them.  
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Fluoride ions act as central point to grow such cyclic structures to make grid-like 

arrangements, they assist in encapsulation of tetrabutylammonium cations within the grids 

through weak C-H···O interactions. Thus, this structure provides an example of a fluoride 

assisted assembly to encapsulate tetrabutylammonium cations. Each oxime 2.1.2 molecule 

possesses intramolecular hydrogen bond between nitrogen atom of oxime and hydroxy-group 

present at ortho-position. Thus, presence and absence of intramolecular hydrogen bond 

between hydroxy group and oxime nitrogen is a prime difference in structures of cocrystals 

2.1.4 and 2.1.5. It may be noted that hydroxy group of oxime interacts with fluoride ions
7
 but 

we have dealt with hydroxy-aromatic oximes, of which phenolic hydroxy groups play 

important roles to guide their packing patterns. Hence such a factor makes much different 

packing from a packing present in simple oximes. In both cocrystals 2.1.4 and 2.1.5 

participation of hydroxy group of phenolic part in construction hydrogen bond bridges with 

fluoride ions are observed. 

     

                                (a)                                                                  (b) 

Figure 2.1.7: (a) Representation of fluoride assisted cyclic motif in cocrystal 2.1.5 and (b) 

Encapsulation of tetrabutylammonium cations in fluoride assisted assembly of cocrystal 2.1.5 

(30% thermal ellipsoids in ORTEP diagram). In the inset lengths of grid-like structure. 

The comparison between the structural aspects of these two cocrystals 2.1.4 and 2.1.5 shows 

that one has layered structure encapsulating cations whereas the other has grid-like structure 

encapsulating cations.  In the former case, intermolecular hydrogen bonds are absent but it is 

present in the latter case. Due to additional hydroxyl group with the oxime, oxime-fluoride 

and oxime-phenol interactions are observed in the latter case. 

Reaction of oxime 2.1.3 with TBAF resulted in abstraction of a proton from a hydroxy group 

at para-position of the ring with respect to oxime group to form a salt 2.1.6, which 

crystallized as a cocrystal of oxime 2.1.3. Structure of the salt 2.1.6 determined by single 

crystal X-ray diffraction is comprised of self-assemblies of V-shaped dimeric anionic motifs 

comprised of a mono-deprotonated oxime molecules and a neutral oxime molecule.  
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Such dimeric motifs form chain-like structures and chains interact among themselves to make 

voids to encapsulate tetrabutylammonium cations as illustrated in Fig. 2.1.8a. In the case of 

salt 2.1.6, hydroxyl group present at para-position of phenyl ring with respect to the oxime 

group is deprotonated. It is involved in intramolecular hydrogen bonds to form assemblies. 

This allows formation of intramolecular hydrogen bonds between hydroxyl groups present at 

ortho-position with nitrogen atom of oxime. 2D-rectangular grid-like structure having TBA 

cations within grids is shown in Fig. 2.1.8b. Deprotonated oxime 2.1.3 has strong hydrogen 

bonds between phenolic units through O-H···O hydrogen bonds having electrostatic property 

(Fig. 2.1.8b). Due to this a short donor-acceptor bond distance between O1-H···O1 of 2.47Ǻ 

is observed. Once such assemblies are connected to each other through hydrogen bonds (O3-

H···O1) of oxime group of another molecule, rectangular grid-like structures are formed. 

Alternatively, structures of such grids can be explained as combination of linear chains in two 

different directions to form self-assemblies of anions and neutral oxime molecules.  
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(a)                                                       (b) 

Figure 2.1.8: (a) Diagram to show assemblies of dimeric motif of monoanion and neutral 

oxime 2.1.3 and (b) Encapsulation of tetrabutylammonium cation in anionic assembly of 

oximes in salt 2.1.6 (30% thermal ellipsoids). In the inset lengths of grid-like structure. 

Each chain are perpendicular to each other is linked by hydrogen bond, forming grid-like 

structure. There is difference between grid-like structure in cocrystal 2.1.5 and in salt 2.1.6; 

in the former case electrostatic interactions of fluoride ions are involved which is absent in 

the latter case. The two dihydroxyaromatic aldoximes retain intramolecular hydrogen bonds 

between oxime and phenol. The fluoride assisted assembly of the self-assembly of cocrystal 

2.1.5 is based on oxime-fluoride and phenol-fluoride interactions whereas the salt 2.1.6 is 

guided by phenolate-phenol interactions, which is exceptional.  Fluoride ions are special due 

to their small size and ability to act as a base.
13

 Deprotonation of phenolic compounds by 

fluoride ions are well established
14

 but so far self-assemblies of anionic species generated by 

fluoride ion without being a part is not reported.  
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Self-assembly of cocrystal of a salt formed by assembly of mono-deprotonated oxime 2.1.3 

with a neutral molecule of 2.1.3 generated by fluoride ion without being a part of the 

assembly is exceptional. For hydrogen bonds and short contacts parameters of cocrystals 

2.1.4, 2.1.5 and salt 2.1.6 please see Table 2.1.1 and page 227 of appendix. 

2.1.5: UV-vis spectroscopic studies of oximes 2.1.1-2.1.3 with fluoride ion 

Fluoride ions are very useful to deprotonate hydrogen atom from various groups to cause 

signal transduction. Since in solid state studies different types of self-assemblies of oximes 

are observed, one can anticipate hydrogen bonded assembly in solution to distinguish fluoride 

ions from other anions. Thus a solution study is taken up and it is found that oximes 2.1.1-

2.1.3 interact with tetrabutylammonium fluoride (TBAF), which selectively changes colour 

of the solutions of these oximes. The oximes 2.1.1-2.1.3 has absorption at 351 nm, 269 nm 

and 274 nm respectively. Upon addition of different tetrabutylammonium salts other than 

tetrabuylammonium fluoride to these solutions there is no change in these absorptions. Thus, 

tetrabutylammoinum salts such as chloride, bromide, iodide, acetate, nitrate, bisulphate, 

biphosphate do not change the absorption spectra of oxime derivatives 2.1.1-2.1.3.  

      

                         (a)                                         (b)                                         (c) 

    

                         (d)                                         (e)                                          (f) 

Figure 2.1.9: UV-vis spectra of oxime (a) 2.1.1, (b) 2.1.2, (c) 2.1.3 (10
-5

M) with different 

tetrabutylammonium salts (100 µl of 10
-5 

M) showing fluoride salt only can cause changes in 

absorptions. UV-vis spectroscopic titration of oxime (d) 2.1.1, (e) 2.1.2, (f) 2.1.3 (10
-5 

M) 

with TBAF (0µl-100µl of 10
-5 

M) in dimethyl suphoxide (DMSO).  
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But independent experiments carried out by adding TBAF to compounds 2.1.1-2.1.3 show 

new absorption peak at 410 nm for oxime 2.1.1, shoulder around 371 nm for oxime 2.1.2 and 

336 nm for oxime 2.1.3 respectively (Fig. 2.1.9a-c). Changes in UV-vis absorption of oxime 

derivatives 2.1.1-2.1.3 are observed in corresponding titration carried out with each 

compound by adding solution of TBAF. Increase in concentration of TBAF reduces intensity 

of absorption peak at shorter wavelength while intensity of new absorption at longer 

wavelength increases which are shown in Fig. 2.1.9d-f. Shifts in absorbance to longer 

wavelength are due to formation of stable complex with TBAF through weak interactions, 

while it shows change in colour visibly. Thus, oxime derivatives 2.1.1-2.1.3 is suitable for 

detection of fluoride. Fluoride ions cause deprotonation of phenols
14

 and related compounds 

which helps to detect fluoride ions. On the other hand, there are also examples of hydroxy-

naphthalenes
15

 and hydroxy-anthraquinones
16

 which show colour change on interaction with 

fluoride ions without getting deprotonated. Specific deprotonation by fluoride ions of 

intramolecular hydrogen bonded naphthol derivative was demonstrated earlier.
17

 Metal 

complex of receptors containing several hydroxyl groups show O-H···F interactions
18

 and 

selective colour changes takes place while cocrystals of naphthylaldoxime with fluoride salt 

are formed.
7
 It was earlier suggested

19 
that adduct formation of a fluoride ion versus 

deprotonation of acidic compound by fluoride ions are to be carefully distinguished. In fact 

this is true in the present cases and differences in shift of wavelengths in these cases stems 

from different types of assemblies. An assembly containing no fluoride ion and the neutral 

assembly containing fluoride ions make a wide difference. Accordingly, absorption peak of 

2.1.3 on interaction of fluoride ions appear at 336 nm which is much lower than absorptions 

shown by oximes 2.1.1 and 2.1.2 at 410 nm and 371 nm respectively. Furthermore, the peak 

observed at 336 nm is identical to absorption maximum shown by a solution of the salt 2.1.6, 

hence it can be easily suggested that the peak arises from phenoxide ion. This example 

suggests that fluoride ion can act as substrate to generate new coloured assemblies without its 

participation in the assembly which is generally not observed in sensors for fluoride ions.
20

 

Selective colour change caused by fluoride ions allows easy detection of fluoride by dipping 

a filter paper that is pre-soaked with any of the oxime among 2.1.1-2.1.3 in a solution of 

fluoride ions in DMSO. A series of experiments by independently dipping filter paper in 

different solutions are depicted in Fig. 2.1.10a. It is clear that aqueous solution containing 

fluoride ions only develops yellow colour on these papers. Thus, these oxime derivatives 

2.1.1-2.1.3 have practical utility to test for presence of fluoride ion in water. When a solution 

of TBAF is added to a solution of oxime 2.1.1 in DMSO, it shows fluorescence emission at 
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468 nm on excitation at 320 nm, similar peaks are not observed from solution of 2.1.1 

containing other tetrabutylammonium salts. 

  

(a)                                                         (b) 

Figure 2.1.10: (a) Colour of filter papers pre-soaked with oxime 2.1.1 followed by soaking in 

solutions of different tetrabutylammonium salts and (a) Fluorescence of oxime 2.1.1 in 

DMSO in presence of different tetrabutylammonium salts on exposure to UV-light at 254 nm 

(For each tetrabutylammonium salt, respective anions are shown in figures).  

On the basis of this observation, we have developed a technique to visually detect fluoride 

ions by exposing solutions containing different anions with 2.1.1 by exposing them to UV-

light. Solution containing fluoride ions with oxime 2.1.1, exclusively shows a blue 

fluorescence as illustrated in Fig. 2.1.10b. Thus, oxime 2.1.1 could be used as a fluorescence 

sensor for fluoride ions. Even though oximes 2.1.2 or 2.1.3 are useful in detection of fluoride 

ions by UV-vis spectroscopy, these two oximes are weakly fluorescent, hence are not suitable 

to detect fluoride ions by fluorescence technique. However, tetrabutylammonium hydroxide 

and acetate shows similar changes (Fig. 2.1.17 and 2.1.8, experimental section) to that of 

fluoride ions in the case of 2.1.1 and 2.1.2 but with a lower intensity at 410 nm and 371 nm at 

comparable concentrations. However, no noticeable change was found in UV-vis spectra of 

oxime 2.1.3 with tetrabutylammonium hydroxide and acetate.  

2.1.6: Conclusions 

This study clearly shows that the ability of fluoride ion to deprotonate as well as form 

hydrogen bond can be independently explored to construct self-assemblies of 

hydroxyaromatic aldoximes with fluoride ion. The retention and cleavage of intramolecular 

hydrogen bonded motifs in self-assemblies are guided by the additional hydroxyl group other 

than the one located at the ortho position of these three hydroxyaromatic aldoximes. The 

fluoride-hydroxyl as well as fluoride-oxime hydrogen bonds found in one of the 

dihydroxyaromatic aldoxime suggests that competition between intramolecular hydrogen 

bonds and oxime-phenol interactions exists. These assemblies carry specific optical 

properties and enable to provide information to detect fluoride ions visually and distinguish it 

from other anions. Assembly with or without fluoride ion provided layer or grid like 

structures which encapsulate cations in electrostatically guided hydrogen bonded self-

assemblies.  
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2.1.7: Experimental section 

Synthesis and characterization of oxime derivatives 2.1.1-2.1.3 and their cocrystals or salt: 

Oxime derivatives 2.1.1-2.1.3 were prepared from the respective hydroxy-aromatic aldehyde 

by reacting them with hydroxylamine hydrochloride in presence of pyridine. Typical 

procedure for synthesis of 2-hydroxynapthaldoxime (2.1.1) is as follows: Pyridine (1 mL) 

was added drop wise to a solution of hydroxylamine hydrochloride (0.138 g, 2 mmol) 

dissolved in ethanol (20 mL). Resulting solution was stirred at room temperature for 15 mins 

followed by which 2-hydroxy-1-naphthaldehyde (0.344 g, 2 mmol) was added and continued 

stirring at room temperature for 1 hr. Yellow precipitate of oxime 2.1.1 was obtained from 

the reaction mixture, which was extracted by ethylacetate and water solvent mixture. 

Removal of ethylacetate in a rotavapor yielded oxime 2.1.1. Yield: 82 %. 
1
H-NMR (400 

MHz, DMSO-d6): 11.53 (s, 1H), 9.04 (s, 1H), 8.48 (d, J = 8 Hz, 1H), 7.86 (d, J = 4 Hz, 1H), 

7.84 (d, J = 4 Hz , 1H), 7.52 (t, J = 8 Hz, 1H), 7.37 (t, J = 4 Hz, 1H), 7.21 (d, J = 8 Hz, 1H). 

IR (KBr, cm
-1

):  3331 (br, m), 3013 (w), 2924 (w), 2766 (w), 1947 (w), 1758 (w), 1632 (s), 

1591 (s), 1526 (w), 1464 (w), 1463(m), 1414 (m), 1369 (w), 1310 (m), 1268 (s), 1239 (s), 

1182 (s), 1163 (w), 1143 (w), 1079 (w), 1034 (w), 1014 (s) 938 (s), 878 (w), 854 (w), 814 (s), 

776 (s), 744 (m), 718 (w), 649 (w), 541(w).  Mass (ESI) m/z: 188.0698 (m+1); (Calculated 

exact mass 187.0633 for C11H9NO2). 

 

Figure 2.1.11: 
1
H-NMR (400 MHz, DMSO-d6) of oxime 2.1.1. 

Oxime 2.1.2: Isolated yield: 83%. 
1
H-NMR (400MHz, DMSO-d6): 11.31 (s, 1H), 9.58 (s, 

1H), 9.28 (s, 1H), 8.31 (s, 1H), 6.91 (d, J = 8 Hz, 1H), 6.78 (d, J = 8 Hz, 1H), 6.68 (t, J = 8 

Hz, 1H). IR (KBr, cm
-1

):  3454 (br, m), 1620 (s), 1592 (w), 1478 (s), 1444 (m), 1412 (w), 

1347 (m), 1308 (m), 1285 (m), 1251 (m), 1165 (s), 1075 (m), 1030 (s),  967(s), 850 (s), 

782(s), 744 (m), 727 (m),  626 (s), 566 (w). Mass (ESI) m/z: 154.1049. (Calculated exact 

mass 153.0426 for C7H7NO3). 
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Figure 2.1.12: 
1
H-NMR (400 MHz, DMSO-d6) of oxime 2.1.2. 

Oxime 2.1.3: Isolated yield: 84%. 
1
H-NMR (400MHz, DMSO-d6): 10.95 (s, 1H), 10.09 (s, 

1H), 9.73 (s, 1H), 8.19 (s, 1H), 7.25 (d, J = 12 Hz, 1H), 6.28 (m, 2H).  IR (KBr, cm
-1

): 3363 

(br, m), 1643 (m), 1623 (m), 1598 (w), 1524 (s), 1488 (m), 1446 (w), 1365 (w), 1344 (w), 

1304 (s), 1255 (s), 1208 (s), 1170 (m), 1117 (m), 1003 (s), 973 (s), 957 (m), 933 (w),  857 

(w), 830 (s), 801 (m), 733 (w), 712 (w), 631 (w), 594 (m), 573 (w). Mass (ESI) m/z: 

154.1049; (Calculated exact mass 153.0426 for C7H7NO3).  

 

Figure 2.1.13: 
1
H-NMR (400 MHz, DMSO-d6) of oxime 2.1.3. 

Crystals of cocrystals 2.1.4-2.1.5 and salt 2.1.6 were obtained by slow evaporation of solution 

of respective aldoxime (0.1 mmol) and tetrabutylammonium fluoride (0.1 mmol) in methanol. 

Cocrystal  2.1.4: 
1
H-NMR (400 MHz, CDCl3): 9.10 (s, 1H, H-C=), 8.03 (d, J = 8 Hz, 1H, 

Har), 7.74 (d, J = 8 Hz, 1H, Har), 7.67 (d, J = 12 Hz, 1H, Har), 7.47 (t, J = 8 Hz, 1H, Har), 7.31 

(t, J = 8 Hz, 1H, Har), 7.17 (d, J = 8 Hz, 1H, Har), 3.26 (m, 8H, N-CH2), 1.61 (m, 8H, -CH2-), 

1.39 (m, 8H, -CH2-), 0.97 (m, 12H, -CH2-). There are deuterium exchangeable signals at 2.62 

(s, OH) and 1.5 (s, OH). IR (KBr, cm
-1

): 2959 (s), 2872 (s), 2851 (w), 1783 (w), 1621 (s), 

1594 (m), 1571 (s), 1569 (s), 1431 (s), 1373 (m), 1344 (s), 1306 (m), 1274 (w), 1246 (w), 

1211(w), 1167 (m), 1108 (w) 1074 (w), 1035 (w), 1002 (w), 937 (s), 880 (m), 828 (s), 783 

(w), 760 (m), 668 (w), 582 (w).  

 

Figure 2.1.14: 
1
H-NMR (400 MHz, CDCl3) of cocrystal 2.1.4. 
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Cocrystal 2.1.5: 
1
H-NMR (400MHz, DMSO-d6): 8.30 (s, 1H, H-C=), 6.92 (d, J = 8 Hz, 1H, 

Har), 6.66 (d, J = 8 Hz, 1H, Har), 6.56 (t, J = 8 Hz, 1H, Har ), 3.17 (t, J = 8 Hz , 4H, N-CH2-), 

1.56 (m, 4H, -CH2-), 1.33-1.28 (m, 4H, -CH2-), 0.95-0.91 (m,  6H, -CH3). IR (KBr, cm
-1

):  

2961 (w), 2874 (w), 2723 (w), 1624 (m), 1577 (m), 1515 (w), 1473 (m), 1379 (s), 1321 (s), 

1269 (s),  1243 (w), 1209 (w), 1166 (w), 1108 (w), 1077 (w), 1011 (s),  941 (w), 882 (w), 846 

(s),  780(s), 735(s), 622 (s), 587 (m). 

 

Figure 2.1.15: 
1
H-NMR (400 MHz, CDCl3) of cocrystal 2.1.5. 

Salt 2.1.6: 
1
H-NMR (400MHz, DMSO-d6): 8.16 (s, 2H, H-C=), 7.16 (d, J= 8 Hz, 2H, Har), 

6.28 (s,  4H, Har ), 3.14 (m, 8H, N-CH2-), 1.55 (m, 8H, -CH2-), 1.30 (m, 8H, -CH2-), 0.93 (m, 

12H, -CH3). IR (KBr, cm
-1

):  2965 (m), 2876 (w),  1614 (s), 1515 (m), 1477 (w), 1381 (w), 

1328 (w), 1311 (m), 1267 (w), 1208 (s), 1117 (m), 994 (m), 969 (m), 887 (w), 757 (w), 733 

(w), 651 (w), 576 (m), 506 (m). 

 

Figure 2.1.16: 
1
H-NMR (400 MHz, DMSO-d6) of salt 2.1.6. 

 

     

(a)                                          (b)                                        (c) 

Figure 2.1.17: UV-vis spectroscopic titration of oxime (a) 2.1.1, (b) 2.1.2, (c) 2.1.3 (10
-5

M) 

with TBAOAc (0µl-100µl of 10
-5 

M) in dimethylsuphoxide (DMSO). 
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(a)                                       (b)                                     (c) 

Figure 2.1.18: UV-vis spectroscopic titration of oxime (a) 2.1.1, (b) 2.1.2, (c) 2.1.3 (10
-5 

M) 

with TBAOH (0µl-100µl of 10
-5 

M) in dimethylsuphoxide (DMSO). 
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2.2.1: Introduction 

Physico-chemical properties associated with  self-assemblies have contributed significantly to 

material sciences.
1
 Conformers in self-assembled structures are important to guide self-

assemblies formed through non-covalent interactions.
2 

Among different self-assemblies 

dendritic assemblies have interest in nano-sciences,
3
 thus and there is definite need to 

generate new dendrimer-like non-covalent assemblies. Dendritic molecules
4
 and dendritic 

guest interacting
4a

 with host to form dendrimer-like aggregates are known and there is 

definite possibilty to study such assemblies through crystal enginnering approach. Directional 

properties of the weak interactions and conformation adjustments
5
 have a constructive role or 

be a barrier for construction of a desired assembly. Local effects such as interactions of 

solvent and ions with a substrate are common factors to guide selective orientations of a 

molecule while crystallisation.
5
 Crystal engineering approach helps in studying self-assembly 

of multi-functional compounds such as tetracarboxylic acids;
6 

but dendrimer-like non-

covalent assemblies of polyfunctional compounds requires more efforts to make a headway. 

Anions may be used as connects
7
 and the coordination effect of anions plays role in non-

covalent synthesis. Two types of receptors are generally found in anion assisted assemblies; 

they are protonated and neutral receptors.
7
 Neutral oximes form hydrogen bonds with anions 

and they behave as  donor or acceptor for hydrogen bonds.
8
 As mentioned that the 

conformation plays role in self-assemblies syn or anti conformers of aldoximes are well 

known for control of reactivity of oximes.
9
 Specific conformer of certain oximes

10
 are

 

efficient as neurotoxic agent. Oximes form assemblies suitable for molecular recognition.
11 

Hence, there is need to explore the assemblies of oximes.
12 

 Such studies will also enhance  

understanding on the role of anions to generate well defined packing patterns.
13 

Cocrystals 

with multiple numbers of oxime functional groups provide avenues to study O-H···anion 

interactions suitable to synthesise multi-component assemblies. Due to such factors and 

directional coordination behaviour of anions, specific conformers of host molecules in such 

assemblies may be possible.  

1,3-Benzenedialdoxime
12a 

(2.2.1) has three hydrogen bonding sites whose orientations decide 

geometry of a conformer. Several conformers may arise from the orientations of the active 

hydrogen atoms of this molecule (Fig. 2.2.1a). The dispositions of the functional groups 

across C=N bonds (Fig. 2.2.1b) also causes different geometries of this molecule. The 

orientations of the C-H(oxime) across the phenylene ring causes different structural changes 

depicted in Fig. 2.2.1c.  
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Thus beyond syn-anti forms I-III there are other sub-sets of conformers like IV-V (Fig. 

2.2.1c). Conformers like anti-anti and H-out-out are apparently identical but may have 

differences from the projection of the O-H bonds. 

  

Figure 2.2.1: Some conformers of oxime 2.2.1 due to orientations of (a) O-H bonds, (b) 

functional groups across C=N bonds and (c) across phenylene unit. (Dotted circles represent 

the sites under consideration). 

The conformers due to inward or outward orientations of the C-Hoxime across the phenylene 

unit would control the directional properties of non-covalent interactions associated with the 

oxime. The conformations of the host molecules in various non-covalently linked self-

assemblies contribute to their better understanding.
14 

We explored the conformers from 

different orientations across oxime groups and their role in formation of dendrimer-like non-

covalently linked self-assemblies of oxime 2.2.1 by utilizing coordination effect of anions. 

2.2.2: Adducts of oxime 2.2.1 with different tetrabutylammonium salts 

In solid state oxime 2.2.1, it adopts anti-anti conformer
11a

 (I, of Fig. 2.2.1b); alternatively, it 

may be described to possess H-out-out conformer (IV of Fig. 2.2.1c). It reacts with 

tetrabutylammonium hydroxide to form cocrystal 2.2.2. This cocrystal is comprised of a 

tetrabutylammonium cation, mono-deprotonated oxime anion along with a molecule of 

neutral oxime 2.2.1.  

 

Scheme 2.2.1: Different cocrystals of oxime 2.2.1 with different tetrabutylammonium salts. 
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While with terabutylammonium chloride (TBACl) it forms a hydrated 2:1 cocrystal 2.2.3, but 

with tetrabutylammonium fluoride (TBAF) it forms an anhydrous 2:1 cocrystal 2.2.4 

(Scheme 2.2.1). Cocrystal 2.2.2 has both anionic and neutral oximes in H-out-in 

conformations; but cocrystal 2.2.3 has two oximes in H-out-in conformations; whereas 

cocrystal 2.2.4 has one oxime with H-out-out and other H-out-in conformation. 

2.2.3: Supramolecular assemblies of oxime 2.2.1 and cocrystals 2.2.2-2.2.4 

The solid state self-assembly of oxime 2.2.1 has R2
2
(6) hydrogen bonded cyclic motifs 

possessing O-H···N hydrogen bonds.
12a

 Due to such motifs one-dimensional chain-like 

structures (Fig. 2.2.2a) are observed. Asymmetric unit of the cocrystal 2.2.2 contains a 

tetrabutylammonium cation, a mono-deprotonated oximate anion and one neutral oxime 

molecule. The oxime molecules and the oximate molecules are connected by O-H···O bonds 

which contribute to the self-assembly of the cocrystal 2.2.2. Considering the anionic side of 

the mono-anionic oximate as head and the oxime end as tail, two mono-anionic oximates 

form dimeric sub-assemblies which are held to each other in a head to tail fashion. These 

hydrogen bonded dimeric sub-assemblies have R2
2
(7) graph set notation.

15
 They are formed 

by C-H···N and O-H···O interactions. For hydrogen bonds and short contacts parameters of 

cocrystals 2.2.2-2.2.4 please see page 227 of appendix. 

   

(a)                                                                     (b) 

N O

HN

O

NO

H

N
O H

N O

HN

OH

NO
H

N

O

N O
H

N

O

arrangement of rings

 

                                        (c)                                                                (d) 

Figure 2.2.2: (a) Chain-like structure of oxime 2.2.1; (b) Self-assembling between oxime and 

oximate anion in cocrystal 2.2.2; (c) Representation of anionic part of self-assembly of 

cocrystal 2.2.2 inset is chains of ring-like assemblies (cations are not shown for clarity); (d) 

Layered structure found in cocrystal 2.2.2 (30% thermal ellipsoids in ORTEP diagram). 
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Such hydrogen bonded dimers of anions interact with two neutral oxime molecules at two 

ends via O-H ··O interactions (Fig. 2.2.2b). The two ends of these dimeric sub-assemblies are 

bridged by neutral oxime molecules to form cyclic dimeric sub-assemblies across two sides 

(Fig. 2.2.2c). Dimeric sub-assemblies are in alternative positions to form chain-like 

arrangement of two different cyclic motifs. The anionic part of self-assembly has layered 

structure where tetrabutylammonium cations are (Fig. 2.2.2d) held. We observe that the 

alternate cyclic units are held by N-O
-
 through bifurcated or trifurcated hydrogen bonds. This 

may be attributed to the ability of oxyanion to hold two hydrogen bonds. The bifurcated 

hydrogen bonds in N-oxides have found utility in construction of predesigned non-covalent 

synthesis.
16

 Hence, cyclic motifs guided by electrostatic contribution of N-O
-
 bonds to 

generate patterns like alternate macrocycles type arrangements. The packing pattern of these 

motifs may be considered to be analogous to cyclic unit present in metallacycles of 

covalently linked systems.
17a-b

 Conformation of a molecule guides architecture of a self-

assembly;
18 

whereas, resurge on multi-component systems necessitates a systematic 

understanding of such factors.
19

 Generally, energy required for a conformation change can be 

of the order of 1-8 kcal/mole and this is comparable to the energy of a weak hydrogen bond.
20

 

Flexiblity due to multiple numbers of methylene groups in the chain of tetrabutylammnonium 

cation may also influence conformational change during crystallisation.  

    

      (a)                                                (b)                                  (c) 

Figure 2.2.3: (a) Anion coordination environment in cocrystal 2.2.3 (a proximal cation is also 

shown); (b) Sub-assembly of oxime 2.2.1 within self-assembly of cocrystal 2.2.3; (c) First 

generation dendrimer-like self-assemblies of cocrystal 2.2.3 (cations are not shown for 

clarity); inset is the representation of combination of dimeric sub-assemblies of ring and 

monomeric dioximes connected to fluoride ions (30% thermal ellipsoids in ORTEP diagram). 

But, cocrystals in the present study are cation specific, for example we did not obtained 

similar cocrystals with tetramethylammonium or ammonium cation. Thus, two 

conformationally dissimilar units with very close energy differences crystallised as cocrystal 

2.2.2 to meet those synergic effects. Tetrabutylammonium fluoride formed a three component 
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cocrystal 2.2.3 with oxime 2.2.1 having a composition (2.2.1)2.(TBAF). The asymmetric unit 

of this cocrystal contains two neutral oxime 2.2.1 molecules and a tetrabutylammonium 

fluoride. In this cocrystal oxime 2.2.1 molecules are in H-out-in orientations. In this cocrystal 

one fluoride ion form three strong hydrogen bonds with three hydroxy group of oxime unit 

via O-H···F interactions (Fig. 2.2.3a). The H···F bonds are strong as evident from the 

hydrogen bond distances, which are in the range of 1.64-1.71 Å. These distances are shorter 

than the conventional H···F distance which is 1.96 Å. The self-assembly of two oxime 

molecules has R2
2
(20) hydrogen bonded cyclic motifs formed via O-H···O interactions (Fig. 

2.2.3b). Among the three coordination sites in trigonal planar geometry
21

 adopted by each 

fluoride ion; two sites are connected to two independent oxime molecules and rest is 

connected to a hydrogen bonded sub-assembly formed between two oxime molecules. 

Anionic part is a dendrimer-like self-assembly possessing cyclic hydrogen bonded sub-

assemblies and discrete oxime molecules connected in regular manner. Tetrabutylammonium 

cations are accommodated in the interstitial concave spaces. The representation of the 

structure of the anionic part of the assembly without the cations is shown in the Fig. 2.2.3c; 

inset of the figure is the model arrangement of the assembly. The biggest challenge in 

dendrimer synthesis is to continue uniformity in the repeat units.
19

 In conventional synthetic 

chemistry, bringing together cyclic and open chain compounds to connect to a common point 

involves multiple steps and is often difficult. The fluoride assisted dendrimer-like assembly 

reported here represents connectivity of cyclic and linear motif tethered by fluoride ions 

providing robust uniform arms. Semi-rigid protonated derivatives such as nicotinamides 

show conformational adjustments
22 

but in the present case changes are brought about by 

anion on neutral oximes keeping the compositional integrity of the host. To check phase 

purity of each cocrystal, powder XRD patterns of the bulk sample of cocrystal 2.2.2-2.2.4 

were recorded and they were compared with the powder XRD pattern generated from the CIF 

file of the single crystal data. They show matching of the all the prominent peaks showing the 

integrity on the presence of one type crystals in bulk sample.  

The multi-component cocrystal 2.2.4 has a composition (2.2.1)2.(TBACl).H2O. The cocrystal 

2.2.4 is a hydrate whereas cocrystal 2.2.3 is anhydrous. Two oxime molecules of the cocrystal 

2.2.4 comprise of different conformers; one of them is H-out-out and other is H-out-in. Self-

assembly of two conformationally similar oxime molecules form R2
2
(6) type hydrogen bond 

cyclic motifs. The sub-assemblies of dimer of H-out-out  oximes interact by C-H···O 

interactions with other sub-assemblies of dimers constitued by H-out-in  conformers (Fig. 

2.2.4a). Each chloride ion form three hydrogen bonds with hydroxy groups of oximes. 
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Accordingly, one chloride ion interact with three oxime molecules through O-H···Cl 

interactions to construct the distorted trigonal bipyramidal (tbp) geometry. Such distorted tbp 

geometry is generally choice of chloride ions in hydrogen bond environments.
21

 The 

assembly can be explained by Ettter’s rule
15

, as strongly O-H···Cl hydrogen bonds are 

formed to satisfy the three coordinated distorted tbp geometry around each chloride ion as 

higher priority. Each water molecule interacts with three oxime molecules through O-H···N 

and O-H···O interactions. Self-assembly (Fig. 2.2.4b) is thus assisted by chloride ions and 

water molecules. Due to the difference in the size and electronegativity between chloride and 

fluoride ion, packing patterns in respective assemblies are affected. The self-assembly 

assisted by chloride ions required help of water molecules to make up the packing difference 

caused by size. This caused wide differences between the self-assembly between cocrystal 

2.2.3 and 2.2.4. Water molecules act as bridge to connect the nitrogen atoms of two oxime 

groups of independent molecules at the connecting points of the oximes to chloride ions. 

Such bridges are formed by two O-H···N bonds in each junction. Overall, the self-assembly 

is formed by chloride ions as pivots to generate dendrimer-like arrangement (Fig. 2.2.4c). 

Dendrimer-like arrangement is grown by interactions of three OH of three independent oxime 

molecules with one chloride ion, which completes the first generation dendrimer-like 

assembly.  

     
                       (a)                                                                (b) 
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Figure 2.2.4: (a) Self-assembly of 2.2.1 in cocrystal 2.24; (b) Anion and water assisted 

assembly of oxime 2.2.1 in cocrystal 2.2.4; (c) A part of dendrimer-like assembly of cocrystal 

2.2.4 providing space for TBA cations in cocrystal 2.2.4; (d) TGA of the cocrystal 2.2.4 

(heating rate 10°C/min) (30% thermal ellipsoids in ORTEP diagram). 
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Similar building around all the chloride ions on other ends of the first generation unit leads to 

the second generation. The interactions with water molecules allow formation of cyclic 

hydrogen bonded sub-assemblies as illustrated in Fig. 2.2.4c. The overall self-assembly form 

well defined cavities to hold the tetrabutylammonium cations. Thus, in this case water 

molecules also assist in encapsulation of cations. Inclusion of water in the cocrystal 2.2.4 

apparently modifies the uniform dendrimer-like assembly present in the cocrystal 2.2.3. The 

thermal stability of cocrystal 2.2.2 and cocrystal 2.2.3 were determined by thermogravimetry 

which showed them to be unstable above 200 °C. Whereas, support for the presence of water 

molecules in the cocrystal 2.2.4 was apparent in thermogram showing a weight loss in the 

region of 100-110°C (Fig. 2.24d) due to loss of water molecule. Examinations of the 

assemblies showed that H-out-out and H-out-in conformers were present in the hydrogen 

bonded motifs of these cocrystals. In the self-assemblies of the cocrystal 2.2.3 and cocrystal 

2.2.4 the coordination environment of anions are similar (Fig. 2.2.3a and Fig. 2.2.4b) each 

has distorted trigonal geometry. The packing differences in the two cocrystals originate from 

the size of anions and hydration. Defining ΔX...O as the difference between dCl…O of the 

cocrystals 2.2.3 and similar dF…O distance in cocrystal 2.2.4; ΔX...O1 = 0.481Å, ΔX...O2 = 

0.511Å, ΔX...O3 = 0.503Å. This difference helps to generate more spaces among the directly 

hydrogen bonded oxime molecules connecting the chloride in the case of cocrystal 2.2.4. As 

a result of this convulsion in arrangement of molecules, a water molecule is accommodated 

between two oximes connected to a chloride, and helps in the conformational adjustments to 

show two different conformers in the case of chloride assisted assembly. Alternative 

explanation is also possible by invoking the H···F and H···Cl bond strengths. Generally 

H···F bonds are stronger than H···Cl, thus former will provide better opportunity to the 

conformer namely oxime molecules while forming the cocrystals. Thus in the case of fluoride 

cocrystal stretch geometry is preferred whereas in chloride case two conformers are found in 

the lattice. 

2.2.4: Gas phase DFT calculation and 
1
H-NMR studies 

A DFT calculation using as B3LYP functional with 6-31+G (d,p) basis set have revealed that 

the difference between the H-out-out and H-out-in are comparable and energetically latter is 

more stable by 0.168 kcal/mole. On the other hand, the HOMO-LUMO gap of the two 

conformers is very close to make a distinction in UV-spectra. The energy difference being 

smaller as compared to hydrogen bond energies which lie between 5 to 20 kcal/mole (Fig. 

2.2.12); Thus, it should not be possible to distinguish in solution at ordinary conditions. This 

is reflected in the 
1
H-NMR spectra of oxime 2.2.1 independently recorded in CD3OD, 
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CD3CN, DMSO-d6 and acetone-d6 (Fig. 2.2.13). The signals observed in 
1
H-NMR spectra in 

all these solvents were identical except in the positions of chemical shift of the O-H protons.  

 

(a)                                        (b)                                        (c) 

Figure 2.2.5:  
1
H-NOESY spectra (600MHz, Acetone-d6) of (a) oxime 2.2.1 and cocrystal (b) 

2.2.3 and (c) 2.2.4. 

The OH signal appeared at 9.09, 10.44 and 11.30 ppm in CD3CN, DMSO-d6 and acetone-d6 

respectively. However, in CD3OD the signal of O-H merged with the residual OH peak of 

solvent. This suggested that the interactions of the labile OH protons on oxime groups with 

different solvents are different. We have compared 
1
H-NOESY spectra of the cocrystal 2.2.3 

and cocrystal 2.2.4 with respective 
1
H-NOESY spectra of oxime 2.2.1 (Fig. 2.2.5). Other than 

the exchange of the labile protons of the oxime groups with water molecules present with the 

deuterated solvent, no other NOE effect was observed. Titrations of oxime 2.2.1 with TBACl 

showed no change in peak positions other than the OH peak. However, peak positions of 

aromatic protons of oxime 2.2.1 were shifted at high concentration of TBAF (Fig. 2.2.14, 

experimental section). Careful observation has revealed that at 0.5 mole equivalent of TBAF 

did not affect the spectra of oxime 2.2.1. Since cocrystal 2.2.3 is 2:1 ratio of oxime 2.2.1 and 

TBAF, this experiment also could not distinguish conformational change in solution.  

2.2.5: FT-IR and Raman spectroscopic studies 

IR spectra and  Raman spectra of oxime 2.2.1 and cocrystals (Fig. 2.2.6a-b) were recorded to 

see distinctions among them. Raman spectroscopy is identified to be an important tool to 

study solid state conformation in polymorphs.
23

 Oxime 2.2.1 has O-H bond stretching 

vibration in IR-spectra at 3258 cm
-1 

and it also has C-H vibrations at 3000-2950 cm
-1

. In the 

cocrystals 2.2.2 and 2.2.3, the O-H stretches are broad, but due to the water molecule in the 

cocrystal 2.2.4 there is a sharp O-H stretch at 3190 cm
-1

.
 
 IR spectra of cocrystals 2.2.2-2.2.4 

have sharp signals for C=N stretching in the range of 1480-1491 cm
-1

 (Fig. 2.2.6a). Raman 

spectra (Fig. 2.2.6b) showed distinct features in each case in the region 1530-1685 cm
-1

. Due 

to H-out-out orientation of oxime 2.2.1, it showed two absorptions at 1626 cm
-1 

and 1599 cm
-
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1
. These peaks are attributed to C=N stretch based on the Raman absorptions reported for 

aromaticaldoximes.
24

 Cocrystals showed more numbers of Raman peaks in this particular 

region than 2.2.1. More precisely, cocrystal 2.2.2 has showed a peak at 1537 cm
-1

; this peak is 

additional to the peaks at 1648 cm
-1 

1608 cm
-1

 and 1582 cm
-1

. 

     

(a)                                                     (b) 

Figure 2.2.6: (a) FT-IR and (b) Raman spectra of (i) oxime 2.2.1; (ii) Cocrystal 2.2.4; (iii) 

Cocrystal 2.2.3 and (iv) Cocrystal 2.2.2. 

Similarly, cocrystal 2.2.3 has Raman absorptions at 1685 cm
-1

, 1604 cm
-1 

and 1530 cm
-1

. 

Whereas, similar sets of peaks for cocrystal 2.2.4 at 1628 cm
-1 

and 1603 cm
-1 

which are 

similar to 2.2.1 and an addition peak at 1539 cm
-1

 was observed. The common point among 

the conformers of the cocrystals is the H-out-in orientation of one oxime molecule in each 

case. Thus, the signal at 1537cm
-1

 of cocrystal 2.2.2, 1530 cm
-1 

of cocrystal 2.2.3 and 1539 

cm
-1 

of cocrystal 2.2.4 are attributed to the contribution from H-out-in conformer. Another 

common peak observed in Raman for all these cases occurs at 1005 cm
-1

 due to N-O 

stretching. 

2.2.6: Conclusions 

Several hydrogen bonded cyclic synthons in dioxime cocrystals are identified (Fig. 2.2.7) 

suggesting that conventional hydrogen bonded R2
2
(6) type motif of oxime 2.2.1 got modified 

to R2
2
(7) type in cocrystal 2.2.2. In fluoride assisted self-assembly of cocrystal 2.2.3 robust 

dimeric sub-assemblies formed by O-H···O interactions between two oxime molecules, 

whereas in chloride assisted assembly of cocrystal 2.2.4 R2
2
(8) synthons were observed. The 

multi-component cocystals 2.2.2-2.2.4 has dissimilar motifs; suggests role of anions to guide 

packing patterns. Hydrogen bond motifs in the cocrystals are formed as per hierarchy of the 

bond strengths availing good donors and acceptors to follow Etter’s rules.
15

 Bifurcated 
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hydrogen bond of N-O
-
 provides the connectivity between cyclic motifs in cocrystal 2.2.2 to 

make chain-like hydrogen bonded arrangements. 

    

                                            (a)                                                 (b) 

             
N

O
H N

O
H

N
O

HN
O

H

H

H

R2
2(8)

 

                                           (c)                                          (d)  

Figure 2.2.7: Hydrogen bonded cyclic motifs found in the self-assemblies of (a) oxime 2.21; 

(b-d) cocrystals 2.2.2-2.2.4. 

Robust cyclic sub-assemblies within the self-assembly guided by strong O-H···F bonds in 

cocrystal 2.2.3, adds value to utility to stabilize cyclic hydrogen bonded motifs of robust 

molecules. Combination of H-out-out and H-out-in conformers are found in cocrystals 2.2.4, 

where the self-assembly has water molecules acting as fillers of dendrimer-like structure. 

Observation of H-out-in conformers in the cocrystals which is not present in 2.2.1 is 

attributed to built-up of large ensembles to stabilize TBA cations. This study on generating 

dendrimer-like packing patterns from anion guided assemblies of neutral host molecules 

opens up new avenues for multi-component cocrystals from another perspective. 

2.2.7: Experimental section 

Synthesis and characterization of oxime 2.2.1 and cocrystals 2.2.2-2.2.4: 

Oxime 2.2.1 was prepared by reported procedure.
12a

 Slow evaporation of solution of oxime 

2.2.1 (16.5 mg, 0.1 mmol) and corresponding tetrabutylammonium salts (namely hydroxide, 

fluoride or chloride) (0.1 mmol) in mixture of solvents comprising of methanol and acetone 

(20 ml, 1:1, v/v) yielded crystals of corresponding cocrystals. 

 

Figure 2.2.8: 
1
H-NMR (600 MHz, DMSO-d6) of oxime 2.2.1. 
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Cocrystal 2.2.2: Isolated yield: 70 %. 
1
H-NMR (600 MHz, DMSO-d6): 8.14 (s, 4H), 7.78 (s, 

2H), 7.43 (d, J = 7.2 Hz, 4H), 7.31 (t, J = 7.8 Hz, 2H), 3.15 (m, 8H, N-CH2), 1.56 (m, 8H, -

CH2-), 1.30 (m, 8H, -CH2-), 0.93 (m, 12H, -CH2-). IR (KBr, cm
−1

): 2961 (s), 1481 (s), 1420 

(w), 1383 (s), 1170 (s), 1082 (w), 1059 (s), 970 (s), 947 (s), 893 (w), 844 (s), 792 (s), 729 

(w), 696 (s), 679 (s), 644 (s), 508 (s). 

 

Figure 2.2.9: 
1
H-NMR (600 MHz, DMSO-d6) of cocrystal 2.2.2. 

Cocrystal 2.2.3: Isolated yield: 71 %. 
1
H-NMR (600 MHz, DMSO-d6): 11.32 (s, 2H), 8.15 (s, 

4H), 7.80 (s, 2H), 7.59 (d, J = 7.8 Hz, 4H), 7.43 (t, J = 7.8 Hz, 2H), 3.17 (m, 8H, N-CH2), 

1.56 (m, 8H, -CH2-), 1.32 (m, 8H, -CH2-), 0.94 (m, 12H, -CH2-). IR (KBr, cm
−1

): 3190 (br, 

m), 2961 (s), 1483 (s), 1382 (m), 1300 (s), 1261 (s), 1171 (s), 1155 (w), 1084 (w), 971 (s), 

884 (s), 843 (s), 795 (s), 722 (s), 682 (s), 666 (s), 509 (s). 

 

Figure 2.2.10: 
1
HNMR (600 MHz, DMSO-d6) of cocrystal 2.2.3. 

Cocrystal 2.2.4: Isolated yield: 74 %. 
1
H-NMR (600 MHz, DMSO-d6): 8.09 (s, 4H), 7.76 (s, 

2H), 7.52 (d, J = 7.8 Hz, 4H), 7.38 (t, J = 7.2 Hz, 2H), 3.15 (m, 8H, N-CH2), 1.56 (m, 8H, -

CH2-), 1.30 (m, 8H, -CH2-), 0.93 (m, 12H, -CH2-). IR (KBr, cm
−1

): 2962 (s), 1482 (s), 1420 

(s), 1382 (s), 1324 (m), 1303 (s), 1167 (s), 973 (s), 952 (m), 908 (w),  882 (s), 841 (s), 798 

(s), 737 (w), 696 (s), 683 (w), 670 (m), 644 (s), 500 (s). 
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Figure 2.2.11: 
1
H-NMR (600 MHz, DMSO-d6) of cocrystal 2.2.4. 

 

 

Figure 2.2.12: HOMO and LUMO gap in two conformers of oxime 2.2.1, calculated by DFT 

using B3LYP/6-31+G (d,p) as basis set. 

 

Figure 2.2.13: Solvent dependent 
1
H-NMR spectra of oxime 2.2.1 in (i) DMSO-d6, (ii) 

Acetonitrile-d3, (iii) Acetone-d6 and (iv) Methanol-d4. 
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(a)                                                                    (b) 

Figure 2.2.14: 
1
H-NMR (Acetone-d6) spectra during titration of oxime 2.2.1 with tetrabutyl 

ammonium (a) chloride and (b) fluoride using (i) 0.0, (ii) 0.5, (iii) 1 (iv) 1.5, (v) 2 

equivalents. 

     

(a)                                           (b)                                        (c) 

Figure 2.2.15: PXRD of cocrystal (a) 2.2.2, (b) 2.2.3 and (c) 2.2.4 (Red = Experimental, 

Black = Simulated), Simulated pattern generated from CIF file. 

     

(a)                                                   (b) 

Figure 2.2.16: TGA of Cocrystal (a) 2.2.2 and (b) 2.2.3. 
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Recognition of Aggregation Induced Emission Active Oxime Derivatives 
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3.1: Introduction 

In supramolecular chemistry recognition of a molecule means specific and selective 

interactions between two or more molecules through non-covalent interactions to form a 

stable host-guest complex.
1
 There are different approaches useful to study molecular 

recognition; spectroscopic titrations, determination of binding constants, thermodynamic 

parameters, morphology study and crystal engineering are some conventional means. 

Generally, properties of host-guest complexes are different from the original properties 

associated with individual host or guest molecules.
2
 On the other hand, while a host molecule 

interact with a specific guest molecule significant and distinguishable signal transductions 

may take place. Among various spectroscopic tools fluorescence spectroscopy is a very 

sensitive process.
3
 The advantage of the fluorescence emission is reflected on large intensity 

or wavelength shifts due to change in weak interactions among hosts, guests, host-guest, and 

solute-solvent interactions.
4
 The changes in emission on host-guest binding passes through 

different mechanisms as photo-induced electron transfer (PET),
5
 excited state intramolecular 

proton transfer (ESIPT),
6
 forster resonance energy transfer (FRET),

2
 internal charge transfer 

(ICT),
7
 chelation enhanced fluorescence (CHEF)

8
 etc. Among them photo-electron transfer 

mechanism is one of the very conventional mechanism which results in enhancement or 

quenching of emission.
5
 On the other hand, exciplex and excimer formation are also common 

to cause changes in the emission of aromatic molecules.
9 

The conventional fluorescence 

processes contributing to emission changes are shown in scheme 3.1. There are also other 

mechanisms such as aggregation induced emission that contribute to fluorescence changes.
10

 

Aggregation induced emission (AIE) enhancement as well as quenching are common 

phenomenon of fluorophoric compounds that can easily form aggregates.
10

 

 

Scheme 3.1: Emission changes through photo-induced electron transfer (PET) mechanism. 

Generally, π-stacked compounds cause fluorescence quenching but in AIE active 

fluorophores the fluorescence enhances under appropriate conditions with or without 

interactions with a substrate participating in aggregation. Molecules that show AIE emission 

are useful in various fields such as optoelectronics, sensors, probes.
11  
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Interplay of weak interactions and conformations of a fluorophore play important roles in 

aggregation induced emission.
12

 The mechanistic aspect of AIE are related to weak 

interactions and factors like conformational changes, geometrical changes, self-assembling, 

weak interactions, orbital symmetry.
13

 Fluorescence properties of naphthalene derivatives are 

utilized to recognize cis- or trans-isomers
14

 and biologically important metal ions.
15

 

Fluorescence emissions of certain hydroxy-aromatic imines are influenced by supramolecular 

environments due to keto-imine inter-conversion.
16 

Quaternary ammonium salts influence 

fluorescence properties of hydroxy-aromatic compounds.
17

 These literatures suggest 

possibilities to suitably arrange molecules through hydrogen bonds to achieve aggregation 

induced emission from compounds having naphthalene unit tethered or directly connected to 

a unit for weak interactions such as hydrogen bonds.
18

 In this regard, hydroxy-aromatic 

oximes are suitable to form inter or intra molecular hydrogen bonds involving hydroxy-

groups as well as to act as templates for π-interactions. Interplay of the weak interactions 

involving hydroxy-groups on hydroxy-aromatic aldoximes as seen in chapter 2 alters the 

hydrogen bonding patters of oxime counterparts. These occur upon change of position on a 

ring or increase in the number of hydroxy-groups attached to an aromatic ring. It is also an 

established fact that 2-hydroxynaphthalene derivatives
19 

are fluorescent due to excited state 

intra-molecular proton transfer process. In the case of 2-hydroxynaphthalene oxime this is 

due to the possibility of oxime-quinoid form shown in Fig. 3.1a. 

      

(a)                                                     (b) 

Figure 3.1: (a) Oxime-quinoid forms and (b) Two different arrangements of aromatic rings of 

2-hydroxynaphthalene oxime (2.1.1), one is suitable for quenching of fluorescence and other 

is for AIE. 

Due to these points, there are scopes to study the fluorescence of 2-hydroxynaphthalene 

derivatives through modulation of such non-covalent weak interactions. Reason to choose 

such molecules for structural and fluorescence emission study is explained with the two 

possible stacking arrangements among 2-hydroxynaphthalene oxime derivative (2.1.1) shown 

in Fig. 3.1b.  
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The molecule 2-hydroxynaphthaldoxime shown in Fig. 3.1b has set of disc-like naphthalene 

molecules that may aggregate in parallel arrangements which are favourable arrangement to 

cause quenching of fluorescence as observed in aromatic fluorophores with π-stacking. This 

kind of quenching is known as Foster quenching process.
20

 But an arrangement involving C-

H···π interactions as shown in Fig. 3.1b may be suitable for aggregation induced emission.
21

 

It is also well known fact that non-covalently linked self-assemblies of fluorescent oxime 

molecules show interesting optical properties.
22

 

In this chapter we have studied structural and emission properties of different hydroxy-

aromatic oximes to understand their self-assemblies, molecular recognition and signal 

transduction properties. 

3.2: Aggregation induced emission (AIE) of 2-hydroxynaphthaldoxime (2.1.1)  

Oxime 2.1.1 shows solvatochromism behaviour in different solvent such as DMSO, DMF, 

DMA, THF, MeOH, acetonitrile and EtOH. But the fluorescence emission intensity of oxime 

2.1.1 is different in each solvent. A strong emission was observed at 392 nm (Fig. 3.2a) upon 

excitation at 315 nm in DMSO solvent whereas in presence of other solvent it showed very 

weak emission at 392 nm. The emission at 392 nm in different solvents is due to excited state 

proton transfer. The exceptional high intensity of fluorescence emission observed from a 

solution in DMSO was due to higher basicity of DMSO helping proton transfer in excited 

state.
23

 

       

                                    (a)                                           (b)                                (c) 

Figure 3.2: (a) Emission spectra of oxime 2.1.1 (10
-4

 M) in solvents (inset is expanded 

spectra other than the one recorded in DMSO), (b) Emission spectra of oxime 2.1.1 (10
-4

 M) 

in solvents comprising of different proportions of DMSO and water (λex = 315 nm) and (c) 

fluorescence emission (under UV light) observed by naked eyes.  

Oxime 2.1.1 in DMSO solvent shows a drastic change in fluorescence emission upon 

addition of water was due to its higher basicity induce proton transfer. A new emission peak 
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at 446 nm was observed on addition of water to a solution of the oxime 2.1.1 in DMSO (Fig. 

3.2b). The intensity of the new emission peak at 446 nm was increased with amounts of 

added water to the solution and it continuously increased till the volume of water was 80% 

with respect to DMSO. The new emission peak appearing at higher wavelength is attributed 

to aggregation induced emission based on the literature on similar effect on emission spectra 

to show emission at higher wavelength on addition of water in related compounds.
24

 It may 

be noted that certain 2-naphthol tethered Schiff bases show fluorescence emissions due to 

excited state intramolecular proton transfer (ESIPT).
25

 In present case while growing the new 

AIE peak at 446 nm, it is also observed at intensity of emission peak at 392 nm due to ESIPT 

was enhanced upon adding water. Thus, the present example provided scope to study effect 

of water on ESIPT as well as on the generation of aggregation induced emission by adding 

water to a solution of it. Furthermore the crystal structure of the compound is known
26

 hence 

there is a scope to correlate packing pattern of the compound with fluorescence in solid state. 

To a solution of oxime 2.1.1 in DMSO upon addition of water the AIE peak at 446 nm and 

ESIPT at 392 nm increase simultaneously. Upon excitation by UV-light the changes in 

emission intensities are noticeable naked eyes as shown in Fig. 3.2c. The oxime 2.1.1 is 

insoluble in pure water; hence it was not possible to record spectra of this compound in pure 

water. Similar trend in fluorescence spectral changes were observed in solutions of 2-

hydroxynaphthaldoxime in other solvents such as methanol and tetrahydrofuran (THF), 

methanol upon addition of water. The fluorescence emissions in these two solvents at 392 nm 

were significant. There was also drastic increase in intensity of the new peak at 446 nm on 

addition of water in each case. Clear differences in enhancement of peak at 392 nm by water 

in different solvents were observed. This is attributed to the fact that, added water to other 

solvents enhanced ESIPT. Due to inherent basicity of DMSO, ESIPT occurred without water. 

Upon addition of water ESIPT (ON state) is not significantly affected relative to the solutions 

of oxime 2.1.1 in other solvents. But in each case, aggregation induced emission occurred at 

446 nm irrespective of the solvents under consideration.   

Dynamic light scattering study of a solution of oxime 2.1.1 in DMSO and mixture of solvents 

DMSO-H2O (1:9, v/v) showed average particle size in each case to be different. In pure 

DMSO the average particle size was 561.2 nm with polydispersity 0.643; whereas average 

particle size was 623.5 nm with polydispersity 0.265 in 90 % water with 10 % DMSO solvent 

(Fig. 3.3a). 
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                                                             (a) 

      

(b) 

Figure 3.3: (a) Dynamic light scattering (DLS) based particle size and (b) FESEM images 

(by drop caste method) of oxime 2.1.1 from (i) DMSO and (ii) DMSO-H2O (1:9, v/v) mixed 

solvent. Average particles size in Fig. b is (i) 26.2 nm and (ii) 163.2 nm. 

These result showed that aggregate formed by oxime 2.1.1 in pure DMSO was different from 

mixed solvents of DMSO and water. In DMSO oxime 2.1.1 aggregated as relatively smaller 

average size particles than that in DMSO-H2O (1:9, v/v) mixed solvent. Similar result was 

found from Field Emission Scanning Electron Microscope (FESEM) studies, which are 

shown in Fig. 3.3b. The images were indicative of the changes in the sizes of the particles in 

DMSO and in mixed solvent of water and DMSO. 
1
H-NMR titration was performed by 

adding different amounts of D2O to a solution of oxime 2.1.1 in DMSO-d6 (Fig. 3.4). As the 

D2O concentration was increased in solution of the compound in DMSO-d6, the exchangeable 

OH proton appearing at chemical shift 11.53 ppm disappeared. There was no significant shift 

of the chemical shifts of the aromatic protons other than the proton labelled as b in Fig. 3.4.  

 

Figure 3.4: 
1
H-NMR (600 MHz) spectra of oxime 2.1.1 in (i) DMSO-d6, (ii) 20 % D2O, (iii) 

40% D2O and (iv) 50% D2O (aromatic regions are given for clarity). 
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1
H-NMR signal for hydrogen of N=CH of 2.1.1 appeared at 9.04 ppm, it was slightly shifted 

but the shift was not significant. Only drastic change in chemical shift position of the proton 

b was observed. The proton b originally appeared as a doublet of doublet 8.48 ppm which 

was shifted to 8.08 ppm (marked by arrows in Fig. 3.4).This shift is correlated to weak 

interactions involving concerned C-H bond between the oxime molecules caused by the 

changes in concentrations of D2O in the medium. The contribution of hydrogen bond with 

water to the weak interactions helped the molecules to organise such that self-assembly had 

C-H···π interactions (Fig. 3.1b). The 
1
H NMR spectra recorded in different solvents pointed 

out that the solvents not only influenced the chemical shifts of exchangeable OH protons, but 

also effected the CH=N  proton. The trend in chemical shift (δCH=N) of this proton was 

acetonitrile-d3 > methanol-d4 > dimethylsulphoxide-d6. This has been attributed to the 

interactions of the solvents with labile OH changing the C=N character slightly. This could 

be a reason that the ESIPT is dependent on solvent as propensity to stabilise imine structure 

was guided by proton exchange process at the excited state. On the other hand, the aromatic 

C-H proton b appeared at 8.48, 8.26, 8.10 ppm in dimethylsulphoxide-d6, acetonitrile-d3, 

methanol-d4 respectively. The rest of the peaks were not affected to show significant 

differences. 

We have extended the study to examine the solid state self-assemblies of the compounds to 

correlate fluorescence properties of oximes 2.1.1 and 2.1.2 with anticipation that solid and 

solution property are cause difference in recognising of various guest molecules. We 

attempted crystallisation of these oxime derivatives in presence of different nitrogen 

containing molecules or nitrogen containing API molecules (Active Pharmaceutical 

Ingredient) such as 4,4'-bipyridine (44'-bipy), hexamethylenetetramine (HMTA), caffeine and 

theophylline.  

 

Scheme 3.2: Synthesis of different cocrystals of oxime derivatives 2.1.1 and 2.1.2. 

The oxime 2.1.1 formed cocrystals with 44'-bipy, HMTA and caffeine namely cocrystals 3.1, 

3.2 and 3.3 having composition (2.1.1)2.44'-bipy, (2.1.1)2.HMTA and (2.1.1).caffeine 
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respectively. But no cocrystal of 2.1.1 with theophylline was obtained whereas oxime 2.1.2 

yielded cocrystal with theophylline having composition (2.1.2).theophylline.2H2O (Scheme 

3.2). 

3.3: Structural descriptions of cocrystals 3.1-3.4 

Aakeröy’s group
 

had established various synthons of oximes and their cocrystals.
27

 

Moreover, available green synthetic methods for preparation of oximes make these class of 

molecules more easily amenable for constructions of new assemblies with future prospects in 

material sciences.
28 

Due to the directional nature of hydrogen bonds there are large scopes for 

different conformations of hydroxyaromaticaldoximes or in their host-guest complexes in 

solid state to construct new synthons.
27

 Concept of synthons
29

 for designed synthesis in 

crystal engineering
30 

put forward by Desiraju has left large scope to analyze different 

synthons of  aromaticaldoximes in varieties of hydrogen bonded assemblies.
31 

Generally 

aldoximes form assemblies having R
2

2(8) homosynthon
27 

as shown in Fig. 3.5a but 

introduction of an hydroxy-group to the aromaticaldoximes such as in 2-

hydroxyphenylaldoxime
26

 changes self-assemblies. In hydroxyphenylaldoxime R
4
4(10)  

heterosynthons as illustrated in Fig. 3.5b were observed due to competition of phenolic O-H 

group contributing to self-assembly. Thus it is of interest to know about synthons in poly 

aromaticaldoximes and polyhydroxyaromaticaldoximes.  

      

                         (a)                      (b)                                                     (c) 

 

(d) 

Figure 3.5: (a) Homosynthon observed in aldoximes and (b) Heterosynthon observed in 2-

hydroxyphenylaldoxime. Orientations of active hydrogen atoms in (c) 2.1.1 and (d) 2.1.2. 
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These compounds would differ in their respective packing pattern due to presence of the 

polyaromatic rings or the additional hydroxy groups to participate in weak non-covalent 

interaction schemes. Two such examples are 2-hydroxynapthaldoxime (2.1.1) and 2,3-

dihydroxyphenylaldoxime (2.1.2) for which different possibilities of arranging hydroxyl 

groups as shown in Fig. 3.5c and 3.5d. Upon crystallisation of the various solutions of oxime 

2.1.1 with 4,4'-bipyridine or HMTA or caffeine or theophylline cocrystals from three out of 

four such independent combinations were formed. Accordingly cocrystals 3.1-3.3 namely; 

(2.1.1)2.44'-bipy, (2.1.1)2.HMTA and (2.1.1).caffeine respectively (scheme 3.2) were isolated 

but failed to get crystals from the solutions of oxime 2.1.1 with theophylline. The interesting 

feature is that the cocrystals 3.1-3.3 of oxime 2.1.1 with the 4,4'-bipyridine and the HMTA 

were in 2:1 molar ratio whereas with caffeine it was a 1:1 cocrystal. It may be mentioned that 

polymorphic forms and solvates of caffeine with anthranilic acid was reported in literature,
32 

moreover same host molecule can form cocrystals with caffeine and theophylline differing in 

molar ratios.
33

 Water bridged assemblies in the cocrystals of caffeine or theophylline was also 

reported.
34

 Hence in anticipation of hydrated cocrystals in the present study the powder XRD 

patterns of the bulk samples of the cocrystals were examined to ascertain their phase purity. 

All the cocrystals 3.1-3.3 of oxime 2.1.1 reported in this study are anhydrous and no solvated 

cocrystals were observed from any of the solvent used for crystallisation. But the cocrystal of 

oxime 2.1.2 with theophylline was a dihydrate. The structures of the cocrystal 3.1 of oxime 

2.1.1 with 4,4'-bipyridine or HMTA possesses similar O-H
…

N interactions as shown in Fig. 

3.6a-6b; but the packing patterns of both cocrystals widely differ. Packing patterns are 

guided by O-H
…

N, C-H
…

O and C-H
…

π interactions in the cocrystals 3.1, but in case of 

cocrystals 3.2, the packing pattern is guided by O-H
…

N, C-H
…

O, C-H
…

π and π
…

π 

interactions. Here π
…

π interaction play a crucial role which differ the packing patterns of both 

cocrystals. Parent oxime 2.1.1 has a conformer II shown in Fig. 3.5c, whereas in the 

cocrystals oxime part has structure of conformer I of Fig. 3.5c.  

            

                                       (a)                                                                (d)                               
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                                        (b)                                                                (e) 

 

              (c)                                                               (f) 

Figure 3.6: Cocrystals of oxime 2.1.1 with (a) 4,4'-bipyridine, (b)  hexamethylenetetramine 

and (c) caffeine. (d-f) Different weak interactions present in the packing patterns of the three 

cocrystals 3.1-3.3 (30% thermal ellipsoids in ORTEP diagram).   

In general the structures of the three cocrystals 3.1-3.3 of oxime 2.1.1 may be suggested to be 

composed of oxime 2.1.1 molecules held by weak interactions with respective coformers in 

two different ways. In the first two cocrystals 3.1 or 3.2 are based on either a planar or a non-

planar bridging unit anchoring two guest molecules through O-H
…

N hydrogen bonds. 

Whereas, the third cocrystal 3.3 has two guest molecules stacked holding two oxime 2.1.1 

molecules (Fig. 3.6c).  The prominent weak interactions of these cocrystals 3.1-3.3 are shown 

in Fig. 3.6d-3.6f and the hydrogen bond parameters of the oxime 2.1.1, 2.1.2 and cocrystals 

3.1-3.4 are given as Table 3.1. For other hydrogen bonds and short contacts parameters of 

oxime 2.1.1, 2.1.2 and cocrystals 3.1-3.4 please see page 228 of appendix. 

Table 3.1: Prominent hydrogen bond parameters of oxime 2.1.1, 2.1.2 and cocrystals 3.1-3.4. 

Oximes/cocrystals D-H···A dD-H(Å)  dH···A (Å) dD···A(Å) ∠D−H···A (°) 

2.1.1 O(2)-H(2)···O(1) [-x,-1/2+y,1/2-z] 0.82 1.99 2.7808(19) 163 

 

2.1.2 

 

O(1)-H(1)···O(2) [-x,-y,-z] 

 

0.82 

 

2.13 

 

2.866(5) 
 

149 

O(3)-H(3)···O(1) [x,1/2-y,1/2+z] 0.82 2.16 2.833(5) 139 

 

3.1 

 

 

O(1)-H(1A)···N(4) [1-x,1/2+y, 1/2-z] 

 

0.82 

 

1.93 

 

2.738(3) 
 

169 

O(3)-H(3)···N(6) [-1+x, y, z] 0.82 1.93 2.739(3) 171 

O(6)-H(6A)···N(5) [1+x, 1/2-y, -1/2+z] 0.82 1.88 2.694(3) 173 

 

3.2 

 

O(1)-H(1)···N(2) [3/2-x,y,-1/2+z] 

 

0.82 

 

1.97 

 

2.767(2) 
 

163 

C(12)-H(12A)···O(2) [1-x,-y,1+z] 0.97 2.50 3.315(3) 141 

C(12)-H(12B)···O(2) [x,y,1+z] 0.97 2.50 3.315(3) 141 
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3.3 

 

O(1)-H(1)···N(3) [-1+x,y,-1+z] 

 

0.82 

 

1.96 

 

2.777(4) 
 

176 

C(1)-H(1A)···O(4) [1-x,-y,-z] 0.93 2.46 3.386(3) 175 

C(9)-H(9)···O(4) [1-x,-y,-z] 0.93 2.53 3.460(3) 175 

 

3.4 

 

N(3)-H(3A)···O(1) [-1/2+x,1/2-y,1/2+z] 

 

0.86 

 

2.47 

 

3.107(18) 
 

131 

O(7)-H(7A)···N(2) [-1/2+x,1/2-y,-1/2+z] 0.88 1.99 2.879(19) 177 

N(3)-H(3A)···O(2) [-1/2+x,1/2-y,1/2+z] 0.86 2.05 2.838(18) 152 

 

Slow evaporation of the respective solution (in methanol, dimethylsulphoxide, acetonitrile, 

ethanol etc.) of oxime 2.1.2 with 4,4'-bipyridine or hexamethylenetetramine or caffeine or 

theophylline yielded crystals from only one of these combinations namely from the solution 

of oxime 2.1.2 with theophylline (Scheme 3.1). The cocrystal 3.4 was a dihydrate of 1:1 

cocrystal between oxime 2.1.2 and theophylline. Crystal structure of the cocrystal 3.4 has 

showed that it formed self-assemblies through hydrogen bonds with the water molecules to 

hold the oxime and the coformer molecules. Self-assembly of the cocrystal 3.4 has shown in 

the Fig. 3.7, the dimeric sub-assemblies that were present in the packing pattern of the parent 

structure of oxime 2.1.2 were disrupted. In the cocrystal 3.4 each aldoxime molecule forms 

water assisted assemblies with theophylline. One O-H bond of water molecule hydrogen 

bonds with the carbonyl oxygen atom of theophylline and the oxygen atom of the same water 

molecule connects to the oxime O-H bond of oxime 2.1.2. The carbonyl group of 

theophylline is involved in a bifurcated hydrogen bond by connecting the phenolic O-H 

group located at 2-position of the aromatic ring and these interactions yield a R
3

3(7) motif 

which holds the key to the formation of this three component cocrystal.  

         

                                              (a)                                                       (b) 

Figure 3.7: (a) Self-assemblies of hydrated cocrystal 3.4 of oxime 2.1.2 with theophylline. 

(b) π-π interactions between oxime 2.1.2 and theophylline (30% thermal ellipsoids). 

The conformation of oxime 2.1.2 due to the orientations of the active hydrogen atoms of 

oxime in the cocrystal 3.4 is different with respect to the conformation observed in the parent 

compound. Parent oxime has the conformation IX of the Fig. 3.5d, but the cocrystal 

possesses the conformation X presented in the Fig. 3.5d. Interesting feature of this cocrystal 

TH-1811_136122034



Chapter 3 
 

90 
 

3.4 is the stacking interactions between theophylline and oxime 2.1.2 molecules. The 

molecules show π-stacking (Fig. 3.7b) between the rings with a separation distance 3.471 Å, 

which is conducive to have strong π-π interactions.
35

 This interaction originates from the 

dipolar nature of the theophylline molecule which has an electron-deficient ring to interact 

with electron-rich ring of oxime 2.1.2. On the other hand, the analysis of the structure of 

oxime 2.1.1 shows that it is comprised of R
2
2(8) type  homo-synthons formed by aldoxime 

involving C-H
…

O interactions. But oxime 2.1.2 formed a R
4

4(10) O-Haldoxime....O-Hhydroxy 

hetero-synthons similar to the hetero-synthons found in the structure of the 2-

hydroxyphenylaldoxime (please refer to chapter 2).
26 

Comparing these synthons with the 

structures of different cocrystals of these compounds it may be concluded that the nitrogen 

containing heterocycles disrupts the original oxime synthons altogether to generate new 

hetero-synthons. 

The FT-IR spectrum of oxime 2.1.1 has O-H stretching frequency at 3331 cm
-1

. This peak 

shifts to higher wave number in the case of each cocrystal and appear in the region 3445-

3460 cm
-1

. Such shifts are attributed to the formation of hydrogen bonds in the cocrystals 

through the oxime OH and nitrogen atom of the respective coformer. O-H frequency of 

oxime 2.1.1 is shifted in cocrystals 3.1-3.3 at 3445 cm
-1

, 3446 cm
-1

 and 3460 cm
-1

 

respectively. This trend is reflected in the O-H
…

N bond parameters, as the caffeine has the 

higher donor-acceptor distance with the largest O-H
…

N angle among the three.  

The oxime 2.1.1 has C=N stretching at 1632 cm
-1

, and the cocrystals 3.1-3.3 of oxime 2.1.1 

shows characteristic C=N bond stretching in the region of 1628-1658 cm
-1

. This shows that 

the C=N bond is intact in the cocrystals and the nitrogen atom of this unit do not directly 

participate in formation of hydrogen bond. Cocrystal 3.3 has a strong C=O stretching at 1704 

cm
-1

 from the carbonyl group of the caffeine part. A similar carbonyl stretching absorption in 

the IR spectra of the cocrystal 3.4 (2.1.2.theophylline.2H2O) appears at 1706 cm
-1

.  

3.4: Recognition of oxime 2.1.1 or 2.1.2 in solid and solution state by nitrogen containing 

compounds  

To ascertain the suitable wavelengths for fluorescence excitation studies, UV-vis spectra of 

solid samples of each cocrystal 3.1-3.4 were recorded. They show broad absorption in the 

region of 350-400 nm originating from the host oxime molecules. The broadening arises due 

to a proximity broadening effect from self-interacting molecules in the vicinity in solid-state. 

The absorbance peaks of individual oxime molecules and the corresponding cocrystals are 

given in the Fig. 3.17. On the basis of the observation on the UV-vis absorption shown by the 

oximes and cocrystals, the emission spectrums in each case was investigated by exciting at 
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368 nm (Fig. 3.8). The oxime 2.1.1 exhibited a broad emission band around 475-530 nm. The 

cocrystal 3.3 of oxime 2.1.1 with caffeine showed a relatively higher fluorescence emission 

intensity with a shift toward a shorter wavelength, whereas the cocrystals 3.1-3.2 of oxime 

2.1.1 with 4,4′-bipyridine or hexamethylenetetramine (HMTA) are weakly fluorescent. 

 

Figure 3.8: Fluorescence emission spectra of oxime 2.1.1 and cocrystals 3.1-3.3 of solid 

samples. (Excitation in each case at 368 nm). 

This suggests that upon cocrystal formation with 4,4′-bipyridine or HMTA the fluorescence 

of oxime 2.1.1 gets quenched by the respective coformer. In these experiments uniformity in 

preparation of samples were ensured by carrying out experiments with similar amounts, and 

the fluorescence was measured under identical conditions. It is a well-known fact that 

fluorescence of organic compounds in the solid state depends on the architecture of crystal 

packing,
36

 and π···π stacking interactions cause fluorescence quenching.
37

 On the other hand 

it was also suggested that C-H···π interactions can contribute to fluorescence changes.
38

  

Table 3.2: Different cocrystal of oximes and fluorescence properties  

Coformers Oxime 2.1.1 Fluorescence 

behavior* 

In solid-state 

Oxime 2.1.2 Fluorescence  

behavior# 

In solution 

 
2:1 cocrystal 3.1 Non-fluorescent 

 

No cocrystal was 

obtained 

Quenching 

 

 

2:1 Cocrystal 3.2 

 

 

Non-fluorescent 

 

 

No cocrystal was 

obtained 

 

Quenching 

 

 

1:1 Cocrystal 3.3 

 

 

Fluorescent 

 

 

No cocrystal was 

obtained 

 

Quenching 

 

 

No cocrystal was 

obtained 

 

…….. 

 

1:1:2 Cocrystal 

3.4$ 
 

 

Quenching 

* In solution no change. # No cocrystal was obtained, hence solid state fluorescence not measured. $ Nonfluorescent in solid 
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Jones and co-workers
39

 showed that in stacking arrangements guided by weak interactions 

with leading to face-to-face aromatic interactions of chromophoric compounds with other 

coformers can tune the fluorescence properties. Aggregation such as H-aggregate formed by 

assembling of the same type of molecules on top of each other results in shifting of 

fluorescence to shorter wavelength, whereas a J-aggregate does it in an opposite manner.
40

 

The difference of fluorescence in the present cocrystals illustrated in Table (3.2 and 3.3) can 

be attributed to the respective packing patterns. Close analyses of the structures of oxime 

2.1.1 and cocrystals have shown that self-assemblies of the oxime molecules are guided by 

several weak interactions. The weak interactions like O-H···N, C-H···O, and O-H···O in 

oxime 2.1.1 and cocrystals are shown in Fig. 3.9a-d. The packing pattern of each cocrystal is 

different from the packing pattern observed in the parent oxime. From the crystal densities 

among these cocrystals, the cocrystal 3.1 has a lower crystal density than the cocrystal 3.2, 

and both have several weak interactions, but the latter has additional π···π interactions. Since 

the cocrystals 3.1 and 3.2 are in 1:2 molar ratio, this factor contributes to cause a large 

difference between the packing patterns of these two crystals with respect to the packing 

pattern of the cocrystal 3.3 of oxime 2.1.1 with caffeine which has a 1:1 molar ratio of host 

and coformer. 

       

                                         (a)                                                                   (b) 

 

   

(c )                                                                       (d) 

Figure 3.9: Packing diagram of (a) oxime 2.1.1, (b) Cocrystal 3.1, (c) Cocrystal 3.2 and (d) 

Cocrystal 3.3 
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The caffeine molecules in the cocrystal 3.3 are positioned on top of the oxime 2.1.1 molecule, 

and the center core distance is 3.718 Å. The carbonyl group of caffeine molecule forms a 

hydrogen bond with oxime. The naphthalene unit of oxime 2.1.1 in cocrystal 3.3 is involved 

in C-H···π interaction with the neighboring naphthalene unit present in the lattice. To have 

effective π···π stacking interactions between two planar fluorophoric π-units, they should 

have a parallel arrangement, and each of the interacting ring must be positioned on top of 

each other, whereas to have a center-dot C-H···π interaction the interacting C-H of one ring 

should appear at a position which is perpendicular to the central point of the other ring.  

     

(a)                               (b)                                       (c) 

Figure 3.10: The stacking of the fluorphoric 2.1.1 in the cocrystals (a) 3.1 [∠67.17°], (b) 3.2 

[∠76.06°], and (c) 3.3 [∠86.12°]. In each case the angle between the planes of oxime 2.1.1 is 

shown in the third bracket. 

Thus, we examined the arrangements of the fluorophoric π-units, namely, 2.1.1 in the 

cocrystals, and compared with the packing pattern of the oxime 2.1.1. The angles between 

such planes are shown in Fig. 3.10a-c. In the case of cocrystal 3.3 it is ∠86.12°, which is very 

close to a perpendicular arrangement and hence has the least π···π stacking interactions but it 

has better C-H···π interactions among the others. On the other hand, the parent compound 

does not have similar C-H···π interactions, but the packing has rings at a slightly translated 

parallel position to each other, so that a highly effective π···π stacking interaction is not 

feasible. Further analysis of other two cocrystals show a less than 90° angle between the 

planes suggesting the positions of the rings to be nonparallel. However, the deviations from 

perpendicular positions are not enough to cut off the effective C-H···π interactions. Such 

qualitative analysis is not good enough to form an overall picture to explain the fluorescence 

changes. It can easily explain fluorescence changes in three cases leaving aside the 4,4′-

bipyridine cocrystals 3.1 as an exception. Complete segregation of oxime 2.1.1 molecules in 

the cocrystal 3.3 with caffeine leads to monomer type arrangements to show emission with 
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higher intensity with a slight blue shift. This may be compared to J-aggregate (oxime 2.1.1) 

transformed to an arrangement of discrete monomers (2.1.1 in caffeine cocrystal 3.3).
40

 

Table 3.3: Characteristic fluorescence properties of oxime 2.1.1 and cocrystals in solid state 

Oxime/cocrystals λab (nm) λex (nm) λem (nm) (Quantum 

yields) ΦF
 

2.1.1 390 nm 368 nm 510 nm 0.095 

3.3 395 nm 368 nm 468 nm 0.052 

3.1 397 nm 368 nm 470 nm 0.15 

3.2 395 nm 368 nm 470 nm 0.14 

 

The parent compound can be considered as a partially quenched state, and the π-stacking 

induced by the HMTA cocrystal 3.2 causes quenching of the fluorescence in the case of the 

cocrystal with HMTA. To provide even a qualitative explanation of the solid state 

fluorescence property of the cocrystal 3.1 with 4,4′-bipyridine, an explanation has to account 

for three symmetry independent host molecules, which is difficult. Nonetheless we can 

suggest with the data available from the experiments that parallel stacking of the pyridine 

ring of bipyridine units could be the major factor contributing to the quenching of 

fluorescence in this particular case.  

To ascertain interactions between the oxime 2.1.1 with the coformers in solution, the 

fluorescence emission spectra at 392 nm of solution of oxime 2.1.1 by adding coformers were 

recorded. No changes in fluorescence emissions were observed by these coformers in 

solution (Fig. 3.11a). Hence these results suggest that dilute solution interactions between the 

respective coformer and oxime 2.1.1 are too weak to detect. Similar results are reflected in 

the 
1
H-NMR titrations between selected coformers with oxime 2.1.1 where no change in peak 

positions was observed (Fig. 3.18-3.19). These results clearly demonstrate that the optical 

properties of the oxime 2.1.1 is not affected by coformers in solution but in solid coformers 

play a major role to either enhance or reduce the intensities and positions. The oxime 2.1.2 is 

non-fluorescent, and its cocrystal with theophylline is also non-fluorescent in the solid state. 

But oxime 2.1.2 shows fluorescence in solution, whereas the respective solution of oximes 

2.1.1 or 2.1.2 in DMSO-H2O mixture has an emission peak at 392 and 387 nm upon 

excitation at 315 and 270 nm, respectively. The fluorescence emission of oxime 2.1.2 at 387 

nm was gradually decreased upon addition of theophylline as shown in the Fig. 3.11b. 

Similar changes were also observed at pH = 3 and pH = 10 (Fig. 3.20). A relatively higher 

quenching effect was observed at pH = 3 as compared to pH = 10; hence it may be suggested 

that it is the exchange of hydrogen between the hydrogen bond donor and acceptor that holds 
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the key to the quenching of fluorescence. The differences observed in fluorescence by 

theophylline have generated interest to screen aldoximes by theophylline. For this purpose 

fluorescence spectra of oximes 2.1.1 (at 392 nm), 2.1.2 (at 387 nm), 2.1.3 (at 356 nm) and 2-

hydroxyphenylaldoxime (at 354 nm) (the latter two compounds were taken as screening 

compounds) were monitored by adding a solution of theophylline to the respective oxime 

solution (Fig. 3.11a-d). Addition of theophylline to a respective solution of 2.1.1 or 2.1.3 or 

2-hydroxyphenylaldoxime did not cause fluorescence spectral changes.  

    

(a)                         (b)                         (c)                             (d) 

Figure 3.11: Changes in the fluorescence emission spectra of oximes (a) 2.1.1, (b) 2.1.2, (c) 

2.1.3 and (d) 2-hydroxyphenylaldoxime (10
-5

 M solution in DMSO-H2O) on addition of 

theophylline (10
-5 

M in DMSO-H2O, 10μl aliquot).  

These oximes were not recognized by theophylline to cause changes in their respective 

emission spectra. We have also examined the effect on fluorescence emission of oxime 2.1.2 

by adding a solution of caffeine or 4,4′-bipyridine or HMTA; in each case fluorescence 

quenching was observed, but these compounds could not change the fluorescence emissions 

of oxime 2.1.1 or 2.1.3 or 2-hydroxyphenylaldoxime. Even though all four coformers resulted 

in fluorescence quenching of oxime 2.1.2 in the solution state, only one of them 

(theophylline) formed a cocrystal. Hence the solution study clearly tells that careful choice of 

nitrogen aromatic compounds can screen a series of oximes to identify a particular oxime 

2.1.2. Theophylline is the most important metabolite of caffeine, and it is found in tea, coffee, 

cocoa beans, and chocolate.
41

 Theophylline forms cocrystal with phenols,
42

 carboxylic 

acids,
43

 and various other organic molecules.
44 

On the other hand, caffeine has the ability to 

form cocrystals with carboxylic acids
45

 and nicotinamides.
46

 Since the quenching process is 

very selective to oxime 2.1.2 by coformers; it is attributed to the effect of the 3-hydroxy 

group which is participating in proton transfer in this particular example. Three other 

examples of oximes lack a hydroxy group at the 3-position with respect to the oxime 

functional group of the aromatic ring.  
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It may be noted that among the oximes 2.1.1, 2.1.2, 2.1.3 and 2-hydroxyphenylaldoxime, 

only oxime 2.1.2 has the distinction of having a hydroxy group at the 3-position of the ring 

with respect to the oxime functional group. This hydroxy-group is not in conjugation with the 

oxime functional group through the intervening π-electrons of the ring. This makes the 

fluorescence behavior of this oxime different from the other three oximes in the presence of 

coformers in solution. 

3.5: Conclusions 

The intensities of fluorescence emission of oxime 2.1.1 due to ESIPT in dimethylsulphoxide 

as well as aggregation induced emission occurring at 446 nm increased with amount of water. 

Depending on solvent the water induced AIE reaches maximum intensity at different ratio of 

water added to solution. The C-H···π interactions involving the C-H located at the para 

position with respect to oxime group of the naphthalene ring is suggested to be facilitate 

formation of aggregate suitable to show AIE. The compound remains in aggregated form in 

non-aqueous solution but the particle size of aggregates increase on addition of water.  And 

also two different hydrogen bonded cyclic motifs of oxime 2.1.1 and 2.1.2 are modified by 

coformers. In solution 4,4′-bipyridine, HMTA and caffeine cause quenching of fluorescence 

of oxime 2.1.2, suggesting that interactions of these compounds with 2.1.2 involve the 

hydroxyl group at the 3-position, whereas in the theophylline cocrystal 3.4 all the hydrogen 

bonding sites are used, causing complete quenching of fluorescence. On the other hand, the 

cocrystals of oxime 2.1.1 with 4,4′-bipyridine or HMTA or caffeine were formed easily. π-

Stacking plays the decisive role to increase or decrease fluorescence intensity of 2.1.1 and 

cocrystals of 2.1.1 in the solid state. In solution no interactions of 2.1.1 with coformers were 

observed. By virtue of such properties different oximes can be distinguished by the 

fluorescence technique either in the solid state or in solution. The differences in fluorescent 

behavior among aldoximes could be exploited for their identification and separation. 

3.6: Experimental section 

Synthesis and characterization of cocrystals 3.1-3.4: 

Oximes 2.1.1-2.1.3 and 2-hydroxyphenylaldoxime were prepared from their respective 

hydroxyaromatic aldehyde reacting them with hydroxylamine hydrochloride in the presence 

of base by followed reported procedure
47

 as mention in Chapter-2. Cocrystals were obtained 

by slow evaporation of a solution of the respective aldoxime and the guest molecules with 

respective molar ratio in methanol. 
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Cocrystal 3.1: Isolated yield: 76 %. 
1
H-NMR (600 MHz, DMSO-d6): 11.52 (s, 1H), 11.14 (s, 

1H), 9.03 (s, 1H), 8.72 (d, J = 5.4 Hz, 3H), 8.47 (d, J = 8.4 Hz, 1H), 7.85 (m, 4H), 7.50 (t, J = 

7.2 Hz, 1H), 7.35 (t, J = 6.8 Hz, 1H), 7.20 (d, J = 9 Hz, 1H). IR (KBr, cm
-1

): 3445 (bs), 1631 

(s), 1596 (s), 1537 (w), 1467 (m), 1405 (m), 1369 (w), 1344 (w), 1307 (m), 1276 (s),  1239 

(s), 1215 (s), 1183 (m), 1161 (w), 1145 (w), 1080 (w), 1062 (w), 1038 (s), 1023 (m),  999 

(m), 940 (s), 880 (w), 825 (s), 799 (s), 776 (w), 744 (m), 671 (w), 645 (w), 620(s). 

 

Figure 3.12: 
1
H-NMR (600 MHz, DMSO-d6) of cocrystal 3.1. 

Cocrystal 3.2: Isolated yield: 78 %. 
1
H-NMR (600 MHz, DMSO-d6): 11.50 (s, 1H), 11.10 (s, 

1H), 9.03 (s, 1H), 8.47 (d, J = 8.4 Hz, 1H), 8.00 (s, 1H), 7.85 (t, J = 8 Hz, 2H), 7.51 (t, J = 7.2 

Hz, 1H), 7.37 (t, J = 6.8 Hz, 1H), 7.20 (d, J = 9 Hz, 1H), 4.55 (s, 12H).  IR (KBr, cm
-1

): 3446 

(bs), 2959 (w), 2924 (w), 2875 (w), 1628 (m), 1591 (s), 1525 (w), 1464 (s), 1424 (w), 1370 

(m), 1348 (w), 1312 (s), 1276 (s),  1238 (s), 1227 (s), 1180 (m), 1163 (w), 1144 (w), 1083 

(w), 1007 (s),  947 (w), 933 (s), 870 (m), 825 (w), 813 (s), 800 (s), 738 (s), 723 (m), 693 (s), 

673 (m), 665 (m), 644 (m). 

 

Figure 3.13: 
1
H-NMR (600 MHz, DMSO-d6) of cocrystal 3.2. 

 Cocrystal 3.3: Isolated yield: 82%. 
1
H-NMR (600 MHz, DMSO-d6): 11.50 (s, 1H), 11.10 (s, 

1H), 9.03 (s, 1H), 8.47 (d, J = 8.4 Hz, 1H), 8.00 (s, 1H), 7.85 (t, J = 8.4 Hz, 2H), 7.51 (t, J = 

7.2 Hz, 1H), 7.37 (t, J = 6.8 Hz, 1H), 7.20 (d, J = 9 Hz, 1H), 3.87 (s, 3H), 3.41 (s, 3H), 3.21 

(s, 3H). IR (KBr, cm
-1

): 3460 (bs), 3003 (w), 2922 (w), 1704 (s), 1658 (s), 1593 (w), 1553 (s), 

1496 (s), 1468 (m), 1407 (w), 1362 (w), 1326 (m), 1282 (s),  1240 (s), 1211 (w), 1181 (s), 
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1140 (w), 1037 (m), 1022 (m),  978 (w), 938 (s), 878 (w), 829 (s), 780 (m), 757 (w), 744 (s), 

669 (m), 645 (m), 607 (m). 

 

Figure 3.14: 
1
H-NMR (600 MHz, DMSO-d6) of cocrystal 3.3. 

Cocrystal 3.4: Isolated yield: 86%. 
1
H-NMR (600 MHz, DMSO-d6): 11.29 (s, 1H), 9.56 (s, 

1H), 9.25 (s, 1H), 8.30 (s, 1H), 8.02 (s, 1H), 6.91 (d,  J = 7.2 Hz, 1H), 6.79 (d, J = 8.4 Hz, 

1H), 6.68 (t, J = 7.8 Hz, 1H), 3.44 (s, 3H), 3.23 (s, 3H). IR (KBr, cm
-1

): 3479 (s), 3218 (bs), 

1706 (s), 1650 (s), 1558 (s), 1505 (s), 1465 (w), 1440 (w), 1421 (w), 1385 (m), 1315 (m), 

1259 (s),  1232 (s), 1190 (s), 1099 (w), 1058 (m), 994 (s), 959 (w), 933 (m), 849 (m), 780 

(m), 764 (m), 741 (s), 711 (w), 654 (w), 620 (w), 505 (s). 

 

Figure 3.15: 
1
H-NMR (600 MHz, DMSO-d6) of cocrystal 3.4. 
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(a)                                              (b) 

Figure 3.16: PXRD of cocrystals 3.1-3.4: (a) Experimental and (b) Simulated. Simulated 

PXRD pattern generated from cif file. 

 
Figure 3.17: Solid state UV-visible spectra of the oximes 2.1.1-2.1.2 and cocrystals 3.1-3.4. 

 

 

Figure 3.18: 
1
H-NMR (DMSO-d6) titration of oxime 2.1.1 upon addition (i) 0.0, (ii) 1.0 (iii) 

2.0 and (iv) excess equivalents of 4,4'-bipyridine. 
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Figure 3.19: 
1
H-NMR (DMSO-d6) titration of oxime 2.1.1 upon addition (i) 0.0, (ii) 1.0, (iii) 

2.0 and (iv) excess equivalents of caffeine.  

   

(a)                                         (b) 

Figure 3.20: Changes in fluorescence emission spectra of oxime 2.1.2 (10
-5

 M solution in 

DMSO-H2O) on addition of theophylline (10
-5 

M) at (a) pH 3 and (b) pH 10 respectively. 

   

(a)                                                                     (b) 

Figure 3.21: FT-IR spectra of (a) cocrystals 3.1-3.2 and (b) cocrystals 3.3-3.4.  
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4.1.1: Introduction 

Chelation of metal ions by oximes and related ligands are of great interest for many years in 

the area of coordination chemistry.
1 

Dimethylglyoxime (H2DMG) is one such metal chelator, 

it used as reagent for the gravimetric analysis of nickel(II). Typically a bivalent nickel metal 

ion reacts with two equivalents of H2DMG form a neutral Ni(HDMG)2 complex (Fig. 

4.1.1a).
2
 Salicylaldoxime is another such ligand which was first used by Ephraim as a ligand 

for synthesis of square planar metal complexes with Ni(II), Pd(II) and Pt(II) metal ions.
3
 

Salicylaldoxime contains oxime or phenolic groups, can be single deprotonated at phenolic 

group or can be double deprotonated by loss of both the active hydrogen atoms from  

phenolic and oxime groups by base. 

      

(a)                                          (b) 

Figure 4.1.1: (a) Nickel(II) dimethylglyoximate complex and (b) Formation of mono and 

mixed metal polynuclear copper(II) salicyloximate complexes. 

Mono-deprotonation at the phenolic O-H group of salicylaldoxime forms pseudo-

mononuclear metal complex (Fig. 4.1.1b). Such deprotonation of salicylaldoxime is very 

selectively caused by Cu(II) and Ni(II) metal ions over other metal ions such as Fe(III) or 

Mn(II). Therefore, the single deprotonated phenolic oximes are extensively used in extraction 

of Cu(II) or Ni(II) metal ions. Similar pseudo-mononuclear metal complexes of Zn(II), Pd(II) 

and Co(II) were reported. In these complexes hydrogen bonds between oximic and phenolic 

group exist.
4 

Double deprotonation at oximic and phenolic groups provides opportunities to 

form polynuclear metal complexes with same metal or with different metal ions. Carboxylic 

acid or azide acts as bridge in certain metal such as Fe(III), Mn(III) and Co(II)-oxime 

complexes to form polynuclear metal complexes. Some polynuclear metal oximate 

complexes show interesting magnetic properties.
5
 Metal chelate complexes of oximes provide 

avenues to prepare new supramolecular self-assemblies. To form such complexes free 

hydroxy-group or other functional groups that are attached to such ligands are utilised. 

Polyhydroxyaromatic oximes belong to such a category of ligands.  
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In those complexes may have free hydroxy groups for weak interactions or for further 

deprotonation to make new self-assemblies. Thus, such metal complexes of 

polyhydroxyaromatic aldoximes
6 

(Fig. 4.1.2) have scopes to form different self-assemblies 

and utilisation of such complexes for signal transductions has general interest. 

 

Figure 4.1.2: Sites for interaction with a basic ion such as fluoride with a bis-chelated metal 

complex of 2,4-dihydroxybenzaldoxime (Oxime 2.1.3). 

Bis-chelated metal-oxime complexes having fluorophoric or chromophoric groups have 

applications as sensor for detection of ions.
7
 In this chapter we have chosen to study the metal 

complexes of polyhydroxy aromatic aldoximes with first-row transition metal ions to 

understand the self-assemblies and interactions of fluoride. Use of the metal complexes of the 

polyhydroxyaromatic aldoxime such as one shown in Fig. 4.1.2 would have several 

possibilities to interact with fluoride ions as that of the free oximes as discussed in chapter 2. 

The possible site of interaction with fluoride ions on hydroxyaromaticoxime metal complex is 

shown in Fig. 4.1.2. With this background, we prepared a series of model complexes of 2,4-

dihydroxybenzaldoxime (Oxime 2.1.3) with divalent copper, nickel and zinc ions to explore 

their interactions with fluoride ions. 

4.1.2: Synthesis of bivalent copper, nickel and zinc metal complexes of oxime 2.1.3 

A series of divalent copper, nickel and zinc complexes of oxime 2.1.3 (Refer to chapter-2) 

were prepared by reacting oxime 2.1.3 with respective metal salts in different solvents as 

illustrated in Scheme 4.1.1. The copper complexes 4.1.1-4.1.4 have a general composition 

[Cu(2.1.3)2].solvent [when solvent = DMF (4.1.1), DMA (4.1.2),  DMSO (4.1.3) and 4,4'-

bipyiridine (4.1.4)]. The two nickel complexes 4.1.5 and 4.1.6 has composition 

[Ni(2.1.3)2].DMF and [Ni(2.1.3)2] respectively. But the zinc complex 4.1.7 has one extra 

coordinating ligand 1, 3-bis(4 pyridyl)propane and it forms an octahedral zinc(II) complex.  
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These complexes 4.1.1-4.1.7 have been characterized by conventional spectroscopic tools and 

X-ray single crystal and powder diffraction techniques. 

 

Scheme 4.1.1: Synthesis of transition metal complexes of oxime 2.1.3. 

Three different solvates of the copper complexes 4.1.1-4.1.3 have enabled us to understand 

the hydrogen bond directed assemblies involving the free hydroxy-group of the complex to 

guide the respective self-assemblies of these complexes formed as different solvates. And a 

guest 4,4'-bipyridine encapsulated copper complex 4.1.4 was synthesised to see the difference 

in self-assemblies of solvated copper complexes 4.1.1-4.1.3 and guest encapsulated copper 

complex 4.1.4. 

4.1.3: Structural descriptions of metal(II) complexes 4.1.1-4.1.7 

The complexes 4.1.1-4.1.7 are bis-chelated complexes, their structures are similar to the 

common metal chelated salicyaldoxime complexes.
4
 The copper complexes 4.1.1-4.1.4 have 

same core which varies with the solvent of crystallisation. Hydrogen bonded self-assemblies 

of the solvated copper complexes are shown in Fig. 4.1.3. The differences in each assembly 

arise due to the dissimilar complementary hydrogen bond forming abilities with the solvent 

molecule present in outer sphere of these complexes. The complex 4.1.1 has a 

dimethylformamide (DMF) molecule that forms a cyclic type hydrogen bonded assembly. 

Such cyclic hydrogen bonded structures involve two DMF molecules are held through O-

H···O hydrogen bonds (Fig. 4.1.3a). The non-covalent self-assemblies of the complexes 

4.1.2 and 4.1.3 have similarities but they have large difference from the self-assemblies of 

4.1.1. One is guided by oxime-oxime synthons and other is guided by π···π interactions along 

with O-H···O hydrogen bonds (Fig. 4.1.3b-c). On the other hand, guest 4,4'-bipyiridine 

encapsulate copper complex 4.1.4 was self-assembled through O-H···N hydrogen bonds. For 

hydrogen bonds and short contacts parameters of complexes 4.1.1-4.1.7 please see page 228-

229 of appendix. 
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(a)                                                       (b) 

   

                                           (c)                                                                (d) 

Figure 4.1.3: Hydrogen bonded Self-assembies of copper complexes (a) 4.1.1, (b) 4.1.2, (c) 

4.1.3 and (d) 4.1.4. 

Complexes 4.1.1-4.1.3 have similar coordination environment around copper but they have 

distinct differences in bond parameters. The metal-ligand bond lengths are dependent on the 

nature of solvent of crystallization molecules present in their lattices. Such differences in turn 

affect respective packing pattern. As a representative example, the structure of complex 4.1.1 

is shown in Fig. 3a and the rest are shown as supporting figures. Bond parameters of 

complexes 1-3 are compared in Table 4.1.1.   

Table 4.1.1: Some of the selective metal-ligand bond parameters in complexes 4.1.1-4.1.4 

Complex No. M-L Length (Å) ∠L-M-L Angle (o) ∠L-M-L Angle (o) 

4.1.1 Cu1-O1 

Cu1-N1 

1.895(3) 

1.945(3) 

O1-Cu1-O1' 

O1-Cu1-N1 

180.0 

87.60(13) 

O1’-Cu1-N1 

N1-Cu1-N1' 

92.40(13) 

180.0 

4.1.2 Cu1-O1 
Cu1-N1 

1.892(2) 
1.937(3) 

O1-Cu1-O1' 
O1-Cu1-N1 

179.99(1) 
92.36(11) 

O1’-Cu1-N1' 
N1-Cu1-N1' 

87.64(11) 
180.00 

4.1.3 Cu-O2 

Cu-O1 
Cu-N2 

Cu-N1 

1.895(2) 

1.907(2) 
1.934(3) 

1.940(3) 

O2-Cu-O1 

O2-Cu-N2 
O1-Cu-N2 

179.48(12) 

92.01(11) 
88.05(11) 

O1-Cu-N1 

N2-Cu-N1 

92.32(11) 

179.37(13) 

4.1.4 Cu1-O2 

Cu1-O1 

Cu1-N1 
Cu1-N2 

1.898(2) 

1.915(2) 

1.930(3) 
1.941(3) 

O2-Cu1-O1 

O2-Cu1-N1 

O1-Cu1-N1 

178.52(14) 

86.79(11) 

92.63(11) 

O2-Cu1-N2 

O1-Cu1-N2 

N1-Cu1-N2 

92.00(11) 

88.48(11) 

175.58(15) 

 

In all the four coordinated complexes the nitrogen atoms of the two oxime ligands are at trans 

dispositions in the coordination sphere. The bond distances of two copper-oxygen as well as 

the two copper-nitrogen bond distances in the complex 4.1.1 and 4.1.2 are identical. Thus 

these pairs of bonds are related by C2-axes. Whereas, the complexes 4.1.3 and 4.1.4 have  
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four different copper-nitrogen and copper-oxygen bond distances. Such differences are 

attributed to the packing requirement of different guest molecules in respective lattice to 

accommodate solvent molecules of different shapes, sizes and each having independent 

direction hydrogen bonds in the lattice to form tight packed structures. As a result of packing 

requirement, two other oxygen atoms of neighbouring molecules of complex 4.1.4 in crystal 

lattice are at close vicinities. Thus, in solid state the complex 4.1.4 appears to be a hexa-

coordinated complex to form a coordination polymer. However, the axial copper-oxygen 

distance of these Cu···O interactions is 2.654 Å, which is a relatively long enough to describe 

such interactions as adequate distance to be a dative bond. On the other hand, the other Cu-O 

bonds of the complex lie between 1.8-1.9 Å. There are many examples of 4,4'-bipyridine 

bridged copper complexes bridging  through axial positions of the copper ions of paddle-

wheel geometry.
8
 4,4'-bipyridine is a good coordinating ligand to form copper complexes,

8 

but in the present case it does not coordinate to the copper ion in the complex 4.1.4; it remain 

as guest molecule.  

The nickel complexes 4.1.5 and 4.1.6 are similar in structures in which coordination 

environments are similar as that of the copper complexes 4.1.1-4.1.3. But these complexes 

have differences in the obvious metal-ligand bond parameters; due to the nickel ion in lieu of 

the copper. The complex 4.1.5 is a DMF solvate, whereas the complex 4.1.6 is devoid of 

solvent of crystallization. Among the divalent copper and nickel complexes there is 

difference in their packing patterns. Packing patterns of the nickel complexes have nickel 

ions positioned on the top of aromatic rings of a neighbouring molecule showing weak 

stacking interactions (Fig. 4.1.4a). Whereas copper complexes also have layered packing 

patterns in which copper ions are found to be present on the top of each other with or without 

an intervening atom.  

   

(a)                                                         (b) 

Figure 4.1.4: Hydrogen bonded self-assemblies of nickel complexes (a) 4.1.5 and (b) 4.1.6 

(30% thermal ellipsoids). 

The DMF solvated nickel complex 4.15 and the anhydrous nickel complex 4.1.6 has large 

packing differences. Shortest distance between a nickel ion and the centriod of an aromatic 

ring above it is 3.407 Å for the complex 4.1.6 (Fig. 4.1.4b) and 3.695 Å for the complex 
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4.1.5. DMF molecules are responsible to hold the layered packing structure of the complex 

4.1.5, whereas the layered packing of the complex 4.1.6 is held by intermolecular hydrogen 

bonds between free hydroxy-groups of ligands. 

   

(a)                                              (b) 

Figure 4.1.5: (a) Crystal structure of zinc complex 4.1.7 and (b) Hydrogen bonded self-

assembly of zinc complex 4.1.7 (30% thermal ellipsoids). 

The zinc complex 4.1.7 is a hexa-coordinated mononuclear complex; it has 1,3-bis(4- 

pyridyl)propane ligand coordinating through nitrogen atom at one end and the other end 

remains free (Fig. 4.1.5a). Nitrogen atom of the free end of pep is hydrogen bonded to a 

hydroxy-group of a neighbouring complex to form 1D hydrogen bonded chain-liked structure 

(Fig. 4.1.5b). Phase purity of the bulk samples of the metal complexes 4.1.1-4.1.7 were 

checked by powder X-ray diffraction technique. It is clear from the experimental patterns of 

the solvates resembles the corresponding simulated pattern, showing that the bulk of the 

complexes are in one phase, that is only one form of solvate is formed in each case. 

FT-IR spectra of the complex 4.1.1 has stretching frequency at 2925 cm
-1

 due to C-H 

stretching, and C=O stretching of the DMF appear at 1663 cm
-1

, beside this there are C=N 

and C=C stretching’s at 1643 cm
-1

 and 1621 cm
-1 

respectively (Fig. 4.1.6a). On the other 

hand, the complex 4.1.2 has dimethylacetamide (DMA) molecules which shows the C=O 

stretching at 1637 cm
-1

; similarly the complex 4.1.3 shows a sharp S=O stretching at 1129 

cm
-1

 due to the dimethyl sulfoxide (DMSO).  

    

(a)                                                  (b)                                    (c) 

Figure 4.1.6: (a) FT-IR spectrum, (b) TGA diagram and (c) EPR spectrum of complex 4.1.1. 

TH-1811_136122034



Chapter 4 (Part A) 
 

112 
 

Thermogravimetric analysis have revealed that these solvated complexes are thermally stable 

to about 200 °C and they loss respective solvent of crystallization molecules around 200-250 

°C (Fig. 4.1.6b). All these complexes decompose around 450 °C to form the respective metal 

oxide (please refer to thermograms in experimental section). Copper complexes 4.1.1-4.1.4 

shows characteristic g┴ value 2.052, 2.056, 2.054 and 2.065 in EPR spectrum respectively in 

solid state is due to presence of unpaired electron in copper(II) metal ion.  

4.1.4: UV-vis and fluorescence spectroscopic studies of metal complexes of oxime with 

fluoride ion 

Due to small size and high charge density on fluoride ion act as base to interact with  

fluorophore or chromophore containing phenols,
9
 ureas,

10
 thioureas,

11
 oximes,

12
 

sulphonamides
13

 and amides.
14 

Such complexations
 
of the oxime derivatives to cause specific 

signal transductions. Fluorescent sensors based on high chemical affinity of the fluoride ions 

towards silicon
15

 or boron
16 

atoms are reported in literature. The silicon based receptors in 

aqueous solution, requires several minutes to complete the detection process,
15

 which is a 

disadvantage to use such compounds as receptors. In an another approach, the fluoride ions 

are detected on the basis of their specific tendency to coordinate to a hard metal ion for 

example, divalent calcium,
17

 trivalent iron
18

 or tetravalent zirconium ions.
19

 Such metal 

complexes require pre-treatment to avoid interference of other metal ions such trivalent 

aluminium or iron ions while detecting fluoride ions.
18 

Platinum(II) complexes possessing 

triarylboron group containing ligands show distinct phosphorescent response on interaction 

with fluoride ions.
20

Among the other metal complexes, ruthenium-2,2'-bipyridine,
21

 Fe(III)-

thiourea complexes
22 

have been used to
 
detect fluorides ions. Fluorescence receptor having a 

rhodamine unit senses fluoride ions and was used in imaging of fluoride ions in living cell.
23

 

Conventionally, the ligand exchange reactions of fluoride ions from a complex help to detect 

of fluoride ions by spectroscopic tools. In such reactions, one or more ligands are released to 

generate spectroscopic or electrochemical signals. Despite of known utility of 

hydroxyaromaticaldoximes in the detection of fluoride ions,
24

 there are also many organic 

compounds
25

 which selectively interact with fluoride ion. Hydroxyaromatic oxime metal 

complexes have not been explored for such a purpose. UV-Vis spectra of these complexes 

were recorded in water, DMSO-water and aprotic polar solvents such as DMSO, DMF, DMA 

and THF with or without adding of different solution of tetrabutylammonium salts (chloride, 

bromide, acetate, fluoride, phosphate). The changes on addition of anions do not affect the 

spectra of the complexes in water or DMSO-water mixture (Fig. 4.1.15-4.1.16), but a definite 

change was found in each case in aprotic polar solvents with fluoride and hydroxide ions.  
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Independent UV-vis spectra of copper, nickel and zinc complexes with different 

tetabutylammonium salts such as fluoride, chloride, bromide, phosphate and carbonate are 

shown in Fig. 4.1.7a-c. 

        

(a)                              (b)                                 (c) 

       

  (d)                            (e)                               (f) 

Figure 4.1.7: UV-vis spectra of (a) copper, (b) nickel and (c) zinc complex (10
-5 

M) with 

different tetrabutylammonium salts (50 µl of 10
-3 

M) and UV-vis spectroscopic titration of (d) 

copper, (e) nickel and (f) zinc complex (10
-5 

M) with TBAF (10 μl aliquot of 10
-3 

M) in 

dimethylsuphoxide (DMSO). 

It shows that only the terabutylammonium fluoride or hydroxide causes change in the UV-vis 

spectra of these complexes and effect on the rest of the salts are negligible (Fig. 4.1.7a-c). 

The parent ligand as well as the zinc complex 4.1.7 has a strong absorption at 259 nm, 

whereas copper and nickel complex has absorption at 277 nm and 256 nm respectively. The 

changes caused by the fluoride ions are shown separately in Fig. 4.1.7d-f, which shows that 

the gradual increase of the fluoride ions yields a new absorption peak at 357 nm (for copper 

complex) or 382 nm (for nickel complex) or 343 nm (for zinc complex) and such a change 

passes through an isobestic point at 290 nm, 306 nm and 307 nm. Positions of the new 

absorptions peak in the case of the complexes 4.1.1-4.1.3 on interacting with 

tetrabutylammonium fluoride are independent of solvents of crystallization. However, the 

position of the new peak generated upon interactions with fluoride ions is dependent on the 

central metal ions. From the shifts in absorption of nickel, copper and zinc complexes has a 

definite trend, the zinc complex shows shift shorter than the copper and the nickel shows the 

highest shift. This is attributed to the electronic factors of these metal ions.  
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The electron occupancies in d-orbitals follow the sequence Ni(II), Cu(II) and Zn(II). The 

metal complexes having polyhydroxy-groups have been shown to form hydrogen bonds with 

fluoride ions to cause a colour change.
26

 We have also shown earlier that the oxime 2.1.3 acts 

as fluoride sensor showing spectral changes in UV region.
27

 The UV-vis spectra of the copper 

complex 4.1.1 and the nickel complex 4.1.5 in acidic (pH = 6), neutral and basic (pH = 9) 

medium in dimethylsulphoxide. In basic medium complexes show a peak longer wavelength 

which is similar to the peak that was observed in presence of fluoride ions (Fig. 4.1.17). 

Whereas, the UV-vis spectra of the complexes in acidic medium tally with the peak of the 

ligand, suggesting that the complexes decompose in acid medium. These experiments also 

show that the fluoride detection by these complexes is possible only at a neutral condition in 

aprotic medium.  

The zinc complex 4.1.7 has a fluorescence emission at 346 nm on excitation at 270 nm. 

However, a new fluorescence emission at 415 nm (Fig. 4.1.8) on addition of fluoride ions to 

the complex 4.1.7 was observed. This emission peak was very selective to the fluoride ions 

among different ions tested (Fig. 4.1.8). Further to these we have examined the fluorescence 

emission of the zinc complex 4.1.7 in different pH (Fig. 4.1.17e-f). The zinc complex is very 

weakly fluorescent in neutral and in acidic medium. To the solution of this complex at pH = 6 

when tetrabutylammonium fluoride was added, no change in fluorescence emission took 

place. 

      

(a)                                              (b) 

Figure 4.1.8: The changes in the fluorescence emission spectra of zinc complex 4.1.7 (10
-5

 M 

solution in DMSO) on addition of (a) tetrabutylammonium salts (fluoride, chloride, bromide, 

phosphate, carbonate) (50 µl of 10
-3

M) and (b) tetrabutylammonium fluoride (10 μl aliquot of 

10
-3

 M in DMSO). 

This suggests that the complex is stable at such pH and does not respond to fluoride ions. But 

this complex at pH = 9 showed a strong emission at 415 nm. This showed that a substrate 

have ability to abstract the acidic hydrogen of the ligand cause a similar effect with the 
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complexes. The emission peak at 415 nm was associated with a shoulder at 375 nm (Fig. 

4.1.8b). At lower concentration of fluoride ions the shoulder of this peak is not observed but 

peak at 415 nm was observed. Hence the peak at 375 nm is attributed to hydrogen bond 

formation. As the concentration of fluoride ions were increased proton transfer took place 

showing the prominent peak at 415 nm arising from the anionic form of the complex. At 

lower concentration of fluoride ions, there is equilibrium between hydrogen bonded assembly 

of metal complex and deprotonated metal complex caused by fluoride ions. Once more 

amounts of fluoride ions are added the equilibrium shifts toward deprotonated metal complex 

which emits at 415 nm.  

A series of anions were tested for changes in fluorescence emission with the solution of 

complex 4.1.7 and also the relative sensitivity of the complexes were tested. The emission 

profiles are shown (Fig. 4.1.18a, experimental section, page-122) by a bar graph diagram. 

Beside this, the effect of the sensitivity of the emission caused by various anions were 

checked and found that the fluoride ions can be easily detected in the presence of other ions 

such as acetate, biphosphate, bromide, carbonate, chloride, perchlorate etc (Fig. 4.1.18b). 

Hence, complex 4.1.7 is a highly sensitive fluorophore for the detection of fluoride ions. 

Comparing the fluorescence emission spectra of the complex 4.1.7 in basic medium with the 

medium in presence fluoride ions showed that deprotonation of hydroxy group of the ligand 

was responsible for such an increase in intensity of emission with a shift of fluorescence 

towards longer wavelength. Hence, a highly sensitive zinc-oxime complex for the detection 

of fluoride ions is identified. The complexation of divalent metal ions having a d
10

 

configuration through deprotonation of ligands generally causes fluorescence enhancement of 

fluorophoric units.
8
 The detection limit of the complex 4.1.7 was found to be 4.86×10

-6
 M 

which was calculated by using 3α/k as the detection limit, whereas, α is the standard 

deviation of the complex and k is the slope of intensity vs. concentration plot (Fig. 4.1.19a, 

experimental section, page-123). Thus, the basic behavior of the fluoride ion deprotonate all 

these complexes to form resonance stabilized anions shown in Scheme 4.1.2. Divalent zinc 

possess a d
10

 configuration, generates less resonance stabilized anion; whereas, the d
9
 and d

8
 

configuration of the central metal ions have comparatively higher delocalization, hence the 

absorption occurs at a longer wavelength than the corresponding zinc complex. Phenols 

shows absorption changes on deprotonation by fluoride ions,
10

 but such a change may occur 

without a proton transfer.
11 

Specific changes in absorption by the fluoride ions in the present 

case but not caused by the respective acetate or hydroxide tetrabutylammonium salt showed 

that proton-transfer is not necessarily required for such a process. In basic medium these 
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complexes are deprotonated, hence fail to detect fluoride ions. Based on these observations, 

Scheme 4.1.2 is proposed to explain the absorption changes.
28

 

 

Scheme 4.1.2:  Tautomeric structures generated from the complexes by the interactions of 

fluoride ion. 

Further support to the mechanism is drawn from EPR spectra for copper complexes and 
1
H 

NMR spectroscopy of zinc and nickel complexes. EPR spectral features of the copper 

complexes in DMSO (Fig. 4.1.19b) do not show change in after addition of 

tetrabutylammonium fluoride. This suggests that the copper sites are not affected by the 

presence of fluoride ions and the effect of fluoride ion is on the external periphery of the 

complex. In the 
1
H NMR titration of the nickel and zinc complexes (Fig. 4.1.20-4.1.21) with 

different amounts of tetrabutylammonium fluoride did not shift the chemical shift positions of 

other signals then the hydroxy signals of the complexes, showing that complex is not 

decomposed in solution upon interaction with fluoride and a fast exchange of proton by 

fluoride ion takes place. However, the exchange process could not be ascertained as we could 

not clearly get the exchangeable protons of the hydroxy groups of the complexes in solution 

(merges with water from solvent peak). The role of fluoride is further clarified by recording 

the UV-vis spectra of the complexes in presence of tetrabutylammonium hydroxide (Fig. 

4.1.22). These complexes behave similarly as the tetrabutylammonium fluoride establishing 

the proposed mechanism. The deprotonation and hydrogen bond formation allows such 

interactions, but in the present case it is complete deprotonation as the fluoride ions and 

hydroxy ions behave in similar manner. Disadvantage of using these complexes is that the 

detection of fluoride ions is not possible by these complexes in pure water. 

4.1.5: Conclusions 

The hydrogen bond involving the oxime as well as phenolic O-H groups play crucial role in 

the self-assemblies of the polyhydroxyaromatic oxime complexes. Though the DMF and 

DMA belong to similar class of compounds there complementing effect in formation of 

hydrogen-bonded assemblies differs. In the case of DMA, the carbonyl group is connected to 

the phenolic O-H in complex 4.1.2 and the C-H group is involved in C-H···π interactions. In 

analogous DMF solvate the phenol-carbonyl interactions are prominent and in this case the 
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O-H of oximes of two molecules form oxime-oxime interactions; due to such complementary 

hydrogen bonds, differences in solid state self-assemblies are widely different from each 

other. The 4,4ˊ-bipyridine hydrogen bonds with phenolic O-H and makes arrangement of 

molecules in which the oxime groups are close to axial position of the copper showing weak 

interactions to make an apparently a six coordinated metal complex which is not observed in 

other solvates. The nickel complexes and zinc complex has wide difference in the directional 

arrangement of molecules, whereas the zinc complex 4.1.7 has shown extension of grid-like 

structures through coordination of one nitrogen atom of 1, 3-bis(4 pyridyl)propane to zinc 

and phenol-pyridine hydrogen bonds. These examples have shown that besides the changes 

caused in the packing by presence and absence of a guest or solvent molecules, the 

directional hydrogen bonds are crucial in generating the overall architecture of the respective 

non-covalent assembly in each case. Interactions of fluoride ions with metal complexes in 

solution clearly tell that divalent metal ions other than the conventional hard ions can also be 

used for the fluoride detection by putting them as a part of a receptor. Population of d-

electron in the central metal ions in a delocalized chelate system plays a key role in shifting 

the emission or absorption spectra with respect to the parent ligand during the detection of 

fluoride ions. Depending on the metal ions such as in the zinc complex 4.1.7 fluorescence 

emission can be a tool for the detection of fluoride ions despite the parent ligand does not 

have such a capability. Interesting aspect of the zinc complex 4.1.7 is that it has a very 

weakly fluorescent counterpart, but the zinc complex 4.1.7 on the interactions with the 

fluoride ions becomes strongly fluorescent to show an emission at longer wavelength. 

Incorporation of the basic aromatic heterocyclic compounds as ligands or solvent of 

crystallization do not interfere in the fluoride detection. 

4.1.6: Experimental section 

UV-vis and fluorescence experiments: 

For study of interactions with fluoride ions separate solutions of the complexes 4.1.4, 4.1.5 

and 4.1.7 (10
-5

 M solution) as well as the solutions of different tetrabutyl ammonium ions 

(10
-3

 M solution) were prepared in dimethylsuphoxide or water or DMSO-water mixture (1:1 

v/v). To record the UV-vis spectra or fluorescence spectra 3 ml solution of the complex was 

placed in quartz cell of a 10 mm path length at room temperature. Absorption or emission 

spectra were recorded after each addition, by adding definite amounts of solutions of anions 

in aliquot to such a solution using micropipette 
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Synthesis and characterization of metal complexes 4.1.1-4.1.7: 

2,4-dihydroxyphenylaldoxime (oxime 2.1.3) was prepared followed by reported procedure
27

 

as mention in Chapter-2.  

Complex 4.1.1: To a well-stirred solution of oxime 2.1.3 (0.153 g, 1 mmol) in methanol (10 

ml), copper(II) nitrate trihydrate (0.120 g, 0.5 mmol) was added. A dark green precipitate 

obtained was dissolved by adding minimum amount of dimethylformamide (DMF). Reaction 

mixture was filtered and transparent liquid was kept for crystallization. After 5 days crystals 

were obtained. Isolated yield:  60 %. IR (KBr, cm
-1

): 3416 (bs), 2925 (m), 1663 (s), 1643 (s), 

1621 (s), 1548 (s), 1510 (w), 1454 (s), 1384 (w), 1341 (w), 1317 (m), 1253 (m),  1209 (s), 

1170 (s), 1126 (s), 1098 (m), 1016 (s), 986 (s), 968 (w), 849 (m), 836 (w), 796 (s), 759 (s), 

667 (s), 630 (w), 614 (w). TGA: 200-250°C (-2DMF; exptl. wt. loss 27.67 %, calcd. 28.40 

%). Elemental anal. calcd for C20H26CuN4O8; C: 46.69 %, H: 5.05 %, N: 10.89 %; found, C: 

46.56 %, H: 5.01 %, N: 10.78 %. 

Complex 4.1.2: Complex 4.1.2 was prepared by similar procedure of complex 4.1.1 using 

dimethylacetamide (DMA) as solvent for crystallization. After 7 days needle type crystals 

were obtained. Isolated yield: 62 %. IR (KBr, cm
-1

): 3400 (bw), 3106 (bs), 1637 (s), 1613 

(bs), 1546 (s), 1457 (s), 1414 (w), 1397 (m), 1344 (w), 1312 (m), 1257 (s), 1215 (s),  1174 

(s), 1137 (s), 1012 (s), 985 (s), 970 (w), 858 (m), 842 (s), 814 (m), 761 (s), 796 (s), 661 (w), 

620 (m), 630 (m). TGA: 200-250°C (-2DMA; exptl. wt. loss 29.56 %, calcd. 32.14 %). 

Elemental anal. calcd for C22H30CuN4 O8; C: 48.70%, H: 5.53 %, N: 10.33%; found, C: 48.66 

%, H: 5.50 %, N: 10.28 %. 

     

(a)                                                  (b)                                    (c) 

Figure 4.1.9: (a) FT-IR spectrum, (b) TGA diagram and (c) EPR spectrum of complex 4.1.2. 

Complex 4.1.3: Complex 4.1.3 was prepared by a similar procedure of complex 4.1.1 using 

dimethyl sulfoxide (DMSO) instead of DMF. After 8 days black plate type crystals were 

obtained. Isolated yield: 60 %. IR (KBr, cm
-1

): 3332 (bs), 2922 (w), 1648 (s), 1606 (s), 1481 

(s), 1453 (s), 1376 (m), 1347 (w), 1328 (w), 1314 (w), 1284 (m), 1247 (m), 1212 (s), 1190 

(w), 1129 (s), 1014 (s), 987 (s), 953 (w), 850 (m), 834 (s), 795 (w), 786 (m), 761 (m), 698 

(m), 651 (m), 630 (s), 610 (m). TGA: 200-250°C (-DMSO; exptl. wt. loss 17.16 %, calcd. 
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17.52%). Elemental anal. calcd for C16H18CuN2O7S; C: 43.05 %, H: 4.03 %, N: 6.27 %, S: 

7.17 %.; found, C: 43.01 %, H: 4.01 %, N: 6.21 %, S: 7.10 %. 

     

(a)                                                  (b)                                    (c) 

Figure 4.1.10: (a) FT-IR spectrum, (b) TGA and (c) EPR spectrum of complex 4.1.3. 

Complex 4.1.4: Complex 4.1.4 was prepared by a procedure similar to synthesis of complex 

4.1.1, but adding 4,4'-bipyiridine (4,4'-bipy). After 15 days black needle shaped crystals were 

obtained. Isolated yield: 58%. IR (KBr, cm
-1

): 3452 (bs), 1620 (s), 1606 (s), 1597 (w), 1549 

(s), 1516 (w), 1491 (w), 1455 (s), 1408 (s), 1377 (w), 1321 (s), 1256 (s), 1222 (w), 1212 (s), 

1173 (s), 1134 (m), 1058 (s), 1015 (s), 1001 (w), 982 (s), 964 (w), 846 (m), 832 (s), 799 (s), 

760 (s), 668 (w), 633 (s), 621 (s), 609 (w). Elemental anal. calcd for C24H20CuN4O6; C: 54.96 

%, H: 3.81 %, N: 10.68 %; found, C: 54.91 %, H: 3.76 %, N: 10.61 %. 

     

          (a)                                                         (b) 

Figure 4.1.11: (a) FT-IR and (c) EPR spectrum of complex 4.1.4. 

Complex 4.1.5: To a well-stirred solution of oxime 2.1.3 (0.153 g, 1 mmol) in methanol (10 

ml), nickel(II) nitrate hexahydrate (0.145 g, 0.5 mmol) was added. A green precipitate was 

obtained, which was dissolved in a minimum amount of DMF and filtered, transparent filtrate 

after 7 days gave green block type crystals. Isolated yield: 65 %. IR (KBr, cm
-1

): 3380 (bs), 

2925 (w), 1659 (s), 1643 (s), 1615 (s), 1569 (w), 1555 (s), 1514 (w), 1494 (w), 1451 (s), 1386 

(w), 1346 (w), 1310(s), 1261 (w), 1228 (w), 1216 (s), 1170 (s), 1124 (s), 1102 (w), 1020 (s), 

987 (s), 955 (w), 861 (m), 845 (m), 831 (s), 794 (s), 769 (m), 668 (s), 647 (s). TGA: 250-
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300°C (-2DMF; exptl. wt. loss 27.85 %, calcd. 28.71 %). Elemental anal. calcd for 

C20H26N4NiO8; C: 47.13 %, H: 5.10 %, N: 10.99 %; found, C: 47.08 %, H: 5.06 %, N: 10.92 

%. 

    

(a)                                                     (b) 

Figure 4.1.12: (a) FT-IR spectra and (b) TGA diagram of complex 4.1.5. 

Complex 4.1.6: Complex 4.1.6 was obtained from an identical reaction that was used in 

preparation of 4.1.5 but in this case it was carried out in DMSO. After 6 days green crystals 

were obtained. Isolated yield: 67 %. IR (KBr, cm
-1

): 3372 (bs), 2923 (w), 1635 (w), 1607 (s), 

1574 (w), 1553 (s), 1514 (w), 1483 (w), 1449 (s), 1381 (m), 1308 (s), 1261 (m), 1214 (s), 

1167 (s), 1122 (s), 1019 (s), 986 (s), 955 (w), 862 (m), 832 (s), 794 (m), 768 (m), 673 (w), 

647 (s). Elemental anal. calcd for C14H12N2NiO6; C: 46.28 %, H: 3.30 %, N: 7.71 %; found, 

C: 46.22 %, H: 3.25 %, N: 7.66 %. 

 

Figure 4.1.13: FT-IR spectra of complex 4.1.6. 

Complex 4.1.7: To a solution of oxime 2.1.3 (0.153 g, 1mmol) and 4-(2-(pyridine-4-

yl)propyl)pyridine (pep) (0.198g, 1mmol) in methanol (10 ml), zinc(II) nitrate hexahydrate 

(0.148g, 0.5mmol) was added and stirred. A white precipitate was obtained. Precipitate was 

dissolved in a minimum amount of DMF and filtered. Filtrate on standing, resulted in 

formation of crystals after 15 days. Isolated yield: 70 %. IR (KBr, cm
-1

): 3039 (w), 2923 (w), 

1646 (m), 1605 (s), 1557 (m), 1500 (s), 1477 (s), 1452 (s), 1419 (s), 1383 (s), 1332 (w), 1274 

(s), 1245 (s), 1207 (s), 1177 (s), 1119 (s), 1070 (m),  1008 (s), 998 (s), 983 (s), 957 (w), 840 

(s), 794 (s), 761 (m), 613 (s). Elemental anal. calcd for C40H40N6 O6 Zn; C: 62.64 %, H: 5.22 

%, N: 10.96 %; found, C: 62.60 %, H: 5.16 %, N: 10.88 %. 
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Figure 4.1.14: FT-IR spectra of complex 4.1.7. 

 

                         

(a)                            (b)                              (c)                                      (d) 

Figure 4.1.15: UV-vis spectra of complex (a) 4.1.1, (b) 4.1.5 and (c) 4.1.7 in water on 

addition of different amounts of the tetrabutylammonium fluoride (100μl aliquot of 10
-5

 M in 

water). (d) Fluorescence spectra of complex 4.1.7 in water on addition of different amount of 

the tetrabutylammonium fluoride (100μl aliquot of 10
-3

 M in water). 

     

(a)                            (b)                              (c)                                      (d) 

Figure 4.1.16: UV-vis spectra of complex (a) 4.1.1, (b) 4.1.5 and (c) 4.1.7 in DMSO-water 

mixture on addition of different amounts of the tetrabutylammonium fluoride (100μl aliquot 

of 10
-3

 M in water). (d) Fluorescence spectra of complex 4.1.7 in DMSO-water mixture on 

addition of different amount of the tetrabutylammonium fluoride (100μl aliquot of 10
-3

 M). 
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(a)                                   (b)                                    (c) 

      

                                     (d)                            (e)                                         (f) 

Figure 4.1.17: UV-vis spectra of complex (a) 4.1.1, (b) 4.1.5 at different pH and (c) and (d) 

are basic pH titration spectra of complex 4.1.1 and 4.1.5. Fluorescence spectra of complex 

4.1.7 (e) at different pH and (f) basic pH titration spectra. 

     

(a)                                                             (b) 

Figure 4.1.18: Fluorescence intensities at 415 nm for the complex 4.1.7 (10
-5 

M) in the 

presence of (a) different anions (10
-3 

M) and (b) Fluoride (10
-3 

M) with the addition of 10
-3

M 

of different anions respectively. 
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(a)                                        (b) 

Figure 4.1.19: (a) Fluorescence intensity versus [TBAF] plot of zinc complex 4.1.7 at 415 

nm and (b) EPR spectrum of copper complex 4.1.7 with addition of different amounts of 

tetrabutyl ammonium fluoride. 

 
Figure 4.1.20: 

1
H-NMR (DMSO-d6) spectra during titration of complex 4.1.5 with tetrabutyl 

ammonium fluoride (i) 0.0, (ii) 0.5, (iii) 1.0, (iv) 1.5 and (v) 2 equivalents. 

 
Figure 4.1.21: 

1
H-NMR (DMSO-d6) spectra during titration of complex 4.1.7 with tetrabutyl 

ammonium fluoride (i) 0.0, (ii) 0.5, (iii) 1.0, (iv) 1.5 and (v) 2 equivalents. 
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(a)                               (b)                              (c)                                   (d) 

Figure 4.1.22: UV-vis spectra of complex (a) 4.1.1, (b) 4.1.5 and (c) 4.1.7 on addition of 

different amount of tetrabutylammonium hydroxide. (d) Fluorescence spectra of complex 

4.1.7 on addition of different amount of tetrabutylammonium hydroxide. 

       

(a)                                              (b) 

Figure 4.1.23: (a) Experimental and (b) Simulated powder X-ray diffraction patterns of the 

complexes 4.1.1-4.1.4. 

     
(a)                              (b) 

Figure 4.1.24: (a) Experimental and (b) Simulated powder X-ray diffraction patterns of the 

complexes 4.1.5-4.1.7. 
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4.2.1: Introduction 

Coordination polymers (CPs) or metal-organic frameworks (MOF, a porous coordination 

polymer) are new generation molecular materials.
1a-b

 Both class of compounds are 

constructed by reacting metal ions with organic ligands via coordination bonds. From past 

few decades CPs or MOF have received significant interest from researchers because of their 

real life applications
1c

 in varies areas, such as gas storage or separation,
2
 magnetism,

3
 drug 

delivery,
4
 and luminescence.

5
 Certain coordination polymers (CPs) catalyze photochemical 

reactions.
6 

Coordination polymers also undergo crystal to crystal transformations
7
 and 

reactions by solvents.
8
 CPs or MOF are widely used as catalyst for organic transformations

9
 

and certain porous frameworks serve as container to perform catalytic or stoichiometric 

reactions.
10

 One of the way to activate a substrate for a chemical transformation may be 

achieved by placing the reactants into voids of a MOF. For such a process, sizes of the voids 

should be conducive to accommodate the reactant molecule and there should be a mechanism 

through which the product/s is/are released from the MOF.
11

 A flexible MOF would have 

high storage or release due to their high selectivity and low energy in the recovery of 

adsorbed molecules as compared to a rigid porous adsorbents.
12 

Flexible organic ligands may 

provide more possibilities for the construction of unique MOFs because of their freedom of 

conformation. Such flexible MOFs are very limited and leave scope for preparation of new 

flexible functional materials for catalytic studies.  

     

(a)                                                (b) 

Figure 4.2.1: (a) Crystal structure of cadmium(II)-1,3-bis(4-pyridyl)propane complex and (b) 

its corresponding hydrogen bonded self-assembies. 

One of such flexible organic ligands is 1,3-bis(4-pyridyl)propane is frequently used for 

constructing various MOFs.
13

 It forms hydrogen bonded one dimensional cadmium 

coordination polymer (Fig. 4.2.1).
14

 Cadmium(II) containing coordination polymers also 

have attracted considerable attention because the large radius, various coordination modes, 

and special physical properties of Cadmium(II) ion.
15

 Reversible assembling and 

disassembling of building blocks of coordination polymer are also possible,
16

 hence an 
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originally nonporous material may be used to encapsulate a guest and again release through 

assembling and disassembling properties. Furthermore, assembling of a coordination polymer 

with a reactant or a product of a reaction
17

 may selectively hold either of them. The 

coordination polymers also change dimensions upon reaction conditions
18

 and solvents.
19

 

One-dimensional (1-D) coordination polymers are advantageous as catalyst to provide 

multiple sites for reactant or product in varieties of ways. Hence, it is an open ended research 

area to search for coordination polymers that would weakly bind to a reactant or a product of 

a reversible reaction. Such processes on formation of self-assembled 1-D coordination 

polymers with or without a substrate and product is described schematically in Fig. 4.2.2a.  

      

(a)                                                         (b) 

Figure 4.2.2: (a) Various self-assemblies, interactions of substrate or product with 1-D 

coordination polymer and (b) Different equilibrium of coordination polymer with substrate. 

The ability of a substrate or product to reversibly bind or associate with a coordination 

polymer will be a deciding factor to shift the equilibrium between reactant and product (Fig. 

4.2.2b). In this part of this chapter the association ability of an aldehyde and corresponding 

aldoxime with cadmium coordination polymer having identical linker is described. 

4.2.2: Synthesis of different cadmium coordination polymers of 1,3-bis(4-

pyridyl)propane ligand 

Cadmium coordination polymer with 1,3-bis(4-pyridyl)propane as linkers (abbreviated as 

CP-4.2.1) is formed by reaction of 1,3-bis(4-pyridyl)propane and cadmium nitrate in 

methanol-dimethylformamide solvent mixture. The cadmium coordination polymers of 1,3-

bis(4-pyridyl)propane having guests namely 2,4-dihydroxybenzaldehyde and 2,4-

dihydroxybenzaldoxime, abbreviated as CP-4.2.2 and CP-4.2.3 (Scheme 4.2.1) respectively 

are prepared by three component reactions of cadmium nitrate, 1,3-bis(4-pyridyl)propane 

together with 2,4-dihydroxybenzaldehyde or 2,4-dihydroxybenzaldoxime (oxime 2.1.3).  
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Scheme 4.2.1: Synthesis of cadmium coordination polymer and guest encapsulation. 

The coordination polymers are characterized by conventional spectroscopy, X-ray structure 

determination and by comparing the experimentally observed powder X-ray diffraction data 

with the generated diffraction pattern from the crystallographic information files. 

4.2.3: Structural descriptions of cadmium coordination polymers 4.2.1-4.2.3 

The coordination polymer 4.2.1 that was prepared from the reaction of 1,3-bis(4-

pyridyl)propane with cadmium nitrate tetrahydrate was a 1:1 coordination polymer having 

monohydrated cadmium nitrate bridged by 1,3-bis(4-pyridyl)propane. In this coordination 

polymer each cadmium ion is in six coordinated environment and connected to two nitrogen 

atoms of pyridine rings of 1,3-bis(4-pyridyl)propane bridging ligands. There are two bis-

chelating nitrates and a water molecule coordinated to each cadmium ion. Interpenetrated 

structures are generally observed in coordination polymers of 1,3-bis(4-pyridyl)propane with 

cadmium,
20

 present example is a simple one-dimensional coordination polymers was 

prepared at mild conditions. Structure of CP-4.2.1 complements reported one-dimensional 

cadmium CPs of flexible bridging ligands, 4-pyridyl-(CH2)n-4-pyridyl (n = 1, 2).
21

  

    

(a)                                                                      (b) 

Figure 4.2.3: (a) Structure of CP-4.2.1 and (b) Hydrogen bonded self-assembly formed by 

interactions of coordinated nitrates in one chain with coordinated water of another chain of 

CP-4.2.1. 
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Hydrogen bonds of coordinated water molecules with nitrate anions make 2-dimensional 

sheet-like structure of CP-4.2.1(Fig. 4.2.3). For hydrogen bonds and sort contacts parameters 

of supramolecular assembly please see Table 4.2.1 and page 229 of appendix. CP-4.2.1 is 

relatively less soluble in common solvents, it can be modified to CP-4.2.2 or CP-4.2.3 by 

treating with 2,4-dihydroxybenzaldehyde or 2,4-dihydroxybenzaldoxime (oxime 2.1.3) 

respectively. However, these reactions provide low yields of CP-4.2.2 and CP-4.2.3. The low 

yield from such method of synthesis is attributed to the required stoichiometry of ligand for 

such transformation. Guest included coordination polymers require 1: 2 metal to 1,3-bis(4-

pyridyl)propane stoichiometry;  whereas CP-4.2.1 has such 1:1 ratio. Alternative procedure 

by starting with cadmium nitrate tetrahydrate and 1,3-bis(4-pyridyl)propane in appropriate 

stoichiometry in the presence of respective guest molecules provided good yields of CP-4.2.2 

and CP-4.2.3 (Scheme 4.2.1). 

             

                           (a)                                (b)                            (c) 

Figure 4.2.4: Fingerprint plots for (a) CP-4.2.1, (b) CP-4.2.2 and (c) CP-4.2.3 with O
…

H 

interactions highlighted in colour. 

Hirshfeld surface
22

 analysis of the three coordination polymers show that the percentage of 

O-H interactions (Fig. 4.2.4) in the case of CP-4.2.1 there is 46.2 % interactions involving O-

H hydrogen bonds, whereas in the case of the guest encapsulated coordination polymers the 

contribution of O-H interactions to overall weak interactions are 27.5 % in CP-4.2.2 and 25.3 

% in CP-4.2.3. These distributions of weak interactions suggest that the two guest included 

compounds have comparable hydrogen bonds involving O-H hence for any interconversion 

there is only slight reorganization of such weak interactions would be required. 

Earlier study had shown that carboxylic acid was included as guest in sub-assemblies of 4 × 4 

metallacycles of cadmium coordination polymer.
23 

The present frames of the guest-included 

coordination polymers are comprised of 2 × 2 metallacycles as repeat units where two 

independent molecules of 1,3-di(pyridin-4-yl)propane hold two cadmium ions. Hence, guest 

as well as counter ions has important roles to stabilize their respective self-assemblies. 

Domain adjustments in these assemblies happen to accommodate guest molecules. Domain 

expansion is suggested by us as a major issue to reshuffle a non-covalent assembly for 
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molecular recognition.
24

 Structures of the two guests included coordination polymers not only 

have similar metallacycle repeat units but also have similar self-assemblies. Both these guest 

included coordination polymers have cadmium ions with six coordination number; among 

which four coordination sites are occupied by ligating nitrogen atoms and other two sites in 

axial positions are occupied two water molecules. 

Table 4.2.1: Hydrogen bond parameters of coordination polymers 4.2.1-4.2.3.  

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

CP-4.2.1 

 

O(7)-H(7C)···O(2) [2-x, 2-y, -z] 

O(7)-H(7D)···O(6) [2-x, 1-y, -z] 

C(2)-H(2)···O(5) [2-x, 2-y, 1-z] 

C(4)-H(4)···O(3) [-1+x, y, z] 

 

0.87(4) 

0.79(5) 

0.93(3) 

0.93(3) 

1.90(3) 

2.04(2) 

2.59(4) 

2.39(3) 

2.773(3) 

2.809(2) 

3.508(3) 

3.214(3) 

172(4) 

168(3) 

168(4) 

147(3) 

CP-4.2.2 

 

 

 

 

 

CP-4.2.3 

O(3)-H(3)···O(6) [1+x, -1+y, z] 

O(7)-H(7A)···O(4) [1+x, -1+y, z] 

O(7)-H(7B)···O(6) [x, y, z] 

C(10)-H(10)···O(1) [1-x, 1-y, 1-z] 

C(13)-H(13)···O(4) [x, -1+y, z] 

 

O(1)-H(1A)···O(4) [-x, -y, 1-z] 

O(1)-H(1B)···O(2) [x, -1+y, 1+z] 

O(5)-H(5A)···O(3) [1-x, 1-y, 1-z] 

O(6)-H(6)···O(2) [x, y, z] 

O(6)-H(6)···O(4) [x, y, z] 

0.82(3) 

0.87(6) 

0.82(6) 

0.93(8) 

0.93(7) 

 

0.88(5) 

0.88(6) 

0.82(5) 

0.82(7) 

0.82(3) 

2.01(5) 

1.92(5) 

2.02(6) 

2.55(7) 

2.54(4) 

 

1.91(2) 

2.00(4) 

2.11(6) 

2.25(4) 

2.38(4) 

2.788(5) 

2.790(5) 

2.837(5) 

3.345(6) 

3.197(5) 

 

2.788(3) 

2.847(3) 

2.864(3) 

2.916(3) 

3.181(3) 

158(6) 

178(7) 

175(3) 

143(6) 

128(4) 

 

171(4) 

162(3) 

152(7) 

138(6) 

166(5) 

 

Coordination polymer 4.2.2 having 2,4-dihydroxybenzaldehyde is shown in Fig. 4.2.5. In this 

case the layer-like supramolecular assembly (Fig. 4.2.5b) is formed by cationic chains in 

which the each cadmium ion is connected to four 1,3-bis(4-pyridyl)propane ligand.  The 

repeat units are comprised of 2 × 2 metallacycles as illustrated in Fig. 4.2.5a. The two layers 

are connected by hydrogen bonds between nitrate anions and coordinate water molecules 

located in the spaces between the layers making compartments; those compartments include 

guest molecules (Fig. 4.2.5c). The 2,4-dihydroxybenzaldehyde interacts with such partitioned 

self-assemblies  by forming hydrogen bonds involving oxygen atom of nitrate and O-H of 

phenolic group located at 4-position of the ring (Fig. 4.2.5d). Neighbouring guest molecules 

also interact between them through weak C-H···O interactions involving the phenolic 

hydroxy-group located at 2-position of the phenyl-ring as shown in Fig. 4.2.5d. 

  

(a)                                                                  (b) 
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  (c)                                                                   (d) 

Figure 4.2.5: (a) Cationic part of CP-4.2.2, (b) Guest encapsulated packing pattern of CP-

4.2.2, (c) An enclosure formed by nitrate anions interacting with coordinated water molecules 

(without guest) and (d) Self-assembly formed by 2,4-dihydroxybenzaldehyde nitrate and 

coordinated water molecules in CP-4.2.2. 

The coordination polymer 4.2.3 has 2,4-dihydroxybenzaldoxime (oxime 2.1.3) as inclusion 

complex; it possesses exactly similar self-assembly as that of the CP-4.2.2 as shown in Fig. 

4.2.6a. The dissimilarity between the structures of the two guest included coordination 

polymer arises from the hydrogen bonds between the nitrate ions with the oxime molecules. 

The oxime 2.1.3 forms hydrogen bonds (Fig. 4.2.6b) involving more sites than the 

corresponding aldehyde in the respective coordination polymers. These hydrogen bonds are 

from the O-H of the oxime at one site, and the phenolic O-H located at 4-position at other 

site. For such hydrogen bonds two independent nitrate ions of different cationic chains are 

involved. 

  

(a)                                                               (b) 

Figure 4.2.6: (a) Nitrate and coordinated water molecules form hydrogen bonded layers 

structure in CP-4.2.3 and (b) The assembling between oxime 2.1.3 molecules in CP-4.2.3. 

Fundamental difference of self-assemblies of CP-4.2.1 from other two coordination polymer 

in term of their respective hydrogen bonds. CP-4.2.1 has water molecules and nitrate anions 

that are coordinated to cadmium ions, whereas in CP-4.2.2 or CP-4.2.3 has only the 

coordinated water molecules, but nitrate anions in the latter two cases are outside the 

coordination sphere.  
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4.2.4: Conversion of aldehyde to oxime transformation studied by the help of isothermal 

calorimetric titration (ICT) and FT-IR 

Aldoximes are generally prepared from corresponding aldehydes. They also undergo 

hydrolysis to form parent aldehydes under suitable conditions.
25 

Difference in binding or 

affinity of such substrates would shift the equilibrium of formation and decomposition 

between an aldehyde and corresponding oxime. Such possibilities are explored and found that 

the reaction of 2,4-dihydroxybenzaldehyde with hydroxylamine is catalysed by cadmium 

coordination polymer 4.2.1. The reaction proceeds in approximately 30 minutes time to form  

2,4-dihydroxybenzaldoxime (1mmol) from 2,4-dihydroxybenzaldehyde (1mmol) at room 

temperature with one mole percentage of the catalyst, whereas  without the catalytic amount 

of the catalyst the reaction proceeds in about 3-4 hrs. After the reaction the coordination 

polymer 4.2.1 transforms to oxime included coordination polymer as illustrated in scheme 

4.2.2. The coordination polymer has ability to catalyse the reaction of aldehyde to oxime. It is 

also found that a reaction of hydroxylamine with CP-4.2.2 yields CP-4.2.3, whereas CP-4.2.3 

in water does not get hydrolyzed to form CP-4.2.2. Thus the reaction schemes are confirmed 

by comparing the IR spectra of the CP-4.2.2, CP-4.2.3 and crude product of reaction between 

CP-4.2.2 and hydroxylamine. The IR spectra of the CP-4.2.2 has carbonyl stretching at 1628 

cm
-1

 and 1654 cm
-1

, which upon conversion to C=N appears at 1615 cm
-1

 (Fig. 4.2.7). There 

may be also an alternative suggestion for such an oximation reaction to suggest that the 

degraded product of cadmium complex in solution plays a role in catalysis. For such a 

happening on transformation of CP-4.2.1 to CP-4.2.3 a disproportionation reaction would be 

required. The guest included coordination polymers have 1:2 metals to linker ratio, whereas 

starting polymer has 1:1. Hence a disproportionation reaction of CP-4.2.3 will require change 

in stoichiometry of linkers and free cadmium ions. We have negated the participation of free 

cadmium ion in the catalytic deoximation process, as externally added 1,3-bis(4-

pyridyl)propane did not affect the catalytic oximation reaction by CP-4.2.1 and nor the 

oximation reaction is facilitated by cadmium nitrate alone. A reaction carried out by adding 

additional cadmium ions to a reaction mixture of oxime containing catalytic amount of CP-

4.2.1, showed the same result without improving overall yield. 
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Figure 4.2.7: FTIR (KBr, cm
-1

) of the coordination polymer (i) CP-4.2.2; (ii) CP-4.2.3; (iii) 

Crude product of CP-4.2.2 upon recation with hydroxylamine. 

Thermodynamic parameters for association of CP-4.2.1 with 2,4-dihydroxybenzaldehyde  or  

2,4-dihydroxybenzaldoxime (oxime 2.1.3) in solution are determined by isothermal 

calorimetric titrations studied. Association ability of the oxime is about three times higher 

than the aldehyde (Table 4.2.2). The interactions of host and guest shows higher enthalpy 

and entropy change upon association of oxime to CP-4.2.1 than the association of aldehyde 

with this coordination polymer. 

Table 4.2.2: Thermodynamic parameters of host-guest association  

Titrant  Ka  (M
-1)      H  

(kcal/mol) 

         S 

(cal/mol/deg) 

A 1 × 102   -5.197×104    -1.65×102 

B 2.92 × 102   -1.107×104    - 2.58×101 

A = 2,4-dihydroxybenzaldehyde, B = 2,4-dihydroxybenzaldoxime (oxime 2.1.3) 

 

Accordingly, conversion of aldehyde to oxime is facilitated by the CP-4.2.1; this is evident 

from reaction between 2,4-dihydroxybenzaldehyde with hydroxylamine in methanol. One 

mole percent of CP-4.2.1 helps instantaneous formation of 2,4-dihydroxybenzaldoxime from 

such a reaction, whereas in its absence incomplete conversion is observed. 

Fluorescence spectroscopy is used to study the reactivity of the coordination polymers with 

guest molecules. A solution of CP-4.2.1 is weakly fluorescent upon excitation at 306 nm; it 

shows an emission peak at 403 nm. A similar excitation of solution of CP-4.2.2 or CP-4.2.3 

show similar emission peak of CP-4.2.1 and but the peak is shifted from original place to 413 

or 416 nm respectively (Fig. 4.2.12). These emissions are not affected by addition of solution 

of cadmium nitrate. This suggests that the backbones of coordination polymers remain intact 

in solution. 
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Scheme 4.2.2:  Competitive equilibrium for formation hydrogen bonded assemblies. 

The inclusion of oximes to the enclosures constructed through hydrogen bonds by interacting 

nitrate anions with water. Hence, the interaction of aldehyde with coordination polymer CP-

4.2.1 to form the coordination polymer CP-4.2.2 facilitates the activation of the aldehyde. 

This activation cause easy transformation from aldehyde to oxime and finally converts the 

CP-4.2.1 to polymer CP-4.2.3. The difference in bindings of aldehyde and oxime to 

coordination frame controls the inflow of aldehyde and outflow of oxime to maintain cyclic 

reaction path that occurred due to binding differences to form non-covalently linked self-

assemblies (scheme 4.2.2).   

4.2.5: Conclusions  

In this study we have shown the ability of nitrate ion to control supramolecular features, 

stoichiometry and the guest inclusion of cadmium coordination polymers with 1,3-bis(4-

pyridyl)propane as linker. Coordinated nitrate ions in the coordination polymer without guest 

prevents it to have 1:2 stoichiometry between cadmium ion and linkers, whereas the ionic 

nitrate form hydrogen bond with coordinated water provided partition in self-assemblies of 

coordination polymers to encapsulate oxime or aldehyde as guests. The aldehyde included in 

self-assembly is easily converted to oxime by reaction with hydroxylamine as (a) aldehyde 

has lower association ability and (b) oximes formed from such reactions adopt similar guest 

included structures with least reorganisations. This study clarifies that formation of self-

assembled host-guest complexes through reorganisation of a coordination polymer by guest 

molecules help the guest to serve as a reactant to form product. The hydrolysis of C=N bond 

to carbonyl by the coordination polymer is not favoured. The oximes and aldehydes used for 

inclusion study are derived from oxidisable hydroxyaromatic compounds; these oxidisable 

compounds get stabilized in supramolecular environment and utilized for chemical 

transformation as per necessity namely in the conversion CP-4.2.2 to CP-4.2.3 in presence of 

hydroxylamine.     
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4.1.6: Experimental section 

Synthesis and characterization of cadmium coordination polymers 4.2.1-4.2.3: 

1,3-bis(4-pyridyl)propane  (0.198gm, 1 mmol) and cadmium nitrate tetrahydrate (0.308 gm, 1 

mmol) were dissolved in 20 ml methanol and stirred for overnight. A white precipitate was 

obtained; the reaction mixture was filtered and dried at room temperature. Dried product was 

CP-4.2.1, which was further recrystallized from dimethylformamide solution to get crystal of 

CP-4.2.1. The CP-4.2.2 and CP-4.2.3 were prepared by following procedure identical to CP-

4.2.1, but by changing the stoichiometry as 1,3-bis(4-pyridyl)propane (0.40 gm, 2 mmol) and 

cadmium nitrate tetrahydrate (0.308 gm, 1 mmol) with guest (2 mmol) 2,4-

dihydroxybenzaldehyde or 2,4- dihydroxybenzaldoxime (oxime 2.1.3). 

CP-4.2.1: Isolated yield: 72 %. 
1
H-NMR (600 MHz, DMSO-d6): 8.45 (d, J = 6 Hz, 4H), 7.27 

(d, J = 6 Hz, 4H), 2.63 (t, J = 6 Hz, 4H), 1.94 (p, J = 6 Hz, 2H). IR (KBr, cm
-1

): 3451 (br, s), 

2929 (w), 1615 (s), 1560 (s), 1460 (w), 1431 (w), 1384 (s), 1292 (m), 1275 (m), 1225 (s), 

1069 (s), 1018 (s), 842 (m), 816 (s), 734 (w), 668 (m), 613 (m). 

 

Figure 4.2.8: 
1
H-NMR (DMSO-d6) spectra of CP-4.2.1. 

CP-4.2.2: Isolated yield: 75 %. 
1
H-NMR (600 MHz, DMSO-d6): 10.90 (s, 1H), 10.64 (s, 1H), 

9.92 (s, 1H), 8.45 (d, J = 6 Hz, 4H), 7.53 (d, J = 6 Hz, 1H), 7.25 (d, J = 6 Hz, 4H), 6.40 (d, J = 

6 Hz, 1H), 6.31 (s, 1H), 2.63 (t, J = 6 Hz, 4H), 1.94 (p, J = 6 Hz, 2H). IR (KBr, cm
-1

): 3416 

(br, w), 2932 (w), 1654 (s), 1628 (w), 1613 (w), 1560 (w), 1507 (s), 1425 (s), 1384 (s), 1330 

(w), 1224 (s), 1117 (s), 1065 (w), 1014 (s), 975 (m), 863 (m), 815 (s), 798 (w), 630 (m), 613 

(m). 

 

Figure 4.2.9: 
1
H-NMR (DMSO-d6) spectra of CP-4.2.2. 
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CP-4.2.3: Isolated yield: 70 %. 
1
H-NMR (600 MHz, DMSO-d6): 10.97 (s, 1H), 10.10 (s, 1H), 

9.76 (s, 1H), 8.45 (d, J = 6 Hz, 4H), 8.19 (s, 1H), 7.26 (d, J = 6 Hz, 4H), 7.23(s, 1H), 6.29 (d, 

J = 6 Hz, 2H), 2.63 (t, J = 6 Hz, 4H), 1.94 (p, J = 6 Hz, 2H). IR (KBr, cm
-1

): 3372 (br, s), 

2933 (w), 1615 (s), 1522 (m), 1504 (w), 1426 (w), 1384 (s), 1298 (m), 1197 (s), 1117 (s), 

1066 (m), 1013 (s), 975 (s), 864 (w), 840 (w), 798 (w), 612 (m). 

 

Figure 4.2.10: 
1
H-NMR (DMSO-d6) spectra of CP-4.2.3. 

       

                                                      (a)                                         (b)  

Figure 4.2.11: ITC titration of CP-4.2.1 with (a) 2,4-dihydroxybenzaldehyde and (b) 2,4-

dihydroxybenzaldoxime. 

       

(a)                             (b)                               (c) 

Figure 4.2.12: Fluorescence emission of (a) CP-4.2.1 (10
-4 

M) with different amount of 1,3-

di(pyridin-4- yl)propane (10
-3 

M), (b) CP-4.2.2 (10
-4 

M) and (c) CP-3 (10
-4 

M) with different 

amount of cadmium (10
-3 

M) (each excitation at 306 nm, solutions are in 

dimethylformamide). 
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Figure 4.2.13: PXRD pattern of CP-4.2.1 (Red= Experimental, Black= Simulated). 

Simulated pattern generated from cif file. 

 

Figure 4.2.14: PXRD pattern of CP-4.2.2 (Red= Experimental, Black= Simulated). 

Simulated pattern generated from cif file. 

 

Figure 4.2.15: PXRD pattern of CP-4.2.3 (Red= Experimental, Black= Simulated). 

Simulated pattern generated from cif file. 

Table 4.2.3: Relative contributions of various interactions in percentage to Hirshfeld surface 

area in different coordination polymers 4.2.1-4.2.3. 

 CP-4.2.1 CP-4.2.2 CP-4.2.3 

O
…

O 2.4 0.0 0.0 

N
…

O 1.3 0.1 0.0 

C
…

O 5.2 0.2 0.1 

H
…

O 46.2 27.6 25.3 

C
…

N 1.4 0.1 0.0 

N
…

H 3.8 5.6 6.4 

TH-1811_136122034



Chapter 4 (Part B) 
 

141 
 

C
…

H 10.3 27.8 27.7 

C
…

C 0.0 2.8 2.2 

H
…

H 28.1 34.1 36.4 
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5.1: Introduction 

Design and synthesis of non-covalently linked assemblies with desired chemical and physical 

properties are important in crystal engineering.
1 

A cocrystal may be defined as a crystalline 

adduct composed of at least two components, where the components may be atoms, ions or 

molecules.
2 

The physicochemical properties of a compound in the solid state can be modified 

by forming cocrystal with selective coformer molecule.
3
 Because of directional properties of 

the weak interactions they are very useful to construct cocrystals.
4
 Hydrogen bonds play a 

crucial role among other weak interactions in self-assemblies of cocrystals.
5
 Supramolecular 

synthon approach in non-covalent synthesis and use of graph set notation in crystal 

engineering have offered excellent opportunities for pre-design non-covalent synthesis and to 

describe them elegantly.
6
 Nature of architectures of supramolecular self-assemblies have 

extensive contributions from hydrogen bonds, types of supramolecular synthons, strength and 

directionality of hydrogen bonds to guide their structures.
7 

        

                     (a)                                               (b)                                               (c) 

Figure 5.1: Common hydrogen bonds between (a) acid-acid and acid with alcohol, (b) acid-

amide, acid-pyridine, acid-quinoline and (c) common oxime-oxime and uncommon acid-

oxime interactions.  

Advantages of weak interactions among various functional groups; that are capable of 

hydrogen bond formation in supramolecular chemistry are useful to design cocrystals. 

Among the functional groups hydroxy, carboxylic acid, amide and oxime are common 

functional groups to construct various self-assemblies of cocrystals.
8
 Different types of 

hydrogen bonded motifs of carboxylic acids
9 

are formed by intermolecular hydrogen bonds 

(Fig. 5.1a-b). Centrosymmetric dimeric (i) assembly of carboxylic acids are well known. 

There are also examples of hydrogen bonded catemers or chain-like assemblies (ii) and single 

and double bridged assembly (iii) and (iv) incorporating one and two alcohol or water 

molecules as illustrated in Fig. 5.1a.
10

 The carboxylic acids also interact with carboxamide or 

pyridine and related nitrogen containing heterocyclic compounds.
11

 Some hydrogen bonded 
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motifs formed by interactions between carboxylic acid and carboxamide or pyridine and 

quinoline derivatives are shown in Fig. 5.1b. 

Oxime is a typical organic functional group used in various organic reactions, oximes form 

different non-covalently linked dimers and catemers by interaction between two same kinds 

of oximes or two different oximes.
12

 But, oxime has less affinity to form assemblies with 

carboxylic acids and phenols. So, there are limited literatures on the self-assemblies of 

oximes with carboxylic acids. Due to the limited study direct interactions between oximes 

and carboxylic acids; we explore interactions of quinoline based oxime quinoline-4-

carbaldoxime (5.1) with different carboxylic acids. The compound 5.1 has sites to anchor 

carboxylic acid through quinoline part to form suitable cocrystal and in such cocrystals 

oxime-acid interactions should be possible (Fig. 5.2) as secondary interactions.  

 

Figure 5.2: Amphoteric compound, quinoline 4-carbaldoxime (5.1) 

Oxime 5.1 is chosen for such a study as it is an amphoteric compound, which has prospects to 

form self-assemblies with acidic and basic organic compounds. With such objectives we 

studied self-assemblies of various cocrystals and salts of oxime 5.1. It is observed that oxime 

5.1 forms cocrystals or crystalline salts with aliphatic-dicarboxylic or mineral or aromatic-

carboxylic acids (Fig. 5.3). 

      

(a)                                                                    (b) 

Figure 5.3: (a) Aliphatic dicarboxylic acids, mineral acids and (b) aromatic carboxylic acids 

used as coformer for quinoline-4-carbaldoxime. 
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5.2: Synthesis of cocrystals and salts of quinoline-4-carbaldoxime (5.1) 

Due to the two prominent sites for hydrogen bonds in oxime 5.1, it can choose a partner 

molecule by one functional unit or by using both functional units to forming hydrogen bonds. 

Thus, there is a possibility for the quinoline moiety to interact with an acid or a base partner. 

Such interactions may cause through proton transfer to have electrostatic interactions or via 

hydrogen bond formation with a partner molecule. It is observed that oxime 5.1 easily forms 

cocrystals or crystalline salts with aliphatic dicarboxylic acids or mineral acids or aromatic 

carboxylic acids (listed in Fig. 5.3). It is found that oxime 5.1 forms cocrystals or salts with 

adipic (cocrystal 5.2), succinic (cocrystal 5.3), fumaric (cocrystal 5.4), maleic (salt 5.5), 

oxalic (salt 5.6), hydrochloric (salt 5.7), nitric (salt 5.8), 2-methylbenzoic (cocrystal 5.9), 2-

hydroxybenzoic (salt 5.10), 2-nitrobenzoic (salt 5.11), 3-nitrobenzoic (salt 5.12), 4-

nitrobenzoic (salt 5.13), 2,3-dihydroxybenzoic (salt 5.14) and 2,4-dihydroxybenzoic (salt 

5.15) acids (scheme 5.1). But crystals either as cocrystals or salts of oxime 5.1 with nitrogen 

containing compounds such as imidazole, pyrazole, picoline and pyridine could not be 

prepared from solution of these compounds with oxime 5.1 in different solvents (methanol, 

DMF, THF, acetone etc). 

    

(a)                                                                        (b) 

Scheme 5.1: Synthesis of cocrystals and salts of quinoline-4-carbaldoxime with (a) aliphatic 

dicarboxylic or mineral and (b) aromatic carboxylic acids. 

Cocrystals 5.2-5.4 of oxime 5.1 with aliphatic dicarboxylic acids have 2:1 molar ratio of 

oximes and carboxylic acid. Among the salts of carboxylic acids maleate salt 5.5 has 1:1 

molar ratio between oxime 5.1 and maleate, whereas oxalate salt 5.6 has the ratio of oxime 

5.1 to oxalate is 2:1. Upon reaction with mineral acids, oxime 5.1 forms corresponding salt, 

for example it forms 1:1 anhydrous salt 5.8 with nitric acid and 1:1 hydrated salt 5.7 with 

hydrochloric acid. But in the presence of aromatic carboxylic acids listed in Fig. 5.3b, 2-

methylbenzoic acid forms 1:1 binary cocrystals 5.9 and 2-nitrobenzoic acid forms 1:1:1 
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ternary cocrystals 5.11 with oxime 5.1, whereas, the rest of the aromatic carboxylic acids 

given in Fig. 5.3b form 1:1 salts on reaction with oxime 5.1.  

5.3: Structural description of oxime 5.1 and cocrystals or salts of oxime 5.1 with 

aliphatic dicarboxylic or mineral acids 

The reported structure of oxime 5.1
13 

has hydrogen bonded R2
2
(7) hetero-synthons formed by 

interaction of oxime nitrogen with peri-hydrogen atom of quinoline and a hydroxy-group 

interacting with nitrogen atom of a quinoline moiety through O-H···N hydrogen bond (Fig. 

5.4a). The molecules are arranged as single chain-like structure. Upon interactions of oxime 

molecules with carboxylic acids such hetero-synthons may transform to other oxime 

synthons. 

     

                                 (a)                                        (b)                                         (c) 

Figure 5.4: Hydrogen bonded self-assemblies of (a) oxime 5.1 and (b-c) cocrystal 5.2 (30% 

thermal ellipsoids in ORTEP diagram). 

The hydrogen bonded self-assembly of cocrystals formed by interactions of the oxime 5.1 

with adipic acid is shown in Fig. 5.4b-c. The self-assembly of this cocrystal 5.2 has O-H⋯N 

hydrogen bonds formed by the nitrogen atom of quinoline with the O-H groups of the adipic 

acid. The other prominent O-H⋯O hydrogen bonds in the lattice of this cocrystal 5.2 are 

formed between the carbonyl of the carboxylic acids and the O-H of neighbouring oxime 

molecules. These interactions help the partner molecules to self-assemble and generate cyclic 

sub-assemblies as a part of the self-assembly. The self-assemblies are constituted by the sub-

assemblies; each comprising of a pair of oxime molecules with a dicarboxylic acid molecule 

designated as A in Fig. 5.4c held by another two pairs of two oxime molecules and a 

dicarboxylic acid designated as B in Fig. 5.4c.  

The structures of the two cocrystals 5.3-5.4 formed by oxime 5.1 interacting with succinic 

acid and fumaric acid have close structural resemblances with that of the cocrystal 5.2. The 

hydrogen bonded self-assemblies of cocrystals 5.3 and 5.4 are shown in Fig. 5.5. Self-

assemblies of these cocrystals are guided by R2
2
(14) oxime-oxime and  R2

2
(7) acid-quinoline 

synthons.  
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These cocrystals have R2
2
(7) cyclic hydrogen bonded motifs in their lattice involving C-

H⋯O interactions. The R2
2
(7) motif is guided by C4-H4⋯O2 interactions. The H⋯O bonds 

distance of the C-H⋯O interactions are in the range of 2.62 to 2.78 Å with ∠D-H⋯A angles 

of 120.9°, 124.4° and 123.7° for the 5.2, 5.3 and 5.4 cocrystals, respectively. From 

geometrical consideration, these interactions are very weak,
14 

but the ∠D-H⋯A angles have 

an ascending trend with the increase in numbers of intervening methylene groups between the 

carboxylic acids. 

    

                                          (a)                                                              (b)                                   

Figure 5.5: Hydrogen bonded self-assemblies of cocrystals (a) 5.3 and (b) 5.4. 

As the flexibility of the tethers of the dicarboxylic acid molecules of these cocrystals 

increase, the relevance of such C-H⋯O bonds of the peri-hydrogen decreases. Generally, 

aldoximes form R2
2
(8) type homo-synthons,

15
 but such synthons are not observed in these 

cocrystals. The carboxylic acids disrupt the C-H⋯O bonded homo-synthons due to the 

hierarchy of O-H⋯N and O-H⋯O interactions between the carboxylic acids and oxime 

groups. The cocrystals of oxime 5.1 with aliphatic dicarboxylic acids are composed of 

uniformly distributed single phase as confirmed by the comparison of the powder XRD 

patterns of the bulk samples with the powder XRD pattern generated from the 

crystallographic information file of the single crystal data with the aid of Mercury software. 

The oxime 5.1 reacted with maleic acid to form a salt having 1:1 molar ratio of cation and 

anion. The salt 5.5 has a mono-anion of maleic acid with a protonated oxime 5.1 molecule. 

Formation of mono-anion is attributed to high pKa1 value of maleic acid. The mono 

dissociation of maleic acid with respect to di-dissociation arises due to stabilisation of mono-

anion through intramolecular hydrogen bonds. Two maleate anions self-assembled by C-

H⋯O and O-H⋯O interactions to form R
2

2(8) type of  homo-synthons (Fig. 5.6a). Such 

dimeric sub-assemblies are embedded by two oxime 5.1 cations through N-H⋯O and C-

H⋯O interactions by to form R
2

2(8) motifs. Such sub-assemblies are the basis of the repeated 

units; they are placed face-to-face in one direction to form chain-like arrangements. The C-

H⋯O interactions between the C5-H5 bond of quinoline with oxygen atom of C=O of 

carboxylate and the O-H groups of oxime interacting with C=O of carboxylate of the 
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dicarboxylic acid at the other end are responsible to build chain-like architecture. The 

packing pattern of maleate salt is shown in Fig. 5.6b. Maleic acid and fumaric acids are two 

geometrical isomers and they form cocrystals in different proportions with partner 

molecules.
16 

They are also adopt different hydrogen bonding patterns in respective packing 

pattern. 

 

(a) 

 

(b) 

Figure 5.6: The self-assembly of (a) Maleate salt 5.5 and (b) Packing pattern of maleate salt 

5.5 with oxime 5.1 (ORTEPs are with 30% thermal ellipsoids). 

We observe oxime 5.1 forms cocrystal with fumaric acid whereas it forms salt with maleic 

acid. The result on formation of maleate salt 5.5 can be summarized by Etter’s rule
17

 as per 

this rule the six membered intramolecular hydrogen bonded motifs are more stable. Thus 

cyclic type structure is adopted by maleate anion and this participates in formation of 

hydrogen bonds with cationic counterpart. Accordingly, this cyclic intramolecular hydrogen 

bonded six member motif forms the hydrogen bonded homo and hetero-synthons.  

      

(a)                                                       (b) 

Figure 5.7: Cyclic hydrogen motif in (a) Oxalate salt and (b) Hydrogen bonding between 

oxime OH and acidic partner in oxalate salt (30% thermal ellipsoids in ORTEP diagram). 
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However, a point to be noted in all these examples is that in each case all the good hydrogen 

bond donors and acceptors are utilized in formation of hydrogen bonds, other than the oxime 

nitrogen atom which does not participate in hydrogen bond scheme in any of these examples. 

Thus, these self-assemblies may be added as exceptions from conventional self-assemblies 

that utilizes all good hydrogen bond donors and acceptors. An oxalate salt 5.6 having a cation 

and anion in a ratio of 2:1 was obtained from the reaction of oxime 5.1 with oxalic acid. The 

oxalate ions are held between two oxime 5.1 cations (Fig. 5.7a) by hydrogen bonds. The 

packing is guided by bifurcated hydrogen bonds having C-H⋯O and 
+
N-H⋯O hydrogen 

bonds. The 
+
N-H⋯O interaction is ionic in nature; hence it contributes strongly to such an 

assembly. Oxalate di-anions makes this assembly different from the assemblies of the 

maleate salt 5.5 which has a mono anionic dicarboxylic acid. Hydrogen bond between oxime 

O-H and oxalate anion is shown in Fig. 5.7b. A comparison of hydrogen bonds and sort 

contacts parameters in the assemblies of the cocrystals and salts are given in Table 5.1 and 

page 230 of appendix. 

Table 5.1: Prominent hydrogen bond parameters of the cocrystals and salts of oxime 5.1. 

Cocrystal/Salt          D-H…A  dD-H (Å) dH…A (Å) dD…A (Å) ∠D-H…A (o) 

Cocrystal 5.2 O(1)-H(1A)…O(2) [-1+x, -1+y, z] 
O(3)-H(3A)…N(2) [1/2-x, -1/2+y, 1/2-z] 

C(8)-H(8)…O(1) [-x, -y, 1-z] 

0.82 
0.82 

0.93 

1.89 
1.74 

2.52 

2.702(19) 
2.559(2) 

3.426(3) 

169 
171 

163 

 
Cocrystal  5.3 

 

 
 

Cocrystal 5.4 

 

 
O(1)-H(1A)…O(2) [-1+x, 1+y, z] 

O(3)-H(3A)…N(2) [1/2-x, 1/2+y, 1/2-z] 

C(8)-H(8)…O(1) [-x, 2-y, 1-z] 
 

O(1)-H(1A)…O(2) [-1+x, -1+y, z] 

O(3)-H(3A)…N(2) [1/2-x, -1/2+y, 1/2-z] 
C(8)-H(8)…O(1) [-x, -y, -z] 

 

 
0.82 

0.82 

0.93 
 

0.82 

0.82 
0.93 

 
1.84 

1.77 

2.44 
 

1.83 

1.75 
2.44 

 
2.655(19) 

2.586(2) 

3.284(2) 
 

2.655(2) 

2.578(2) 
3.273(2) 

 
172 

173 

151 
 

173 

176 
149 

Salt 5.6 O(1)-H(1A)…O(3) [1-x, 1-y, -z] 
N(2)-H(2)…O(3) [1-x, 1-y, -z] 

N(2)-H(2)…O(2) [-x, 1-y, 1-z] 

0.82 
0.86 

0.86 

1.79 
2.43 

1.85 

2.586(15) 
2.994(18) 

2.665(18) 

163 
124 

159 

 
Salt 5.5 

 
O(1)-H(1B)…O(5) [2-x, 1-y, 1-z] 

N(2)-H(2)…O(2) [-x, -y, 1-z] 

C(5)-H(5)…O(3) [-x, -y, 1-z] 
C(7)-H(7)…O(4) [x, y, -1+z] 

C(13)-H(13)…O(5) [1-x, 1-y, 1-z] 

 

 
0.82 

0.86 

0.93 
0.93 

0.93 

 
1.85 

1.87 

2.44 
2.41 

2.51 

 
2.651(2) 

2.681(2) 

3.302(3) 
3.263(3) 

3.437(3) 

 
166 

156 

154 
152 

175 

 
Salt 5.7 O(1)-H(1)…O(2) [1/2-x, 1/2+y, 1/2-z] 

O(2)-H(2A)…Cl(1)  

N(2)-H(2B)…Cl(1) [x, -1+y, z] 
O(2)-H(3A)…Cl (1) [3/2-x, -1/2+y, 1/2-z] 

C(1)-H(1A)…O(1) [-x, 1-y, -z] 

 

0.82 

1.05 

0.86 
0.97 

0.93 

1.82 

2.20 

2.19 
2.19 

2.59 

2.600(8) 

3.117(8) 

3.030(7) 
3.094(10) 

3.436(9) 

158 

144(6) 

166 
156(6) 

152 

Salt 5.8 O(1)-H(1)…O(4) [-1+x, y, z] 

N(2)-H(2)…O(2) [x, -1+y, 1+z] 

N(2)-H(2)…O(4) [x, -1+y, 1+z] 

0.82 

0.86 

0.86 

1.92 

2.50 

1.92 

2.717(19) 

3.091(18) 

2.778(17) 

164 

127 

173 

 

Since the self-assemblies of the salts and cocrystals are guided by proton transfer or hydrogen 

bonds with the carboxylic acids; the 
1
H NOESY spectra of representative salt (Fig. 5.8a) and 

cocrystal (Fig. 5.8b) were recorded. The oxime hydroxyl-group interacts with the residual 

water molecules in DMSO-d6 solvent. This is reflected in the correlation peak appearing at 
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12.00 ppm and peak at 3.35 ppm. 
1
H NOESY experiments are based on double quantum 

coherence and relates directly to the spin-lattice relaxation.  

The correlation peak obtained from the salt is broader than the cocrystal, which is suggested 

that in the salt the proton transfer is slow. The relatively slower exchange of the proton in the 

case of the salt is attributed to the stronger interactions of the hydrogen atom to nitrogen atom 

in the salt. This reduced the exchange of oxime O-H with the 
+
N-H group. This is also 

revealed in the proton NMR spectrum of the salt with oxalic acid where it shows a broad O-H 

peak. In both the cases the carboxylic acid O-H or 
+
N-H signals of quinoline merges with the 

signal from residual water molecules that are present with the deuterated solvent. 

 

 

(a)                                                         (b) 

Figure 5.8: 
1
H-NOESY spectra (600MHz, DMSO-d6) of (a) Oxalate salt 5.6 and (b) 

Cocrystals 5.2 of oxime 5.1 (encircled ones are the cross peaks showing NOE effect). 

Both the salts are anhydrous and no hydrated crystals were found, the bulk sample as 

revealed in the powder XRD patterns of the salts. Maleic acid salt of quinoline derivative was 

suggested to be coloured, whereas same quinolone derivative was found to form cocrystal 

with fumaric acid which was colourless.
18 

In the present examples also the salts are yellowish 

whereas the cocrystals are colourless. 

To compare the self-assemblies of salts of 5.1 with inorganic acids with the carboxylate salts, 

the structures of the chloride and the nitrate salt have been studied. The self-assembly of the 

chloride salt 5.7 is guided by three strong hydrogen bonds to maintain a distorted tetrahedral 

hydrogen bonded geometry around each chloride ion (Fig. 5.9a). T-shaped hydrogen bond 

environment was observed in chloride ion assisted hydrogen bonded self-assemblies.
19 

In the 

present example chloride ions interacts with water molecules and results in the formation of 

chloride water chains (inset of Fig. 5.9b). The self-assembly of the chloride salt 5.7 is 

comprised of protonated oxime 5.1 molecules held on the channel by strong 
+
N-H⋯Cl 

interactions. 
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(a)                                                     (b) 

Figure 5.9: (a) Hydrogen bonded geometry of chloride in chloride salt 5.7 and (b) Two 

interacting units of oximes in the self-assembly of 5.7. In the inset is the chloride water chain 

in the chloride salt (Water molecules and chloride ions are label by red and green colour).   

Due to such arrangements the quinoline rings are not available for formation of the R
2

2(14) 

type homosynthons that are conventionally observed in the salts and cocrystals. But it forms 

R
2
2(8) type homosynthons involving the aldehydic C-H interacting with the oxygen atom of 

the oxime. This synthon is routinely observed in assemblies of aldoximes.
15 

To reduce 

repulsions between similar ions in the lattice and to involve the hydrogen bond donor O-H of 

oxime 5.1 in the scheme of hydrogen bonds, the O-H of the oxime 5.1 group forms hydrogen-

bonds with water molecules. Thus, the water molecules also act as bridging molecules to 

anchor the chloride ions together with another oxime molecule of the assembly forming a 

spiral chain-like structure along the crystallographic b-axis. Hence, due to formation of chain-

like structures having 
+
N-H⋯Cl interactions and also to adopt a distorted tetrahedral 

hydrogen bonded geometry around the chloride ions, the water molecules interacting with 

chloride are embedded in the lattice as filler molecules. Hydrated chloride
20

 ions have 

relevance in natural environments as chloride ions are abundant in sea water or as sea-salt 

aerosols. Trapping of different forms of water chloride aggregates in various crystals has 

revealed their existence in different forms such as clusters, one or two dimensional hydrogen 

bonded networks.
19

 Hexameric hybrid water-chloride-ethanol octamers are stabilized by 

quinolone-containing cobalt complexes, and the present water clusters are composed of one-

dimensional chain-like structures with alternating water molecules and chloride ions.  

Thermo-gravimetric analysis (TGA) of monohydrated chloride salt 5.7 (Fig. 5.39) showed 

weight loss in the region of 100-110°C due to evaporation of one water molecules. The 

weight loss corresponded to loss of one water molecule per salt molecule, which left no 

ambiguity that only the monohydrate was formed. 
 

The nitrate salt 5.8 of oxime 5.1 has the nitrate ions assisting in the formation of hydrogen 

bonded cyclic sub-assemblies. The nitrate ions occur as pairs and such arrangements are 

formed by bifurcated hydrogen bonds between 
+
N-H and two oxygen atoms of the nitrate.  
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The sub-assemblies are held together by C4-H⋯O4 interactions as shown in Fig. 5.10a. 

These dimeric motifs are held by two O-H⋯O interactions between the oxime O-H bond and 

oxygen (O4) atoms of the nitrate. In general, nitrate ions are planar and form complementary 

hydrogen bonds with host molecules or they get encapsulated in assemblies formed by host 

molecules.
21

 

  

                                      (a)                                                      (b) 

 

       

               (c)                                             (d) 

Figure 5.10: (a) Cyclic type hydrogen bond motifs of nitrate ions in lattice of the nitrate salt 

5.8, (b) Bifurcated hydrogen bonds in nitrate salt 5.8, (c) One nitrate ion interacts with four 

protonated oxime 5.1 molecules and (d) π-π interaction between two protonated oxime 5.1 

molecules in nitrate salt 5.8 (30% thermal ellipsoids in ORTEP diagram). 

In the present case the nitrate ions form two-dimensional non-planar sheets in which the 

nitrate ions are slightly oblique in orientations with respect to the plane of oxime 5.1 

molecules. There is also R2
2
(14) type homo-synthons similar to the one observed in the self-

assembly of salts exception being the chloride salt 5.7. Different types of hydrogen bonds 

between nitrate anion and cationic oxime 5.1 molecules are observed in the nitrate salt are 

shown in Fig. 5.10b-d. The difference in having completely different synthons in the chloride 

salt 5.7 is due to presence of hydrate anions; in all other cases the anhydrous salts are 

observed.  

This structural study with oxime salts or cocrystals of aliphatic carboxylic and mineral acids 

have revealed several types of synthons contributing to those assemblies. The prominent 

hydrogen bonds interactions contributing to these self-assemblies are shown in Fig. 5.11. The 

oxime O-H forms strong hydrogen bonds with the corresponding acid partner.  
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Oxime generally prefers to form cocrystals with basic compounds
12 

and quinoline attached to 

oxime 5.1 forms O-H⋯N hydrogen bonds with oxime. The nitrogen atom of the quinoline 

prefers to bind with O-H of a carboxylic acid. Such interactions are found in pyridine-

carboxylic acid or quinoline-carboxylic acid systems.
11b

 The interactions between quinoline 

and carboxylic acid facilitates the other site (the carbonyl oxygen) of a dicarboxylic acid to 

bind to the O-H of the oxime group as shown in Fig. 5.11a. The O(carboxyl)-H⋯N(pyridine) and 

C(pyridine)-H⋯O(carbonyl) hydrogen bonds control the self-assembly of pyridine-carboxylic 

acid.
10a

 In the present example, there are synergistic contributions from the O(carboxyl)-

H⋯N(quinoline) and O(oxime)-H⋯O(carbonyl) in the self-assemblies guiding the self-assembly of the 

cocrystals.  

    

(a)                                                            (b) 

 

(c) 

Figure 5.11: Observed hydrogen bonded motifs contributing to the assemblies of oxime 5.1 

with acid partners in the (a) Cocrystals and (b-c) Salts. 

Thus, such self-assemblies are guided by O-H⋯O and N-H⋯O synthons. This may be also 

one of the reasons that carboxylic acid-oxime interactions are observed in the salts. In the 

self-assemblies of the cocrystals, carboxylic acids contribute in a dual manner; they form the 

cocrystals by interacting with the oxime and they also provide extension to the hydrogen 

bonded assembly by acting as bridges. On the other hand, the inherent directional properties 

of anions guide the packing pattern of the respective salts or cocrystals.  
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5.4: Structural studies of cocrystal or salts of oxime 5.1 with aromatic carboxylic acids 

A cocrystal and a series of salts of oxime 5.1 with different aromatic carboxylic acids listed 

in Scheme 5.1 are characterized by determining crystal structures and through other 

spectroscopic analysis. The self-assembly in each case is comprised of isosteric quaternary 

sub-assemblies. Isosteric assemblies in supramolecular chemistry mean two different 

assemblies having same number of molecules or components. Isostructural (structurally 

similar) have importance in crystal engineering to design new non-covalent assemblies with 

interesting properties.
22

 Isostructural cocrystals provides scope to correlate properties among 

them.
23

 Isostructural quaternary cocrystals of olanzapine
24 

and isostructural solvates are 

reported in literature.
25

 Structural aspects of oximes are extensively studied,
26 

but their 

cocrystals with aromatic carboxylic acids are less studied. Due to poor affinity of carboxylic 

acids or phenols to bind oximes supporting interactions within various self-assemblies are 

needed to examine the interactions between oximes with phenols and carboxylic acids.
27 

In 

this part of this chapter we discussed the utility of oxime 5.1 to form isosteric hydrogen 

bonded cyclic quaternary sub-assemblies of systems represented in Fig. 5.12 is explored. In 

such assemblies oxime 5.1 (regions A and B) have possibilities to adopt different orientations 

of the planar part and also to have conformational adjustments in regions C and D. The 

distance between regions A and B as well as between regions C and D may also vary and 

decide their stabilities. It is found that the substituted benzoic acids listed in Fig. 5.3b form 

quaternary sub-assemblies and we take advantage of such assemblies to examine several 

aspects: (a) the validity of the pKa relationship to guide the formation of salts or cocrystals 

and (b) the consequence of different substituents at two remote sides of a quaternary cyclic 

sub-assembly (Fig. 5.12); (c) the possible expansion of a quaternary assembly; (d) the size of 

quaternary sub-assemblies. 

    

(a)                                           (b) 

Figure 5.12: Isosteric quaternary sub-assemblies of oxime 5.1 with aromatic carboxylic acids 

in (a) cocrystal and (b) salts. 
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The differences of pKa of oxime 5.1 with the aromatic carboxylic acids listed in Table 5.2, 

except 2-methylbenzoic acid listed in Fig. 5.3b are in between 1.11 and 2.39. Whereas, in the 

case of oxime 5.1 and 2-methylbenzoic acid, this difference is 0.67. The literature suggests 

that the differences in pKa of the partner molecules falling between 1 and 4 indicate the 

formation of either cocrystals or salts.
28

 Thus the combinations chosen here except one have 

differences of pKa values greater than 1 and less than 2.5.  

Table 5.2: pKa and pKb value of different coformers and oxime 5.1. 

Compound pKa pKb- pKa 

2-Methylbenzoic acid 3.91 0.67 

2-Hydroxybenzoic acid 2.97 1.61 

2-Nitrobenzoic acid 2.19 2.39 

3-Nitrobenzoic acid 3.47 1.11 

4-Nitrobenzoic acid 3.41 1.17 

2,3-Dihydroxybenzoic acid 2.96 1.62 

2,4-Dihydroxybenzoic acid 3.32 1.26 

*pKb value of oxime 5.1 is 4.58   

 

In such a situation, the number of hydrogen bonds between the partner molecules influences 

the formation of salts or cocrystals.
28a

 In the present combinations, there is scope to have a 

minimum two hydrogen bonds between oxime 5.1 and the carboxylic acids to form 

quaternary sub-assemblies. Hence, the formation of salts should be favoured in such 

situations. From crystallographic study it is found that among the acids listed in Fig. 5.3b, 2-

methylbenzoic acid forms binary cocrystal 5.9 and 2-nitrobenzoic acid forms ternary 

cocrystals 5.13, whereas, the rest of the carboxylic acids given in Fig. 5.3b form salts. Thus, 

these salts are formed as per the guidelines provided for differences in pKa.
28a

 In the case of 

2-methylbenzoic acid, it has comparable pKa with oxime 5.1, hence forms cocrystal. Oxime 

5.1 with 2-methylbenzoic acid forms a 1:1 cocrystal 5.9. 2-Nitrobenzoic acid (2-HNBA) 

formed a ternary cocrystal 5.11; whereas 2-hydroxybenzoic acid, 3-nitrobenzoic acid, 4-

nitrobenzoic acid, 2,3-dihydroxybenzoic acid or 2,4-dihydroxybenzoic acid formed their 

respective salt, abbreviated as salts 5.10, 5.12, 5.13, 5.14 and 5.15 (Scheme 5.1) respectively.  

Self-assembly of the cocrystal 5.9 of oxime 5.1 with 2-HMBA is composed of quaternary 

sub-assemblies formed by O-H⋯N and O-H⋯O hydrogen bonds (Fig. 5.13a). The host 

oxime 5.1 behaves as a hydrogen bond donor and acceptor, the quinoline part acts as 

hydrogen bond acceptor to form conventional quinoline⋯carboxylic acid synthon
27 

and the 

oxime part acts as a hydrogen bond donor. In this cocrystal, two oxime 5.1 molecules are held by 

two 2-HMBA molecules forming a quaternary sub-assemblies which contributes to the overall 

packing pattern (Fig. 5.13a) 
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         (a)                                                        (b) 

Figure 5.13: Isosteric quaternary sub-assemblies of (a) cocrystal 5.9 and (b) salt 5.10 of 

oxime 5.1 with 2-HMBA and 2-H2BA molecules respectively (30% thermal ellipsoids). 

The salt 5.10 of oxime 5.1 with 2-H2BA has a free hydroxy-group involved in formation of 

intramolecular hydrogen bonds. An interesting aspect of this assembly is that each quaternary 

sub-assembly lies in one plane. In this salt, protonated oxime 5.1 acts as a hydrogen bond 

donor (Fig. 5.13b), whereas in the cocrystal 5.9 with 2-HMBA, quinoline is hydrogen bond 

acceptor.  

Crystallisation of a solution of oxime 5.1 and 2-HNBA yielded a ternary cocrystal 5.11 which 

has one protonated oxime 5.1, an anionic 2-NBA and a neutral 2-HNBA molecule. The 

composition of this cocrystals has an exception as it has two molecules of 2-nitrobenzoic acid 

per molecule of oxime 5.1, which is not the case with the other homologues. The nitro-group 

of 2-nitrophenyl carboxylic acid is perpendicular to the aromatic plane and has attracted 

considerable interest in crystal engineering.
29

 The nitro groups on 2-nitrophenyl carboxylates 

in the sub-assemblies in present example are perpendicular to the plane of the quinoline rings. 

The quinoline rings within the quaternary sub-assemblies are almost parallel to each other 

lying in the same plane. Same is the case of the phenyl planes of the 2-nitrophenyl rings (Fig. 

5.14a). Out of plane orientations of the nitro groups of phenyl carboxylates help in generating 

a puckered quaternary sub-assembly. Thus, the overall assembly constructed from such sub-

assemblies has suitable spaces to accommodate neutral 2-HNBA molecules. Alternatively, 

the repeat sub-assemblies of this cocrystal may be suggested to be composed of sub-

assemblies of six molecules, namely, two protonated oxime 5.1 and two 2-HNBA molecules 

and two 2-NBA ions. The 2-HNBA molecules in the self-assembly interact with the 2-NBA 

anions by O-H⋯O and C-H⋯π interactions as shown in Fig. 5.14b. For hydrogen bonds and 

short contacts parameters of cocrystal and salts please see Table 5.3 and page 230-231 of 

appendix. 

TH-1811_136122034



Chapter 5 
 

160 
 

  

          (a)                                                                     (b) 

 

(c) 

Figure 5.14: (a) Hydrogen bonded senary sub-assemblies of cocrystal 5.11, (b) Interaction of 

2-HNBA and 2-NBA in this cocrystal and (c) Packing diagram of cocrystal 5.11; protonated 

oxime 5.1 (red), anionic 2-HNBA (blue) and a neutral 2-HNBA (green) molecule (30% 

thermal ellipsoids in ORTEP diagram).  

The packing diagram generated by interactions between protonated oxime 5.1 (red), 2-NBA 

(blue) and 2-HNBA (green) molecules is shown in Fig. 5.14c. Though this salt has isosteric 

quaternary sub-assemblies found in the analogous salts, such sub-assemblies are modified to 

behave as hexa-molecular senary sub-assemblies. Due to the non-planar nature of 2-

nitrobenzoate, the quaternary sub-assemblies of conjugate acid-base pairs lack co-planarity. 

However, the sub-assemblies of conjugate acid-base pairs of other homologous acids are co-

planar. Due to non-planar arrangements of the sub-assemblies formed from conjugate acid-

base pairs between oxime 5.1 and 2-nitrobenzoic acid, spaces are present in the lattice to 

accommodate additional 2-nitrobenzoic acid molecules. Such neutral 2-nitrobenzoic acid 

molecules get anchored to quaternary sub-assemblies to extend the quaternary sub-assemblies 

to senary sub-assemblies and generate a tight packed structure (Fig. 5.14c). Each senary sub-

assembly has oxime⋯carboxylic acid, quinoline⋯carboxylic acid and acid⋯acid synthons, 

whereas the quaternary sub-assemblies are guided by oxime⋯carboxylic acid and 

quinoline⋯carboxylic acid synthons.  
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(a)                                                      (b) 

     

                                 (c)                                                                  (d) 

Figure 5.15: Isosteric quaternary sub-assemblies of salts (a) 5.12 and (b) 5.13. Packing 

diagrams of salts (c) 5.12 and (d) 5.13 (30% thermal ellipsoids in ORTEP diagram).  

The above explanation is supported by the structures of quaternary sub-assemblies found in 

the salt 5.12-5.13 of 3-HNBA or 4-HNBA (Fig. 5.15a-b). Packing in these examples is 

guided by quaternary sub-assemblies which have 3- or 4-nitrophenyl carboxylate ions that lie 

parallel to the aromatic ring of oxime 5.1. However, the hydrogen bonds of the two 

carboxylic acids in the respective sub-assembly have differences. One has a bifurcated 

hydrogen bond and the other does not have such type of hydrogen bonds. This differences 

change the respective packing pattern (Fig. 5.15c-d). One has a criss-cross arrangement, 

whereas the other has a planar arrangement. Among the three isomeric nitrobenzoic acids, 

there are considerable conformational changes during formation of salts or cocrystals which 

are reflected in the torsion angles listed in Table 5.4. The conformational changes in anionic 

form or neutral 2-nitrobenzoic acid are similar, both carboxylic and nitro groups change their 

orientations. This change provides non-planar arrangement between the quinoline ring and 

the respective phenyl rings. 4-nitrobenzoate salt has the nitro group on the plane of the phenyl 

ring but the carboxylate group undergoes conformational adjustments. Whereas in the 3-

nitrobenzoate salt, the carboxylate group is in plane with respect to the phenyl ring also keeps 

the original orientation of the nitro-group intact. These make each packing pattern different 

from each other. 
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(a)                                                          (b) 

     

                                 (c)                                                                 (d) 

Figure 5.16: Hydrogen bonded senary sub-assemblies of salts (a) 5.14 and (b) 5.15; water 

assisted self-assembly of salts (a) 5.14 and (b) 5.15 (30% thermal ellipsoids). 

Salts 5.14-5.15 of oxime 5.1 with 2,3-H3DHBA and 2,4-H3DHBA are obtained as the 

corresponding monohydrate salts. These salts also possess quaternary sub-assemblies similar 

to the other salts (Fig. 5.16a-b). One water molecule occupies the hydrophilic spaces in the 

connecting junction between the oxime and carboxylic acid groups. In the packing patterns, 

these water molecules form hydrogen bonds with the hydroxy groups of neighbouring sub-

assemblies to act as fillers and guide the overall packing pattern. Comparisons of sub-

assemblies of the anhydrous salt 5.10 with hydrated salts shows that the free hydroxy-group 

at the 3- or 4-position of the respective phenyl ring of 2,3-H3DHBA and 2,4-H3DHBA forms 

phenol⋯water synthon.
30

 The hydrogen bonds of lattice water molecules are directional 

hydrogen bonds, which guide the positions and orientations of the quaternary sub-assemblies. 

Thus, such sub-assemblies can be considered as senary sub-assemblies. Senary sub-

assemblies in these cases are formed from quaternary sub-assemblies holding water 

molecules by hydrogen bonds (Fig. 5.16a-b). The water molecules fill up the spaces at the 

hydrophilic sites formed by hydrogen bonds among three hydrophilic sites of functional 

groups namely oxime, carboxylate and hydroxy-groups. The water molecules also act as 

linkages to inter connect the senary sub-assemblies by hydrogen bonding with the free 

hydroxyl group at the 3 or 4-positions of the respective carboxylate. Thus, the sub-assemblies 

of hydrated salts of dihydroxybenzoate have similarity to senary subassemblies found in the 
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ternary cocrystal 5.11 of 2-nitrobenzoic acid. Packing patterns of salt 5.14 showed 

herringbone packing where protonated oxime 5.1 and 23-H2DHBA anions have C-H⋯π 

interactions (dC-H⋯π = 2.98 Å). But the salt 5.14 has columnar packing where the 24-H2DHBA 

anions are π-stacked. The distance between π-clouds of two neighbouring anions in parallel 

positions is 3.459 Å (Fig. 5.17). 

 
                                                           (a)                     (b) 

Figure 5.17: (a) Herringbone stacking in salt 5.14 and (b) Columnar stacking in salt 5.15. 

The nitrogen atom of oxime generally acts as a hydrogen bond acceptor but in these examples 

they remain free. This is against Etter's rule.
17a

 This is due to a lack of an adequate partner in 

the vicinity of the sp
2
-hybridized nitrogen atom of the oxime with appropriate orientation for 

hydrogen bonding.  

Torsion angles associated with the orientations of the oxime group across the quinolinium 

cation in different salts are listed in Table 5.5. These angles are comparable, except in the 

case of the 2-nitrobenzoate salt with oxime 5.1, where conformational adjustment is large in 

comparison to the others. In the self-assembly of cocrystals 5.9 of 2-methylbenzoic acid, 

regions A, B, C and D are planar. Based on the centroid to centroid distance of the aryl 

groups across the quaternary sub-assemblies, the distances between the two ends of the 

quaternary sub-assemblies are in the range 1.3 nm to 1.7 nm (Table 5.6). This suggests that 

these sub-assemblies provide scope to understand the variation of packing patterns
31

 in the 

assemblies guided by a change of the substituent of the partner moleculeas conjugate acid-

base pairs for preparation of cocrystals with enhanced solid-state properties.
32

 

Table 5.3: Prominent hydrogen bond parameters of cocrystals and salts of oxime 5.1 with 

aromatic carboxylic acids. 

Cocrystal/Salt          D-H···A  dD-H (Å) dH···A (Å) dD···A (Å) ∠D-H···A (o) 

Cocrystal 5.9 O(1)-H(1A)…O(2) [-1+x,y,-1+z] 

O(3)-H(3A)…N(2) [2-x,1-y,1-z] 

 

0.92 

0.82 

 

1.88 

1.84 

 

2.694(5) 

2.653(5) 

172 

170 

 
Salt 5.10 O(1)-H(1)…O(3) [-1+x,1/2-y,-1/2+z] 

N(2)-H(2A)…O(2) [1-x,-1/2+y,1/2-z] 

C(4)-H(4A)…O(3) [1-x,-1/2+y,1/2-z] 

0.82 

0.87(6) 

0.93 

1.83 

1.79(6) 

2.54 

2.642(8) 

2.649(9) 

3.184(9) 

169 

169(7) 

127 
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Salt 5.14 O(1)-H(1A)…O(2) [-x,y,1/2-z] 

N(2)-H(2)…O(3) [x,-y,-1/2+z] 
O(5)-H(5A)…O(6) [1/2+x,1/2+y,z] 

O(6)-H(6A)…O(2) [x, y, z]  

C(3)-H(3)…O(4) [-1/2+x,1/2-y,-1/2+z] 

0.82 

0.90(3) 
0.93 

0.84(3) 

0.93 

1.91 

1.64 
1.93 

1.92 

2.58 

2.703(3) 

2.674(3) 
2.735(3) 

2.765(3) 

3.371(3) 

161 

174(3) 
169 

163(3) 

143 

Salt 5.15 

 

 
 

 

O(1)-H(1A)…O(2) [1-x,2-y,1-z] 

N(2)-H(2)…O(3) [x,y,-1+z] 

O(5)-H(5A)…O(6) [1/2-x,1/2+y,1/2-z] 
O(6)-H(6A)…O (2) [1-x,1-y,1-z] 

O(6)-H(6B)…O(4) [/2+x,3/2-y,-1/2+z] 

 

0.82 

0.91(2) 

0.82 
0.87(3) 

0.85(3) 

 

1.87 

1.76(2) 

1.86 
1.88(3) 

2.07 

 

2.672(3) 

2.671(3) 

2.680(3) 
2.741(3) 

2.916(3) 

 

165 

174(3) 

175 
171(3) 

174(3) 

 
Salt 5.11 

 

 

O(1)-H(1A)…O(4) [2-x,1-y,1-z] 

N(3)-H(2A)…O(5) [-1+x,y,z] 

O(3)-H(7A)…O(5) [x, y, z] 

0.82 

0.98(4) 

0.82 

1.87 

1.67(4) 

1.80 

2.681(3) 

2.654(4) 

2.599(4) 

173 

178(3) 

164 

Salt 5.12 

 

 

O(1)-H(1A)…O(5) [1-x,1/2+y,1/2-z] 

N(2)-H(2A)…O(4) [x,3/2-y,1/2+z] 

N(2)-H(2A)…O(5) [x,3/2-y,-1/2+z] 

0.82 

0.98(2) 

0.98(2) 

1.85 

1.60(19) 

2.56(2) 

2.665(2) 

2.571(2) 

3.157(2) 

172 

173(3) 

119(2) 

Salt 5.13 O(1)-H(1A)…O(3) [2-x,1-y,-z] 

N(2)-H(2)…O(2) [-1+x,y,z] 

0.82 

0.95(2) 

1.89 

1.61(2) 

166 

177(3) 

166 

177(3) 

 

We observed ternary cocrystals in the case of 2-nitrobenzoic acid, but binary salts with other 

nitrobenzoic acids as well as with salicylic acid. Salicylic acid form ternary cocrystals with 

other carboxylic acids.
33

 But we could not obtain cocrystals with our oxime. Thus the powder 

XRD of the crude solid mass after evaporating a solution of a 1:2 mole ratio of oxime oxime 

5.1 and salicylic acid. The resultant solid had powder XRD peaks of the 1:1 salt and free 

carboxylic acid (Fig. 5.36a). Similarly, the powder XRD pattern of the solid mass obtained 

by evaporating a solution of a 1:2 (mole ratio) mixture of oxime 5.1 and 2-nitrobenzoic acid 

shows peaks of the 1:2 cocrystal (Fig. 5.36b) along with some other peaks from free acid and 

oxime. On the other hand, a solution of an equimolar mixture of oxime 5.1 and 2-

nitrobenzoic acid in acetone/methanol (equal volume) solvent, upon slow evaporation, 

resulted in crystallisation of the 1:2 cocrystal of conjugate acid-base pairs. These results 

along with the conformational adjustments observed in the cocrystal of the conjugate acid-

base pair 2-nitrobenzoic acid suggest that expansion of quaternary to senary assemblies is due 

to a packing requirement guided by the interplay of weak interactions. 

The UV-visible spectra of a solid-sample of oxime 5.1 has a broad absorption at 350 nm, 

whereas the aromatic carboxylic acids under consideration do not show significantly distinct 

absorption in the UV-visible region in the solid state above 300 nm. Each salt of oxime 5.1 

with different nitrobenzoic acids shows broad absorption in the region 375-400 nm (Fig. 

5.37a). Other than very small differences in the intensity of absorption, the shapes and 

positions of absorptions are not distinguishable for these salts. The 2-hydroxybenzoate salt 

5.10 of oxime 5.1 showed a broad absorption at the same wavelength as that of oxime 5.1. 

Whereas, the 2,3-dihydroxybenzoate and 2,4-dihydroxybenzoate salts 5.14-5.15 of oxime 5.1 

showed distinguishable absorptions. In these cases, the absorptions are at 410 nm to 450 nm 

(Fig. 5.37b), respectively, and the relative absorption intensity of the 2,3-dihydroxybenzoate 
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salt 5.14 is higher than that of the 2,4-dihydroxybenzoate salt 5.15. Since π-interactions 

control solid state optical properties,
34

 the observed differences are attributed to differences in 

packing patterns; if the sole contribution would have been from resonance effect involving 

the 4-hydroxy group, it should have shown absorption of the 2,4-dihydroxybenzoate salt 5.15 

at higher wavelength than that of the 2,3-dihydroxybenzoate salt 5.14. π-Stacking
35 

of 2,4-

dihydroxybenzoate salt 5.15 in the packing of the salt causes a reduction of intensity and 

shows absorption at lower wavelength than that of the 2,3-dihydroxybenzoate salt 5.14 as the 

latter does not have such an interaction. It is also noted that the solution of each salt in 

dimethylformamide shows absorption spectra resembling the spectra of the parent oxime. 

This suggests that the components of the salts fall apart in solution and behave independently 

like single species (Fig. 5.38) 

5.5: Conclusions 

Various cocrystals of oxime 5.1 with aliphatic dicarboxylic or mineral or aromatic carboxylic 

acids suggests that knowledge on the structures can help in indemnifications of synthons and 

make a systematic predesign synthesis by closely characteristic supramolecular features of 

series of compounds. The systematic observation to obtain similar sub-assemblies from three 

cocrystals closely related dicarboxylic acids has made it possible to use the synthons for non-

covalent synthesis in predictive manner from understanding of one analogue. The packing 

patters of the salts of dicarboxylic acids are guided by extent of deprotonation while forming 

anion.  

 

Figure 5.18: (a) The self-assembly of oxime 5.1; (b-c) Some probable hydrogen bonded 

motifs in cocrystals of oxime 5.1 with carboxylic acids and in (d-f) salts of oxime 5.1. 

In the case of mono maleate anion a cyclic motif is formed through intramolecular hydrogen 

bond, which is the characteristic signature of a mono maleate anion and found in the salt. The 

hydrated chloride salt has oxime-oxime interactions through R
2
2(8) type homo-synthons.  

Homo-synthons formed between protonated oxime molecules in the respective self-

assemblies of the salts are influenced by anions. From this analysis it may be suggested that 
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the extent of deprotonation of a dicarboxylic acid and proton sharing play important roles 

which are to be considered for a predesigned building of such soft materials. But the self-

assembled binary cocrystals and salts between aromatic carboxylic acids and oxime 5.1 are 

composed of quaternary sub-assemblies, whereas the ternary cocrystals or hydrated salts have 

senary sub-assemblies as constituents. Senary sub-assemblies are built from quaternary sub-

assemblies to meet the orderly packing requirements. There are large differences in packing 

patterns arising due to the synergistic effects of weak interactions providing variations in the 

arrangements of the sub-assemblies. This study has showed an approach to list the basic sub-

assemblies of different packing patterns generated from different combinations to understand 

the effect of substituents of a hydrogen bonded substrate in terms of those sub-assemblies. 

5.6: Experimental section 

Synthesis and characterization of cocrystals and salts of oxime 5.1: 

Synthesis of quinoline-4-carbaldoxime was obtained by reported procedure.
13

 Cocrystals and 

salts were obtained by slow evaporation of a solution of the quinoline-4-carbaldehyde oxime 

and the guest molecules in methanol-acetone mixture with their respective molar ratio. 

Cocrystal of quinoline-4-carbaldoxime with adipic acid (5.2): Isolated yield: 74 %. 
1
H NMR 

(400 MHz, DMSO-d6): 12.03 (s, 1H), 8.93 (d, J = 4.4 Hz, 1H), 8.85 (s, 1H), 8.64 (d, J = 8.4 

Hz, 1H), 8.06 (d, J = 8.4 Hz, 1H), 7.82 (t, J = 6.8 Hz, 1H), 7.75 (d, J = 4.4 Hz, 1H), 7.68 (t, J 

= 8.4, 1H), 2.20 (m, 4H), 1.49 (m, 4H). IR (KBr, cm
-1

): 3045 (br, m),  2962 (w), 1695 (s), 

1583 (s), 1517 (m), 1488 (m), 1462 (s), 1428 (m), 1408 (m), 1358 (m), 1328 (w), 1279 (s), 

1247 (w), 1193 (s), 1142 (w), 1042 (s), 927 (s), 856 (m), 818 (m), 756 (s), 735 (s), 688 (m), 

612 (w), 512 (s). ESI mass: calcd. 173.0715 [M + H
+
]; found 173.0710 [M + H

+
]. 

 
Figure 5.19: 

1
H NMR (400 MHz, DMSO-d6) of cocrystal 5.2. 

Cocrystal of quinoline-4-carbaldoxime with succinic acid (5.3): Isolated yield: 71 %. 
1
H-

NMR (400 MHz, DMSO-d6): 12.03 (s, 1H), 8.93 (d, J = 4.4 Hz, 1H), 8.85 (s, 1H), 8.64 (d, J 

= 8.4 Hz, 1H), 8.08 (d, J = 8.4 Hz, 1H), 7.80 (m, 1H), 7.75 (d, J = 4.4 Hz, 1H), 7.67 (m, 1H), 

2.41 (m, 2H), 2.08 (m, 2H). IR (KBr, cm
-1

): 3050 (br, m),  2989 (w), 1680 (m), 1583 (s), 

1517 (s), 1486 (s), 1458 (m), 1421 (w), 1372 (w), 1330 (s), 1295 (m), 1243 (s), 1178 (s), 
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1143 (m), 1047 (s), 1022 (w),  993 (m), 923 (s), 857 (s), 817 (s), 802 (m), 786 (m), 765 (s), 

661 (s), 603 (m), 554 (s), 537 (m), 516 (s). 

 

Figure 5.20: 
1
H NMR (400 MHz, DMSO-d6) of cocrystal 5.3. 

Cocrystal of quinoline-4-carbaldoxime with fumaric acid (5.4): Isolated yield: 75 %. 
1
H 

NMR (400 MHz, DMSO-d6): 12.03 (s, 1H), 8.93 (d, J = 4.4 Hz, 1H), 8.85 (s, 1H), 8.64 (d, J 

= 8.4 Hz, 1H), 8.08 (d, J = 8.4 Hz, 1H), 7.80 (t, J = 6.8, 1H), 7.75 (d, J = 4 Hz, 1H), 7.67 (t, J 

= 8, 1H), 2.41 (s, 1H), 2.08 (s, 1H). IR (KBr, cm
-1

): 3137 (br, m),  2989 (w), 1679 (m), 1585 

(s), 1517 (s), 1486 (s), 1459 (m), 1373 (w), 1331 (s), 1296 (m), 1244 (s), 1208 (m), 1181 (s), 

1145 (m), 1048 (s), 1023 (w),  987 (m), 970 (m), 924 (s), 857 (s), 818 (s), 792 (s), 765 (s), 

668 (s), 602 (m), 559 (s), 536 (m), 516 (s). 

 
Figure 5.21: 

1
H NMR (400 MHz, DMSO-d6) of cocrystal 5.4. 

Maleate salt of quinoline-4-carbaldoxime (5.5): Isolated yield: 81 %. 
1
H NMR (400 MHz, 

DMSO-d6): 12.08 (s, 1H), 8.95 (d, J = 4.4 Hz, 1H), 8.86 (s, 1H), 8.65 (d, J = 8.8 Hz, 1H), 

8.09 (d, J = 8.4 Hz, 1H), 7.83 (t, J = 6.8 Hz, 1H), 7.78 (d, J = 4 Hz, 1H), 7.69 (t, J = 8, 1H), 

6.25 (s, 1H), 2.03 (s, 2H). IR (KBr, cm
-1

): 3066 (br, m),  2923 (w), 1693 (w), 1633 (m), 1592 

(m), 1490 (w), 1448 (s), 1349 (s), 1271 (m), 1235 (w), 1216 (m), 1055 (m), 994 (s), 865 (s), 

784 (m), 766 (m), 737 (m), 658 (s), 573 (s), 527 (s). 
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Figure 5.22: 

1
H NMR (400 MHz, DMSO-d6) of salt 5.5. 

Oxalate salt of quinoline-4-carbaldoxime (5.6): Isolated yield: 78 %. 
1
H NMR (400 MHz, 

DMSO-d6): 12.07 (s, 1H), 8.94 (d, J = 4.4 Hz, 1H), 8.85 (s, 1H), 8.64 (d, J = 8.8 Hz, 1H), 

8.08 (d, J = 8 Hz, 1H), 7.83 (t, J = 6.8 Hz, 1H), 7.76 (d, J = 4.8 Hz, 1H), 7.69 (t, J = 8, 1H). 

IR (KBr, cm
-1

): 3329 (br, m), 3048 (w), 2946 (w), 1634 (s), 1578 (s), 1498 (m), 1460 (m), 

1409 (w), 1375 (m), 1325 (w), 1306 (m), 1281 (w), 1238 (w), 1127 (m), 1056 (s), 1025 (s), 

997 (s), 919 (s), 846 (s), 808 (m), 760 (s), 658 (m) 648 (s), 528 (s). 

 
Figure 5.23: 

1
H NMR (400 MHz, DMSO-d6) of salt 5.6. 

Chloride salt of quinoline-4-carbaldoxime (5.7): Isolated yield: 73 %. 
1
H NMR (400 MHz, 

DMSO-d6): 12.89 (s, 1H), 9.17 (d, J = 5.5 Hz, 1H), 9.07 (s, 1H), 8.82 (d, J = 8.8 Hz, 1H), 

8.34 (d, J = 8.4 Hz, 1H), 8.15 (d, J = 5.6 Hz, 1H), 8.08 (t, J = 6.8 Hz, 1H), 7.91 (t, J = 7.2, 

1H). IR (KBr, cm
-1

): 3229 (br, m), 3058 (w), 2956 (w), 1627 (s), 1558 (s), 1530  (m), 1448 

(m), 1381  (m), 1362 (m), 1323 (m), 1274 (s), 1237 (s), 1143 (s), 1043 (s), 991 (s), 888 (m), 

840 (s), 759 (s), 534 (s). 

 

Figure 5.24: 
1
H NMR (400 MHz, DMSO-d6) of salt 5.7. 
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Nitrate salt of quinoline-4-carbaldoxime (5.8): Isolated yield: 75 %. 
1
H NMR (400 MHz, 

DMSO-d6): 12.88 (s, 1H), 9.21 (d, J = 5.2 Hz, 1H), 9.09 (s, 1H), 8.84 (d, J = 8 Hz, 1H), 8.23 

(d, J = 8.8 Hz, 1H), 8.19 (d, J = 5.6 Hz, 1H), 8.10 (t, J = 6.8 Hz, 1H), 7.93 (t, J = 7.2, 1H). IR 

(KBr, cm
−1

): 3223 (br, m), 3096 (w), 2956 (w), 1637 (s), 1594 (s), 1540  (m), 1460 (s), 1383 

(s), 1321 (s), 1292 (m), 1274 (m), 1221 (s), 1152 (w), 1104 (s), 1049 (s), 1029 (s), 989 (s), 

927 (s), 885 (s), 854 (s), 817 (w), 770 (s), 720 (s), 655 (s), 630 (w), 533 (s). 

 
Figure 5.25: 

1
H NMR (400 MHz, DMSO-d6) of salt 5.8. 

Cocrystal of quinoline-4-carbaldoxime with o-Toluic acid (5.9): Isolated yield: 78 %. 
1
H 

NMR (400 MHz, DMSO-d6): 12.81 (s, 1H), 12.04 (s, 1H), 8.92 (d, J = 4 Hz, 1H), 8.84 (s, 

1H), 8.63 (d, J = 4 Hz, 1H), 8.07 (d, J = 4 Hz, 1H), 7.81 (d, J = 8 Hz, 1H), 7.74 (d, J = 4 Hz, 

1H), 7.64 (t, J = 8 Hz, 1H), 7.44 (t, J = 8 Hz, 1H), 7.29 (t, J = 8 Hz, 1H) . IR (KBr, cm
-1

): 

3334 (br, s), 3060 (w), 2968 (w), 1685 (s), 1602 (w), 1587 (s), 1577 (s), 1513 (s), 1492 (s), 

1464 (m), 1447 (s), 1428 (s), 1379 (s), 1364 (s), 1317 (s), 1294 (w), 1277 (m), 1244 (w), 

1199 (m), 1173 (m), 1147 (m), 1089 (s), 1021 (s), 987 (s), 949 (m), 919 (s), 855 (s), 831 (s), 

812 (s), 789 (s), 769 (m), 751 (s), 728 (s), 688 (s), 649 (s), 560 (m), 544 (s). 

 
Figure 5.26: 

1
H NMR (400 MHz, DMSO-d6) of cocrystal 5.9. 

Salt of quinoline-4-carbaldoxime with salicylic acid (5.10): Isolated yield: 77 %. 
1
H NMR 

(400 MHz, DMSO-d6): 12.88 (s, 1H), 9.21 (d, J = 5.2 Hz, 1H), 9.09 (s, 1H), 8.84 (d, J = 8 Hz, 

1H), 8.23 (d, J = 8.8 Hz, 1H), 8.19 (d, J = 5.6 Hz, 1H), 8.10 (t, J = 6.8 Hz, 1H), 7.93 (t, J = 

7.2, 1H). IR (KBr, cm
−1

): 3322 (br, s), 3069 (w), 2896 (w), 2773 (w), 1656 (s), 1586 (s), 1508 

(m), 1485 (s), 1462 (s),  1425 (m), 1376 (w), 1344 (m), 1293 (s), 1253 (s), 1227 (s), 1150 (s), 
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1106 (s), 1065 (w), 1050 (w), 1030 (w), 993 (w), 981 (s), 948 (m), 860 (m), 848 (w), 796 (w), 

755 (w), 747 (w), 700 (s), 667 (s), 631 (w), 581 (w), 533 (s). 

 

 
Figure 5.27: 

1
H NMR (400 MHz, DMSO-d6) of salt 5.10. 

Salt of quinoline-4-carbaldoxime with 2-Nitrobenzoic acid (5.11): Isolated yield: 75 %. 
1
H 

NMR (400 MHz, DMSO-d6): 12.06 (s, 1H), 8.93 (d, J = 4 Hz, 1H), 8.85 (s, 1H), 8.63 (d, J = 

4 Hz, 1H), 8.07 (d, J = 4 Hz, 1H), 7.98 (t, J = 8 Hz, 1H), 7.86 (t, J = 4 Hz, 1H), 7.84 (t, J = 4 

Hz, 1H), 7.82 (t, J = 4 Hz, 1H), 7.81 (t, J = 4 Hz, 1H), 7.79 (d, J = 4 Hz, 1H), 7.77 (d, J = 4 

Hz, 1H), 7.76 (d, J = 4 Hz, 1H), 7.75 (d, J = 8 Hz, 1H). IR (KBr, cm
-1

): 3179 (br, s), 2860 

(w), 2765 (w), 1720 (s), 1648 (w), 1617 (m), 1582 (s), 1522 (s), 1474 (s), 1455 (w), 1371 (s), 

1346 (s), 1281 (s), 1247 (s), 1260 (w), 1166 (m), 1149 (s), 1131 (s), 1109 (s), 1072 (s), 1049 

(s), 1022 (s), 1000 (s), 968 (w), 921 (s), 874 (s), 860 (s), 841 (s), 812 (s), 790 (s), 763 (s), 698 

(s), 682 (s), 650 (s), 638 (s), 570 (s), 532 (s). 

 

Figure 5.28: 
1
H NMR (400 MHz, DMSO-d6) of salt 5.11. 

Salt of quinoline-4-carbaldoxime with 3-Nitro benzoic acid (5.12): Isolated yield: 73 %. 
1
H-

NMR (400 MHz, DMSO-d6): 12.04 (s, 1H), 8.92 (d, J = 4 Hz, 1H), 8.84 (s, 1H), 8.63 (s, 1H), 

8.61 (d, J = 4 Hz, 1H), 8.47 (d, J = 8 Hz, 1H), 8.35 (d, J = 4 Hz, 1H), 8.07 (d, J = 4 Hz, 1H), 

7.82 (t, J = 4 Hz, 1H), 7.74 (d, J = 4 Hz, 1H), 7.68 (t, J = 4 Hz, 1H). IR (KBr, cm
-1

): 3209 (br, 

s), 3108 (w), 2994 (w), 1655 (m), 1614 (s), 1591 (s), 1575 (m), 1534 (s), 1480 (s), 1458 (s), 

1344 (s), 1321 (s), 1297 (m), 1252 (s), 1176 (s), 1151 (s), 1097 (w), 1068 (m), 1046 (s), 1021 

(s), 990 (s), 925 (m), 901 (m), 867 (s), 837 (s), 817 (s), 793 (m), 782 (s), 763 (s), 719 (s), 668 

(w), 652 (m), 578 (w), 537 (w). 
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Figure 5.29: 

1
H NMR (400 MHz, DMSO-d6) of salt 5.12. 

Salt of quinoline-4-carbaldoxime with 4-Nitro benzoic acid (5.13): Isolated yield: 76 %. 
1
H-

NMR (400 MHz, DMSO-d6): 12.01 (s, 1H), 8.92 (d, J = 4 Hz, 1H), 8.83 (s, 1H), 8.62 (d, J = 

8 Hz, 1H), 8.32 (d, J = 8 Hz, 2H), 8.17 (d, J = 8 Hz, 2H), 8.07 (d, J = 4 Hz, 1H), 7.81 (t, J = 4 

Hz, 1H), 7.74 (d, J = 4 Hz, 1H), 7.68 (t, J = 4 Hz, 1H). IR (KBr, cm
-1

): 3080 (br, s), 2838 (w), 

2665 (w), 1694 (s), 1606 (s), 1542 (s), 1517 (s), 1492 (w), 1422 (s), 1350 (s), 1331 (w), 1318 

(w), 1279 (m), 1245 (w), 1170 (m), 1150 (m), 1126 (m), 1107 (w), 1047 (s), 1012 (s), 990 (s), 

919 (s), 879 (s), 859 (s), 817 (m), 798 (s), 766 (s), 719 (s), 643 (s), 610 (w), 558 (s), 534 (w), 

515 (s). 

 

Figure 5.30: 
1
H NMR (400 MHz, DMSO-d6) of salt 5.13. 

Salt of quinoline-4-carbaldoxime with 2, 3-dihydroxy benzoic acid (5.14): Isolated yield: 88 

%. 
1
H-NMR (400 MHz, DMSO-d6): 12.06 (s, 1H), 9.32 (s, 1H), 8.93 (d, J = 4 Hz, 1H), 8.85 

(d, J= 4 Hz, 1H), 8.63 (d, J = 4 Hz, 1H), 8.07 (d, J = 4 Hz, 1H), 7.82(t, J = 8 Hz, 1H), 7.75 (d, 

J = 4 Hz, 1H), 7.68 (t, J = 8 Hz, 1H), 7.23 (t, J = 8 Hz, 1H), 7.00 (t, J = 8 Hz, 1H), 6.72 (t, J = 

8 Hz, 1H). IR (KBr, cm
-1

): 3220 (br, s), 3048 (w), 2946 (w), 1655 (m), 1603 (w), 1544 (s), 

1504 (m), 1472 (s), 1456 (s), 1396 (s), 1376 (s), 1338 (m), 1283 (m), 1259 (w), 1247 (w), 

1223 (w), 1182 (w), 1152 (w), 1111 (s), 1077 (s), 991 (s), 975 (w), 954 (w), 919 (s), 878 (s), 

869 (w), 856 (s), 840 (s), 783 (s), 759 (s), 735 (w), 642 (s), 533 (s). 

 

TH-1811_136122034



Chapter 5 
 

172 
 

 
Figure 5.31: 

1
H NMR (400 MHz, DMSO-d6) of salt 5.14. 

Salt of quinoline-4-carbaldoxime with 2, 4-dihydroxy benzoic acid (5.15): Isolated yield: 87 

%. 
1
H NMR (400 MHz, DMSO-d6): 12.04 (s, 1H), 11.43 (s, 1H), 10.38 (s, 1H), 8.92 (d, J = 4 

Hz, 1H), 8.84 (s, 1H), 8.63 (d, J = 4 Hz, 1H), 8.07 (d, J = 4 Hz, 1H), 7.82 (t, J = 8 Hz, 1H), 

7.74 (d, J = 4 Hz, 1H), 7.68 (t, J = 8 Hz, 1H), 7.61 (d, J = 8 Hz, 1H), 6.34 (d, J= 4 Hz,1H), 

6.31 (s, 1H). IR (KBr, cm
-1

): 3515 (br, s), 3163 (br, s), 2923 (w), 1656 (s), 1633 (w), 1609 

(S), 1547 (s), 1519 (s), 1505 (w), 1478 (w), 1460 (s), 1406 (s), 1391 (s), 1375 (m), 1366 (w), 

1336 (s), 1317 (s),  1250 (s), 1230 (w), 1220 (w), 1157 (w), 1150 (s), 1114 (s),  1098 (s), 

1048 (s), 1020 (w),  993 (s),  974 (m), 922 (s), 889 (w), 879 (w), 857 (s), 840 (s), 812 (w), 

754 (s), 699 (s), 649 (w), 631 (s), 608 (s), 534 (s). 

 

Figure 5.32: 
1
H NMR (400 MHz, DMSO-d6) of salt 5.15. 

     
(a)                                                          (b) 

Figure 5.33: (i) Experimental and (ii) Simulated PXRD pattern of cocrystal (a) 5.2 and (b) 

5.3, Simulated PXRD pattern generated from cif file.  
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                                     (a)                                                                 (b) 

    

                                  (c)                                                                (d) 

        

                                      (e)                                                               (f) 

       

                                    (g)                                                                (h) 

Figure 5.34: (i) Experimental and (ii) Simulated PXRD pattern of (a) cocrystal 5.4 and salt 

(b) 5.5, (c) 5.6, (d) 5.7, (e) 5.8, (f) cocrystal 5.9, (g) salt 5.10 and (h) salt 5.11,  Simulated 

PXRD pattern generated from cif file. 
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(a)                                                       (b) 

   

                                           (c)                                                      (d) 

Figure 5.35: (i) Experimental and (ii) Simulated PXRD pattern of salt (a) 5.12, (b) 5.13, (c) 

5.14 and (d) 5.15 Simulated PXRD pattern generated from cif file. 

 

    

(a)                                                   (b) 

Figure 5.36: PXRD of (i) oxime 5.1, (ii) 2-HNBA, (iii) cocrystal 5.11 and (iv) 1:2 ratio of 

oxime 5.11 and 2-HNBA in (a); and Simulated PXRD pattern of (i) salt 5.10,
 
(iii) 2-H2BA and 

Experimental PXRD pattern of (ii) salt 5.10,
 
(iv) 1:2 ratio of oxime 5.1 and 2-H2BA in (b). 

Simulated pattern generated from cif file. 
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(a)                                                         (b) 

Figure 5.37: Solid state UV-vis spectra of (i) oxime 5.1, (ii) salt 5.13, (iii) salt 5.14, (iv) salt 

5.15 in (a); UV-visible spectra of (i) cocrystal 5.9, (ii) salt 5.10 , (iii) salt 5.12 and (iv) salt 

5.11. 

 

Figure 5.38: UV-vis spectra of oxime 5.1, cocrystal and salts with different acids in 

dimethyl formamide solution. 

 

     

(a)                                          (b)                                     (c) 

Figure 5.39: TGA diagram of salt (a) 5.7, (b) 5.11 and (c) 5.12. 

 

Table 5.4: Torsion angles of nitrobenzoic acids in free state or in salts. 

Atom numbering for torsion 

angles 

Torsion angles Torsion angles in free acid (º) 

(optimised by MM2 calculation) 

Torsion angles in salts (º) 

Experimental 

 

O11-C10-C5-C6 

O8-N1-C6-C5 

120.80 

84.09 

-84.99 (85.12*) 

166.80 (166.10*) 

(* in guest carboxylic acid) 
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O11-C10-C4-C5 

O8-N1-C6-C7 

-119.00 

-179.00 

-171.31 

-178.81 

 

O11-C10-C3-C4 

O9-N7-C6-C5 

-179.00 

46.20 

-179.08 

176.40 

 

Table 5.5: Torsion angles in cocrystal and salts of oxime 5.1. 

Atom numbering  
for torsion angles 

Torsion  angle 
(°) 

Cocrystal Salts of oxime 5.1 with 

                                                                  2-HMBA 2-H2BA 23-H3DHBA 24-H3DHBA 2-HNBA 3-HNBA 4-HNBA 

 

 

O1-N1-C1-C2 

N1-C1-C2-C3 
N1-C1-C2-C9 

 

179.23 

18.26 
-161.62 

 

178.84 

22.75 
-153.62 

 

-177.78 

 24.41 
-157.63 

 

177.33 

-19.82 
 160.47 

 

-178.82 

-3.06 
 177.06 

 

-179.13 

 17.25 
-162.70 

 

-177.97 

 19.60 
-161.68 

 

Table 5.6: Core distances between two acid molecules and two oxime 5.1 molecules in 

quaternary sub-assemblies. 

                Core distance (Å) 
 

Molecules 

 

Cocrystal                                                            Salts  

5.9 5.10 5.11 5.12 5.13 5.14 5.15 

 

 

 
17.377 

 
16.573 

 
16.870 

 
16.334 

 
17.210 

 
16.810 

 
16.378 

      

 

8.228 

 

8.219 

 

8.593 

 

8.264 

 

8.077 

 

8.245 

 

8.145 
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6.1: Introduction 

Supramolecular self-assembly, confinement and molecular recognition are important core 

aspects of crystal engineering. These aspects have received significant attention from 

researchers over the years and have provided insight and control over constructions of new -

assemblies.
1
 Weak interactions present in a self-assembly and molecular recognition property 

associated with such assembly are extensively studied with the aid of crystallography. 

Among the weak interactions  electrostatic forces, hydrogen bonds, cation···π interactions, C-

H···π and π···π interactions, are constantly  studied as key factors to stability of a non-

covalently linked self-assembly.
2
 Multiple numbers of hydrogen bonds are observed widely 

among interacting molecules in crystal engineering and advantage of such bonds have been 

utilized to design the self-assembled structures. Some of such assemblies are capable of 

molecular encapsulation.
3
 Molecular recognition is an important property commonly 

encountered in biological processes, such as in enzymatic activity, allosteric regulation, 

molecular transport, genetic information, protein assembly, sensing and separation.
4 

On the 

other hand physical properties of an organic compound in solid or in solution are influenced 

by the constituent of self-assemblies.
5
 The physical properties change from parent 

components of organic compounds upon combination with another substrate forming  

cocrystal or salt.
6
 

 

Figure 6.1: Recognition of picric acid through colorimetric and fluorometric changes. 

There is an interest for selective and rational design of host molecules for particular guest 

molecules or ions because of their vital importance in the fields of biological and 

environmental sciences.
7
 Among the widely recognized territory of guests, nitro-aromatics 

occupy a special position due their utility in military actions and environmental concerns. 

Nitro group substituted molecules are generally explosive compounds,
8
 for example 2,4,6-

trinitrophenol (commonly known as picric acid) is a widely used explosive component; it is 

used in battle fields.
8 

Picric acid has applications in dyes, pharmaceutical industries and 

chemical laboratories.
9
 It can also cause irritation and can damage certain human organs.

10
 It 

is a strong organic acid with pKa = 0.38; thus it easily get contaminated in water; and such 

dissolution may cause epidemics.
11
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Due to such advantages and disadvantages there is necessity to detect their presence in 

selectively through sensitive recognition of a molecular receptor. Environmental pollution 

caused by picric acid are well known, so it is an important field of research well sought after 

in recent years.
12

 Optical
13

 and electrochemical
14 

methods are extensively used to detect trace 

amount of picric acid from aqueous medium. Among the optical methods fluorescence based 

sensors are popular due to their short response time, real-time usage, low cost with high 

sensitivity, high selectivity, simple and portable to on-site for detection.
15 

There are many 

fluorescence-based organic small molecules,
16 

inorganic and organic-inorganic hybrid 

materials such as pyrene,
17

 anthracene,
18

 boron compounds,
19

 luminescent gels,
20

 

dendrimers,
21 

carbazole derivatives,
22

 fluoranthene,
23

 nano-particales,
24

 polyhedral 

oligomeric-silsesquioxane,
25

 metal-organic cages,
26

 metal-organic frame works,
27

 covalent 

organic frameworks,
28

 covalent organic polymers
29

 arte used for the detection of trace 

amounts of picric acid. However, majority of such receptors detect picric acid through 

fluorescence “turn off” mechanism. There are only few examples of receptors that detect 

picric acid through fluorescence “turn on” mechanism.
30

 A crab claw shaped 2,6-pyridine 

bi(iminoantipyrine) ligand (Fig. 6.1) having multiple non-covalent binding sites for guest 

molecules, showed selective recognition of picric acid (PA) through supramolecular 

interactions. It leads to an intermolecular charge transfer induced naked-eye colour and 

fluorescence turn-on detection of picric acid in solution and solid state.
31 

 

 

Figure 6.2: (a) Different oximes and (b) 2,4,6-trinitrophenol (picric acid). 

There are also large numbers of studies devoted towards developing sensors for 

nitrophenols.
32

 In such detection fluorescence technique is used where the proton transfer at 

ground or excited state are of general concern. Thus, understanding the effect of proton 

accepting behavior of a fluorescent oxime from picric acid or nitrophenolic compounds is 

important. Study on protonation of oximes listed in Fig. 6.2 by picric acid to form 

corresponding salt would provide the basis to understand the interplay of weak interactions 

among various functional groups in those salts. In these salts there will be competitions 

among non-covalent interactions such as oxime-amine,
33

 phenol-amine,
34

 phenol-oxime,
35
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and oxime-oxime
36 

interactions. Furthermore, non-pyridinium oximes
37

 causes catalytic 

detoxification of nerve agent. This is a biological process so interaction of non-pyridinium 

oximes with picric acid a compound with medicinal
38

 and toxic activities
39 

is important. The 

chosen oximes have some other important issues that can influence formation of self-

assemblies. For example different kinetic factors such as protonation at nitrogen atom (a) of 

Fig. 6.3 of an oxime by kinetic control process transforming to thermodynamically favorable 

species (b) of Fig. 6.3 may be decisive in guiding self-assemblies.
40

 Thus the supramolecular 

synthons
41

 in self-assemblies of these molecules will vary and there is need to understand 

feasibility of isolating un-common protonated species contributing to self-assembly 

formation.   

 

Figure 6.3: Protonated species of aldoxime (a) and (b); (c) and (d) are two examples where 

extended conjugation may help in changing electron density at oxime nitrogen atom. (e) and 

(f) are two different synthons in oxime homodimers. 

We also felt that oximes such as 4-(N,N-dimethylaminophenyl)aldoxime or indole-3-

carbaldoxime (c) and (d) of Fig. 6.3 has nitrogen atom present at a remote site from the 

oxime has the lone-pair of electrons on conjugated with the oxime group through intervening 

carbons. Such delocalization of electrons would allow more flow of electrons to the oxime 

nitrogen atom to facilitate protonation on the nitrogen atom of the oxime functional group. 

Among these two examples, the indole unit has an extra ability to form charge-transfer 

complex with electron deficient molecules such as 2,4,6-trinitrophenol (picric acid).
42

  

Thus, such a difference would influence weak interaction schemes of non-covalent linked 

assemblies
43 

comprising of binary or multi-components systems. Due to this a clear 

difference in physical properties
44

 is expected in the salt of picric acid with indole derivative 

from other salts. Furthermore, varieties of synthons are found in self-assemblies of different 

oximes derivatives (e) and (f) of Fig. 6.3. These arrangements are sensitive to 

environment.
36,45 

Domain expansion of conventional synthons in oximes happens on 
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interacting with carboxylic acids
46 

and interactions of tetrabutylammonium salts with oximes 

generates interesting self-assemblies.
47 

Hence, supramolecular environment created in salts of 

oxime shown in Fig. 6.2 will differ case by case; and their self-assemblies will not be as 

simple as that of a conventional aldoxime. Hence, we describe here a study on picrate salts of 

four oximes listed in Fig. 6.2 to find out the descriptor sub-assemblies, also to look the at the 

possibility to stabilize unusual protonated oxime species and understand optical properties. 

6.2: Synthesis of picrate salts 6.1-6.4 

Four different picrate salts 6.1-6.4 of aromatic amine or heterocycle linked oxime derivatives 

were synthesized and characterized by various spectroscopic and X-ray diffraction 

techniques. Picric acid forms 1:1 anhydrous salts 6.1 and 6.4 with 4-(N,N-

dimethylaminophenyl)aldoxime (dmo) or pyridine-4-carbaloxime (pco) oxime derivatives; 

whereas the similar 1:1 picrate salts 6.2 and 6.3 with indole-3-carbaldoxime (ico) or 

quinoline-4-carbaldoxime (qco) were obtained as monohydrate.  

 

Scheme 6.1: Synthesis of different picrate salts of oxime derivatives with different 

protonation sites. 

But in the case of pyridine-4-carbaloxime or quinoline-4-carbaldoxime derivatives 

protonation takes place at the nitrogen atom of the ring, whereas in 4-(N,N-

dimethylaminophenyl)aldoxime or indole-3-carbaldoxime derivatives protonation take place 

at 4-(N,N-dimethylaminophenyl) group and at oxime nitrogen atom respectively (Scheme 

6.1).  

6.3: Structural descriptions of picrate salts 6.1-6.4 and oxime derivatives 

The picrate salts 6.1 or 6.4 of 4-(N,N-dimethylaminophenyl)aldoxime and pyridine-4-

carbaloxime are obtained 1:1 salt; whereas similar 1:1 salt of indole-3-carbaldoxime or 

quinoline-4-carbaldoxime are obtained as monohydrate. Picrate salt 6.1 of 4-(N,N-

dimethylaminophenyl)aldoxime is formed by protonation at the N,N-dimethylaminophenyl 
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group. To have a protonation at the nitrogen atom of oxime, it would require a partial loss of 

aromaticity by pumping electron from the -NMe2 group; which is the possible reason to 

protonation at nitrogen atom of the -NMe2 group as such a protonation retains the conjugation 

of oxime group with the aromatic ring and more importantly the -NMe2 group has sp
3
 type 

nitrogen atom having more p-character on the orbital occupying lone pair of electrons.  

      

(a)                                               (b) 

Figure 6.4: (a) ORTEP diagram of picrate salt 6.1 (with 30% thermal ellipsoids) and (b) 

Interaction among oxime and picrate ion in salt 6.1.  

It has 
+
N-H(amine)···O(phenolate) hydrogen bonds between phenolate oxygen of picrate and 

+
N-H 

bond of N,N-dimethylphenylammonium cation. A hydrogen atom of methyl groups of the 

N,N-dimethylphenylammonium cation part forms supplementary weak C-H···O bonds (i of 

Fig. 6.4b).The O-H group of  oxime form O-H(oxime)···O(nitro) hydrogen bond with a nitro-

group of picrate (ii of Fig. 6.4b). An ionic hydrogen bond formed through proton transfer,
48a 

provides higher stability to the respective self-assembly.  

The picrate salt 6.2 of indole-3-carbaldoxime is obtained as monohydrate. The crystal 

structure of this salt shows that protonation of indole-3-carbaldoxime at oxime nitrogen atom. 

Protonation at oxime nitrogen is reflected in C=N bond distance 1.294(6) Å found in this salt, 

whereas C=N bond distances in neutral benzaldoxime derivatives is 1.266 Å -1.2749 Å,
48b

 

this distance is slightly higher as compared to C=N bond distance 1.276(4) Å observed in 

indole-3-carbaldoxime (Table-6.1). The 
+
N-H forms hydrogen bond with phenolate oxygen 

of picrate as depicted in Fig. 6.5a. On the other hand, N-H (indole) ···O(nitro) ) hydrogen bonds 

provide interactions between the ion pairs. The aromatic rings of picrates are located parallel 

over indole rings in the packing pattern of this salt. The centroid to centroid distance between 

such aromatic rings is 3.429 Å (iii of Fig. 6.5a). A centroid to centroid distance between 

parallel π-aromatic rings falling within 3.5 Å is generally conducive for π-interactions.
49

 

These results on the schemes of hydrogen bonds have made it clear that principal 

supramolecular oxime synthons in the salts 6.1 and 6.2 are different. The water molecule of 

picrate salt 6.2 of indole-3-carbaldoxime has crystallographic disorder. The protonation of 
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oxime observed was unusual, so it was necessary to optimize the structure of hydrated picrate 

salt 6.2 of indole-3-carbaldoxime was theoretically. 

  Table 6.1: Selected bond lengths in the structure of picrate salts and indole-3-carbaldoxime. 

Oxime/Picrate salts C=N (oxime) Length (Å) N-O (oxime) Length (Å) 

Indole-3-carbaldoxime C10-N3 1.276(4) N3-O2 1.396(3) 
 

Salt 6.2 C8-N1 1.294(6) N1-O1 1.357(5) 

 
Salt 6.3 C1-N1 1.277(4) N1-O1 1.374(3) 

 

Salt 6.4 

  
Salt 6.1 

C1-N1 
 

C1-N1 

1.274(6) 
 

1.270(2) 

N1-O1 
 

N1-O1 

1.391(5) 
 

1.394(2) 

 

The optimized structure by gas-phase density functional theory using B3LYP functional and 

6-31++G (d,p) as basis set have revealed that (optimized structure shown in Fig. 6.5b) 

experimentally observed protonation is possible. It also have suggested that the stable form of 

optimized structure in unusual protonated state has the hydrogen bond donors and acceptors 

in different orientations with reference to the structure determined by single crystal X-ray 

diffraction technique. Structure of salt 6.2 is shown in Fig. 6.5c by ORTEP.  

 

                                                                          (a) 

       

                               (b)                                           (c)                                        (d) 

Figure 6.5: (a) Weak interactions in the hydrated picrate salt 6.2 of indole-3-carbaldoxime 

and charge-transfer interaction in this salt, (b) Optimized structure of the hydrated picrate salt 

6.2 by DFT using B3LYP function at 6-31+G (d,p) level, (c) ORTEP diagram of picrate salt 

6.2 (30% thermal ellipsoids) and (d) Trimeric sub-assemblies of indole-3-carbaldoxime. 

For the comparison purpose crystal structure of indole-3-carbaldoxime was determined. The 

structure and the packing patterns of indole-3-carbaldoxime though is not an exceptional, but 

it has certain interesting features. The structure of indole-3-carbaldoxime shown in Fig. 6.5d 

has trimeric sub-assemblies formed by O-H(oxime)···N(oxime) and N-H···π interactions. The N-
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H···π interactions are often observed in self-assemblies of indole derivatives.
50

 Comparison 

of the structure of the parent compound ico with protonated indole-3-carbaldoxime of 

hydrated picrate salt 6.2 showed a major difference in weak interaction schemes. In the latter 

case there are no oxime···oxime and N-H···π interactions. This could be attributed to strong 

electrostatically guided hydrogen bonds are influencing the packing patterns and disaffiliating 

the homeric interactions between oxime groups. 

The other two picrate salts namely picrate salt 6.3 of quinoline-4-carbaloxime and picrate salt 

6.4 of pyridine 4-carbaloxime; each gets protonation at nitrogen atom of the respective 

heterocycle. The picrate salt 6.3 of quinoline-4-carbaldoxime is a salt in hydrated form. In 

this particular case the self-assembly can be represented by two alternative ways. To describe 

the repeat sub-assemblies of hydrated picrate salt 6.3 of quinoline-4-carbaloxime one may 

focus the homodimeric parts in the either starting from the oxime or picrate units.  

   

                                       (a)                                                              (b) 

Figure 6.6: Two different representations of the packing pattern of hydrated picrate salt 6.3 

of quinoline-4-carbaloximeby domain expanded sub-assemblies built on homodimers of (a) 

oximes and (b) picrate (red line showing two symmetric halves). 

Thus focusing on the oxime part, the  packing pattern of picrate salt 6.3 may be described as 

built with hydrogen bonded homodimers of oxime with  R2
2
(8) graph set description. In such 

description each dimer holds two anions at two ends (Fig. 6.6a). Such sub-assemblies are 

formed through C-H···O hydrogen bonds (Fig. 6.6a). Overall the homodimers of oxime are 

also held by 
+
N-H···O(phenolate) and C-H···O(nitro) hydrogen bonds with two picrate anions 

located at two sides. The same self-assembly may be alternatively described as build-up of 

homodimers of picrates anion each holding two water molecules at two sides and which are 

also further linked two oxime molecules as illustrated in Fig. 6.6b. This is a case of domain 

expansion of the homodimers formed by interactions of picrates through water and oxime 

molecules.
44 

Hence, both these descriptions as replica of self-assembly are possible. But, a 

mirror plane bisecting the three components of these assemblies as shown by red lines in the 

Fig. 6.6 suggest that the primary interactions between the three components are different in 
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each case, former description has ionic hydrogen bonds which have higher strengths over the 

other hydrogen bonds, hence the sub-assembly based on oxime homodimers should be more 

appropriate to describe. Structure of salt 6.4 is shown in Fig. 6.7a by ORTEP diagram. Self-

assembly of picrate salt 6.4 of pyridine-4-carbaldoxime has also oxime homodimers but these 

homodimers are different from those observed in the similar picrate salt 6.3 of quinoline-4-

carbaldoxime. The homodimers of picrate salt 6.4 of pyridine-4-carbaloxime are formed by 

O-H···N hydrogen bonds (Fig. 6.7b) whereas the homodimers of oximes in picrate salt 6.3 of 

quinoline-4-carbaloxime are formed by C-H···O bonds.  

   

(a)                                     (b)                                                        (c) 

Figure 6.7: (a) ORTEP diagram of picrate salt 6.4 (with 30% thermal ellipsoids), (b) 

Homodimer of oximes pyridinium-4-carbaloxime holding two picrate anions by N-H···O 

interactions and (c) Homodimers of picrates that are flanked by four pyridinium-4-

carbaloxime in picrate salt 6.4 of pyridine 4-carbaloxime. 

Alternative description of this self-assembly can be presented as a sub-assembly comprising 

of picrate homodimers attached to four neighbouring pyridine-4-carbaloxime cations (Fig. 

6.7c). The homodimers of these oximes of this salt have N-H···O interactions but there are 

also C-H···O interactions in picrate salt 6.3 of quinoline-4-carbaloxime. Thus a description 

based on homodimers of oximes in the case of picrate salt 6.4 of pyridine-4-carbaloxime is 

more appropriate. Though, these two salts are guided by ionic 
+
N-H···O bond, the dN

+
···O 

distances are 2.718(3) Å and 2.630(6) Å with respective ∠D-H···A are 170(3)° and 172(10)° 

respectively (Table-6.2). For hydrogen bonds and short contacts parameters of salts 6.1-6.4 

and indole-3-carbaloxime please see Table 6.2 and page 231-232 of appendix. Literature 

suggest that the N-H···O bonds having mean dN
+

···O  distance  2.74(4) Å with  ∠D-H···A up 

to 179° belong to category  of strong  hydrogen bonds.
51a 

Pyridoxal oxime derivatives has 

shown interesting supramolecular architecture in their self-assemblies.
51b

 The self-assemblies 

of pyridoxal oxime derivative 1,2-diaryl(3-pyridyl)ethanone has revealed chain and layer like 

structures.
51c

 These results not only establish that changing pyridine unit by quinoline as 

substituent of the oxime, the oxime synthon adopts a suitable complementing hydrogen 

bonded synthon from two possibilities illustrated in Fig. 6.3 (e and f).
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The filler water molecules are present in the hydrophobic pockets of picrate salt 6.3. These 

water molecules form hydrogen bonds with hydroxy-group of the oximes. Hence, this self-

assembly of the salt adopts a homodimer different than the one in the picrate salt 6.4 of 

pyridine-oxime case.
 

Table 6.2: Prominent hydrogen bond parameters of salts 6.1-6.4 and indole-3-carbaldoxime 

Salts/oxime          D-H…A  dD-H (Å) dH…A (Å) dD…A (Å) ∠D-H…A (o) 

Salt 6.3 O(1)-H(1A)…O(9) [-x,-y,-z] 

N(2)-H(2)…O(4) [1/2-x,1/2+y,1/2-z] 
N(2)-H(2)…O(8) [1/2-x,1/2+y,1/2-z] 

O(9)-H(9A) … O(6) [1-x,2-y,-z] 

O(9)-H(9B)…O(2) [x,-1+y,z] 

0.82(4) 

0.90(3) 
0.90(3) 

0.87(5) 

0.86(3) 

1.81(3) 

2.50(4) 
1.83(3) 

2.06(5) 

2.01(3) 

2.632(4)  

2.962(4) 
2.718(3) 

2.923(4) 

2.858(4) 

176(4) 

113(3) 
170(3) 

176(3) 

172(3) 

Salt 6.4 O(1)-H(1)…N(1) [1-x,2-y,-z] 
N(2)-H(2)…O(3) [1+x,y,z] 

N(2)-H(2)…O(8) [1+x,y,z] 

 

0.82(6) 
0.87(7) 

0.87(7) 

2.12(4) 
2.57(9) 

1.77(7) 

2.843(6) 
3.020(6) 

2.630(6) 

146(6) 
114(7) 

172(10) 

Salt 6.1 O(1)-H(1A)…O(5) [2-x,-y,1-z] 

N(2)-H(2)…O(2) [1-x,1-y,-z] 

N(2)-H(2)…O(3) [1-x,1-y,-z] 
 

0.82(3) 

0.94(2) 

0.94(2) 

2.08(4) 

1.82(2) 

2.55(2) 

2.896(2) 

2.738(2) 

3.066(3) 

171(4) 

165(2) 

114(15) 

Indole-3-

carbaldoxime 

O(1)-H(1A)…N(3) [1-x,1-y,1/2+z] 

N(2)-H(2)…O(2) [1+x,y,z] 
O(2)-H(2A)…N(1) [1/2-x,-1/2+y,-1/2+z] 

 

0.82(4) 

0.88(2) 
0.82(2) 

2.02(4) 

2.39(2) 
1.94(4) 

2.824(2) 

3.227(3) 
2.759(2) 

166(5) 

159.(19) 
172(4) 

Salt 6.2  N(1)-H(1A)…O(3) [1-x,1-y,-z] 
N(1)-H(1A)…O(8) [1-x,1-y,-z] 

0.94(6) 
0.94(6) 

2.24(7) 
1.83(6) 

2.888(5) 
2.705(6) 

125(5) 
153(6) 

 

These structural analysis have suggested the following points: (a) The nitrogen atom acting as 

donor or acceptor for hydrogen atom makes difference in self-assembly which in conjunction 

with electron delocalisation can enforce stabilisation of species protonated at nitrogen atom 

of the oxime functional group. (b) The homodimeric assembly of oximes of closely related 

systems vary due to the filler water molecules which hydrogen bonds to oxime. (c) The 

oximes having quinoline and pyridine unit are good examples to illustrate need of alternative 

sub-assemblies within their respective self-assemblies. The self-assemblies may be either 

described to be constructed as built up on picrate homodimers that are connected to oximes or 

oxime homodimers connected to picrates. (d) Domain expansion observed in these examples 

is conceptually very important as repeat sub-assemblies are the final replica to decide any 

solid state or solution properties involving aggregates. 

6.4: FT-IR, Thermal and Hirschfeld surface analysis on picrate salts 6.1-6.4 and oxime 

derivatives 

FT-IR spectra of 4-(N,N-dimethylaminophenyl)aldoxime has characteristic C=N bond 

stretching at 1608 cm
-1

 which is shifted to 1631 cm
-1 

in the picrate salt 6.1. This shift to 

higher side by 13 cm
-1 

between the two forms is due to loss of conjugation of the oxime 

group upon protonation of the dimethylphenylamine group. On protonation the lone pair on 

the nitrogen of the -NMe2 group is not available to be in conjugation with the π-electrons of  
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the ring. On the other hand, in the indole-3-carbaldoxime the C=N stretching is observed at 

1684 cm
-1

, but in the picrate salt 6.2 this stretching is observed to 1640 cm
-1

. This suggests 

that the double bond character is less in this salt than the parent compound. All the picrate 

salts show stretching in the region of 1342-1280 cm
-1

 due to -NO2 groups (Fig. 6.18). Raman 

spectra of oximes (Fig. 6.19) and picrate salts have bands in the regions 3085-3061 cm
-1 

and 

1325-1200 cm
-1

 due to O-H and -NO2 groups. The assignments are based on comparison of 

Raman spectra of oxime derivatives
52 

and picrate salt of L-nitroarginine
52d

 that was earlier 

used to assign structures.  

Thermal properties of picrate salts 6.1-6.4 and oxime derivatives were carried out by 

differential scanning calorimetry (DSC) studies. As we known that nitroaromatics are high-

energy molecules and their explosive properties are modified through adduct formation.
43

 

DSC plots for two oximes, their corresponding picrate salts and picric acid are shown in Fig. 

6.8 and melting points of the picrate salts and parent compounds are listed in Table 6.3. 

Quinoline-4-carbaldoxime, 4-(N,N-dimethylaminophenyl)aldoxime and picric acid show 

sharp endothermic peaks at 180 ºC, 147 ºC and 122 ºC respectively due to melting. Hydrated 

picrate salt 6.3 of quinoline-4-carbaloxime showed endothermic peaks at 82-123 ºC and 199 

ºC. These peaks are followed by a broad exothermic peak at 220 °C. This peak is due to 

exothermic degradation of the compound; in second cycle of heating no such peak is 

observed; neither cooling in first or second cycle has shown recrystallization. Broad 

endothermic peak in observed first cycle of heating at 82-123 ºC is due to dehydration.  Sharp 

peak at 199 ºC corresponds to melting followed by decomposition (ii of Fig. 6.8a).  

       

                                            (a)                                                       (b) 

Figure 6.8: DSC plots of (i) Quinoline-4-carbaldoxime, (ii) hydrated picrate salt 6.3 of 

quinoline-4-carbaloxime, (iii) second cycle of heating of this salt and (iv) Picric acid in (a); 

and (i) 4-(N,N-dimethylaminophenyl)aldoxime, (ii) picrate salt 6.1 of 4-(N,N-

dimethylaminophenyl)aldoxime and  (iii) second cycle of heating of this salt in (b). 
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Due to exothermic process relates explosive nature and hence due care must be taken while 

dealing with such substance such salt while heating. Similar DSC plot was observed for 

picrate salt 6.4 of pyridine-4-carbaloxime (Fig. 6.20) and hydrated picrate salt 6.2 of indole-

3-carbaldoxime (Fig. 6.21). But in the case of picrate salt 6.1 of 4-(N,N-

dimethylaminophenyl)aldoxime two broad exothermic peaks at 176 ºC and 209 ºC were 

observed (ii of Fig. 6.8b). Two broad exothermic peaks are assigned to melt extrusion. DSC 

plots in all the cases except salt 6.3 of quinoline-4-carbaldoxime showed exothermic 

processes while melting. Exothermic peaks of picrate salt 6.3 of quinoline-4-carbaldoxime at 

two temperatures are attributed to phase change followed by exothermic decomposition. 

However, due to exothermic nature we have not done extensive variations in heating 

conditions and the explanation is qualitative.  

Table 6.3:  Melting and decomposition temperature of the oximes and picrate salts 6.1-6.4.  

Compound qco pco dmo ico Picric acid                              Picrate salts 

      6.3 6.4   6.1 6.2  

Melting point (°C) 180 134 147 192 122  199 125 176 147 

Decomposition  

Temperature (°C)  

>250 207 201 >250 >250 >225 208 209 > 250 

 

Melting points of cocrystals of 4-nitrophenol with aza-compounds depend on packing 

efficiency, crystal density, number of strong hydrogen bonds.
53

 Hirshfeld surface
54

 analysis 

of different picrate salts (Fig. 6.22) has showed that O···H interactions predominates in all 

the salts (Table 6.4 and Fig. 6.9). Hirsfeld analysis on extent of different weak interactions 

have suggested that two hydrated salts; hydrated picrate salt 6.3 of quinoline-4-carbaloxime 

and hydrated picrate salt 6.2 of indole-3-carbaldoxime have comparable percentages of 

interactions involving O-H (38.1% and 39.9%),  

         

                       (a)                             (b)                              (c)                             (d) 

Figure 6.9: Fingerprint plots for picrate salts (a) 6.1, (b) 6.2, (c) 6.3 and (e) 6.4 with O
…

H 

interactions highlighted in colour. 
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which are relatively less than the percentages O-H interaction in picrate salt 6.4 of pyridine-

4-carbaloxime (51.3%) and picrate salt 6.1 of 4-(N,N-dimethylaminophenyl) aldoxime 

(47.1%). Nevertheless, these interactions predominate in the respective self-assembly and 

causing melting temperature to deviate from the parent oxime. In the three cases where 

heterocycles were protonated had melting points at higher temperature than the parent 

compound, but due to unusual protonation of oxime in indole-3-carbaldoxime, corresponding 

picrate salt melted at 147 ºC has lower melting than the parent oxime at 192ºC.  

6.5: Solid state UV-visible, Fluorescence and 
1
H NMR studies 

Weak interactions contribute to various optical and electrical properties like aggregation 

induced emission,
54

 proton conductivities.
55 

We also examined optical properties of the 

picrate salts 6.1-6.4.
 
Solid samples of the three picrate salts 6.1, 6.3 and 6.4 are light yellow 

(inset i-iii of Fig. 6.10) absorbs in the region 381-468 nm and the absorptions are due to 

picrate anion (Fig. 6.10). 

 

Figure 6.10: Solid-state UV-visible spectra of picrate salts (i) 6.3, (ii) 6.4, (iii) 6.1 and (iv) 

6.2. Colour of corresponding picrate salts are shown in inset. 

Exceptionally, a brownish-yellow coloured (inset iv of Fig. 6.10) salt hydrated picrate salt 6.2 

of indole-3-carbaldoxime has a new peak at 558 nm in addition to the picrate peaks. This new 

absorption is due to strong charge-transfer interactions. Solid-state UV-visible spectra of 

oxime derivatives and picric acid are shown in Fig. 6.23. The absorptions of the picrate salts 

are independent of the absorptions of the parent components. 

Solid powdered samples of the picrate salts show insignificant fluorescence emissions. 

However, picric acid is well known to cause fluorescence quenching of fluorophores.
32

 

Fluorescence emission of qco, pco, dmo and ico in acetonitrile were observed at 408 nm, 384 

nm, 380 nm and 383 nm on excitation at 347 nm, 312 nm, 349 nm and 324 nm respectively 

(Fluorescence excitation spectra’s are given in Fig. 6.24). These fluorescence emissions 

peaks are quenched upon addition of picric acid. Similar results were found upon addition of 

2,4-dinitrophenol or 4-nitrophenol (Fig. 6.25-6.28). Fluorescence emission of pyridine-4-
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carbaldoxime is plotted against concentrations of different nitro compounds (Fig. 6.11a). 

Percentages of quenching are shown in bar graph in Fig. 6.11b. It shows that picric acid 

cause highest quenching among the others. 

    

                                (a)                                                                  (b) 

 

(c) 

Figure 6.11: (a) Plots of changes fluorescence intensity at 384 nm of pyridine-4-

carbaldoxime at different concentrations of different nitro compounds; (b) Relative 

fluorescence quenching of indole-3-carbaldoxime (black bar), quinoline-4-carbaldoxime 

(blue bar), pyridine-4-carbaldoxime (green bar) and 4-(N,N-dimethylaminophenyl)aldoxime 

(brown bar) with (i) picric acid, (ii) 2,4-dinitrophenol and (iii) 4-nitrophenol. (c) 
1
H NMR 

(600 MHz, Acetone-d6) titration of pyridine-4-carbaldoxime with (i) 0, (ii) 0.25, (iii) 0.50 and 

(iv) 1 mole equivalent of picric acid.   

Generally for an electron transfer from the excited state to electron deficient picric acid 

molecule causes fluorescence quenching.
57

 Density functional theory with B3LYP 

functionals 6-31++G (d,p) level in gas-phase of oxime derivatives and picric acid showed 

that LUMO energy of all oxime derivatives are in the range -2.351 eV to -1.035 eV (Fig. 

6.29). These energy values are much higher compared to energy of HOMO of picric acid (-

4.52 eV). Hence, picrate causes fluorescence quenching due to efficient protonation of the 

nitrogen at remote site of oximes. Relative charge-transfer at excited state is dependent on 

electron accepting ability of nitro-phenols and this is in fact reflected in quenching ability of 

the nitro-phenols in solution picric acid > 2,4-dintrophenol > 4-nitrophenol.  
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1
H NMR titration of pyridine-4-carbaldoxime with picric acid below stoichiomentric amount 

of picric acid showed gradual shift in the proton labeled as c towards low-field and it shifts 

from 7.56 ppm to 8.28 ppm (Fig. 6.11c). Similarly the peak d observed for the oxime at 8.60 

ppm also shifts to 8.93 ppm. Chemical shit position of the =CH proton is not affected in 

lower concentrations of picric acid but gets de-shielded by shifting from 8.18 ppm as found in 

picric acid to 8.48 ppm when picric acid is in equivalent amount with respect to the oxime. 

The O-H peak at 2.95 ppm moves downfield to show higher chemical shift value and it gets 

broadened. The broadening is due to rapid exchange of it with proton of picric acid in 

solution. These solution studies indicate that intrinsic acidity of nitro-phenols to generate 

protonated species which inhibits the excited state proton transfer from oxime to heterocyclic 

fluorophore. Unavailability of suitable site for intermolecular proton transfer to heterocycle 

from oxime excited sate proton transfer that were seen with parent oxime is hindered, hence 

the quenching takes place upon interaction with nitrophenols.
58

  

6.6: Conclusions 

This study has established (a) an example of a stable protonated oxime species, (b) different 

substrate homodimers of oximes causing synthon variations, (c) charge-transfer interactions 

and (d) domain expansion of synthons forming new sub-assemblies in different picrate salts 

of heterocycle based oximes. The difference in oxime synthons in the salts of pyridine oxime 

and quinoline oxime suggests that the role of aquation in a compound has to be accounted for 

while predicting synthons. Hence, a prior knowledge of the structure and composition is 

essential. Charge-transfer π-stacks have a nominal role in the self-assemblies of these salts 

other than the salt of indole containing oxime. π-Type charge-transfer interactions of the salt 

of indole-3-carbaldoxime with picric acid provide distinct visible absorption. Fluorescence 

quenching of these oxime derivatives is caused by picric acid due to the protonation of the 

good hydrogen bond acceptors at the remote site linked to the fluorophore. The magnitude of 

fluorescence quenching by nitro-phenols differs due to the intrinsic acidity associated with 

them. The melting points of the picrate salts, where the nitrogen heterocycles are proton 

acceptors, were higher than those of the parent oxime, whereas in the case of the picrate salt 

of indole-3-carbaldoxime, it melted at a much lower temperature than the parent oxime. The 

exothermic changes observed in these salts near the melting temperature suggest the high 

energy transformation above the melting points of the salts. Finally, we make a general 

summary from these results that (a) synthon prediction for supramolecular assemblies 

requires extensive knowledge of synthon competition but such information may also not be 
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enough. Hydration or kinetic product formation may not involve an ordinarily predictable 

synthon. We have provided examples of changes in the oxime synthon by moving from the 

picrate salt of pyridine oxime to the quinoline oxime. (b) The domain expansion of sub-

assemblies requires attention, as the domains of repeat sub-assemblies are the deciding 

factors to understand the ultimate properties of a self-assembly. (c) The contribution from the 

ground state in fluorescence emission quenching does not implicate a real picture when there 

is scope to modify the excited states with partner molecules/ions. 

6.7: Experimental section 

Note of caution: Nitrophenols and their cocrystals and salts are potentially explosive; hence 

experiments performed in the solid state must be done under a hood or with a minimum 

quantity in a hood covered with an explosive damage preventive cover so as to avoid any 

hazard. 

Synthesis and characterization of oxime derivatives and picrate salts 6.1-6.4: 

Quinoline-4-carbaldoxime, pyridine-4-carbaldoxime, indole-3-carbaldoxime and 4-(N,N-

dimethylaminophenyl)aldoxime were prepared by reacting hydroxylamine hydrochloride 

with respective oxime in a procedure followed earlier.
46

 Salts of oximes with picric acid were 

prepared by equimolar amount of corresponding (1mmol) oximes with picric acid (1.1mmol) 

in methanol (25 ml). Such solutions on slow evaporation yielded the respective salt.  

Indole-3-carbaldoxime (ico): Isolated yield: 83%.
1
H NMR (600 MHz, Acetone-d6): 10.77 (s, 

-OH), 10.41 (s, -NH), 8.37 (s, 1H), 7.86 (d, J = 6 Hz, 1H), 7.76 (s, 1H), 7.49 (d, J = 6 Hz, 

1H), 7.20 (t, J = 6 Hz, 1H), 7.15 (t, J = 6 Hz, 1H). IR (KBr, cm
-1

): 3387 (br, s), 3156 (w), 

3013 (w), 1679 (w), 1640 (s), 1612 (w), 1521 (s), 1489 (m), 1458 (s), 1414 (s), 1340 (s), 

1234 (s), 1130 (m), 1098 (s), 1048 (w), 1008 (w), 930 (s), 905 (m), 866 (m), 840 (m), 747 (s), 

659 (m), 612 (w), 588 (m) 551 (s). ESI mass: calcd. 161.0715 [M + H
+
]; found 161.0712 [M 

+ H
+
]. 

 
Figure 6.12: 

1
H NMR (600 MHz, Acetone-d6) spectra of indole-3-carbaldoxime. 
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4-(N,N-dimethylaminophenyl)aldoxime (dmo): Isolated yield: 80%.
1
H NMR (600 MHz, 

Acetone-d6): 9.84 (s, 1H), 7.97 (s, 1H), 7.43 (d, J = 6 Hz, 2H), 6.72 (d, J = 8 Hz, 2H), 2.09 (-

CH3). IR (KBr, cm
-1

): 3243 (br, w), 2914 (w), 1608 (s), 1556 (s), 1526 (s), 1565 (w), 1477 

(w), 1444 (w), 1427 (w), 1361 (s), 1301 (s), 1224 (s), 1185 (m), 1169 (m), 1126 (s), 1065 

(m), 1002 (m), 956 (s), 867 (s), 812 (s), 734 (s), 635 (w), 570 (s), 528 (s). ESI mass: calcd. 

165.1028 [M + H
+
]; found 165.1020 [M + H

+
]. 

 
Figure 6.13: 

1
H NMR (600 MHz, Acetone-d6) spectra of 4-(N,N-dimethylaminophenyl) 

aldoxime. 

Picrate salt 6.1 of 4-(N,N-dimethylaminophenyl)aldoxime: Isolated yield: 52%. 
1
H NMR 

(600 MHz, Acetone-d6): 8.89 (s, 2H), 8.05 (s, 1H), 7.57 (d, J = 12 Hz, 2H), 7.12 (d, J = 6 Hz, 

2H), 3.14 (s, 6H). IR (KBr, cm
−1

): 3416 (br, s), 3088 (w), 2987 (w), 1631 (s), 1591 (w), 1564 

(s), 1514 (w), 1480 (m), 1462 (m), 1435 (s), 1365 (s), 1335 (s), 1313 (w), 1280 (s), 1194 (m), 

1184 (w), 1162 (s), 1127 (s), 1077 (s), 1057 (w), 988 (w), 968 (s), 947(w), 922 (m), 875 (w), 

851 (s), 788 (s), 745 (s), 711 (s), 635 (w), 595 (w).  

 

Figure 6.14: 
1
H NMR (600 MHz, Acetone-d6) spectra of picrate salt 6.1. 

Hydrated picrate salt 6.2 of indole-3-carbaldoxime: Isolated yield: 53%.
1
H NMR (600 MHz, 

Acetone-d6): 11.03 (s, -OH), 10.54 (s, -NH), 9.11 (s, 4H), 8.47 (s, 1H), 8.31 (s, 1H), 8.10 (d, J 

= 12 Hz, 1H), 7.99 (s, 1H), 7.90 (d, J = 6 Hz, 1H), 7.60 (s, 1H), 7.53 (d, J = 6Hz, 1H), 7.44 

(d, J = 12 Hz, 1H), 7.24 (t, J = 6Hz, 1H), 7.20 (m, 2H), 7.10 (t, J = 6 Hz, 1H). IR (KBr, cm
-1

): 

3338 (br, s), 3149 (m), 3081 (w), 1684 (m), 1631 (w), 1610 (w), 1565 (w), 1521 (w), 1492 
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(w), 1459 (w), 1419 (s), 1362 (s), 1337 (w), 1315 (w), 1270 (m), 1240 (w), 1159 (w), 1138 

(w), 1079 (s), 1006 (w), 910 (m), 788 (m), 749 (s), 713 (s), 669 (w), 612 (s), 558 (w). 

 

Figure 6.15: 
1
H NMR (600 MHz, Acetone-d6) spectra of picrate salt 6.2. 

Hydrated picrate salt 6.3 of quinoline-4-carbaldoxime: Isolated yield: 64%. 
1
H NMR (400 

MHz, DMSO-d6): 12.61 (s, 1H), 9.15 (d, J = 4 Hz, 1H), 9.04 (s, 1H), 8.80 (d, J = 8 Hz, 1H), 

8.58 (s, 2H), 8.21 (d, J = 12 Hz, 1H), 8.10 (d, J = 4 Hz, 1H), 8.06 (t, J = 8 Hz, 1H), 7.90 (t, J 

= 8 Hz, 1H). IR (KBr, cm
-1

): 3494 (br, s), 3112 (w), 1634 (m), 1613 (s), 1566 (S), 1549 (s), 

1485 (s), 1454 (m), 1429 (s), 1366 (s), 1343 (m), 1323 (s), 1277 (s), 1226 (w), 1165 (s), 1114 

(s),   1084 (s), 1055 (s), 1022 (w), 1006 (s), 940 (w), 917 (m), 891 (w), 786 (s), 766 (s), 744 

(s), 725 (s), 712 (s), 677 (w), 544 (w), 532 (s). 

 

Figure 6.16: 
1
H NMR (600 MHz, DMSO-d6) spectra of salt (Hqco).(tnp).H2O. 

Picrate salt 6.4 of pyridine-4-carbaldoxime: Isolated yield: 55%.
1
H NMR (600 MHz, 

Acetone-d6): 11.90 (s, 1H), 8.98 (d, J = 6 Hz, 2H), 8.76 (s, 2H), 8.46 (s, 1H), 8.27 (d, J = 6 

Hz, 2H). IR (KBr, cm
-1

): 3317 (br, m), 3076 (w), 1634 (s), 1604 (w), 1558 (s), 1505 (w), 

1485 (w), 1459 (w), 1429 (s), 1369 (s), 1342 (m), 1321 (w), 1276 (s), 1201 (s), 1160 (s), 

1084 (s), 988 (s), 957 (w), 907 (m), 884 (s), 817 (s), 786 (m), 745 (m), 708 (s), 528 (m). 

TH-1811_136122034



Chapter 6 
 

200 
 

 
Figure 6.17: 

1
H NMR (600 MHz, Acetone-d6) spectra of picrate salt 6.4. 

      

                                               (a)                                               (b) 

Figure 6.18: FT-IR spectra of (i) pyridine-4-carbaldoxime, (ii) quinoline-4-carbaldoxime, 

(iii) indole-3-carbaldoxime, (iv) 4-(N,N-dimethylaminophenyl)aldoxime in (a) and picrate 

salts (i) 6.4, (ii) 6.3, (iii) 6.2 and (iv) 6.1 in (b). 

      

                                                  (a)                                                   (b)               

Figure 6.19: Raman spectra of (i) pyridine-4-carbaldoxime, (ii) quinoline-4-carbaldoxime, 

(iii) indole-3-carbaldoxime, (iv) 4-(N,N-dimethylaminophenyl)aldoxime in (a) and picrate 

salts (i) 6.4, (ii) 6.3, (iii) 6.2 and (iv) 6.1 in (b). 
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Figure 6.20: DSC plots of (i) Pyridine-4-carbaldoxime and picrate salt 6.4 with (ii) 1
st
 cycle 

heating and (iii) 2
nd

 cycle heating. 

 

Figure 6.21: DSC plots of (i) Indole-3-carbaldoxime and hydrated picrate salt 6.2 with (ii) 1
st
 

cycle heating and (iii) 2
nd

 cycle heating. 

 

 

                  (a)                                                  (b)                                        (c) 

      

                                                     (d)                                     (e)                                            
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Figure 6.22: Hirshfeld surface of picrate salts (a) 6.1, (b) 6.2, (c) 6.3, (d) 6.4 and  (e) Indole-

3-carbaldoxime.                 

 

Figure 6.23: Solid-state UV-visible spectra of (i) quinoline-4-carbaldoxime, (ii) pyridine-4-

carbaldoxime (iii) 4-(N,N-dimethylaminophenyl)aldoxime,  (iv) indole-3-carbaldoxime and 

(v) picric acid.  

      

                   (a)                                    (b)                              (c)                               (d) 

Figure 6.24: Fluorescence excitation spectra of (a) quinoline-4-carbaldoxime, (b) pyridine-4-

carbaldoxime, (c) 4-(N,N-dimethylamino)benzaldoxime and (d) Indole-4-carbaldoxime. 

    

           

                                       (a)                               (b)                                (c) 
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(d) 

Figure 6.25: Changes in fluorescence emission of quinoline-4-carbaldoxime (10
-4 

M in 

acetonitrile) at 420 nm (excitation at 347 nm) upon addition (a) picric acid, (b) 2,4-

dinitrophenol and (c) 4-nitrophenol (10 μl aliquots 10
-5 

M in acetonitrile in each case); (d) 

Plots of fluorescence intensity vs concentration with different nitro-compounds.  

 

           

                                         (a)                               (b)                            (c) 

Figure 6.26: Changes in fluorescence emission of pyridine-4-carbaldoxime (10
-4 

M in 

acetonitrile) at 384 nm (λem at 312 nm) upon addition of different aliquots of (a) picric acid, 

(b) 2,4-dinitrophenol and (c) 4-nitrophenol (10 μl aliquots 10
-5 

M in acetonitrile in each case).  

 

           

                               (a)                                      (b)                                      (c) 
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(d) 

Figure 6.27: Changes in intensity of fluorescence emission at 380 nm of 4-

(dimethylamino)benzaldehyde oxime (10
-4 

M in acetonitrile) (excitation at 349 nm) upon 

addition (a) picric acid, (b) 2,4-dinitrophenol and (c) 4-nitrophenol (10 μl aliquots 10
-5 

M in 

acetonitrile in each case); (d) Plots of fluorescence intensity vs concentration with different 

nitro-compounds. 

 

           

                               (a)                                           (b)                                   (c) 

 

(d) 

Figure 6.28: Changes in fluorescence emission of indole-3-carbaldoxime (10
-4 

M in 

acetonitrile)  at 383 nm (excitation at 324 nm) upon addition (a) picric acid, (b) 2,4-

dinitrophenol and (c) 4-nitrophenol (10 μl aliquots 10
-5 

M in acetonitrile in each case); (d) 

Plots of fluorescence intensity vs concentration at different nitro-compounds. 
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Figure 6.29: HOMO-LUMO of oxime derivatives and picric acid calculated by DFT using 

B3LYP/6-31+G (d,p) as a function. 

Table 6.4: Relative contributions from various interactions from Hirshfeld analysis of 

structures in chapter 6. 

Close contacts 6.3 6.4 6.1 6.2  ico 

O
…

O 5.4 6.4 3.7 11.9 0.0 

N
…

O 5.3 6.2 2.0 2.8 0.0 

C
…

O 8.5 4.1 4.0 3.6 0.6 

H
…

O 38.1 51.3 47.1 39.9 9.4 

C
…

N 3.6 2.5 4.6 4.6 0.8 

N
…

H 2.5 6.2 3.2 2.8 14.2 

C
…

H 17.3 8.9 7.9 3.8 35.9 

C
…

C 3.2 8.1 5.7 12.4 0.0 

H
…

H 15.8 6.3 20.9 18.1 39.0 
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Thesis Conclusion 

This thesis contains different self-assemblies of oxime derivatives, some of their cocrystals 

and ionic salts are studied through an approach of crystal engineering. Properties of oximes 

as well as their different adducts in solid state are compared with the properties observed in 

solution. The changes in non-covalent interactions in various adducts generally took place 

through conversions of conventional oxime-oxime homo-synthons to hetero-synthons with 

partner molecules. Different fluoride assisted assemblies of series of hydroxyaromatic 

aldoximes as ionic cocrystals with neutral tetrabutylammonium salt as partner molecule or 

salts of such oximes with or without fluoride ions have shown that the fluoride assisted 

assemblies are dictated by the intrinsic acidity associated with fluoride. It has been possible 

to construct fluoride guided assemblies forming grid like structures to encapsulate 

tetrabutylammonium cation. The differences in self-assemblies in solid state and solution 

were reflected in absorption and emission spectroscopies. These results have helped in 

modulating fluorescence emission spectra as well as absorption spectra enabling to 

distinguish fluoride ions from other ions. Majority of the anion assisted assemblies of 

hydroxyaromatic aldoximes have anion-hydroxy and anion-oxime interactions. The results 

obtained from polyhydroxyaromatic aldoximes suggest competition between the 

intramolecular hydrogen bonds and the intermolecular oxime-phenol interactions. The 

assemblies with or without fluoride ion adopt layer or grid-like structures to encapsulate 

cations.  

The dialdoxime such as 1,3-benzenedialdoxime in presence of hydroxide, chloride 

and fluoride anions form varieties of self-assemblies where interesting conformations of 

oximes are observed. As a consequence of this and due to the electrostatic hydrogen bonds of 

the anions; dendrimer-like assemblies are observed in specific cases. Dendrimer-like 

assemblies formed in fluoride assisted assemblies are not observed in the chloride assisted 

assembly. The chloride assisted assembly has water molecules acting as filler to form a tight 

packed structure. This anion assisted study on dendrimer-like packing patterns has revealed 

the scopes of encapsulating neutral host molecules providing scope for multi-component 

cocrystals. 

         Aggregation induced emission (AIE) of 2-hydroxynapthaldoxime was observed on 

adding different amount of water to solution of the compound in organic solvents. It was 

found that aggregation induced emission of 2-hydroxynapthaldoxime is dependent on 

solvent. The intermolecular C-H···π interactions involving the C-H located at the para 

position with respect to oxime group of the naphthalene ring is suggested to be facilitate 
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formation of aggregate suitable to show AIE. In solution coformers cause quenching of 

fluorescence of 2,3-dihydroxyphenylaldoxime, suggesting that interactions of coformers with 

2,3-dihydroxyphenylaldoxime involve the hydoxy-group at the 3- position. Π-stacking plays 

the decisive role to increase or decrease fluorescence intensity of 2-hydroxynapthaldoxime in 

the solid state. In solution no interactions between 2-hydroxynapthaldoxime with coformers 

were observed. By virtue of properties in solution and solid state, different oximes were 

distinguished by the fluorescence technique. 

          The roles of hydrogen bonds in the self-assemblies of the poly-hydroxyaromatic 

oxime metal complexes in different solvated formation were discerned.Interactions of 

fluoride ions with metal-oximate complexes of hydroxyaromatic alodoximes in solution 

clearly established that utility of divalent metal complexes of copper, nickel and zinc 

complexes can be used for detection of fluoride. In such complexes population of d-electron 

in the central metal ions in a delocalized chelate system plays a key role in shifting the 

emission or absorption spectra with respect to the parent ligand during the detection of 

fluoride ions. Fluorescence emission of the zinc complex can be a tool for the detection of 

fluoride ions despite the parent ligand is weakly fluorescent. It was found that the central 

metal ion or active hydrogen containing functional group of ligands controls the detection of 

fluoride ion in solution.  

It was found that cadmium coordination polymers of 1,3-di(pyridin-4-yl)propane is capable 

to form guest encapsulated coordination polymer with 2,4-dihydroxybenzaldehyde and 2,4-

dihydroxybenzaldoxime. The role of cadmium coordination polymer to facilitated the 

reaction of 2,4-dihydroxybenzaldehyde with hydroxylamine to form 2,4-

dihydroxybenzaldoxime. This is attributed to lower binding ability of the coordination 

polymer to the aldehyde than that with the oxime.  

           The structures of various cocrystals or salts of quinolone-4-carbaldoxime with 

aliphatic dicarboxylic or mineral or aromatic carboxylic acids suggest that identification of 

synthons helps in predesign non-covalent synthesis. Three cocrystals of closely related 

dicarboxylic acids were utilized for predesign non-covalent synthesis. The exception in the   

sub-assemblies of designed synthesis is due to substituent nature and inherent properties of 

dicarboxylic acid were found out and these results were suggestive of emphasis on the 

domain of the different sub-assemblies. 

         The picrate salts of different oxime derivatives containing heterocycles have provided 

examples of (a) stable picrate salts of oximes, (b) different kinds of homodimers of oximes 

depending on the heterocyclic part causing synthon variations, (c) charge-transfer interactions 
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between the anionic and cationic parts in electrostatically guided assemblies and (d) domain 

expansion of synthons forming new sub-assemblies. Fluorescence quenching of these oxime 

derivatives is caused by picric acid due to the protonation of the good hydrogen bond 

acceptors at the remote site linked to the fluorophore. The magnitude of fluorescence 

quenching by nitro-phenols differs due to the intrinsic acidity associated with them.  

To summarize, this thesis has delineated the scopes to utilize the weak interactions of oximes 

coupled with contribution from other weak interactions to generate new supramolecular 

assemblies with interesting optical properties in solid or solution state for molecular and ion 

recognitions.  
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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 equipped with a fine focus 3.0 KW 

sealed tube. The SMART software (v 2.1.4) was used for data collection and also for 

indexing the reflections and determining the unit cell parameters; the collected data were 

integrated using SAINT software. 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 F
2
 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. 

The hydrogen atoms attached to water molecules could not be located in few occasions. 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 pattern were collected on a Bruker D2 Phaser diffractometer in 

Bragg-Brentano ϴ-ϴ geometry with Cu Kα radiation (λ = 1.5406 Å) 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.  ORTEP-3 for 

windows
2
 version 2.0 was used for drawing the supramolecular assemblies of cocrystals, salts 

and oxime derivatives in the thesis. For molecular packing diagram we used mercury-3.7 

software.
3 

 

FT-IR, Raman, UV-visible, Fluorescence, NMR and Mass spectroscopy 

The FT-IR spectra were recorded with a Perkin Elmer Spectrum One spectrophotometer in 

the spectral region 4000-400 cm
-1

 using KBr pellets. Raman spectra were recorded by using 

LabRam HR800, Jobin Yvon with vertically polarized 488 nm Ar-ion laser beam with D1 

filter. UV-visible absorption spectra were recorded using Perkin-Elmer Lambda 750 

spectrophotometer equipped with double cell compartment. 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. 
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Fluorescence emissions were measured using Horiba Jobin Yvon Fluoromax-4 

spectrofluorometer by taking definite amount of solutions and exciting at required 

wavelengths. 
1
H-NMR was recorded on a Varian 400 MHZ and BRUKER Ascend 600 MHz 

NMR spectrometer using TMS as internal standard. Mass spectra were recorded on a micro 

mass Q-TOF (waters) mass spectrometer by using acetonitrile / formic acid matrix. 

Thermal analyses (TGA and DSC), elemental analyses, ESR, DLS, ITC and 

Hirshfeld analyses 

Thermogravimetric analysis (TGA) and Differential scanning calorimetry (DSC) were 

performed using thermal analyzer SDTQ600 simultaneous DTA/TGA systems, under 

nitrogen with a heating rate of 10°C/min.  

Elemental analyses were performed with a Perkin-Elmer PE 2400 II CHNS micro analytical 

analyzer.  

Electron Spin Resonance (ESR) spectra were recorded on a JES-FA200 ESR spectrometer at 

room temperature with microwave power of at 0.998 mW, microwave frequency of 9.14 

GHz, and modulation amplitude of 2. EPR spectrum of all copper(II) complexes were 

recorded in solid state.  

Dynamic light scattering (DLS) experiments was carried out on a Malvern Zetasizer Nano ZS 

instrument equipped with a 4.0 mW He-Ne laser operating at a wavelength of 633 nm. The 

samples and the background were measured at room temperature (25 °C) at a scattering angle 

of 173°.  

Isothermal titration calorimetry (ITC) analysis was performed at 27 ºC with 25 injections at 

90s time interval. After subtractions of control, the final fitting was obtained in single binding 

site model.  

Hirshfeld analyses are done by using CrystalExploer 3.1 software. 
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Crystallographic data and refinement parameters for compounds 
 

Compound No. Oxime 2.1.1 Oxime 2.1.2 Cocrystal 2.1.4 Cocrystal 2.1.5 

 

Formulae 

 

C11H9NO2 

 

C7H7NO3 

 

C27H45FN2O2  

 

C30H50FN3O6 

 

CCDC No. 

 

1003332 

 

1417714 

 

1003333 

 

1012763 

 

Mol. wt. 

 

187.19 

 

153.14 

 

448.65 

 

567.73 

 

Space group 

 

P21/c 

 

P21/c 

 

P21/c 

 

Pc 

 

a /Å
 

 

14.856(2) 

 

11.211(10) 

 

10.1130 (6) 

 

9.5189 (7) 

 

b /Å
 

 

4.0568(6) 

 

4.662(4) 

 

17.5762 (10) 

 

9.4321 (7) 

 

c /Å
 

 

16.585(2) 

 

14.146(12) 

 

15.6751 (10) 

 

18.7965 (14) 

 

α/°
 

 

90.00 

 

90.00    

 

90.00 

 

90.00  

 

β/°
 

 

115.029(9) 

 

111.793(17) 

 

102.831 (6) 

 

101.203 (4) 

 

γ/°
 

 

90.00 

 

90.00     

 

90.00 

 

90.00 

 

V/ Å
3 

 

905.6(2) 

 

686.5(10) 

 

2716.7 (3) 

 

1655.5(2) 

 

Density/g.cm
-3 

 

1.373 

 

1.482 

 

1.097 

 

1.139 

 

Abs. Coeff. /mm
-1 

 

0.096 

 

0.118 

 

0.073 

 

0.082 

 

F(000)
 

 

392   

 

320 

 

984 

 

616  

 

Total No. of reflections
 

 

1616  

 

1173   

 

4901 

 

2989 

 

Reflections, I > 2σ(I)
 

 

1147    

 

599 

 

2959 

 

1766 

 

Max. θ/°
 

 

25.24    

 

25.25   

 

25.25 

 

25.24 

 

Ranges (h, k, l)
 

 

−17 ≤ h ≤ 16 

−4 ≤ k ≤ 4                                                                                          

−19 ≤ l ≤ 19  

 

−12 ≤ h ≤ 11 

−5 ≤ k ≤ 5  

−12 ≤ l ≤ 16   

 

-12 ≤ h ≤ 12 

-16 ≤ k ≤ 21 

-18 ≤  l ≤ 18 

 

-9 ≤ h ≤ 10 

-11 ≤ k ≤ 10 

-22 ≤ l ≤ 22 

 

Complete to 2θ (%)
 

 

98.70    

 

93.70    

 

99.80 

 

99.00 

 

Data/ 

Restraints/Parameters 

 

1616/0/129   

 

1173/0/103  

 

4901/ 0/ 319 

 

5031/3/374 

 

Goof (F
2
)

 
 

1.059  

 

1.045 

 

1.051 

 

1.029 

 

R indices [I > 2σ (I)]
 

 

0.0414 

 

0.0721 

 

0.0686 

 

0.0383 

 

wR2 [I > 2σ (I)] 

 

0.0661 

 

0.1577 

 

0.1729 

 

0.0919 

 

R indices (all data) 

 

0.0623 

 

0.1337 

 

0.1120 

 

0.0560 

 

wR2 (all data) 

 

0.0718 

 

0.1948 

 

0.2015 

 

0.1024 
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Compound No. Salt 2.1.6 Cocrystal 2.2.2 Cocrystal 2.2.3 Cocrystal 2.2.4 

 

Formulae 

 

C30H49 N3O6 

 

C32H51N5O4 

 

C32H52N5O4F 

 

C32H54N5O5Cl 

 

CCDC No. 

 

1012762 

 

1452013 

 

1452014 

 

1452015 

 

Mol. wt. 

 

547.72 

 

569.78 

 

589.79 

 

624.25 

 

Space group 

 

C2/c 

 

P-1 

 

P21/c 

 

P21/c 

 

a /Å
 

 

16.2317(7) 

 

8.3025(3) 

 

20.7631(8) 

 

19.3315(9) 

 

b /Å
 

 

9.6547 (4) 

 

13.6899(6) 

 

8.2356(3) 

 

8.5518(4) 

 

c /Å
 

 

20.2299 (8) 

 

15.9951(7) 

 

21.9337(8) 

 

22.8978(10) 

 

α/°
 

 

90.00 

 

90.908(3) 

 

90.00 

 

90.00 

 

β/°
 

 

99.931 (3) 

 

99.985(3) 

 

107.378(2) 

 

95.077(3) 

 

γ/°
 

 

90.00 

 

104.369(3) 

 

90.00 

 

90.00 

 

V/ Å
3 

 

3122.8 (2) 

 

1731.16(12) 

 

3579.4(2) 

 

3770.6(3) 

 

Density/g.cm
-3 

 

1.165 

 

1.093 

 

1.094 

 

1.100 

 

Abs. Coeff. /mm
-1 

 

0.081 

 

0.073 

 

0.076 

 

0.142 

 

F(000)
 

 

1192 

 

620 

 

1280 

 

1352 

 

Total No. of reflections
 

 

2711 

 

6068 

 

6383 

 

6800 

 

Reflections, I > 2σ(I)
 

 

1431 

 

2993 

 

3317 

 

2100 

 

Max. θ/°
 

 

24.99 

 

25.25 

 

25.25 

 

25.25 

 

Ranges (h, k, l)
 

 

-19  ≤  h ≤ 18 

-11 ≤  k ≤ 11 

-23 ≤ l ≤ 23 

 

-9  ≤   h ≤ 9 

-16  ≤  k ≤ 16 

-19  ≤  l ≤ 19 

 

-23 ≤  h ≤ 24 

-9  ≤  k ≤ 9 

-25  ≤  l ≤ 26 

 

-23  ≤  h ≤ 23 

-9  ≤  k ≤ 9 

-27  ≤  l  ≤ 27 

 

Complete to 2θ (%)
 

 

98.50 

 

97.10 

 

98.70 

 

99.50 

 

Data/ 

Restraints/Parameters 

 

2711/ 8/ 189 

 

6068/ 2/ 377 

 

6383/5/390 

 

6800/ 7/ 404 

 

Goof (F
2
)

 
 

1.048 

 

1.098 

 

1.056 

 

1.076 

 

R indices [I > 2σ (I)]
 

 

0.0736 

 

0.0839 

 

0.0707 

 

0.0688 

 

wR2 [I > 2σ (I)] 

 

0.1531 

 

0.1765 

 

0.1388 

 

0.1234 

 

R indices (all data) 

 

0.1135 

 

0.1527 

 

0.1286 

 

0.2428 

 

wR2 (all data) 

 

0.1636 

 

0.2225 

 

0.1613 

 

0.1632 
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Cocrystal No. Cocrystal 3.1 Cocrystal 3.2 Cocrystal 3.3 Cocrystal 3.4 

 

Formulae 
 

C32H26N4O4 
 

C14H15N3O2 

 

C19H19N5O4 

 

C14H19N5O7 

 

CCDC No. 
 

1417716 

 

1417717 

 

1417718 

 

1417715 

 

Mol. wt. 

 

530.57 

 

257.29 

 

381.39 

 

369.34  

 

Space group 

 

P21/c 

 

Aba2 

 

P21/c 

 

P21/n 

 

a /Å
 

 

11.8301(5) 

10.0199(5)  

8.9467(9) 

 

8.8538(8) 

 

b /Å
 

 

14.4094(6) 

27.8962(17)  

25.487(3) 

 

17.6944(15) 

 

c /Å
 

 

23.9854(10) 

9.1641(6)  

8.8264(9) 

 

10.7717(10) 

 

α/°
 

 

90.00 

90.00  

90.00 

 

90.00    

 

β/°
 

 

96.922(3) 

90.00  

114.334(6) 

 

90.464(5) 

 

γ/°
 

 

90.00 

90.00  

90.00 

 

90.00     

 

V/ Å
3 

 

4058.9(3) 

2561.5(3)  

1833.8(3) 

 

1687.5(3) 

 

Density/g.cm
-3 

 

1.302 

1.334  

1.381  

 

1.454 

 

Abs. Coeff. /mm
-1 

 

0.088 

0.092  

0.100 

 

0.118 

 

F(000)
 

 

1668 

1088  

800 

 

776 

 

Total No. of reflections
 

 

7344 

2320  

3335 

 

3040   

 

Reflections, I > 2σ(I)
 

 

3858 

1948   

2709  

 

2308 

 

Max. θ/°
 

 

25.25 

25.24     

25.25 

 

25.24   

 

Ranges (h, k, l)
 

 

−13 ≤ h ≤ 14 

−17 ≤ k ≤ 16 

−28 ≤ l ≤ 28 

 

−7 ≤ h ≤ 7 

−8 ≤ k ≤ 8                                                                                          

−15 ≤ l ≤ 15  

 

−10 ≤ h ≤ 10 

−24 ≤ k ≤ 30 

−10 ≤ l ≤ 10 

 

−10 ≤ h ≤ 10 

−20 ≤ k ≤ 21  

−12 ≤ l ≤ 12   

 

Complete to 2θ (%)
 

 

99.90 

 

100.00 

 

100.00 

 

99.60   

 

Data/ 

Restraints/Parameters 

 

7344/0/547 

 

2320/1/175 

 

3335/0/258 

 

3040/4/256  

 

Goof (F
2
)

 
 

1.003 

 

1.072 

 

1.058 

 

1.025 

 

R indices [I > 2σ (I)]
 

 

0.0481 

 

0.0384 

 

0.0573 

 

0.0428 

 

wR2 [I > 2σ (I)] 

 

0.1046 

 

0.1020 

 

0.1794 

 

0.1338 

 

R indices (all data) 

 

0.1119 

 

0.0475 

 

0.0704 

 

0.0575 

 

wR2 (all data) 

 

0.1317 
 

0.1094 
 

0.1957 
 

0.1468 
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Complex No. Complex 4.1.1 Complex 4.1.2 Complex 4.1.3 Complex 4.1.4 

 

Formulae 

 

C20H26CuN4O8 

 

C22H30CuN4O8 

 

C16H18CuN2O7S 

 

C24H20CuN4O6 

 

CCDC No. 
 

1402351 

 

1402356 

 

1402352 

 

1402350 

 

Mol. wt. 

 

514.00  

 

542.05   

 

445.93 

 

523.99 

 

Space group 

 

P-1  

 

P21/n  

 

P-1 

 

P21 

 

a /Å
 

 

6.1974(7)  

 

9.3108(3)   

 

8.3981(7) 

 

10.6759(6) 

 

b /Å
 

 

7.3044(9)   

 

7.1558(2)  

 

9.6705(9) 

 

7.0765(4) 

 

c /Å
 

 

13.1416(16) 

 

19.0122(6)     

 

12.5186(9) 

 

14.7557(9) 

 

α/°
 

 

91.394(5) 

 

90.00    

 

73.944(7) 

 

90.00 

 

β/°
 

 

102.247(5)  

 

94.749(2) 

 

86.252(6) 

 

96.369(4) 

 

γ/°
 

 

101.071(5)    

 

90.00     

 

67.507(9) 

 

90.00 

 

V/ Å
3 

 

569.23(12)  

 

1262.36(7)  

 

901.77(13) 

 

1107.88(11) 

 

Density/g.cm
-3 

 

1.499     

 

1.426   

 

1.642 

 

1.571 

 

Abs. Coeff. /mm
-1 

 

1.013  

 

0.917 

 

1.369 

 

1.037 

 

F(000)
 

 

267   

 

566  

 

458 

 

538 

 

Total No. of reflections
 

 

2040  

 

2261   

 

3252 

 

3830 

 

Reflections, I > 2σ(I)
 

 

1279    

 

1830 

 

2383 

 

3231 

 

Max. θ/°
 

 

25.24    

 

25.24   

 

25.25 

 

25.24 

 

Ranges (h, k, l)
 

 

−7 ≤ h ≤ 7 

−8 ≤ k ≤ 6                                                                                          

−10 ≤ l ≤ 14  

 

 

−11 ≤  h ≤ 11 

−8 ≤ k ≤ 8  

−22 ≤ l ≤ 22   

 

 

−10 ≤  h ≤ 9 

−11 ≤ k ≤11 

−15 ≤ l ≤13 

 

 

−12 ≤ h ≤12 

−8  ≤  k ≤  8 

−17 ≤ l ≤ 17 

 

 

Complete to 2θ (%)
 

 

98.70    

 

98.90    

 

99.80 

 

99.50 

 

Data/ 

Restraints/Parameters 

 

2040/0/155   

 

2261/0/165  

 

3252/0/250 

 

3830/1/321 

 

Goof (F
2
)

 
 

1.034  

 

1.086  

 

1.027 

 

1.086 

 

R indices [I > 2σ (I)]
 

 

0.0387    

 

0.0526   

 

0.0430 

 

0.0367 

 

wR2 [I > 2σ (I)] 

 

0.1184 

 

0.1438  

 

0.0734 

 

0.0684 

 

R indices (all data) 

 

0.0407    

 

0.0602      

 

0.0651 

 

0.0473 

 

wR2 (all data) 

 

0.1222                                                                                                              

 

0.1537                                                                                                                                                              

 

0.0852 

 

0.0713 
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Complex No. Complex 4.1.5 Complex 4.1.6 Complex 4.1.7 Complex 4.2.1 

 

Formulae 

 

C20H26NiN4O8 

 

C14H12N2NiO6 

 

C40H40N6O6Zn 

 

C13H16N4O7Cd 

 

CCDC No. 

 

1402354 

 

1402353 

 

1402355 

 

1556234 

 

Mol. wt. 

 

509.14  

 

362.95 

 

766.17 

 

452.71 

 

Space group 

 

P-1  

 

P21/c 

 

P-1 

 

P-1 

 

a /Å
 

 

6.2331(6) 

 

6.8784(8) 

 

7.7539(6) 

 

7.8485(6) 

 

b /Å
 

 

7.2148(6) 

 

7.0931(8) 

 

9.7058(8) 

 

10.3471(6) 

 

c /Å
 

 

13.1150(12) 

 

27.221(3) 

 

13.6203(10) 

 

11.9239(8) 

 

α/°
 

 

90.288(5) 

 

90.00    

 

75.256(5) 

 

100.594(4) 

 

β/°
 

 

101.143(5) 

 

90.610(3) 

 

79.970(5)  

 

103.197(4) 

 

γ/°
 

 

100.988(5) 

 

90.00     

 

72.318(5)  

 

104.459(3) 

 

V/ Å
3 

 

567.52(9) 

 

1328.0(3) 

 

939.22(13) 

 

882.60(11) 

 

Density/g.cm
-3 

 

1.490  

 

1.815 

 

1.355  

 

1.703 

 

Abs. Coeff. /mm
-1 

 

0.908 

 

1.498 

 

0.709 

 

1.279 

 

F(000)
 

 

266 

 

744 

 

400 

 

452 

 

Total No. of reflections
 

 

2044 

 

2390   

 

3398 

 

3073 

 

Reflections, I > 2σ(I)
 

 

1883  

 

1239 

 

2704  

 

2846 

 

Max. θ/°
 

 

25.00    

 

25.24   

 

25.25 

 

25.05 

 

Ranges (h, k, l)
 

 

−7 ≤ h ≤ 7 

−8 ≤ k ≤ 8                                                                                          

−15 ≤ l ≤ 15  

 

−7 ≤ h ≤ 5 

−4 ≤ k ≤ 7  

−31 ≤ l ≤ 22   

 

−9 ≤ h ≤ 9 

−11 ≤ k ≤ 10 

−16 ≤ l ≤ 15 

 

-9 ≤ h ≤ 6 

-12 ≤ k ≤ 12 

-14 ≤ l ≤ 14 

 

Complete to 2θ (%)
 

 

99.90    

 

99.30    

 

99.40 
98.20 

 

Data/ 

Restraints/Parameters 

 

2044/3/141  

 

2390/0/209  

 

3398/0/241 

 

3073/ 0/ 234 

 

Goof (F
2
)

 
 

1.015 

 

1.077 

 

1.008 

 

1.044 

 

R indices [I > 2σ (I)]
 

 

0.0738 

 

0.0658 

 

0.0358 

 

0.0255 

 

wR2 [I > 2σ (I)] 

 

0.1888 

 

0.1902 

 

0.0818 

 

0.0695 

 

R indices (all data) 

 

0.0754 

 

0.0887 

 

0.0491  

 

0.0281 

 

wR2 (all data) 

 

0.1880 
 

0.2031 
 

0.0882 
 

0.0713 
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Compound No. Complex 4.2.2 Complex 4.2.3 Cocrystal 5.2 Cocrystal 5.3 

 

Formulae 

 

C40H44N6O14Cd 

 

C40H46N8O14Cd 

 

C13H13N2O3 

 

C12H11N2O3 

 

CCDC No. 

 

1556235 

 

1556236 

 

1417579 

 

1417580 

 

Mol. wt. 

 

945.21 

 

975.26 

 

245.25 

 

231.31 

 

Space group 

 

P-1 

 

P-1 

 

P21/n 

 

P21/n 

 

a /Å
 

 

9.5265(5) 

 

9.7839(6) 

 

12.7021(5) 

 

12.7915(5) 

 

b /Å
 

 

9.9800(6) 

 

10.1048(7) 

 

5.0401(2) 

 

5.0009(2) 

 

c /Å
 

 

12.0673(6) 

 

11.9627(8) 

 

19.1216(8) 

 

16.4829(7) 

 

α/°
 

 

75.012(4) 

 

104.063(3) 

 

90.00 

 

90.00 

 

β/°
 

 

68.870(4) 

 

110.636(3) 

 

98.951(3)  

 

90.926(3) 

 

γ/°
 

 

88.119(4) 

 

90.303(3) 

 

90.00 

 

90.00 

 

V/ Å
3 

 

1031.42(10) 

 

1068.23(12) 

 

1209.25(9) 

 

1054.26(7) 

 

Density/g.cm
-3 

 

1.522 

 

1.516 

 

1.347 

 

1.457 

 

Abs. Coeff. /mm
-1 

 

0.605 

 

0.588 

 

0.097 

 

0.107 

 

F(000)
 

 

486  

 

502 

 

516 

 

484 

 

Total No. of reflections
 

 

3568 

 

3634 

 

2151 

 

1843 

 

Reflections, I > 2σ(I)
 

 

3224 

 

3499 

 

1488  

 

1341 

 

Max. θ/°
 

 

25.05 

 

25.05 

 

25.24    

 

25.24 

 

Ranges (h, k, l)
 

 

-11 ≤ h ≤ 11 

-11 ≤ k ≤ 9 

-14 ≤ l ≤ 14 

 

-11  ≤  h ≤ 11 

-12  ≤  k ≤ 11 

-14  ≤  l  ≤ 14 

 

−15 ≤ h ≤ 15 

−5 ≤ k ≤ 5                                                                                          

−22 ≤ l ≤ 22  

 

−15 ≤ h ≤ 15 

−6 ≤ k ≤ 5 

−19 ≤ l ≤ 19 

 

Complete to 2θ (%)
 

 

97.60 

 

96.00 

 

98.60 

 

97.10 

 

Data/ 

Restraints/Parameters 

 

3568/0/287 

 

3634/ 0/ 286 

 

2150/0/163 

 

1843/0/156 

 

Goof (F
2
)

 
 

1.002 

 

1.017 

 

1.026 

 

1.034 

 

R indices [I > 2σ (I)]
 

 

0.0403 

 

0.0250 

 

0.0447 

 

0.0436 

 

wR2 [I > 2σ (I)] 

 

0.0975 

 

0.0775 

 

0.1249 

 

0.1260 

 

R indices (all data) 

 

0.0455 

 

0.0263 

 

0.0678 

 

0.0654 

 

wR2 (all data) 

 

0.1007 

 

0.0784 

 

0.1415 

 

0.1408 
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Compound No. Cocrystal 5.4 Salt 5.5 Salt 5.6 Salt 5.7 

 

Formulae 

 

C12H10N2O3 

 

C14H12N2O5 

 

C11H9N2O3 

 

C10H11N2O2Cl 

 

CCDC No. 
 

1417581 

 

1417578 

 

1417577 

 

1417575 

 

Mol. wt. 

 

230.20 

 

288.26 

 

217.20 

 

226.66  

 

Space group 

 

P21/n 

 

P-1 

 

P -1 

 

P 21/n 

 

a /Å
 

 

12.6838(12) 

 

5.3961(7) 

 

4.9838(2) 

 

7.650(9) 

 

b /Å
 

 

5.0451(5) 

 

9.4163(13) 

 

9.8417(4) 

 

7.943(8) 

 

c /Å
 

 

16.3375(16) 

 

13.6395(17) 

 

10.3031(5) 

 

18.15(2) 

 

α/°
 

 

90.00   

 

75.670(9) 

 

100.059(3) 

 

90.00 

 

β/°
 

 

90.201(7) 

 

89.392(9) 

 

100.517(3) 

 

92.26(2)  

 

γ/°
 

 

90.00                   

 

80.448(8) 

 

91.372(3) 

 

90.00 

 

V/ Å
3 

 

1045.45(18) 

 

661.83(15) 

 

488.42(4) 

 

1102(2) 

 

Density/g.cm
-3 

 

1.463 

 

1.446  

 

1.477 

 

1.366 

 

Abs. Coeff. /mm
-1 

 

0.107 

 

0.112 

 

0.110 

 

0.328 

 

F(000)
 

 

480 

 

300 

 

226 

 

472   

 

Total No. of reflections
 

 

1892 

 

2322 

 

1706 

 

1975 

 

Reflections, I > 2σ(I)
 

 

1402 

 

1591  

 

1441 

 

1250   

 

Max. θ/°
 

 

25.24  

 

25.25 

 

25.25 
 

25.24    

 

Ranges (h, k, l)
 

 

−15 ≤ h ≤ 15   

−5 ≤ k ≤ 6    

−19 ≤ l ≤ 19    

 

−6 ≤ h ≤ 6 

−10 ≤ k ≤ 11 

−15 ≤ l ≤ 16 

 

−5 ≤ h ≤ 5 

−11 ≤ k ≤ 11 

−12 ≤ l ≤ 11 

 

−6 ≤ h ≤ 2 

−8 ≤ k ≤ 1                                                                                          

−19 ≤ l ≤ 18  

 

Complete to 2θ (%)
 

 

100.00 

 

96.70 

 

96.90 

 

99.40    

 

Data/ 

Restraints/Parameters 

 

1892/0/156 

 

2322/0/192 

 

1706/0/146 

 

1975/0/144   

 

Goof (F
2
)

 
 

1.051 

 

1.017 

 

1.039 

 

1.027 

 

R indices [I > 2σ (I)]
 

 

0.0427                

 

0.0488 

 

0.0391 

 

0.0414 

 

wR2 [I > 2σ (I)] 

 

0.1191 

 

0.1315 

 

0.1339 

 

0.0671 

 

R indices (all data) 

 

0.0618 

 

0.0733 

 

0.0459 

 

0.1020 

 

wR2 (all data) 

 

0.1314 
 

0.1469 
 

0.1255 

 

0.0787 
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Compound No. Salt 5.8 Cocrystal 5.9 Salt 5.10 Salt 5.11 

 

Formulae 

 

C10H9N3O4 

 

C18H16N2O3 

 

C17H14N2O4 

 

C24H18N4O9 

 

CCDC No. 

 

1417576 

 

1481865 

 

1481864 

 

1468837 

 

Mol. wt. 

 

235.20 

 

308.33 

 

310.30 

 

506.42 

 

Space group 

 

P-1 

 

P-1 

 

P21/c 

 

P-1 

 

a /Å
 

 

7.9402(7) 

 

3.9318(5) 

 

9.0241(15) 

 

7.3884(7)  

 

b /Å
 

 

8.1717(8)  

 

11.7049(15) 

 

11.982(2) 

 

11.2382(10) 

 

c /Å
 

 

8.8975(8) 

 

16.914(2) 

 

14.549(2) 

 

14.8080(13)  

 

α/°
 

 

70.343(6) 

 

99.084(8) 

 

90.00 

 

94.017(5) 

 

β/°
 

 

89.333(6) 

 

94.248(8) 

 

107.874(19) 

 

96.891(5)  

 

γ/°
 

 

72.343(6) 

 

94.176(8) 

 

90.00 

 

109.057(5) 

 

V/ Å
3 

 

515.42(8) 

 

763.69(17) 

 

1497.2(4) 

 

1145.92(18)  

 

Density/g.cm
-3 

 

1.515 

 

1.341 

 

1.377 

 

1.468  

 

Abs. Coeff. /mm
-1 

 

0.120 

 

0.093 

 

0.100 

 

0.115 

 

F(000)
 

 

244 

 

324 

 

1252 

 

524 

 

Total No. of reflections
 

 

1864   

 

2760 

 

2690 

 

4150 

 

Reflections, I > 2σ(I)
 

 

1097 

 

1250 

 

1114  

 

2068 

 

Max. θ/°
 

 

25.24   

 

25.24 

 

25.24 

 

25.25 

 

Ranges (h, k, l)
 

 

−8 ≤ h ≤ 8 

−8 ≤ k ≤ 8  

−9 ≤ l ≤ 9 

 

−4 ≤ h ≤ 4 

−14 ≤ k ≤ 13 

−19 ≤ l ≤ 20 

 

−10 ≤ h ≤ 9 

−14 ≤ k ≤ 5 

−17 ≤ l ≤ 17 

 

−8 ≤ h ≤ 7 

−11 ≤ k ≤ 10 

−17 ≤ l ≤ 17 

 

Complete to 2θ (%)
 

 

99.50    

 

99.60 

 

99.40 

 

99.80 

 

Data/ 

Restraints/Parameters 

 

1864/0/155  

 

2760/0/211 

 

2690/1/214 

 

4150/0/340 

 

Goof (F
2
)

 
 

0.870 

 

1.022 

 

1.063 

 

1.000 

 

R indices [I > 2σ (I)]
 

 

0.0324 

 

0.0555 

 

0.0928 

 

0.0515  

 

wR2 [I > 2σ (I)] 

 

0.1109 

 

0.1151 

 

0.1547 

 

0.1042  

 

R indices (all data) 

 

0.0371 

 

0.1602 

 

0.1722 

 

0.1260  

 

wR2 (all data) 

 

0.1193 

 

0.1705 
 

0.1945 

 

0.1284 
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Compound No. Salt 5.12 Salt 5.13 Salt 5.14 Salt 5.15 

 

Formulae 

 

C17H13N3O5 

 

C17H13N3O5 

 

C34H30N4O11 

 

C17H16N2O6 

 

CCDC No. 
 

1468838 

 

1468839 

 

1481866 

 

1481867 

 

Mol. wt. 

 

339.30 

 

339.30 

 

670.62 

 

344.32 

 

Space group 

 

P 21/c 

 

P 21/c  

 

C 2/c 

 

P 21/n 

 

a /Å
 

 

14.4119(6)  

 

6.5509(4) 

 

16.7216(18) 

 

14.9671(9) 

 

b /Å
 

 

7.3071(3) 

 

9.5558(7)  

 

10.9118(11) 

 

7.0737(4) 

 

c /Å
 

 

15.2855(7)  

 

24.5384(17) 

 

18.807(2) 

 

15.0978(9) 

 

α/°
 

 

90.00 

 

90.00 

 

90.00 

 

90.00    

 

β/°
 

 

106.646(3)  

 

91.662(4)  

 

113.093(6) 

 

96.540(4) 

 

γ/°
 

 

90.00 

 

90.00 

 

90.00 

 

90.00     

 

V/ Å
3 

 

1542.25(11)  

 

1535.44(18)  

 

3156.7(6) 

 

1588.04(16) 

 

Density/g.cm
-3 

 

1.461  

 

1.468  

 

1.411 

 

1.440 

 

Abs. Coeff. /mm
-1 

 

0.110 

 

0.111 

 

0.107 

 

0.111 

 

F(000)
 

 

704 

 

704 

 

1400 

 

720 

 

Total No. of reflections
 

 

2776 

 

2697 

 

2716 

 

2847   

 

Reflections, I > 2σ(I)
 

 

1884  

 

1652 

 

1665 

 

1584 

 

Max. θ/°
 

 

25.25 

 

25.25    

 

25.24    

 

25.24   

 

Ranges (h, k, l)
 

 

−17 ≤ h ≤ 14 

−8 ≤ k ≤ 8 

−18 ≤ l ≤ 17 

 

−7 ≤ h ≤ 7 

−11 ≤ k ≤ 11                                                                                          

−29 ≤ l ≤ 28  

 

−19 ≤ h ≤ 18 

−13 ≤ k ≤ 13                                                                                          

−22 ≤ l ≤ 22 

 

−16 ≤ h ≤ 17 

−8 ≤ k ≤ 8  

−18 ≤ l ≤ 17   

 

Complete to 2θ (%)
 

 

99.10 

 

97.00 

 

95.50 

 

99.20   

 

Data/ 

Restraints/Parameters 

 

2690/1/214 

 

2697/1/231 

 

2716/1/233 

 

2847/5/241  

 

Goof (F
2
)

 
 

1.031 

 

1.013 

 

1.045 

 

1.027 

 

R indices [I > 2σ (I)]
 

 

0.0438  

 

0.0553  

 

0.0557 

 

0.0541 

 

wR2 [I > 2σ (I)] 

 

0.1166  

 

0.1441  

 

0.1560 

 

0.1265 

 

R indices (all data) 

 

0.0707  

 

0.0960  

 

0.0961 

 

0.1155 

 

wR2 (all data) 

 

0.1350 

 

0.1713 

 

0.1869 

 

0.1535 
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Compound No. Salt 6.1 Salt 6.2 Salt 6.3 Salt 6.4 Indole-3-

carbaldoxime 

 

Formulae 

 

C15H15N5O8 

 

C15H13N5O9 

 

C16H13N5O9 

 

C12H9N5O8 
 

C9H8N2O 

 

CCDC No. 
 

1529111 

 

1529110 

 

1529114 

 

1529113 

 

1529109 

 

Mol. wt. 

 

393.32 

 

407.30 

 

419.31  

 

351.24 

 

160.17 

 

Space group 

 

P-1 

 

P-1 

 

P21/n 

 

P-1 

 

Pna21 

 

a /Å
 

 

7.2191(7) 

 

6.7711(6) 

 

17.0234(15)  

 

3.8305(4) 

 

8.6883(10) 

 

b /Å
 

 

10.8361(8) 

 

8.4733(11) 

 

4.9886(5) 

 

13.112(2) 

 

11.8246(16) 

 

c /Å
 

 

11.3880(9) 

 

15.8026(17) 

 

22.731(2)  

 

14.5122(18) 

 

15.412(3) 

 

α/°
 

 

96.925(5) 

 

78.747(10) 

 

90.00    

 

80.380(12) 

 

90.00 

 

β/°
 

 

100.591(5) 

 

87.742(8) 

 

109.651(5)  

 

82.576(10) 

 

90.00 

 

γ/°
 

 

94.292(5) 

 

75.439(10) 

 

90.00     

 

86.434(12) 

 

90.00 

 

V/ Å
3 

 

864.98(13) 

 

860.61(17) 

 

1818.0(3)  

 

711.98(17) 

 

1583.3(4) 

 

Density/g.cm
-3 

 

1.510  

 

1.572 

 

1.532  

 

1.638  

 

1.344 

 

Abs. Coeff. /mm
-1 

 

0.125 

 

0.133 

 

0.128 

 

0.141 

 

0.091 

 

F(000)
 

 

408 

 

420 

 

864 

 

360 

 

672 

 

Total No. of 

reflections
 

 

3006 

 

3037 

 

3225   

 

2443 

 

2874 

 

Reflections, I > 2σ(I)
 

 

2382 

 

1932 

 

1776 

 

1720  

 

2461 

 

Max. θ/°
 

 

25.05 

 

25.04 

 

25.24   

 

25.04 

 

25.24    

 

Ranges (h, k, l)
 

 

−8 ≤ h ≤ 8 

−12 ≤ k ≤ 12 

−13 ≤ l ≤ 11 

 

−8 ≤ h ≤ 8 

−10 ≤ k ≤ 9 

−18 ≤ l ≤ 15 

 

−20 ≤ h ≤ 20 

−5 ≤ k ≤ 5  

−25 ≤ l ≤ 27   

 

−4 ≤ h ≤ 4 

−15 ≤ k ≤ 13 

−16 ≤ l ≤ 17 

 

−10 ≤ h ≤ 10 

−13 ≤ k ≤ 14                                                                                          

−18 ≤ l ≤ 18  

 

Complete to 2θ (%)
 

 

98.10 

 

99.90 

 

98.50   

 

96.00 

 

99.90 

 

Data/ 

Restraints/Parameters 

 

3006/0/260 

 

3037/1/270 

 

3225/5/284  

 

2443/1/231 

 

2874/1/227 

 

Goof (F
2
)

 
 

1.031 

 

1.004 

 

1.006 

 

1.066 

 

1.057 

 

R indices [I > 2σ (I)]
 

 

0.0452 

 

0.0770 

 

0.0534 

 

0.0882 

 

0.0360 

 

wR2 [I > 2σ (I)] 

 

0.1094 

 

0.1466 

 

0.1259  

 

0.1540 

 

0.0845 

 

R indices (all data) 

 

0.0560 

 

0.1126 

 

0.1107 

 

0.1148 

 

0.0455 

 

wR2 (all data) 

 

0.1165 
 

0.1695 
 

0.1572 
 

0.1678 

 

0.0899 
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Short contacts and hydrogen bond parameters of cocrystals 2.1.4, 2.15 and salt 2.1.6 in 

chapter 2 (Part A). 

Cocrystals/salt D-H···A dD-H(Å)  dH···A (Å) dD···A(Å) ∠D−H···A (°) 

2.1.4 C(12)-H(12A)···F(1) [x, 1/2-y, -1/2+z] 0.97 2.39 3.344 166 

O(2)-H(2)···F(1) [1-x, -1/2+y, 1/2-z] 

C(4)-H(4)···F(1) [x, y, z] 

0.82 

0.97 

1.61 

2.59 

2.421 

3.236 

169 

124 

     

2.1.5 

 

 

 

 

 

 

 

 

2.1.6 

C(20)-H(20B)···O(1) [x, y, z] 0.97 2.64 3.438 140 

C(2)-H(2)···O(3) [x, y, z] 0.93 2.64 3.406 139 

C(24)-H(24A)···O(1) [x, y, z] 

O(4)-H(4A)···F(1) [x, y, z] 

C(10)-H(10)···O(6) [x, y, z] 

C(23)-H(23B)···C(15) [x, y, z] 

C(20)-H(20A)···O(4) [x, y, z] 

C(20)-H(20A)···O(5) [x, y, z] 

 

0.97 

0.86 

0.92 

0.96 

0.97 

0.97 

 

2.50 

1.76 

2.64 

2.89 

2.66 

2.62 

3.303 

2.578 

3.445 

3.813 

3.499 

3.443 

140 

158 

145 

162 

145 

142 

C(11)-H(11B)···C(3) [x, y, z] 

C(11)-H(11B)···O(2) [x, y, z] 

C(14)-H(14B)···C(4) [x, y, z] 

C(12)-H(12A)···O(2) [x, y, z] 

O(3)-H(3A)···C(5) [x, y, z] 

0.96 

0.96 

0.97 

0.97 

0.80 

2.84 

2.72 

2.82 

2.68 

2.81 

3.719 

3.682 

3.674 

3.600 

3.513 

151 

176 

147 

158 

147 

 

Short contacts and hydrogen bond parameters of cocrystals 2.2.2-2.2.4 in chapter 2 (Part B).  

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

2.2.4 O(1)-H(1A)···Cl(1) [1-x, -y, -z] 

O(2)-H(2)···Cl(1)[1-x, 1/2+y, 1/2-z] 

O(3)-H(3A)···Cl(1) [-x, 1-y, -z] 

O(4)-H(4A)···O(5) [x, y, z] 

O(5)-H(5A)···N(1) [-x, 1/2+y, 1/2-z] 

O(5)-H(5B)···N(3) [-x, -1/2+y, 1/2-z] 

C(8)-H(8)···O(1) [x, y, z] 

C(1)-H(1)···O(4) [x, y, z] 

C(30)-H(30A)···O(2) [x, y, z] 

C(9)-H(9)···O(3) [x, y, z] 

C(17)-H(17B)···O(5) [x, y, z] 

C(28)-H(28A)···C(1) [x, y, z] 

C(5)-H(5B)···N(3) [x, y, z] 

C(21)-H(21B)···Cl(1) [x, y, z] 

C(29)-H(29B)···Cl(1) [x, y, z] 

0.82 

0.82 

0.82 

0.82 

0.82 

0.85 

0.93 

0.93 

0.97 

0.93 

0.97 

0.96 

0.90 

0.97 

0.97 

2.22 

2.23 

2.28 

1.87 

2.11 

2.25 

2.64 

2.38 

2.71 

2.70 

2.70 

2.84 

2.25 

2.88 

2.80 

3.039 

3.036 

3.078 

2.681 

2.998 

3.146 

3.416 

3.279 

3.607 

3.617 

3.595 

3.594 

3.143 

3.650 

3.472 

172 

171 

166 

176 

170 

171 

141 

162 

153 

168 

152 

135 

169 

136 

126 

 

2.2.3 

 

O(1)-H(1A)···F(1) [x, 1/2-y, -1/2+z] 

O(2)-H(2)···F(1) [x, y, z] 

O(3)-H(3A)···F(1) [-x, 1/2+y, 1/2-z] 

O(4)-H(4A)···O(3) [-x, 1-y, -z] 

C(13)-H(13)···O(2) [x, y, z] 

C(29)-H(29A)···O(3) [x, y, z] 

C(29)-H(29B)···O(1) [x, y, z] 

C(32)-H(32C)···C(8) [x, y, z] 

C(21)-H(21B)···N(3) [x, y, z] 

 

 

0.89 

0.82 

0.82 

0.82 

0.93 

0.97 

0.97 

0.96 

0.97 

 

1.69 

1.71 

1.64 

2.00 

2.64 

2.71 

2.66 

2.76 

2.73 

 

2.545 

2.525 

2.460 

2.797 

3.530 

3.525 

3.606 

3.651 

3.648 

 

176 

173 

177 

164 

159 

142 

164 

154 

158 

2.2.2 O(1)-H(1A)···N(3) [x, -1+y, z] 

O(2)-H(2)···O(3) [1-x, 2-y, 1-z] 

O(4)-H(4A)···O(3) [-x, 2-y, -z] 

O(2)-H(2)···N(3) [x, y, z] 

C(21)-H(21B)···N(2) [x, y, z] 

C(21)-H(21A)···O(3) [x, y, z] 

C(29)-H(29B)···O(2) [x, y, z] 

C(9)-H(9)···N(4) [x, y, z] 

C(29)-H(29A)···N(3) [x, y, z] 

0.82 

0.82 

0.82 

0.82 

0.97 

0.97 

0.97 

0.93 

0.97 

2.03 

1.79 

1.75 

2.65 

2.71 

2.71 

2.60 

2.65 

2.56 

2.807 

2.598 

2.567 

3.446 

3.620 

3.390 

3.426 

3.468 

3.439 

159 

171 

165 

164 

157 

127 

143 

146 

150 
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Short contacts and hydrogen bond parameters of oxime 2.1.1, 2.1.2 and cocrystals 3.1-3.4 in 

chapter 3. 

Oximes/Cocrystals D-H···A dD-H (Å) dH···A (Å) dD···A (Å) ∠D-H···A (o) 

2.1.1 O(2)-H(2)···C(3) [x, y, z] 

C(9)-H(9)···O(2) [x, y, z] 

C(1)-H(1A)···O(2) [x, y, z] 

0.82 

0.93 

0.93 

2.89 

2.63 

2.67 

2.781 

3.483 

3.542 

163 

153 

156 

2.1.2 O(1)-H(1)···O(1) [x, y, z] 

C(5)-H(5)···C(5) [x, y, z] 

0.82 

0.93 

2.60 

2.81 

3.014 

3.614 

112 

146 

3.1 

 

 

 
3.2 

 

 

 

 

3.3 

 

 

 

3.4 

C(16)-H(16)···O(3) [x, y, z] 

C(20)-H(20)···O(1) [x, y, z] 

C(9)-H(9)···O(3) [x, y, z] 

C(18)-H(18)···O(2) [x, y, z] 

C(5)-H(5)···C(31) [x, y, z] 

C(5)-H(5)···C(32) [x, y, z] 

C(7)-H(7)···O(5) [x, y, z] 

 

C(7)···C(1) [x, y, z] 

C(7)-H(7)···C(1) [x, y, z] 

C(6)···C(9) [x, y, z] 

C(1)-H(1A)···C(7) [x, y, z] 

C(9)-H(9)···C(6) [x, y, z] 

 

C(5)-H(5)···C(10) [x, y, z] 

C(16)-H(16C)···O(3) [x, y, z] 

C(16)-H(16B)···O(1) [x, y, z] 

C(12)-H(12A)···O(1) [x, y, z] 

 

O(3)-H(3)···O(7) [x, y, z] 

O(1)-H(1)···O(6) [x, y, z] 

C(13)-H(13A)···C(4) [x, y, z] 

O(2)-H(2)···O(5) [x, y, z] 

C(6)-H(6)···O(4) [x, y, z] 

C(5)···C(11) [x, y, z] 

O(6)-H(6A)···O(7) [x, y, z] 

O(7)-H(7B)···O(5) [x, y, z] 

O(6)-H(6B)···O(4) [x, y, z] 

0.93 

0.93 

0.93 

0.93 

0.93 

0.93 

0.93 

 

---- 

0.93 

---- 

0.93 

0.93 

 

0.93 

0.96 

0.96 

0.96 

 

0.82 

0.82 

0.96 

0.82 

0.93 

---- 

0.84 

0.86 

0.86 

2.68 

2.63 

2.69 

2.70 

2.81 

2.86 

2.56 

 

---- 

2.78 

---- 

2.83 

2.79 

 

2.71 

2.70 

2.62 

2.71 

 

1.99 

1.89 

2.72 

2.69 

2.67 

---- 

2.02 

1.94 

2.00 

3.509 

3.311 

3.437 

3.540 

3.684 

3.561 

3.339 

 

3.270 

3.270 

3.316 

3.657 

3.672 

 

3.575 

3.548 

3.499 

3.574 

 

2.756 

2.704 

3.531 

3.071 

3.575 

3.318 

2.834 

2.777 

2.856 

149 

130 

137 

150 

156 

133 

142 

 

---- 

114 

---- 

148 

158 

 

155 

148 

152 

150 

 

155 

174 

142 

110 

163 

---- 

163 

163 

175 

 

Short contacts and hydrogen bond parameters of complexes 4.1.1-4.1.7 in chapter 4 (Part A). 

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

4.1.1 C(1)···C(7) [x, y, z] 

O(2)-H(2)···O(2) [x, y, z] 

O(3)-H(3)···O(4) [-x, 1-y, 1-z] 

C(10)-H(10)···C(6) [x, y, z] 

---- 

0.82 

0.82 

0.93 

---- 

2.50 

1.90 

2.80 

3.326 

2.941 

2.702 

3.715 

---- 

115 

165 

161 

4.1.2 O(2)-H(2)···O(2) [x, y, z] 

C(4)-H(4)···O(4) [x, y, z] 

O(3)-H(3A)···O(4) [x, y, z] 

C(10)-H(10A)···C(6) [x, y, z] 

C(10)-H(10A)···C(5) [x, y, z] 

C(11)-H(11B)···O(1) [x, y, z] 

0.82 

0.93 

0.82 

0.96 

0.96 

0.96 

2.71 

2.66 

1.83 

2.85 

2.74 

2.71 

3.078 

3.303 

2.634 

3.809 

3.594 

3.479 

109 

127 

169 

176 

149 

138 
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4.1.3 

 

 

 
 

4.1.4 

 

 

 

 

 

 

 

 

 

 

4.1.5 

 

 

 

4.1.6 

 

 

 

 

 

4.1.7 

O(3)-H(3)···O(6) [x, y, z] 

C(3)···C(8) [x, y, z] 

C(10)···C(4) [x, y, z] 

O(6)-H(6)···O(7) [x, y, z] 

O(6)-H(6)···S(1) [x, y, z] 

C(11)-H(11)···O(7) [x, y, z] 

O(4)-H(4A)···S(1) [x, y, z] 

C(15)-H(15A)···O(7) [x, y, z] 

 

C(7)···C(8) [x, y, z] 

C(8)-H(8)···C(2) [x, y, z] 

C(2)···C(3) [x, y, z] 

C(8)-H(8)···C(7) [x, y, z] 

C(3)-H(3A)···C(6) [x, y, z] 

C(3)-H(3A)···C(7) [x, y, z] 

O(6)-H(6)···N(4) [x, y, z] 

C(15)-H(15)···O(5) [x, y, z] 

C(22)-H(22)···O(6) [x, y, z] 

C(19)-H(19)···O(3) [x, y, z] 

C(23)-H(23)···O(4) [x, y, z] 

O(3)-H(3)···N(3) [x, y, z] 

O(3)-H(3)···C(22) [x, y, z] 

 

O(2)-H(2)···O(2) [x, y, z] 

C(3)···C(1) [x, y, z] 

C(9)-H(9C)···O(3) [x, y, z] 

O(3)-H(3)···O(4) [x, y, z] 

 

O(4)-H(4A)···O(5) [x, y, z] 

O(3)-H(3A)···O(4) [x, y, z] 

C(1)···C(7) [x, y, z] 

C(1)-H(1)···O(5) [x, y, z] 

O(6)-H(5A)···O(3) [x, y, z] 

 

O(3)-H(3A)···N(3) [x, y, z] 

C(19)-H(19)···C(4) [x, y, z] 

C(19)-H(19)···C(5) [x, y, z] 

0.82 

---- 

---- 

0.82 

0.82 

0.93 

0.82 

0.96 

 

---- 

0.93 

---- 

0.93 

0.93 

0.93 

0.82 

0.93 

0.93 

0.93 

0.93 

0.82 

0.82 

 

0.82 

---- 

0.96 

0.82 

 

0.82 

0.82 

---- 

0.93 

0.82 

 

0.82 

0.93 

0.93 

1.92 

---- 

---- 

1.79 

2.99 

2.60 

2.98 

2.66 

 

---- 

2.89 

---- 

2.81 

2.88 

2.76 

1.89 

2.56 

2.67 

2.48 

2.72 

2.01 

2.82 

 

2.51 

---- 

2.65 

2.82 

 

2.58 

1.98 

---- 

2.54 

1.97 

 

1.93 

2.89 

2.86 

2.735 

3.387 

3.376 

2.611 

3.761 

3.254 

3.352 

3.543 

 

3.368 

3.713 

3.399 

3.368 

3.316 

3.492 

2.699 

3.213 

3.377 

3.324 

3.518 

2.788 

3.590 

 

2.978 

3.356 

3.389 

2.676 

 

2.968 

2.793 

3.262 

3.413 

2.776 

 

2.737 

3.713 

3.531 

171 

---- 

---- 

177 

157 

128 

111 

153 

 

---- 

148 

---- 

120 

150 

136 

166 

128 

134 

151 

145 

158 

156 

 

117 

---- 

134 

151 

 

111 

173 

---- 

156 

165 

 

169 

149 

130 

 

Short contacts and hydrogen bond parameters of coordination polymers (CP) 4.2.2 and 4.2.3 

in chapter 4 (Part B).  

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

CP-4.2.2 

 

C(7)-H(7)···C(16) [x, y, z] 

C(3)-H(3B)···O(3) [x, y, z] 

C(1)-H(1A)···C(18) [x, y, z] 

O(7)-H(7B)···O(5) [x, y, z] 

C(19)-H(19)···O(2) [x, y, z] 

O(3)-H(3)···O(4) [x, y, z] 

 

0.93 

0.97 

0.97 

0.82 

0.93 

0.82 

2.84 

2.67 

2.79 

2.69 

2.69 

2.65 

3.567 

3.588 

3.731 

3.213 

3.400 

3.323 

136 

159 

165 

123 

134 

140 

CP-4.2.3 

 

 

 

C(8)-H(8B)···O(5) [x, y, z] 

C(10)-H(10)···O(7) [x, y, z] 

C(1)-H(1)···C(20) [x, y, z] 

C(13)-H(13)···O(4) [x, y, z] 

C(5)-H(5)···O(4) [x, y, z] 

C(6)-H(6B)···O(2) [x, y, z] 

C(17)-H(17)···O(7) [x, y, z] 

0.97 

0.93 

0.93 

0.93 

0.93 

0.97 

0.93 

2.48 

2.67 

2.77 

2.54 

2.72 

2.68 

2.63 

3.235 

3.494 

3.487 

3.240 

3.615 

3.456 

3.407 

135 

148 

134 

132 

163 

137 

142 
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Short contacts and hydrogen bond parameters of cocrystals 5.2-5.4 and salts 5.5-5.8 in 

chapter 5. 

Salts/Cocrystals D-H···A dD-H (Å) dH···A (Å) dD···A (Å) ∠D-H···A (o) 

5.2 C(4)-H(4)···N(1) [x, y, z] 

O(1)-H(1A)···O(2) [x, y, z] 

C(4)···C(11) [x, y, z] 

O(3)-H(3A)···N(2) [x, y, z] 

0.93 

0.82 

---- 

0.82 

2.73 

1.89 

---- 

1.75 

3.579 

2.702 

3.308 

2.559 

152 

169 

---- 

171 

5.3 C(1)···C(10) [x, y, z] 

C(4)···C(11) [x, y, z] 

C(4)-H(4)···N(1) [x, y, z] 

C(5)-H(5)···C(6) [x, y, z] 

C(4)-H(4)···O(2) [x, y, z] 

---- 

---- 

0.93 

0.93 

0.93 

---- 

---- 

2.66 

2.76 

2.62 

3.320 

3.259 

3.346 

3.611 

3.238 

---- 

---- 

143 

153 

124 

5.4 

 

 

 
5.5 

 

 

 

 

5.6 

 

 

 

5.7 

 

 

5.8 

C(10)···C(1) [x, y, z] 

C(5)-H(5)···C(6) [x, y, z] 

C(4)-H(4)···N(1) [x, y, z] 

C(4)-H(4)···O(2) [x, y, z] 

O(3A)-H(3A)···N(2) [x, y, z] 

C(4)···C(11) [x, y, z] 

O(1)-H(1A)···O(2) [x, y, z] 

 

C(11)···C(14) [x, y, z] 

N(2)-H(2)···O(3) [x, y, z] 

C(11)···O(5) [x, y, z] 

C(14)···O(2) [x, y, z] 

 

C(1)···C(10) [x, y, z] 

C(8)-H(8)···O(1) [x, y, z] 

C(6)-H(6)···O(2) [x, y, z] 

C(5)-H(5)···O(2) [x, y, z] 

C(4)-H(4)···O(3) [x, y, z] 

 

C(4)-H(4)···N(1) [x, y, z] 

N(2)-H(2B)···Cl(1) [x, y, z] 

C(6)-H(6)···Cl(1) [x, y, z] 

 

C(8)-H(8)···O(1) [x, y, z] 

C(7)-H(7)···O(4) [x, y, z] 

C(6)···C(10) [x, y, z] 

C(4)-H(4)···O(2) [x, y, z] 

C(5)-H(5)···O(3) [x, y, z] 

---- 

0.93 

0.93 

0.93 

0.82 

---- 

0.82 

 

---- 

0.86 

---- 

---- 

 

---- 

0.93 

0.93 

0.93 

0.93 

 

0.93 

0.86 

0.93 

 

0.93 

0.93 

---- 

0.93 

0.93 

---- 

2.74 

2.66 

2.63 

1.76 

---- 

1.84 

 

---- 

2.68 

---- 

---- 

 

---- 

2.52 

2.59 

2.52 

2.52 

 

2.67 

2.19 

2.84 

 

2.47 

2.70 

---- 

2.34 

2.44 

3.308 

3.609 

3.430 

3.237 

2.578 

3.218 

2.655 

 

3.334 

3.451 

3.194 

3.134 

 

3.268 

3.277 

3.504 

3.198 

3.062 

 

3.575 

3.030 

3.752 

 

3.287 

3.426 

3.381 

3.240 

3.259 

---- 

155 

141 

124 

176 

---- 

173 

 

---- 

149 

---- 

---- 

 

---- 

139 

167 

130 

117 

 

164 

166 

169 

 

147 

136 

---- 

164 

147 

 

Short contacts and hydrogen bond parameters of salts 5.10-5.15 in chapter 5. 

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

5.10 C(1)-H(1A)···O(4) [x, y, z] 

O(1)-H(1)···C(11) [x, y, z] 

C(5)-H(5)···O(1) [x, y, z] 

0.93 

0.82 

0.93 

2.47 

2.88 

2.71 

3.387 

2.642 

3.332 

168 

169 

125 

5.11 C(2)···C(7) [x, y, z] 

C(5)-H(5)···O(8) [x, y, z] 

C(8)-H(8)···O(1) [x, y, z] 

C(16)-H(16)···O(6) [x, y, z] 

C(3)-H(3)···C(3) [x, y, z] 

C(24)-H(24)···O(2) [x, y, z] 

C(21)-H(21)···C(16) [x, y, z] 

C(23)-H(23)···O(6) [x, y, z] 

---- 

0.93 

0.93 

0.93 

0.93 

0.93 

0.93 

0.93 

---- 

2.72 

2.41 

2.57 

2.80 

2.66 

2.77 

2.69 

3.112 

3.312 

3.278 

3.413 

3.646 

3.393 

3.647 

3.493 

---- 

123 

156 

151 

139 

137 

158 

145 
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5.12 

 

 

5.13 

 

 

5.14 

 

 

5.15 

C(2)···C(13) [x, y, z] 

C(4)-H(4)···O(1) [x, y, z] 

C(8)-H(8)···O(2) [x, y, z] 

C(6)-H(6)···O(2) [x, y, z] 

C(7)-H(7)···O(3) [x, y, z] 

 

O(5)···C(12) [x, y, z] 

C(13)···C(10) [x, y, z] 

C(4)···O(1) [x, y, z] 

 

C(5)-H(5)···O(1) [x, y, z] 

C(4)-H(4)···O(2) [x, y, z] 

N(2)-H(2)···O(2) [x, y, z] 

C(15)-H(15)···C(11) [x, y, z] 

 

C(14)-H(14)···O(1) [x, y, z] 

C(8)-H(8)···O(5) [x, y, z] 

C(13)···C(5) [x, y, z] 

C(15)···C(9) [x, y, z] 

---- 

0.93 

0.93 

0.93 

0.93 

 

---- 

---- 

---- 

 

0.93 

0.93 

1.03 

0.93 

 

0.93 

0.93 

---- 

---- 

---- 

2.57 

2.49 

2.65 

2.63 

 

---- 

---- 

---- 

 

2.63 

2.66 

2.68 

2.70 

 

2.71 

2.55 

---- 

---- 

3.391 

3.390 

3.378 

3.508 

3.505 

 

3.214 

3.389 

3.162 

 

3.241 

3.304 

3.327 

3.549 

 

3.632 

3.459 

3.370 

3.364 

---- 

147 

160 

153 

157 

 

---- 

---- 

---- 

 

124 

127 

121 

152 

 

170 

168 

---- 

---- 

 

Short contacts and hydrogen bond parameters of picrate salts 6.1-6.4 and indole-3-

carbaldoxime in chapter 6. 

Salts/Oxime D-H···A dD-H (Å) dH···A (Å) dD···A (Å) ∠D-H···A (o) 

6.1 C(4)-H(4)···O(6) [x, y, z] 

C(9)-H(9C)···O(6) [x, y, z] 

O(1)-H(1A)···O(6) [x, y, z] 

C(6)-H(6)···O(2) [x, y, z] 

C(6)-H(6)···O(7) [x, y, z] 

C(8)-H(8B)···O(3) [x, y, z] 

C(9)-H(9B)···O(3) [x, y, z] 

C(7)-H(7)···O(4) [x, y, z] 

C(7)···C(11) [x, y, z] 

C(9)-H(9B)···O(4) [x, y, z] 

C(8)-H(8B)···O(5) [x, y, z] 

C(8)-H(8C)···O(8) [x, y, z] 

0.93 

0.96 

0.82 

0.93 

0.93 

0.96 

0.96 

0.93 

---- 

0.96 

0.96 

0.96 

2.62 

2.43 

2.60 

2.47 

2.64 

2.38 

2.69 

2.66 

---- 

2.72 

2.69 

2.59 

3.473 

3.329 

3.183 

3.189 

3.536 

3.040 

3.292 

3.541 

3.385 

3.335 

3.276 

3.453 

153 

155 

129 

134 

162 

126 

121 

159 

---- 

123 

120 

150 

6.2 O(5)···O(6) [x, y, z] 

C(15)···C(6) [x, y, z] 

C(2)-H(2A)···O(2) [x, y, z] 

C(9)-H(9)···C(7) [x, y, z] 

C(3)-H(3)···O(5) [x, y, z] 

C(12)···C(5) [x, y, z] 

C(13)···C(4) [x, y, z] 

C(8)-H(8)···O(3) [x, y, z] 

N(1)-H(1A)···C(15) [x, y, z] 

N(2)-H(2)···O(5) [x, y, z] 

N(2)-H(2)···O(4) [x, y, z] 

C(4)-H(4)···O(4) [x, y, z] 

O(1)-H(1)···O(9) [x, y, z] 

O(7)···O(9) [x, y, z] 

---- 

---- 

0.93 

0.93 

0.93 

---- 

---- 

0.93 

1.07 

0.86 

0.86 

0.93 

0.82 

---- 

---- 

---- 

2.71 

2.46 

2.62 

---- 

---- 

2.51 

2.75 

2.42 

2.58 

2.37 

1.93 

---- 

3.009 

3.356 

3.394 

3.305 

3.263 

3.385 

3.395 

3.055 

3.812 

3.269 

3.221 

3.134 

2.709 

2.953 

---- 

---- 

131 

151 

127 

---- 

---- 

118 

172 

171 

132 

140 

160 

---- 
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6.3 

 

 

 
 

 

6.4 

 

 

 

 

 

 

 

Indole-3-

carbaldoxime  

 

 

C(4)···C(13) [x, y, z] 

C(1)-H(1)···O(1) [x, y, z] 

C(8)-H(8)···O(1) [x, y, z] 

C(3)-H(3)···O(6) [x, y, z] 

C(4)-H(4)···O(5) [x, y, z] 

O(5)···O(4) [x, y, z] 

O(6)···O(2) [x, y, z] 

C(4)-H(4)···O(4) [x, y, z] 

C(11)-H(11)···O(7) [x, y, z] 

 

O(4)···O(4) [x, y, z] 

C(8)-H(8)···O(4) [x, y, z] 

O(8)···N(2) [x, y, z] 

C(1)···O(5) [x, y, z] 

C(3)-H(3)···O(6) [x, y, z] 

C(6)-H(6)···O(2) [x, y, z] 

C(1)-H(1A)···O(5) [x, y, z] 

C(5)-H(5)···O(3) [x, y, z] 

 

N(4)-H(4)···C(15) [x, y, z] 

N(4)-H(4)···C(16) [x, y, z] 

N(4)-H(4)···C(17) [x, y, z] 

O(1)-H(1A)···C(10) [x, y, z] 

C(3)-H(3)···C(14) [x, y, z] 

C(3)-H(3)···C(11) [x, y, z] 

C(10)-H(10)···C(8) [x, y, z] 

C(15)-H(15)···C(6) [x, y, z] 

O(2)-H(2A)···C(1) [x, y, z] 

C(18)-H(18)···C(7) [x, y, z] 

C(6)-H(6)···C(2) [x, y, z] 

---- 

0.93 

0.93 

0.93 

0.93 

---- 

---- 

0.93 

0.93 

 

---- 

0.93 

---- 

---- 

0.93 

0.93 

0.93 

0.93 

 

0.89 

0.89 

0.89 

0.82 

0.93 

0.93 

0.93 

0.93 

0.82 

0.93 

0.93 

---- 

2.40 

2.66 

2.66 

2.47 

---- 

---- 

2.38 

2.61 

 

---- 

2.52 

---- 

---- 

2.55 

2.50 

2.29 

2.50 

 

2.71 

2.61 

2.79 

2.82 

2.78 

2.87 

2.85 

2.80 

2.86 

2.83 

2.87 

3.365 

3.323 

3.584 

3.445 

3.252 

2.973 

3.007 

2.894 

3.542 

 

2.907 

3.337 

3.008 

3.210 

3.242 

3.227 

3.210 

3.067 

 

3.356 

3.455 

3.659 

3.560 

3.593 

3.356 

3.736 

3.660 

3.599 

3.471 

3.621 

---- 

172 

172 

143 

141 

---- 

---- 

115 

178 

 

---- 

147 

---- 

---- 

132 

137 

169 

120 

 

130 

159 

166 

151 

146 

120 

160 

154 

152 

127 

139 
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