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Abstract 

Crystal engineering primarily deals with the understanding of intermolecular interactions 

in the context of crystal packing and thus utilizes this information for the designing and 

development of novel crystalline solid for targeted application. Supramolecular chemistry helps 

understanding these intermolecular interactions in the various medium and thus remains an 

integral part of crystal engineering. These intermolecular interactions are usually weak and non-

covalent in nature. Thus, shape and functionality the components of crystalline material have 

importance in the understanding crystal engineering.  

Resorcin[4]arenes and pyrogallol[4]arenes have a unique bowl shape and the upper rim 

of this bowl is decorated with multiple hydroxyl groups. These structural features led to 

construction of supramolecular organic frameworks with various architecture and topology. 

These structures were primarily utilized to understand molecular recognitions and host guest 

interactions. Thus, in this thesis, we focused on synthesis of novel supramolecular organic 

frameworks from resorcin[4]arenes and pyrogallol[4]arenes by co-crystallizing these 

macroccyles with various organic linker molecules such as 4,4’-bypyridine. The major part of 

this thesis project involved screening and characterization of single crystal structure of these co-

crystalline frameworks and analyzing the stability of selected framework in solution as well as in 

solid form.  

Application of these novel framework materials in gas sorption and separation is 

evaluated by exposing the stable framework materials to various gases at specific temperature 

and pressure. The gas sorption capacity of a specific framework material is attributed to its 

porosity and thermal stability after desolvation. Various gases such as CO2, Xe, and Kr are 
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absorbed selectively on these porous crystalline materials obtained by manipulating 

intermolecular interactions.          
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Chapter 1: Introduction to crystal engineering, supramolecular chemistry, 

and macrocyclic compounds 

1.1 Crystal engineering 

Crystals are the solid materials made up of highly ordered arrangements of the 

constituents such as atoms, molecules, and ions extended in three dimensions. Thus, properties 

and applications of any crystalline materials are dependent on the arrangement of these 

constituents in the crystalline lattice.1 However, arrangement of the components/constituents in 

the extended crystal structure is dependent on the types of intra as well as intermolecular 

interactions between the constituents.1,2 These interactions are non-covalent in nature and thus 

include hydrogen bonds, halogen bonds, cation-π interactions, π-π interactions, or Van-der Waals 

forces.2-6 These interactions are majorly governed by the functional groups and shape of the 

molecular components involved in the crystal formation.7 The energy associated with these non-

covalent interactions is also very low and in the range of 5-50 KJ/mol.8 Thus, similar to 

formation of any covalent compound, is it possible to predict the shape of a single crystal from 

the shape of its constituents? Is it possible to monitor or control the properties of crystals from 

the shape and functionality of the constituents? These are the few questions which remain the 

baseline of the fundamental studies in the field of crystal engineering.1,9 The term crystal 

engineering was coined by R. Pepinsky while explaining controllable crystal cells and 

symmetries to certain extent and thus proposed making crystals by design.9 However, a more 

general and accepted definition is given by Gautam Desiraju as the understanding of 

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

understanding in design of new solid with desired physical and chemical properties.
10

 Thus, the 

prominent intermolecular interactions are ones which have high energy strength, high frequency 
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of occurrence, and well defined directionality. Most of the contemporary crystal engineering 

work showed this trend such as use of metal ligand coordination in synthesis of porous metal 

organic framework and coordination polymers for gas sorption related applications.11,12 

However, hydrogen bonds remain the strongest in case of organic molecular crystals. Other 

comparatively weak interactions are also important in understanding crystal packing and 

properties in molecular crystals.2 The branch of chemistry which focuses on understanding these 

intermolecular interactions is a supramolecular chemistry.   

1.2 Supramolecular chemistry  

The term supramolecular chemistry was first coined by Jean-Marie Lehn and mentioned 

as ‘chemistry of molecular assemblies and intermolecular bonds’.13 In other words, 

supramolecular chemistry is also explained as ‘chemistry beyond molecules’, or ‘the chemistry 

of the non-covalent bond’. While, synthetic/molecular chemistry deals with the formation or 

breaking of covalent bonds between two atomic entities, supramolecular chemistry focuses on 

the developing complexes by engineering non-covalent forces between the components of the 

complexes. Thus, each component of a supramolecular complex contributes the individual 

properties toward the whole assembly.8 Examples of supramolecular complexes are abundant in 

nature sure as the double helix of the two ribosome strands in DNA are held together by 

hydrogen bonds between the amino acids on each strand. The lock and key model in protein and 

ligand also possesses the supramolecular interactions.14,15 Thus, supramolecular chemistry leads 

the path of information science through the application of concept of molecular information by 

controlling structural and dynamic feature of matters. Development of supramolecular chemistry 

has three components, the first one is molecular recognition, where the components interacts 

with each other in respective medium and thus deals with the designing, preorganization and 
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implementation of information on molecular level.13 The second phase deals with self-assembly 

or self-organization, where molecular recognition extended in to development of aggregation. 

The third emerging phase introduces adaptation and evolution and implements chemical 

diversity.13 The understanding of bridging between crystal engineering and supramolecular 

chemistry is important to develop crystalline material with specific or targeted application.  

1.3 Non-covalent interactions in supramolecular chemistry 

The term non-covalent interaction defines the nature and range of these interactions. It 

covers range of attractive and repulsive forces involved in the formation of stable supramolecular 

complexes.  

1.3.1 Ion-ion interaction 

Ion-ion or ionic interactions are usually comparable to covalent interactions with respect 

to their strength. The bond energy range involved in ionic interactions is in the range of 100-

350KJ/mol. This type of interaction is ubiquitous in the biological systems where the 

carboxylates or phosphates anions of nucleotides, saccharic acid, or peptides form complex with 

host molecule such as polyamines, azoniacyclophanes, and aminocyclodextrin. 16-19 

1.3.2 Ion-dipole interactions 

This type of interaction observed between ions usually cations and polar molecule thus, 

this interaction is electrostatic in nature even though there is no actual transfer of electrons 

between the components of the complex. The strength of ion-dipole interaction is about 50-200 

KJ/mol. A typical example of the ion-dipole interaction is the attractive forces between alkali 

metal cation such as Na+, K+ and water molecules or free electrons on the heteroatom of crown 

ethers.20,21 This interaction is observed in solid as well as in liquid. The coordinate bonds may 

also be included in this type of interaction mainly because of their electrostatic nature.  
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1.3.3 Dipole-dipole interactions 

A Particular arrangement of one dipole with respect to another dipole can induce 

significant increase in the attractive forces between the two dipoles. These interactions may be 

through single pair of poles adjacent molecules (type I) or through the opposing arrangement of 

one dipole with respect to the other dipole (type II).22 The energy associated with these 

interactions is fairly low and in the range of 5-50KJ/mol. 22 

1.3.4 Hydrogen bonding 

This is a particular type of dipole-dipole interaction where a hydrogen atom is attached to 

one electronegative atom attracted to a neighboring electronegative atom.  Hydrogen bonds are 

commonly written as D-H···A, where D is a donor electronegative atom attached to the 

hydrogen, such as O and /or N, and A is an acceptor electronegative atom with lone pair of 

electrons. Hydrogen bonding interactions are highly directional in nature and thus also the most 

important interaction in supramolecular chemistry.23,24 The strength of a hydrogen bonding 

interaction typically lie in the range of 4-60 KJ/mol.2,25 A typical example of a hydrogen bond is 

a carboxylic acid dimer, where the hydroxyl oxygen of carboxylic group works as donor and 

oxygen double bonded with carbon acts as acceptor. (Figure 1.1, A) A typical hydrogen bonded 

O···O distances are 2.50 Å-3.00 Å. However, interactions exceeding this limit (3.00 Å) may also 

be significant, since distances may vary with the van der Waals radius of the D and A Atom.  
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Figure 1.1: A] Typical hydrogen bonding interactions in carboxylic acids B] Geometries of 

typical hydrogen bonds  

 

In general, hydrogen bonds are categorized into three categories such as strong, 

moderate, and weak depending on the strength and geometry of the interactions.2,24 The strong 

hydrogen bonds have strength comparable to a covalent bond. These types of hydrogen bonds 

are formed from strong acids and a good hydrogen bond acceptor. Strong hydrogen bonds are  

formed in H5O2
+ ion, where one hydrogen atom is positioned between two electronegative atoms 

in linear geometry. Moderate strength hydrogen bonds are formed by interaction between neutral 

donor and acceptor via electron pair. The geometry of this type of bonds is bent. (Figure 1.1, B) 

In moderate strength hydrogen bonds, it is assumed that there is a direct correlation between the 

hydrogen bond strength and the crystallographic measured distance between the D and A.26  

Weak hydrogen bonds usually paly role in structural stabilization. These weak hydrogen bonds 



 

6 
 

are highly non-linear and involve non-conventional donors and acceptors such as C-H, alkynes 

or π-system or aromatic ring, and transition metal hydrides.27 Though, the strength of a C-H 

donor hydrogen bond is weak, the presence of an electronegative atom near carbon atom 

increases the acidity of C-H and thus, induces the significant dipole.25 Thus, there are multiple 

geometries that the hydrogen bonding interactions can adopt. (Figure 1.1, B) 

1.3.5 Cation-π interactions 

A partial negative charge of a π-electron cloud in aromatic compounds is compensated by 

cation or positively inclined hydrogen quadrupole. A typical example of this interaction is the 

arrangement of Fe+2 and aromatic ring in ferrocene where Fe+2 is sandwiched between two 

aromatic rings.28 The interaction between the cation and aromatic ring is strong; however, it is 

not covalent in nature. The host-guest interaction between quaternary ammonium salts and the 

bowl shaped cavity of calixarenes is also driven by the similar interaction between N+ ion of 

ammonium salt and π-electron cloud of phenolic rings of calixarenes.29 These interactions also 

involve the bonding of alkali or alkaline earth metals with C=C, however, this interaction is more 

non covalent and weak in nature.28  

1.3.6 Anion-π interaction 

Anion-π interactions were discovered recently compared to cation-π interaction, since the 

anion-π interaction appears to be repulsive. However, the charge difference between neutral 

aromatic ring and anion exert considerable electrostatic attraction.30 The affinity of the aromatic 

ring containing cryptand for halides observed in the order of F->Cl->Br-~I-, where anion-π 

repulsion observed in larger halide, however F- shows a constant anion-aromatic ring centroid 

distance of 3.7 Å.30  Anion also form stable charge transfer complexes with electron deficient 

aromatic ring derivatives.   
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1.3.7 π-π interactions (stacking interaction) 

π-π interactions or stacking interactions occur between the aromatic rings where one ring 

is electron rich while the other one is electron deficient. There are two types of π-π interactions 

observed- 1] face to face, and 2] face to edge.31 Face to face stacking interactions between 

aromatic rings of a nucleobase help to stabilize the DNA double helix. Face to edge stacking 

interactions are responsible for a herringbone packing in crystal structure of small aromatic ring 

such as benzene. The face to edge interactions also give rise to the six fold phenyl embrace 

generally found in compounds with three or more aromatic rings such as metal complexes of 

PPh3.32,33 

1.3.8 Van der Waals’ forces 

These forces arise from weak electrostatic attraction. These forces are usually non- 

directional, and hence only help in stabilization of the complexes. However, most van der Waals 

interactions provide attractive interaction for polarizable species with energy proportional to the 

contact surface area.25,34 These forces play important role in inclusion complexes where small 

molecules are reversibly incorporated in to crystal lattice. Van der Waals interactions may be 

classified as London dispersion forces and exchange repulsion term. London dispersion forces 

usually result from the interaction between the fluctuating multipoles of adjacent molecules.25 

Exchange repulsion term defines the molecular shape and balance dispersion at short range.  

            Crystalline materials resulting from supramolecular complexes have tremendous potential 

applications in the field such as gas sorption/separation,35 catalysis,36 electronics37 and 

nanotechnology.38 Since supramolecular complexes are the aggregation of two or more 

compounds held together by non-covalent interactions, the properties of the complexes can be 

tailored through these interactions. Crystals engineering of these supramolecular complexes thus 
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involves manipulation of these intermolecular interactions towards specific property and/or 

application. One such application of crystalline materials resulting from supramolecular 

complexes is gas sorption or separation. Physisorption  based  gas-adsorption and  separation  

techniques using solid  state adsorbents are considered as  viable  alternatives  for  energy  

intensive  cryogenic  distillation  and  liquid  extraction.39,40 The  solid  state adsorbents  are  

generally  porous,  with  functionalized  channels  or  cages. Common  solid  state  adsorbent 

includes  zeolites,41  activated  carbons,42 metal  organic  frameworks (MOFs),43 and covalent  

organic frameworks (COFs).44 Crystalline supramolecular complexes either in the form of MOFs 

and/or SOFs are proven to be useful, since the overall framework of the architecture is controlled 

with the type of interactions between the components. For example, CC3,  a  porous  organic  

molecular  cage  was  found to  be  an  excellent  material  for  Xe/Kr separation  over  other  

traditional  porous  materials  such  as  MOFs  and  zeolites,  owing  to  its  near  perfect pore 

size matching with Xe atom.45 Organic molecular crystals are a special class of porous materials 

with well-defined hydrophobic pores or cages.46,47  Although  the  overall porosity of these 

molecular crystals tend to be at the lower end of porous materials, their unique, well defined 

hydrophobic pore or cage architecture make them an attractive candidate for gas adsorption-

separation application.45,48-51 Thus, in this context of gas sorption, organic macrocyclic 

compounds such as calixarene and its derivatives have also proven useful as a result of their 

unique cyclic structure and highly crystalline nature.52-56 These cyclic macrocycles usually have 

a cup shaped cavity, with an upper rim decorated with different/various functional groups.  

1.4 Macrocyclic compounds 

1.4.1 Calixarenes  
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             Calixarenes are a class of bowl shaped organic macrocyclic compound derived from p-

substituted phenols and formaldehyde. The name was coined by Gutsche because of the 

resemblance of bowl shaped conformers of calixarene with a Greek vase called a calix cater.57 

            The versatility of calixarene and related derivatives has been proven through their potential 

applications in the field of molecular recognition,58 host-guest interactions,59 medical science,60 

and analytical chemistry.61,62 Host guest interactions of calixarene with various guest molecules 

show that the bowl shaped molecular cavities offer space for these guest molecules. These host-

guest studies inspires further research directed towards adsorption of gaseous guest molecules 

(e.g. carbon dioxide, nitrogen, acetylene) in calixarene and related host materials.52,55,56,63-66 

             The solid calixarenes are usually crystallized in a closely packed crystalline arrangement 

and thus inherently remain non porous. However, specific low density forms of t-

butylcalix[4]arenes (Figure 1.2) have been shown to possess void paces which could be available 

for gas uptake and storage.53,55,65 

 

Figure 1.2: Macrocyclic compounds 

1.4.2 Resorcin[4]arenes (RsC) 

            Resocinarenes are closely related to the calixarenes. The resorcinarenes are synthesized 

from acid catalyzed condensation of resorcinol/1,3-dihydroxybenzene with aldehyde.67-69  
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Usually aldehydes longer than acetaldehyde are used for the condensation reaction with 

resorcinol, since use of formaldehyde leads to the formation of a polymeric product.70 Thus, use 

of longer aldehyde are resulted in to bowl shaped conformer for resorcin[4]arene which is also a 

most stable conformer.71 The major product of the condensation reaction is a cyclic tetramer 

(resorcin[4]arenes) (RsC) (Figure 1.2). Typical resorcin[4]arene has eight hydroxyl group at the 

upper rim of the bowl shaped macrocycle, and alkyl chains emerging out from the bridged 

methylene group at the lower rim. The cone or bowl shape of macrocycle is maintained through 

intermolecular O-H···O hydrogen bonding interactions among these upper rim hydroxyl groups. 

Thus, bowl-shaped resorcin[4]arene has a hydrophilic upper rim and a hydrophobic lower rim. 

These structural features lead to the formation of a spherical hexamer, where six macrocycles are 

held together with sixty hydrogen bonds in presence of eight water molecules.72 This hexamer 

also encloses a void volume of 1300Å3. (Figure 1.3, C)  In addition to this hexamer, a wide 

variety of framework architectures are constructed from resorcin[4]arenes, such as hydrogen 

bonded dimeric capsule, 1D continuous beam and pillars, and bilayer arrangements.73-77 (Figure 

1.3, A) 
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Figure 1.3: A] Bilayer arrangement in RsC B] Bilayer arrangement in PgC C] Hexameric 

capsule formation from six RsC and eight water molecules D] Hexamer of PgC held together by 

seventy two O-H···O hydrogen bonds (c-alkyl tails of PgC are excluded for clarity) (Images C 

and D are reproduces with the permission form Nature and Angew. Chem. Int. ed.) 

 1.4.3 Pyrogallol[4]arenes (PgC) 

Pyrogallol[4]arenes (Figure 1.2) are a also a subclass of calix[4]arenes, similar to 

resorcin[4]arenes. Pyrogallol[4]arenes also has bowl-like shape and has twelve hydroxyl group 

on the upper rim and four alkyl groups emerging from the bridged methylene of the lower rim. 

Thus, crystallization of pyrogallol[4]arenes in different solvents leads to the formation of either 

infinite 2D bilayers or hydrogen bonded hexameric or dimeric capsules consisting of two or six 

macrocycles respectively.78-80 (Figure 1.3, B and D) The geometry of the hexameric capsule or a 

continuous dimeric arrangement is an absolute result of intermolecular hydrogen bonding 

between the upper rim hydroxyl groups of the macrocycles. The hexameric assembly is held 

together by seventy two O-H···O intermolecular hydrogen bonds without presence of water 
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molecules, unlike the hexameric arrangement of six resorcin[4]arenes.78 (Figure 1.3, D) 

Functionalization at the lower alkyl chain brings about change in typical bilayer and hexameric 

arrangement of pyrogallol[4]arenes and resulted in unique tubular or nanotubes like 

arrangement.81 However, functionalization at the bridged methylene group exerts conformational 

changes in the macrocycle.82 For example, phenyl substitution at a bridged carbon atom resulted 

in to formation of kinetically stable boat and thermodynamically stable chair conformer of 

macrocycle.82 Pyrogallol[4]arenes complexes with transition metals and yields either dimeric 

capsules or hexameric capsules.83,84 Dimeric capsules have two head to head arranged 

pyroagllol[4]arenes seamed together with eight metal centers. However, larger hexameric 

capsules are formed from six macrocycle and twenty four metal centers in basic conditions.    

1.4.4 Noria 

Noria  is  a  double  cyclic  ladder-type  oligomer  where  each  ring  has  three  alternate 

resorcinol and  methylene  units,  and  these  two  rings  are  connected through  six  resorcinol  

units. (Figure 1.2) Thus, this large  macrocycle  has  six  small  cavities  at  the  periphery  and  a  

large  hydrophobic  cavity  at  the center. Thus, periphery of the noria molecule is decorated with 

total twenty four hydroxyl groups. The previously reported crystal structure of noria confirms the 

diameter of the central cavity is 5 Å-7 Å and the internal volume calculated to be about 160 Å3.85 

An amorphous form of noria has higher adsorption capacity for carbon dioxide compared to 

nitrogen at low pressure.85  

1.5 Synthesis of macrocyclic compounds 

1.5.1 Synthesis of Resorcin[4]arenes 

The cyclic macrocycle usually crystallizes out in high yield from the reaction mixture of 

resorcinol and aliphatic or aromatic aldehyde in presence of acids.70 (Scheme 1.1) The reaction 
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for synthesis of resorcin[4]arenes is carried out in acidic condition at reflux temperature of 

solvent employed as a reaction medium. Usually concentrated HCl used as a catalyst for this 

reaction.67-69 However, various Lewis acids such as BF3, SoCl2, POCl3, AlCl3, SnCl4 and 

SCl2Me2 also employed as catalysts for the synthesis of Resorcin[4]arenes.86-90 All these 

catalysts gave isolable cyclic product in significant yield in different reaction conditions. 

Recently, Ln (III) tosylate and Ln (III) nitrobenzene sulfonates have also proved to be efficient, 

and recyclable catalyst for synthesis of resorcin[4]arene.91,92 The mechanism of cyclic oligomer 

formation is also studied systematically.70,71 Initially the aldehyde is protonated, which acts as 

electrophile and attached to resorcinol. The subsequent protonation of alcoholic hydroxyl group 

at the adduct is result in loss of water molecule which affords the formation of carbocation. This 

carbocation triggers the second electrophilic addition to another resorcinol to form a dimer. 

Subsequent addition of resorcinols to dimers results in formation of trimer, tetramer, or higher 

oligomers. The linear tetramers cyclized rapidly to afford resorcin[4]arenes. The cyclization is 

favored because of the lack of conformational strain and formation of intramolecular hydrogen 

bonds between the hydroxyl groups of adjacent resorcinol in the tetrameric compounds. The 

cyclic product is the thermodynamically stable and less soluble in the reaction medium, thus 

crashes out as a solid crystalline powder. The non-planer resorcin[4]arenes may adopt various 

conformations depending upon the reaction conditions and type of aldehyde used for the 

synthesis.70,71 The various conformation possibilities involve the crown, boat, chair, diamond, 

and saddle conformers of the macrocycle.67,93,94 However, these conformers are also 

accompanied by different orientation/configuration of R and hydrogen at the bridged carbon 

atom.67 These configurations are all cis (rccc), cis-cis-trans (rcct), cis-trans-trans (rctt), or trans-
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cis-trans (rtct). (Figure 1.4) Different conformers are observed usually with small R groups (R-

methyl) or aryl substitutions at the R group (R=phenyl).  

 

Figure 1.4: Different orientations of R group at the bridged carbon atom in functionalized RsC 

 

Numbers of derivatives of cyclic RsC have been reported so far.70,71 The 

functionalization at the bridged methylene group is the easiest way to obtain derivative of RsC, 

which can be achieved by using functionalized aldehyde in the condensation reaction. However, 

multiple examples are seen in the literature with functionalization at the upper rim hydroxyl 

groups of the resorcinol.95-97 Electron withdrawing group substitution such as NO2 or Br at 2-

position abhors the formation of cyclic product however, -CH3 or OH at 2-position yield the fine 

tetrameric product.70  
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Scheme 1.1: Synthesis of resorcin[4]arenes and pyrogallol[4]arenes 

1.5.2 Synthesis of Pyrogallol[4]arenes 

Since pyrogallol[4]arenes are one of the upper rim functionalized derivatives of 

resorcin[4]arenes, synthesis of pyrogallol[4]arenes is also carried out in one pot acid catalyzed 

reaction.69 (Scheme 1.1) The mechanism and reaction conditions of pyrogallol[4]ararene 

synthesis remain similar to synthesis of resorcin[4]arenes. Functionalization at the lower rim is 

possible with use of functionalized aldehyde, and thus many functional group can be 

incorporated in the lower rim of pyrogallol[4]arenes.82,98 More complex functional groups can 

also be introduced by post synthetic modification at the lower rim. One such examples is 

introduction of aryl or alkyl halides on the upper or lower rim of 4-

hydroxyphenylpyrogallol[4]arene through microwave assisted process.99 Haloalkylation of PgCs 

also achieved to convert PgCs in to dendrimeric “star polymer”.99,100 The tetrameric cyclic 

product cannot be formed by using formaldehyde, however trymethoxypyrogallol-Sn4+ complex 

was used as a starting reagent with trioxane as source of formaldehyde.101  

Similar to resorcin[4]arene, PgCs can also adopt theoretically possible different 

conformers, however only rccc boat/cone and rctt chair conformers are typically formed in case 

of PgCs. Use of an aliphatic aldehyde usually give rise to stable and only rccc cone conformer. 
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Use of aryl functionlized aldehyde give rise mixture of thermodynamically stable chair 

conformer with only exception of acetaldehyde and 4-hydroxybnzaldehyde which yield mixture 

of chair and cone conformer in identical reaction conditions.82 The cone and chair conformers 

can be separated from each other by using solvent extraction method.  

A cyclic hexameric product (pyrogallol[6]arenes) can also be isolated from the reaction 

under certain conditions. This product is in rtctct conformer which unfortunately has limited 

applications in the host guest chemistry.102 Few innovative synthetic techniques are also 

employed toward synthesis of PgC such as grinding aldehyde and pyrogallol in presence of small 

amount of p-toluenesulfonic acid, and microwave-assisted synthesis.103,104 These techniques are 

more effective because of short synthesis time, and higher yield. These synthetic techniques are 

also environmentally green and thus use no or very less amount of organic solvents.   

1.6 Thesis Objectives 

The primary aim of my research includes construction of non-covalently bonded 

supramolecular self-assemblies of RsC, PgCs with various functional organic molecules (called 

ligands/spacers). This will allow for the development of new organic solid material that may be 

useful for gas sorption and gas separation. Major challenges are in the selective control of the 

assembly formation of two or more components which are not identical to each other. Hence, 

understanding the non-covalent interactions responsible for formation of these assemblies is of 

utmost importance. In order to achieve these goals, sets of experiments are designed which 

involve synthesis of macrocycles and ligand molecules, formation of molecular assemblies, 

growing crystals of such assemblies,  and identification and characterization of those crystal 

structures using single crystal X-ray diffraction. 
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Further work in this project included use of distinct macrocyles such as noria, as a 

building block for these supramolecular assemblies. Noria has a unique donut-like shape and has 

twenty four hydroxyl groups at the periphery and a hydrophobic cavity at the center. Thus, 

various 2D and 3D hydrogen bonded frameworks could be possible using noria.  One portion of 

my thesis work also includes supplementary studies on the synthesis of tail-functionalized 

PgCs/RsCs. The functionalized RsCs/PgCs, especially with phenyl substitution brought about 

conformational changes in the macrocyclic cone shape and thus, separation of the conformers 

from mixture or each other is a major task/challenge in the synthesis.  

Solid state studies of crystals resulting from molecular assemblies formation will focus 

on understanding robustness of these molecular frameworks by partial or complete disolvation. 

The crystalline nature of the framework materials will be monitored with Thermogravimetric 

analysis (TGA) and Powder X-ray diffraction (PXRD). The further gas sorption and separation 

investigation was carried out on the evacuated crystalline materials.  
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Chapter 2. Synthesis and characterization of novel Supramolecular Organic 

Frameworks (SOFs) form c-alkylresorcin[4]arenes 

2.1 Introduction: 

Supramolecular self-assembly is the complementary interaction of two or more 

components that are held together by reversible, non-covalent interactions such as hydrogen 

bonding, cation-π interactions, π-π interactions, and Van der Waals forces. In recent times, self–

assembled architectures have captured the attention of scientists because of their promise for 

applications in the areas of drug delivery,105 selective catalysis,36 cell mimicking,106 and 

nanotechnology.38 The components, or building blocks, of these architectures define the shape, 

size and properties of the resultant supramolecular nanoassemblies. In this context, large organic 

macrocycles such as cyclodextrin,48,107 cucurbiturils,108,109 calix[4]arene,66,110,111 and 

pillarenes112-114 have proven to be useful building blocks because of their unique cyclic structure. 

These cyclic structures generally feature a central hydrophobic cavity and an outer hydrophilic 

exterior facilitated by a variety of functional groups. 

 Within the broad class of bowl-shaped calix[4]arenes, we have structurally related cyclic 

oligomers of 1,3-dihydroxybenzene/resorcin[4]arenes. c-alkylresorcin[4]arene (RsCn) 

macrocycles have a bowl-shaped structure with eight hydroxyl groups at the upper rim and four 

c-alkyl groups at the lower rim. This structure leads to the formation of spherical hexamers, 

which are held together by sixty hydrogen bonds and encloses a void space volume of 

~1300Å3.72 In addition to this hexamer, a wide variety of other supramolecular frameworks have 

been constructed from RsCn, many of which are distinct in both shape and functionality.72,75,115-

119 For example, MacGillivray et al. recently reported the formation of 1D supramolecular 

frameworks composed of c-methylresorcin[4]arene (RsC1) and 4,4’-bipyridine (bpy), wherein 
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bpy molecules acted as pillars connecting two bowls of RsC1 through O–H···N hydrogen 

bonds.115 (Scheme 2.1, A) The divergent bpy molecule usually acts as a spacer, separating the 

two RsC1 macrocycles, thereby generating void space between the bowls. The discrete cavities 

formed within these frameworks enclose guest molecules, such as ferrocene,115 nitrobenzene,120 

and 4-bromobiphenyl.121 

In general, void space enclosing motifs in solid-state can be engineered (shape and size) 

to act as receptacles for organic and inorganic guest molecules. This makes void containing 

materials interesting from a host-guest perspective, particularly if the host framework can be a) 

easily synthesized and b) if the process of generating cavity/channel can be controlled. To this 

effect, we have investigated a range of RsC/bpy based systems to build frameworks with 

channels/cavities of a controlled and/or predictable size. We elucidated the factors that allows for 

such specific tuning, by exposing RsC1 to three bpy-type molecules in two different solvent 

systems. (Scheme 2.1, B) In addition, we also explored the effect on cavity type and cavity size 

as a function of the RsC lower rim c-alkyl groups. Both c-methylresorcin[4]arene (RsC1) and c-

propylresorcin[4]arene (RsC3) (Scheme 2.1, B) were treated using the same set of six conditions. 
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Scheme 2.1: A] O-H···O intramolecular hydrogen bonds within RsCn and O-H···N 

intermolecular hydrogen bonds between RsCn and bpy, B] Components of the frameworks 

 

2.2 Experiments: 

bpa,122 RsC1,123 and RsC3123 were synthesized using standard procedures available in 

literature. Bpy and bpe were commercially available and thus used without purification. 

Colorless solutions were obtained after mixing equimolar solutions of RsC and bpy analogs in 
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acetonitrile or ethanol. Single crystals suitable for X-ray diffraction (XRD) of the RsC/bpy 

frameworks were grown by slow solvent evaporation within 4-8 days of initial mixing. Single-

crystal XRD data was collected on a Bruker Apex II CCD diffractometer at a temperature of 

173(2) K using MoKα radiation (0.71073 Å). The structure was solved and refined using 

SHELX124 with X-Seed125 as the interface. 

2.3 Experimental method for growth of single crystals: 

In a 20 mL glass vial, 1mL 0.01M solution of RsC in acetonitrile or ethanol was mixed 

with 2 mL 0.01 M solution (in same solvent) of spacer molecule. The clear mixture was then 

sonicated for 5 minutes and allowed to stand for slow solvent evaporation. Crystals suitable for 

single-crystal X-ray diffraction were obtained over 5-7 days. Similar procedures were followed 

to grow the crystal for all the frameworks described in this chapter. 

2.4 Frameworks of RsC1 with spacers: 

The crystalline frameworks of structure of 1ax [(RsC1).(bpy).(acetonitrile)] and 1ay 

[(RsC1).(bpy).(ethanol)] are turned out exactly similar to the previously reported structures.75 

1ax consists of RsC1 in the rccc “cone” conformer. The hydroxyl groups at the upper rim of the 

cone interact with each other through intramolecular O–H···O hydrogen bonds with distances 

ranging from 2.74 to 2.81 Å. The four hydroxyls of two of the oppositely facing resorcinol units 

of a given bowl form O–H···N hydrogen bonds with four bpy molecules, with the bond distances 

ranging from 2.68 to 2.72 Å. (Scheme 2.1, A) The other end of the divergent bpy spacer is 

hydrogen bonded to an additional inverted RsC1 macrocycle, forming a 1D wave-like hydrogen 

bonding pattern (Figure 2.1A).  An acetonitrile molecule interacts with the RsC1 cavity via 

CH···π interaction, and is situated in the space between the two head to tail arranged RsC1 

macrocycles. The centroid-to-centroid distances between these two head to tail arranged RsC1 
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macrocycles is 7.82 Å. MacGillivray et al. has previously reported this structure and later 

showed the encapsulation of guest molecule within the cavities generated by similar wave-like 

framework.74  

On the other hand, the asymmetric unit of 1ay [(RsC1).(bpy).(ethanol)] consists of RsC1 

in the rccc “boat” conformation, which restricts the intramolecular O–H···O hydrogen bonding 

between adjacent resorcinols within a given bowl. However, adjacent RsC1 macrocycles form 

hydrogen bonds with one another (O–H···O distances: 2.74 to 2.90 Å), which leads to the 

formation of an extended 1D horizontal (or beam-like) arrangement of distorted RsC1 bowls. In 

this arrangement, two bpy molecules are axially positioned relative to the RsC1 bowls and 

connect the two extended beams of RsC1 through complementary O–H···N (2.67Å - 2.70Å) 

interactions.  (Figure 2.1B) Coppen et al. first reported this particular structure with 2D hydrogen 

bonding pattern and termed this arrangement as “skewed brick sheet”.75,126 On further 

examination of this structure, it can be seen that the two offset “brick sheets” enclose a discrete 

cavity within the framework. Two bpy molecules which act as guest molecules, occupy the space 

in this discrete cavity along with six ethanol and two water molecules. The cavity enclosed 

within the similar framework is suitable for hosting large sized organic or inorganic guests such 

as ferrocene115 and decamethylruthenocene.127 

In addition to solvent effects, the ligand/spacer effects (shape and size) were also 

envisioned to affect the framework geometry. Spacer molecules bpe and bpa were therefore first 

co-crystallized with RsC1 to investigate the effect of longer spacers on overall geometry of the 

frameworks.  The molecular arrangement of RsC1 and bpe in 1bx [(RsC1).(bpe).(acetonitrile)] is 

similar to that of 1ax. The cone conformer of RsC1 forms a 1D wave-like hydrogen bonding 

pattern with bpe molecules and the two bpe molecules connect two RsC1 units through O–H···N 
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(2.65Å - 2.70Å) bonds. (Figure 2.1, C) The head to tail arranged bowls of RsC1 in 1bx are 

separated by 12.37 Å, which is 4.55 Å longer than that in 1ax (7.82Å). Any two successive 

hydrogen bonding waves enclose a cavity within the framework. (Figure 2.1, C) When multiple 

parallel waves are viewed across the crystallographic [100] axis, the cavities transform into 

channels perpendicular to the waves. Disordered acetonitrile molecules occupy spaces within 

these channels.  

 Similar to 1ay, 1by [RsC1).(bpe).(ethanol)] has an extended beam-like pattern of boat 

shaped RsC1 unites linked through intermolecular O–H···O (2.70 - 2.74 Å) bonds. (Figure 2.1,  

D) The two bpe molecules are positioned axially relative to RsC1, and each interact with the 

hydroxyl groups of the correspondingly aligned macrocycle through O–H···N (2.68 - 2.70 Å) 

bonds. (Figure 2.1, D)  Unlike 1ay, one pyridine end of the bpe spacer is not directly connected 

to an overhead 1D beam of RsC1. Instead, it forms a hydrogen bond with an ethanol molecule. 

Thus, the space between bpe and 1D hydrogen bonded beam is occupied by ethanol molecules, 

which form additional intermolecular hydrogen bonds to the RsC1 hydroxyls of the next “beam” 

as well as to one another. 
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Figure 2.1: A] Wave-like hydrogen bonding pattern in 1ax B] Skewed brick-like arrangement of 

components in 1ay C] Wave-like hydrogen bonding pattern in 1bx and void space enclosed in 

two successive waves D] Arrangements of components in 2by (Color codes: Gray-Carbon, Blue- 

Nitrogen, Red-Oxygen) (Hydrogen atoms and solvent molecules omitted for clarity) 

          

The molecular frameworks of 1cx [(RsC1).(bpa).(acetonitrile)] and 1cy 

[(RsC1).(bpa).(ethanol)] (Figure 2.2) are both very similar in structure to 1bx and 1by, 

respectively. In case of 1cx, each RsC1 macrocycle hydrogen bonds to four bpa molecules 

through O–H···N (2.67 - 2.73 Å) interactions, thereby forming a 1D wave-like hydrogen 

bonding pattern. (Figure 2.2, A) Each wave unit encloses solvent that form channels when 

viewed perpendicular across the “waves”. (Figure 2.2, A) 1cy is isostructural to 1by, wherein 

RsC1 molecules form 1D O–H···O (2.72 - 2.79Å) seamed strands horizontally and two bpa 

molecules form O–H···N (2.69 - 2.73Å) bonds with RsC1 bowls. (Figure 2.2, B)  A void space is 
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enclosed between one end of spacer and adjacent strand of RsC1. This void space is occupied by 

three disordered ethanol molecules.  

 

Figure 2.2: A] Wave-like hydrogen bonding pattern in 1cx and void space enclosed in two 

successive “waves” B] Hydrogen bonding pattern in 1cy (Color codes: Gray-Carbon, Blue- 

Nitrogen, Red-Oxygen) (Hydrogen atoms and solvent molecules omitted for clarity) 

2.5 Frameworks of RsC3 with spacers: 

A conformational change in the RsC1 macrocycle is observed when solvent is changed 

from acetonitrile to ethanol. These two conformers (cone and boat) lead to significant variation 

in the hydrogen bonding pattern found within their respective structures. To minimize the effect 

of conformational changes in RsC macrocycle on framework formation, a macrocycle with a 

longer alkyl chain, c-propylresorcin[4]arene (RsC3), was studied in a similar experimental set 
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up. RsC3 exhibits only the cone (or partial cone) conformer, as the longer alkyl chain length 

restricts the movement of the resorcinol rings. 

 In 2ax [(RsC3).(bpy).(acetonitrile)], four RsC3 hydroxyls form intramolecular O–H···O 

(2.73Å - 2.90Å) hydrogen bonds as well as four intermolecular O–H···N (2.68Å – 2.73Å) 

hydrogen bonds with four bpy molecules (Figure 2.3, A). The opposite ends of three bpy 

molecules are involved in hydrogen bonding with three inverted RsC3 macrocycles. This 

hydrogen bonding pattern results in 2D corrugated bilayer-type framework. Note that, this 

arrangement is somewhat different from that found in 1ax, wherein one macrocycle is connected 

to two neighbors through bpy. An acetonitrile guest is sandwiched between two RsC3 bowls 

arranged in a head to tail fashion. In 2ay [(RsC3).(bpy).(ethanol)], bpy molecules laterally 

connect two adjacent RsC3 molecules through O–H···N (2.65 - 2.68Å) hydrogen bonds. This is 

a starkly different geometry than that found with 1ay (RsC1), and arises due to a conformational 

difference between RsC3 (partial cone) and RsC1 (boat) in ethanol. Three bpy spacers are 

associated with any one RsC3 macrocycle, with two bpy molecules on one side and one bpy, as 

well as one ethanol molecule, located on the opposite side. This arrangement produces a 

continuous 1D strand of hydrogen bonded RsC3 and bpy molecules. (Figure 2.3, C) While both 

these structures (2ay), and its RsC1 analogue (1ay), form hydrogen bonded strands of RsC, the 

strands found in 2ay structure are distinctly different, as both bpy and ethanol molecules assist in 

forming the strand. Two adjacent strands in 2ay are arranged such that the bpy molecule of one 

strand interacts with the RsC3 cavity of the other through CH···π interactions. (Figure 2.3, C) 

The average centroid-to-centroid distance between two lateral RsC1 macrocycle is 21.78 Å. The 

void spaces filled with ethanol molecules are present as a result of the offset arrangement of 

these strands. 
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The combination of RsC3 with bpy yielded two architecturally distinct frameworks from 

those constructed from RsC1. Thus, to observe the effect of longer spacer molecules, bpe and 

bpa were co-crystallized with RsC3 using a similar experimental protocol. 

 The arrangement of RsC3 and spacer molecules in 2bx [(RsC3).(bpe).(acetonitrile)] is 

distinctly different from the wave-like patterns seen in all other (1ax, 1bx, 1cx and 2ax) 

acetonitrile co-crystallization studies. Unlike the wave or brick-type arrangements reported in the 

previous sections, the RsC3 macrocycle hydrogen bonds to four axially oriented bpe molecules 

through the nitrogen ends of the bpe to form head-to-head hydrogen bonded dimeric 

nanocapsules. (Figure 2.3, B) This extended H-bonded capsular unit consists of two RsC3 and 

four bpe molecules held together by sixteen hydrogen bonds.  Eight of these are intramolecular 

O–H···O (2.74 - 2.80Å) bonds while the other eight are intermolecular O–H···N (2.65Å - 2.74Å) 

bonds. (Figure 2.3, B) The interior of the capsule contains four acetonitrile molecules. Two of 

these are located within the bowl of the RsC3 whereas the other two are located in the available 

capsular space. Similar discrete capsular frameworks have been found to act as hosts for various 

guest molecules such as benzophenone,128 and benzil.129 

 The crystal structure of 2by [(RsC3).(bpe).(ethanol)] resembles the continuous 1D strand 

found in 2ay. One RsC3 molecule is hydrogen bonded to four bpe molecules (two on each side) 

thereby forming a 1D continuous strand through O–H···N (2.37Å - 2.67Å) intermolecular 

interactions. (Figure 2.3, D) Adjacent strands are offset from one another that causes the bpe 

molecules of one strand to form CH···π interactions with the cavity of RsC3 macrocycles on the 

opposite strands. A small void space that is located between RsC3 tails and bpe molecules is 

occupied by ethanol guests. 
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Figure 2.3: A] Hydrogen bonding interactions between RsC3 and bpy in 2ax B] hydrogen 

bonded capsule formation in 2bx C] and D] 1D alternated arrangement of components in 2ay 

and 2by respectively  (Color codes: Gray-Carbon, Blue- Nitrogen, Red-Oxygen) (Hydrogen 

atoms and solvent molecules omitted for clarity) 
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The arrangement of components in 2cx [(RsC3).(bpa).(acetonitrile)] is similar to that of 

1cx. In 2cx, one RsC3 macrocycle forms four O–H···N (2.68 - 2.71Å) hydrogen bonds to four 

spacer bpa molecules. This induces a wave-like 1D pattern. (Figure 2.4, A)  The centroid-to-

centroid distance between head-to-tail arranged RsC3 in this framework is 13.15 Å and the 

cavity is occupied by three acetonitrile molecules. Similar to its RsC1 analogue 1cx, this 

framework also encloses a small solvent-containing channel that is perpendicular to the wave-

like hydrogen bonding pattern. The structural arrangement of 2cy [(RsC3).(bpa).(ethanol)] is 

essentially isostructural with that of 2by. Two bpa molecules form a bridge between two RsC3 

molecules through O–H···N (2.64 – 2.73 Å) bonds. (Figure 2.4, B) The distance of separation 

between two lateral RsC3 molecules is 24.09 Å, which is similar to the distance found in 1by 

(23.77Å).  

 

 

Figure 2.4: A] Wave-like hydrogen bonding array in 2cx B] 1D hydrogen bonded arrangement 

of RsC3 and bpa in 2cy (Colour codes: Gray-Carbon, Blue- Nitrogen, Red-Oxygen) (Hydrogen 

atoms and solvent molecules omitted for clarity) 
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RsC1 exhibits two major conformers: (a) “cone”, with an approximate C4V symmetry and 

(b) “boat” with C2V symmetry. This isomeric difference results from the presence/absence of 

intramolecular O–H···O hydrogen bonds between the upper rim hydroxyl groups of RsC1. 

Unlike the “bowl”-like shape of the cone conformer, which is stabilized by four intramolecular 

O–H···O bonds, the boat conformer is stabilized instead by inter-molecular hydrogen bonds with 

adjacent macrocycles, spacer molecules, or ethanol. The RsC3 macrocycle, on the other hand, 

occurs only in the “cone” or “partial cone” conformation, regardless of the type of solvent or the 

presence of additional inter-molecular hydrogen bonding. Molecular assemblies of both RsCs 

prepared in acetonitrile occur solely as the “cone” conformer, largely because acetonitrile is a 

poor hydrogen acceptor and is not directly hydrogen bonded to the hydroxyl groups of RsC1. 

Instead, the methyl group of the acetonitrile molecule interacts with RsCs via CH···π 

interactions. In contrast, the more polar ethanol forms O–H···O bonds with upper rim hydroxyl 

groups of RsC1, forcing it into the “boat” conformation. Thus, a change in the solvent system 

induces a conformational change with RsC1. This conformational difference drives the formation 

of strikingly different assemblies and orientations of spacer molecules. RsC1 in the cone 

conformation (1ax, 1bx, and 1cx) leads to a 1D wave-like arrangements of RsC1 and spacer 

molecules (Figure 2.1A, 2.1C, and 2.2A), whereas the boat conformer in 1ay, 1by, and 1cy leads 

to sheet-like hydrogen bonding patterns as a result of two types of possible intermolecular 

hydrogen bonds, O–H···O with adjacent macrocycles, and O–H···N with axial spacer molecules 

(Figure 2.1B, 2.1D, and 2.2B). Symmetry expansion of 1ax shows that a small cavity occupied 

by acetonitrile molecules is present within the structure while a much larger discrete cavity is 

present in 1ay. (Figure 2.5, A, and B) The cavity located in 1ay is capable of hosting two bpy 

and six ethanol and two water molecules, as compared to the single acetonitrile molecule found 
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within the cavity of 1ax. Proportionally larger cavities are found within 1bx and 1cx, as a result 

of longer spacer molecules being used.  The larger size of the spacers, and therefore the cavities 

they create, allows the cavities to connect into channels on symmetry expansion of 1bx and 1cx. 

(Figure 2.5, C) Interestingly, a smaller void volume is present within 1by and 1cy (Figure 2.5, D) 

as compared to the bpy analog (1ay).  This occurs because bpe and bpa in one layer do not 

directly hydrogen bond to RsC1 molecules in adjacent layers. Instead, the spacer molecules 

interact indirectly with adjacent layers through an ethanolic conduit. Thus, 1by and 1cy contain a 

channel instead of the discrete cavity found in 1ay. Except for 1ay, all RsC1 structures form 

solvent channels when co-crystallized with bpy-type spacer molecules. The size of the channels 

depends on the size of the spacer molecules, and the conformation of RsC1macrocycle, which 

itself depends on the solvent used for co-crystallization. 

 

Figure 2.5: Space-fill view of molecular arrangement within A] 1ax B] 1ay C] 1bx and D] 1by 

(Colour codes: Green-Spacer molecules, Light Brown-Macrocycles) 
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Since RsC3 is simply a longer alkyl chain derivative of RsC1, the O–H···N interactions 

between RsC3 and spacer can be expected to remain the same as with RsC1. However, it was 

found that the C-propyl tail has a significant role in determining both the number and geometry 

of spacer molecules. In acetonitrile-generated RsC3 frameworks, there is significant variance in 

the interactions between RsC3 macrocycles and the spacers, leading to frameworks ranging from  

discrete capsules (2bx; Figure 2.1, B), to 1D wave-like hydrogen bonding (2cx; Figure 2.2, A) 

and 2D wave-like hydrogen bonding (2ax; Figure 2.1, A). The space enclosed within the head to 

tail arrangement of RsC3 in the wave-like frameworks (2ax and 2cx) is occupied by the C-propyl 

tails of RsC3 and by disordered acetonitrile molecules. Thus, the channels in the RsC3 analogues 

are comparatively smaller than those formed with RsC1 (Figure 2.5, C, and 2.6, A). In contrast to 

this, the two-macrocycle, four-pillar arrangement seen in 2bx resembles an extended hydrogen 

bonded dimeric capsule. (Figure 2.3, B) The centroid-to-centroid distances of RsC3 molecules in 

the capsule is 18.10 Å, thus this capsule hosts four disordered acetonitrile guest molecules. 

In ethanol-prepared RsC3 assemblies (2ay, 2by, 2cy), the RsC3 and spacer molecules 

arrange side by side with respect to each other. This lateral arrangement of RsC3 and spacers in 

ethanol remains consistent irrespective of the type of spacer molecule, and all three structures 

(2ay, 2by and 2cy) consist of 1D hydrogen-bonded strands of alternating RsC3 and spacer 

molecules. (Figure 2.6, B) This arrangement differs from the analogous RsC1 assemblies 

because of a change in RsC conformation from boat in RsC1 to partial cone in RsC3.   
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Figure 2.6: Space filled view of arrangement of components in A] 2cx and B] 2cy (Colour 

codes: Green-Spacer molecules, Light Brown-Macrocycles) 

 

In all three structures, two successive 1D strands enclose a void space within the 

framework. Two types of cavities are found within the tail to tail arranged framework of 2ay, 

whereas only one type of discrete cavity is found in its RsC1 analogue (1ay). (Figure 2.5, B) As 

with 1by and 1cy, symmetry expansion of 2by and 2cy reveals that continuous channels are 

formed. These channels are perpendicular to the 1D hydrogen bonded strands that embody these 

structures. The space within these channels is occupied by ethanol molecules. (Figure 2.6, B) 

2.6 Use of conformationally flexible spacer for the construction of SOFs 

The spacer molecules are integral part of the overall architecture of the SOF discussed in 

this chapter. All previously discussed frameworks has spacers with conformational rigidity and 

thus in following studies we introduces conformatianally flexible spacer 1,2-Bis(4-pyridyl) 

ethane (d, bpea) (Scheme 2.1) which is essentially a derivative of previously used spacers. The 

conformational flexibility of the bpea is predetermined with the help of electronic structural 

calculations of bpea in gas and solution phases. Our group collaborator conducted these 
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structural theoretical calculations. The co-crystallization experiments were carried out in similar 

way as the previous frameworks where the RsCn dissolved with bpea in 1:2 molar ratio in the 

acetonitrile and ethanol. The slow evaporation of these clear solutions resulted in to formation of 

single crystal suitable for X-ray diffraction studies. 

2.6.1 Experimental details: 

The bpea and solvents (acetonitrile and ethanol) were purchased from commercial 

vendors and used without further purification. The crystalline complexes were synthesized by 

mixing equimolar solutions of RsCn (n=1 and 3) and bpea in acetonitrile or ethanol in a 1:2 (v/v) 

ratio. The clear solution obtained after mixing was subjected to slow evaporation, which led to 

the growth of crystals within 4-7 days. Single-crystal X-ray diffraction (sc-XRD) data was 

collected on a Bruker Apex II CCD diffractometer at a temperature of 173(2) K/100(2) K using 

MoKα/CuKα radiation (0.71073 Å/1.5415 Å). The structure was solved and refined using 

SHELX124 with X-Seed125 as the interface.  

The quantum chemical calculations were carried out with use of the Gaussian 09 suite of 

programs130 and the results were viewed with Gaussview5.30 The geometries of trans-bpea and 

gauche-bpea were fully optimized using the int = ultrafine and opt = tight criteria. The ωB97X-D 

method was implemented with the 6-31G (d,p) basis set for the geometry optimizations. This 

DFT method includes an empirical correction for the dispersion energy. Normal-mode 

vibrational frequencies were evaluated to confirm that the two rotamers correspond to minima on 

the potential energy surface (PES) and to convert calculated energies to enthalpies. For better 

comparison with the literature energetic results for butane,131 [single-point energies (SPEs) were 

computed at the ωB97X-D/6-311+G(d,p)//ωB97X-D/6-31G(d,p) and MP2/6-31G(d,p)//ωB97X-

D/6-31G(d,p) levels of theory. The effect of ethanol and acetonitrile on the thermochemistry of 
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bpea was studied using implicit solvent calculations. In particular, the above SPE calculations 

were repeated for both solvents using the SMD formalism of the polarizable continuum model.132 

To ensure that the gauche and trans conformers are the only minima on the bpea potential energy 

surface (PES) and to locate the transition structure connecting these two conformers, a gas-phase 

relaxed PES scan was performed in which the molecule was rotated about the central C–C bond 

in 10° increments from 0° to 180°. MP2/6-31G (d,p) SPEs were obtained for each ωB97X-D/6-

31G(d,p) structure along the scan. 

2.6.2. Experimental method for growth of single crystals:  

In a 20 mL glass vial, 1mL 0.01M solution of RsC in acetonitrile or ethanol was mixed 

with 2mL 0.01 M solution (in same solvent) of bpea molecule. The clear mixture was then 

sonicated for 5 minutes and allowed to stand for slow solvent evaporation. Crystals suitable for 

single-crystal X-ray diffraction were obtained over 4-7 days. Similar procedures were followed 

to grow the crystal for all the frameworks described in the article 

2.6.3 Computational studies on conformations of bpea:  

The relaxed PES scan varying the dihedral angle around the central C–C bond of bpea 

demonstrates that only the trans and gauche rotamers lie at minima on the PES (Figure 2.7). 

Similarly to butane, the enthalpy difference between the two rotamers is small, at 5 - 7 kJ/mol in 

the gas phase, ethanol solvent, and acetonitrile solvent, regardless of the level of calculation. At 

similar levels of calculation, the difference for butane ranges from 2 - 4 kJ/mol.131 Unlike butane, 

however, the gauche conformer is the more stable of the two. The gauche conformer was also 

found to be thermodynamically preferred for another 1,2-disubstituted ethane, 1-fluoro-2-

isocyanato-ethane, although only by about 2 kJ/mol.133 As one might expect, the transition 

structure connecting gauche- and trans-bpea has a dihedral angle of 120°. The activation barrier 



 

36 
 

for the gauche-to-trans transition in this conformationally flexible molecule is calculated to be 

about 22 kJ/mol, somewhat higher than the value of 14 kJ/mol reported for butane133,134 and for 

1-fluoro-2-isocyanato-ethane.133 In sum, the computational results suggest that the less 

thermodynamically favorable rotamer was observed in the reported crystal structure for bpea135 

and that it should be possible to observe gauche-bpea in the solid state, either independently or in 

combination with trans-bpea.  

 

Figure 2.7: MP2/6-31G(d,p)//ωB97X-D/6-31G(d,p) relative energies of bpea as a function of 

rotation about the central C–C bond. Gauche-and trans-bpea are depicted next to their relative 

energies. 

2.6.4 Frameworks of RsC1 with bpea: 

The crystalline framework of 1dx [(RsC1).(bpea).(MeCN)] consists of a rccc pinched 

cone RsC1 macrocycle. The pinching in the cone shape of a macrocycle is measured through 

comparison of the centroid-to-centroid distances separating the oppositely faced resorcinol units 

of the macrocycle. In 1dx, these distances are 6.49Å and 7.13Å, thus making the RsC1 

0

5

10

15

20

25

30

35

0 50 100 150 200

R
e

la
ti

ve
 E

n
e

rg
y 

(k
J/

m
o

l)
 

Dihedral Angle (○) 



 

37 
 

macrocycle slightly pinched with C2v symmetry instead of a perfect cone with C4v symmetry. 

Four O–H···O (O···O: 2.65Å - 2.79Å) intramolecular hydrogen bonds hold the macrocycle in 

the pinched cone geometry. A given RsC1 macrocycle hydrogen bonds with two adjacent RsC1 

macrocycles (O···O: 2.63Å). The hydroxyl groups involved in these hydrogen-bonding 

interactions are from oppositely facing resorcinol units of the macrocycle, resulting in a lateral 

1D hydrogen-bonded arrangement of the RsC1 macrocycles. (Figure 2.8, A) The parent RsC1 

molecule also forms three O–H···N (O···N: 2.58Å-2.64Å) hydrogen bonds with three trans-bpea 

molecules (Figure 2.8A). The trans and gauche conformations of bpea were identified by 

evaluating the C3-C6-C7-C10 dihedral angle of the macrocycle (Figure 2.8, B). The dihedral 

angles in the bpea molecules in 1dx range between 176.2° and 180.0° (Figure 2.8, B and Table 

2.1), consistent with the reported crystal structure of bpea.135 Each of these bpea molecules is 

slightly tilted over the RsC1. The three ligands connect the RsC1 to two inverted macrocycles 

via O–H···N (2.60Å - 2.62Å) hydrogen bonds with the second nitrogen. These interactions yield 

a continuous 1D wave-like hydrogen-bonding pattern between the RsC1 macrocycles and bpea 

molecules (Figure 2.8, C). Similar wave-like structures were observed for the relatively shorter 

bpy and bpe spacer ligands; however, those structures arise from hydrogen bonding between four 

bpy/bpe molecules and one RsC1 molecule.73  

 

 

 

 

 

 



 

38 
 

Table 2.1: Different conformations and dihedral angles of bpea within frameworks  

Framework 

Conformation of 

RsCn 

Conformation of 

bpea 

Dihedral angle C3-C6-C7-C10 of 

bpea 

1dx Pinched cone trans 
176.2°- 180.0° 

1dy Pinched cone trans and gauche 
168.8° and 58.5° 

2dx Pinched cone trans 
174.9°- 179.7° 

2dy Pinched cone trans and gauche 
180.0° and 65.4°- 66.1° 

 

 

Figure 2.8: A] Intermolecular hydrogen bonding in 1dx B] trans and gauche conformers of bpea 

C] Wave-like hydrogen bonding pattern in 1dx (Colour codes: Gray-Carbon, Blue- Nitrogen, 

Red-Oxygen) (Hydrogen atoms and solvent molecules omitted for clarity) 
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An acetonitrile molecule is situated in the center of the RsC1 bowl of 1dx, and the host-

guest complex is stabilized by CH-π interactions (3.43Å – 4.06Å). This acetonitrile molecule 

occupies the space between two head-to-tail arranged macrocycles in the extended framework. 

To observe the effect of a more polar, protic solvent on the resultant extended framework, 

ethanol as a solvent of crystallization was employed in a similar experimental set up with RsC1 

and bpea molecules. The distinctive asymmetric unit of 1dy [(RsC1).(bpea).(ethanol)] has one 

trans-bpea molecule, one gauche-bpea molecule and one RsC1 macrocycle, a possibility 

predicted by the quantum chemical results. The pinched cone macrocycle has centroid-to-

centroid distances of 6.54Å and 7.20Å. The two hydroxyl groups of one resorcinol unit form an 

O–H···N hydrogen bond with either a gauche- (2.63Å) or a trans- (2.67Å) bpea molecule. 

Similarly, the two hydroxyl groups of an oppositely facing resorcinol form O-H···N hydrogen 

bonds with another set of gauche (2.66Å) and trans (2.74Å) rotamers (Figure 2.9, A). The C3-

C6-C7-C10 dihedral angles in the trans- and gauche-bpea are 168.8° and 58.5°, respectively 

(Table 2.1). Thus, one RsC1 macrocycle forms a hydrogen bond with four different bpea 

molecules (two gauche and two trans), all positioned horizontally with respect to the RsC1 bowl. 

In addition, these four bpea molecules link the parent macrocyle to four separate macrocycles via 

O–H···N (2.63Å - 2.80Å) hydrogen bonds. (Figure 2.9, A) That is, both the trans and gauche 

conformers of bpea work as connectors, constructing a network between the parent RsC1 and 

four other RsC1 macrocycles. The RsC1 macrocycle connected to the other end of the trans-bpea 

is slightly twisted with respect to the parent RsC1. In contrast, the RsC1 linked to the other end 

of the gauche-bpea is oriented parallel to the parent RsC1. This unique arrangement of 1dy 

differs from those observed for the bpy and bpe analogues in two ways. First, in the analogues 
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the RsC1 exhibits a rccc boat conformation. Second, the extended frameworks of the analogues 

exhibit either a brick-sheet (bpy) or 1D beam-column-like (bpe) arrangement.73 

A gauche-bpea molecule is situated on top of the bowl of the parent RsC1 in 1dy as a 

result of CH-π interactions (3.66Å - 3.86Å) between the ethyl group of the bpea and the π-

electron cloud of RsC1. (Figure 2.9, A) Crystallographic expansion along the [001] axis reveals 

the formation of gauche-bpea occupied channels. The walls of these channels are supported by 

the array of trans-bpea and RsC1 molecules (Figure 2.9, B). 

 

Figure 2.9: A] Intermolecular O-H···N hydrogen bonding in 1dy (Colour codes: Gray-Carbon, 

Blue- Nitrogen, Red-Oxygen) B] Gauche conformered bpea enclosed within the channels formed 
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in 1dy (Colour codes: Green-trans bpea, Dark blue- gauche bpea, Light brown- RsC1) 

(Hydrogen atoms and solvent molecules omitted for clarity) 

2.6.5 Frameworks of RsC3 with bpea:  

As a second component of this study, co-crystallization of bpea and RsC macrocycle with 

a longer propyl tail was investigated. The RsC3 macrocycles in the resultant crystalline 

framework 2dx [(RsC3).(bpea).(MeCN)] have a pinched cone geometry, with centroid-to-

centroid distances of 5.88Å and 7.61Å. Four hydroxyl groups of a given RsC3 form hydrogen 

bond with four trans-bpea molecules through O–H···N (2.60Å-2.75Å) intermolecular 

interactions. The C3-C6-C7-C10 dihedral angles of the trans-bpea molecules are 174.9° and 

179.7° (Table 2.1). Note that again only the trans rotamer is observed in the co-crystals 

synthesized in MeCN. The four bpea molecules are horizontally oriented with respect to the 

parent RsC3 and are paired on opposite sides of the macrocycle. Each pairs of lateral trans-bpea 

molecules bridges between the parent RsC3 and another RsC3 macrocycle, hydrogen bonding 

through the second nitrogen atoms to the same resorcinol unit of the second macrocycle (Figure 

2.10, A). Also, one hydroxyl group of each RsC3 forms an O–H···O (2.76Å) intermolecular 

interaction with a hydroxyl group of an inverted RsC3. The O–H···N intermolecular hydrogen 

bonding induces an extended 1D beam-like arrangement of the RsC1 and bpea molecules. 

(Figure 2.10, B) The O–H···O interactions connect the beam-like arrays and are responsible for a 

typical AB bilayer-type arrangement of the RsC3 macrocycles. (Figure 2.10, B) The 

intermolecular interactions in the bpy and bpe analogues of 2dx lead to a typical 1D wave-like 

arrangement and a discrete extended capsule, respectively. Thus, those frameworks enclose 

either continuous channels (bpy) or discrete void spaces (bpe).73 
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Figure 2.10 A] 1D lateral hydrogen bonded arrangement of components in 2dx B] Bilayer 

arragemnet and orientation of trans bpea with respect to RsC3 bilayers in 2dx (Color codes: 

Gray-Carbon, Blue- Nitrogen, Red-Oxygen) (Hydrogen atoms and solvent molecules omitted for 

clarity) 

 

The crystalline framework of 2dy [(RsC3).(bpea).(ethanol)] has RsC3 macrocycles with a 

pinched cone conformation with centroid-to-centroid distances of 6.47Å and 7.18Å. Two 

diagonally opposed hydroxyl groups of RsC3 form O–H···N (2.60Å-2.67Å) hydrogen bonds 

with gauche-bpea spacer molecules. (Figure 2.11, A) A third gauche-bpea molecule is situated 

on top of the bowl-shaped cavity of the RsC3, resulting in CH-π interactions between the ethyl 

group of the bpea molecule and the π-electron cloud of the bowl. (Figure 2.11, A) The C3-C6-

C7-C10 dihedral angles of the gauche-bpea range between 65.4° and 66.1° (Table 2.1). The 

other end of each spacer bpea exhibits O–H···N (2.60Å-2.67Å) interactions with a hydroxyl 

group of an adjacently positioned RsC3 macrocyle. The RsC3 macrocycles also hydrogen bond 

to four ethanol molecules through O–H···O (2.64Å-2.98Å) interactions. Crystallographic 

expansion of 2dy along the [010] axis reveals the presence of channels filled with gauche-bpea 
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molecules (Figure 2.11, B). The bpy and bpe analogues of 2dy have a 1D lateral arrangement of 

the RsC3 and spacer molecules, an arrangement that also creates discrete cavities within the 

extended frameworks.128 

Similarly to 1dy, a trans rotamer (C3-C6-C7-C10 dihedral angle = 180.0°, Table 2.1 and 

Figure 2.9, B) is situated in the channels of 2dy, providing another example of a mixed rotamer 

system. (Figure 2.11, B) However, this trans-bpea molecule is not hydrogen bonded to RsC3. 

Instead it forms O–H···N (2.65Å) bonds with two residual ethanol molecules. 

 

Figure 2.11 A] Interaction of gauche conformered bpea with RsC3 in 2dy 2dx (Color codes: 

Gray-Carbon, Blue- Nitrogen, Red-Oxygen) B] Gauche and trans bpea enclosed within the 

cavities formed in 2dy (Colour codes: Green-trans bpea, Dark blue- gauche bpea, Light brown- 

RsC1) (Hydrogen atoms and solvent molecules omitted for clarity)   
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Chapter 3. Supramolecular Organic Frameworks (SOFs) Based on 

pyrogallol[4]arenes and noria with bpy type spacers 

3.1 Frameworks based on c-alkylpyrogallol[4]arenes 

 In the broad category of Supramolecular organic frameworks (SOFs), subclasses of 

calix[4]arenes, resorcin[4]arenes (RsC) and pyrogallol[4]arenes (PgC) are proven to be useful 

because of their unique bowl shape and upper rim functionality. The supramolecular frameworks 

of RsC and PgC with organic molecules have been characterized in order to understand host-

guest interactions,76,136,137 molecular recognition,138,139 and encapsulation of a guest within 

discrete capsules.77,78,120 

The bowl of an RsC macrocycle has eight hydroxyl groups, whereas that of a PgC 

macrocycle has twelve hydroxyl groups at the upper rim, which makes the upper rim more 

hydrophilic. In both cases, four c-alkyl chains radiate from each of the four linker carbon atoms 

of the RsC/PgC constituting the hydrophobic lower rim of the macrocycle. Thus, the 

crystallization of these macrocycles in a variety of different solvents leads to the formation of 

either infinite 2D bilayers or hydrogen bonded hexameric/dimeric capsules consisting of six/two 

bowls, respectively.72,78-80,88,140,141 For example, RsC forms a discrete hexamer of six RsC 

molecules, aided by the presence of eight water molecules. The assembly is held together by 

sixty hydrogen bonds.72 On the other hand, PgC forms a comparatively more stable hexamer in 

the absence of water molecules, with the additional twelve hydrogen bonds due to the extra four 

hydroxyl groups on the upper rim of each macrocycle.78,141 The geometry of a hexameric 

nanocapsule or that of a bilayer arrangement is the result of intermolecular O-H···O hydrogen 

bonds between the hydroxyl groups of the macrocycles. The formation of H-bonded hexameric 

or dimeric architectures depends on the c-alkyl tail length of the macrocycle used and the solvent 
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system used for the crystallization. Most of the supramolecular studies of PgC have focused on 

encapsulation of guest(s) within these hexameic or dimeric capsules, or within the bilayered 

arrangement of PgC macrocyles.103,142-146 Few attempts have been directed towards the breaking 

of conventional hydrogen-bonded hexameric or bilayer arrangements of PgC, followed by the 

construction of unique frameworks, such as metal-seamed dimers and/or hexamers,83,84,147 

nanotubes,81,148,149 and nano containers.79  In a previous chapter, we discussed the 

supramolecular frameworks resulting from the RsC macrocycle with bpy type molecules. RsC-

bpy type frameworks consist of novel architectures ranging from a discrete capsule to 2D wave-

like arrangements.73 The bpy-type molecules acted as spacer molecules between RsC building 

blocks that led to the formation of crystalline framework with solvents enclosed within void 

spaces. The void spaces are either discrete cavities or continuous channels, depending upon the 

type of spacer molecule, the solvent, and the conformation of the RsC macrocycle.73 

In this chapter, we utilized the cone shape of the PgC macrocyle with four additional 

hydroxy groups to construct H-bonded PgC-bpy based crystalline frameworks. SOFs of c-

propylpyrogallol[4]arene, PgC3, and c-methylpyrogallol[4]arene, PgC1, with two bpy type 

spacer molecules namely 4,4’-bipyridine, bpy, and 1,2- Bis (4-pyridyl)acetylene, bpa, are 

synthesized and characterized using single-crystal X-ray diffraction studies (Scheme 3.1). In 

addition, thermogravimetric analysis (TGA) and 1H NMR analysis are performed to interpret the 

desolvation and stability of these co-crystals. 
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Scheme 3.1: Components of frameworks 

3.1.1 Synthesis of frameworks: 

In a 20 ml glass vial, 2 ml of 0.005M solution of PgC1/PgC3 in acetonitrile or 

acetonitrile/toluene (9:1) mixture was mixed with 2 ml of 0.01M solution (in acetonitrile) of 

spacer molecule. The clear mixture was then sonicated for 5 min and allowed to stand for slow 

solvent evaporation. Crystals suitable for scXRD were obtained over 5-7 days. 

3.1.2 Frameworks of PgC3 with spacers: 

The crystallization of PgCn (n=1, 3) macrocycles in acetonitrile (MeCN) results in the 

formation of hydrogen bonded network/arrangement (1.MeCN, 2. MeCN).80,88 These networks 

consist of four intramolecular O-H···O hydrogen bonds between the upper rim hydroxyl groups 

which are responsible for holding the perfect cone geometry of the macrocycle. The remaining 

hydroxy groups then form intermolecular hydrogen bonds with the neighboring PgC 

macrocycles. The intermolecular hydrogen bonding between macrocycles is either direct 

hydroxyl-to-hydroxyl (PgC1) or assisted through residual water molecules (PgC3). Thus, both 

PgC1 and PgC3 macrocycles form hydrogen bonds with six neighboring macrocycles in their 

respective crystal structure (Figure 3.1, 1.MeCN).80,88 
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The change in this typical intermolecular hydrogen bonding scenario is observed when 

PgC3 is cocrystallized with the bpy spacer in acetonitrile to form 1ax. 1ax 

[(PgC3).(bpy).(MeCN)] consist of one PgC3 macrocycle, which forms  hydrogen bonds with  

four bpy molecules as well as with three  inverted PgC3 macrocycles. (Figure 3.1, 1ax) The 

crystalline framework of 1ax is isostructural with previously reported structure by Atwood et al; 

however, the solvent used was acetone instead of acetonitrile.79 The asymmetric unit of 1ax 

consists of one PgC3, two bpy and one acetonitrile molecules. Symmetry expansion of 1ax 

reveals that the PgC3 macrocycle hydrogen bonds with three inverted PgC3 macrocycles through 

four O-H···O (2.72 Å-3.01 Å) interactions and with four vertically oriented bpy molecules 

through O-H···N (2.67 Å-2.81 Å) bonds. (Figure 3.1, 1ax) Thus, out of eight intermolecular 

hydrogen bonds in PgC3 crystal/(1.MeCN), four were replaced by O-H···N interaction with 

foreign bpy molecules to yield 1ax. The other end of these four bpy molecules form O-H···N 

hydrogen bonds with three inverted PgC3 leading to a 2D wave-like hydrogen bonding pattern. 

The overall framework consists a typical AB bilayer arrangement of PgC3 molecules mediated 

by O-H···O interactions and a 2D wave-like arrangement of PgC3 and bpy molecules mediated 

by O-H···N interactions. One acetonitrile molecule in the asymmetric unit is situated within the 

PgC3 bowl forming a CH···π interaction. Crystallographic expansion of 1ax along (001) 

crystallographic axis reveals the formation of channels filled with bpy molecules. These channels 

are constituted of four columns of head to tail arranged PgC3 macrocycles. (Figure 3.2, 1ax) 
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Figure 3.1: Intermolecular hydrogen bonding between components of frameworks in crystal 

structure of 1.MeCN, 1ax, and 1bx (Color codes: Gray-Carbon, Blue- Nitrogen, Red-Oxygen) 

(Hydrogen atoms and solvent molecules omitted for clarity) 

 

In addition to bpy, the longer spacer molecule (bpa) was tested with PgC3 and 

acetonitrile/toluene mixture to obtain the novel crystalline framework of 1bx 

[(PgC3).(bpa).(MeCN.toluene)]. In case of 1bx, both toluene and acetonitrile solvent molecules, 

are situated in the channel space within the two head-to-tail arranged PgC3 molecules. Unlike 

1ax, wherein each bowl H-bonds with three inverted PgC3s, in 1bx each bowl H-bonds with four 

inverted PgC3 macrocycles (O-H···O: 2.69 Å - 2.85 Å). (Figure 3.1, 1bx) However, in a similar 

fashion to bpy in 1ax, 1bx has four bpa forming four O-H···N (2.62Å-2.67Å) hydrogen bonds 
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with one PgC3 (Figure 3.1, 1ax and 1bx). Each of the four bpa molecules are slightly tilted and 

the other end of these divergent bpa molecules interacts with four other inverted PgC3 

macrocycles though O-H···N H-bonds. This results in the formation of a 2D wave-like hydrogen 

bonding pattern between PgC3 and bpa molecules. Thus, similar to 1ax, 1bx also has two type of 

hydrogen bonding patterns i.e. bilayer arrangement of PgC3 and 2D wave-like arrangement of 

PgC3 and bpa molecues, resulted from O-H···O and O-H···N interactions, respectively.  Again, 

crystallographic expansion of 1bx showed that bpa spacer molecules occupy the space between 

four columns of head to tail arranged PgC3 macrocycles. (Figure 3.2, 1bx) 

 

Figure 3.2: Space fill view of columnar head to tail arrangement of PgC3 and placement of bpy 

and bpa within the channels walled by these columns in extended frameworks of 1ax and 1bx 

(Colour codes: Red-PgC3, Green-bpy/bpa) (Solvent molecules and hydrogen atoms are omitted 

for clarity) 

3.1.3 Frameworks of PgC1 with spacers:  

The PgC1 and PgC3 macrocycle exists in two slightly different conformers: a perfect 

cone with C4v symmetry or a pinched cone with C2v symmetry. The degree of pinching is 
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measured by the centroid-to-centroid distances between the opposite facing pyrogallol rings 

within the PgC macrocycle. The crystalline framework of 2ax [(PgC1).(bpy).(MeCN)] consists 

of a perfect cone shaped PgC1 bowl because centroid-to-centroid distance between opposite 

facing pyrogallol is 6.90 Å. In contrast, PgC1 with bpa/2bx and PgC3 with bpy/1ax and bpa/1bx 

are slightly pinched with centroid-to-centroid distances of 6.27 and 7.22 (2bx), 6.56 and 7.10 

(1ax), 6.75 and 6.84 (1bx) and, respectively. 

Eight hydroxyl in the PgC1 cone are hydrogen bonded to eight bpy molecules through 

eight O-H···N (2.73Å-2.74Å) interactions. (Figure 3.3, A) Each PgC1 forms four O-H···O 

intramolecular and eight O-H···N intermolecular hydrogen bonds. Thus, PgC1 forms four 

additional O-H···N intermolecular interactions compared to PgC3 frameworks. This arrangement 

completely eliminates the formation of eight intermolecular O-H···O hydrogen bonds observed 

otherwise, in case of PgC3. In 1ax and 1bx, both spacer molecules were unable to replace all 

eight O-H···O interactions, which was achieved in 2ax.  These eight bpy molecules are slightly 

tilted over the macrocycle and the other end of these bpy molecules hydrogen bonds with four 

inverted PgC1. Thus, a pair of bpy molecules connects with two oppositely positioned PgC1 

macrocycle, acting as a connector. (Figure 3.3, B)  The arrangement of bpy molecules with 

respect to PgC1 macrocycle encloses a void space within framework. Thus crystallographic 

expansion of 2ax along [001] axis converts these void spaces in to channels filled with 

disordered acetonitrile molecules. (Figure 3, C)  Unlike 1ax and 1bx, channels formed in the 2ax 

are supported by both PgC macrocycle and spacer molecules. 



 

51 
 

 

Figure 3.3 A] Formation of eight O-H…N intermolecular hydrogen bond between PgC1 and 

eight bpy molecules (Color codes: Gray-Carbon, Blue- Nitrogen, Red-Oxygen) B] Extended 

view of crystal structure of 2ax (Color codes: Gray-Carbon, Blue- Nitrogen, Red-Oxygen)  

C] View of channels formed in extended framework of 2ax along [001] crystallographic axis 

(Color codes: Light brown-PgC1, Green- bpy) (Hydrogen atoms and solvent molecules omitted 

for clarity) 

 

The bpa spacer molecule, on the other hand, co-crystallizes with the PgC1 macrocycle, 

forming 2bx [(PgC1).(bpa).(MeCN)], which exhibits a wave-like arrangement of PgC1 with bpa 

spacer molecules. Eight hydroxyl groups of the cone shaped PgC1 hydrogen bonds with tilted 

bpa molecules through O-H···N (2.64 Å-2.79 Å) interactions. Four out of eight bpa molecules 

tilt on one side of PgC1 and remaining four tilt towards the other side of the PgC1. (Figure 3.4) 

The other end these bpa molecules form hydrogen bond with two inverted PgC1 macrocycles on 

each side of the parent PgC1. Thus four spacer molecules bridges between the two head-to-head 

oriented PgC1 macrocycles. (Figure 3.4) The exclusive outcome of this hydrogen bonding 

pattern is a 1D wave-like hydrogen bonding pattern between PgC1 and bpa molecules in the 

crystalline framework. The intermolecular hydrogen bonding among the macrocycle is absent in 
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this frameworks. The two acetonitrile molecules occupy the space enclosed by two successive 

hydrogen bonded waves of macrocycle and spacers. 

 

Figure 3.4:  Wave-like hydrogen bonded arrangement of components in 2bx (Color codes: Gray-

Carbon, Blue- Nitrogen, Red-Oxygen) (Hydrogen atoms and solvent molecules omitted for 

clarity) 

3.1.4 Thermogravimetric Analysis (TGA) and 
1
H NMR study of frameworks  

The solution and thermal stability of SOFs is assessed using 1H NMR spectroscopy and 

thermogravimetric analysis (TGA). For the TGA measurements, 2-5 mg of the individual SOF is 

subjected to a temperature increment of 15 °C to 350°C, with a step increment of 5 °C. Both 

control PgCn (n=1 or 3) macrocycle as well as SOFs reveal the decomposition of these 

crystalline material at ~220°C, irrespective of the type and number of solvent molecules 

involved. (Figure 3.5, A) The amount of solvent present in the crystalline material before TGA 

analysis is verified by 1H NMR spectroscopy. The acetonitrile solvent peak at 2.06 ppm is seen 

in all the spectra. (Table 3.1)  A total solvent weight loss of 5%-10% is found in the temperature 

range 120°C-160°C. Post solvent loss, degradation of spacer molecules occur at around 150°C, 

followed by decomposition of actual macrocycle at ~220°C in all co-crystals.  
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Table 3.1: Validation of weight loss in TGA with 1H NMR data of crystalline framework materials 

 1ax 1bx 2ax 2bx 

Calculated solvent 

molecules/macrocycle 

1 MeCN 1.5 MeCN, 

0.7 Toluene 

3.6 MeCN 2.3 MeCN, 

2 water 

% mass of solvent 4 9.6 11 12 

%weight loss 5 10 10 10 

Temperature 120 °C 150 °C 160 °C 150 °C 

 

Besides the number of solvent molecules, the 1H NMR spectra show the stability of the 

frameworks in d6-DMSO. In the case of PgC3, 8.05 ppm and 8.59 ppm peaks represent 

hydroxyls of the macrocycle. These peaks are present in 1ax but clearly absent in 1bx (Figure 

3.5, B). This reveals the stability of the hydrogen bonded framework in 1bx in d6-DMSO. The 

solution stability of 1bx is due to the presence of twelve intermolecular hydrogen bonds, 

compared to eight in 1ax. In the case of the PgC1 macrocycle, the 1H NMR spectrum shows a 

single peak for hydroxyl hydrogens at 8.08 ppm. A similar peak at 8.08 ppm is observed in 1H 

NMR spectra of 2ax and 2bx, suggesting that the hydrogen bonded frameworks of 2ax and 2bx 

dissociate upon dissolution in d6-DMSO. 



 

54 
 

 

Figure 3.5: A] Thermogravimetric Analysis (TGA) graphs of frameworks and PgCs B] 1H NMR 

comparison of frameworks 1ax and 1bx with PgC3 

3.2 SOFs based on derivatives of PgC: 

 SOFs based on PgC and spacer molecules have variety of architectures and hydrogen 

bonding pattern. The use of spacer with optimal length and functional group were able to replace 

intermolecular O-H···O hydrogen bonds between PgC molecules with O-H···N interactions 
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between PgC and spacers. Thus, we investigated the combined effect of alkyl tail 

functionalization of PgCs and use of bpy type spacers towards engineering novel hydrogen 

bonded frameworks. The c-alkyl tail PgC macrocycle is functionalized with hydroxyl group, to 

yield a newer c-propyl-3-ol-pyrogallol[4]arene (PgC3-OH) (Scheme 3.1, 3) macrocycle with 

four additional lower rim hydroxyl groups at the end of the each alkyl tail. The resultant 

macrocycle has twelve upper rim “pyrogallol hydroxyl” group and four lower rim “alkyl tail 

hydroxyl” groups rendering hydrophilicity and functionality to both upper and lower rims. 

(Figure 3.6, A) These hydroxyl groups serve as excellent hydrogen bond donors for bpy spacers 

forming extended linked hydrogen bonded frameworks. We also reported crystal structures of 

PgC3-OH and cocrystals c-alkyl hydroxy-functionalized macrocycles with two spacer 

molecules: bpy,(4,4’-bipyridine) and bpa, (1,2-Bis(4-pyridyl)acetylene). (Scheme 3.1) The single 

crystal growth experiments were carried out in with the similar procedure as the previous co-

crystals in this chapter. A clear solution obtained after mixing components of the frameworks in 

the particular molar ratio is then kept for slow solvent evaporation. The single crystals were 

obtained after 4-6 days used for sc-XRD experiments.  

3.2.1 Framework of PgC3-OH:  

Synthesis of crude PgC3-OH is carried out with previously reported procedure.150 The c-

alkylpyrogallol[4]arene (PgCn, n=1,2,3,…) with chain length longer than n=1 always exist in 

two major conformations either rccc cone with C4v symmetry or rccc pinched cone with C2v 

symmetry. Pinching is calculated by measuring the centroid-to-centroid distances between 

oppositely facing pyrogallol units within the given macrocycle. The bowl of PgC3-OH exhibits 

slightly pinched cone geometry in complex 3x, [(PgC3-OH). (MeCN:water)], with centroid-to-

centroid distances of 6.28 Å and 7.11 Å. The upper rim hydroxyls of the pinched cone in 3x form 
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a ring of four intramolecular O-H···O (2.66 to 2.79Å) interactions. Crystalline framework of 3x 

consists of one PgC3-OH macrocycle that connects with two inverted PgC3-OH via four O-

H···O (2.68Å-2.79Å) intermolecular hydrogen bonds forming of typical AB bilayer type 

arrangement. The remaining four pyrogallol hydroxyl groups of the parent macrocycle hydrogen 

bond (O-H···O: 2.90Å-2.93Å) with alkyl tail hydroxyl groups of PgC3-OH macrocycle, 

positioned over the top of the parent macrocycle. This interaction results in the formation of a 

stacked column of head-to-tail linked macrocycles. (Figure 3.6, B and C) These same pyrogallol 

hydroxyl groups of the parent macrocycle also interact with the tail hydroxyl group of two 

neighboring macrocycles on each side, forming four O-H···O (2.62Å-2.73Å) intermolecular 

hydrogen bonds with two on each side of parent macocycle. These intermolecular hydrogen 

bonding between pyrogallol hydroxyl of parent macrocycle with those of tail hydroxyls of three 

macrocycles result in the formation of a 2D spreadsheet or a wall of PgC3-OH macrocycles 

along the (100) crystallographic line (Figure 3.6, B). Such stacks or multiple walls of PgC3-OH 

are connected with each other through the intermolecular hydrogen bonding between the 

pyrogallol hydroxyl groups of PgC3-OH along [001] crystallographic line in the extended crystal 

structure. (Figure 3.6, C) Overall, crystal lattice of 3x consists of multiple parallel walls of head-

to-tail arranged macrocycles connected through intermolecular hydrogen bonds.  
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Figure 3.6: A] PgC3-OH with pyrogallol hydroxyl and C-alkyl tail hydroxyl groups  (Color 

codes: Gray-Carbon, Red-Oxygen) B] The two dimensional hydrogen bonding pattern in 

extended framework of 3x (Color codes: Gray-Carbon, Red-Oxygen) C] The column-like 

stacking and intermolecular hydrogen bonding within the molecules columns in extended 

framework of 3x (Hydrogen atoms and solvent molecules are omitted for clarity ) 

3.2.2 Frameworks of PgC3-OH with spacers:  

Given the unique intermolecular O-H···O hydrogen bonding pattern in 3x between PgC3-

OH units, we investigated the effect of bpy type spacer molecules (bpy and bpa: Scheme 3.1) for 

hydrogen bonding pattern. For this purpose, we co-crystallised PgC3-OH with 4,4’bipyridine in 

1:2 ratio in acetonitrile. Equimolar ratio of hydrochloric acid is added to the mixture which upon 

evaporation yields two types of crystals: colorless crystals of 3ax [(PgC3-
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OH).(bpy).(MeCN:water)] and red crystals of 3ax.HCl [(PgC3-

OH).(bpy).(HCl).(MeCN:water)].  

The crystalline framework of 3ax [(PgC3-OH).(bpy).(MeCN:water)] has PgC3-OH in 

slightly pinched cone conformation with the centroid-to-centroid distances of  6.50Å  and 7.15Å. 

Note that the pinching is slightly less in 3ax than in 3x. A parent PgC3-OH bowl in complex 3ax 

interacts with five different PgC3-OH macrocycles and one bpy molecule, via hydrogen bonds. 

Similar to 3x, an outer and central hydroxyl group of two adjacent pyrogallols form four O-

H···O (2.92Å-2.97Å) intermolecular hydrogen bonding interactions with an outer and inner 

hydroxyls of four inverted pyrogallols of two PgC3-OH bowls, positioned on the opposite sides 

of the parent bowl. (Figure 3.7, A) This hydrogen bonding interaction produces a typical bilayer 

arrangement of PgC3-OH macrocycles along [001] crystallographic line direction. Two 

additional pyrogallol hydroxyl groups form O-H···O (2.73Å) bonds with two adjacent PgC3-OH 

bowls, one on each side of parent macrocycle, forming a 1D hydrogen bonding array between 

PgC3-OH macrocycle along [010] crystallographic axis. (Figure 3.7, A) A pyrogallol hydroxyl 

group of the parent macrocycle also form O-H···O (2.70Å) hydrogen bond with the hydroxy 

group of C-alkyl tail of another macrocycle situated on the top of the parent macrocycle, leading 

to a head-to-tail arrangement of PgC3-OH. (Figure 3.7, A and B) Another parent pyrogallol 

hydroxyl forms O-H···O (2.75Å) bond with the hydroxyl of alkyl tail of an adjacent PgC3-OH 

macrocycle. (Figure 3.7, B) Overall, pyrogallol hydroxyl groups in 3ax form four different O-

H···O intermolecular interactions which are responsible for bilayer, head-to-tail, or continuous 

1D arrangement of PgC3-OH with respect to each other. (Figure 3.7, A and B) One of the 

pyrogallol hydroxyl connects via O-H···N (2.60Å) interaction to bpy, positioned vertically with 

respect to the parent PgC3-OH molecule. (Figure 3.7, A) The same bpy molecule also interacts 
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with an inverted PgC3-OH through the other end via O-H···N bond and act as a spacer 

connecting two PgC3-OH units in a head-to-head fashion. (Figure 3.7, A) The solvent 

molecule/acetonitrilie is situated over the PgC3-OH bowl shaped cavity forming CH-π 

interaction with π-electron cloud of the PgC3-OH cavity. No evidence of counter ion /chloride 

anion is observed in 3ax, suggesting that the bpy molecule remains deprotonated throughout the 

framework.  

 

Figure 3.7: A] Intermolecular hydrogen bonding interactions of parent PgC3-OH with adjacent 

molecules through pyrogallol hydroxyl groups B] Intermolecular hydrogen bonding interactions 
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of parent PgC3-OH with adjacent molecules through C-alkyl tail hydroxyl groups (Color codes: 

Gray-Carbon, Blue- Nitrogen, Red-Oxygen, Light brown- parent PgC3-OH) (Hydrogen atoms 

and solvent molecules omitted for clarity) 

 

The reddish crystals/Complex 3ax.HCl [(PgC3-OH).(bpy).(HCl).(MeCN:water)] consists 

of a more pinched macrocycle, compared to 3x and 3ax, with the centroid-to-centroid distances 

are 5.74Å and 7.71Å. The hydroxyls of the pinched cone interact via intramolecular O-H···O 

hydrogen bonding with distances ranging from 2.88Å to 3.37Å. Unlike 3x and 3ax, the outer, 

central and inner hydroxyl of parent macrocycle connects with an inverted Pg3OH macrocycle 

forming O-H···O (2.83Å-2.90Å) hydrogen bonds. This inverted PgC3-OH is only slightly offset 

with respect to the parent PgC3-OH macrocycle forming a hydrogen bonded dimeric 

nanocapsule. (Figure 3.8, A and B) Two of the pyrogallol hydroxyl groups also participate in to 

formation of O-H···O (2.96Å-3.00Å) interactions with two water molecules located between two 

head-to-tail arranged PgC3-OH macrocycles. These water molecules assist in extending 

hydrogen bonding network between inverted PgC3-OH macrocycles. Interestingly, a bpy 

molecule is entrapped and positioned flat within the cavity forming a more oval shaped capsule 

where it interacts with two chloride anions, positioned along the periphery of the capsule through 

N-H···Cl (2.70Å) halogen bonding interactions. (Figure 3.8, A and B) Unlike 3ax, the presence 

of hydrochloric acid in 3ax.HCl results in protonation of bpy spacer along both ends. The four 

upper rim pyrogallol hydroxyl groups of parent macrocycle also form four O-H···O (2.70Å-

2.85Å) intermolecular hydrogen bonds with four alkyl tail hydroxyl groups of two neighboring 

inverted PgC3-OH macrocycles. (Figure 3.8, C) Crystallographic expansion reveals that the two 

capsules are separated by tail-to-tail arranged PgC3-OH macrocycles and hence capsules are 
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alternately arranged with respect to each other. One residual water and two disordered 

acetonitrile molecules occupy the space between two tail-to-tail arranged PgC3-OH macrocycles. 

 

Figure 3.8: A] and B] Encapsulation of protonated bpy with the dimeric capsular arrangement of 

two PgC3-OH with water molecules C] Two dimensional arrangement of components in the 

extended framework arrangement of 3ax.HCl groups (Color codes: Gray-Carbon, Blue- 

Nitrogen, Red-Oxygen) (Hydrogen atoms and solvent molecules omitted for clarity) 

 

Crystalline framework of 3bx.HCl [(PgC3-OH).(bpa).(HCl).(MeCN:water)] consists of 

slightly pinched PgC3-OH macrocycle with the centroid-to-centroid distances of 6.39Å and 

7.24Å. Despite the pinching, the bowl is more expanded in 3bx.HCl than in case of 3x, 3ax and 

3ax.HCl. The two pyrogallol hydroxyls of a PgC3-OH macrocycle in complex 3bx.HCl form 

two O-H···O (2.91Å) hydrogen bonding interactions with two inverted PgC3-OH, each on either 

side of the parent PgC3-OH, forming a typical bilayer arrangement along the [101] 

crystallographic axis. (Figure 3.9, A) Four pyrogallol hydroxyls (one from each pyroagllol unit) 

also form O-H···O hydrogen bonds with four alkyl tail hydroxyl group of PgC3-OH units 

situated above the parent macrocycle, yielding a head-to-tail arrangement of PgC3-OH in the 
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extended framework. (Figure 3.9, A) In addition, two pyrogallol hydroxyl groups form O-H···O 

(2.95Å) bonds with two alkyl tail hydroxyl group of two adjacent PgC3-OH macrocycle, one on 

each side. These intermolecular interactions between PgC3-OH result in the formation of a 

hydrogen bonded wall/spreadsheet of PgC3-OH, similar to that in 3x. (Figure 3.9, A) The space 

between two successive/parallel hydrogen bonded wall of PgC3-OH enclose water, chloride ion 

and bpa spacer molecules. (Figure 3.10) Four of the pyrogallol hydroxyls in parent macrocycle 

form four O-H···O (2.77Å-2.88Å) hydrogen bonds with two water molecules, located on each 

side of the wall. (Figure 3.9, A) Interestingly, the bpa spacer molecule is protonated on one end 

and deprotonated on other end. This selective protonation of one pyridine ring of spacer 

molecule induce N-H···N (2.63Å) interaction between two adjacent spacer molecules and 

continuous chain of bpa molecules between macrocyclic layers. (Figure 3.9, B). Extended 

framework of 3bx.HCl, reveals that bpa is oriented parallel along the length of these PgC3-OH 

hydrogen bonded walls. (Figure 3.9, A and Figure 3.10) 

 

Figure 3.9: A] Alternate arrangement of PgC3-OH and bpa in the extended framework of 

3bx.HCl B] arrangement of two dimensional hydrogen bonded walls of PgC3-OH and bpa in the 
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inter-columnar spacer in the extended framework of 3bx. HCl (Color codes: Gray-Carbon, Blue- 

Nitrogen, Red-Oxygen) (Hydrogen atoms and solvent molecules omitted for clarity) 

 

 

Figure 3.10: Arrangement of hydrogen bonded walls of PgC3-OH, bpa molecules, and chloride 

anions  (Color codes: Gray-Carbon, Blue- Nitrogen, Red cross-Chloride anions) (Hydrogen 

atoms and solvent molecules omitted for clarity) 

 

In summary, four complexes of c-propyl-ol-pyrogallol[4]arene (PgC3-OH) with 

bipyridine-type spacer are exposed to similar solvent and crystallographic conditions; however 

the presence of divergent spacer ligands and acid causes differences in types of arrangements . 

Complexes 3x and 3ax.HCl are a brick wall type arrangement of PgC3-OH and PgC3-OH with 

bpa. Bpa, in complex 3ax.HCl, form a continuous chain of ligands between layers of macrocyles 

forming ABA type arrangement along the ab plane. Complex 3ax, PgC3-OH with bpy, on the 

other hand, is a more complex bilayer due to slightly tilted positioning of bpy between 

diagonally positioned macrocyles. 3ax. HCl is a novel oval-shaped hydrogen-bonded offset 

dimeric nanocapsular assembly of PgC3-OH with flat protonated bpy molecules positioned 

within the dimer. The exclusive presence of chloride ion in Complex 3ax.HCl versus that in 
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Complex 3ax, results in protonation and unique placement of spacer ligand within the 

nanocapsule. Overall, complexes of pyrogallol[4]arene are engineered by virtue of alkyl tail 

functionalization and use of spacer ligands and counterions. 

3.3 Construction of Supramolecular organic frameworks from noria 

3.3.1 Introduction 

Noria is a double cyclic ladder-like oligomer where each ring has three alternate 

resorcinol (peripheral resorcinols) and methylene units and these two rings are connected 

through six resorcinol (bridged resorcinols) units (Figure 3.11, A and B). Thus, this large 

macrocycle has six small partial bowl shaped cavities at the periphery and a large hydrophobic 

cavity at the center. The outer rim of the noria is decorated with twenty four hydroxyl groups 

(twelve from bridged resorcinol and twelve from peripheral resorcinol) which are pointing 

outward and different directions. (Figure 3.11, B)Thus these hydroxyl groups could be utilized in 

the hydrogen bonding interactions to design and construct 1D, 2D, or even 3D framework 

arrangements. The diameter of central hydrophobic cavity of noria is also 5 - 7 Å with the 

internal volume of 160 Å3, thus this cavity usually nest guest molecule of appropriate size.85 

Noria was synthesized from previously reported acid catalyzed condensation reaction between 

resorcinol and glutyraldehyde in presence of concentrated HCl.151,152 Formation of cyclic 

oligomer was analyzed with help of 1H NMR. The crystal structure of noria has already been 

reported where the single crystals of noria were grown through vapor diffusion of methanol into 

solution of noria in DMSO.85 The crystal structure reveals the cyclic structure of noria and its 

interaction with solvent of crystallization such as DMSO. Owing to its large oligomeric nature, 

noria has very limited solubility in organic solvents and only dissolves in high boiling solvents 

such as dimethyl sulfoxide (DMSO), dimethylformamide (DMF), dimethylacetamide (DMAC), 
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and N-methyl-2-pyrrolidone (NMP).153 Thus, choice of solvent for crystallization of SOFs from 

noria is limited to above mentioned solvents.  The bpy and bpe were selected for SOFs synthesis 

because of their linear shape and pyridine functionality. The linear shape functions as spacer in 

the extended framework architecture while the pyridine functional groups on both ends act as 

hydrogen bond acceptor.35,154-156  

 

Figure 3.11: A] Molecular structure of noria B] Bridged and peripheral resorcinols in noria 

(Colour codes: Gray-Carbon, Red-Oxygen) (Hydrogen atoms and solvent molecules omitted for 

clarity) 
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3.3.2 Synthesis of noria:  

The mixture of resorcinol (2.2g, 20 mmol) and glutyraldehyde (0.5g, 5mmol) was stirred 

at 80℃ in 5 ml ethanol (95%) in presence of concentrated HCl. The reaction mixture was stirred 

for 48 hours at same temperature. The reaction mixture was then poured in to methanol (30ml) 

and the precipitate obtained was washed with diethyl ether several times. The product was then 

dried at room temperature under vacuum. (Weight of dry product= 0.78g, yield 28%) 1H NMR 

(300 MHz), d-DMSO-tetramethylsilane): δ- 0.84-2.07ppm (m, 36H, -CH2CH2CH2-), 3.96-

4.4ppm (m, 12H, >CH-), 6.00-7.48ppm (m, 24H, Ar-H), 8.60-9.40ppm (m, 24H, -OH) 

3.3.3 Crystal growth experiments:  

D1[(noria) (DMSO)]: 0.05g of noria was heated with 1ml DMSO at 150°C in a 20 ml 

glass vial. The clear solution obtained was then slowly cooled down to room temperature with 

slow rate of cooling. Plate-like single crystals obtained were used for single crystal X-ray 

diffraction.   

D2 [(noria) (bpy) (DMSO)]: 0.05g of noria was heated with 0.009g of bpy and 1 ml 

DMSO at 150°C in a 20 ml glass vial. The clear solution obtained was then slowly cooled down 

to room temperature with slow rate of cooling. Single crystals obtained thereafter were used for 

single crystal X-ray diffraction.   

D3 [(noria) (bpe) (DMSO)]: 0.05g of noria was heated with 0.01g of bpe and 0.75 ml 

DMSO at 150°C in a 20 ml glass vial. The clear solution obtained was then slowly cooled down 

to room temperature with slow rate of cooling. Single crystals obtained were used for single 

crystal X-ray diffraction. 
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3.3.4 Crystal structure of Noria:  

The structure of noria is confirmed with single crystal study. The solid yellowish powder 

noria powder is dissolved in hot DMSO and single crystals were grown by slow cooling. The 

Crystal structure of D1 [(noria) (DMSO)] consists of noria molecules interacting with DMSO 

molecules through various intermolecular interactions. The parent noria itself possesses O-H···O 

(2.69Å-2.77Å) intramolecular hydrogen bonds between the hydroxyl groups of peripheral 

resorcinols and bridged resorcinols. These intramolecular hydrogen bonds are responsible for 

formation of cyclic oligomers from the polymeric precursor and thus, holding six partial bowl-

shaped cavities of noria. Twelve hydroxyl groups on bridged resorcinols form O-H···O (2.57Å-

2.62Å) intermolecular interactions with twelve DMSO molecules. (Figure 3.12, A) However, six 

DMSO molecules also sit in the six partial bowl shaped cavities of noria interacting through 

weak CH-π interaction with electron cloud of cavities. (Figure 3.12, A) Thus, one noria molecule 

is surrounded by eighteen DMSO molecules. Crystallographic expansion reveals that, noria 

molecules also stack on top of each other along [100] crystallographic line. (Figure 3.12, B) 
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Figure 3.12 A] Interaction of noria with eighteen DMSO molecules in D1 B] Stacking of noria 

molecules along [100] crystallographic line in D1 (Color codes: Gray-Carbon, Blue- Nitrogen, 

Purple-Sulfur, Red-Oxygen) (Hydrogen atoms and solvent molecules omitted for clarity) 

 

3.3.5 Crystal structure of noria with spacers:  

The ability a noria to form multiple hydrogen bonding interactions with neighboring 

molecules encouraged to crystallize noria with bpy in similar conditions. Thus, plate like single 

crystals of D2 [(noria) (bpy) (DMSO)] were grown where asymmetric unit comprised of noria, 

bpy and DMSO molecules. Similar to D1, noria molecule also has O-H···O (2.63Å-2.95Å) 

intramolecular interactions among the peripheral and bridged hydroxyl groups. However, twelve 

hydroxyl groups of bridged resorcinol form O-H···N (2.65Å-2.70Å) hydrogen bonds with twelve 

bpy molecules. (Figure 3.13, A) The twelve hydrogen bonded DMSO molecules in D1 are 

replaced by bpy in D2. With the other end, these bpy molecules also form O-H···N 

intermolecular hydrogen bonds with six noria molecules. Thus a parent noria molecule is 

connected with six noria molecules through twelve bpy molecules. (Figure 3.13, B) Thus in 

extended crystal structure, this intermolecular interaction resulted in 2D supramolecular network 

of hydrogen bonded noria and bpy. Multiple layers of nora and bpy are placed parallel to each 

other along [010] direction. Although, these successive layers are placed a little offset to each 

other, they still enclosed channels along [100] crystallographic direction. These channels are 

filled with disordered DMSO molecules which form weak van der Waals interactions with 

components of the framework. 
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Figure 3.13 A] O-H···O hydrogen bonding interactions between one noria and twelve bpy 

molecules in D2 B] Formation of 2D hydrogen bonding array of noria and bpy molecules in D2 

(Color codes: Gray-Carbon, Blue- Nitrogen, Red-Oxygen) (Hydrogen atoms and solvent 

molecules omitted for clarity) 
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Introduction of bpy with noria induces formation of molecular level channels filled with 

solvent molecules in the extended framework. Thus, moderately longer spacer bpe was next 

introduced with noria in similar crystallization conditions. Crystal structure of D3 [(noria) (bpe) 

(DMSO)] also has O-H···O intramolecular interactions similar to D1 and D2. Intermolecular 

interactions in D3 involve O-H···O (2.56Å-2.67Å) hydrogen bonding interactions between eight 

hydroxyl groups from bridged resorcinols and eight DMSO molecules. Four hydroxyl groups on 

these bridged resorcinol also interact with four bpe molecules through O-H···N (2.67Å-2.73Å) 

interactions. These four bpe molecules paced on diagonally opposite side of noria molecules 

where two bpe interact with one resorcinol on each side. (Figure 3.14, A) Thus, out of twelve 

hydroxyl groups on bridged noria, eight hydroxyl groups interact with DMSO molecules while 

four hydroxyl groups interact with bpe spacer molecules. With the other end, these four bpe 

molecules also form similar O-H···N (2.67Å-2.73Å) hydrogen bonds with two noria molecules. 

Thus, a parent noria molecule is connected to two noria molecules through four bpe molecules 

(Figure 3.14, A). This intermolecular hydrogen bonding between noria and bpe reveals an 

alternate arrangement of noria and bpe in extended crystal structure along [001] direction (Figure 

3.14, B).      

Thus, two novel SOF materials synthesized by co-crystallization of noria and bipyridine 

type spacer molecules. Due to the moderate length difference of spacer molecules, bpy lead to 

the formation of 2D networks while bpe cause the assembly of 1D chains. These results will shed 

light to the construction of SOF materials with various topologies by carefully choosing building 

blocks and spacer molecules.   
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Figure 3.14: A] Intermolecular O-H···N hydrogen bonding arrangement between noria and bpe 

B] Alternate arrangement of bpe and noria molecules in extended framework of D3 along [001] 

crystallographic direction (Color codes: Gray-Carbon, Blue- Nitrogen, Red-Oxygen) (Hydrogen 

atoms and solvent molecules omitted for clarity) 
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Chapter 4: Ability of Gas sorption in Supramolecular frameworks  

4.1: CO2 Capture in supramolecular organic frameworks  

4.1.1 Introduction 

Civilization today is facing the greatest environmental concern in the form of rapidly 

rising level of CO2 emission from anthropogenic sources.157 Therefore, technologies that enable 

selective capture and sequestration of CO2 from both immobile and mobile sources such as 

thermal power plants and automobiles are of major importance.158 The core of the technological 

innovations directed towards CO2 capture and sequestration (CCS) is the development of next 

generation CO2 selective materials. Aqueous alkylamine solutions are currently used for CO2 

capture in power plants but have a severe energy penalty associated with regeneration of the 

amine solution.39 Physisorption based CO2 capture using solid state porous materials such as 

aluminosilicate zeolites,159,160 activated carbon,161,162 Metal-Organic Frameworks (MOFs)163-165 

and Covalent Organic Frameworks (COFs)44,45,166 stands as potential alternatives to liquid or 

solvent based capture techniques. MOF and COFs based adsorbents are particularly interesting in 

terms of their chemical tenability, which allows pore surface modification with relative ease. 

Similarly, permanently porous Supramolecular Organic Frameworks (SOFs) have recently been 

investigated for selective gas adsorption and separation.167-169  

  Shape and porosity of the SOFs are controlled through non-covalent interactions. Most of 

the porous SOFs are crystallized with single component organic building blocks by varying 

different solvents, similar to molecular crystals.170,171 Organic components within SOFs are 

closely packed to maximize the intermolecular interactions, and as a result the porosity in these 

crystals is often not spontaneous.172  The attempt to generate porosity in such materials by means 

of solvent removal may result in the collapse of the entire molecular assembly into a densely 
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packed or an amorphous phase. However, careful selection of building blocks and meticulous 

engineering of the intermolecular interactions may afford a robust assembly which can withstand 

the removal of solvent molecules, forming a porous SOF. This chapter covers one such example 

of the design and synthesis of two novel SOFs based on multi-organic components and analyze 

their lattice stability upon solvent removal. 

C-pentylpyrogallol[4]arene  (PgC5), 4,4’-bipyridine (bpy), and/or 1,2-Bis(4-

pyridyl)ethylene (bpe) (Scheme 4.1) were selected as organic building blocks  with acetonitrile 

(MeCN) as the solvent of crystallization. C-alkylpyrogallol[4]arenes (PgCs) have proved to be 

excellent building blocks for a variety of molecular architectures ranging from dimeric metal 

seamed capsules,84 hexameric metal seamed capsules,83,147 nanotubes,81 nanocontaines,79 to 

hydrogen bonded hexamers.78,141 All of these unique frameworks are held together by numerous 

thermodynamically stable intermolecular interactions within the respective systems. Similarly, 

both bpy and bpe are excellent hydrogen bonding acceptors and thus can work as spacers in 

extended 3D hydrogen bonded frameworks.73,154-156 Acetonitrile was selected as a solvent of 

crystallization since our previous studies explored the ability of acetonitrile to interact with 

framework component with comparatively weak van der Waals forces.73,154 Recently, Atwood et 

al. showed that “a frustrated form” of PgC5 possesses affinity for CO2 adsorption at high 

pressure.173 Along the same line, we have attempted to enhance the CO2 sorption ability of these 

PgC5 based frameworks by co-crystallization of PgC5 with organic spacer molecules under 

controlled conditions. 
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Scheme 4.1: Component of frameworks  

4.1.2. Synthesis of 1 [(PgC5) (bpy) (MeCN)] 

2ml of 0.01M c-pentylpyrogallol[4]arene (PgC5)69 in acetonitrile (MeCN) is mixed with 

2ml of 0.01M 4,4’-bipyridine (bpy) solution in the same solvent in a 20 ml glass vial. The clear 

solution is allowed for slow solvent evaporation by unwinding the lid of the vial. Colorless 

crystals were grown in the vial over the period of 4-6 days.  

4.1.3. Synthesis of 2 [(PgC5) (bpe) (MeCN)]  

2 ml of 0.01M PgC5 in MeCN is mixed with 2ml of 0.01M (1,2-Bis(4-pyridyl)ethylene 

(bpe) solution in the same solvent in a 20 ml glass vial. The clear solution is allowed for slow 

solvent evaporation by unwinding the lid of the vial. Colorless crystals were grown in the vial 

over the period of 3-4 days. 

4.1.4 Crystal structure of 1[(PgC5) (bpy) (MeCN)] 

Single crystal X-ray diffraction (XRD) data reveals that the asymmetric unit of 1 contains 

one PgC5, one bpy and two acetonitrile molecules. The intermolecular interaction involves O-

H···O (2.83 Å) hydrogen bonds (H-bonds) with two adjacent PgC5 which are slightly tilted with 

respect to the parent PgC5. (Figure 4.1) The parent PgC5 forms O-H···O (2.78-2.98 Å) 

intermolecular H-bonding interactions with two adjacent inverted PgC5. (Figure 4.1) Two 
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hydroxyl groups of the PgC5 also form O-H···N (2.61-2.65 Å) interactions with two bpy 

molecules slightly tilted with respect to the PgC5. (Figure 4.1) Through the other end, these two 

bpy molecules also interact with two inverted PgC5 and form similar O-H···N interactions. A 

solvent acetonitrile molecule also forms an O-H···N (2.84 Å) H-bond with one of the hydroxyl 

group of the parent PgC5.  

 

Figure 4.1: Hydrogen bonding interactions around parent PgC5 with adjacent PgC5 and bpy 

molecules. (Color codes: Gray-Carbon, Blue- Nitrogen, Red-Oxygen, Light browm- parent 

PgC5) (Hydrogen atoms and solvent molecules omitted for clarity) 

4.1.5 Crystal structure of 2[(PgC5) (bpe) (MeCN)] 

The crystal structure of 2 shows the hydroxyl groups on the PgC5 form four O-H···O 

(2.71 Å) intramolecular H-bonds and thus, maintains perfect cone/bowl shape geometry. The 

hydroxyl groups also interact with the hydroxyl groups of four inverted PgC5 forming a total of 
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eight O-H···O (2.75 Å) intermolecular H-bonds (Figure 4.2A). These intermolecular interactions 

amongst PgC5 molecules result in a wave-like H-bonding pattern between PgC5. The parent 

PgC5 also interact with four bpe molecules through O-H···N (2.68 Å) H-bonding interactions 

(Figure 4.2A). Again, these four bpe molecules form O-H···N (2.68 Å) interactions with four 

inverted PgC5, resulting in the formation of an extended wave-like H-bonding pattern between 

PgC5 and bpe. In the extended crystal packing, all the PgC5 are stacked head-to-tail on top of 

each other, thus forming columns of PgC5 along the [001] crystallographic direction. Two 

disordered acetonitrile molecules occupy the void space between two head-to-tail arranged PgC5 

(Figure 4.2B). The slightly tilted bpe molecules are arranged in the space between four such 

columns of PgC5. This extension of the framework along the [001] crystallographic direction 

affords the formation of small channels passing through the head-to-tail arranged PgC5 columns. 

(Figure 4.2C) 



 

77 
 

 

Figure 4.2: A] Intermolecular hydrogen bonding pattern in framework 2 (hydrogen atoms are 

excluded for clarity). B] Acetonitrile molecules occupying void spaces between head-to-tail 

arranged PgC5. C] Extended view of hydrogen bonding and stacked PgC5 columns along the 

[001] crystallographic direction in 2 (hydrogen atoms and solvent molecules are excluded for 

clarity). (Color codes: Red-Oxygen, Gray-Carbon, Blue-Nitrogen, Light brown-Parent PgC5, and 

White=Hydrogen) 

4.1.6 Synthesis of bulk material of SOFs  

Since both frameworks possess distinct and unique arrangements of components in the 

crystal lattice, bulk synthesis of frameworks 1 and 2 were carried out in similar solvent system 

and with similar stoichiometric ratio.  
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 4.1.7 Synthesis of B1 (Balk material of framework 1)  

0.1g of PgC5 is mixed with 10 ml of acetonitrile at 80°C. In this hot clear solution, 

0.037g of bpy is added and stirred for 5 minutes at the same temperature. Heating of the reaction 

is turned off after 5 minutes; white crystalline solid afforded thereafter is filtered off at room 

temperature and washed with 5 ml chilled acetonitrile and subsequently dried under vacuum at 

room temperature for 10 hours. The purity of final product is (0.078g, 56 % yield) verified with 

1H NMR and powder X-ray diffraction.  

4.1.8 Synthesis of B2 (Bulk material of framework 2)  

0.1g of PgC5 is mixed with 10 ml of acetonitrile at 80°C. In this hot clear solution, 

0.044g of bpe is added and stirred for 5 minutes at the same temperature. Heating of the reaction 

is turned off after 5 minutes, yellow crystalline solid afforded thereafter is filtered off at room 

temperature. Washed with 5 ml chilled acetonitrile and allow to dry under vacuum at room 

temperature for 10 hours. The purity of product is (0.068g, 47 % yield) verified with 1H NMR 

and powder X-ray diffraction. 

4.1.9 Desolvation studies of B1 and B2 

The experimental powder XRD patterns of B1 and B2 match well with the simulated 

powder XRD patterns from single crystal data. (Figure 4.3) Thermogravimetric analysis (TGA) 

data show that in B1, out of two solvent acetonitrile molecules, one acetonitrile actually forms a 

hydrogen bond with the hydroxyl groups of the PgC5. Thus, removing those solvent molecules 

resulted in the breaking down of the assembly. (Figure 4.3, A) Whereas, in B2 all hydroxyl 

groups of PgC5 are bonded either with hydroxyl groups of other PgC5 or with bpe molecules. 

The solvent molecule is not directly hydrogen bonded to any other component of framework.  

Instead, it interacts with the bowl shaped cavity and with the c-pentyl tail of the PgC5 through 



 

79 
 

comparatively weak van der Waals interactions. Thus, weakly bound acetonitrile molecules in 

B2, are comparatively easy to remove without breaking down the assembly. Thus, the 

remarkable thermal robustness of framework B2 even at 120°C is attributed to the evenly 

distributed hydrogen bonding interactions and loosely bound solvent molecules. (Figure 4.3, B) 

1H NMR and TGA of B2 after heating at different temperatures confirm the loss of solvent 

molecules. (Figure 4.4) A singlet peak at 2.06 ppm on 1H NMR scale is due to the -CH3 group of 

acetonitrile in d6-DMSO which diminishes as temperature of B2 raised under vacuum. (Figure 

4.4, A) The single crystal data of 2 (activated at 120°C under dynamic vacuum for 12 hours) 

shows no significant change in the arrangement of the PgC5 and bpe. There is still some residual 

electron density attributable to the presence of partially occupied acetonitrile in the void spaces 

between the head-to-tail arranged PgC5.  

 

Figure 4.3: PXRD patterns of A] B1 and B] B2 activated at different temperature 
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Figure 4.4 A] 1H NMR of B2 heated at different temperature under vacuum B] TGA graph of 

B2 and B2 activated at 120°C 

4.1.10. Gas sorption on SOFs 

The permanently porous nature of B2 was further confirmed by its gas adsorption ability. 

The sample was activated at 100°C for 12 hours under dynamic vacuum. Activated B2 shows 

significantly higher CO2 uptake (0.75 mmol/g at 298K and 1 atm) compared to other gases such 

as N2, O2 and Ar (Figure 4.5, A). The amount of CO2 adsorbed at 1 atm is 0.75 moles per mole 

of B2. The CO2 uptake value is comparable to other SOF based materials such SOF-1a, 

TBC[4]DHQ, and organic molecular cages but lower than other classes of benchmark materials 

such as MOFs, COFs or aluminosilicate zeolites (Table 4.1). Moreover, the CO2 adsorption 

capacity of B2 was found to be almost twenty times more than particular crystalline forms of 

parent PgC5, under identical experimental conditions.173 This shows that the judicious choice of 

co-organic components can lead to multifold increase in the adsorption properties of a porous 

organic solid (PgC5). 
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Figure 4.5: A]Gas adsorption in B2 at 298K at 1atm B] Heat of adsorption value of 

CO2adsorption in B2  

Table 4.1: Comparison of CO2 adsorption within B2 with other materials  

Materials V(CO2) [cm3/g] Qst[KJ/mol] Ref 

B2 15a 20 This work 

SOF-1a 16a 27.6 168 

TPP 21a - 171 

TBC[4]DHQ 35b - 169 

Molecular cage 4.5c - 170 

a=CO2 adsorption at 1atm and 298K, b=CO2 adsorption at 35 atm, c=CO2 adsorptionat 1 atm and 

293K 

The heats of adsorption (Qst) for CO2 adsorption, calculated by fitting the adsorption data 

at 298 K and 288 K to the Clausius-Clapeyron equation, were found to be ~20 kJ mol-1 at zero 

loading (Figure 4.5, B). We postulate that the adsorbed CO2 molecules occupy the space vacated 

by acetonitrile molecules and thus interact with PgC5 bowl shaped cavity as well as the pyridine 

nitrogen atom of the bpe linker.49 The shape similarity of the linear CO2 molecules with 
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acetonitrile also affords a significantly higher adsorption for CO2 with respect to other adsorbate 

molecules. The difference in adsorption capacity of CO2 and N2 under ambient conditions 

highlights the potential of these materials for CO2/N2 separation from flue gas stream.  

In summary, a novel SOF material, synthesized by co-crystallization of an organic linker 

and a porous organic solid, showing multifold increase in gas-adsorption capacity with respect to 

each organic component. The strong CO2 adsorption capacity of the SOF is related to interaction 

of the adsorbed CO2 molecules with the pyridine nitrogen atom of the organic components. The 

high CO2 selectivity of the SOF material over N2 warrants further research on this type of 

material for gas adsorption and separation related application. 

4.2. Xe and Kr adsorption in organic solids 

4.2.1. Introduction 

Nuclear energy is a highly dense, clean, and affordable alternative for our rapidly 

depleting non-renewable fossil fuels.174,175 However, radioactive, used nuclear fuel (UNF) from 

energy generation in nuclear power plants requires an economically viable process to recover 

precious isotopes and mitigate the amount of radioactive waste to be sequestered. The production 

of volatile radioactive nuclides poses difficulties in the reprocessing of the UNF. These volatile 

radionuclides predominantly include 3H, 14C, 129I, and isotopes of Xe and Kr. Xe and Kr are 

present in ppm concentrations in the off-gas of UNF reprocessing facilities.176 Cryogenic 

distillation is the incumbent technology to capture and separate these noble gas isotopes from air. 

However, cryogenic distillation is energy- and capital- intensive, and the radiolytic formation of 

ozone during this process poses an explosion hazard.177 Thus, there is a need for a safer, more 

cost-effective approach to capture and separate Xe and Kr from UNF off-gas. 
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The captured radioactive 85Kr has a long half-life of 10.8 years and thus must be 

sequestered as radioactive waste for an extended period of time.178  On the other hand, 

radioactive 127Xe has a short half-life of 36.3 days and, consequently, after short-term storage, 

most of the Xe is non-radioactive. Separating the Xe and Kr to obtain pure Xe thus would 

significantly reduce the volume of radioactive waste to be sequestered. As Xe has many 

industrial applications, such as lighting, medical imaging, anesthesia and neuro-protection, it 

could be sold in the chemical market to offset operating costs.175,179 The conventional source of 

pure Xe and Kr for their myriad of industrial applications is from the separation of air via 

cryogenic distillation. As a byproduct of the separation of air, a stream of 20/80 mol % Xe/Kr 

exits the fractional distillation column; at Air Liquide,® this stream is stored in cylinders at 200 

bars and subsequently shipped to another plant for another round of cryogenic distillation to 

further separate the Xe/Kr mixture to obtain pure Xe and pure Kr. Thus, there is also an 

industrial need for a more cost-effective process to separate a Xe/Kr mixture.180 

Physisorption based separation at room temperature utilizing a porous material is a 

potentially cost-effective alternative to the conventional cryogenic distillation process.175 As Xe 

will outcompete Kr for adsorption sites (as Xe has a larger electron cloud and consequently a 

deeper potential well),181 we seek a material that is selective for Xe over Kr to first remove the 

Xe from the UNF reprocessing off-gas; Kr can then be removed from the Xe-free effluent in a 

second step.175,182 In the category of traditional porous materials, zeolites and activated carbon 

have been tested for noble gas capture; however, they suffer from relatively low selectivity, lack 

of modularity, and fire hazards.183-185 More advanced and highly-tunable classes of nanoporous 

materials, metal-organic frameworks (MOFs), porous coordination polymers, and porous 

molecular crystals, have now emerged with promising potential for Xe/Kr 
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separations.45,175,180,182,186-191 In particular, porous organic cage-like material CC3 exhibits a cage 

commensurate with the size of Xe and demonstrated a selectivity of 20 KJ/mol for Xe over Kr 

from a simulated UNF reprocessing facility off-gas stream.45 

For further expansion of this class of porous organic materials, here we have evaluated an 

organic oligomeric compound, “molecular waterwheel” noria (C96 H102 O24), (Figure 4.5A) and 

its structural analogue, PgC-noria (C96 H102 O36), (Figure 4.5B) for their potential application in 

Xe and Kr capture.151,153,192 Computational studies have shown that the most Xe-selective 

materials have an optimal pore diameter large enough to accommodate at most one Xe 

atom.190,193 Our group previously reported that the amorphous form of noria and its BOC-

derivative exhibit selectivity for CO2 over H2 and N2 at high pressure.85  Noria has a central 

molecular cavity of diameters in the range of 5 Å – 7 Å, which is close to the atomic diameter of 

Xe (4.1 Å). (Figure 4.5) Thus, noria and its derivatives (PgC Noria) can be considered as 

potential candidates for separating a Xe/Kr mixture at ambient conditions. 

4.2.2 Synthesis of Noria
152

 

Resorcinol (20mmol) and Glutyraldehyde (Pentanedial 50% water) was mixed in ethanol 

and refluxed under stirring at 80°C for 72 hours in presence of concentrated HCl (3 ml). The 

reaction mixture is cooled to room temperature and poured in to large amount of methanol 

(200ml) to afford a yellowish solid. The solid is washed several times with diethyl ether and 

dried in vacuum at 60°C for 12 hours.  Yield 0.85 g (75%) of solid noria. 1H NMR (300 MHz), 

d-DMSO-tetramethylsilane): δ- 0.84-2.07ppm (m, 36H, -CH2CH2CH2-), 3.96-4.4ppm (m, 12H, 

>CH-), 6.00-7.48ppm (m, 24H, Ar-H), 8.60-9.40ppm (m, 24H, -OH) 
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4.2.3 Synthesis of PgC Noria 

Pyrogallol (20mmol) and Glutyraldehyde (Pentanedial 50% water) was mixed in ethanol 

and refluxed under stirring at 80°C for 72 hours in presence of concentrated HCl (3 ml). The 

reaction mixture is cooled to room temperature and poured in to large amount of methanol 

(200ml) to afford a white solid. The solid is washed several times with diethyl ether and dried in 

vacuum at 60°C for 12 hours.  Yield 0.79 g (70%) of solid PgC noria. 1H NMR (300 MHz), d-

DMSO-tetramethylsilane): δ- 0.84-2.83ppm (m, 30H, -CH2CH2CH2-), 3.96-4.4ppm (m, 12H, 

>CH-), 6.09-6.83ppm (m, 12H, Ar-H), 7.82-9.40ppm (m, 36H, -OH)  

 

Figure 4.6: A] Spacefill view of noria B] PgC noria with seven guest dimethyl formamide 

molecules (Color codes: Gray-Carbon, Red-Oxygen, Light browm- DMF) (Hydrogen atoms and 

solvent molecules omitted for clarity) 

 

The plate-like crystals of PgC-noria were grown in dimethyl formamide (DMF). The bulk 

phase purity of noria and PgC-noria were established by means of powder XRD and 1H NMR. 

The crystal structure of noria is a double cyclic ladder-type oligomer, where each ring has three 

alternate resorcinol and methylene units; these two rings are connected through six resorcinol 
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units. This large macrocycle has six small cavities at the periphery and a large hydrophobic 

cavity at the center (Figure 4.5, A). The previously reported crystal structure of noria confirms 

the diameter of the central cavity is 5 Å – 7 Å, and the internal volume was calculated to be 

about 160Å3.194 The double cyclic ladder-like macrocycle of PgC-noria is formed with twelve 

pyrogallol and six methylene units. It also has six small cavities at the periphery and one large 

hydrophobic cavity at the center similar to molecular cavities in noria. The nature of guest 

solvent – host framework interaction in PgC-noria was found to be similar to that of noria: a 

single PgC-noria molecule hosts seven DMF molecules in molecular cavities and intermolecular 

void spaces in its crystal structure, while seven dimethyl sulfoxides (DMSO) occupy the space in 

the molecular cavities of noria. (Figure 4.5, B) 

4.2.4. Thermogravimetric analysis (TGA) and Powder X-ray diffraction (PXRD) studies of 

bulk noria and PgC noria 

 

Figure 4.7: TGA graphs of A] noria and B] PgC noria 

 

Thermogravimetric (TGA) analysis of these bulk materials shows an initial weight loss of 

10% until 50°C to 70°C, which is associated with the removal of solvent molecules to the porous 
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form (or activated form). (Figure 4.6) The variable temperature in-situ powder X-ray diffraction 

(PXRD) studies on PgC-noria and noria showed that both materials remain crystalline until at 

least 150°C, with sharp peaks between angles 5°-15° and broad peaks between angles 15°-25° 

(Figure 4.7). The broad peaks may be associated with the lack of long range ordering because of 

ineffective packing of the macrocycles. The change in the relative peak heights in PXRD at 

different temperatures is associated with loss of solvent molecules without losing the initial 

arrangement of cage molecules in the extended framework. 

 

Figure 4.8: PXRD pattern of A] noria and B] PgC noria activated at various temperature (Red- 

25°C, Green-50°C, Dark green- 80°C, Blue-100°C, Pink-120°C, Black- 150°C) 

4.2.5 Xe and Kr adsorption studies with noria and PgC noria  

In addition to molecular pores commensurate with the size of Xe, the high thermal 

stability of both noria and PgC-noria make them potential candidates for use in a physisorption-

based Xe/Kr separation process. Noria and PgC noria bulk materials were activated at 120°C 

under vacuum for 10 hours before exposed to gas sorption studies. We measured the pure-

component Xe and Kr adsorption-desorption curves in both materials at 298 K, 288 K, 278 K, up 

to a pressure of 1 bar. Noria in particular shows a strong preference for Xe adsorption over Kr at 



 

88 
 

all these temperatures. At 1 bar and 298 K, noria adsorbs 1.55 mmol/g, compared to 0.64 mmol/g 

Kr. (Figure 4.8, A) In contrast, PgC-noria does not have high (or selective) Xe uptake. (Figure 

4.8, A and B) The distinguished higher capacity of Xe adsorption by noria is attributed to the 

molecular sized pores within the noria molecules as well as the less dense or porous nature of the 

bulk crystalline noria. In contrast, the thirty six hydroxyl groups at the outer rim of PgC-noria 

molecule enhance the intermolecular hydrogen bonding interactions, which induce a more 

densely packed arrangement in the bulk PgC-noria. As a result, PgC-Noria is less impermeable 

for gases than noria. (Figure 4.8, B) The isosteric heats of adsorption (Qst) of Xe and Kr 

adsorption for noria were calculated from the temperature-dependence of the pure-component 

adsorption isotherms (278 K, 288 K, 298 K) using the Clausius-Clapeyron equation. The 

calculated Qst values of Xe adsorption are 24.5kJ/mol - 26.9 kJ/mol, higher than the Qst of Kr 

adsorption (20.1 KJ/mol - 21.4 KJ/mol) within same loading range. The Qst for Xe adsorption in 

noria is slightly lower than CC3 (27.80 ± 1.20 kJ mol-1)45 and cobalt formate (28 kJ mol-1),195 

but higher or comparable to most of the previously reported benchmark MOFs such as IRMOF-1 

(15 kJ mol-1),196 NiMOF-74 (22 kJ mol-1),196 HKUST-1 (26.9 kJ mol-1),187 MFU-4l (20 kJmol-

1)197 and SBMOF-2 (26.4 kJmol-1).186 Nevertheless, the difference in Qst for Xe and Kr lead us 

to multicomponent adsorption studies on noria. 
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Figure 4.9: A]Xe and Kr adsorption in noria at 298K B] Comparison of Xe adsorption in noria 

and PgC noria at 298K 

 

Ideal adsorbed solution theory (IAST) is a widely adopted method to predict 

multicomponent isotherms from pure-component isotherms.198,199  IAST can accurately predict 

binary Xe/Kr adsorption isotherms in MOFs from pure-component Xe and Kr adsorption 

isotherms. Thus, our collaborator employed IAST to estimate the Xe/Kr adsorption selectivity 

for noria using pyIAST.200 For a 20/80 mol% Xe/Kr mixture at 1 bar and 298 K, relevant to 

replacing the conventional cryogenic distillation process to obtain pure Xe and pure Kr, the 

IAST Xe/Kr selectivity of Noria is 9.4. At dilute conditions (e.g. 40 ppm Xe, 400 ppm, Kr, 

relevant to UNF reprocessing), we took the ratio of the Henry coefficients of Xe and Kr in noria 

to predict its Xe/Kr selectivity, which is consistent with IAST. Noria exhibits a Xe/Kr selectivity 

of 9.4 at dilute conditions, higher than benchmark MOFs Ni-MOF-74,196 HKUST-1187, SBMOF-

2186 and IRMOF-1196 (Figure 4.9). Noria also has a reasonably high Xe Henry coefficient. For 

comparison, although breakthrough experiments using CC3 with simulated UNF reprocessing 

off-gas revealed a Xe/Kr selectivity of 20.4, the ratio of Xe to Kr Henry constants in CC3 is 12.8. 

(Figure 4.9) 
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Figure 4.10: Survey of Xe/Kr adsorption isotherm data. We extracted Henry coefficients and 

resulting selectivities from experimental pure-component Xe and Kr adsorption isotherms at 298 

K in the literature. A good material for Xe/Kr separations should exhibit both a high selectivity 

and a high Xe Henry coefficient (+ 297K, ++ 292K) 

4.2.6 Simulation studies of Xe and Kr adsorption with Noria 

Our collaborator at University of California Berkeley, utilize molecular models to 

identify the adsorption sites for Xe and Kr in a noria unit. Using Lennard-Jones potentials for Xe 

and Kr and the classical Dreiding force-field for the noria unit, he visualized the potential energy 

contours of a Xe and Kr adsorbate around a noria unit in Figure 4.10 (see supporting information 

section 6).181,201-203 There are six adsorption sites around the periphery. The strongest adsorption 

site is in the center of the waterwheel unit. Note that Kr does not have a -35 kJ/mol contour at the 

center or a -25 kJ/mol contour at the periphery, while Xe does, indicating the stronger affinity of 

the noria unit for Xe in both the center and periphery.  
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Figure 4.11: More potential energy contours of Xe (green) and Kr (blue) adsorbates around a 

single noria unit. Shown are contours at -15, -25, and -35 kJ/mol in progressing darkness.  

 

While modeling and simulating adsorption in MOFs and zeolites is a mature field, 

modeling adsorption in porous molecular materials such as noria is a significant challenge 

because the packing of the porous organic units is difficult to predict.204 Bulk noria is particularly 

challenging to model because of the absence of long-range ordering of the waterwheel units. To 

circumvent the challenge of modeling the structure of an amorphous material, he assessed if 

prediction of Xe/Kr selectivity of bulk noria is possible by considering only a single noria 

molecule. While porous organic molecular materials can exhibit both intrinsic porosity from a 

pore in a single unit and extrinsic porosity from the inefficient packing of units, simulating 

adsorption in only a single noria unit dominantly considers its intrinsic porosity.205-207 Instead of 

explicitly defining a Gibbs dividing surface for a single noria unit,208 he took inspiration from 

experimental volumetric adsorption measurements where helium is used as a non-adsorbing gas 

to probe the accessible volume.209 He placed a single noria unit inside a simulation box and 
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perform Monte Carlo simulations of Xe, Kr, and He adsorption in the grand canonical ensemble 

(see Supporting information, section 5). We then subtract the He adsorption from the Xe and Kr 

adsorption to obtain the Gibbs excess gas uptake in noria. 

Figure 4.11 shows the simulated excess Xe and Kr adsorption isotherms in comparison to 

the experiment. At low pressures, the agreement between the simulated and experimental Xe and 

Kr uptake is reasonable; IAST calculations using the simulated adsorption isotherms predict a 

Xe/Kr selectivity of 10, in good agreement with the ratio of Xe and Kr Henry coefficients in the 

experimental isotherms (9.4). We attribute the match of our simulations to experiment at low 

pressures to the dominance of the intrinsic porosity of noria in determining adsorption at low 

coverage. Energy contours in Figure 4.10 confirm that the strongest adsorption site is in the 

center of the noria unit. At higher pressures, the extrinsic porosity due to packing becomes more 

important, and simulations over-predict the adsorption. These results suggest that, when intrinsic 

porosity dominates, simulations of adsorption in a single porous organic unit can reasonably 

predict low pressure uptake. This may justify considering only a single unit of porous organic 

molecules in high-throughput screenings for low-pressure applications, such as capturing Xe and 

Kr from UNF reprocessing facilities. Using the same simulation method, we obtained excellent 

agreement with the Kr isotherm in CC3, but simulations underestimate the Xe adsorption, 

leading to a predicted selectivity of 5.4 at dilute conditions (supporting information, section 5). 

The simulated isosteric heat of adsorption of Xe and Kr in noria at low pressures is 35 and 18 

kJ/mol, respectively. 
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Figure 4.12: Comparison of simulated and experimental Xe and Kr adsorption in noria  

 Porous crystalline noria exhibits superior Xe adsorption compared to PgC-noria. The 

hydrophobic cavity at the center and small cavities at the periphery of the noria molecule 

construct adsorption sites for Xe and Kr capture at molecular level, as revealed by molecular 

models. Experimental adsorption data, isosteric heats of adsorption, and IAST calculations show 

that noria exhibits an outstanding Xe/Kr selectivity of 9.4 at dilute conditions. By considering 

only the intrinsic porosity in noria and simulating adsorption in a single unit, we predicted a 

Xe/Kr selectivity that matched the experiment. The high Xe/Kr selectivity and thermal stability 

of noria make it a potential candidate for capturing Xe from UNF reprocessing off-gas. 
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Chapter 5. Seperation of conformers from the tail-functionalized resorcin[4]arenes and 

pyrogallol[4]arenes  

5.1 Introduction 

In the context of construction of SOFs, subclasses of calix[4]arenes, pyrogallol[4]arenes 

and resorcinol[4]arene have proven to be excellent building blocks because of their unique bowl-

like shape and functionality.73,154-156 The conventional c-alkylresorcin[4]arenes (RsC) and c-

alkylpyrogallol[4]arenes (PgC) formed from four resorcinol/pyrogallol rings bridged through 

methylene group where C-alkyl tail emerging from bridged methylene carbon.  These structural 

features are useful not only in the construction of various supramolecular frameworks such as 

hydrogen bonded dimers/hexamers72,78  and metal seamed dimers/hexamers,83,84 but also in the 

applications of RsC and PgC in the field of molecular recognition,138,139 host-guest 

complexes136,137 gas sorption and separation,35,173 etc.  

Typically, crystallization of RsC and PgC in various organic solvents resulted in to 

formation of either bilayer or hexameric arrangements of macrocycles.72,140 However, 

substitution at the bridged methylene carbon induces change in these typical arrangements and 

form hexameric nanotubular assemblies.81 Thus, substitution at the bridged methylene group is 

one of the preferred route for expansion of variety of frameworks based on the RsCs and PgCs. 

However, aryl group substitution at methylene group may accompanied by the conformational 

changes in the RsC and PgC macrocycle.93 Thus, these derivatives of RsC and PgC can adopt 

cone, boat, chair, saddle, and diamond conformers. The orientation of R group and hydrogen on 

the bridged carbon defines the relative configurations such as all cis, rcct, rctt, and rtct (Scheme 

5. 1, A).67  
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Scheme 5.1: A] Arrangement of R group in the various conformers B] Types of hydroxyl groups 

in 1 and 2  

 

The boat and cone conformers interconvert rapidly to give time averaged cone conformer 

in solution phase. However, the interconversion of chair, saddle, and diamond in to other 

conformer is energy-intensive and requires breaking down at least two covalent bonds.70 

Variable temperature 1H NMR studies of different conformers show that for RsC, the rctt chair 

conformer is a kinetic product and can be converted into thermodynamically more favorable  all 

cis boat form by refluxing chair conformer in homogeneous acidic conditions.93 Another 

experimental and theoretical study shows that for PgC, all cis boat/cone conformers are 

kinetically stable and rctt chair conformer is thermodynamically more stable.82 These different 

findings were supported with difference in molecular structure of RsC and PgC which varies 

with number of hydroxyl groups on the macrocycle and thus offer different intra as well as inter 

molecular bonding interactions. However, the preference for particular conformer is influenced 
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by multiple factors such as reaction conditions, solubility of conformer in particular solvent, and 

types of functional R group.71  

A good deal of information is available on the synthesis of a particular conformer and 

interconversion of conformers of RsC and PgC,67,69,98,210,211  however, very less work has been 

done on post synthetic process development for separation of the conformers from each other or 

from mixture of conformers. In this chapter, we elaborated synthesis of 4-

hydroxyphenylresorcinol[4]arene (1) and 4-hydroxyphenylpyrogallol[4]arene (2) (Scheme 1, B) 

from resorcinol/pyrogallol and 4-hydroxybenzaldehyde and solvent extraction technique is 

applied for the separation of chair and boat/cone conformer from crude mixture. The separation 

of the conformers is monitored with nuclear magnetic resonance spectroscopy (1H NMR) and 

shapes of the conformers are confirmed with single crystal studies of the fractions obtained from 

solvent extractions.   

5.2 Synthesis and conformation separation experiments of 1 and 2  

The synthesis of macrocycles (1 and 2) was carried out in a conventional homogeneous 

acid catalysed condensation reaction where resorcinol/pyrogallol was refluxed with 4-

hydroxybenzaldehyde in presence of concentrated HCl in ethyl acetate for twelve hours. The 

solid product was then filtered and dried at room temperature under vacuum. This dried powder 

was used as a crude product for conformation separation/solvent extraction experiments.  

5.2.1 Synthesis of 1  

Resorcinol (1g, 9 mmol) and 4-hydroxybenzaldehyde (1.2g, 9 mmol) are mixed together 

in ethyl acetate (10ml). The mixture is then refluxed at 100°C with the addition of 5-6 drops of 

Conc. hydrochloric acid. The pink coloured solution is then allowed to reflux at same 

temperature for 12 hours. The precipitate obtained after 12 hours is then filtered off and washed 
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with cold ethyl acetate (5ml). Solid obtained is then dried off in vacuum dryer overnight. The 

dried powder (2.41g, yield =28%) is then used for 1H NMR analysis and conformation separation 

experiments.  

5.2.2 Synthesis of 2 

Pyrogallol (1g, 8 mmol) and 4-hydroxybenzaldehyde (0.96g, 9 mmol) are mixed together 

in ethyl acetate (10ml). The mixture is then refluxed at 100°C and added 5-6 drops of Conc. 

hydrochloric acid. The clear solution is then allowed to reflux at same temperature for 12 hours. 

The precipitate obtained after 12 hours is then filtered off and washed with cold ethyl acetate 

(5ml). Solid obtained is then dried off in vacuum dryer overnight. The dried powder (2.21g, yield 

=24%) is then used for 1H NMR analysis and conformation separation experiments.  

5.2.3 Conformation separation in 1  

500 mg of crude is stirred at 0°C in 25ml of different solvents such as methanol, acetone, 

acetonitrile, and ethyl acetate for 30 mins in five different containers. Each fraction is then 

filtered separately and washed off with 5ml of cold respective solvent. The precipitate is dried 

and used for 1H NMR analysis. The solvent from the each filtrate is removed separately under 

vacuum. The solid obtained is used for 1H NMR.  

5.2.4 Conformation separation in 2  

500 mg of crude is stirred at 0°C in 25ml of different solvents such as methanol, acetone, 

acetonitrile, and ethyl acetate for 30 mins in five different containers. Each fraction is then 

filtered separately and washed off with 5ml of cold respective solvent. The precipitate is dried 

and used for 1H NMR analysis. The solvent from the each filtrate is removed separately under 

vacuum. The solid obtained is used for 1H NMR. 
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5.3 Analysis of Conformation separation of 1 and 2 

1H NMR spectrum of crude product obtained from synthesis of 1 revealed that the crude 

product is a mixture of cone and chair conformers. (Figure 5.1) The crude product of 1 contains 

33% of cone conformer and 66% of chair conformer. (Table 5.1) Earlier studies showed that for 

phenyl substituted RsC, the cone conformer is thermodynamically more stable and preferred 

over kinetically stable chair conformer.67 However, with 4-hydroxyphenyl substitution, the chair 

conformer seems to be thermodynamically more stable than cone conformer in the given reaction 

conditions. The separation of boat and chair conformer is carried out using solvent extraction 

technique with four different solvents. Methanol, acetone, acetonitrile and ethyl acetate were 

used separately for the separation experiments since these solvents have different polarity. Small 

amount of crude product is stirred for 30 mins in these solvents separately at 0°C. The remaining 

residue is then filtered off and mother liquor is dried under vacuum to yield a solid powder. The 

1H NMR spectra of both fractions (residue from filtration and solid recovered from mother 

liquor) reveal the percentage composition of conformers in the respective fraction. (Figure 5.1) 

Methanol extracts most of the chair conformer from the mixture and thus the residue left with 

mixture of chair and cone conformers. The percent composition of methanol extract remains 8% 

cone conformer versus 92% chair conformer (Table 5.1). However, acetone and acetonitrile 

extract more cone conformer than methanol and the extracted fraction has almost 80% of cone 

conformer and ~20% of chair conformer (Table 5.1). However, the ethyl acetate fraction has 

cone and chair conformers nearly in similar ratio as the crude product. Thus acetone and 

acetonitrile can be used to extract cone conformer from mixture of cone and chair conformers. 

On the contrary, methanol can be used to extract chair conformer from the mixture of cone and 

chair conformers.  
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Table 5.1: Percent composition of cone and chair conformer in respective solvent fractions 

 

1 2 

% 

Cone  

% 

Chair 

% 

Cone 

% 

Chair 

Crude 33 66 33 66 

Methanol 8 92 61 39 

Acetone 79 21 51 49 

Acetonitrile 78 22 100 0 

Ethyl acetate 40 60 59 41 

 

 

Figure 5.1 Comparison of 1H NMR spectra of different solvent fractions form conformation 

separation experiments of 1  
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Similarly the crude product from synthesis of 2 also mixture of cone and chair 

conformers with percentage composition of 33% cone and 66% chair conformers (Table 5.1) 

(Figure 5.2). In case of aryl functionalized pyrogallol[4]arenes, the chair conformer is assumed 

to be thermodynamically more stable than the cone counterpart which is also true for 2.82 The 

conformation separation experiments with crude product of 2 were also carried out similar to 1. 

In case of 2, acetonitrile extracts only cone conformer with percentage composition of 100 % 

cone conformer and residue remains the mixture of cone and chair conformers. (Table 5.1) 

(Figure 5.2) However, methanol, acetone, and ethyl acetate extract both conformers in different 

composition. (Table 5.1) (Figure 5.2) Thus, extraction with acetonitrile is the only efficient 

process to separate cone conformer from chair conformer in 2.   

 

Figure 5.2: Comparison of 1H NMR spectra of different solvent fractions form conformation 

separation experiments of 2 
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Based on above information, acetone in case of 1 and acetonitrile in case of 2, are used 

for bulk separation of cone conformer from mixture of chair and cone conformers. Shape of the 

particular conformer and arrangement of these conformers in the extended framework 

architecture is evaluated by Single crystal X-ray diffraction studies. Solid extracted from these 

respective solvents and residues after extraction are dissolved in the mixture of acetonitrile and 

water (9:1, v/v) and single crystals were grown through slow evaporation of solvent over the 

period of 4-8 days. 

5.4 Growth of single crystals of 1 and 2  

20 mg of each boat/cone and chair conformer of 1 and 2 is dissolved in 5 ml of 

acetonitrile and water (9:1 V/V) mixture. The clear solution obtained thereafter is kept for slow 

solvent evaporation. After 4-5 days, needle-like and plate-like crystals were grown from the 

same solution. 

5.5 Crystal structure of chair and boat conformers of 1 

The crystal structure of 1Chair [(1-chair)·6(acetonitrile)·8(water)] has macrocycle with 

perfect chair conformer with C2h symmetry. A parent 1-chair macrocycle interacts with adjacent 

macrocycles with intermolecular hydrogen bonding interactions. Four resorcinol hydroxyl 

groups form O-H···O (2.75Å) hydrogen bonds with resorcinol hydroxyl group of adjacent 

macrocycle on diagonally opposite side (Figure 5.1, A), which creates 1D array of continuous 

hydrogen bonded macrocycles. Resorcinol hydroxyl groups of parent 1-chair also form O-H···O 

(2.68Å) hydrogen bonds with two water molecules on diagonally opposite sides. (Figure 5.1, A) 

Two resorcinol hydroxyl groups also form O-H···O (2.72Å) hydrogen bonds with phenolic 

hydroxyl groups of 1-chair placed on the top and below parent 1-chair (Figure 5.1, A), which 

forms a stack of 1-chair along [010] crystallographic line (Figure 5.1, B). Phenolic hydroxyl 
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groups of parent 1-chair interact with phenolic hydroxyl group of 1-chair placed in the adjacent 

stack of macrocycles through O-H···O (2.78Å) interactions. (Figure 5.1, B) One water molecule 

is placed in the space between two 1-chair and thus interact with one of phenolic hydroxyl 

groups through O-H···O (2.65Å) interactions. (Figure 5.3, B) Thus, a parent 1-chair macrocycle 

forms hydrogen bonds with four adjacent 1-chair and three water molecules  

 

Figure 5.3 A] Intermolecular hydrogen bonding arrangement of parent 1-chair with adjacent 1-

chair molecules in 1a B] Stack of 1-chair molecules along [010] crystallographic axis in 

extended framework of 1chair C] Hydrogen bonding interaction between parent 1-boat and 

adjacent 1-boat molecules in 1boat D]Columnar stacking of 1-boat molecules in the extended 
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structure of 1boat (Color codes: Gray-Carbon, Blue- Nitrogen, Red-Oxygen, Light brown- 

parent macrocycle) (Hydrogen atoms and solvent molecules omitted for clarity) 

 

1H NMR studies show presence of cone conformer of 1 in the solution phase, however 

crystal structure of 1boat [(1-boat)·6(acetonitrile)·5(water)] consists of a macrocycle in boat 

shape where two resorcinol orient at equatorial position while two resorcinol remain in the axial 

position. Four resorcinol hydroxyl groups form O-H···O (2.76Å - 2.81Å) hydrogen bonds with 

resorcinol hydroxyl group of adjacent and inverted 1-boat (Figure 5.3, C). Similar interactions 

occur between resorcinol hydroxyl groups of macrocycle placed on the opposite side. Thus, one 

parent 1-boat form eight such O-H···O interactions with two adjacent 1-boat on each side and 

thus induces 1D arrangement of macrocycles along (100) crystallographic plane (Figure 5.3, D). 

Two resorcinol hydroxyl groups also interact with two water molecules through O-H···O (2.67Å 

- 2.69Å) interactions. Two resorcinol hydroxyl groups also form O-H···O (2.72Å - 2.75Å) 

interaction with two phenyl hydroxyl groups of 1-boat which is slightly tilted over parent 

macrocycle (Figure 5.3, C). This intermolecular interaction also induces formation of 1D array of 

hydrogen bonded 1-boat running along [001] crystallographic axis (Figure 5.3, D). Two phenyl 

hydroxyl groups form O-H···O (2.70Å - 2.72Å) hydrogen bonds with two water molecules 

whereas one phenyl hydroxyl group forms O-H···N (2.71Å) hydrogen bond with acetonitrile 

molecule.   

5.6 Crystal structure of conformers of 2 

Crystallization of residue obtained after acetonitrile extraction of 2chair leads to the 

formation of 2chair [(2-chair)·2(acetonitrile)·6(water)], which has a chair conformer with 

pendent phenolic rings tilted slightly inwards. The four pyrogallol hydroxyl groups form O-
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H···O (2.79Å - 2.91Å) hydrogen bonds with pyrogallol hydroxyl group of adjacent 2-chair on 

each side (Figure 5.4, A). Three pyrogallol hydroxyl groups also form O-H···O (2.72Å - 2.85Å) 

hydrogen bonds with three water molecules (Figure 5.4, A). Two phenyl hydroxyl groups 

interact with phenyl hydroxyl groups of 2-chair placed above the parent 2-chair through O-H···O 

(2.73Å) interactions. (Figure 5.4, A) One phenyl hydroxyl group on the other side forms O-

H···O (2.73Å) hydrogen bond with one water molecule. Thus parent 2-chair hydrogen bonded to 

four 2-chair macrocycles and four water molecules. The extended crystal framework reveals the 

formation of two 1D hydrogen bonding patterns running perpendicular to each other. One pattern 

is a result of intermolecular hydrogen bonding between pyrogallol hydroxyl groups while the 

other one is due to intermolecular hydrogen bonding interactions between phenyl hydroxyl 

groups (Figure 5.4, B). 

 

Figure 5.4 A] Intermolecular hydrogen bonding interactions of parent 2-chair with adjacent 

macrocycles B] Two continuous 1D hydrogen bonding arrays in 2chair (Color codes: Gray-

Carbon, Red-Oxygen, Light brown- parent macrocycle) (Hydrogen atoms and solvent molecules 

omitted for clarity) 
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Similar to 1boat, Crystal structure of 2boat [(2-boat)·7(acetonitrile)·6(water)] also has a 

macrocycle in boat conformer. The hydroxyl groups of axial pyrogallol form O-H···O (2.84Å - 

2.87Å) hydrogen bonds with hydroxyl group of equatorial pyogallol from 2-boat adjacent to 

parent 2-boat on each side (Figure 5.5, A). These interactions induce continuous 1D array of 

hydrogen bonding interactions along [100] crystallographic line (Figure 5.5, C). Two hydroxyl 

groups from equatorial pyrogallol also form O-H···O (2.75Å - 3.05Å) interactions with two 

hydroxyl group of equatorial pyrogallol of a macrocycle place upside down over the parent 2-

boat. Two pyrogallol hydroxyl groups also interact with one water molecule through O-H···O 

(2.53Å - 2.63Å) interactions. Two pyrogallol hydroxyl groups also form O-H···O hydrogen 

bonds with two phenyl hydroxyl groups (Figure 5.5, B). Two phenyl hydroxyl groups also form 

O-H···O (3.01Å) hydrogen bonds with two phenyl hydroxyl groups of adjacent 2-boat. Thus, a 

parent macrocycle interacted with six adjacent 2-boat and two water molecule in the extended 

framework arrangement.    
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Figure 5.5 A] O-H···O intermolecular hydrogen bonds between parent 2-boat and adjacent 2-

boat molecules B] 2D array of intermolecular hydrogen bonds in the extended framework of 

2boat (Color codes: Gray-Carbon, Red-Oxygen, Light brown- parent macrocycle) (Hydrogen 

atoms and solvent molecules omitted for clarity) 
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Appendix: 

Table A1: Crystal structure data of frameworks 1ax, 1bx, 1by, 1cx, and 1cy from chapter 2  

 1ax 1bx 1by 1cx 1cy 

Molecula

r formula 

C54H51N5O8 C64H64N8O8 C128H120N8O24 C66H63N9O8 C128H96N8O24 

Formula 

weight 

898.03 1073.26 2154.40 1110.28 2130.21 

Crystal 

system 

monoclinic monoclinic monoclinic monoclinic monoclinic 

Space 

group 

P2(1)/m P2(1)/m P21/c P21/m P21/c 

Temp.(K) 173 173 173 173 173 
a(Å) 7.8208 10.0513 14.9172 10.129 14.663 
b(Å) 29.2071 25.4093 43.9979 25.3695 44.452 
c(Å) 9.9899 11.6609 18.223 11.4777 18.3387 
ɑ(°) 90 90 90 90 90 
β(°) 100.114 91.889 102.821 91.57 102.492 
γ(°) 90 90 90 90 90 

V(Å
3
) 2246.46 2976.53 11662.03 2948.29 11670.18 

Z 2 2 4 2 4 
 

Table A2: Crystal structure data of frameworks 2ax, 2bx, and 2cx from chapter 2 

 2ax 2bx 2cx 

Molecular formula C134 H142 N12 O16 C143.2 H142.8 N15.6 O16 C70 H65 N7 O8 
Formula weight 2176.68 2338.41 1132. 33 
Crystal system Monoclinic triclinic monoclinic 
Space group P21/c P-1 C2/c 

Temp.(K) 173 173 173 
a(Å) 9.1322 18.3231 18.9176 
b(Å) 24.8245 19.3301 13.1485 
c(Å) 24.9616 19.9951 27.231 
ɑ(°) 90 95.078 90 
β(°) 91.72 98.447 104.453 
γ(°) 90 110.844 90 

V(Å
3
) 5656.30 6470.35 6559.03 

Z 2 2 4 
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Table A3: Crystal structure data of frameworks 2ay, 2by, and 2cy from chapter 2 

 2ay 2by 2cy 

Molecular formula C116 H117.7 N6 O19 C132 H168 N8 O22 C136 H152 N9 O20 
Formula weight 1899.94 2218.83 2232.76 
Crystal system Triclinic Monoclinic Tricilnic 
Space group P-1 C2/c P-1 

Temp.(K) 173 173 173 
a(Å) 13.9236 16.7317 11.1659 
b(Å) 16.3535 15.0613 11.3572 
c(Å) 23.4788 23.7764 24.089 
ɑ(°) 94.21 90 77.464 
β(°) 102.18 102.962 81.008 
γ(°) 95.903 90 84.342 

V(Å
3
) 5173.13 5839.01 2938.70 

Z 2 2 1 
 

Table A4: Crystal structure data of frameworks 1dx, 1dy, 2dx, and 2dy from chapter 2 

 1dx 1dy 2dx 2dy 

Molecular 

formula 

C52 H53 N4 O8 C56 H56 N4 O8 C134 H153 N11 O16 C123 H172 N10 O25 

Formula weight 862.02 913.08 2173.76 2190.78 
Crystal system Monoclinic Orthorhombic Triclinic Monoclinic 
Space group P21/n Iba1 P-1 P21/n 

Temp.(K) 173 100 173 100 
a(Å) 11.31 27.03 14.17 17.69 
b(Å) 14.44 18.31 16.37 20.02 
c(Å) 27.01 19.17 26.37 34.76 
ɑ(°) 90 90 97.48 90 
β(°) 94.70 90 95.91 98.45 
γ(°) 90 90 102.92 90 

V(Å
3
) 4401.02 9493.32 5856.76 12186.09 

Z 4 8 2 2 
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Table A5: Crystal structure data of frameworks 1a, 1b, 2a, and 2b from chapter 3 

 1a 1b 2a 2b 

Molecular 

formula 

C124H134N10O24 C146H150N10O24 C79H64N10O12 C168H128N20O24 

Formula weight 2148.48 2428.85 1345.44 2810.99 
Crystal system Monoclicic Orthorhombic Tetragonal Monoclinic 
Space group P21/c Pna21 P4/ncc C2/c 

Temp.(K) 100 100 100 100 
a(Å) 21.1314 23.4514 21.6686 20.8301 
b(Å) 15.228 16.4326 21.6686 12.6507 
c(Å) 18.2707 16.8992 15.3857 29.0453 
ɑ(°) 90 90 90 90 
β(°) 110.133 90 90 107.33 
γ(°) 90 90 90 90 

V(Å
3
) 5517.04 6512.40 7424.02 7306.35 

Z 2 2 4 2 
 

Table A6: Crystal structure data of frameworks 3x, 3ax, 3ax.HCl, and 3bx.HCl from chapter 3 

 3x 3ax 3ax.HCl 3bx.HCl 

Molecular 

formula 

C42H51N1O16 C47H55N2O17 C48.8H52N2.9O19.1Cl2 C54H59N3O18Cl2 

Formula weight 

(g/mol) 

825.87 919.96 1055.67 1108.98 
 

Crystal system Monoclinic Triclinic Triclinic Monoclinic 
Space group C2/c P-1 P-1 P2/n 

Temp.(K) 100 100 100 100 
a(Å) 23.95 9.16 14.02 14.14 
b(Å) 8.98 12.36 14.49 8.98 
c(Å) 20.35 21.07 14.75 20.79 
ɑ(°) 90 80.38 104.27 90 
β(°) 116.58 79.24 115.10 94.26 
γ(°) 90 75.77 100.18 90 

V(Å
3
) 3918.85 2256.28 2494.17 2630.59 

Z 4 2 2 2 
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Table A7: Crystal structure data of frameworks D1, D2, and D3 from chapter 3 

 D1 D2 D3 

Molecular formula C69 H102 O21 S9 C170 H168 N12 O28 
S4  

C140 H154 N4 O33 S7 

Formula weight 

(g/mol) 

1556.14 2955.39 2646.22 

Crystal system Triclinic Monoclinic Triclinic 
Space group P-1 C2/m P-1 

Temp.(K) 100 100 100 
a(Å) 15.29 16.11 16.32 
b(Å) 15.67 28.18 19.66 
c(Å) 19.05 22.96 30.38 
ɑ(°) 99.47 90 104.01 
β(°) 111.68 91.17 92.68 
γ(°) 100.27 90 97.41 

V(Å
3
) 4044 10429.90 9356.80 

Z 2 2 2 
 

Table A8: Crystal structure data of frameworks 1, 2, and Activated 2 from chapter 4 

 1 2 Activated 2 

Molecular formula C62 H74 N4 O12 C76H90 N6 O12 C73.20 H77.20 N4.4 O12 
Formula weight 

(g/mol) 

1067.29 1281.52 1210.59 

Crystal system Monoclinic Tetragonal Tetragonal 
Space group P21/C P4/ncc P4/ncc 

Temp.(K) 100 100 100 
a(Å) 16.75 17.18 17.17 
b(Å) 13.88 17.18 17.17 
c(Å) 24.86 23.19 23.08 
ɑ(°) 90 90 90 
β(°) 96.54 90 90 
γ(°) 90 90 90 

V(Å
3
) 5743.93 6851.04 6812.27 

Z 4 4 4 
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Table A9: Crystal structure data of frameworks 1chair and 1boat from chapter 5 

 1chair 1boat 

Molecular formula C26 H20 O8 C56 H46 N2 O14 
Formula weight (g/mol) 460 970.99 

Crystal system Triclinic Orthorhombic 
Space group P-1 P212121 

Temperature (K) 100 100 
a(Å) 10.68 20.92 
b(Å) 11.03 25.45 
c(Å) 11.72 11.86 
ɑ(°) 79.90 90 
β(°) 83.99 90 
γ(°) 84.40 90 

V(Å
3
) 1348.86 6319.14 

Z 2 4 
 

 

Table A10: Crystal structure data of frameworks 2chair and 2boat from chapter 5 

 2chair 2boat 

Molecular formula C27 H29 N1 O11 C54 H43 N1 O17 
Formula weight (g/mol) 543.53 977.93 

Crystal system Triclinic Triclinic 
Space group P-1 P-1 

Temp.(K) 100 100 
a(Å) 10.60 11.32 
b(Å) 11.12 13.42 
c(Å) 12.35 22.15 
ɑ(°) 115.76 93.99 
β(°) 97.48 95.39 
γ(°) 97.21 103.46 

V(Å
3
) 1273.55 3244.17 

Z 2 2 
 

 

 

 



 

112 
 

References: 

 (1) Desiraju, G. R. Journal of the American Chemical Society 2013, 135, 9952. 

 (2) Bishop, R. CrystEngComm 2015, 17, 7448. 

 (3) Steiner, T. Angewandte Chemie, International Edition 2002, 41, 48. 

 (4) Desiraju, G. R. Angewandte Chemie, International Edition in English 1995, 34, 

2311. 

 (5) Metrangolo, P.; Neukirch, H.; Pilati, T.; Resnati, G. Accounts of Chemical 

Research 2005, 38, 386. 

 (6) Harmata, M.; Barnes, C. L. Journal of the American Chemical Society 1990, 112, 

5655. 

 (7) Vippagunta, S. R.; Brittain, H. G.; Grant, D. J. W. Advanced Drug Delivery 

Reviews 2001, 48, 3. 

 (8) Schneider, H.-J. Angewandte Chemie, International Edition 2009, 48, 3924. 

 (9) Braga, D. Chemical Communications (Cambridge, United Kingdom) 2003, 2751. 

 (10) Desiraju Gautam, R. Angewandte Chemie (International ed. in English) 2007, 46, 

8342. 

 (11) Stang, P. J.; Olenyuk, B. Accounts of Chemical Research 1997, 30, 502. 

 (12) Hoskins, B. F.; Robson, R. Journal of the American Chemical Society 1990, 112, 

1546. 

 (13) Lehn, J.-M. Proceedings of the National Academy of Sciences of the United States 

of America 2002, 99, 4763. 

 (14) Lydon, J. E. Liquid Crystals Today 2003, 12, 1. 

 (15) Ranganathan, S.; Ranganathan, A. Resonance 2002, 7, 39. 



 

113 
 

 (16) Garcia-Espana, E.; Diaz, P.; Llinares, J. M.; Bianchi, A. Coordination Chemistry 

Reviews 2006, 250, 2952. 

 (17) Hosseini, M. W.; Blacker, A. J.; Lehn, J. M. Journal of the American Chemical 

Society 1990, 112, 3896. 

 (18) Eliseev, A. V.; Schneider, H.-J. Journal of the American Chemical Society 1994, 

116, 6081. 

 (19) Schwinte, P.; Darcy, R.; O'Keeffe, F. Journal of the Chemical Society, Perkin 

Transactions 2: Physical Organic Chemistry (1972-1999) 1998, 805. 

 (20) Kahler, T.; Behrens, U.; Neander, S.; Olbrich, F. Journal of Organometallic 

Chemistry 2002, 649, 50. 

 (21) Wong, A.; Wu, G. Journal of Physical Chemistry A 2000, 104, 11844. 

 (22) Allen, P. B. NATO Science Series, II: Mathematics, Physics and Chemistry 2004, 

148, 29. 

 (23) Pauling, L. The Nature of the Chemical Bond; Cornell University Press: Ithaca 

NY, 1939. 

 (24) Jeffrey, G. A. Introduction to Hydrogen Bonding Oxford University Press: 

Oxford 1997. 

 (25) Jonthan W Steed, J. L. A. Supramolecular Chemistry, Second edition; John Wiley 

& Sons, Ltd.: United kingdom, 2009. 

 (26) Laurence, C.; Berthelot, M. Perspectives in Drug Discovery and Design 2000, 18, 

39. 

 (27) Gautam R Desiraju, S. T. The Weak Hydrogen bonds in Structural Chemistry and 

Biology; Oxford University Press: Oxford, 1999. 



 

114 
 

 (28) Ma, J. C.; Dougherty, D. A. Chemical Reviews (Washington, D. C.) 1997, 97, 

1303. 

 (29) Basilio, N.; Francisco, V.; Garcia-Rio, L. Journal of Organic Chemistry 2012, 77, 

10764. 

 (30) Berryman, O. B.; Bryantsev, V. S.; Stay, D. P.; Johnson, D. W.; Hay, B. P. 

Journal of the American Chemical Society 2007, 129, 48. 

 (31) Hunter, C. A.; Lawson, K. R.; Perkins, J.; Urch, C. J. Journal of the Chemical 

Society, Perkin Transactions 2: Physical Organic Chemistry (1972-1999) 2001, 651. 

 (32) Prince, P. D.; McGrady, G. S.; Steed, J. W. New Journal of Chemistry 2002, 26, 

457. 

 (33) Janiak, C. Dalton 2000, 3885. 

 (34) Phillips, A. G.; Beton, P. H.; Champness, N. R. Supramolecular Chemistry: From 

Molecules to Nanomaterials 2012, 8, 3625. 

 (35) Patil, R. S.; Banerjee, D.; Zhang, C.; Thallapally, P. K.; Atwood, J. L. 

Angewandte Chemie, International Edition 2016, 55, 4523. 

 (36) Uraguchi, D.; Ueki, Y.; Ooi, T. Chemical Science 2012, 3, 842. 

 (37) Wan, S.; Guo, J.; Kim, J.; Ihee, H.; Jiang, D. Angewandte Chemie, International 

Edition 2008, 47, 8826. 

 (38) Busseron, E.; Ruff, Y.; Moulin, E.; Giuseppone, N. Nanoscale 2013, 5, 7098. 

 (39) Haszeldine, R. S. Science (Washington, DC, United States) 2009, 325, 1647. 

 (40) G, K. F. Industrial Gas Handbook: Gas Separation and Purification; CRC Press: 

Boca Raton, 2007. 



 

115 
 

 (41) Himeno, S.; Tomita, T.; Suzuki, K.; Yoshida, S. Microporous and Mesoporous 

Materials 2007, 98, 62. 

 (42) Plaza, M. G.; Pevida, C.; Arias, B.; Casal, M. D.; Martin, C. F.; Fermoso, J.; 

Rubiera, F.; Pis, J. J. Journal of Environmental Engineering (Reston, VA, United States) 2009, 

135, 426. 

 (43) DeSoto, S. M.; Dreyer, D. R. Nanomaterials for Energy Storage Applications 

2009, 179. 

 (44) Mitra, T.; Jelfs, K. E.; Schmidtmann, M.; Ahmed, A.; Chong, S. Y.; Adams, D. J.; 

Cooper, A. I. Nature Chemistry 2013, 5, 276. 

 (45) Chen, L.; Reiss, P. S.; Chong, S. Y.; Holden, D.; Jelfs, K. E.; Hasell, T.; Little, M. 

A.; Kewley, A.; Briggs, M. E.; Stephenson, A.; Thomas, K. M.; Armstrong, J. A.; Bell, J.; Busto, 

J.; Noel, R.; Liu, J.; Strachan, D. M.; Thallapally, P. K.; Cooper, A. I. Nature Materials 2014, 

13, 954. 

 (46) Natarajan, R.; Bridgland, L.; Sirikulkajorn, A.; Lee, J.-H.; Haddow, M. F.; Magro, 

G.; Ali, B.; Narayanan, S.; Strickland, P.; Charmant, J. P. H.; Orpen, A. G.; McKeown, N. B.; 

Bezzu, C. G.; Davis, A. P. Journal of the American Chemical Society 2013, 135, 16912. 

 (47) Hisaki, I.; Nakagawa, S.; Ikenaka, N.; Tohnai, N.; Imamura, Y.; Katouda, M.; 

Tashiro, M.; Tsuchida, H.; Ogoshi, T.; Sato, H.; Miyata, M. J Am Chem Soc 2016, 138, 6617. 

 (48) Chen, Y.; Liu, Y. Advanced Materials (Weinheim, Germany) 2015, 27, 5403. 

 (49) Vaidhyanathan, R.; Iremonger, S. S.; Shimizu, G. K. H.; Boyd, P. G.; Alavi, S.; 

Woo, T. K. Science (Washington, DC, United States) 2010, 330, 650. 

 (50) Hasell, T.; Armstrong, J. A.; Jelfs, K. E.; Tay, F. H.; Thomas, K. M.; Kazarian, S. 

G.; Cooper, A. I. Chemical Communications (Cambridge, United Kingdom) 2013, 49, 9410. 



 

116 
 

 (51) Cooper, A. I. Angewandte Chemie, International Edition 2012, 51, 7892. 

 (52) Thallapally, P. K.; Dobrzanska, L.; Gingrich, T. R.; Wirsig, T. B.; Barbour, L. J.; 

Atwood, J. L. Angewandte Chemie, International Edition 2006, 45, 6506. 

 (53) Atwood Jerry, L.; Barbour Leonard, J.; Thallapally Praveen, K.; Wirsig Trevor, 

B. Chemical communications (Cambridge, England) 2005, 51. 

 (54) Dalgarno, S. J.; Thallapally, P. K.; Barbour, L. J.; Atwood, J. L. Chemical Society 

Reviews 2007, 36, 236. 

 (55) Atwood, J. L.; Barbour, L. J.; Jerga, A.; Schottel, B. L. Science 2002, 298, 1000. 

 (56) Thallapally Praveen, K.; Lloyd Gareth, O.; Wirsig Trevor, B.; Bredenkamp 

Martin, W.; Atwood Jerry, L.; Barbour Leonard, J. Chemical communications (Cambridge, 

England) 2005, 5272. 

 (57) In Calixarenes: An Introduction (2); The Royal Society of Chemistry: 2008, p 1. 

 (58) Zadmard, R.; Alavijeh, N. S. RSC Advances 2014, 4, 41529. 

 (59) Ma, X.; Zhao, Y. Chemical Reviews (Washington, DC, United States) 2015, 115, 

7794. 

 (60) Tyagi, R. International Journal of Chemistry (Mumbai, India) 2014, 3, 306. 

 (61) Delahousse, G.; Lavendomme, R.; Jabin, I.; Agasse, V.; Cardinael, P. Current 

Organic Chemistry 2015, 19, 2237. 

 (62) Deska, M.; Dondela, B.; Sliwa, W. ARKIVOC (Gainesville, FL, United States) 

2015, 393. 

 (63) Herbert, S. A.; Janiak, A.; Thallapally, P. K.; Atwood, J. L.; Barbour, L. J. 

Chemical Communications (Cambridge, United Kingdom) 2014, 50, 15509. 



 

117 
 

 (64) Thallapally Praveen, K.; Wirsig Trevor, B.; Barbour Leonard, J.; Atwood Jerry, 

L. Chemical communications (Cambridge, England) 2005, 4420. 

 (65) Atwood, J. L.; Barbour, L. J.; Jerga, A. Angewandte Chemie, International 

Edition 2004, 43, 2948. 

 (66) Atwood, J. L.; Barbour, L. J.; Jerga, A. Science (Washington, DC, United States) 

2002, 296, 2367. 

 (67) Tunstad, L. M.; Tucker, J. A.; Dalcanale, E.; Weiser, J.; Bryant, J. A.; Sherman, J. 

C.; Helgeson, R. C.; Knobler, C. B.; Cram, D. J. Journal of Organic Chemistry 1989, 54, 1305. 

 (68) Roberts, B. A.; Cave, G. W. V.; Raston, C. L.; Scott, J. L. Green Chemistry 2001, 

3, 280. 

 (69) Weinelt, F.; Schneider, H. J. Journal of Organic Chemistry 1991, 56, 5527. 

 (70) Jain, V. K.; Kanaiya, P. H. Russian Chemical Reviews 2011, 80, 75. 

 (71) Timmerman, P.; Verboom, W.; Reinhoudt, D. N. Tetrahedron 1996, 52, 2663. 

 (72) MacGillivray, L. R.; Atwood, J. L. Nature 1997, 389, 469. 

 (73) Patil, R. S.; Mossine, A. V.; Kumari, H.; Barnes, C. L.; Atwood, J. L. Crystal 

Growth & Design 2014, 14, 5212. 

 (74) MacGillivray, L. R.; Spinney, H. A.; Reid, J. L.; Ripmeester, J. A. Chemical 

Communications (Cambridge) 2000, 517. 

 (75) MacGillivray, L. R.; Reid, J. L.; Ripmeester, J. A. CrystEngComm 1999, No pp 

Given. 

 (76) Macgillivray, L. R.; Atwood, J. L. NATO Science Series, Series C: Mathematical 

and Physical Sciences 1999, 538, 407. 



 

118 
 

 (77) Macgillivray, L. R.; Holman, K. T.; Atwood, J. L. Crystal Engineering 1998, 1, 

87. 

 (78) Dalgarno Scott, J.; Bassil Daniel, B.; Tucker Sheryl, A.; Atwood Jerry, L. 

Angewandte Chemie (International ed. in English) 2006, 45, 7019. 

 (79) Cave, G. W. V.; Ferrarelli, M. C.; Atwood, J. L. Chemical Communications 

(Cambridge, United Kingdom) 2005, 2787. 

 (80) Dalgarno, S. J.; Antesberger, J.; McKinlay, R. M.; Atwood, J. L. Chemistry - A 

European Journal 2007, 13, 8248. 

 (81) Kulikov, O. V.; Daschbach, M. M.; Yamnitz, C. R.; Rath, N.; Gokel, G. W. 

Chemical Communications (Cambridge, United Kingdom) 2009, 7497. 

 (82) Maerz, A. K.; Thomas, H. M.; Power, N. P.; Deakyne, C. A.; Atwood, J. L. 

Chemical Communications (Cambridge, United Kingdom) 2010, 46, 1235. 

 (83) Dalgarno, S. J.; Power, N. P.; Warren, J. E.; Atwood, J. L. Chemical 

Communications (Cambridge, United Kingdom) 2008, 1539. 

 (84) Power, N. P.; Dalgarno, S. J.; Atwood, J. L. New Journal of Chemistry 2007, 31, 

17. 

 (85) Tian, J.; Thallapally, P. K.; Dalgarno, S. J.; McGrail, P. B.; Atwood, J. L. 

Angewandte Chemie, International Edition 2009, 48, 5492. 

 (86) Botta, B.; Di Giovanni, M. C.; Delle Monache, G.; De Rosa, M. C.; Gacs-Baitz, 

E.; Botta, M.; Corelli, F.; Tafi, A.; Santini, A.; et al. Journal of Organic Chemistry 1994, 59, 

1532. 



 

119 
 

 (87) Benedetti, E.; Pedone, C.; Iacovino, R.; Botta, B.; Delle Monache, G.; De Rosa, 

M. C.; Botta, M.; Corelli, F.; Tafi, A.; Santini, A. Journal of Chemical Research, Synopses 1994, 

476. 

 (88) Gerkensmeier, T.; Agena, C.; Iwanek, W.; Frohlich, R.; Kotila, S.; Nather, C.; 

Mattay, J. Zeitschrift fuer Naturforschung, B: Chemical Sciences 2001, 56, 1063. 

 (89) Iwanek, W.; Syzdol, B. Synthetic Communications 1999, 29, 1209. 

 (90) Iwanek, W. Tetrahedron 1998, 54, 14089. 

 (91) Deleersnyder, K.; Mehdi, H.; Horvath, I. T.; Binnemans, K.; Parac-Vogt, T. N. 

Tetrahedron 2007, 63, 9063. 

 (92) Parac-Vogt, T. N.; Binnemans, K. Tetrahedron Letters 2004, 45, 3137. 

 (93) Hoegberg, A. G. S. Journal of the American Chemical Society 1980, 102, 6046. 

 (94) Hoegberg, A. G. S. Journal of Organic Chemistry 1980, 45, 4498. 

 (95) Nummelin, S.; Falabu, D.; Shivanyuk, A.; Rissanen, K. Organic Letters 2004, 6, 

2869. 

 (96) Volkmer, D.; Fricke, M.; Agena, C.; Mattay, J. CrystEngComm 2002, 4, 288. 

 (97) Ahman, A.; Luostarinen, M.; Schalley, C. A.; Nissinen, M.; Rissanen, K. 

European Journal of Organic Chemistry 2005, 2793. 

 (98) Pfeiffer, C. R.; Feaster, K. A.; Dalgarno, S. J.; Atwood, J. L. CrystEngComm 

2016, 18, 222. 

 (99) Chen, J.; Chen, W.; Yan, C. Chinese Journal of Chemistry 2009, 27, 1703. 

 (100) Mendrek, B.; Trzebicka, B. European Polymer Journal 2009, 45, 1979. 

 (101) Iwanek, W.; Urbaniak, M.; Bochenska, M. Tetrahedron 2002, 58, 2239. 



 

120 
 

 (102) Avram, L.; Cohen, Y. Journal of the American Chemical Society 2004, 126, 

11556. 

 (103) Antesberger, J.; Cave, G. W. V.; Ferrarelli, M. C.; Heaven, M. W.; Raston, C. L.; 

Atwood, J. L. Chem. Commun. 2005, 892. 

 (104) Funck, M.; Guest, D. P.; Cave, G. W. V. Tet. Lett. 2010, 51, 6399. 

 (105) Morgan, M. T.; Carnahan, M. A.; Finkelstein, S.; Prata, C. A. H.; Degoricija, L.; 

Lee, S. J.; Grinstaff, M. W. Chem. Commun. 2005, 4309. 

 (106) Sun, C.; Li, J. Advances in Planar Lipid Bilayers and Liposomes 2006, 4, 229. 

 (107) Gangadhar, T.; Bhoi, V. I.; Kumar, S.; Murthy, C. N. Journal of Inclusion 

Phenomena and Macrocyclic Chemistry 2014, 79, 215. 

 (108) Zhang, Y.; Zhan, T.-G.; Zhou, T.-Y.; Qi, Q.-Y.; Xu, X.-N.; Zhao, X. Chemical 

Communications (Cambridge, United Kingdom) 2016, Ahead of Print. 

 (109) Ni, X.-L.; Xiao, X.; Cong, H.; Zhu, Q.-J.; Xue, S.-F.; Tao, Z. Acc Chem Res 2014, 

47, 1386. 

 (110) Dalgarno, S. J.; Tian, J.; Warren, J. E.; Clark, T. E.; Makha, M.; Raston, C. L.; 

Atwood, J. L. Chemical Communications (Cambridge, United Kingdom) 2007, 4848. 

 (111) Kennedy, S.; Karotsis, G.; Beavers, C. M.; Teat, S. J.; Brechin, E. K.; Dalgarno, 

S. J. Angewandte Chemie, International Edition 2010, 49, 4205. 

 (112) Tan, L.-L.; Li, H.; Tao, Y.; Zhang, S. X.-A.; Wang, B.; Yang, Y.-W. Advanced 

Materials (Weinheim, Germany) 2014, Ahead of Print. 

 (113) Zhou, Y.; Tan, L.-L.; Li, Q.-L.; Qiu, X.-L.; Qi, A.-D.; Tao, Y.; Yang, Y.-W. 

Chemistry - A European Journal 2014, 20, 2998. 



 

121 
 

 (114) Han, C.; Ma, F.; Zhang, Z.; Xia, B.; Yu, Y.; Huang, F. Organic Letters 2010, 12, 

4360. 

 (115) Friscic, T.; MacGillivray, L. R. Journal of Organometallic Chemistry 2003, 666, 

43. 

 (116) Al-Azemi, T. F.; Vinodh, M. Tetrahedron 2011, 67, 2585. 

 (117) Kumari, H.; Kline Steven, R.; Atwood Jerry, L. Chemical communications 

(Cambridge, England) 2012, 48, 3599. 

 (118) Mossine, A. V.; Thavornyutikarn, P.; Atwood, J. L. CrystEngComm 2013, 15, 

1673. 

 (119) Drachnik, A. M.; Kumari, H.; Barnes, C. L.; Deakyne, C. A.; Atwood, J. L. 

CrystEngComm 2014, 16, 7172. 

 (120) MacGillivray, L. R.; Diamente, P. R.; Reid, J. L.; Ripmeester, J. A. Chemical 

Communications (Cambridge) 2000, 359. 

 (121) MacGillivray, L. R.; Papaefstathiou, G. S.; Reid, J. L.; Ripmeester, J. A. Crystal 

Growth & Design 2001, 1, 373. 

 (122) Coe, B. J.; Harries, J. L.; Harris, J. A.; Brunschwig, B. S.; Coles, S. J.; Light, M. 

E.; Hursthouse, M. B. Dalton Transactions 2004, 2935. 

 (123) Cram, D. J.; Karbach, S.; Kim, H. E.; Knobler, C. B.; Maverick, E. F.; Ericson, J. 

L.; Helgeson, R. C. Journal of the American Chemical Society 1988, 110, 2229. 

 (124) Sheldrick George, M. Acta crystallographica. Section A, Foundations of 

crystallography 2008, 64, 112. 

 (125) Barbour, L. J. Journal of Supramolecular Chemistry 2003, 1, 189. 

 (126) Ma, B.-Q.; Zhang, Y.; Coppens, P. Crystal Growth & Design 2002, 2, 7. 



 

122 
 

 (127) Zhang, Y.; Kim, C. D.; Coppens, P. Chemical Communications (Cambridge) 

2000, 2299. 

 (128) Ma, B.-Q.; Zhang, Y.; Coppens, P. Crystal Growth & Design 2001, 1, 271. 

 (129) Ma, B.-Q.; Zhang, Y.; Coppens, P. Journal of Organic Chemistry 2003, 68, 9467. 

 (130) 4. M.J. Frisch, G. W. T., H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. 

Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G.A. Petersson, H. Nakatsuji, M. Caricato, 

X. Li, H.P. Hratchian, A.F. Izmaylov, J. Bloino, G. Zheng, J.L. Sonnenberg, M. Hada, M. Ehara, 

K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. 

Vreven, J.A. Montgomery, J.E. Peralta, F. Ogliaro, M. Bearpark, J.J. Heyd, E. Brothers, K.N. 

Kudin, V.N. Staroverov, R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J.C. Burant, 

S.S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J.M. Millam, M. Klene, J.E. Knox, J.B. Cross, V. 

Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R.E. Stratmann, O. Yazyev, A.J. Austin, R. 

Cammi, C. Pomelli, J.W. Ochterski, R.L. Martin, K. Morokuma, V.G. Zakrzewski, G.A. Voth, P. 

Salvador, J.J. Dannenberg, S. Dapprich, A.D. Daniels, Farkas, J.B. Foresman, J.V. Ortiz, J. 

Cioslowski, D.J. Fox  2009; Vol. Revision B.01. 

 (131) Balabin, R. M. Journal of Chemical Physics 2008, 129, 164101/1. 

 (132) Marenich, A. V.; Cramer, C. J.; Truhlar, D. G. Journal of Physical Chemistry B 

2009, 113, 6378. 

 (133) Zheng, J.; Kwak, K.; Xie, J.; Fayer, M. D. Science (Washington, DC, United 

States) 2006, 313, 1951. 

 (134) Streitwieser, A., Jr.; Taft, R. W.; Editors Progress in Physical Organic Chemistry, 

Vol. 6, 1968. 



 

123 
 

 (135) Ide, S.; Karacan, N.; Tufan, Y. Acta Crystallographica, Section C: Crystal 

Structure Communications 1995, C51, 2304. 

 (136) Kumari, H.; Zhang, J.; Erra, L.; Barbour, L. J.; Deakyne, C. A.; Atwood, J. L. 

CrystEngComm 2013, 15, 4045. 

 (137) Mossine, A. V.; Kumari, H.; Fowler, D. A.; Shih, A.; Kline, S. R.; Barnes, C. L.; 

Atwood, J. L. Chem. Eur. J. 2012, 18, 10258. 

 (138) Fujisawa, I.; Kitamura, Y.; Kato, R.; Murayama, K.; Aoki, K. Journal of 

Molecular Structure 2014, 1056-1057, 292. 

 (139) Fujisawa, I.; Kitamura, Y.; Okamoto, R.; Murayama, K.; Kato, R.; Aoki, K. 

Journal of Molecular Structure 2013, 1038, 188. 

 (140) Cohen, Y.; Avram, L.; Frish, L. Angewandte Chemie, International Edition 2005, 

44, 520. 

 (141) Zhang, Q.-F.; Adams, R. D.; Fenske, D. Journal of Inclusion Phenomena and 

Macrocyclic Chemistry 2005, 53, 275. 

 (142) Fowler Drew, A.; Teat Simon, J.; Baker Gary, A.; Atwood Jerry, L. Chemical 

communications (Cambridge, England) 2012, 48, 5262. 

 (143) Fowler, D. A.; Tian, J.; Barnes, C.; Teat, S. J.; Atwood, J. L. CrystEngComm 

2011, 13, 1446. 

 (144) Fowler, D. A.; Pfeiffer, C. R.; Teat, S. J.; Beavers, C. M.; Baker, G. A.; Atwood, 

J. L. CrystEngComm 2014, 16, 6010. 

 (145) Fowler, D. A.; Pfeiffer, C. R.; Teat, S. J.; Baker, G. A.; Atwood, J. L. Crystal 

Growth & Design 2014, 14, 4199. 

 (146) Fowler, D. A.; Atwood, J. L.; Baker, G. A. Chem. Commun. 2013, 49, 1802. 



 

124 
 

 (147) Atwood, J. L.; Brechin, E. K.; Dalgarno, S. J.; Inglis, R.; Jones, L. F.; Mossine, 

A.; Paterson, M. J.; Power, N. P.; Teat, S. J. Chemical Communications (Cambridge, United 

Kingdom) 2010, 46, 3484. 

 (148) Kulikov, O. V.; Negin, S.; Rath, N. P.; Gokel, G. W. Supramolecular Chemistry 

2014, 26, 506. 

 (149) Kulikov, O. V.; Rath, N. P.; Zhou, D.; Carasel, I. A.; Gokel, G. W. New Journal 

of Chemistry 2009, 33, 1563. 

 (150) Gibb, B. C.; Chapman, R. G.; Sherman, J. C. Journal of Organic Chemistry 1996, 

61, 1505. 

 (151) Niina, N.; Kudo, H.; Nishikubo, T. Chemistry Letters 2009, 38, 1198. 

 (152) Kudo, H.; Hayashi, R.; Mitani, K.; Yokozawa, T.; Kasuga, N. C.; Nishikubo, T. 

Angew. Chem. Int. Ed. 2006, 45, 7948. 

 (153) Kudo, H.; Hayashi, R.; Mitani, K.; Yokozawa, T.; Kasuga, N. C.; Nishikubo, T. 

Angewandte Chemie, International Edition 2006, 45, 7948. 

 (154) Patil, R. S.; Kumari, H.; Barnes, C. L.; Atwood, J. L. Chemical Communications 

(Cambridge, United Kingdom) 2014, Ahead of Print. 

 (155) Patil, R. S.; Kumari, H.; Barnes, C. L.; Atwood, J. L. Chemistry - A European 

Journal 2015, 21, 10431. 

 (156) Patil, R. S.; Drachnik, A. M.; Kumari, H.; Barnes, C. L.; Deakyne, C. A.; 

Atwood, J. L. Crystal Growth & Design 2015, 15, 2781. 

 (157) Velazco, V. A.; Buchwitz, M.; Bovensmann, H.; Reuter, M.; Schneising, O.; 

Heymann, J.; Krings, T.; Gerilowski, K.; Burrows, J. P. Atmospheric Measurement Techniques 

2011, 4, 2809. 



 

125 
 

 (158) Demirbas, C. Energy Education Science and Technology, Part A: Energy Science 

and Research 2009, 22, 179. 

 (159) Kusakabe, K.; Kuroda, T.; Murata, A.; Morooka, S. Industrial & Engineering 

Chemistry Research 1997, 36, 649. 

 (160) Cavenati, S.; Grande, C. A.; Rodrigues, A. E. Chemical Engineering Science 

2006, 61, 3893. 

 (161) Martin, C. F.; Plaza, M. G.; Pis, J. J.; Rubiera, F.; Pevida, C.; Centeno, T. A. 

Separation and Purification Technology 2010, 74, 225. 

 (162) Silvestre-Albero, J.; Wahby, A.; Sepulveda-Escribano, A.; Martinez-Escandell, 

M.; Kaneko, K.; Rodriguez-Reinoso, F. Chemical Communications (Cambridge, United 

Kingdom) 2011, 47, 6840. 

 (163) Sumida, K.; Rogow David, L.; Mason Jarad, A.; McDonald Thomas, M.; Bloch 

Eric, D.; Herm Zoey, R.; Bae, T.-H.; Long Jeffrey, R. Chemical reviews 2012, 112, 724. 

 (164) Li, J.-R.; Kuppler, R. J.; Zhou, H.-C. Chemical Society Reviews 2009, 38, 1477. 

 (165) Feng, P. Preprints - American Chemical Society, Division of Energy & Fuels 

2015, 60, 335. 

 (166) Manurung, R.; Holden, D.; Miklitz, M.; Chen, L.; Hasell, T.; Chong, S. Y.; 

Haranczyk, M.; Cooper, A. I.; Jelfs, K. E. Journal of Physical Chemistry C 2015, 119, 22577. 

 (167) Lu, J.; Perez-Krap, C.; Suyetin, M.; Alsmail, N. H.; Yan, Y.; Yang, S.; Lewis, W.; 

Bichoutskaia, E.; Tang, C. C.; Blake, A. J.; Cao, R.; Schroder, M. Journal of the American 

Chemical Society 2014, 136, 12828. 



 

126 
 

 (168) Yang, W.; Greenaway, A.; Lin, X.; Matsuda, R.; Blake, A. J.; Wilson, C.; Lewis, 

W.; Hubberstey, P.; Kitagawa, S.; Champness, N. R.; Schroder, M. Journal of the American 

Chemical Society 2010, 132, 14457. 

 (169) Thallapally, P. K.; McGrail, B. P.; Atwood, J. L.; Gaeta, C.; Tedesco, C.; Neri, P. 

Chemistry of Materials 2007, 19, 3355. 

 (170) Jin, Y.; Voss, B. A.; Noble, R. D.; Zhang, W. Angewandte Chemie, International 

Edition 2010, 49, 6348. 

 (171) Sozzani, P.; Bracco, S.; Comotti, A.; Ferretti, L.; Simonutti, R. Angewandte 

Chemie, International Edition 2005, 44, 1816. 

 (172) Dunitz, J. D.; Gavezzotti, A. Chemical Society Reviews 2009, 38, 2622. 

 (173) Kumari, H.; Erra, L.; Webb, A. C.; Bhatt, P.; Barnes, C. L.; Deakyne, C. A.; 

Adams, J. E.; Barbour, L. J.; Atwood, J. L. Journal of the American Chemical Society 2013, 135, 

16963. 

 (174) Hoffert, M. I.; Caldeira, K.; Benford, G.; Criswell, D. R.; Green, C.; Herzog, H.; 

Jain, A. K.; Kheshgi, H. S.; Lackner, K. S.; Lewis, J. S.; Lightfoot, H. D.; Manheimer, W.; 

Mankins, J. C.; Mauel, M. E.; Perkins, L. J.; Schlesinger, M. E.; Volk, T.; Wigley, T. M. L. 

Science (Washington, DC, United States) 2002, 298, 981. 

 (175) Banerjee, D.; Cairns, A. J.; Liu, J.; Motkuri, R. K.; Nune, S. K.; Fernandez, C. A.; 

Krishna, R.; Strachan, D. M.; Thallapally, P. K. Accounts of Chemical Research 2015, 48, 211. 

 (176) Bellotti, E.; Cattadori, C.; Cremonesi, O.; Fiorini, E.; Gervasio, G.; Ragazzi, S.; 

Sverzellati, P. P.; Szady, A. J.; Szarka, J.; et al. Nuclear Instruments & Methods in Physics 

Research, Section B: Beam Interactions with Materials and Atoms 1992, B62, 529. 



 

127 
 

 (177) Bennett, G. F. Industrial Gas Handbook: Gas Separation and Purification, by 

F.G. Kerry, 2009; Vol. 161. 

 (178) Ghose Sanjit, K.; Dooryhee, E.; Ehm, L.; Li, Y.; Yakovenko, A.; Halder Gregory, 

J.; Ehm, L.; Ecker Lynne, E.; Dippel, A.-C.; Strachan Denis, M.; Thallapally Praveen, K. The 

journal of physical chemistry letters 2015, 6, 1790. 

 (179) Banerjee, D.; Simon, C. M.; Plonka, A. M.; Motkuri, R. K.; Liu, J.; Chen, X.; 

Smit, B.; Parise, J. B.; Haranczyk, M.; Thallapally, P. K. Nature Communications 2016, 7, 

ncomms11831. 

 (180) Simon, C. M.; Mercado, R.; Schnell, S. K.; Smit, B.; Haranczyk, M. Chemistry of 

Materials 2015, 27, 4459. 

 (181) Boato, G.; Casanova, G. Physica (The Hague) 1961, 27, 571. 

 (182) Liu, J.; Strachan, D. M.; Thallapally, P. K. Chemical Communications 

(Cambridge, United Kingdom) 2014, 50, 466. 

 (183) Soelberg, N. R.; Garn, T. G.; Greenhalgh, M. R.; Law, J. D.; Jubin, R.; Strachan, 

D. M.; Thallapally, P. K. Science and Technology of Nuclear Installations 2013, 702496/1. 

 (184) Jameson, C. J.; Jameson, A. K.; Lim, H.-M. Journal of Chemical Physics 1997, 

107, 4364. 

 (185) Bazan, R. E.; Bastos-Neto, M.; Moeller, A.; Dreisbach, F.; Staudt, R. Adsorption 

2011, 17, 371. 

 (186) Chen, X.; Plonka, A. M.; Banerjee, D.; Krishna, R.; Schaef, H. T.; Ghose, S.; 

Thallapally, P. K.; Parise, J. B. Journal of the American Chemical Society 2015, 137, 7007. 



 

128 
 

 (187) Hulvey, Z.; Lawler, K. V.; Qiao, Z.; Zhou, J.; Fairen-Jimenez, D.; Snurr, R. Q.; 

Ushakov, S. V.; Navrotsky, A.; Brown, C. M.; Forster, P. M. Journal of Physical Chemistry C 

2013, 117, 20116. 

 (188) Liu, J.; Thallapally, P. K.; Strachan, D. Langmuir 2012, 28, 11584. 

 (189) Meek, S. T.; Teich-McGoldrick, S. L.; Perry, J. J.; Greathouse, J. A.; Allendorf, 

M. D. Journal of Physical Chemistry C 2012, 116, 19765. 

 (190) Mueller, U.; Schubert, M.; Teich, F.; Puetter, H.; Schierle-Arndt, K.; Pastre, J. 

Journal of Materials Chemistry 2006, 16, 626. 

 (191) Wilmer Christopher, E.; Leaf, M.; Lee Chang, Y.; Farha Omar, K.; Hauser Brad, 

G.; Hupp Joseph, T.; Snurr Randall, Q. Nat Chem 2012, 4, 83. 

 (192) Tian, J.; Thallapally, P. K.; Dalgarno, S. J.; McGrail, P. B.; Atwood, J. L. Angew. 

Chem. Int. Ed. 2009, 48, 5492. 

 (193) Sikora, B. J.; Wilmer, C. E.; Greenfield, M. L.; Snurr, R. Q. Chemical Science 

2012, 3, 2217. 

 (194) Tian, J.; Thallapally, P. K.; Dalgarno, S. J.; McGrail, P. B.; Atwood, J. L. Angew. 

Chem. Int. Ed. 2009, 48, 5492. 

 (195) Wang, H.; Yao, K.; Zhang, Z.; Jagiello, J.; Gong, Q.; Han, Y.; Li, J. Chemical 

Science 2014, 5, 620. 

 (196) Thallapally, P. K.; Grate, J. W.; Motkuri, R. K. Chemical Communications 

(Cambridge, United Kingdom) 2012, 48, 347. 

 (197) Soleimani Dorcheh, A.; Denysenko, D.; Volkmer, D.; Donner, W.; Hirscher, M. 

Microporous and Mesoporous Materials 2012, 162, 64. 

 (198) Walton, K. S.; Sholl, D. S. AIChE Journal 2015, 61, 2757. 



 

129 
 

 (199) Myers, A. L.; Prausnitz, J. M. AIChE Journal 1965, 11, 121. 

 (200) Simon, C. M.; Smit, B.; Haranczyk, M. Computer Physics Communications 2016, 

200, 364. 

 (201) Bae, Y.-S.; Hauser, B. G.; Colon, Y. J.; Hupp, J. T.; Farha, O. K.; Snurr, R. Q. 

Microporous and Mesoporous Materials 2013, 169, 176. 

 (202) Perry, J. J. I. V.; Teich-McGoldrick, S. L.; Meek, S. T.; Greathouse, J. A.; 

Haranczyk, M.; Allendorf, M. D. Journal of Physical Chemistry C 2014, 118, 11685. 

 (203) Xiong, S.; Liu, Q.; Wang, Q.; Li, W.; Tang, Y.; Wang, X.; Hu, S.; Chen, B. 

Journal of Materials Chemistry A: Materials for Energy and Sustainability 2015, 3, 10747. 

 (204) Mayo, S. L.; Olafson, B. D.; Goddard, W. A., III Journal of Physical Chemistry 

1990, 94, 8897. 

 (205) Coudert, F.-X.; Fuchs, A. H. Coordination Chemistry Reviews 2016, 307, 211. 

 (206) Tian, J.; Thallapally, P. K.; McGrail, B. P. CrystEngComm 2012, 14, 1909. 

 (207) Duren, T.; Bae, Y.-S.; Snurr Randall, Q. Chem Soc Rev 2009, 38, 1237. 

 (208) Herrera, L.; Fan, C.; Do, D. D.; Nicholson, D. Adsorption 2011, 17, 955. 

 (209) Radke, C. J. Advances in Colloid and Interface Science 2015, 222, 600. 

 (210) Manzano, S.; Zambrano, C. H.; Mendez, M. A.; Dueno, E. E.; Cazar, R. A.; 

Torres, F. J. Molecular Simulation 2014, 40, 327. 

 (211) Dueno, E. E.; Ray, T.; Salvatore, R. N.; Zambrano, C.; Zeller, M.; Hunter, A. D. 

Acta Crystallographica, Section E: Structure Reports Online 2007, 63, o3533. 

 

 

 



 

130 
 

VITA 

Rahul S Patil was born in Jalgaon, Mahrasthtra, India on April 7th 1987. He obtained his 

undergraduate degree in July 2005 in Pharmaceutical Sciences and Technology from Institute of 

Chemical Technology, Mumbai is affiliated with the University of Mumbai. Then he worked in 

process development research laboratory of Atul Ltd, Valsad until November 2011. He joined 

Department of Chemistry at University of Missouri in spring 2012. Currently he is finishing his 

doctoral degree with Dr Jerry L Atwood. His thesis is entitled Crystal engineering of 

supramolecular complexes based on pyrogallol[4]arenes.  

 


