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CHAPTER 6  

Host-guest Chemistry: Supramolecular 
assemblies containing end capping bis-

imidazolium cations 
 

Bis-imidazolium cations, 1,1’-[1,4-phenylenebis(methylene)]bis(3-R-1H-imidazolium-

1-yl), R = methyl or n-butyl, form discrete multicomponent complexes in water with 

various phosphonium cations, anionic p-sulfonatocalix[4]arene and either with 

coordinated lanthanide cations or with the phosphonium cations residing around the 

upper rim of the calixarenes. The terminal alkyl groups, R, are end-capped with two 

geometrically opposed calixarenes either adjacent to each other, where they face the same 

direction in the same bilayer of calixarenes, or where they face opposite directions. Here 

the calixarenes are similarly part of a bilayer arrangement, or they are part of an 

extended structure which can be regarded as being built from the assembly of 

supermolecules or ‘molecular capsules’, [(bis-imidazolium)(p-

sulfonatocalix[4]arene)2], which are π-stacked through the calixarenes in a head to tail 

fashion. The nature of the product depends on the length of the terminal alkyl group, 

and the choice of phosphonium cation. The nature of the calixarene-bis-imidazolium 

interplay is mapped out using Hirshfeld surface analysis. 1H NMR and ROESY 

experiments establish the formation of the supermolecules of the bis-imidazolium cation 

and calixarenes in solution. 
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6.1 Introduction  

Synthesis and characterization of novel imidazolium based crystalline dimers of 

ionic liquids was reported recently by Ganesan et al. 
[198, 199]

. Herein the complexation 

of such cations showed that they are flexible in building multicomponent ionic solids, in 

conjunction with p-sulfonatocalix[4]arene, and selected phosphonium cations, along 

with aquated gadolinium(III) ions. It is noteworthy that the formation of supermolecule 

with the cation end-capped by two geometrically opposed calixarenes is apparent 

despite in solid and solution state. The authenticated solid state structures to some 

extent have similar occurrence observed in an host-guest investigation involving 1,10-

phenanthrolinium ion reported by Liu et al.
[115] 

where the interaction of the guest 

molecule and p-sulfonatocalix[4]arene affords solid state structures in the form of ‘bis-

molecular capsules’. 

 

6.2 Structural features involving 1,1’-[1,4-

phenylenebis(methylene)]bis(3-methyl-1H-imidazolium-1-yl) and 1,1’-

[1,4-phenylenebis(methylene)]bis(3-butyl-1H-imidazolium-1-yl) 

 

Specifically structurally authenticated complexes containing the designer cations: 

1,1’-[1,4-phenylenebis(methylene)]bis(3-methyl-1H-imidazolium-1-yl), 13, and 1,1’-

[1,4-phenylenebis(methylene)]bis(3-butyl-1H-imidazolium-1-yl), 14, and the 

phosphonium cations, 6, 7, 10, 11, and 15 have been prepared, Figure 6.1. The terminal 

groups of the bis-imidazolium cations, 13 and 14, bind in the cavities of two calixarenes 

which are either facing each other and from adjacent bilayers, or face the same direction 

in the same bilayer; these type of arrangements are comparable to the inclusion of 

methyl and benzyl viologens in the p-sulfonatocalix[4]arene system
 [116]

. 
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The combination of components, which afforded crystals of complexes, XII –XVII, 

is summarized in Figure 6.1. The complexes were grown using equimolar amount of 

each component (except for complex XVII) with excess of aquated gadolinium(III) ions 

(typically three mole equivalents). In structures X1I - XVI, the terminal parts of the di-

cations reside in the cavities of two calixarenes in a slight pinched cone conformation 

and are selectively drawn into the space between the phenyl embraced layers of the 

phosphonium cations. Complex XVII has calixarenes arranged at 90
o
 with respect to 

each other, forming continous polymeric material. Beyond electrostatic consideration, 

there is the complementarity of the termini of the di-cation with the cavity of the 

calixarenes, winning out over binding of a phenyl ring of the phosphonium cation. The 

choice of the bis-imidazolium di-cation predetermines the way the phosphonium cations 

interplay with themselves and the calixarenes. Assembling phosphonium cations at the 

back of the calixarene molecule has been established for the same type of interplay of 

the phosphonium cations, and also for more complex bis-phosphonium cations
 [124, 177]

. 

 

6.2.1 Solid state structures of Complexes XII and XIII  

The N-methyl bis-imidazolium derivatives have the cone shaped calixarene in the 

‘up–down’ bilayer arrangement with the termini of the cation residing in cavities of two 

calixarenes from different bilayers, Figure 6.2. This effectively creates molecular 

capsules made up of two calixarenes from adjacent bilayers with the equatorial plane 

containing aquated gadolinium(III)  ions bridging the calixarenes through extensive 

hydrogen bonding. In complex XII there are two aquated metal ions per capsule, 

whereas in complex XIII there is only one.  For complex XII, a mixture of different 

homoleptic coordinated water environments were identified for gadolinium(III), either 

as eight or nine coordinated species. In complex XIII, a partially occupied chlorine 

atom was modelled close to a partially occupied aquated gadolinium(III). It is 
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interesting to note that the core of the molecular capsules which contain the N-methyl 

bis-imidazolium cation have different molecular configurations. The molecular capsules 

in complex XII, are skewed with the bis-imidazolium cations in a trans-configuration. 

This capsule arrangement is common where there is a directing influence from 

molecules confined in the cavity as in complexes with crown ethers where the crown 

ether spans the bilayers
 [73]

. The bis-imidazolium cations in complex XIII take on the 

eclipsed cis-configuration, being crystallographically imposed with the molecular 

capsules having a mirror plane bisecting the calixarenes. 

  

                

(a)                (b) 

Figure 6.2. Arrangements of sulfonated calixarenes and bis-imidazolium cations (blue) 

bridged by gadolinium metal ion for (a) complex XII and (b) complex XIII. 

 

Within the unit cell of complex XII, there are two centro-symmetric bis-imidazolium 

cations, with a similar trans-configuration of the imidazolium groups relative to the 

central phenyl ring, and very similar interplay of the methyl groups within the cavities 

of the calixarenes, Figure 6.3. However, the cations differ significantly in the orientation 

of the five member rings such that one di-cation has an imidazolium C-H directed 

towards sulfonate groups, with the C···O distance at 3.14 (3) Å, Figure 6.3a(i), whereas 
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the other di-cation has methylene groups directed towards the sulfonate groups, with the 

C···O distance at 3.07(6) Å, Figure 6.3b(i). Other close contacts of the di-cation to 

calixarene involve C–H···π interactions directed towards ring centroids, which are 

summarized in Figure 6.3. In complex XIII the di-cations reside on crystallographic 

mirror planes which bisect the central phenyl ring, thereby having a cis-configuration, 

Figure 6.4. Here the methylene groups are directed towards sulfonate groups and the 

orientation of the five member rings relative to the calixarene cavities is different to the 

orientations in complex XII. Closest contact involve C-H···π (centroid) for methyl and 

C-H groups, 2.59 and 2.82 Å respectively, Figure 6.4, with C···O distance for a 

sulfonate group at 3.30 (2) Å. The aquated gadolinium(III) ion has close contacts to the 

sulfonate groups, with Gd–O···O at 2.78 (2) Å.  

Angles between the planes defined by the four phenyl rings of a calixarene with 

respect to the basal plane of the calixarene, which is defined as the four O-atoms of the 

hydroxyl groups at the lower rim, for complex XII are 72.2
o 
(3), 57.3(4)

o
, 66.3(4)

o
, and 

37.8(4)
o 

for one calixarene, and 73.2(4)
o
, 51.0(4)

o
, 53.9(4)

o
, and 39.5(4)

o
 for the other. 

In complex XIII, the corresponding angles are 62.6(4)
o
, 48.2(4)

o
, 38.6(3)

o
, and 65.1(3)

o
. 

In both structures the calixarenes are therefore classified as close to having a pinched 

cone with two opposite phenyl rings directed towards the plane of the imidazolium 

moiety, with the other two phenyl rings splayed apart, Figure 6.3(a)(ii), 6.3(b)(ii) and 

6.4(ii).  

The selectivity of inclusion of cations in different parts of the structures is consistent 

for both structures, with the bis-imidazolium cations between the bilayers and the 

phosphonium cations embedded in between the back-to-back orientated calixarenes in 

the complex bilayer arrangement, Figure 6.3 and 6.4. This presumably relates to 

optimising the interplay of hydrophobic components of the cations with the calixarenes, 

with the hydrophobic cavities binding the termini of the imidazolium cations, and the 
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phosphonium cations associated through optimising the hydrophobic interplay of the 

large cations with the aromatic rings of the calixarenes, exo- to their cavities. Beyond 

the hydrophobic – hydrophobic interactions, the electrostatics are important in the 

overall cohesion of complexes. The distance between the bilayers in complexes XII and 

XIII respectively is 19.6 Å and 21.4 Å Figure 6.5 and 6.6. This is defined as the 

distance between the central planes of one bilayer relative to central plane of the next. In 

the extended array of the ‘capsular packing’/bilayers, hydrophilic channels are filled 

with water molecules between the bilayers, for both structures. 

   
(i)               (ii)  

        (a)  

            

 (i)                  (ii) 

      (b)     

Figure 6.3. (a)(i) and (b)(i): Arrangement of bis-imidazolium cations residing in the 

cavities of calixarenes in complex XII, showing nearest contacts. (a)(ii) and (b)(ii): 

Space filling showing only the lower portion of a bis-imidazolium cation.  
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     (i)        (ii) 

Figure 6.4. (i) Close contacts of the bis-imidazolium cation residing in the cavity of the 

calixarene in complex XIII, and (ii) space filling showing only the lower portion of the 

bis-imidazolium cation.  

 

 

Figure 6.5. Packing diagram (viewed along a-axis) in complex XII showing the 

arrangement of bis-imidazolium cations (blue) and phosphonium cations (purple) (water 

molecules are omitted for clarity). 
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Figure 6.6. Packing diagram (viewed along c-axis) in complex XIII showing the 

arrangement of bis-imidazolium cations (blue) and phosphonium cations (purple) (water 

molecules are omitted for clarity). 

 

Despite the presence of different phosphonium cations, with one phenyl group 

replaced by a benzyl group for XII relative to XIII, the packing of the calixarenes and 

phosphonium cations is in bilayers for both structures. This demonstrates the versatility 

of the calixarene to accommodate hydrophobic cations in forming bilayer structural 

motifs. The phosphonium cations fill the spaces between calixarenes in complex XII, 

while in complex XIII, phosphonium molecules are closely arranged in a compact layer 

with common multiple embrace arrangements, Figure 6.7 and 6.8. Phosphonium 

molecules in complex XII are closely packed in an edge-to face (ef) manner, and have 

CH···π (centroid) interactions involving C-atoms from calixarene methylene groups, 

with the C···π distances at 3.61 Å and 3.64 Å. Phosphonium cations bearing a benzyl 

group in complex XIII have an offset face-to-face (off) interaction between molecules 

with the C···π (centroid) distance for a phenyl ring at 3.64 Å. The phosphonium cations 

also have C–H···π interactions involving the H-atom to the calixarene centroid aromatic 
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ring, with C···π at 2.95 Å, and CH···π (centroid) interaction for a methylene bridge C-

atom of calixarene to the phenyl group of a phosphonium cation, with C···π at 3.53 Å. 

 

 

Figure 6.7. Partial space filling of complex XII showing the arrangement of 

phosphonium cations (purple) within a single bilayer.  

 

 

Figure 6.8. Packing diagram of complex XIII showing the space filling for 

phosphonium cations within a single bilayer.  
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6.2.2 Solid state structures of Complexes XIV and XV  

Complexes XIV and XV contain the bis-imidazolium cation with terminal n-butyl 

chains, with each chain residing in the cavity of a calixarene, like in complexes XII and 

XIII, but the structures are now distinctly different to these, and distinctly different with 

respect to each other. This relates to the new flexible and larger alkyl groups attached to 

the imidazolium cations, and presumably subtle changes in the nature of the 

phosphonium cations. 

The striking feature of the structure of XIV is the presence of two calixarenes facing 

each other, sharing a common bis-imidazolium cation with the ends of the alkyl chains 

residing in the cavities of the calixarenes. This gives the appearance of a molecular 

capsule type arrangement of calixarene, with the phosphonium cations in the equatorial 

plane, shrouding the central part of the di-cation, Figure 6.9(a). These phosphonium 

cations are likely to circumvent the formation of bilayers, of the type found in the 

structures XII and XIII, where the phosphonium cations are embedded in the bilayer, 

behind the calixarenes. The ‘molecular capsules’ in XIV are connected via π-π stacking 

of the calixarenes, which are also surrounded by the phosphonium cations. There is a 

layer of cations, both imidazolium and phosphonium, running through the structure, 

Figure 6.10, and channels filled with water molecules. Partial occupancy of different 

homoleptic coordinated water environments are identified for gadolinium(III) , where it 

is either as an eight or nine coordinated species. 
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(a) 

 

(b) 

Figure 6.9. Arrangements of sulfonated calixarene and N-butyl bis-imidazolium cation 

(blue) in complex XIV, (a), and complex XV, (b).  

 

 

Figure 6.10. Packing diagram (viewed along a-axis) in complex XIV showing the 

arrangement of bis-imidazolium cations (blue) shrouded by phosphonium cations 

(purple) (water molecules are omitted for clarity). 
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There are two crystallographically independent centro-symmetric bis-imidazolium 

cations with very similar interplay of the butyl groups with the cavity of the calixarenes, 

Figure 10. For one of these cations the closest contact to the calixarene involves a H-

atom from the imidazolium five member ring to an O-atom of a sulfonate group of the 

calixarene, with C···O at 2.99 (2) Å, and the H-atom of the butyl group close to an O-

atom of a sulfonate group at 3.15 (2) Å. There are three C–H···π contacts associated 

with the H-atom of the butyl chain with C-H to centroid of the phenyl rings at 2.80, 2.81 

and 2.97 Å, Figure 6.11a(i). For the other bis-imidazolium cation, there are close C-

H···O distances for the C-atom from the imidazolium five member ring to an O-atom of 

a sulfonate group of the calixarene, with C···O at 3.10 (1) Å and 2.90 (1) Å.  Other 

close contacts involve the H-atom from the bis-imidazolium methylene bridge group to 

O-atom of sulfonate group with C···O at 3.45 (1) Å.  

The angles between the planes of all four phenyl rings of calixarene with respect to 

the four O-atoms of the lower rim for complex XIV are 59.4(1)
o
, 66.3(1)

o
, 43.4(1)

o
, 

56.3(2)
o 

 for one calixarene, and 46.6(2)
o
, 62.9(2)

o
, 46.4(2)

o
, 72.5(2)

o
 for another 

configuration. These reflect the different arrangement of the alkyl groups, with the latter 

having a slightly more pinched cone where the terminal part of the alkyl chain is in the 

cavity, Figure 6.11 (a)(ii) and (b)(ii). The phosphonium molecules are embraced in an ef 

manner, held closely with the methylene bridge of calixarenes, with C···π (centroid) 

distances at 3.52 Å. There are also phosphonium cation contacts to the bis-imidazolium 

cation, with the C···π (centroid) distances between the centroid of a phenyl ring in bis-

imidazolium cation and the C-atom of the phosphonium cation at 3.74 Å. Water 

molecules are disordered in proximity to the aquated gadolinium cations and involved 

to form an extended hydrogen-bond network, as evidenced by the O···O distances. 
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(i)    (ii)  

(a) 

 
(i)     (ii) 

(b) 

Figure 6.11. (a)(i) and (b)(i): Bis-imidazolium cations of different configuration 

residing in the cavity of the calixarene in complex XIV showing close contacts. (a)(ii) 

and (b)(ii): Corresponding space filling images, but not for all of the cations. 

 
Figure 6.12. Space filling diagram of complex XIV showing phosphonium cations in a 

single bilayer.  
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Complex XV, has a bilayer structure, as in complexes XII and XIII, but with the bis-

imidazolium cation associated with two adjacent calixarenes in the same bilayer. Thus 

the key difference between the structures of XIV and XV is the presence of ‘molecular 

capsules’ in XIV shrouded by phosphonium cations, Figure 6.12, in the absence of a 

bilayer, presumably because of the hydrophobic pull by the large imidazolium cation 

spanning two calixarenes in opposite directions. In XV the imidazolium cation interacts 

with the cavities of two adjacent calixarenes, and now the bilayer is seemingly able to 

form. The hydrophobic central part of the imidazolium cation is associated with other 

such cations which are not involved in host-guest interplay with the cavities of 

calixarenes. In XII and XIII the small methyl group on the imidazolium cation is 

unable to reside in two cavities of calixarenes within the same bilayer, and the assembly 

of molecular capsule is favoured with the calixarenes in different bilayers. In XV one of 

the N-butyl bis-imidazolium cations is aligned in between two calixarenes vertically, 

joining two hydrophobic layers of phosphonium at the end of the chain of the bis-

imidazolium cation. Separation of hydrophobic and hydrophilic layers are clearly found 

in the bilayers with clusters of water molecules disordered in the hydrophilic region 

bridged by aquated gadolinium(III)  ions. Spanning two adjacent calixarenes in the 

same bilayer also has mechanistic implications on the formation of the complex. 

Close contacts of the bis-imidazolium cation spanning two calixarenes are shown in 

Figure 6.13 (a), and include (i) the H-atom from the methylene group close to the 

imidazolium ring and an O-atom of the sulfonate group of a calixarene, with C···O at 

2.92 (3) Å, (ii) H-atom from a butyl group and O-atom of a sulfonate, with C···O at 

2.82 (4) Å, (iii) C–H···O contact, involving the C-atom of the five member ring to the 

O-atom of a sulfonate group, at 3.04 (2) Å, and (iv) C–H···π (centroid) contacts, with 

the distance ranging from 2.45 Å to 2.94 Å. Angles between the plane defined by all 

four phenyl rings of calixarene with respect to the four hydroxyl groups at the lower rim 
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for complex XV are (i) 57.6(6)
o
, 57.6(6)

o
, 46.9(5)

o
, and 64.9(5)

o
, and (ii) 41.8(4)

o
, 

58.7(5)
o
, 51.7(7)

o
, 68.3(4)

o
. These reflect a slightly pinched cone conformation. 

 

  
(a) 

 
(b) 

Figure 6.13. (a) Closest contacts of bis-imidazolium cation and calixarene in complex 

XV, and (b) space filling of the bis-imidazolium residing in the cavities of the 

calixarenes.  

 
Figure 6.14. Partial space-filling diagram for complex XV along the b-axis showing the 

calixarenes in the crevice of the grid built-up from the phosphonium cations. 
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The phosphonium cations assemble into a grid with the calixarenes residing within 

the grid network, Figure 6.14, the lower rim of the calixarenes being arranged back-to-

back at the van der Waals limit, Figure 6.15. The distance between the central planes of 

the bilayers is 19.9 Å, which is comparable to that in complex XII. A pair of 

phosphonium cations in XIV are arranged in an ef embrace with C···π (centroid) 

distances at 3.65 Å, and close to the calixarene with C···π (centroid) contacts at 3.87 Å 

associated with the H-atom from the methylene bridge of the calixarene. The calixarene 

to phosphonium cation interplay in complex XIV and XV is different to the interplay of 

the components in the bilayers in structures XII and XIII. In complex XIV, the 

phosphonium cations are linked to each other with common embraces as part of a grid 

network, with the imidazolium cations in the openings, Figure 6.12. In complex XV, the 

phosphonium cations similarly interact within the bilayer, also forming a grid, which 

now incorporates the calixarenes, Figure 6.14. It is noteworthy that the methoxy group 

in the phosphonium molecule has close contacts with the calixarene, and presumably 

the presence of this group affects the resulting interplay of the cations. 

 
Figure 6.15. Partial space-filling diagram (viewed along a-axis) for complex XV 

showing bilayer arrangement with an N-methyl bis-imidazolium cation incorporated 

into two adjacent calixarenes (blue) and aligned in between calixarene (orange). (Water 

molecules and second parts of disorder are omitted for clarity). 
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6.2.3 Solid state structures of Complexes XVI and XVII 

Synthesis of complexes XVI and XVII differ in the molar ratio of the bis-

imidazolium cation, with the formation of complex XVII involving an excess of the 

cation (1.5 moles equivalent). The bis-imidazolium moiety in both complexes is 

effectively end capped by two calixarenes with the bis-imidazolium cation selectively 

drawn into the cavities of calixarene in a slight pinched cone configuration with the two 

calixarene phenyl rings pinching the imidazolium molecule with the other two phenyl 

rings splayed apart. Complex XVI forms a ‘molecular capsule’, shrouded by scaffold 

networks of the bis-phosphonium cations, whereas complex XVII crystallized as 

continous polymeric material with calixarenes arranged at 90
o
 with respect to each 

other. 

Complex XVI crystallises with an asymmetric unit comprised of one calix[4]arene 

(taking on a 5- charge with the removal of one proton on the lower rim), one 

centrosymmetric bis-imidazolium cation (trans-configuration), shrouded by two bis-

phosphonium cations, and crystalline water molecules filling up the otherwise voids in 

the structure. In spite of the presence of gadolinium(III) metal ion in solution, the ions 

are not present in the crystal structure. The complex does not form in the absence of the 

lanthanide ions, and presumably its role in building up the crystal is drawing the 

calixarenes together through electrostatic interactions, as well as hydrogen bonding and 

indeed direct coordination to sulfonate moieties of the calixarenes. 

The end capping of the bis-imidazolium cation by two calix[4]arene molecules is in 

the form of ‘molecular capsules’, arranged in a zig-zag manner as opposed to the 

common up-down antiparallel bilayer arrangement, Figure 6.16. The terminal butyl 

chains of the bis-imidazolium cation which fit into the cavities of the calixarenes are 

curled, with weak C–H···π (centroid) interactions to the phenyl rings of the calixarene, 
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at 2.57 and 2.58 Å (corresponding C···π distance of 3.51 Å for both contacts). Weak H-

bonding between the bis-imidazolium and the calixarene upper rim is also evident, with 

short C–H···O distances, at 2.30 and 2.64 Å (corresponding C···O distance 3.19 and 

3.53 Å).  

The ‘molecular capsules’ are shrouded with endo-cavity bis-phosphonium cations, 

which make up a scaffold network in the extended structure, the distance between the 

encapsulated ‘molecular capsule’ being 21.9 Å, Figure 6.17 and Figure 6.18. The rigid 

bis-phosphonium scaffold network in the solid state is formed by weak H-bonding from 

the calixarene sulfonate groups to the methylene bridge of bis-phosphonium with close 

C–H···O distances at 2.30 and 2.62 Å (corresponding C···O distances at 3.26 and 3.56 

Å). The encapsulated bis-imidazolium cation also has some close C–H···π (centroid) 

distance, between the centroid of a central phenyl ring in bis-imidazolium cation and the 

H-atom of the bis-phosphonium cation at 2.90 Å (corresponding C···π distance is 3.61 

Å). It is noteworthy that within the ‘molecular capsule’, there are water molecules 

filling the interstices, creating channels of water molecules inside the scaffold network, 

Figure 6.16, and these included water molecules are involved in extended H-bonding 

interactions with the oxygen-containing phenolic and sulfonate groups of calixarenes, 

along with the other included water molecules, with O···O distances ranging from 

2.62(2) to 2.89(2) Å. 
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 Figure 6.16. (a) Extended structure of complex XVI with some space filling of 

calixarene and confined bis-imidazolium cations, embedded within the bis-

phosphonium cations (blue and purple), viewed down the a-axis, and (b) similar 

projection showing water molecules (green) filling the interstices with the bis-

imidazolium cation omitted. 

 

Figure 6.17. Cartoon representation of ‘molecular capsule’ confined in the scaffold 

network built by bis-phosphonium cations in complex XVI. 
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Figure 6.18. Partial space filling for complex XVI showing the scaffold framework 

associated with orthogonally arranged bis-phosphonium cations (blue and purple) 

viewed down columns of calixarene. 

 

In complex XVII, the asymmetric unit consists of two calix[4]arenes, one bis-

imidazolium, one triphenylmethyl-phosphonium cation, two coordinated aquated 

lanthanide ion and included water molecules. The water molecules in general are 

involved in an extensive H-bonding with the O-atom containing fragments of the 

calixarene phenolic and sulfonate groups, aquated gadolinium ions as well as with other 

water molecules, with O···O distances in the range 2.56(2) to 2.83(2) Å. The 

coordinated water molecules are also in close proximity to the calixarene sulfonate 

groups, with short O···O contacts at 2.56(2) to 2.81(2) Å, consistent with H-bonding 

interactions.  

The conformationally restricted cone-shaped calixarenes, as in complex XVI, are 

linked continuously by the metal cations, forming polymeric array in the extended 

structure, which has an interesting packing of orthogonally arranged layers of 
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calixarenes polymers, Figure 6.19. It is also noteworthy that the calixarenes are 

orientated 90
o
 relative to each other, and they take on a 4- charge, Figure 6.20. Each 

calixarene is connected to two homoleptic gadolinium(III) metal cations through two 

sulfonate groups, with Gd–O distances at 2.34(1) and 2.39 (1) Å, one cation having six 

aquated water molecules and the other with seven water molecules in their coordination 

spheres; the associated Gd–O distances are 2.358(9) to 2.442(9) Å) and 2.344(10) to 

2.548(14) Å) respectively.  

The bis-imidazolium cation is similarly end capped by two calixarene molecules, 

with the butyl H-atoms of the bis-imidazolium cation having weak C–H···π (centroid) 

interactions with the calixarene phenyl rings at distances ranging from 2.59 to 2.99 Å 

(corresponding C···π distances from 3.47 to 3.78 Å). Other interactions involve H-

bonding between the O-atoms of the calixarene sulfonate groups with the H-atoms of 

bis-imidazolium cation at distances ranging from 2.26 to 2.89 Å (corresponding C···O 

distance at to 3.21 to 3.67 Å).  

 

Figure 6.19. Cartoon representation of calix[4]arene polymeric network in complex 

XVII, with the bis-imidazolium cation omitted for clarity. 
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Figure 6.20. (a) Partial space filling for complex XVII showing the gadolinium ion 

coordinated polymeric network of calixarenes, orientated 90
o
 with respect to each other, 

with the bis-phosphonium cations (orange) end capped by the cavitands. (b) Similar 

projection showing water molecules (blue) filling the interstices, with the bis-

imidazolium cation omitted for clarity. 

 

6.2.4 Hirshfeld surface analysis for complex XVI and XVII 

In attempting to understanding the nature of interplay of the supermolecules, analysis 

of intermolecular interactions has been undertaken using Hirshfeld fingerprint plots 

generated by Crystal Explorer 
[194]

. The fingerprint plots are able to identify the closest 

contacts involving C–H···H–C, C–H···O and C–H···π interactions. 

The fingerprint plots in Figure 6.21 summarise the close intermolecular contacts of 

bis-imidazolium for complexes XVI and XVII. The expected C–H···π interaction 

appear as wings in the fingerprint plot with the C–H···π (donor) interaction at the upper 

left, and C–H···π (acceptor) interaction at the bottom right. A distinct wing representing 

C–H···π (donor) interactions between the bis-imidazolium cation and calixarene is 
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evident for complex XVI, but is less significant for complex XVII. This is reflected in 

the higher percentage of Hirshfeld surface for complex XVI relative to complex XVII. 

Complex XVII has a sharper spike for the intermolecular C–H···O interaction involving 

bis-imidazolium cation in close proximity O-atom fragments, with a larger percentage 

contribution of Hirshfeld surface in contrast to complex XVI. The fingerprint plot 

results also indicate that the bis-imidazolium cation is confined in a less dense packing 

arrangement in complex XVII, the cations having longer contacts compared with 

complex XVI. The extensive H-bonding between the cation and surrounding H-atom 

containing molecules has the largest contribution to the overall intermolecular contacts 

making up the balance of the plot for complex XVI and XVII.  

Fingerprint plots of the crystalline water molecules for complexes XVI and XVII, 

Figure 6.22, reveal two distinct spikes which are typical of H-bonding, with the lower 

spike being the acceptor spike (O-atoms from water molecules interacting with H-atoms 

from nearest molecules), and the upper spike being the donor spike (H-atoms of water 

molecules interacting with O-atoms containing molecules). The crystalline water 

molecules in complex XVII has shorter H-bond donor contacts compared to complex 

XVI, with the closest distance of de + di at 1.45 Å, contributing 31% to the overall H-

bonding network. For the overall H-bond interactions, the confined water molecules in 

complex XVII have shorter contacts. It is noteworthy that the contribution of H-

bonding (donor and acceptor) from the water molecules to the overall intermolecular H-

bond interaction for complex XVI is lower than in complex XVII, and this is consistent 

with the molecules confined in the hydrophobic scaffold components. 
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Figure 6.21. Hirshfeld fingerprint plots for bis-imidazolium cation, with specific 

contacts indicated for: (a) complex XVI and (b) complex XVII. 

 

Figure 6.22. Hirshfeld fingerprint plots for water molecules, with specific contacts 

indicated for. (a) complex XVI and (b) complex XVII. 

 

6.3 Solution studies 

Given the preferential binding of the bis-imidazolium cation in the calixarene 

cavities for both structures, the interplay of the bis-imidazolium cation and p-

sulfonatocalix[4]arene anions in aqueous condition was undertaken using 
1
H NMR at 

25
o
C in D2O, for a 2:1 mixture of the two species (calixarene and bis-imidazolium), 
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Figure 6.23. Significant upfield chemical shifts are experienced by the unique H-atom 

(H), the aromatic protons of the five-membered ring protons (H1 and H2), as well as 

for the aliphatic protons (labelled with red box), and is consistent with the shielding 

effect associated with end capping of the bis-imidazolium cation by the calixarenes. The 

aliphatic and the five-membered ring protons have large upfield shifts (~ 0.7 to 1.2 

ppm) while the methylene bridge (H) and the aromatic protons of the phenyl ring 

(labelled with blue box) have the least shift. Thus the NMR results confirm the 

formation of the supermolecules or ‘molecular capsules’ of calixarene and bis-

imidazolium cation with the two charged head group residing in the cavities of the 

calixarenes. The cone conformation of the calixarene is notable by the appearance of the 

broad peaks for the methyl protons, at 3.0 to 4.5 ppm, although the broadness of the 

peaks indicates some exchange on the NMR time scale. The analogous 2:1 complex 

solution was studied with the presence of lanthanum(III) cations, giving rise to similar 

chemical shifts for all bis-imidazolium protons. Better resolved calixarene methylene 

protons (asterisk), Figure 6.23(c), indicate that the calixarenes are in the cone 

conformation with the lanthanum cations slowing down the exchange process, which 

can be through electrostatic, complexation and hydrogen bonding interactions.   
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Figure 6.23. 
1
H NMR spectra for (a) bis-imidazolium, (b) bis-imidazolium in p-

sulfonatocalix[4]arene (1:2) and (c) bis-imidazolium in p-sulfonatocalix[4]arene with 

lanthanide cation,  measured in D2O (S).  
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Figure 6.24. Chemical shift changes of selected bis-imidazolium protons versus the bis-

imidazolium cation at fixed calixarene concentration, measured in D2O.  

 

NMR titration cures were plotted based on the chemical shift of selected protons in 

bis-imidazolium cation in the presence of calixarene, Figure 6.24, which indicate the 

formation of the supermolecule in solution. Concentration of sulfonated calixarene 

(host) was fixed at 42 mM, and the concentrations of the bis-imidazolium (guest) were 

varied. From the titration curve, the methylene proton (a) experience the largest 

chemical shift, while the chemical shifts for the benzyl aromatic and the methylene 

bridge (H) protons have smaller chemical shift differences, and were not plotted in the 

titration curve.  

Intermolecular interactions between the imidazolium cation and calixarene were 

determined using 1D-ROESY experiments, which the studies proved more efficient 

than the 2D-ROESY experiments.
 
1D-ROESY experiments involve sequential selective 
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excitation of individual resonances in the 
1
H NMR spectra, Figure 6.25, which provide 

some information on Nuclear Overhauser enhancements (NOEs) between the ions. In 

this study, the NOEs between aromatic protons of calixarene (Ar-H) and all protons of 

the imidazolium are studied to further understand the host-guest interactions in solution. 

Selective excitation of Ar-H gave strong NOEs for the imidazolium protons (H, benzyl 

aromatic, H2) and weak NOEs for H and the butyl chain protons. This is consistent 

when the selective resonance line irradiation is positioned at all other protons of the bis-

imidazoliun cation, providing the expected complimentarity NOEs at the Ar-H of 

calixarene. Thus the results from the ROESY experiments agree with the structural 

studies in solid state where the formation of end-capped supermolecules is persistent in 

solution with the charged head groups residing in the calixarene cavities. The strong 

NOE between Ar-H and the calixarene methylene CH2 groups is due to the rapid 

exchange of the exo- and endo-protons on the NMR time scale for calixarenes
 [198]

. 
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Figure 6.25. 1D ROESY spectra of bis-imidazolium cation in p-sulfonatocalix[4]arene, 

acquired with a mixing time of 225 ms. The selectively excited protons (showing 

inverted signals) are (a) H, (b) Ar-H in calixarene, (c) benzyl aromatic in bis-

imidazolium cation, (d) H1, (e) H2, (f) H, (g) Ha, (h) Hb, (i) Hc, and (j) Hd. 
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6.4 Conclusions 

The utility of bis-imidazolium cations, which recently featured as a components in ionic 

liquids
 [196]

, have been successfully established as versatile building blocks in forming 

multicomponent materials with water soluble p-sulfonatocalix[4]arene, aquated 

gadolinium(III) ions, and a range of phosphonium cations. The ability to prepare 

complexes based on the assembly of four distinctly different species is noteworthy, as is 

the interplay of the species in the structures depending on the nature of the 

phosphonium ions, and the length of the terminal alkyl groups on the imidazolium 

cations, i.e. methyl versus butyl.  

A common feature of all the complexes is that the cavity of the calixarene is 

occupied by the terminis of the bis-imidazolium cation, with the phosphonium cations 

assembling in packed layers, grids, linear arrays or 3D scaffolds around the aromatic 

rings of the calixarene. Calixarenes end capping each bis-imidazolium cation with 

methyl terminis effectively creates ‘molecular capsules’ which can be either skewed 

when the included cation in trans-configuration, or having a mirror plane bisecting the 

calixarenes the cation takes on the eclipsed cis-configuration. For bis-imidazolium 

cation with butyl chain at the terminis, the cation can be crystallographically imposed 

with the ‘molecular capsule’ or interacts with the cavities of two adjacent calixarenes in 

either 90
o
 or 180

o
 with respect to each other. The interplay of the phosphonium cations 

depends on subtle changes of one substituent on these cations, which also controls 

building in back-to-back arrangement of calixarenes, or circumventing the formation of 

close contact of these components from either face of a bilayer.  

Based on the solution studies, including 
1
H NMR and ROESY experiments, the end-

capped supermolecules are present in solution, thus providing a nexus between the 

solution and solid state host-guest interplay. The results demonstrate the utility of the 

bis-imidazolium cation in forming complex hierarchical structures, and the scene is set 
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to use such building blocks in rationally designing multi-component self assembled 

materials. 

This chemistry establishes a route to prepare multicomponent systems of higher 

complexity than previously reported for p-sulfonated calix[4]arene, with the ability to 

vary the nature of the different cations. The scene is now set to translate the 

methodology to larger ring size calixarenes, as well as to using different metal ions, and 

other imidazolium cations.  

 

 

6.5 Experimental Section 

A. General remarks on crystal growth 

p-Sulfonatocalix[4]arene sodium salt, 1 was synthesised as described in Section 3.4. 

1,1’-[1,4-phenylenebis(methylene)]bis(3-methyl-1H-imidazolium-1-yl), 13 and 1,1’-

[1,4-phenylenebis(methylene)]bis(3-butyl-1H-imidazolium-1-yl), 14, 
[198]

 halide salts 

were synthesized according to the literature procedures. Phosphonium salts, 7, 10, 11, 

and 15 were purchased from Sigma Aldrich. A hot solution of three fold GdCl3·6H2O in 

water (0.5 mL) was added to a hot solution of equimolar ratios of bis-imidazolium salt 

and phosphonium salt with p-sulfonatocalix[4]arene in a mixture of THF and water 

(1:1, 2mL, pH 1.7-3.0). The prepared solutions were left to cool and slowly evaporate, 

with crystals formed after several days. For each complex, several crystals were 

checked for cell dimensions, in establishing the homogeneity of the materials.  
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B. NMR studies 

1
H NMR spectra were collected on a Varian 400 MHz spectrometer using D2O at 25

o
C: 

The chemical shift change of all the proton signals of the bis-imidazolium were 

analyzed. Titrations were carried out by adding aliquots of a solution of the 

imidazolium ion (36 mM) to a solution of a p-sulfonatocalix[4]arene (42 mM, 800 μL) 

in a NMR tube fitted with a rubber septum. ROESY experiments were carried out on 

Bruker AV-600 using Gaussian pulses for selective excitation and a mixing time of 225 

ms.  

 

C. Synthesis of 1,1’-[1,4-phenylenebis(methylene)]bis(3-methyl-1H-imidazolium-1-

yl) di(bromide) and 1,1’-[1,4-phenylenebis(methylene)]bis(3-butyl-1H-

imidazolium-1-yl) di(bromide) salts 

 

1,1’-[1,4-phenylenebis(methylene)]bis(3-methyl-1H-imidazolium-1-yl), and 1,1’-[1,4-

phenylenebis(methylene)]bis(3-butyl-1H-imidazolium-1-yl) were prepared by stirring 

one equivalent of α,α'-dibromo-p-xylene and 2.1 equivalents of methyl/butyl imidazole 

in dryacetonitrile for 24 hours at room temperature which yielded the respective 

quaternized salts. Solvent was removed under reduced pressure and the residue was 

washed with acetone to remove the unreacted imidazole, followed by filtration and 

afforded white precipitates of the dicationic imidazolium salts. The product was 

characterised by 
1
H NMR (300MHz, D2O) [1,1’-[1,4-phenylenebis(methylene)]bis(3-

methyl-1H-imidazolium-1-yl)], δ: 8.7 [s, 2H], 7.4 [d, 2H], 7.3 [d, 2H], 7.2 [s, 4H], 5.5 [s, 

4H], 3.9 [s, 6H]; [1,1’-[1,4-phenylenebis(methylene)]bis(3-butyl-1H-imidazolium-1-yl)], 

δ: 8.7 [s, 2H], 7.4 [d, 2H], 7.4 [d, 2H], 7.3 [s, 4H], 5.4 [s, 4H], 4.1 [t, 4H], 1.8 [m, 4H], 

1.2 [m, 4H], 0.8 [t, 6H]. 
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D. Crystallography details 

 

X-ray Crystallography 

All data were measured as described in Section 3.4. 

 

Crystal/refinement details for Complex XII: 

(C28H20O16S4
4-

), 2(C24H20P
+
), C16H20N4

2+
, Gd

3+
, Na

+
, 24(H2O), 

C120H148GdN4NaO56P2S8, M = 3041.08, colorless prism, 0.44  0.32  0.26 mm
3
, 

triclinic, space group P-1 (No. 2), a = 14.6966(2), b = 23.2019(4), c = 24.7174(4) Å, 

= 112.758(2), = 90.418(1), = 104.350(1)°, V = 7479.3(2) Å
3
, Z = 2, Dc = 1.350 

g/cm
3
, = 0.665 mm

-1
, F000 = 3154, MoK radiation, = 0.71073 Å,  T = 100(2)K, 

2max = 50.0º, 117862 reflections collected, 26324 unique (Rint = 0.0544).  Final GooF = 

1.069, |max| = 7.1(2) e Å
-3

, R1 = 0.1500, wR2 = 0.3651, R indices based on 17881 

reflections with I >2σ(I) (refinement on F
2
), 1610 parameters, 260 restraints. CCDC 

number: 725251. 

 

Crystal/refinement details for Complex XIII: 

C28H20O16S4
4-

, 3(C28H21O16S4
3-

), 8(C25H22P
+
), 2(C16H20N4 

2+
), 0.67(Gd

3+
), Cl

-
, 74(H2O), 

C344H439ClGd0.67N8O138P8S16, M = 7795.56, colorless needle, 0.32  0.14  0.07 mm
3
, 

monoclinic, space group P21/m (No. 11), a = 14.8754(2), b = 42.7788(9), c = 

17.7690(2) Å, = 97.073(1)°, V = 11221.3(3) Å
3
, Z = 1, Dc = 1.154 g/cm

3
, = 2.332 

mm
-1

, F000 = 4099, CuK radiation, = 1.54178 Å,  T = 100(2)K, 2max = 134.6º, 

101425 reflections collected, 20066 unique (Rint = 0.1245).  Final GooF = 1.138, |max| 

= 1.8(1) e Å
-3

, R1 = 0.1415, wR2 = 0.3404, R indices based on 9066 reflections with I 

>2σ(I) (refinement on F
2
), 1159 parameters, 45 restraints. CCDC number: 725252. 
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Crystal/refinement details for Complex XIV: 

2(C28H20O16S4
4-

), 3(C24H20P
+
), C22H32N4

2+
, Gd

3+
, 30(H2O), C150H162GdN4O62P3S8, M = 

3519.48, colorless prism, 0.57  0.46  0.22 mm
3
, triclinic, space group P-1 (No. 2), a = 

14.3260(1), b = 22.7655(2), c = 28.1062(3) Å, = 112.813(1), = 91.721(1), = 

97.864(1)°, V = 8335.28(13) Å
3
, Z = 2, Dc = 1.402 g/cm

3
, = 0.617 mm

-1
, F000 = 3646, 

MoK radiation, = 0.71073 Å,  T = 100(2)K, 2max = 64.0º, 120439 reflections 

collected, 53426 unique (Rint = 0.0255).  Final GooF = 1.005, |max| = 7.5(2) e Å
-3

, R1 

= 0.1236, wR2 = 0.3270, R indices based on 36151 reflections with I >2σ(I) (refinement 

on F
2
), 1955 parameters, 41 restraints. CCDC number: 725253. 

 

Crystal/refinement details for Complex XV: 

4(C28H21O16S4
3-

), 4(C25H22OP
+
), 3(C22H32N4

2+
), 0.67Gd

3+
, 28(H2O), 

C278H324Gd0.67N12O96P4S16, M = 6111.17, colorless needle, 0.23  0.13  0.09 mm
3
, 

triclinic, space group P-1 (No. 2), a = 14.3665(4), b = 19.1493(6), c = 29.3847(9) Å, 

= 85.046(2), = 76.231(2), = 86.048(2)°, V = 7812.6(4) Å
3
, Z = 1, Dc = 1.299 

g/cm
3
, = 2.835 mm

-1
, F000 = 3203, CuK radiation, = 1.54178 Å,  T = 100(2)K, 

2max = 125.9º, 137482 reflections collected, 24522 unique (Rint = 0.0816).  Final GooF 

= 1.001, |max| = 1.5(1) e Å
-3

, R1 = 0.1850, wR2 = 0.3004, R indices based on 8521 

reflections with I >2σ(I) (refinement on F
2
), 1550 parameters, 340 restraints. CCDC 

number: 725254. 
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Crystal/refinement details for Complex XVI: 

2(C28H19O16S4
5-

), 4(C44H38P2
2+

), C22H32N4
2+

, 32(H2O), C254H286N4O64P8S8, M = 

4923.11, colorless needle, 0.36  0.16  0.05 mm
3
, monoclinic, space group P21/c (No. 

14) a = 14.7948(5), b = 43.785(2), c = 18.951(1) Å, = 100.165(4)°, V = 12083.6(9) 

Å
3
, Z = 2, Dc = 1.353 g/cm

3
, = 1.886 mm

-1
, F000 = 5196, 2max = 135.7º, 176046 

reflections collected, 21506 unique (Rint = 0.1805). Final GooF = 1.012, |max| = 1.3(2) 

e Å
-3

, R1 = 0.1152, wR2 = 0.2746, R indices based on 10310 reflections with I >2σ(I), 

1517 parameters, 90 restraints. CCDC number: 752169. 

 

Crystal/refinement details for Complex XVII: 

C56H66Gd2O45S8
2-

, C22H32N4
2+

, 5(H2O), C78H108Gd2N4O50S8, M = 2472.66, colorless 

tetragonal dipyramid, 0.17  0.13  0.11 mm
3
, tetragonal, space group P41 (No. 76), a =  

b = 14.1154(2), c = 47.0311(4) Å, V = 9370.69(15) Å
3
, Z = 4, Dc = 1.753 g/cm

3
, = 

11.642 mm
-1

. F000 = 5040, 2max = 134.4º, 160747 reflections collected, 16659 unique 

(Rint = 0.0724).  Final GooF = 1.004, |max| = 4.0(2) e Å
-3

, R1 = 0.0701, wR2 = 0.1831, 

R indices based on 16339 reflections with I >2σ(I), 1271 parameters, 58 restraints.  

Absolute structure parameter = 0.002(4) (Flack, H. D. Acta Cryst. 1983, A39, 876-881). 

CCDC number: 752170. 

 

 

 


