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Cationic guests direct molecular capsule formation and the impact towards 

the extended self-assembly in combinatorial supramolecular systems 
 
 
Abstract 
Four multi-component complexes based on p-sulfonatocalix[4]arene anion, the 

methyltriphenylphosphonium cation, lanthanide ions (Gd(III)) and different ionic liquid-based cations 

(1-methyl-3-butylimidazolium, 1-methyl-3-octylimidazolium and 1,4-bis((3-

methylimidazolidinyl)methyl)benzene) were synthesized and structurally characterized. Common 

bilayer arrangements are formed in the extended structures of all four complexes, though the  bilayer 

thicknesses varies depending on the components involved. Molecular capsule formation is facilitated 

by the inclusion of  methyltriphenylphosphonium, 1-methyl-3-butylimidazolium and 1,4-bis((3-

methylimidazolidinyl)methyl)benzene cations, but not in the case of the 1-methyl-3-octylimidazolium 

cation. Molecular capsule size depends on the nature of the included guest cation, and 

methyltriphenylphosphonium cations fill compact spaces between calixarenes in these new bilayer 

arrays. 

 

Keywords: p-sulfonatocalix[4]arene; imidazolium; phosphonium; self-assembly; host-

guest 

 
 
1. Introduction 

 

Supramolecular chemistry entails the detailed study of two or more molecular species or 

components held together by various intermolecular forces to afford an organized entity. Multi-

component supramolecular systems display complex behaviours, in some cases showing 

organization of multiple components with disparate geometric features. Examples of factors 

that may influence the self-assembly of constituent building blocks include their size and / or 

shape1, coordination spheres / preferences2, complementary H-bonding3, steric properties4, and 

charge transfer5 to name but a few.  

Calixarenes (C[n]s) are highly versatile host molecules that have played a pivotal role 

in the development of supramolecular chemistry since their structural elucidation and synthetic 

optimisation in the 1970s.6-8 Significant attention has been paid to the self-assembly of the 

water-soluble p-sulfonatocalix[n]arenes (SO3[n]s), in particular the cyclic tetramer owing to 

its exceptionally good recognition ability towards smaller molecules of different sizes, 



polarities and functional groups.9 Furthermore, it has also been shown to assemble with other 

molecular components to form a wide range of bilayer type structures (antiparallel10, stepped11 

and zigzag12), but also highly complex supramolecular architectures including nanometre scale 

spheroids, tubules and micelles.13 These alternative systems typically involve parallel packing 

of the constituent cone-shaped SO3[4]s which necessarily invokes curvature to any prevailing 

extended structure. The construction of such complicated assemblies relies on the 

stoichiometry and directionality of each molecular component, so understanding how host and 

guest behave fundamentally important from the perspective of targeting the formation of such 

arrays. This may rely on harnessing various weak non-covalent interactions, or combining 

guests of particular shape and size to guide the orientation of the hosts accordingly. In this 

regard, we have been investigating the use of a range of cation types to manipulate the assembly 

of SO3[4]. Here we present four multi-component complexes have that have been formed by 

combining bulky and non-bulky potential guests in tandem. Each complex conforms to the 

frequently observed bilayer array, and molecular capsule formation persists where there is a 

directing influence and complementary effect from guest. The packing of the SO3[4]s and 

phosphonium cations is of a bilayer type in all four structures.  

 

2. Experimental 

2.1 Materials 

 

p-Sulfonatocalix[4]arene sodium salt, methyltriphenylphosphonium bromide, ionic liquids 

(namely guanidinium triflate (Gua.Otf), 1-butyl-3-methylimidazolium chloride (Bmim.Cl), 1-

octyl-3-methylimidazolium chloride (Omim.Cl) and 1,4-bis((3-

methylimidazolidinyl)methyl)benzene bromide (Bis-Mmim.2Br)) and gadolinium(III) 

chloride hexahydrate (GdCl3.6H2O) were purchased from Sigma Aldrich and were used as 

received. 1,4-bis((3-methylimidazolidinyl)methyl)benzene bromide was synthesized 

according to literature procedures.14 Complex 1 was prepared from a hot solution of a three-

fold excess of GdCl3.6H2O in distilled water (22.4 mg, 1.0 mL) that was added to a glass vial 

containing hot solution of Gua.Otf  (4.18 mg), methyltriphenylphosphonium bromide salt (7.14 

mg) and p-sulfonatocalix[4]arene sodium salt (16.7 mg) in a mixture of THF and distilled water 

(1 : 1, 2.0 mL), Figure 1. Complexes 2 to 4 were prepared using the similar method however 

replacing Gua.Otf with Bmim.Cl, Omim.Cl and Bis-Mmim.2Br respectively, Figure 1. The 

prepared solutions were left standing to slow-evaporate at room temperature, affording good 

quality single crystals (yields of 50-60%) that were suitable for diffraction studies formed after 



several days. Unit cell dimensions of multiple crystals from each batch were checked to ensure 

sample homogeneity as these assemblies are typically highly solvent-dependent.  

 
Figure 1. Schematic for the synthesis of complexes 1 to 4.  

 

2.2 X-Ray Crystallography 

 

All data were measured from a single crystals using an Oxford Diffraction Gemini-R Ultra 

CCD (complexes 1, 2 and 4) or an Oxford Diffraction Xcalibur-S (complex 3) CCD 

diffractometer at T = 100(2)K with monochromatic CuKα (λ = 1.54178 Å) or MoKα (λ = 

0.71073 Å) radiation respectively. Data were corrected for Lorentz and polarization effects, 

and absorption correction applied using multiple symmetry equivalent reflections. The 

structures were solved by direct methods and refined against F2 with full-matrix least-squares 

using the program suite SHELX.15 Anisotropic displacement parameters were employed for 

the non-hydrogen atoms. Some water molecule hydrogen atoms were not located. All 

remaining hydrogen atoms were added at calculated positions and refined by the use of a riding 

model with isotropic displacement parameters based on those of the parent atom. Anisotropic 

displacement parameters were employed for the non-hydrogen atoms. Crystallographic data 

for the structures reported in this paper have been deposited at the Cambridge Crystallographic 

Data Centre. Copies of data with CCDC numbers 2016488-2016491 can be obtained free of 

charge via https://www.ccdc.cam.ac.uk/structures/, or from the Cambridge Crystallographic 

Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK (fax+ 441223336033; email 

deposit@ccdc.cam.ac.uk). 
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Table 1: Crystallographic details for complexes 1 to 4 
 

 Complex 1 Complex 2 Complex 3 Complex 4 
Chemical formula C265H302ClF3Gd2O104P8S17 C204H276Gd4N4O111P4S16 C59H82GdN2O27PS4 C242H290Gd1.33N4O103P6S16 
Formula weight 6350.78 5826.11 1567.72 5810.69 
Crystal system triclinic monoclinic monoclinic triclinic 
Space group P1� P21 P21/c P1� 
a/Å 14.5042 (8) 14.5513(2) 21.0674(4) 14.9402(7) 
b/Å 23.7588 (12) 34.5276(3) 15.9541(3) 22.0236(14) 
c/Å 25.9043 (13) 26.1129(3) 21.2093(4) 27.7848(12) 
α/° 74.101 (4)   69.814(5) 
β/° 77.128 (4) 102.651(1) 111.988(2) 77.382(4) 
γ/° 74.300 (5)   84.040(4) 
V/Å3 8157.7 (8) 12801.2(3) 6610.2(2) 8369.4(8) 
Z 1 2 4 1 
Dcalc /g cm-3 1.293 1.512 1.575 1.153 
µ/mm−1 µCu: 4.767 µMo: 3.626 µMo: 1.240 µCu: 5.073 
F000 3288 5976 3236 3025 
λ/ Å 1.54178  0.71073 0.71073 1.54178 
2θmax/° 134.9 64.7 52.7 108.5 
Reflections number 
and with I>2σ (I) 

51153, 19722 83327, 58875 13500, 10956 20409, 10678 

Rint n/a† 0.0505 0.0637 0.0974 
Parameters, restraints 1823, 1431 3176, 994 841, 187 1748, 1408 
Goodness-of-fit on F2 1.085 1.002 1.001 1.176 
R1 (I>2σ (I)) 0.1644 0.0935 0.0486 0.1629 
wR2 0.3481 0.2207 0.1298 0.3333 
|Δρ|max / e Å-3 5.6(1) 5.7(2) 2.0(1) 0.81(9) 
CCDC number 2016488 2016489 2016490 2016491 
     

† Merge of reflections not implemented in the case of refinement of twin structures. 

 

 

3. Results and discussion 

3.1 General crystallographic details 

 

Complex 1 crystallises in the triclinic space group P1� (Z = 1) and the unit cell comprises four 

SO3[4]s as 3- species, eight phosphonium cations, two homoleptic gadolinium(III) ions 

(partially occupied and disordered between several positions), one triflate ion and waters of 

crystallisation (some of which are disordered and/or partially occupied). Although guanidinium 

triflate was incorporated during synthesis, only triflate anions are taken up in the final structure, 

while the guanidinium ions are not. Each half-populated triflate anion is located in between 

two calixarenes and alternates in different asymmetric units with disordered homoleptic 

gadolinium(III) ion (Figure 2). One of the disordered gadolinium(III) ions has a chlorido ligand 

(Gd2-Cl1 = 2.680(12) Å) that is participating as part of the coordination sphere. 



 
Figure 2. Triflate anion (space filled) located in between two calixarenes and a disordered 

gadolinium(III) ion in complex 1. 

 

Complex 2 crystallises in the monoclinic space group P21 (Z = 2) and the asymmetric 

unit comprises four SO3[4]s (two carrying a 4- charge, and two with a 5- charge) that form 

capsules with half-populated Bmim+ cations on the interior, four methyltriphenylphosphonium 

ions, four nine-coordinate gadolinium(III) ions (two homoleptic and two heteroleptic) and 

waters of crystallisation. One Bmim+ molecule that is not taken into the calixarene cavity is 

positioned in between two calixarenes and gadolinium(III) ions, fits snugly in the interstices as 

shown in Figure 3. 

 

 
Figure 3. Bmim+ cation (space filled) located in between two calixarenes and in close proximity 

with gadolinium(III) ions in complex 2. 

 

The crystal structure of complex 3 was solved in the monoclinic space group P21/c (Z 

= 4). The asymmetric unit consists of one SO3[4] as 5- species, one disordered Omim+ cation, 

one methyltriphenylphosphonium cation and one fully populated nine-coordinate homoleptic 



gadolinium(III) ion that forms a secondary coordination sphere through H-bonding with the 

calixarene sulfonate groups rather than binding directly as in complex 2. 

Complex 4 crystallized in the space group P1� (Z = 1) and the asymmetric unit contains 

two SO3[4]s as 3- species as part of a large capsule occupied by a half-populated Bis-Mmim2+ 

dication in cis-configuration (bond angles are N1A-C1A-C1 = 109.2(5) o and N1B-C1B-C4 = 

112.1(10)o ), Figure 4, and alternating with waters of crystallisation, three phosphonium cations 

and two homoleptic gadolinium ions (one fully populated, one disordered). There are also large 

quantities of additional water of crystallisation.  

 

 
Figure 4. Bis-Mmim2+ dication in cis-configuration in complex 4. 

 

 

3.2 Overview of host-guest interplay 

 

Electrostatic interaction is found to be important in the host-guest interplay for all complexes. 

The preferential binding of N-heterocyclic-based monocation and dication is consistent for 

three structures (complexes 2 to 4) except for guanidinium (complex 1) where the rings of the 

methyltriphenylphosphonium are drawn into calixarene cavity. The positively charged head 

group for all the N-heterocyclic cations is directed into the calixarene cavity, while the 

methyltriphenylphosphonium cations are embedded in between the back-to-back orientated 

calixarenes within the linear bilayer arrangement to optimize the hydrophobic interplay of the 

methyltriphenylphosphonium cations with aromatic rings of the calixarenes, with the cavities 

binding the N-heterocyclic cations. The calixarenes in all complexes except for complex 3 are 

self-assembled systematically based on molecular capsule subunits comprising two adjacent 

calixarenes facing each other. The molecular capsule demonstrates the versatility to confine 

guest molecule of variable size and shape within the capsule core (endo-cavity). All calixarenes 



adopt the expected almost symmetrical cone conformation although some of the rings are 

splayed greater than others depending on the interplay of the guest molecule with calixarene. 

In complex 1, one methyltriphenylphosphonium molecule is enclosed within a 

molecular capsule (capsule size ca. 16 Å), Figure 5(a), and the dominant interaction that hold 

the phosphonium cation within the inclusion space involves two phenyl rings via C…π(centroid) 

interaction with mean distance of 3.63 Å. This mode of inclusion presumably caused some 

rings to be splayed greater than others (dihedral angles for calixarene 1 are 56.6(5)o, 60.4(4)o, 

45.0(3)o, 66.0(4)o; for calixarene 2 are 51.7(4)o, 66.5(4)o, 46.3(4)o, 50.7(3)o relatively basal 

plane formed by four methylene C-atoms). The interplay of the phosphonium ions and 

calixarenes is considerably different to that previously observed with other quaternary 

phosphonium cations as inclusion of more than one phenyl ring within a molecular capsule 

generated by two opposing calixarenes has not been established.16-17 The homoleptic aquated 

Gd3+ ions (mean Gd–Ow distance = 2.40(7) Å) reside close to calixarene upper rim and 

facilitated the head-to-head organization of the two calixarenes through the formation of 

secondary coordination H-bond interaction (calculated closest Gd-Ow...O-SO2 distances range 

from 2.57 to 2.89 Å). Electrical neutrality requires the calixarene to take on a 3- charge, 

necessitating one proton being removed from the lower rim of calixarene. 

The basic structural motif of complex 2 is similar to complex 1 with the calixarenes 

forming molecular capsules however the head-to-head alignment is somewhat skewed (tilt 

angle relative to the principal axis is 5o). The molecular capsule enclosed a Bmim+ molecule 

and is associated with multiple weak interactions including the C-H…π(centroid) H-bonding 

involving the aromatic moieties of the calixarene with mean sp3C...π(centroid)  distance at 3.56 Å 

and sp2C…OSO2 within 3.20 to 3.24 Å. Calixarenes are in the pinched cone configuration 

(dihedral angles for calixarene 1 are 63.0(3)o, 59.0(2)o, 56.8(2)o, 48.2(3)o; for calixarene 2 are 

49.9(3)o, 66.2(3)o, 47.5(3o, 67.1(3)o; for calixarene 3 are 64.3(3)o, 44.4(4)o, 66.1(3)o, 54.7(3)o; 

calixarene 4 are 65.3(3)o, 58.9(3)o, 45.5(3)o, 60.2(3)o). Similar encapsulation involving the 

Bmim+ cationic and two end-capping calixarenes is similar to a previous reported complex 

(CCDC refcode: DUXKAJ)18 in which the types intermolecular interaction and related 

distances are consistent. Mixed coordination environments are found for gadolinium(III) 

involving both direct coordination and secondary coordination of the metal ions with the 

calixarene sulfonate groups. These multiple coordination modes are responsible for the 

calixarenes dimerization, ultimately afforded a marginally smaller molecular capsule (ca. 13 

Å), Figure 5(b). The capsule is also smaller when compared to DUXKAJ. Two 

crystallographically unique eight-coordinate gadolinium(III) ions are bound to O-atoms of 



sulfonate groups (Gd1-O11A = 2.344(10) Å; Gd3-O13C = 2.441(13) Å) and have close 

O…OSO2 distances from 2.64(2) to 3.045(13) Å. The other two nine-coordinate 

gadolinium(III) ions form secondary coordination sphere to the sulfonate groups (Gd-O…O-

SO2 contacts from 2.65(2) Å to 3.09(2) Å and these distances are slightly longer as opposed to 

complex 1.  

The mode of inclusion for a larger guest molecule in complex 3 is based on a 1:1 

(calixarene:Omim+) interplay, devoid of the molecular capsule formation. The interplay of the 

Omim molecule with calixarene cavity is consistent to previous complexes (CCDC refcode: 

AHACUI & AHADAP)19 where the positively charged head group is directed into the 

calixarene cavity while the n-octyl group directs away and penetrates across the bilayer. The 

complementarity of interaction of the Omim+ cation with calixarene cavity relates to multiple 

interactions as follows: (i) methyl group is involved in sp3C–H···π(centroid)  interaction with the 

phenyl rings of calixarene, mean sp3C···π(centroid)  distances at 3.45 Å, (ii) imidazolium ring H-

bonds to a sulfonate group with mean C···O distance at 3.09 Å with these distances comparable 

to AHACUI and AHADAP. The calixarene is in the slightly distorted cone conformation 

(dihedral angles are 68.00(9)o, 60.27(8)o,  64.44(11)o, 49.45(12)o) pinching the imidazolium 

head group while the n-octyl is tail disordered. The homoleptic nine-coordinate gadolinium(III) 

ion (Gd–O distances range from 2.3826(11) to 2.5000(12) Å) is in close proximity to the upper 

rim sulfonate groups and engaged in H-bonding, the GdO···OSO2 distances range from 

2.589(4) to 3.018(4) Å. 

In complex 4, each Bis-Mmim2+ molecule has its termini residing in the cavities of two 

calixarenes (dihedral angles for calixarene 1 are 56.8(5)o, 60.4(4)o, 45.1(3)o, 65.8(4)o; for 

calixarene 2 are 51.6(4)o, 66.6(4)o, 46.6(4)o, 50.6(3)o) from different bilayers and thus 

effectively creates the molecular capsule (capsule size ca. 18 Å). An equivalent binding mode 

involving the same dicationic species with two calixarenes is found in a previously reported 

complex (CCDC refcode: OHAMIU)20, also with the dication locked in the cis-configuration.  

The absence of direct metal coordination at the capsule seam and the relatively larger guest 

size presumably contributes to the larger capsule size. The Bis-Mmim2+ ring inclusion is 

associated with a sp3C–H…π(centroid) and sp2C–H…π(centroid) interactions to the aromatic 

moieties of the calixarene (calculated sp3C…π(centroid) distance at 3.26 and sp2C…π(centroid) at 

3.23 Å and 3.44 Å respectively). Other H-atoms of the embedded Bis-Mmim2+ dication H-

bond to calixarene sulfonate groups with C…O distances at 2.96 and 3.30 Å. The equatorial 

plane contains nine-coordinate gadolinium(III) ions (Gd–O distances range from 2.32(2) to 



2.57(2) Å) in close proximity to the calixarene sulfonate groups and engaged in through 

extensive H-bonding.  

 

 
Figure 5. (a) Molecular capsule of 16 Å confining a methyltriphenylphosphonium molecule in 

complex 1. (b) A relatively smaller molecular capsule (13 Å) confining a 1-butyl-3-

methylimidazolium molecule in complex 2. (c) Inclusion complex involving 1-octyl-3-

methylimidazolium molecule in complex 3. (d) Molecular capsule of 18 Å confining a 1,4-

bis((3-methylimidazolidinyl)methyl)benzene molecule in complex 4. 

 

 

3.3 Features of the methyltriphenylphosphonium cation self-assembly 

 

Anti-parallel bilayer arrangement formation is a consistent feature in the extended structures 

of 1 – 4. Complexes 1, 2 and 4 are heavily hydrated and waters of crystallisation are found to 

form intricate hydrogen-bonded networks in the extended structures. As SO3[4] demonstrates 

preferential binding of amine-based molecules (Bmim+, Omim+ and Bis-Mmim2+) in the cavity 

over the methyltriphenylphosphonium cation (except in 1), the phosphonium ions are 

constrained into the restricted interface of calixarene hydroxyl groups at the lower-rim (exo-

cavity), thereby expanding the hydrophobic segments. Interestingly, the 

methyltriphenylphosphonium ions are lacking in concerted intermolecular phenyl–phenyl 

interactions between themselves, thereby deviating from predominant phenyl embraces 

between phosphonium ions such as six- and four-fold phenyl embraces commonly found for 

quaternary phosphonium species.21 



In 1, the methyltriphenylphosphonium molecules are arranged neatly into a compact 

two-dimensional groove-like layer (thickness ca. 8.5 Å) along the [011] plane in between the 

calixarene hydroxyl groups, ultimately expanding the hydrophobic domain of the bilayer (ca. 

13.4 Å), Figure 6a. It is noteworthy that the phosphonium layers are built from subunits of 

three molecule clusters that interacts via C…π(centroid) interaction (mean C…π(centroid) distance 

at 3.95 Å) between themselves with mean P…P distance at 8.52 Å. All methyl groups of the 

phosphonium cations project near to calixarene upper-rim with a mean C…OSO2 distance of 

3.55 Å. The phosphonium sp2CH-atoms are involved in C-H...π(centroid) interactions with 

calixarene aromatic rings (closest C…π(centroid) distance at 3.65 Å) and methylene bridges (mean 

C…π(centroid) distance at 3.80 Å). A π-π interaction between phosphonium and calixarene was 

also evident and the closest π(centroid)…π(centroid) distance was found to be 3.51 Å. The distance 

from the centre of one bilayer to the centre of a neighbouring equivalent is 18.7 Å; this is 

defined as the distance between the central plane of one bilayer relative to the central plane of 

the next. 

No significant variation was identified for the bilayer thickness (ca. 10.7 Å, Figure 6b) 

in complex 2 relative to 1, however, the distance from the centre of one bilayer to its 

neighbouring equivalent is found to be more compact, with a calculated distance of 17.3 Å. 

The resulting bilayers are likewise linked through hydrophobic interactions involving the 

methyltriphenylphosphonium cations, which fill the interstices between calixarenes at the van 

der Waals limit. The phosphonium ions form a grid-like layer to fit into the slightly skewed 

bilayer and are engaged in the edge-to-face type of interaction with closest C...π(centroid) distance 

of 3.78 Å. The calculated mean P…P distance is 8.36 Å. As in the case of 1, the electrostatic 

attraction of the calixarene anions and phosphonium cations is consistent in 2 with the 

phosphonium H-atoms being involved in sp2C-H...π(centroid) interactions with the aromatic rings 

and methylene bridges of the SO3[4] with a mean sp2C…π(centroid) distance of 3.77 Å. The 

phosphonium phenyl ring and calixarene phenolic ring have a π(centroid)…π(centroid) distance of 

3.54 Å. Finally, sp3C-H-atoms of the phosphonium ions participate in H-bonding to the 

sulfonate with a sp3C…O mean distance of 3.45 Å. 

The calixarenes in complex 3 are self-assembled into a slipped bilayer arrangement 

with the cavity of one SO3[4] from one bilayer positioned directly above a calixarene sulfonate 

group from the neighbouring bilayer. This causes a deviation from a direct head-to-head 

molecular capsule arrangement as shown in Figure 6c. This deviation presumably maximises 

the electrostatic interaction between the sulfonate groups, Omim+ and the nine-coordinate 

gadolinium(III) cations. Also noteworthy is that complex 3 has the largest bilayer thickness 



(ca. 16.9 Å) of this family of complexes. The methyltriphenylphosphonium cations form two-

dimensional grid-like layers within the calixarene bilayers through the edge-to-face embrace 

manner with a C...π(centroid) distance of 3.52 Å and a mean P…P distance of 9.37 Å. The 

arrangement of phosphonium ions is less compact compared to other complexes and their 

interplay with SO3[4]s is consistent to the two aforementioned complexes; this involves sp3C-

H...π(centroid) interactions with the aromatic rings of the SO3[4] with a sp3C...π(centroid) distance of 

3.71 Å and sp3C...π(centroid) contacts with the SO3[4] methylene bridge at distances of 3.31 Å 

and 3.60 Å. sp3C-H-atoms of the phosphonium molecules participate in the H-bonding to the 

sulfonate groups with mean C…O distance at 3.35 Å.  

The overall structure of complex 4 is composed of a bilayer (ca. 11.8 Å) with molecular 

capsules building up the structure, ultimately forming channels (ca. 4.5 Å x 7.6 Å) along the 

a-axis (Figure 6d). The crystalline material is heavily hydrated with waters of crystallisation 

filling the channels. The methyltriphenylphosphonium cations form compact two-dimensional 

layers embedded in between the back-to-back orientated calixarenes, however the arrangement 

is more compact compared to that observed in 3 (with a mean P…P distance of 7.83 Å) and 

the phosphonium molecules interact in infinite linear edge-to-face embraces at C...π(centroid) 

distance ranging from 3.59 to 3.77 Å. Phosphonium ions interact with calixarenes through 

extensive H-bonding (i) sp2C-H…π(centroid) to calixarene bridges, sp2C…π(centroid) distances at 

3.59 and 3.77 Å and (ii) to calixarene phenolic ring π(centroid)…π(centroid) at 3.84 Å. There is also 

H-bonding between phosphonium molecules and calixarene sulfonate groups mean C…O 

distance at 3.37 Å. 

 



 
Figure 6. Summary of the overall self-assembly showing calixarene bilayer arrangement for 

complex 1 (a),  complex 2 (b),  complex 3 (c) and complex 4 (d) with phosphonium ions shown 

in blue. Inset: different self-assembled motifs concerning phosphonium molecules for each 

complex. 



4. Conclusion 

The versatility of p-sulfonatocalix[4]arene allows for the flexible binding of both bulky and 

non-bulky guests with variable electronic charges that are stabilised by multiple weak 

interactions. Molecular capsule formation is evident in the inclusion of   

methyltriphenylphosphonium, 1-butyl-3-methylimidazolium or 1,4-bis((3-

methylimidazolidinyl)methyl)benzene cations, but not in the case of the 1-octyl-3-

methylimidazolium cation.  Capsule size is dictated by the aforementioned guests, and 

examination of the extended structures shows that the SO3[4]s are organized into infinite anti-

parallel bilayers with methyltriphenylphosphonium molecules neatly arranged within the 

bilayer interstices. In summary, the dication has emerged as potential guest species that can 

drive the formation of nanochannel in the solid-state along with calixarenes as opposed to 

monocations. Future work will focus on the design and incorporation of alternative dicationic 

species, investigating their capability to act as efficient directing building blocks that may 

influence the formation of complicated self-assembled topologies. 
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