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1 INTRODUCTION 

Crystal engineering efficiently use intermolecular interactions which can vary 

from weak, such as van der Waals interactions or induced dipoles, through medium like 

aromatic stacking or hydrogen bonds to strong such as metal coordination bonds or 

electrostatic interactions. However, spatial unpredictability of the hydrophobic effect is 

still a great problem. It is even more confusing, if one takes into account the importance 

of hydrophobic effect in liquid phase; it plays a key role in micelle and membrane 

formation, chromatographic retention, protein folding, ligand-protein and protein-

protein binding, and partitioning of drugs, metabolites and toxins throughout the 

environment and living systems etc.1 

Calix[n]arenes are flexible phenol oligomers, which are cheaply and easy to 

prepare and modify in high yields.2 Calix[n]arene-based surfactants were firstly 

obtained by Shinkai et al.3 in 1986 but recently they have attracted more attention4–11 

due to much lower critical micelle concentration, higher kinetic stability, stronger 

viscosifying effect and stronger foaming power then classic ‘monomeric’ surfactants. 

Better understanding of amphiphilic calix[n]arene self-assembly can be used in 

engineering and design of different kinds of sensors12, for construction of nanoparticle 

shells, vesicles and solid lipid nanoparticles etc.  

Obviously it might be expected that the stronger interactions should dominate 

and control the solid state assembly. But if an approximate balance between different 

types of intermolecular forces exist in solid, non-predictable packing might occur, 

multiple types of crystal may be present or the system simply becomes reluctant to 

crystallise. O-Alkylated calix[n]arenes are good example of such a situation. The goal 

of my thesis is to try to answer questions: Could O-alkylated calixarenes be treated as 

amphiphiles? In which cases this approach might be used? And what about the 

influence of the nature, size and number of substituents? As good model compounds 

three classes of O-alkylated calix[n]arenes were chosen: non-substituted at the upper 

rim (possible C–H···π and π-π stacking interactions), substituted at para-positions with 

tert-butyl groups (possibility for π-π stacking interactions is blocked), and substituted at 

para-positions with nitro groups calix[n]arenes (more polar molecules with additional 

possibility for C–H···O hydrogen binding). 
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2 LITERATURE REVIEW 

2.1 Amphiphiles: nature and self-assembly in liquid phase 

The pioneer researcher in the area of studying amphiphilic molecules was 

Hartley,13 who investigated properties of aqueous solutions of paraffin chain salts nearly 

80 years ago and introduced the term ‘amphipathy’ (from Greek αµφις – both and πάθος 

– feeling) which indicates the possession of affinity to both water and oil. Later it was 

replaced by the term ‘amphiphile’ (φιλíα – love) which relates to molecules or ions 

having both hydrophilic (water-loving) and lipophilic (fat-loving) regions. The dual 

nature of amphiphilic compounds results in different kinds of interactions between 

molecule and environment, therefore the situation when each part of the molecule is 

located in the environment of the same nature is preferable.14 This occurs, for instance, 

at the air/water interfaces.15 When the interface is saturated, the individual amphiphilic 

molecules (monomers) penetrate into the bulk solution. The interaction between the 

hydrophobic surface and, e.g. water, is attractive due to the dispersion forces but the 

interaction between water molecules is much more attractive. This is why hydrophobic 

surfaces are not ‘wetted’ by water. For example, if we put n-propylamine into water, the 

water molecules reorganise themselves around the alkyl moiety in such a way, that the 

solvent molecules take part in hydrogen bond formation like in bulk water (hydrophobic 

solvation). The amino group, as a hydrophilic part of the molecule, is involved in the 

hydrogen bond framework. Energetically, the O–H···O and N–H···O hydrogen 

interactions are of the same order of magnitude. n-Propylamine clathrate hydrate 

formation at -35 °C is a solid-state example of such hydration16 (Fig. 1). While the 

amphiphilic compound concentration is rising, more and more solvent molecules are  

  
 

a b c 

Fig. 1. n-Propylamine hydrate clathrate: (a) n-propylamine stick model; (b) surface, hydrophobic 
region coloured in red and hydrophilic in blue; (c) n-propylamine in the clathrate ‘cage’ (red line). 
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imposed to be arranged in the framework around the non-polar surfaces. Such re-

arrangement is entropically very unfavourable, so at certain concentration (critical 

micelle concentration, CMC) amphiphilic molecules dispersed in the solution combine 

into micelles of different sizes and shapes, while the solvent molecules are released into 

the bulk phase (Fig. 2). 

 

Fig. 2. Schematic representation of hydrophobic effect.  

Further increase of the n-propylamine concentration results in precipitation of the n-

propylamine semihydrate, where lamellar structure is formed17 (Fig. 3). The model 

described was proposed by Frank and Evans18 in 1945 and it was improved further in 

details, e.g. hydrophobic solvation proposed by Yamaguchi et al.19 or thermodynamic 

aspects of the micelle formation process of Rusanov et al.20,21 

 
Fig. 3. n-Propylamine self-aggregation into lamellar structure. The solvent H2O molecule is 
disordered over two positions and, like in water, each of them participates in four hydrogen bonds 
(two O–H···N and two N–H···O). 

Thermochemical measurements reveal,22 that the enthalpy of self-aggregation 

into micelles in aqueous solutions is usually endothermic (∆Hmic is about 2–4 kJ per one 

mole of an amphiphile). This means that ∆Smic should be positive (because ∆G < 0) and 
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usually is between 80–140 JK-1mol-1 at room temperature. The total energetic effect is 

called hydrophobic and then hydrophobic interactions means stronger attraction 

between hydrophobic molecules (or parts of molecules) in water compared with their 

attraction in vacuum (usually by 2–4 times). 

Hydrophobic interactions play the main role not only in micelle formation but 

also in molecular self-assembly,23 in determining the conformation and aggregation of 

proteins,24 in biological membrane structures,25 and in many other surface phenomena.26 

This is why the role of hydrophobic interactions in self-assembly processes is one of the 

most widely studied. 

There are two main aspects of the thermodynamics of micelle formation: kinetic 

and phase equilibria,27,28 which are described in the Mass Action Model and Pseudo-

Phase Separation Model approaches, respectively. Both models have their advantages 

and limitations, and they are complementary to each other. 

Any experimental technique sensitive to the solution property modified by 

micellisation or sensitive to a probe (molecular or ion) property modified by 

micellisation is generally adequate to quantitatively estimate the onset of 

micellisation.29 Determination of CMC is usually done by finding the singularity on the 

plot of the experimentally measured property or response as a function of the logarithm 

of the amphiphile concentration. A listing of the most popular experimental techniques 

used to determine CMC is given in Table 1.  

It is necessary to stress the important role of temperature in the micellisation 

process. Both too high and too low temperatures cause phase separation processes and 

destroy micelles (see diagram in Fig. 4a). The Krafft point is the temperature (more 
 

Table 1. List of techniques and observables for determination of CMC29 

1. Conductance 12. MNR 23. Surface tensions 

2. Density 13. Neutron scattering 24. Taylor diffusion 

3. Diffusion coefficient 14. Optical probe 25. Turbidometry 

4. Dye decomposition kinetics 15. Partial volume 26. Ultracentrifugation 

5. Electromotive force 16. Polarographic maximum 27. Ultrafiltration 

6. ESR probe 17. Potentiometry 28. Vapour pressure lowering 

7. Flocculation rate 18. Refractive index 29. Velocity of sound 

8. Foaming power 19. Solubilisation 30. Viscosity 

9. Freezing point 20. Solubilisation rate 31. Voltammetry of electroactive probe 

10. Heat of dilution 21. Specific heat 32. Wein effect 

11. Light scattering 22. Streaming current 33. X-ray scattering 
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precisely, narrow temperature range) above which the solubility of an amphiphile rises 

sharply. At this temperature the solubility of the amphiphile becomes equal to CMC.30 

Consequently, it looks impossible to obtain single crystals of micelles by cooling. The 

other way to obtain crystals is to increase the amphiphile concentration. For instance, 

for an amphiphile which forms a lyotropic liquid crystal phases, the solid phase S is 

kindred with the liquid crystal phase (the similarity degree remains a question). An 

example of such a diagram is shown in the Fig. 4b. A comprehensive review of phase 

transitions in the liquid crystal states was published by Singh.31 

  
a b 

Fig. 4. (a) Schematic phase diagram of a binary non-ionic surfactant-water system. The dashed line 
indicates CMC; TK is the Krafft point and TC is the cloud point at the CMC = C (lower consolute 
temperature). (b) Phase diagram for the system water-C12H25O(CH2CH2O)5H. I and II denote one- 
and two-phase regions, respectively. LC is a liquid crystal; S is a solid amphiphile phase.32 

The term ‘micelle’ in the consideration above means all possible forms shown in 

Fig. 5. The form of the micelle depends not only on the total amphiphile concentration 

in the solution, but also on averaged molecular shape of the amphiphile molecules,  
 

  
Fig. 5. Examples of amphiphile aggregates.33 
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Fig. 6. Amphiphile (or micelle) packing parameter v/a0l. 

described by the ratio of optimal headgroup area a0, critical chain length l (l ≤ lmax) and 

volume of the hydrocarbon chain v (Fig. 6).22 The optimal headgroup area a0 is 

proportional to the headgroup repulsion and increase when polarity (for non-ionic 

amphiphiles), charge (for ionic surfactants) or the number of hydrophilic groups 

increases. The ratio of chain volume v to its linearity l gives the hydrophobic surface 

area and is proportional to the hydrophobic attraction between chains. Therefore, 

hydrophobic interactions are stronger between hydrophobic parts of molecules which 

are more tangled or have more chains. The dependence between averaged molecular 

shape and aggregate form is illustrated in Table 2. Each of these structures corresponds  

Table 2. Packing parameter and geometries of amphiphilic structures.22 

Effective shape of the 
amphiphile molecule 

Packing parameter, 
v / a0l 

Aggregate morphology 

 

cone < 1/3 spherical micelles 

 

 

truncated 
cone 1/2–1/3 tubular micelles 

 

 

truncated 
cone 1/2–1 vesicles 

 

 

cylinder ~ 1 bilayers, 
 

 

inverted 
(truncated) 

cone 
> 1 inverted micelles 
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to the minimum-sized aggregate in which all the amphiphiles are at the minimum free 

energy. Larger structures will be entropically unfavoured, while smaller structures, 

where packing constraints forces increase the surface area above a0, will be enthalpy 

unfavoured. 

For charged surfactants the optimal headgroup area a0 depends on the ionic 

strength of the solution. In presence of an electrolyte, hexagonal or lamellar phases are 

formed. In absence of electrolytes, self-aggregation into spherical micelles is preferred.  

It should be noted, that amphiphiles with longer chains prefer to form lamellar 

structures in which chains are in hexagonal close packing. Different chain lengths, the 

presence of unsaturated bonds or partial fluorination result in disruption of regular 

packing of long alkyl chains and decrease the hydrophobic attraction. 

In conclusion, despite the long history of amphiphile investigations, there is a lot 

to do both in theory and application. Unfortunately, the images obtained from 

physicochemical methods are extremely complex and additional quantum chemistry 

modelling can help a deeper understanding of amphiphilic self-assembly processes. The 

synthesis of new class of amphiphiles and their self-assembly investigation is another 

hot topic in chemistry. X-ray crystallography could give important information about 

amphiphilic self-aggregation in the solid-state, which could be a useful starting point for 

molecular modelling of the aggregation processes for new classes of amphiphiles. 

2.2 Amphiphiles: self-assembly in the solid-state 

In spite of all the achievements in crystal chemistry, crystal structure prediction 

remains an unpleasant sticking point in the field of crystal engineering.34,35 The main 

difficulty is in taking into account all the large number of intermolecular interactions 

(often with similar magnitude of energy), while even tiny changes in molecular 

structure can cause global changes in the overall crystal packing. 

Contrary to solid crystals, in liquid ones, block copolymers or lyotropic 

amphiphilic systems just a few topologies are the norm because thermal motions cause 

a dynamical character of micelles and liquid crystal phases and the vagaries of 

individual energetic terms are averaged. The polymer science approach to the self-

assembly of blocks in bulk polymers is to use the volume ratio between copolymer 

components of different nature (Fig. 7). If one of the components is a minor component, 

then minimisation of the surface area between the components will lead to a spherical 

impurity inside the major component. If the two components are equal in amount,  
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a b 

Fig. 7. (a) Experimentally determined phase diagram for polystyrene-polyisoprene diblock 
copolymers. (b) s: spheres, c: columns, l: layers, bi: bicontinuous, pl: perforated layers.  

a  lamellar structure with alternating layers will form. Because the two components have 

often different hydrophobicity, the volume ratio between components can be expressed 

as the hydrophobic-to-total volume ratio, which is an analogue of the packing 

parameter v/a0l in the previous chapter. This approach concerning self-assembly of 

molecular crystals was developed by Lee and co-workers, and was tested on more than 

150 structures.36–40 

According to Lee et al., topology prediction is based on tabulated data of 

distances and angles, not on crystal data (it implies ideal tetrahedral angles for sp3-

carbon atoms, Csp3–Csp3 distances are equal to 1.53 Å, van der Waals radii for C, H and 

O are equal to 1.70, 1.20 and 1.52 Å, respectively, etc.). Examples of such structure 

type to hydrophobic-to-total volume ratio correlation for 120 systems of small organic 

molecules (aromatic polyethers and polyalcohols, aromatic ammonium carboxylates 

etc.) are presented in Table 3. It should be noted that structural classification was based 

on closest contacts defined as less than 1.30 times the sum of the van der Waals radii. It 

is easy to notice that generally at ratios 20-30%, the s and c topology is the most 

common, while the l and bi phases predominate for volume ratios of 40-50%, and at 70-

80%, the ic and is topologies are prevalent. Finally, the pl and ipl phases are found at 

volume ratios intermediate between the s or c and bi or l, and bi or l and is or ic, 

respectively. 

In conclusion, it is clear that the force of hydrophobic-to-total volume ratio 

approach is both simple to calculate and general. Unfortunately, the weakness of the 

approach is the same. Weak intermolecular interactions, however, play important role in  
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Table 3. Correlation between structure types and hydrophobic-to-total volume ratios.40 

Vol. ratio, % s or c pl bi or l ipl* ic or is* 

0-10 1     

10-20 2     

20-30 14  3   

30-40 10 3 10   

40-50 1 6 35  1 

50-60   12 5 1 

60-70   1 2 0 

70-80     6 

80-90     2 

90-100     1 

* ‘i’ before s, c and pl means ‘inverted’ to distinguish these phases from those with lower vol. ratio. 

molecular self-assembly and result in deviation from the main tendency. For example, 

as Table 3 shows, there is one structure where the volume ratio is less than 10%. We 

might suppose that only spherical assemblies would have been found at such low ratios, 

but this particular one is columnar. The columns in question are formed by π-π stacking 

of parallel aromatic rings. Thus, the energetic stability of such stacking overbalances the 

minimisation of hydrophobic-to-hydrophilic contacts. 

Nevertheless, the volume ratio approach can be used for these compounds where 

both surface effects and local geometry predispose the molecules to pack in one unique 

and obvious way. 

2.3 Intermolecular interactions 

Intermolecular interactions are based on forces that are exerted by molecules on 

each other. An application of intermolecular interactions to rational design of 

supramolecular systems is a holy grail of supramolecular chemistry. 

Intermolecular interactions include: 

1) ion-dipole interactions. There are no such interactions in the thesis; 

2) dipole-dipole interactions usually are divided in interaction between permanent 

dipoles (orientation interaction) and permanent dipole-induced dipole interaction 

(polarisation interaction); 

3) atom-atom interaction (dispersion interaction); 

4) complex interactions, such as hydrogen bonding, ONO2⋯π(N)NO2 interaction etc. 
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For historical reasons interactions other than ion-dipole interaction are also often 

called van der Waals interactions in honour of the famous pioneer of intermolecular 

interaction studies. 

Dispersion interactions always occur between adjacent molecules. It is 

responsible e.g. for the noble gas condensation. Dipole-dipole interactions additionally 

arise when functional groups composed of atoms with different electronegativity 

present in the molecule. Dispersion interaction contribution can be insignificant (e.g. in 

strong hydrogen bonding) but it always presents in general energy of intermolecular 

interaction. 

Contrary to dispersion and polarisation interactions (which are orientationally 

independent) orientation interaction strength depends on the dipoles mutual orientation. 

Because of diversity of chemical compounds, complex interactions consisting of 

electrostatic, covalent, orientation, induction, dispersion and repulsive interactions are 

possible. To distinguish complex directional interactions, such as hydrogen bonding, 

π-interactions, halogen-halogen interactions etc., some authors41 restricted van der 

Waals forces to directionally independent dispersion and repulsion interactions only. 

Below, only complex directional interactions occurring in analysed crystal structures are 

discussed. 

2.3.1 Hydrogen bonding 

According to IUPAC the hydrogen bond is “an attractive interaction between 

a hydrogen atom from a molecule or a molecular fragment X–H in which X is more 

electronegative than H, and an atom or a group of atoms in the same or a different 

molecule, in which there is evidence of bond formation”.30 During the twentieth century 

usually only strong hydrogen bonds were discussed. A hydrogen bond was treated as 

a special ‘stronger’ type of intermolecular interactions, highly electrostatic and partly 

covalent. Since about 1990 new types of interactions have been identified as weak 

hydrogen bonding and discussed, e.g. C–H⋅⋅⋅O,42 C–H⋅⋅⋅π, O–H⋅⋅⋅π, N–H⋅⋅⋅π, S–H⋅⋅⋅π,43 

C–H⋅⋅⋅F,44 C–H⋅⋅⋅Cl,45 , N–H⋅⋅⋅S,46 agostic47 etc. Some examples of strong and weak 

hydrogen bonding are shown in Fig. 8. 

The distance profile of potential energy of a typical hydrogen bond is shown in 

Fig. 8b. It was found for hydrogen bonds in crystals,48 that the H⋅⋅⋅A distances cluster in 

a narrow range around the energy minimum at de and only a few hydrogen bonds have 

energies differing by more than 4.1 kJ⋅mol-1 from optimum. For weaker hydrogen bonds  
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a 

  
b c 

Fig. 8. (a) Hydrogen bonding diversity and energy scales.49 (b) Schematic representation of 

a hydrogen bond potential as a function of H⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅A distance;41 (c) Total energy and dispersion 

contribution for acetylene-benzene (H1) and butane-benzene (H3) C–H⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅π interactions.50 

the minimum is shallow and shifted to longer distances (Fig. 8c). The weak hydrogen 

bonds have substantial dispersive contribution comparable with the coulombic term 

which results in well width 0.5–1.0 Å,50 where they can be easily distorted without 

a significant energy penalty and with small electron density changes only. It should be 

noted, that for weak hydrogen bonds sum of van der Waals radii of both hydrogen and 

the acceptor roughly bisects a d-distance distribution. Therefore, van der Waals cut-off 

criterion in the H⋅⋅⋅A distance for the assignment of hydrogen bond character is 

inappropriate for weak hydrogen bonds. 

The main driving force for self-assembly of calixarene molecules discussed in 

this thesis are isotropic van der Waals forces. Directionally dependent specific 
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interactions, such as C–H⋅⋅⋅O hydrogen bonding, C–H⋅⋅⋅π and π-π stacking interactions 

etc., play only an additional stabilizing role. The threshold question is important in this 

case. For C–H⋅⋅⋅O hydrogen bonding, H⋅⋅⋅O distances lower than 3.0 Å (4.0 Å for C⋅⋅⋅O 

distances) and C–H⋅⋅⋅O angles up to 90° have been suggested as recommended 

thresholds.41 

2.3.2 π-interactions 

In the case of phenyl⋅⋅⋅phenyl interactions, there are two main cases, 

perpendicular phenyl rings (C–H⋅⋅⋅π or face-to-edge interactions) and parallel phenyl 

rings (π-π stacking or face-to-face interactions), and continuum of intermediate states 

(Fig. 9a). 

The border line in the case of C–H⋅⋅⋅π interaction is a more complex problem. 

The donor ability decreases in the order acetylenic > phenyl > aliphatic hydrogen. The 

C–H⋅⋅⋅π interaction energy-distance profile with highly acidic donors looks almost like 

for C–H⋅⋅⋅O interaction. For less activated C–H bonds, the interaction is so close to van 

der Waals type that it can be called the weakest type of hydrogen bond.51 Nevertheless, 

substantial attraction still exists in alkane-phenyl systems even when molecules are well 

separated (Fig. 9b) due to electrostatic and dispersion interactions.52 Reported 

equilibrium distances and well widths for the same C–H⋅⋅⋅π cluster strongly depends on 

quantum chemistry method used. For instance, the PIXEL method50 gives the distances 

equal to 2.9 and 3.2 Å for benzene-benzene and n-butane-benzene complexes, 

respectively, and the well widths ca. 0.8 Å, while ab initio calculations53 suggest H⋅⋅⋅π  

  
a b 

Fig. 9. (a) Schematic representation of π-interactions between two phenyl rings;54 (b) calculated 

interaction energies of model C–H⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅π complexes at the MP2/cc-pVTZ level.52 
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distances of 2.7±0.3 Å for both the clusters. Moreover, it was also shown that for almost 

apolar C–H donors both the orientation52 and lateral displacement of the donor group 

does not greatly affect the interaction.55 All this makes the thresholds of C–H⋅⋅⋅π 

interaction very subjective. The only distances between hydrogen atoms of the donors 

and benzene rings closer than 3.2 Å (C⋅⋅⋅π distances closer than 4.3 Å) were taken into 

account in this thesis. 

In the case of π-interaction between two benzene rings, dihedral angle between 

planes of rings is a threshold to distinguish face-to-edge (> 45°) and face-to-face (< 45°) 

interactions. Maximum distance between planes of two interacting rings of 3.8 Å was 

assumed. 

2.3.3 O⋯⋯⋯⋯π interactions between nitro groups 

The last intermolecular interaction which I would like to mention here is O⋅⋅⋅π 

interaction between two perpendicular nitro groups, which occurs in crystal structures of 

the nitro calix[4]arenes being one of the calixarenes studied within this work. It was 

found in 104 structural fragments deposited in the Cambridge Structural Database,56 

that in the most cases, distance between oxygen atom of one nitro group and the plane 

of the other nitro group ONO2⋯π(N)NO2 is shorter than 3.0 Å and the angle between the 

planes of two interacting nitro groups (Fig. 10) is approximately 90°. Ab initio 

calculations of the interaction energy indicates the attractive nature of this interaction in 

the range of 13–29 kJ·mol-1. 

 

Fig. 10. Geometry parameters used for description of ONO2⋯⋯⋯⋯π(N)NO2 interaction.56 

At the end of this present survey of intermolecular interactions, I would like to 

emphasise that choice of limit distance values is still under investigation, especially in 
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the case of very weak interactions. The question where the specific interactions end and 

van der Waals interactions start is the subject of discussion between the scientists 

dealing with this issue. 

2.4 Calixarenes: introduction 

The calix[n]arenes are cyclic oligomers synthesised from phenol and 

formaldehyde. The term ‘calix’ was introduced by Gutsche since the shape of the 

molecule resembled the calyx krater vases of ancient Greece (Fig. 11). Calix[n]arenes 

can adopt various conformations and form cavities. They are also easy to prepare in high 

yields from inexpensive starting compounds and easy to modify with a wide variety of 

functional groups at the aromatic rings and/or the O-centres of the phenolic groups. 

 
 

a b 

Fig. 11. (a) Molecular model of calix[4]arene; (b) a calyx krater at the Metropolitan Museum of Art 
(Euphronios and Euxitheos, Attic, ca. 515 B.C.). 

It was first recognised by Cornforth2 that the calix[4]arene can exist in four main 

conformations, with various numbers of aryl groups oriented upward (u) or downward 

(d) relative to an average plane defined by the bridge methylene groups (Fig. 12). Non-

substituted calix[4]arene (Fig. 11a) is a flexible molecule but at room temperature it 

exists mainly in the cone conformation, which is stabilised by four O–H···O hydrogen 

bonds at the lower rim. para-tert-Butyl-tetramethoxycalix[4]arene is also flexible 

(conformational isomers can interconvert at room temperature with a rate of ca. 

100 s-1)57 but the partial cone conformation is the most stable one, while the tetraethyl  

 
   

Cone 
u,u,u,u 

Partial cone 
u,u,u,d 

1,3-Alternate 
u,d,u,d 

1,2-Alternate 
u,u,d,d 

    

Fig. 12. Four possible conformations of calix[4]arenes. 
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ether is flexible only at temperatures above 100 °C and then it exists as an equal mixture 

of partial cone and 1,2-alternate cone conformers58 (in 1,1,2,2-tetrachloroethane). 

As the number of aryl groups in the macrocyclic ring rises, the number of 

conformers increases rapidly. Thus calix[5]arenes have only four pure ‘up-down’ 

conformers (like calix[4]arenes), calix[6]arenes have eight, calix[8]arenes have sixteen, 

etc. Moreover, for all of them deviations from the true up/down orientations are 

possible. For example, a phenyl ring projecting down and outward is denoted as a ‘do’ 

orientation and that projecting down and inward ring is a ‘di’ orientation59 (Fig. 13). 

    
(u,u,u,u,u,u) (u,d,d,u,d,d) (uo,u,d,do,d,u) (ui,d,u,di,u,d) 

    

Fig. 13. Some possible conformations of calix[6]arenes. 

The conformations of the calix[6]arenes are variously described as distorted 

cone, compressed cone, pinched cone, double partial cone, winged, 1,2,3-alternate, 

1,3,5-alternate and distorted 1,2,3-alternate. In the case of the calix[8]arenes such term 

as ‘pleated loop’, ‘pinched cone’, ‘inverted double cone’ or ‘1,2,3,4-alternate structure’ 

are in use.2 As the number of phenyl rings in the macrocyclic ring increases, the 

conformational specification becomes increasingly difficult and less precise. Some 

suggestions for solving this problem have been published.59,60 

 
 

a b 

Fig. 14. Two double partial cone conformations of calix[6]arenes: (a) ‘up-up’; (b) ‘up-down’. 

In the solid-state, the cone conformation is dominant for calix[4]arenes, while 

for calix[6]arene their conformation depends on the solvent used for crystallisation. 

When the solvent cannot participate in hydrogen bonding with the hydroxyl groups of 

the calixarene, the ‘up-up’ double partial cone conformation is observed (Fig. 14a) in 

which all six OH groups are involved in cyclic intramolecular hydrogen bonding. 
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However, when the solvent participates in hydrogen bonding, the molecule assumes 

‘up-down’ double partial cone (or inverted double partial cone) conformation (1,2,3-

alternate)61 (Fig. 14b).  

The much larger macrocyclic rings of the calix[8]arenes can adopt 16 ‘up-down’ 

conformations and numerous others in which one or more aryl rings project ‘outward’.2 

Nevertheless, the pleated loop conformation (Fig. 15) is dominant for calix[8]arenes in 

both solution and solid state but the situation is much more complicated if the H-atoms 

of the hydroxyl groups are substituted. 

 

Fig. 15. Pleated loop conformation of calix[8]arene. 

It should be noted, that calix[n]arenes with n = 4, 8, 12, 16 and 20 are all 

conformationally less mobile than their immediate neighbours62 as a consequence of 

favourable shapes that maximize intramolecular hydrogen bond interactions. 

2.5 Calix[4]arenes as amphiphiles: self-assembly in the solid-state 

Non-substituted calix[4]arene has a  hydrophilic lower rim, formed by four 

hydroxyl groups, while the four phenyl rings make up both a hydrophobic upper rim 

and cavity. Such an amphiphilic nature of the calixarene projects onto its self-

organisation in the solid-state. There are 19 crystal structures of non-substituted 

calix[4]arene in the Cambridge Structural Database (CSD).63 In the majority of cases, 

calix[4]arenes self-assembled in cyclic trimers, stabilised by C–H···π interactions 

between the mutually partially included calixarene rings (Fig. 16a). The trimers are 

combined into the crystal structure by van der Waals interactions. Between columns of 

trimers channels are formed, where small molecules of guest can be incorporated. In the 

case of guest molecules capable to form strong C–H···π interactions (acetone,64 
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(CH3)4N+ 65 and DMF66) the guest is included into hosts’ macrocyclic cavities and then 

inclusion complexes rather than clathrates are formed (Fig. 16b). 

  
a b 

Fig. 16. Self-organisation of calix[4]arene in the solid-state: (a) trimers formation (clathrate with 
CCl4 

67); (b) inclusion complex formation (with acetone). 

Calix[4]arene, as already mentioned, can be easily modified at both upper and 

lower rims. If the substituents are nonpolar and are located at the upper rim, the 

calixarene remains amphiphilic. The most examined groups, which count 77 and 34 

structures, are solvates of tetra-para-tert-butylcalix[4]arene and tetra-para-

acylcalix[4]arene, respectively. For tetra-para-tert-butylcalix[4]arene the driving force 

of calix[4]arene self-assembly is π-π-interaction, which results in double-layer 

formation. Small guest molecules can be included into calixarene cavities present on 

both sides of each double-layer (Fig. 17a). If the guest molecule is longer than 8.5 Å, 

then the adjacent double layers are adjusted to form larger cavities (Fig. 17b). 

 
 

a b 

Fig. 17. Crystal structures of tetra-para-tert-butylcalix[4]arene inclusion compounds: (a) with 
xenon;68 (b) with n-butylamine.69 Guest molecules are in pale blue. 

There are other self-assembling patterns. Thus, for tetra-para-acylcalix[4]arenes 

without guest molecules or with guests such as ethanol70 or tert-butylamine,71 

calixarene self-inclusion is observed: the cavity of the macrocyclic host is occupied by 
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the alkyl substituent of the neighbouring acylcalixarene while guest molecules are 

located in the voids between the alkyl substituents (Fig. 18a). However, the preferable 

location for the guest molecule in the para-acylcalix[4]arene structures is the 

hydrophobic calixarene cavity. The para-acylcalix[4]arene·THF solvates are interesting 

examples of the shape/size relationship between host cavity on the one hand and guest 

molecule(s) on the other hand. In the crystal structure of the 1:1 (host:guest ratio) 

butanoylcalix[4]arene·THF inclusion complex72 (Fig. 18b), calixarene molecules self-

assemble in columns in head-to-tail mode and THF the molecules are located in the 

calixarene cavities. In the case of the hexanoylcalix[4]arene, in both known 

stoichiometries 1:173 and 1:1.5,72 the calixarenes form van der Waals nanocapsules (Fig. 

18c). The self-assembly pattern in the case of octanoyl-calix[4]arene·THF74 complex is 

the same as for butanoylcalix[4]arene one. The only difference is that, due to longer 

alkyl chains, the cavity formed is much larger and accommodates both guest molecules 

and alkyl substituents of the neighbouring calixarene. 

 
a 

 

 
b c 

Fig. 18. Crystal structures of para-acylcalix[4]arene solvates: (a) hexanoylcalix[4]arene·ethanol 
clathrate;70 (b) butanoylcalix[4]arene·THF and (c) hexanoylcalix[4]arene·THF inclusion 
complexes72 (guest molecules are in pale blue). 
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As it was noticed by Pojarova et al.,70 that the presence of carbonyl group at α-

position makes the cavity in acyl calix[4]arenes accessible for guest molecules. It was 

also found that the position of carbonyl group is important for the type of self-

assembly.75 Tetra-para-2-oxooctanoylcalix[4]arene molecules self-assembly to give 

cuboctahedral inverted micelle-like self-assembly (Fig. 19). The location of the 

carbonyl group at β-position provides the micelle stabilisation due to C–H···O 

hydrogen bond formation. 

 

 

a 

 
c b 

Fig. 19. Tetra-para-2-oxooctanoylcalix[4]arene: (a) molecular structure; (b) inverted micelle self-
assembly; (c) internal hydrophilic cavity of about 1200 Å3. 

It should be mentioned here, that bilayer76 and spherical77 self-assembly was 

also observed for other calixarenes but they are not of amphiphilic character and are not 

discussed in this thesis. 

2.5.1 Crystal structures of the non-substituted at the upper rim 
alkoxycalix[4]arenes 

As already mentioned, calixarenes can be easily modified at both upper and 

lower rims. It is obvious that if the substituent at the upper rim is non-polar, the 

calixarene remains amphiphilic as described above. If calixarene is alkylated at the 

lower rim, the situation becomes more complicated and then several questions arise. 

Could such calixarenes be treated as amphiphiles? For which cases this approach might 

be used? And what about the influence of the nature, size and number of substituents? I 

will try to answer some of these questions below. 
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Initially one non-substituted at the upper rim monomethoxycalix[4]arene 

(HC[4]mOC1) was reported, by Hanna et al.78 as a chloroform monosolvate, but no 

description or illustration of the structure was given. Then Maharaj et al.79 showed that in 

solid state, as well as in solution, individual calixarene molecules exist in cone 

conformation, which is stabilised by O–H···O hydrogen bonding (Fig. 20a). The methoxy 

group of one calixarene molecule is located within another calixarene bowl and weak C–

H···π interactions are present between the two molecules (H···π distance equals to 

2.63 Å). Repetition of this construction mode creates head-to-tail zigzag chains (Fig. 

20b), which are assembled in 3D structure via van Waals interactions. Chloroform 

molecules are disordered and located in cavities between chains, and participate in C–

H···π interactions with the nearest calixarene phenyl ring (d(H···π) = 2.41–2.60 Å). 

 
 

a b c 

Fig. 20. (a) Crystallographically independent unit of HC[4]mOC1·CHCl3 structure. Two 
neighbouring chains of: (b) the monomethyl ether HC[4]mOC1 and (c) the dimethyl ether 
HC[4]diOC1 (hydrogen atoms are omitted for clarity). 

Crystal structure of 1,3-dimethyl ether of calix[4]arene (HC[4]diOC1) is also 

reported in the literature.80 There are two calix[4]arene molecules in the asymmetric 

unit. Each of them forms 1D head-to-tail zigzag chain by inclusion of one methyl group 

into bowl of the neighbouring symmetric equivalent. The difference between monoether 

and diether (Fig. 20c) is, firstly, in the symmetry of calixarene chains: mirror plane m in 

the monoether vs. screw axis 21 in the diether. Secondly, contrary to the monoether, 

crystal structure of diether is stabilised by C–H···π interactions between adjacent 

chains. 

The crystal structure of 1,3-diethoxycalix[4]arene (HC[4]diOC2) chloroform 

clathrate81 reveals a dramatic change in the self-assembly: elongation of the alkyl 

substituent by one carbon atom results in head-to-head dimers formation due to π-π 

interactions (Fig. 21). The distance between parallel phenyl rings is 3.35 Å and the 
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centroid-centroid distance equals to 3.88 Å. The chloroform molecule position was not 

reported by the authors. 

 

 
a b 

Fig. 21. 1,3-Diethoxycalix[4]arene: (a) head-to-head dimers; (b) packing diagram. Hydrogen atoms 
are omitted for clarity. 

1,3-Dipropoxycalix[4]arene molecules (HC[4]diOC3) also organise in head-to-

head dimers.82,83 The distance between two parallel phenyl rings of the neighbouring 

calixarenes equals to 3.46 Å, the displacement angle is 30.44 ° (angles between the 

centroid-centroid vector and normal to one of the phenyl ring) and the centroid-centroid 

distance is 4.00 Å. According to Janiak,84 these parameters correspond to weak 

π-π interaction. This kind of dimerisation was observed in some other disubstituted 

calix[4]arene derivatives.85 Hydrogen atoms of a first methylene group of a propyl 

substituent participate in C–H···π interactions with the phenyl rings of the adjacent 

calix[4]arenes, thereby the dimers are assembled in hexameric tubes (Fig. 22a). The 

same tubular self-assembly is observed in crystal structures of 1,3-bis(carboxy 
 

a b 

Fig. 22. Tubular intermeshing gear type self-assembly of: (a) 1,3-dipropoxycalix[4]arene; (b) tetra-
para-carboxylato-25,27-dipropoxycalix[4]arene.81 
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methoxy)calix[4]arene·3.3H2O,86 1,3-bis(methoxycarbonylmethoxy) calix[4]arene,85,87 

5,17-diphenyl-25,27-di-propoxycalix[4]arene·3.5H2O,88 tetra-para- tert-butyl-1,3-

allyloxycalix[4]arene·CH3OH89 and tetra-para-carboxylato-25,27-dipropoxycalix[4]-

arene·pyridine·0.5H2O81 (Fig. 22b). 

Likewise the di-O-alkylated calix[4]arenes with shorter alkyl substituents, 1,3-

dioctyloxycalix[4]arene (HC[4]diOC8)90 also organises in head-to-head dimers (Fig. 

23a). The distance between two interacting phenyl rings of the neighbouring calixarenes 

equals to 3.46 Å and it is the same as in the case of HC[4]diOC3, while the centroid-

centroid distance is elongated to 4.26 Å. Weak C–H···π contacts of 2.78 Å combine the 

HC[4]diOC8 molecules in infinite chains in ‘up-down’ mode (Fig. 23b). As a result of 

both π-π and C–H···π interactions the calix[4]arene molecules are assembled in 

corrugated sheets (Fig. 23c). 

 

 

 
a b c 

Fig. 23. Structure of 1,3-dioctyloxycalix[4]arene: (a) head-to-head dimer; (b) infinite chains; 
(c) packing diagram the a crystallographic axis. 

Only one crystal structure of a non-substituted at the upper rim 

trialkoxycalix[4]arene has been reported.91 Tripropoxycalix[4]arene (HC[4]triOC3· 

CH3CN) forms neither head-to-head dimer nor head-to-tail chain because the 

hydrophobic calix[4]arene cavity is occupied by an acetonitrile guest molecule (Fig. 

24). The guest molecule is bound to two distal phenyl rings via C–H···π interactions. 

Authors noted, that the stabilisation of the complex in the crystal lattice can be mainly 

attributed to intramolecular O–H···O hydrogen bonds and C–H···π interactions, and 

intermolecular phenyl offset π-π stacking interactions. 

Sykora et al.92 analysed seven crystal structures of tetrapropoxycalix[4]arene 

(HC[4]OC3) in 1,3-alternate conformation (non-substituted at the upper rim and para- 

http://rcin.org.pl



32 

 

  
a b 

Fig. 24. Structure of HC[4]triOC3·CH3CN: (a) inclusion complex, acetonitrile molecule is shown in 
spacefill mode; (b) selected layer along diagonal between a and c crystallographic axes. 

substituted by tert-butyl groups or bromine atoms, Fig. 25a). The authors showed that 

both conformation and crystal packing are independent of the number and nature of the 

substituents. The calixarene molecules in the solid state simply interlock like a box of 

bricks (Fig. 25b). All the molecules are combined together via van der Waals 

interactions only. 

 
 

a b 

Fig. 25. Structure of HC[4]OC3 in the 1,3-alternate conformation: (a) molecule; (b) columnar 
arr angement of the molecules. 

The crystal structure of tetrapropoxycalix[4]arene (HC[4]OC3) in partial cone 

conformation (Fig. 26a) was deposited in CSD by Tabatabai et al. as private  
 

 

 
 

a b c 

Fig. 26. Crystal structure of HC[4]OC3 (partial cone): (a) molecule; (b) packing along the c 
crystallographic axis; (b) packing along the a crystallographic axis. 
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communication.93 Calix[4]arene molecules are self-assembled, by C–H···π interactions 

between meta-H-atoms of the ring distal to the alternated one and H-atoms of methylene 

bridge bound to alternated ring and benzene ring of neighbouring calix[4]arene 

molecules, in corrugated layers shown in Fig. 26b. 

The crystal structure of tetrapropoxycalix[4]arene (HC[4]OC3) in the pinched 

cone conformation was deposited in CSD by M. Bolte and P. Sakhaii as a private 

communication.94 There are two HC[4]OC3 molecules in the asymmetric unit, which 

differ from each other by spatial orientation of the alkyl chains and form van der Waals 

capsules (Fig. 27a). The capsules are arranged in columns (Fig. 27b) and van der Waals 

interactions between columns are additionally stabilised by C–H···π contacts of 2.76 Å 

length between one type of symmetrically equivalent HC[4]OC3 molecules. 

   
a b c 

Fig. 27. Crystal structure of HC[4]OC3 in a pinched cone conformation: (a) the asymmetric unit; 
(b) columnar arrangement of the molecules; (c) self-organisation of HC[4]OC4 molecules. 

Surprisingly, in the case of tetrabutoxycalix[4]arene (HC[4]OC4)95 in the  

pinched cone conformation, elongation of the alkyl substituents by one carbon atom 

results in the same self-assembling pattern (Fig. 27c) as for HC[4]OC3 in the pinched 

cone conformation described above. The difference is in higher order of the crystal 

structure and only one molecule in the asymmetric unit. Each HC[4]OC4 molecule 

participates in four C–H···π interactions (2.79 Å) to two neighbouring molecules of the 

calix[4]arene. 

According to Shahgaldian et al.96 tetradodecoxycalix[4]arene (HC[4]OC12) (Fig. 

28a) reveals amphiphilic behaviour: it forms ordered Langmuir monolayers at the 

air/water inter-phase. In the crystal structure, molecules with the same orientation are 

arranged in chains (all are oriented up or all down in the same chain) down the y-axis 

via C–H···π interactions between meta-H-atoms of calix-phenyl ring of adjacent 
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calixarenes. Such chains are bound in corrugated layers by C–H···π interactions (Fig. 

28b, green dotted lines), where H-atoms belong to the methylene bridges of the 

calixarene macrocyclic rings. The corrugated layers are combined together by van der 

Waals interactions between alkyl chains. 

  
a b 

Fig. 28. Crystal structure of HC[4]OC12: (a) molecule; (b) antiparallel arrangement of the 
calixarenes. 

It was shown by Raston group97 that another polymorph of HC[4]OC12, and also 

HC[4]OC14 and HC[4]OC16 behave like amphiphiles forming bilayers (Fig. 29).  

 

 

 

a b c 

Fig. 29. The bilayers formation in crystal structures: (a) HC[4]OC12; (b) HC[4]OC14; 

(c) HC[4]OC16⋅⋅⋅⋅5H2O. 

The calix[4]arene macrocyclic rings are bound together by a net of C–H···π interactions 

between phenyl ring of adjacent calixarenes and, in case of HC[4]OC12, H-atoms of 

methylene bridges and first methylene group of the alkyl substituents, and, in the case 
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of HC[4]OC14 and HC[4]OC16, the H-atoms of the first methylene group and meta-H of 

phenyl rings. Surprisingly, the tetratetrdecoxycalix[4]arene (HC[4]OC14) spatial 

arrangement distinctly differs from its homologues with twelve and sixteen carbon 

atoms: the molecules pack without the alkyl chains being interdigitated (Fig. 29b). 

In the case of HC[4]OC18,98 the bilayer arrangement of the calix[4]arene 

molecules was found in crystal structures of clathrates with both toluene and benzene 

(Fig. 30). Solvent molecules occupy sites between head-to-tail arrangement of 

calixarenes and between the layers of calixarenes. For the benzene clathrate there are 

several C–H···π interactions between the guest molecule and the neighbouring host 

molecules: with the terminal methyl group of alkyl substituent (2.67 Å); with the O-

methylene group (the first CH2-group of the alkyl substituent) (2.60 Å); with the 

calixarene methylene bridge hydrogens (2.60 Å). 

  
a b 

Fig. 30. The bilayer arrangement of HC[4]OC18: (a) the toluene clathrate, projection along the 
a crystallographic axis; (b) benzene clathrate, projection along the c crystallographic axis. 

For the toluene clathrate similar contacts were found, namely two C–H···π 

interactions of 2.72 and 2.87 Å from H-atoms of meta-H of calix-phenyl ring to toluene. 

2.5.2 Crystal structures of O-alkylated para-tert-butylcalix[4]arenes 

Preparative syntheses of para-tert-butylcalix[4]arene monoalkylethers 

tBuC[4]mOCnH2n-1 with n = 3, 4, 8 and 10 were developed in the Kalchenko group.99 

For these compounds 1H and 13C NMR spectroscopic but no crystal structure analyses 

were performed. 

http://rcin.org.pl



36 

 

In the case of the above described dialkoxycalix[4]arenes HC[4]diOalkyl, the 

head-to-head dimer formation was typical, whereas substituted by tert-butyl group at 

para-position tBuC[4]diOalkyl are deprived of such possibility. 

Grootenhuis and co-workers79 published a crystal structure of tBuC[4]diOC1 

(Fig. 31a). The main goal of the article was calixarene conformational analysis, so 

unfortunately crystal packing was not described. There is a developed net of C–H···π 

contacts between para-tert-butyl groups and the phenyl rings of the neighbouring 

calix[4]arenes. The shortest one is 2.81 Å and self-assemble the dimethoxy ether 

molecules in zigzag chains, then longer one equals to 2.84 Å combine chains in layers 

(Fig. 31b) and finally the weakest contacts of 2.88 Å construct the 3D-structure. In the 

toluene solvate, tBuC[4]diOC1·3toluene,100 one molecule of the guest is included into 

the calix[4]arene bowl and such complexes are arranged in ‘up-down’ mode (Fig. 31c). 

Additional toluene molecules are located in cavities, which are formed in the crystal 

lattice. 

 

 
a b c 

Fig. 31. (a) Molecule of tBuC[4]diOC1; (b) self-assembling of tBuC[4]diOC1 in layers; (c) packing 
diagram for tBuC[4]diOC 1·3toluene solvate. 

In the inclusion complex of tBuC[4]diOC2·ethanol,101 two types of van der 

Waals pseudo-capsules are present: the calix[4]arene-ethanol complexes are oriented 

head-to-head (Fig. 32a). The pseudo-capsules of the same type are arranged in the plane 

of (110) family. Room temperature (298 K) modification of acetone inclusion complex, 

tBuC[4]diOC2·acetone102 reveals to be isostructural with the ethanol one, where ethanol 

molecules are isomorphically substituted by acetone. In the low temperature 

modification (153 K), only one type of the pseudo-capsules is present (Fig. 32b). Ethyl 

substituents of each complex participate in C–H···π interactions with phenyl rings of 

the neighbouring calix[4]arenes. In this way the complexes are joined in parallel 
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ribbons, which are perpendicular to the plane of the Fig. 32b. The spatial coherence 

between the ribbons is responsible for pseudo-capsule formation. 

 

 
a b 

Fig. 32. Inclusion complexes of tBuC[4]diOC2 with: (a) ethanol; (b) acetone. 

Similarly to tBuC[4]diOC2 with distal location of the ethyl groups, in the 

tBuC[4]diOC3·CH3CN103 inclusion complex the calix[4]arene molecules are bound in 

ribbons via C–H···π interactions between terminal H atoms of the alkyl substituents and 

π-electrons of neighbouring calix[4]arene molecules (Fig. 33a). The difference is in the 

ribbon packing: the adjacent ribbons are rotated by the angle of 90° (Fig. 33b), therefore  

the van der Waals pseudo-capsules do not form.  

 
a b 

Fig. 33. Self-assembly of tBuC[4]diOC3·CH3CN complexes: (a) ribbon along the c crystallographic 
axis; (b) the ribbons arrangement in the crystal. 

In the inclusion complex of tBuC[4]diOC3 with chloroacetonitrile,104 a hydrogen 

atom of the second carbon of only one propyl chain takes part in C–H···π interaction, 

which results in self-assembly in dimers, not ribbons (Fig. 34a). The spatial coherence 
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in the dimer arrangements causes formation of capsules oriented along diagonal 

between a and b crystallographic axes (Fig. 34b). 

 
 

a b 

Fig. 34. tBuC[4]diOC3·ClCH2CN complex: (a) dimer; (b) the packing diagram along the c 
crystallographic axis. 

Exchange chloroacetonitrile with a maleonitrile-dioxane mixture104 induces 

substantial changes in the calix[4]arene self-assembly. The calix[4]arene·maleonitrile 

inclusion complexes are combined in chains along the a crystallographic axis via        

C–H···π interactions between H-atom of a tert-butyl group and phenyl ring of an 

adjacent calix[4]arene (Fig. 35a). Molecules of dioxane play the role of the binding 

component. Unlike the described above tBuC[4]diOC3 solvate structures, in this crystal 

structure no capsule formation is observed: the calix[4]arene molecules are arranged in 

a head-to-tail mode (Fig. 35b). 

 

 
a b 

Fig. 35. Crystal structure of tBuC[4]diOC3·maleonitrile·2dioxane solvate: (a) self-assembly of 
tBuC[4]diOC 3·maleonitrile inclusion complexes in chain; (b) packing diagram along the 
a crystallographic axis. Molecules of maleonitrile are in pale blue, the dioxane ones are in pale 
green. 
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Gruber et al. reported two105 isostructural solvates of tBuC[4]diOC3 with DMF 

and DMF-methanol guests. The crystal packing diagrams, which are displayed in Fig. 

36, show molecular layers extending parallel to the crystallographic ab plane. Inclusion 

complexes are arranged in herringbone motifs. Methanol molecules present in the second 

structure come from the crystallisation mixture and are located in the cavities present in 

the crystal lattice (Fig. 36b). Both crystal structures are additionally stabilised by        

C–H···O bonds between inclusion complexes and DMF molecules. 

  
a b 

Fig. 36. View along the c crystallographic axis on the herringbone motifs: (a) tBuC[4]diOC3·DMF; 
(b) tBuC[4]diOC 3·DMF·0.5CH3OH. 

Only one crystal structure of tri-O-alkylated at the lower rim para-tert-

butylcalix[4]arene (tBuC[4]triOC1) was reported so far by Grootenhuis et al.80 (Fig. 37). 

Due to the non-polar nature of the calixarene, the crystal structure is dominated by weak 

intermolecular interactions. The cone conformation of the calix[4]arene is stabilised by  

 
Fig. 37. tBuC[4]triOC 1: packing diagram along the a crystallographic axis. 

http://rcin.org.pl



40 

 

intramolecular O–H···O hydrogen bond at the lower rim. The crystal packing is a rather 

complicated interplay of the calix[4]arene conformation (shape) and weak 

intermolecular van der Waals type arene-alkyl and alkyl-alkyl contacts. 

As already mentioned above (page 23), the tetramethyl ether tBuC[4]OC1 

conformation undergoes interconvertion at room temperature. Quantum chemistry 

calculations80 predict the 1,3-alternate conformation to be the most stable one. 

Nevertheless, in solution and the solid-state the partial cone conformation, in which all the 

methoxy groups point outwards, is preferred. Firstly, Grootenhuis et al.80 reported the 

solvent-free tBuC[4]OC1 crystal structure. Later the isostructural clathrates with THF106 

and CH2Cl2107 were published by Fischer et al. In all three crystal structures, there are two 

independent molecules in the asymmetric unit and therefore two types of molecular 

layers, parallel to the bc crystallographic planes at a = 0 and a = 0.5, are present (Fig. 38). 

Each of them consists of only one type of molecules and additionally can contain solvent 

molecules in cavities between the calix[4]arene molecules. In the case of 

tBuC[4]OC1·0.5CH2Cl2, the solvent molecules are present only in planes at a = 0.5. 

  
a b 

Fig. 38. Selected layers in tBuC[4]OC1·THF clathrate parallel to bc crystallographic planes: 
(a) at a = 0; (b) at a = 0.5.  

Both liquid and solid-state investigation of tBuC[4]OC2 in the 1,2-alternate 

conformation were reported by Groenen et al.58 The host calix[4]arene molecules are 

assembled by the guest CH2Cl2 molecules via C–H···π and Cl···π interactions in 

ribbons (Fig. 39a). The ribbons are packed in the ‘up-down’-mode along the c 

crystallographic axis (Fig. 39b). 

In the inclusion complex of the tetrapropyl ether tBuC[4]OC3 with 

acetonitrile,108 the calix[4]arene molecule adopts the cone conformation. Calix[4]arenes 

with the same spatial orientation, ‘up’ or ‘down’, are bound by C–H···π interaction  
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a 

 
b 

Fig. 39. Crystal structure of tBuC[4]OC2·CH2Cl2 clathrate: (a) ribbon; (b) the packing diagram 
along the c crystallographic axis. 

between H atoms of tert-butyl groups and calix[4]arene phenyl rings in chains along the 

a crystallographic axis. By the same type of bonds, the individual chains with 

‘antiparallel’ calix[4]arene orientation are combined in ribbons (Fig. 40a). This structural 

motif is repeated in the crystal structure due to translational symmetry (Fig. 40b). 

 
 

a b 

Fig. 40. Crystal structure of tBuC[4]OC3·CH3CN inclusion complex: (a) self-aggregation in ribbon 
along the a crystallographic axis; (b) packing diagram, view along the ribbons. 
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In the tBuC[4]OC3·0.5THF clathrate, the calix[4]arene molecule assumes the 

partial cone conformation.105 Orientation of the aromatic rings is such that the terminal 

carbon atom of the propoxy substituent, being attached to the alternate aromatic ring, is 

in close contact to the tert-butyl groups. Such a conformation of the calixarene causes 

closing of the cavity, which obviously prevents encapsulation of a guest molecule such 

as THF. As illustrated in Fig. 41a, the calixarene adopts a bilayer type of arrangement 

with solvent molecules located in the lattice cavities between double layers. 

  
a b c 

Fig. 41. Packing diagrams of tBuC[4]OC3 crystal structures: (a) tBuC[4]OC3·0.5THF clathrate 
viewed along the b crystallographic axis; (b) 1,2-alternate conformation along the 
a crystallographic axis; (c) 1,3-alternate conformation along the a crystallographic axis. 

In the crystal structure of tBuC[4]OC3 in the 1,2-alternate conformation,109 

calix[4]arene molecules are self-assembled, by C–H···π interactions of tert-butyl groups 

and calix[4]arene phenyl rings, in molecular layers parallel to (011) planes (Fig. 41b). 

All of the propyl chains are disordered over two or even three positions. 

The crystal structure of tBuC[4]OC3 in the 1,3-alternate conformation92 is 

composed of molecular zigzag chains lying in the ac crystallographic plane: H-atoms of 

ordered tert-butyl groups take part in C–H···π interactions between adjacent 

calix[4]arene molecules. Apart from the mentioned C–H···π interactions, the crystal 

structure is stabilised by intermolecular arene-alkyl and alkyl-alkyl contacts. The 

packing diagram is shown in Fig. 41c. 

Li et al.110 reported structural study of tBuC[4]OC4·4CHCl3·2H2O. Such high 

solvent content is quite unusual for alkoxycalix[4]arene crystal chemistry. Calix[4]arene 

molecules are arranged in columns along the b crystallographic axis in the head-to-tail 

mode. The role of the guest molecules is to bind the neighbouring calix[4]arene 
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molecules via C–H···Cl and C–H···O hydrogen bonds (Fig. 42a). All guest molecules 

are located between the adjacent calix[4]arene columns, the calix[4]arene internal cavity 

remains unoccupied. 

  
a b 

Fig. 42. Packing diagram: (a) tBuC[4]OC4·4CHCl3·2H2O clathrate, view along the b 
crystallographic axis; (b) tBuC[4]OC5, view along the diagonal between a and c crystallographic 
axes. 

The tetrapentoxy ether tBuC[4]OC5 molecules in the solid state111 combine in 

centrosymmetrical dimers due to two C–H···π interactions between tert-butyl groups 

and phenyl rings of two adjacent calix[4]arene macrocyclic rings. Dimers are packed in 

the crystal in such a way, that the calix[4]arene molecules are arranged in parallel mode 

along the diagonal between a and c crystallographic axes (Fig. 42b) and in anti-parallel 

mode in perpendicular direction. The crystal structure is dominated by intermolecular 

van der Waals interactions. 

2.5.3 Crystal structures of O-alkylated para-nitrocalix[4]arenes 

The para-nitro-alkoxycalix[4]arenes NO2C[4]Oalkyl are expected to be more 

polar than para-tert-butyl tBuC[4]Oalkyl or non-substituted HC[4]Oalkyl because of 

negative both inductive and mesomeric effects of the nitro group in the para-position. 

In addition, if a solvent molecule is present in the para-nitro-alkoxycalix[4]arene crystal 

structure, it would be expected to interact via its H-atom(s) with the negatively charged 

oxygen atoms of the nitro group rather than with the π-electrons of the calix[4]arene 

macrocyclic ring. 

Nevertheless, in the crystal structure of NO2C[4]OC1·DMF inclusion complex, 

reported by Kumar et al.,96 guest molecule is included into electron-deficient 
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calix[4]arene cavity (Fig. 43a). Hydrogen atoms in meta-position of the phenyl rings 

other than alternated one, H-atoms of methylene bridges and one methoxy group 

participate in C–H···O hydrogen bonds of length 2.53–2.84 Å, which combine inclusion 

complex molecules in three-dimensional framework. A selected layer with the 

calix[4]arene molecules with the same orientation is shown in Fig. 43b.  

 
 

a b 

Fig. 43. Crystal structure of NO2C[4]OC1·DMF inclusion complex: (a) inclusion of DMF molecule; 
(b) a half of the layer with the calix[4]arene molecules with the same spatial orientation. 

Two crystal structures of the tetraethoxycalix[4]arene NO2C[4]OC2·chloroform 

clathrates were published by Kunsági-Máté et al.112 In the first structure, 

NO2C[4]OC2·2CHCl3, the calix[4]arene adopts the partial cone conformation. Similarly 

to the crystal structure of the tetramethoxycalix[4]arene·DMF inclusion complex 

described above, calix[4]arene molecules with the same spatial orientation are arranged 

in the head-to-tail mode and form layers (Fig. 44a). The layers above and below are 

shifted due to the presence of a c-plane normal to the b crystallographic axis. The main 

difference between the two crystal structures is in the solvent location: chloroform 
 

  
a b 

Fig. 44. Calixarene arrangements in NO2C[4]OC2·chloroform clathrates: (a) parallel for 
NO2C[4]OC2·2CHCl3 (partial cone); (b) the herringbone-type for NO2C[4]OC2·CHCl3 (cone). 
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molecules prefer to participate in C–H···O or C–H···Cl hydrogen bonds rather than in 

C–H···π interactions and, as a consequence, the exo complexation is realised. In Fig. 

44a, location of the chloroform molecules between chains of the calix[4]arenes is 

shown. Chloroform molecules combine the calix[4]arene chains in layers and the layers 

in 3D structure. 

In the second crystal structure, NO2C[4]OC2·CHCl3, the calix[4]arene molecule 

assumes the cone conformation and a clathrate with stoichiometry 1:1 is formed. The 

calix[4]arene molecules are arranged in herringbone-type motif in the layers parallel to 

the bc crystallographic plane at a = 0.25 (Fig. 44b). The layers are self-assembled in 3D 

structure due to the presence of C–H···O hydrogen bonds between calixarene molecules 

from the adjacent layers. The guest molecules are included in cavities formed within the 

layers and, unlike the structure described above, do not participate in binding the layers 

by specific interactions other than van der Waals. 

Tetra-O-propylated para-nitrocalix[4]arenes NO2C[4]OC3 have been more 

widely investigated than other para-nitroalkoxycalix[4]arenes. Kenis et al.113 published 

four crystal structures: one structure of each main calix[4]arene conformers. The 

calix[4]arene in the cone conformation is a clathrate with unknown solvent, in 1,3-

alternate conformation crystallises with methanol and the remaining two conformers 

form solvent-free crystals. The solid-state structure of the dichloromethane clathrate of 

the para-nitropropoxycalix[4]arene in the cone conformation was reported by 

Kelderman et al.114 Klimentova et al.115 report the crystal structures of NO2C[4]OC3 as 

tetrahydrofuran clathrate and solvent-free one where the calix[4]arene also adopts the 

cone conformation. Surprisingly, there is a self-assembling pattern which is common for 

all four crystal structures of the tetrapropoxycalix[4]arenes NO2C[4]OC3 in the cone 

conformation. The calix[4]arene molecules are self-assembled in infinite chains in ‘up-

down’ mode via C–H···O hydrogen bonds between adjacent calixarenes (Fig. 45). 

There is a strong possibility that the nature of solvent plays an important role in the 

spatial orientation of the chains. When the solvent molecules are hydrogen donors in C–

H···O hydrogen bonds with nitro groups of only one para-nitrocalix[4]arene, then the 

neighbouring chains are identical (Fig. 45a). When the solvent molecule is able to play 

a bridging role between chains, then calix[4]arene molecules in the neighbouring chains 

are oriented ‘head-to-head’ and ‘tail-to-tail’ Fig. 45b. In the absence of the solvent in 

the crystal, the chains become zigzag chains and the distances between them are shorter  
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a b 

 
c 

Fig. 45. Selected layers in NO2C[4]OC3 crystals: (a) (002) plane in CH2Cl2 clathrate114; (b) (404) 
plane in THF clathrate; (c) (004) plane in solvent-free NO2C[4]OC3.

115 

in order to minimize interactions between the hydrophobic propyl substituents and the 

calix[4]arene macrocyclic rings (Fig. 45c). 

The crystal structures of NO2C[4]OC3 clathrates have similar fragments (Fig. 

45a and b), their spatial arrangement depends on the space group of the each structure. 

H-atoms of propyl substituents and calixarene macrocyclic rings take part in C–H···O 

hydrogen bonds and bind flat fragments in three-dimensional structure. 

In the case of the tetrabutoxycalix[4]arene NO2C[4]OC4·2acetone clathrate,116 

the strongest intermolecular interactions are C–H···O bonds between meta-H-atoms of 

the calix[4]arene phenyl rings and nitro groups and equals to 2.59 Å which bound the 

calix[4]arene molecules with the same spatial orientation in chains along the 

a crystallographic axis (Fig. 46a). Each acetone molecule forms two C–H···O bonds of 

the length 2.64 and 2.66 Å, and plays a bridging role between the calix[4]arene chains 
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combining them in corrugated layers (Fig. 46b). The last methylene group of the 

disordered butyl substituent forms in one of the positions C–H···O contact equal to 

2.69 Å to the nitro group of the adjacent calix[4]arene but the angle value (132°) 

suggests a low contribution of this interaction in the whole crystal structure 

stabilisation. 

  
a b 

Fig. 46. NO2C[4]OC4·2acetone clathrate crystal structure: (a) chains formation along the 
a crystallographic axis; (b) packing diagram, view along the chains. 

In the crystal structure of tetrapentoxycalix[4]arene NO2C[4]OC5, reported by 

Vysotsky et al.,117 the calix[4]arene molecules with the same spatial orientation are 

connected by C–H···O hydrogen bonds but in different way than in the tetrapropoxy 

derivative (Fig. 47a). Nitro groups of two distal phenyl rings of each calix[4]arene 

molecule are hydrogen acceptors in one strong hydrogen bond of 2.55 Å (H-atom of the 

first methylene group of pentyl substituent), and one weak contact of 2.70 Å (with H-

atom of the calixarene bridging methylene group). As a result of such interactions, the 

calix[4]arene molecules with the same spatial orientation are assembled in layers, which 

are parallel to the ab crystallographic plane. The layers with the opposite spatial 
 

 

 

a b 

Fig. 47. Intermolecular interactions in NO2C[4]OC5 crystal structure: (a) layers formed by           

C–H···O interactions; (b) C–H···π π π π interactions between layers. 
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orientation are joined by weak C–H···π contacts of length 2.79 Å between meta-H-

atoms of the calix[4]arene and π-electrons of the phenyl ring of the adjacent one (Fig. 

47b). 

2.5.4 Calix[6]arenes as amphiphiles 

Calix[6]arenes, as already mentioned in chapter 2.4, are much more 

conformationally flexible, than calix[4]arenes. Additionally, in both dominant 

conformations, ‘up-down’ double partial cone and ‘up-up’ double partial cone (Fig. 14), 

the macrocyclic cavity is more accessible for guest molecules than in the case of 

calix[4]arenes. These factors result in much more complicated crystal chemistry: the 

CSD contains 301 structures of calix[6]arenes, which belong to different classes of 

compounds, but only 4 are hexa-O-alkylated calix[6]arenes and para-tert-

butylcalix[6]arenes. 

Only one non-substituted in para-positions hexa-O-alkylated calix[6]arene was 

reported so far by Clark et al.:118 it is hexakis(octadecyloxy)calix[6]arene HC[4]OC18. 

Calix[6]arene bearing linear C18 alkyl chains crystallises in ‘up-down’ double partial 

cone conformation with three alkyl chains on each side of the macrocyclic ring (Fig. 

48a). The conformation is stabilised by intramolecular C–H···O hydrogen contacts 

between meta-H-atoms of phenyl moieties, H-atoms of second methylene groups of 

two distal alkyl substituents, which close the calix[6]arene cavity from the oxygens’ 
 

 
 

a b 

Fig. 48. Crystal structure of HC[6]OC18:
118 (a) molecule in inverted partial cone conformation; 

(b) packing diagram along the a crystallographic axis. Hydrogen atoms are omitted for clarity. 
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side, and O-atoms of adjacent phenoxy moieties. Additionally, intramolecular C–H···π 

interactions between H-atoms of first methylene groups of two alkyl substituents 

closing the cavities and π-electrons of proximal benzene rings occur.  

Each calix[6]arene macrocyclic ring connects through C–H···π and offset π-π 

interactions to other calix[6]arene macrocyclic rings, forming layers with the alkyl 

chains being almost parallel and protruding either side. The interdigitation of the alkyl 

chains from the neighbouring layers and gives a pseudo bilayer arrangement (Fig. 48b) 

similar to these observed in the crystal structures of HC[4]OC18 clathrates with benzene 

and toluene (chapter 2.5.1). The Hirshfeld surface analyses at different temperatures 

(100, 200 and 300 K) clearly show that the thermal expansion of the structure 

particularly correlates with elongation of C–H···π contacts between the calix[6]arene 

macrocyclic rings: d(meta-H···π) equal to 3.14, 3.17 and 3.20 Å at 100, 200 and 300 K, 

respectively. 

The crystal structure of hexamethoxy para-tert-butylcalix[6]arene tBuC[6]OC1 

was published by Tsue et al.119 The calix[6]arene molecule assumes the ‘up-down’ 

double partial cone conformation (Fig. 49a) stabilised by intramolecular C–H···O 

hydrogen contacts between meta-H and O-atoms of adjacent alternated phenoxy 

moieties similarly to HC[6]OC18.118 Methyl groups of two distal phenyl rings with 

disordered tert-butyl groups close the calix[6]arene cavity from the oxygens’ side and 

stabilise the calix[6]arene conformation by C–H···O hydrogen contacts and C–H···π 

interactions to proximal phenoxy moieties. Surprisingly, there are no intermolecular   

C–H···π or π−π-interactions present in the crystal structure. The C–H···O hydrogen  
 

 

a b 

Fig. 49. Structure of tBuC[6]OC1: (a) molecule in inverted double partial cone conformation; 
(b) chains formation via C–H···O hydrogen bonds. Hydrogen atoms are omitted for clarity. 
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bonds between H-atom of a methoxy groups and O-atom of the adjacent calix[6]arene 

methoxy groups (Fig. 49b) combine the calix[6]arene molecules in infinite chains along 

the b crystallographic axis. Between the chains only van der Waals interactions occur. 

Two crystal structures of the hexaethoxy para-tert-butylcalix[6]arene 

tBuC[6]OC2, solvent-free120 (Fig. 50) and benzophenone clathrate121 (Fig. 51), are 

deposited in the CSD as private communication by Zhang and Coppens. In both 

structures the calix[6]arene conformations are the same (inverted double partial cone) 

and are stabilised by C–H···O hydrogen contacts between the alternated phenoxy 

moieties and C–H···O hydrogen contacts and C–H···π interactions between H-atoms of 

alkyl substituents closing the cavities and proximal phenoxy moieties (Fig. 50a and Fig. 

51a). The difference occurs in the calix[6]arene self-assembly. Solvent free 

calix[6]arene forms C–H···O hydrogen bonds between terminal H-atoms of the ethyl 

substituents and oxygen atoms of the ethoxy groups, which are directed towards the 

macrocyclic cavities (Fig. 50b). As a result, the calix[6]arene molecules are stacked 

along the c crystallographic axis (Fig. 50c). 

 
a 

 
b c 

Fig. 50. Crystal structure of tBuC[6]OC2: (a) molecule in inverted double partial cone 
conformation; (b) chain formation; (c) packing diagram, view along the c crystallographic axis. 
Hydrogen atoms are omitted for clarity. 

In the crystal structure of benzophenone clathrate two tBuC[6]OC2 molecules in 

the asymmetric unit exist. Terminal H-atom of the ethyl chain of one calixarene host 

molecule forms C–H···O hydrogen bond with oxygen atom of the guest molecule. Each 

symmetrically independent molecule of the calix[6]arene participates in a wide net of 
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C–H···π interactions with another symmetrically independent one and with 

benzophenone molecule located in the cavity existing in the crystal lattice (Fig. 51b). 

 

 
a b 

Fig. 51. Crystal structure of tBuC[6]OC2·benzophenone clathrate: (a) molecule in inverted double 
partial cone conformation; (b) packing diagram, view along the a crystallographic axis; two 
symmetrically independent calix[6]arene molecules are in red and blue. Hydrogen atoms are 
omitted for clarity. 

The discussed above O-alkylated para-tert-butylcalix[6]arenes, contrary to 

HC[6]OC18, do not reveal amphiphilic behaviour probably simply due to a small 

difference in hydrophobicity between different parts of the molecule. 

2.6 Application of amphiphilic calixarenes 

The amphiphilic materials based on calix[n]arene moieties have attracted much 

attention due mainly to two reasons. Firstly, the alkoxycalix[n]arenes belong to the class 

of oligomeric surfactants, which, contrary to classic ‘monomeric’ surfactants, are 

characterized by much lower critical micelle concentration (ca. 1-2 orders of 

magnitude), higher kinetic stability, stronger viscosifying effect and stronger foaming 

power.5,15 Secondly, both synthesis and selective functionalization of calix[n]arenes are 

well developed. Thus, the development of chemistry of amphiphilic calixarenes with 

focus on synthesis and self-assembly in water have recently been summarised in short 

review by Helttunen and Shahgaldian.4 The ability of amphiphilic calixarenes to self-

assemble at interfaces and proper functionalization allows their application in, e.g. 

different kinds of sensors:12 chromogenic,122 fluorescent,123 ion- and molecule-selective 

electrodes124 etc. Calixarenes are also useful materials for construction of nanoparticle 

shells: they provide the nanoparticle stability, the desired surface functionality and 
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spatial arrangement.125 Vesicles and solid lipid nanoparticles based on amphiphilic 

calixarenes can be used as carriers for active pharmaceutical ingredients.126–128 Thin 

films of amphiphilic calixarenes can reveal nonlinear optical properties113 or 

pyroelectric effect.129 O-Alkylated calixarenes are also known of their complexation 

ability to proteins130,131 and DNA.132,133 

The field of amphiphilic calixarene usage is mainly covered with amphiphilic 

compounds in general, and it is too wide to be present in full in this thesis. 

2.7 Summary 

All O-alkylated calixarenes which are presented in the literature review are 

compiled in Table 4 according to the alkyl chain(s) length. The table demonstrates that 

mostly crystal structures of calix[4]arenes with short alkyl substituents ( ≥ 5) are known. 

The long alkyl substituent O-alkylated calix[4]arenes are: HC[4]diOC8,90 two 

polymorphs of HC[4]OC12,96,97 HC[4]OC14,97 HC[4]OC16
97 and two solvated of 

HC[4]OC18.98 Only one crystal structure of calix[6]arene with long alkyl substituents is 

known (HC[6]OC18).118 

It seems to be extremely difficult or even impossible to obtain crystals of 

amphiphilic compound by slow cooling of the solution. More elaborated techniques, 

like solvent evaporation, solvent/non-solvent diffusion, vapour diffusion and variations 

of these methods must be used. 

Mono- and di-O-methylated calix[4]arenes HC[4]mOC1 and HC[4]diOC1
80 self-

assembly in infinite chains based on the inclusion of methoxy group of one molecule 

into the cavity of the neighbouring calixarene molecule. Dialkoxycalix[4]arenes with 

longer alkyl substituents (HC[4]diOC2, HC[4]diOC3, HC[4]diOC8) form head-to-head 

dimers due to weak π-π-stacking interaction, which can be assumed as weak appearance 

of amphiphilicity. Nevertheless, neither HC[4]mOC1 and HC[4]diOC1 nor HC[4]diOC2, 

HC[4]diOC3 and even HC[4]diOC8 form classical amphiphilic arrangements. Probably, 

one or two alkyl substituents are not hydrophobic enough for this purpose. 

Tetra-O-alkylated calix[4]arenes look to be more amphiphilic: HC[4]OC3 and 

HC[4]OC4 form van der Waals head-to-head dimers, while HC[4]OCn, with n = 12, 14, 

16 and 18, self-assemble in classical bilayers. It remains unknown where the border 

between the two types of self-assembling should be located. 

In the case of tBuC[4]OCn (n = 1–5) there is no calix[4]arene amphiphilic 

behaviour.  
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Table 4. Crystal structures of non-substituted at para-positions, para-tert-butyl and para-nitro O-alkylated calix[4]arenes and calix[6]arenes. 

n 
HC[4]OCn tBuC[4]OCn NO2C[4]OCn XC[6]OCn mono di tri tetra mono di tri tetra 

1 HC[4]mOC1 cone 
·CHCl378,79 

HC[4]diOC1 
cone80    tBuC[4]diOC1 cone80 

·3toluene100 
tBuC[4]triOC1 

cone80 

tBuC[4]OC1 paco80 
·0.5CH2Cl2107 

·THF106 

NO2C[4]OC1 paco 
·DMF134 tBuC[6]OC1

119 

2  HC[4]diOC2 cone 
·CHCl381    

tBuC[4]diOC2 cone 
·ethanol101 

·acetone – 2 polym.102 
 tBuC[4]OC2 1,2-alt 

·CH2Cl258 

NO2C[4]OC2 paco 
·2CHCl3112 

NO2C[4]OC2 cone 
·CHCl3112 

tBuC[6]OC2
120

 
·Ph2CO121 

3  HC[4]diOC3 
cone82,83 

HC[4]triOC3 paco 
·CH3CN91

HC[4]OC3 1,3-alt92 
HC[4]OC3 paco93 
HC[4]OC3 cone94 

 

tBuC[4]diOC2 cone 
·CH3CN103 

·ClCH2CN104 
·maleonitrile·2dioxan104 

·DMF106 
·DMF·0.5CH3OH106 

 

tBuC[4]OC3 cone 
·CH3CN108 

tBuC[4]OC3 paco 
·0.5THF105 

tBuC[4]OC3 1,2-alt109 
tBuC[4]OC3 1,3-alt92 

NO2C[4]OC3 cone115 
·unknown solv.113 

·0.5CH2Cl2114 
·0.5THF115 

NO2C[4]OC3 paco113 
NO2C[4]OC3 1,3-alt 

·CH3OH113 
NO2C[4]OC3 1,2-alt113 

 

 

4    HC[4]OC4 cone95    tBuC[4]OC4 cone 
·4CHCl3·2H2O110 

NO2C[4]OC4 cone 
·2acetone116  

5        tBuC[4]OC5 cone111 NO2C[4]OC5 cone117  
6           
7           
8  HC[4]diOC8 cone90         
9           
10           
11           

12    HC[4]OC12 cone 
2 polymorphs96,97       

13           
14    HC[4]OC14 cone97       
15           
16    HC[4]OC16 cone97       
17           

18    
HC[4]OC18 cone 

·toluene98 
·2benzene98 

     HC[6]OC18
118 

* Conformation abbreviation: PACO – partial cone, 1,2-ALT – 1,2-alternate, 1,3-ALT – 1,3-alternate 
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Tetra-O-propylated para-nitrocalix[4]arenes NO2C[4]OCn (n = 1–5) also reveal 

no amphiphilic behaviour. 

Only one O-alkylated non-substituted at para-positions calix[6]arene, 

HC[6]OC18, was reported in the literature. HC[6]OC18 molecules, like their 

calix[4]arene analogues, self-assemble in layered structure due to presence of long alkyl 

substituents. Alkyl chains of known para-tert-butyl O-alkylated calix[6]arene are too 

short to cause amphiphilicity of the molecules. 

Conformations of all known so far calixarenes are stabilised by intramolecular 

O–H···O bonding (partially O-alkylated calix[4]arenes), C–H···O contacts (fully O-

alkylated calix[4]arenes), and C–H···π interactions (calix[6]arenes). Crystal structures 

of O-alkylated calixarenes are dominated by van der Waals interactions and additionally 

stabilised by intermolecular C–H···O, C–H···π and π-π interactions. 

The self-assembly of alkoxycalix[n]arenes, especially these with n > 4, in the 

solid-state is rather unexplored. On the other hand, it is expected to play important role 

in rational design of novel surfactants, therefore undertaking studies in this area is very 

important for understanding the self-assembly process and further application of 

amphiphilic calixarenes. 
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3 EXPERIMENTAL 

In this chapter the procedures for data collecting and processing, structure 

solution and refinement, and crystal structure analyses are described. 

All compounds described in this thesis were synthesised in the group of 

Dr. Anthony W. Coleman from the Institute of Biology and Chemistry of Proteins in 

Lyon. Single crystals suitable for X-ray diffraction studies were obtained by slow 

diffusion of solvents or slow evaporation from mixed chloroform-methanol systems. 

There are several stages in which one may influence the final quality of 

structural model. One of them is selecting a good quality crystal of pure composition of 

appropriate size and regular shape, and with no large internal imperfections, such as 

cracks or twinning. The ideal size of the crystal should be approx. 0.2–0.3 mm for 

organic compounds. Unfortunately, the calixarenes with long alkyl substituents usually 

form crystals of thin plate or needle habits and such crystals have to be cut to achieve 

appropriate size and as regular shape, as possible. 

Single crystals suitable for X-ray crystallographic analysis were selected after 

examination under an optical microscope. Crystals were scooped up in a tiny loop with 

a small quantity of oil, because the amount of the oil in the X-ray beam influences 

background considerably. The loop was made of nylon and attached to a solid bronze 

rod. Crystals of NO2C[4]OC8 were sealed with a drop of mother liquor in thin-walled 

Lindemann glass capillary. 

The last stage in the selection was crystal prescanning on the diffractometer, i.e. 

collecting a few quick exposure times and checking the images visually on spot size, 

shape and distribution. Almost all measurements were performed at low temperature 

(100 K) in order to prevent crystal decomposition, reduce thermal vibrations, enhance 

signal-to-noise ratio and reduce dynamic disorder. Crystals of the calixarenes with long 

alkyl chains should be frozen slowly, because flash freezing, in most cases, was strongly 

increasing the mosaicity or even caused cracking of the crystal into small pieces. For 

crystals of such compounds as HC[4]OC11 (220 K), tBuC[4]OC12·CHCl3 (200 K), 

tBuC[4]OC14·CHCl3 (250 K) and NO2C[4]OC14·2CHCl3 (140 K), even slow freezing 

(0.5 K·min-1) to temperature 10K lower than the temperature of measurement (shown in 

brackets) resulted in increasing of mosaicity by 7–9 times. 
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When a crystal is mounted and exposed to an intense beam of X-rays, it scatters 

the X-rays into a pattern of reflections. The relative intensities and distribution of 

reflections provide the information about the electron density distribution in the unit 

cell, the basic building block of the crystal. It is further possible to determine type and 

spatial distribution of atoms in the unit cell (chemical composition), as well as absolute 

configuration and symmetry of both molecule and crystal. Crystal structure analysis can 

be complicated when substantial, positional, static and dynamic disorders, 

pseudosymmetry, twinning and superstructures occurs. 

Single-crystal X-ray diffraction data for all compounds described along this 

thesis (except tBuC[4]OC9), were collected on a Nonius KappaCCD diffractometer 

(Fig. 52), which was later upgraded to an KappaAPEXII, using MoKα radiation (λ = 

0.71073 Å). The first stage of the measurement was determination of the unit cell on the 

basis of ten frames collected during rotation by ten degrees (scan angle 1° per frame). 

Having the unit cell parameters and point group symmetry the strategy for data 

collection was calculated, i.e. the number of frames grouped in sets together with the 

time needed per degree of rotation to get a dataset with reflections up to a specific 

 
Fig. 52. Functional scheme of Nonius Kappa diffractometer. 
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diffraction angle. The raw data collected during the diffraction experiment were 

integrated and scaled in order to obtain the indexed reflections with a consistent 

intensity scale. 

Data collection and data processing were carried out using programs COLLECT,135 

HKL2000136 and program package maXus.137 

Data for crystal structure of tBuC[4]OC9 were collected on an Agilent 

SuperNova Dual Source diffractometer equipped with an Atlas detector using CuKα 

radiation (λ = 1.54184 Å). Data collection and data processing were carried out using 

program CrysAlisPro.138 Procedures of crystal quality checking, unit cell finding, data 

collection and processing are, in general, the same as in the case of the Nonius 

diffractometer. 

Structures were solved by direct methods using the program SHELXS-97139 and 

refined by full matrix least squares using the program SHELXL-97.139
 Unless specified, 

all non-hydrogen atoms were refined anisotropically. Hydrogen atoms were placed in 

geometrically calculated positions and refined as riding atoms. Hydrogen atoms of 

methyl and hydroxyl groups were refined in geometric positions for which the 

calculated sum of the electron density is the highest (rotating group refinement). 

Torsion angles were then refined during the least-squares refinement. All hydrogen 

atoms were refined isotropically with temperature factors 1.2 times of Ueq of their 

parent atoms (1.5 times for methyl and hydroxyl groups).  

In the case of low quality diffraction data and disorder, DFIX and DANG 

geometrical restraints were applied in order to retain the reasonable molecular 

geometry. Distortion in molecular geometry can be an effect of atomic motion or/and 

static disorder but usual diffraction experiment performed in one temperature does not 

distinguish between the two of them. Only considerable changes of populations of 

disordered sites and apparent atomic positions with temperature can suggest dynamic 

disorder. If both, temperature-independent disorder and vibrations are observed, it is 

also possible to separate their contribution to atomic distortion parameters,140 except the 

case when atomic sites are related by symmetry and close to each other. 

In most of the considered structures the alkyl substituents and the solvent 

molecules are disordered even at the temperature of 100K. Because of the lack of strong 

interactions, the disorder is probably caused by thermal motions of groups or molecules 

in larger available space for occupation (dynamic disorder) or the possibility to occupy 

the available space in more than one manner (static disorder).  
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The most often observed is the disorder of n-alkyl substituents. The methyl and 

ethyl groups are always ordered in considered O-alkylated calixarenes. In the case of the 

medium length of n-alkyl substituents (3–7 carbon atoms), at least one of the chains is 

disordered and in tBuC[4]OC7 (partial cone) crystal structure all four heptyl chains are 

strongly disordered. Whereas the whole arsenal of restraints was applied in crystal 

structure of NO2C[4]OC8·CHCl3 (AFIX 66 command to idealize geometry of benzene 

rings; DFIX and DANG commands to restrain geometry of alkyl chains; SIMU and 

DELU commands to restrain thermal parameters of atoms of alkyl chains), the octyl 

substituents in crystal structures of tBuC[4]OC8 (partial cone) and tBuC[4]OC8 (1,3-

alternate) are ordered. Pseudo-hexagonal close packing of long alkyl substituents (9 and 

more carbon atoms) does not protect them against the disorder: at least one chain is 

disordered even at 100K (except perfectly ordered structures of NO2C[4]OC14⋅CHCl3 

and NO2C[4]OC14⋅CHCl3). In one case it was decided not to divide the undecyl 

substituent at the phenoxy moiety C in crystal structure of HC[4]OC11 because of 

medium libration of carbon atoms. 

Disorder of para-tert-butyl groups is observed in half of the structures. It is 

usually treated as rotation around Cbenz–CtBu bond, except of the two structures, 

tBuC[4]OC1·0.125CHCl3 (partial cone) and tBuC[4]OC4 (partial cone), where out-of-

plane vibrations were additionally modelled. For extremely distorted tert-butyl groups 

C–C bond lengths and thermal parameters were restrained using DFIX, DANG and 

DELU commands in SHELXL-97 program.  

In discussed crystal structures three types of disorder of chloroform molecules 

are observed. The first is positional disorder of loosely bound guest molecule, which 

occupies two or more positions in void between the host molecules (crystal structures of 

tBuC[4]OC1·0.125CHCl3 (partial cone), tBuC[4]OC4·0.5CHCl3 (partial cone), 

tBuC[6]OC4·CHCl3 and tBuC[6]OC6·2CHCl3). The second is positional disorder of 

strongly bound guest molecule, when CHCl3 molecule forms strong C–H···O hydrogen 

bond in each of the two positions (crystal structure of NO2C[4]OC8·CHCl3). The third is 

rotational disorder, when the guest molecule participates in strong C–H···O hydrogen 

bond (crystal structure of NO2C[4]OC1·CHCl3) or C–H···π interactions (crystal 

structures of tBuC[4]OC10·CHCl3, tBuC[4]OC12·CHCl3 and tBuC[4]OC14·CHCl3) with 

the host molecule and rotate around the C···O or C···Cg(π) line. 
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In the case of chiral crystal structures of tBuC[4]OC3 (cone) and tBuC[4]OC4 

(space group P312) absolute structures were not defined due to senseless Flack 

parameters (weak anomalous dispersion of MoKα radiation on the C, H, and O atoms).  

Sometimes to distinguish between centrosymmetric and non-centrosymmetric 

space group was not a straightforward task, like for tBuC[4]OC8 (1,3-alternate) crystal 

structure. <E2-1> criterion141 of 0.909 suggested the structure to be centrosymmetric 

(0.968 for centrosymmetric, 0.736 for non-centrosymmetric). Taking into account 

systematic absences of reflections with even l in groups h0l and 00l (which suggest 

symmetry operation c and 21) the structure was firstly solved in centrosymmetric space 

group P2/c (No.13). The n-alkyl chains were disordered and the residual factor for 

significantly intense reflections (R for Fo > 4σ(Fo)) was 0.194. The solution in non-

centrosymmetric Pc space group (No.7) resulted with two ordered molecules in the 

asymmetric unit and the R-factor decreased to 0.073. 

All the above mentioned problems faced during structure solution were carefully 

checked and examined. It has to be mentioned here that in all these cases the structure 

solution was time-consuming and needed a lot of efforts on the way to obtain the final 

structural model. For some structures the time needed for refinement was counted in 

weeks and even months. 

All crystallographic calculations were carried out with the WINGX142
 program 

package. All the figures were prepared using the DIAMOND143 and USCF Chimera.144 

Hydrogen atoms, not taking part in hydrogen bonding or C–H···π interactions and 

disordered atoms with lower occupancy, usually were omitted from the drawings for 

clarity. A consistent numbering scheme was used for the calixarene molecules for all 

structures (Fig. 53). Numbering of alkyl substituent at phenyl oxygen atom starts from 

C8. If more than one calixarene molecule is present in the asymmetric part of the unit 

cell, subsequent letters (E,F,G...) are used to label the rings in the next molecules. 
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a b c 

Fig. 53. Ring labelling scheme: (a) calix[4]arene; (b) calix[6]arene; (c) general atom numbering 
scheme for C atoms. 

The two parameters used to describe calix[4]arene macrocyclic ring 

conformation: dihedral angle between plane of benzene ring and the mean plane of the 

four methylene groups and distance between distal C4 atoms are shown in Fig. 54. 

MOLINSPIRATION INTERACTIVE PROPERTY CALCULATOR145 was 

used for volume calculations of the calixarene molecules and their parts. Volume 

calculations were based on functional group contributions into the volume of a whole 

molecule and in this way do not depend on calixarene and alkyl chain conformations 

(i.e. calix[4]arene in the cone conformation and straight n-alkyl chains). 

 
 

a b 

Fig. 54. (a) Dihedral angle between plane of benzene ring and the mean plane of the four methylene 
groups; (b) distances between distal C4 atoms, d1 < d2. 
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4 RESULTS 

4.1 Crystal structures of non-substituted at the upper rim O-alkylated 
calix[4]arene 

4.1.1 Crystal structure of O-heptylated calix[4]arene (cone) 

Crystals of the non-substituted at the upper rim O-heptylated calix[4]arene 

(HC[4]OC7) crystallise from a methanol/chloroform mixture in the monoclinic 

crystallographic system (Table 5). They display extremely poor diffraction, which  
 

Table 5. Crystal data and structure refinement for HC[4]OC7 (cone) 

Molecular formula C56H80O4 
Formula weight 817.20 
Crystal system Orthorhombic 
Space group Pbca 
Unit cell dimensions a = 19.2160(9) Å 
 b = 19.076(1) Å 
 c = 55.167(3) Å 
Volume 20222(2) Å3 
Z 16 
Temperature 100.0(5) K 
Radiation and wavelength Mo Kα radiation, λ = 0.71073 Å 
Monochromator graphite 
Density (calculated) 1.074 Mg·m-3 
Absorption coefficient 0.07 mm-1 
F(000) 7168 
Crystal size 0.05 × 0.08 × 0.11 mm 
θ range for data collection 2.6–18.9° 
Index ranges -16 ≤ h ≤ 17, -17 ≤ k ≤ 17, -50 ≤ l ≤ 50 
Reflections collected 103307 
Independent reflections 7945 [Rint = 0.382] 
Completeness 93.3 % 
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Weighting scheme [σ2(Fo

2) + 147.4872P]-1 * 
Data / restraints / parameters 7945 / 426 / 1019 
Goodness-of-fit on F2 1.16 
Final R indices [I > 2σ(I)] R = 0.142, wR = 0.201 
R indices (all data) R = 0.243, wR = 0.229 
Extinction coefficient Not refined 
Largest diff. peak and hole 0.32 and -0.34 e·Å-3 

* P = (Fo
2 + 2Fc

2)/3 
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reflects in high R parameters. The asymmetric unit comprises two independent 

molecules of calixarenes that differ from one another by spatial orientation of the alkyl 

chains (Fig. 55a and b). Carbon atom numbering scheme is shown in Fig. 55c. Two last 

atoms of heptyl substituent at the ring G are disordered over three positions with 

occupancy factors of 0.70, 0.15 and 0.15. 

  

a b c 

Fig. 55. HC[4]OC7: (a) molecule 1; (b) molecule 2; (c) numbering scheme. 

Analysis of dihedral angles between planes of each benzene ring and the mean 

plane of the four methylene groups and distances between distal C4 atoms (Table 6) 

reveals that molecule 1 is flattened slightly more than molecule 2.  

Table 6. Calix[4]arene macrocyclic ring geometry for HC[4]OC7 

∠∠∠∠(ring-to-CH 2-plane),°°°° Distal C4···C4 distances, Å 
A 81.4(3) E 86.3(3) C4A···C4C 4.33(1) 
B 137.0(2) F 133.2(3) C4B···C4D 9.78(1) 
C 80.3(3) G 88.9(3) C4E···C4G 5.17(1) 
D 140.2(3) H 136.7(3) C4F···C4H 9.46(1) 

The pinched cone conformation of each calix[4]arene macrocyclic rings is 

stabilised by one normal and one bifurcated intramolecular C–H···O contacts (Table 7) 

of H-atoms the second methylene groups of chain D and oxygen atoms of phenoxy 

moieties A, B and C (molecule 1), and the second methylene group of chain H with 

oxygen atoms of phenoxy moieties E, F and G (molecule 2) (Fig. 56). 

In the case of molecule 2, there is one additional intramolecular C–H···O 

interaction between phenolic O1E oxygen atom and H-atom of the first methylene 

group of the alkyl chain C8F···O1E 3.48(1) Å. 
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Table 7. Weak interactions in HC[4]OC7 (cone) 

Hydrogen bonds 
D–H···A d(D–H), Å d(H···A), Å d(D···A), Å ∠∠∠∠D–H···A 
C8F–H8F2···O1E 0.99 2.98 3.48(1) 112 
C9D–H9D2···O1A 0.99 2.89 3.61(2) 120 
C9D–H9D2···O1B 0.99 2.88 3.45(1) 131 
C9D–H9D1···O1C 0.99 2.55 3.49(1) 160 
C9H–H9H2···O1E 0.99 2.77 3.59(1) 140 
C9H–H9H1···O1F 0.99 2.98 3.62(1) 123 
C9H–H9H1···O1G 0.99 2.56 3.38(1) 140 

C–H···ππππ interactions 
C–H···Cg d(H···Cg) ⊥⊥⊥⊥d(H···ππππ) d(C···Cg) ∠∠∠∠C–H···Cg ∠∠∠∠C–H···ππππ 
C3D–H3D···CgA1 3.27 2.82 4.18(1) 160 156 
C5H–H5H···CgB 3.59 2.30 4.32(1) 136 141 
C7B–H7B2···CgD2 2.90 2.69 3.83(1) 158 142 
C7E–H7E2···CgH3 3.05 2.75 3.92(1) 147 137 
Symmetry codes: (1) 0.5 + x, y, 0.5 – z; (2) 2.5 – x, 0.5 + y, z; (3) 1.5 – x, –0.5 + y, z. 
 

 
 

 

 

a b 

Fig. 56. Conformation stabilised by C–H···O intramolecular contacts: (a) molecule 1; 
(b) molecule 2. 

In crystal structure of HC[4]OC7, similarly to tetraalkoxycalix[4]arenes with shorter 

alkyl substituents, HC[4]OC3 and HC[4]OC4,94,95head-to-head dimer formation due to 

van der Waals interaction between the upper rims of two opposite calixarene cones 

which are twisted ~90° one to another is observed (Fig. 57a). 

The dimers (and the calix[4]arene molecules) of the same spatial orientation 

form chains down the b crystallographic axis via C–H···π interactions of methylene 

bridges of calix[4]arene macrocyclic rings and aromatic rings of adjacent calixarenes 

[C7B···ring D and C7E···ring H, Table 7] (Fig. 57b). 
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a b 

Fig. 57. (a) Van der Waals dimer of HC[4]OC7; (b) intermolecular C–H···ππππ interactions between 
the dimers of the same spatial orientation. 

The self-organisation of the dimers in the opposite spatial orientation is additionally 

stabilised by C–H···π contacts of aromatic rings of adjacent calixarenes of molecules of the 

same and the opposite orientation [C3D···ring A, C5H···ring B, Table 7] (Fig. 58a). 

 
 

a b 

Fig. 58. HC[4]OC7: (a) intermolecular C–H···ππππ interactions between dimers in opposite spatial 
orientation; (b) packing diagram, view along the b crystallographic axis. 

Thus, the net of C–H···π contacts joins the dimers in corrugated bilayers (Fig. 

58b). The thickness of aromatic regions is ca. 11.0 Å while the thickness of aliphatic 

layers changes from 12.7 to 16.6 Å. Due to a small interdigitation of the relatively long 

alkyl substituents of the neighbouring layers, the HC[4]OC7 self-assembling motif is an 

intermediate link between crystal packing of HC[4]Oalkyl molecules with shorter (3, or 

4 carbon atoms)94,95 and longer (12, 12, 14, 16, and 18 carbon atoms in chain)96–98 alkyl 

chains.  
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4.1.2 Crystal structure of O-undecylated calix[4]arene (cone) 

Non-substituted at the upper rim O-undecylated calix[4]arene (HC[4]OC11) 

crystallises from a methanol/chloroform mixture in the triclinic crystallographic system 

and presents no disorder. Crystal data are presented in Table 8. Data collection was 

performed at 220 K. Below this temperature a sharp rise in the mosaicity up to 3.7° was 

observed and below 200 K crystal cracking occurs. 

The asymmetric unit comprises only one molecule of HC[4]OC11. The 

calix[4]arene macrocyclic ring assumes the pinched cone conformation (Fig. 59a). 

Carbon atom numbering scheme is shown in Fig. 59b. 

Table 8. Crystal data and structure refinement for HC[4]OC11 (cone) 

Molecular formula C72H112O4 
Formula weight 1041.62 
Crystal system Triclinic 
Space group P1 
Unit cell dimensions a = 11.9204(2) Å α = 93.173(1)° 
 b = 16.8983(3) Å β = 95.871(1)° 
 c = 17.1660(4) Å γ = 104.488(2)° 
Volume 3318.5(1) Å3 
Z 2 
Temperature 220.0(5) K 
Radiation and wavelength Mo Kα radiation, λ = 0.71073 Å 
Monochromator graphite 
Density (calculated) 1.042 Mg·m-3 
Absorption coefficient 0.06 mm-1 
F(000) 1152 
Crystal size 0.15 × 0.15 × 0.45 mm 
θ range for data collection 2.8–22.7° 
Index ranges -12 ≤ h ≤ 12, -18 ≤ k ≤ 18, -18 ≤ l ≤ 18 
Reflections collected 35579 
Independent reflections 8894 [Rint = 0.046] 
Completeness 99.9 % 
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Weighting scheme [σ2(Fo

2) + (0.0615P)2 + 1.4101P]-1 * 
Data / restraints / parameters 8894 / 0 / 689 
Goodness-of-fit on F2 1.05 
Final R indices [I > 2σ(I)] R = 0.058, wR = 0.139 
R indices (all data) R = 0.082, wR = 0.149 
Extinction coefficient Not refined 
Largest diff. peak and hole 0.18 and -0.20 e·Å-3 

* P = (Fo
2 + 2Fc

2)/3 
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a b c 

Fig. 59. HC[4]OC11 (cone): (a) asymmetric unit; (b) numbering scheme; (c) conformation stabilised 
by C–H···O intramolecular contacts. 

Values of dihedral angles between planes of each benzene ring and the mean 

plane of the four methylene groups and distances between distal C4 are presented in 

Table 9. Comparison with HC[4]OC7 reveals that HC[4]OC11 is more pinched.  

Similarly to the molecule 2 of the HC[4]OC7 structure, the conformation of 

HC[4]OC11 is stabilised by two normal [C8B···O1C and C9D···O1C] and one bifurcated 

[C9D···O1A, C9D···O1B] C–H···O intramolecular contacts (Table 10) between H-atoms 

Table 9. Calix[4]arene macrocyclic ring geometry for HC[4]OC11 

∠∠∠∠(ring-to-CH 2-plane), °°°° Distal C4···C4 distances, Å 
A 77.77(6) C4A···C4C 4.114(4) 
B 135.78(7)   
C 79.72(7) C4B···C4D 9.865(4) 
D 142.50(4)   

Table 10. Weak interactions in HC[4]OC11 (cone) 

Hydrogen bonds 
D–H···A d(D–H), Å d(H···A), Å d(D···A), Å ∠∠∠∠D–H···A 
C8B–H8B1···O1C 0.98 2.93 3.360(3) 108 
C9D–H9D1···O1C 0.98 2.97 3.821(3) 146 
C9D–H9D2···O1A  0.98 2.75 3.471(3) 131 
C9D–H9H2···O1B  0.98 2.93 3.561(3) 123 

C–H···ππππ interactions 
C–H···Cg d(H···Cg) ⊥⊥⊥⊥d(H···ππππ) d(C···Cg) ∠∠∠∠C–H···Cg ∠∠∠∠C–H···ππππ 
C7A–H7A2···CgA1 3.09 2.79 4.022(3) 160 153 
C7C–H7C2···CgC2 3.21 2.82 4.146(3) 160 153 
C4D–H4D···CgB3 2.72 2.68 3.610(3) 159 166 
Symmetry codes: (1) –x, –y, 1 – z; (2) 1 – x, 1 – y, 1 – z; (3) 1 + x, y, z. 
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of methylene groups of alkyl substituents and oxygen atom of phenoxy moieties A, B 

and C (Fig. 59c). 

Two distal methylene bridges A and C participate in two C–H···π interactions 

with aromatic rings of the neighbouring calix[4]arene molecules at opposite orientation 

(Fig. 60a). C–H···π interactions of para-H-atoms of aromatic rings and phenyl groups 

of the adjacent calixarene macrocyclic rings in the same orientation (Fig. 60b) and van 

der Waals interactions between alkyl substituents result in the bilayer pattern of the 

calix[4]arene self-assembly with the thickness of the aromatic and aliphatic layers ca. 

5.7 and 11.4 Å, respectively. 

 

 

a b 

Fig. 60. HC[4]OC11 (cone): (a) packing diagram, view along the a crystallographic axis; (b) packing 
diagram, view along the b crystallographic axis. 

Therefore, the arrangement of HC[4]OC11 molecules is similar to the ‘real-

amphiphiles’ found in the crystal structures of HC[4]OC12, HC[4]OC16 and both 

HC[4]OC18 systems.
96–98 

4.2 Crystal structures of para-tert-butyl-O-alkylated calix[4]arenes 

4.2.1 Crystal structure of O-methylated para-tert-butylcalix[4]arene (partial 
cone) chloroform sescuncisolvate 

O-Methylated para-tert-butylcalix[4]arene crystallises from methanol/ 

chloroform mixture in the monoclinic crystallographic system as a calix[4]arene-

chloroform solvate with stoichiometry 8:1 (tBuC[4]OC1·0.125CHCl3). The crystal is 

isostructural (crystal data are presented in Table 11) with the solvent-free form and the 
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THF and CH2Cl2 solvates.80,106,107 The asymmetric unit which comprises two molecules 

of the host and one-fourth of the guest molecule is shown in Fig. 61a. Carbon atom 

numbering scheme is shown in Fig. 61b. 

Two tert-butyl groups of one host molecule are disordered each over two 

positions with occupancy factors of 0.51 and 0.49, and 0.64 and 0.36. In the case of the 

calixarene molecule 2, there is only one disordered tert-butyl group with occupancy 

factors of 0.54 and 0.46. Both calix[4]arene molecules adopt a partial cone 

conformation (Fig. 62). 

Table 11. Crystal data and structure refinement for tBuC[4]OC1·0.125CHCl3 

Molecular formula C48H64O4·0.125CHCl3 
Formula weight 719.91 
Crystal system Monoclinic 
Space group P21/c 
Unit cell dimensions a = 16.7480(2) Å 
 b = 19.6593(2) Å β = 103.713(1)° 
 c = 27.9952(4) Å 
Volume 8954.8(2) Å3 
Z 8 
Temperature 100.0(5) K 
Radiation and wavelength Mo Kα radiation, λ = 0.71073 Å 
Monochromator graphite 
Density (calculated) 1.068 Mg·m-3 
Absorption coefficient 0.09 mm-1 
F(000) 3130 
Crystal size 0.13 × 0.25 × 0.45 mm 
θ range for data collection 2.8–23.6° 
Index ranges -18 ≤ h ≤ 18, -22 ≤ k ≤ 22, -31 ≤ l ≤ 31 
Reflections collected 97749 
Independent reflections 13276 [Rint = 0.093] 
Completeness 99.9 % 
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Weighting scheme [σ2(Fo

2) + (0.0516P)2 + 6.9594P]-1 * 
Data / restraints / parameters 13276 / 52 / 1126 
Goodness-of-fit on F2 1.05 
Final R indices [I > 2σ(I)] R = 0.057, wR = 0.127 
R indices (all data) R = 0.095, wR = 0.142 
Extinction coefficient 0.0012(2) 
Largest diff. peak and hole 0.39 and -0.33 e·Å-3 

* P = (Fo
2 + 2Fc

2)/3 
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a b 

Fig. 61. tBuC[4]OC1·0.125CHCl3 (partial cone) solvate: (a) asymmetric unit; (b) numbering scheme. 

 

  
a b 

Fig. 62. tBuC[4]OC1·0.125CHCl3 in the partial cone conformation: (a) molecule 1 and 
(b) molecule 2. 

Analysis of dihedral angles between planes of each benzene ring and the mean 

plane of the four methylene groups and distances between distal C4 atoms reveals that 

conformations of calix[4]arene macrocyclic ring of molecules 1 and 2 are almost 

identical (Table 12). 

Since the downward pointing benzene rings are far from the distal methoxy 

groups [4.268(3) and 4.325(3) Å for atoms C8B and C8F and rings D and H, 

respectively (Fig. 62)], there is no evidence of intramolecular C–H···π interactions, 

except for an orientation of C–H bonds towards benzene ring (which were visible on 

difference Fourier synthesis maps). On the other hand, C···O distances for C8B and 

C8F proximal oxygen atoms are quite short [3.149(4), 3.113(4), 3.158(3) and 

3.153(3) Å for atom pairs C8B···O1A, C8B···O1C, C8F···O1E and C8F···O1G, 

respectively], but the CHO angles are too small [90.1, 95.3, 92.2 and 93.3°] to provide 

evidence of C–H···O hydrogen binding. 
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Table 12. Calix[4]arene macrocyclic ring geometry for tBuC[4]OC1 (partial cone) ·0.125CHCl3 

∠∠∠∠(ring-to-CH 2-plane), °°°° 
1 2 

A 92.82(7) E 94.62(6) 
B 144.69(9) F 144.55(8) 
C 94.33(6) G 91.01(6) 
D -90.86(6) H -93.40(6) 

Distal C4···C4 distances, Å 
1 2 

C4A···C4C 5.689(4) C4E···C4G 5.633(3) 
C4B···C4D 8.826(4) C4F···C4H 8.905(4) 

 

Two kinds of layers can be distinguished in crystal structure of 

tBuC[4]OC1·0.125CHCl3 (Fig. 63a and b) both extending parallel to the bc 

crystallographic plane: each of them comprises either molecules 1 and CHCl3 or 

exclusively molecules 2. Molecules 2 are self-assembled in infinite chains along the b 

crystallographic axis due to C–H···π interactions (Table 13) of methoxy group of the 

downward pointing benzene ring H and tert-butyl groups of the opposite benzene ring F 

(Fig. 64a). Infinite chains of molecules 2 are arranged parallel to the bc crystallographic 

plane. Molecules 1 are also involved in C–H···π interactions but with molecules 2 only 

(Fig. 64b). They are hydrogen donors in C–H···π interactions of methoxy groups A and 

D and hydrogen acceptors of H-atoms of methylene bridge E, methoxy group E and 

meta-H-atom of the ring F. Therefore, molecules 1 play a role of bridge between 

molecules 2. 

 

 

a b 

Fig. 63. Two kind of layers in crystal structure of tBuC[4]OC1·0.125CHCl3 (partial cone): 
(a) partial superposition, view along the a crystallographic axis; (b) view along the b 
crystallographic axis. Molecules 1 in red, molecules 2 in blue. 
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Table 13. Weak interactions in tBuC[4]OC1·0.125CHCl3 

Hydrogen bonds 
D–H···A d(D–H), Å d(H···A), Å d(D···A), Å ∠∠∠∠D–H···A 
C7A–H7A2···Cl2 0.99 3.08 3.929(5) 145 
C10B–H10F···Cl31 0.98 2.96 3.776(6) 142 
C12B–H12D···Cl31 0.98 2.95 3.802(6) 146 
C12B–H12E···Cl11 0.98 2.86 3.469(6) 121 
C12D–H12J···Cl32 0.98 2.99 3.653(7) 126 
C12J–H125···Cl12 0.98 2.88 3.52(2) 126 
C8E–H8E2···Cl13 0.98 3.04 3.913(4) 149 
C8E–H8E2···Cl23 0.98 3.06 3.801(4) 134 
Symmetry codes: (1) 1 – x, 1 – y, –z; (2) 1 – x, –0.5 + y, 0.5 – z; (3) –1 + x, y, z. 

C–H···ππππ interactions 
C–H···Cg d(H···Cg) ⊥⊥⊥⊥d(H···ππππ) d(C···Cg) ∠∠∠∠C–H···Cg ∠∠∠∠C–H···ππππ 
C8A–H8A1···CgE1 2.670 2.67 3.464(3) 138 140 
C8D–H8D1···CgG2 2.746 2.71 3.519(3) 136 144 
C7E–H7E2···CgC3 2.839 2.84 3.710(3) 147 147 
C8E–H8E1···CgA4 3.224 2.95 3.154(3) 159 135 
C3F–H3F···CgC5 3.724 2.91 4.370(3) 128 141 
C10F–H10P···CgH5 3.023 3.01 3.524(6) 113 117 
C8H–H8H1···CgF2 2.877 2.68 3.592(4) 131 151 
Symmetry codes: (1) 1 + x, y, z; (2) 1 – x, –0.5 + y, 0.5 – z; (3) – x, 0.5 + y, 0.5 – z;  

(4) –1 + x, y, z; (5) –x, 0.5 + y, 0.5 – z. 

 
Fig. 64. tBuC[4]OC1·0.125CHCl3 (partial cone): (a) C–H···π interactions between molecules 2; 
(b) binding role of molecules 1. 
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Chloroform molecules are disordered in voids present within layers of molecules 

1 and participate in C–H···Cl hydrogen bonds between H-atoms of methylene bridge 

C7A, methoxy group at the ring E and tert-butyl groups B and J and Cl atoms of 

chloroform (Table 13). 

4.2.2 Crystal structure of O-ethylated para-tert-butylcalix[4]arene (partial cone) 

O-Ethylated para-tert-butylcalix[4]arene (tBuC[4]OC2 (partial cone)) 

crystallises from methanol/chloroform mixture in the monoclinic crystallographic 

system and does not contain any solvent. Crystal data are presented in Table 14.  

Table 14. Crystal data and structure refinement for tBuC[4]OC2 (partial cone) 

Molecular formula C52H72O4 
Formula weight 761.10 
Crystal system Monoclinic 
Space group P21/c 
Unit cell dimensions a = 14.1432(2) Å 
 b = 17.1326(2) Å β =107.879(1)° 
 c = 20.0987(2) Å 
Volume 4634.9(1) Å3 
Z 4 
Temperature 100.0(5) K 
Radiation and wavelength Mo Kα radiation, λ = 0.71073 Å 
Monochromator graphite 
Density (calculated) 1.091 Mg·m-3 
Absorption coefficient 0.07 mm-1 
F(000) 1664 
Crystal size 0.20 × 0.22 × 0.25 mm 
θ range for data collection 2.8–26.7° 
Index ranges -17 ≤ h ≤ 17, -17 ≤ k ≤ 21, -25 ≤ l ≤ 25 
Reflections collected 45588 
Independent reflections 9783 [Rint = 0.041] 
Completeness 99.6 % 
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Weighting scheme [σ2(Fo

2) + (0.0308P)2 + 5.1616P]-1 * 
Data / restraints / parameters 9783 / 0 / 522 
Goodness-of-fit on F2 1.03 
Final R indices [I > 2σ(I)] R = 0.062, wR = 0.123 
R indices (all data) R = 0.089, wR = 0.133 
Extinction coefficient 0.0015(2) 
Largest diff. peak and hole 0.30 and -0.25 e·Å-3 

* P = (Fo
2 + 2Fc

2)/3 
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The asymmetric unit comprises one molecule of the calix[4]arene which adopts a partial 

cone conformation (Fig. 65a) with pseudo-Cs symmetry. Carbon atom numbering 

scheme is shown in Fig. 65b. 

   
   
a b c 

Fig. 65. tBuC[4]OC2 (partial cone): (a) asymmetric unit; (b) numbering scheme; (c) partial cone 
conformation stabilised by C–H···O intramolecular contacts, tert-butyl groups are omitted for 
clarity. 

Dihedral angles between planes of each benzene ring and the mean plane of the 

four methylene groups and distances between distal C4 atoms are presented in Table 15. 

The partial cone conformation of calix[4]arene macrocyclic ring is stabilised by two   

C–H···O intramolecular contacts (Fig. 65c) between H-atoms of terminal carbon atom 

of the ethyl group and oxygen atoms of phenoxy moieties A and C (Table 16). 

Table 15. Calix[4]arene macrocyclic ring geometry for tBuC[4]OC2 (partial cone) 

∠∠∠∠(ring-to-CH 2-plane), °°°° Distal C4···C4 distances, Å 
A 94.73(5) C4A···C4C 5.645(3) 
B 141.13(6)   
C 90.53(5) C4B···C4D 8.996(3) 
D -94.92(4)   

Table 16. Weak interactions in tBuC[4]OC2 (partial cone) 

Hydrogen bonds 
D–H···A d(D–H), Å d(H···A), Å d(D···A), Å ∠∠∠∠D–H···A 
C9B–H9B3···O1A 0.98 2.49 3.264(3) 136 
C9B–H9B1···O1C 0.98 2.45 3.308(3) 146 

C–H···ππππ interactions 
C–H···Cg d(H···Cg) ⊥⊥⊥⊥d(H···ππππ) d(C···Cg) ∠∠∠∠C–H···Cg ∠∠∠∠C–H···ππππ 
C8A–H8A2···CgC1 2.63 2.62 3.449(3) 141 145 
C8D–H8D2···CgD2 3.55 2.99 4.315(3) 136 114 
C11C–H11I···CgA3 3.12 3.03 4.094(3) 177 165 
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Symmetry codes: (1) x, 1.5 – y, 0.5 + z; (2) –x, 1 – y, –z; (3) x, 1.5 – y, –0.5 + z. 
Molecules of the calix[4]arene are self-assembled in infinite chains shown in 

Fig. 66a due to strong C–H···π interaction between an H-atom of the first methylene 

group of ethyl substituent A and the aromatic ring C of a neighbouring calix[4]arene. The 

chain formation is additionally enforced by weaker C–H···π interaction between an H-

atom of the tert-butyl C and the aromatic ring A. C–H···π interactions (Fig. 66b) between 

H-atoms of the terminal carbon atom of the ethyl A to phenyl ring B (Table 16) combine 

the chains in corrugated layers parallel to the bc crystallographic plane (Fig. 66c). 

 
a 

 
b 

 
c 
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Fig. 66. tBuC[4]OC2 (partial cone): (a) infinite chain self-assembly; (b) broad network of C–H···π 
interactions between the chains; (c) packing diagram, view along the c crystallographic axis, most 
of C–H···π interactions are omitted for clarity. 

4.2.3 Crystal structure of O-propylated para-tert-butylcalix[4]arene (cone) 

O-Propylated para-tert-butylcalix[4]arene (tBuC[4]OC3 (cone)) crystallises from 

methanol/chloroform mixture in the trigonal crystallographic system. Crystal data are 

presented in Table 17. The asymmetric unit comprises half of the calix[4]arene molecule 

which adopts slightly flattened cone conformation with C2v-symmetry (Fig. 67a). Carbon 

atom numbering scheme is shown in Fig. 67b. Two opposite propyl chains at rings B are 

disordered over three positions with occupancy factors of 0.50, 0.32 and 0.18. The cone 

conformation is stabilised by six   C–H···O intramolecular contacts (Fig. 67c) between H-

atoms of disordered propyl substituents and oxygen atoms O1A (Table 18). 

Table 17. Crystal data and structure refinement for tBuC[4]OC3 (cone) 

Molecular formula C56H80O4 
Formula weight 817.20 
Crystal system Trigonal 
Space group P312 
Unit cell dimensions a = 12.9405(2) Å 
 c = 25.4723(5) Å 
Volume 3694.0(1) Å3 
Z 3 
Temperature 100.0(5) K 
Radiation and wavelength Mo Kα radiation, λ = 0.71073 Å 
Monochromator graphite 
Density (calculated) 1.102 Mg·m-3 
Absorption coefficient 0.07 mm-1 
F(000) 1344 
Crystal size 0.13 × 0.50 × 0.74 mm 
θ range for data collection 2.4–27.5° 
Index ranges 0 ≤ h ≤ 16, -8 ≤ k ≤ 0, -32 ≤ l ≤ 33 
Reflections collected 15898 
Independent reflections 3169 [Rint = 0.051] 
Completeness 99.9 % 
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Weighting scheme [σ2(Fo

2) + (0.0566P)2 + 2.2672P]-1 * 
Data / restraints / parameters 3169 / 4 / 318 
Goodness-of-fit on F2 1.03 
Final R indices [I > 2σ(I)] R = 0.052, wR = 0.124 
R indices (all data) R = 0.060, wR = 0.130 
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Extinction coefficient Not refined 
Largest diff. peak and hole 0.26 and -0.23 e·Å-3 

* P = (Fo
2 + 2Fc

2)/3 

 

 

 

a b c 

Fig. 67. tBuC[4]OC3 (cone): (a) single molecule; (b) numbering scheme; (c) cone conformation 
stabilised by C–H···O intramolecular contacts, tert-butyl groups at the upper rim are omitted for 
clarity. 

Table 18. Weak interactions in tBuC[4]OC3 (cone) 

Hydrogen bonds 
D–H···A d(D–H), Å d(H···A), Å d(D···A), Å ∠∠∠∠D–H···A 
C9B–H9C···O1A 0.99 2.50 3.372(8) 147 
C9B–H9D···O1A1 0.99 2.56 3.426(7) 146 
C9C–H9F···O1A1 0.99 2.62 3.46(1) 143 
Symmetry codes: (1) 1 + x –y, 2 – y, 1.67 – z. 

C–H···ππππ interactions 
C–H···Cg d(H···Cg) ⊥⊥⊥⊥d(H···ππππ) d(C···Cg) ∠∠∠∠C–H···Cg ∠∠∠∠C–H···ππππ 
C12B–H3D···CgA1 3.12 2.97 4.061(4) 161 178 
C13B–H3D···CgA1 3.42 3.04 4.310(7) 152 172 
Symmetry codes: (1) –x + y, 2 – x, –0.33 + z. 

Dihedral angles between planes of each benzene ring and the mean plane of the 

four methylene groups are 92.85(6) and 129.90(5)°, and distances between distal C4 

atoms are 5.640(5) and 9.144(5) Å for pairs of rings A and B, respectively.  

At a first glance, the crystal packing of tBuC[4]OC3 (cone) is composed of 

molecular layers parallel to the ab crystallographic plane (Fig. 68a). The subsequent 

layers are related by trigonal 31 screw symmetry (Fig. 68b and c). 

Further analysis reveals that each calix[4]arene molecule participates in very 

weak intermolecular C–H···π interactions of 4.061(4) and 4.310(7) Å (Table 18) with 

four neighbouring ones (Fig. 69a): two from the layer above and two from the layer 
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below. tert-butyl groups of rings B interact with π-electrons of rings A of adjacent 

calix[4]arene. 

 

a b c 

Fig. 68. tBuC[4]OC3 (cone): (a) head-to-tail arrangement of the calix[4]arene molecules in the layer 
parallel to the ab crystallographic plane; (b) trigonal 31 screw symmetry relation between layers; 
(c) packing diagram, view along the a crystallographic axis. 

Consequently, the calix[4]arene cores and tert-butyl groups form a relatively 

rigid channel type aromatic matrix with hexagonal distribution of channels formed by 

disordered flexible alkyl chains (Fig. 69b). The distance between centres of channels 

(12.9405(2) Å) defines the unit cell parameter a. The diameter of channels is ca. 8.1 Å 

while the thickness of aromatic ‘walls’ is ca. 4.8 Å. 

 
a b 

Fig. 69. tBuC[4]OC3 (cone): (a) C−−−−H···ππππ interactions, propyl substituents are omitted for clarity; 
(b) packing diagram, view along the c crystallographic axis. 
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4.2.4 Crystal structure of O-propylated para-tert-butylcalix[4]arene (partial 
cone) chloroform semisolvate 

O-Propylated para-tert-butylcalix[4]arene-chloroform semisolvate (tBuC[4]OC3 

(partial cone)·0.5CHCl3) crystallises from methanol/chloroform mixture in the 

monoclinic crystallographic system and is isostructural with tBuC[4]OC3 (partial 

cone)·0.5THF.105 Crystal data for the solvate are presented in Table 19. The asymmetric 

unit comprises one molecule of the host and half molecule of the guest (Fig. 70a) 

Table 19. Crystal data and structure refinement for tBuC[4]OC3 (partial cone)·0.5CHCl3 

Molecular formula C56H80O4·0.5CHCl3 
Formula weight 876.88 
Crystal system Monoclinic 
Space group C2/c 
Unit cell dimensions a = 50.797(3) Å 
 b = 10.6646(7) Å β = 110.337(4)° 
 c = 20.528(1) Å 
Volume 10428(1) Å3 
Z 8 
Temperature 100.0(5) K 
Radiation and wavelength Mo Kα radiation, λ = 0.71073 Å 
Monochromator graphite 
Density (calculated) 1.117 Mg·m-3 
Absorption coefficient 0.14 mm-1 
F(000) 3816 
Crystal size 0.15 × 0.20 × 0.25 mm 
θ range for data collection 3.0–25.0° 
Index ranges -42 ≤ h ≤ 60, -8 ≤ k ≤ 12, -24 ≤ l ≤ 24 
Reflections collected 19768 
Independent reflections 8594 [Rint = 0.058] 
Completeness 92.9 % 
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Weighting scheme [σ2(Fo

2) + (0.0553P)2 + 65.6737P]-1 * 
Data / restraints / parameters 8594 / 30 / 625 
Goodness-of-fit on F2 1.15 
Final R indices [I > 2σ(I)] R = 0.104, wR = 0.216 
R indices (all data) R = 0.134, wR = 0.231 
Extinction coefficient Not refined 
Largest diff. peak and hole 0.47 and -0.79 e·Å-3 

* P = (Fo
2 + 2Fc

2)/3 
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a b c 

Fig. 70. tBuC[4]OC3 (partial cone)·0.5CHCl3 solvate: (a) asymmetric unit; (b) numbering scheme; 
(c) conformation stabilised by C–H···O intramolecular contacts, tert-butyl groups are omitted for 
clarity. 

resulting in host:guest stoichiometry 2:1. Carbon atom numbering scheme is shown in 

Fig. 70b. Tert-butyl group of the ring A is disordered over two positions with 

occupancy factors of 0.52 and 0.48. The chloroform molecule lies on 2-fold 

crystallographic axis. 

The calix[4]arene assumes a partial core conformation. Dihedral angles between 

planes of each benzene ring and the mean plane of the four methylene groups and 

distances between distal C4 atoms are presented in Table 20. Similarly to the 

tBuC[4]OC2 (partial cone), the partial cone conformation of tBuC[4]OC3 is stabilised by 

two C–H···O intramolecular contacts between H-atoms of the second methylene group 

of the chain B and oxygen atoms of phenoxy moieties A and C (Fig. 70c, Table 21). 

Table 20. Calix[4]arene macrocyclic ring geometry for tBuC[4]OC3 (partial cone)·0.5CHCl3 

∠∠∠∠(ring-to-CH 2-plane), °°°° Distal C4···C4 distances, Å 
A 90.1(1) C4A···C4C 5.976(6) 
B 135.2(1)   
C 101.4(1) C4B···C4D 8.923(6) 
D -93.2(1)   

Contrary to tBuC[4]OC2 (partial cone), self-assembly of tBuC[4]OC3 (partial 

cone) molecules is realised through C–H···π interactions between tert-butyl groups and 

aromatic rings only [C14B···ring A, C14B···ring D and C13D···ring B, Table 21]. Each 

calix[4]arene participates in six C–H···π interactions with four neighbouring molecules 

(Fig. 71a). 

As a result of C–H···π interactions between tBuC[4]OC3 (partial cone) 

molecules the layered-type structure shown in Fig. 71b is formed. Layers are parallel to 
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Table 21. Weak interactions in tBuC[4]OC3 (partial cone)·0.5CHCl3 

Hydrogen bonds 
D–H···A d(D–H), Å d(H···A), Å d(D···A), Å ∠∠∠∠D–H···A 
C9B–H9B1···O1A 0.99 2.67 3.504(5) 142 
C9B–H9B2···O1C 0.99 2.51 3.357(5) 143 
C13A–H13C···Cl31 0.98 2.91 3.30(2) 105 
C9D–H9D2···Cl32 0.99 2.93 3.65(1) 131 
C12E–H12O···Cl33 0.98 2.74 3.54(2) 139 
Symmetry codes: (1) x, 3 – y, –0.5 + z; (2) x, 2 – y, –0.5 + z; (3) –x, y, 0.5 – z. 

C–H···ππππ interactions 
C–H···Cg d(H···Cg) ⊥⊥⊥⊥d(H···ππππ) d(C···Cg) ∠∠∠∠C–H···Cg ∠∠∠∠C–H···ππππ 
C14B–H14E···CgA1 2.88 2.85 3.736(6) 147 153 
C14B–H14D···CgD2 3.27 2.92 4.100(6) 144 133 
C13D–H13L···CgB3 3.37 2.93 4.122(6) 136 152 
Symmetry codes: (1) x, 3 – y, 0.5 + z; (2) x, 2 – y, 0.5 + z; (3) x, 2 – y, –0.5 + z. 

the bc crystallographic plane and only van der Waals interactions occur between layers 

of calixarenes. Molecules in the layer are symmetry related by c-glide planes and 

therefore all molecules in the plane are in the same spatial orientation: three n-propyl 

and one tert-butyl substituents are located above and one n-propyl and three tert-butyl 

substituents are located below the plane. Adjacent planes are symmetry related by 21-

axis and centre of symmetry. Both sides of a layer are different. In crystal the layers are 

arranged in ‘head-to-head’ mode, i.e. the faces with the same structure of surface are in 

contact. Space between layers which is rich with tert-butyl groups accommodates 

a b 

Fig. 71. tBuC[4]OC3 (partial cone)·0.5CHCl3: (a) intermolecular interactions; (b) packing diagram, 
view along the b crystallographic axis. 
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solvent molecules, while space between layers rich with n-propyl groups solvent is not 

present. Atom Cl3 participates in three C–H···Cl contacts (Table 21). Nevertheless, 

these interactions are not strong enough to avoid disorder of chloroform molecule. 

4.2.5 Crystal structure of O-butylated para-tert-butylcalix[4]arene (cone) 

O-Butylated para-tert-butylcalix[4]arene (tBuC[4]OC4 (cone)) crystallises from 

a methanol/chloroform mixture in the trigonal crystallographic system and is 

isostructural with tBuC[4]OC3 (cone). Crystal data are presented in Table 22. The 

asymmetric unit comprises half of the calix[4]arene molecule. Similarly to tBuC[4]OC3 

(cone), the calix[4]arene assumes the slightly flattened cone conformation with  
 

Table 22. Crystal data and structure refinement for tBuC[4]OC4 (cone) 

Molecular formula C60H88O4 
Formula weight 873.30 
Crystal system Trigonal 
Space group P312 
Unit cell dimensions a = 13.8697(7) Å 
 c = 24.674(1) Å 
Volume 4110.6(4) Å3 
Z 3 
Temperature 100.0(5) K 
Radiation and wavelength Mo Kα radiation, λ = 0.71073 Å 
Monochromator graphite 
Density (calculated) 1.058 Mg·m-3 
Absorption coefficient 0.06 mm-1 
F(000) 1440 
Crystal size 0.25 × 0.15 × 0.05 mm 
θ range for data collection 2.5–26.4° 
Index ranges -17 ≤ h ≤ 17, -14 ≤ k ≤ 14, -30 ≤ l ≤ 30 
Reflections collected 22987 
Independent reflections 3126 [Rint = 0.041] 
Completeness 99.6 % 
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Weighting scheme [σ2(Fo

2) + (0.0378P)2 + 2.9451P]-1 * 
Data / restraints / parameters 3126 / 15 / 346 
Goodness-of-fit on F2 1.15 
Final R indices [I > 2σ(I)] R = 0.065, wR = 0.140 
R indices (all data) R = 0.069, wR = 0.142 
Extinction coefficient Not refined 
Largest diff. peak and hole 0.25 and -0.20 e·Å-3 
* P = (Fo

2 + 2Fc
2)/3 
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C2v-symmetry (Fig. 72a). Carbon atom numbering scheme is shown in Fig. 72b. 

Terminal methyl groups of n-butoxy substituents of rings A are disordered over two 

positions with occupancy factors of 0.72 and 0.28. n-Butoxy substituents at the ring B 

are disordered along whole length also over two positions with almost equivalent 

occupancy factors of 0.52 and 0.48. The cone conformation of the calix[4]arene is 

stabilised by six C–H···O intramolecular contacts (Fig. 72c) between H-atoms of n-

butyl chains at rings B and oxygen atoms O1A (Table 23). 

 
 

 

a b c 

Fig. 72. tBuC[4]OC4 (cone): (a) single molecule; (b) numbering scheme; (c) conformation stabilised 
by C–H···O intramolecular contacts, tert-butyl groups at the upper rim are omitted for clarity. 

Contrary to tBuC[4]OC3 in tBuC[4]OC4, cone flattening is smaller: dihedral 

angles between planes of each benzene ring and the mean plane of the four methylene 

groups are equal to 95.10(8) and 131.67(7)°, and distances between distal C4 atoms are 

5.903(7) and 9.224(6) Å for pairs of rings A and B, respectively. Similarly to 

tBuC[4]OC3 (cone), in tBuC[4]OC4 (cone) molecules with the same spatial orientation  

Table 23. Weak interactions in tBuC[4]OC4 (cone) 

Hydrogen bonds 
D–H···A d(D–H), Å d(H···A), Å d(D···A), Å ∠∠∠∠D–H···A 
C8C–H8F···O1A 0.99 2.47 3.258(9) 137 
C9B–H9D···O1A1 0.99 2.90 3.69(1) 136 
C9C–H9F···O1A1 0.99 2.77 3.45(2) 127 
Symmetry codes: (1) 1 + x –y, 2 – y, 1.67 – z. 

C–H···ππππ interactions 
C–H···Cg d(H···Cg) ⊥⊥⊥⊥d(H···ππππ) d(C···Cg) ∠∠∠∠C–H···Cg ∠∠∠∠C–H···ππππ 
C14A–H12C···CgB1 3.67 2.94 4.514(5) 146 165 
C14B–H14F···CgA2 2.91 2.88 3.624(5) 131 139 
C15A–H15A···CgB1 3.08 3.00 4.059(6) 173 168 
Symmetry codes: (1) –x + y, 2 – x, –0.33 + z. 
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are parallel to the ab crystallographic plane. Each calix[4]arene molecule takes part in 

very weak intermolecular C–H···π interactions (Table 23) with two neighbouring 

molecules from the layer above and two other from the layer below: two H-atoms of 

tert-butyl group of ring A interact with π-electrons of ring B, and one H-atom of tert-

butyl group of ring B interacts with π-electrons of ring A (Fig. 73a). 

Comparison of the unit cell parameters of isostructural tBuC[4]OC4 (cone) and 

tBuC[4]OC3 (cone) reveals that a parameter for tBuC[4]OC4 (cone) is almost 1 Å longer 

[13.8697(7) versus 12.9405(2) Å]. This corresponds to the longer alkyl chains in 

tBuC[4]OC4 (cone). On the other hand, elongation of alkyl chains results in larger 

distances between calix[4]arene cores (Fig. 73b) and consequently, in more compact 

packing of calix[4]arene molecules and shortening of c parameter of the unit cell of 

tBuC[4]OC4 (cone) [24.674(1) versus 25.4723(5) Å for tBuC[4]OC3 (cone)]. Similarly 

to tBuC[4]OC3 (cone) the calix[4]arene macrocyclic rings and tert-butyl groups form 

a relatively rigid channel type aromatic matrix with hexagonal distribution of channels 

formed by disordered flexible alkyl chains (Fig. 73c). The thickness of aromatic ‘walls’ 

 

 

a 

 
b c 

Fig. 73. tBuC[4]OC4 (cone): (a) C−−−−H···ππππ interactions of the calix[4]arene molecule with adjacent 
molecules, n-butyl substituents are omitted for clarity; (b) distance between calix[4]arene cores in 
tBuC[4]OC 3 (cone) and tBuC[4]OC4 (cone); (c) packing diagram, view along the c crystallographic 
axis.  
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is very similar (ca. 4.9 Å) while the diameter of channels is slightly larger [ca. 8.9 

versus 8.1 Å for tBuC[4]OC3 (cone)]. 

4.2.6 Crystal structure of O-butylated para-tert-butylcalix[4]arene (partial cone)  

O-Butylated para-tert-butylcalix[4]arene (tBuC[4]OC4 (partial cone)) 

crystallises from methanol/chloroform mixture in the triclinic crystallographic system. 

No solvent molecules exist in the crystal lattice. Crystal data are presented in Table 24. 

The asymmetric unit comprises two independent molecules of the calixarene which 

differs one from another in spatial orientation of the alkyl chains (Fig. 74a and b).  

Table 24. Crystal data and structure refinement for tBuC[4]OC4 (partial cone) 

Molecular formula C60H88O4 
Formula weight 873.30 
Crystal system Triclinic 
Space group P1 
Unit cell dimensions a = 15.1575(3) Å α = 107.316(1)° 
 b = 18.9060(3) Å β = 92.595(1)° 
 c = 20.7254(5) Å γ = 104.599(1)° 
Volume 5440.3(2) Å3 
Z 4 
Temperature 100.0(5) K 
Radiation and wavelength Mo Kα radiation, λ = 0.71073 Å 
Monochromator graphite 
Density (calculated) 1.066 Mg·m-3 
Absorption coefficient 0.06 mm-1 
F(000) 1920 
Crystal size 0.05 × 0.15 × 0.25 mm 
θ range for data collection 2.8–23.3° 
Index ranges -16 ≤ h ≤ 16, -21 ≤ k ≤ 21, -23 ≤ l ≤ 22 
Reflections collected 58711 
Independent reflections 15558 [Rint = 0.066] 
Completeness 99.9 % 
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Weighting scheme [σ2(Fo

2) + (0.0897P)2 + 6.8833P]-1 * 
Data / restraints / parameters 15558 / 100 / 1452 
Goodness-of-fit on F2 1.05 
Final R indices [I > 2σ(I)] R = 0.083, wR = 0.200 
R indices (all data) R = 0.118, wR = 0.217 
Extinction coefficient Not refined 
Largest diff. peak and hole 0.90 and -0.54 e·Å-3 

* P = (Fo
2 + 2Fc

2)/3 
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a b c 

Fig. 74. tBuC[4]OC4 (partial cone): (a) molecule 1 and (b) molecule 2; (c) numbering scheme. 

Carbon atom numbering scheme is shown in Fig. 74c.n-Butyl chains at rings A and C of 

molecule 1 (proximal to turned ring D) are disordered over two positions (two end atoms 

of the chain at the ring A and the chain at the ring C along its whole length) with 

occupancy factors of 0.54 and 0.46, and 0.70 and 0.30 for ring A and C, respectively. 

Three of four tert-butyl groups (rings B, C and D) are also disordered [occupancy factors 

of 0.58 and 0.42, 0.65 and 0.35, and 0.60 and 0.40 for ring B, C and D, respectively]. In 

the case of the second calixarene molecule, there are also two disordered n-butyl chains. 

Two end atoms of the n-alkyl substituent at the ring F, distal to turned ring H, are 

disordered over two positions with occupancy factors of 0.61 and 0.39. The n-butyl chain 

on the downward pointing ring H is disordered along its whole length with similar 

occupancy factors of 0.60 and 0.40. Contrary to molecule 1, there is only one disordered 

tert-butyl group (ring G) with equal occupancy factors of 0.5. 

Both calix[4]arene molecules adopt a partial cone conformation. Analysis of 

dihedral angles between planes of each benzene ring and the mean plane of the four 

methylene groups and distances between distal C4 atoms reveals that conformation of 

Table 25. Calix[4]arene macrocyclic ring geometry for tBuC[4]OC4 (partial cone) 

∠∠∠∠(ring-to-CH 2-plane), °°°° 
1 2 

A 93.76(9) E 92.60(7) 
B 132.2(1) F 134.92(9) 
C 91.18(9) G 91.85(7) 
D -95.90(9) H -93.01(8) 

Distal C4···C4 distances, Å 
1 2 

C4A···C4C 5.609(5) C4E···C4G 5.636(4) 
C4B···C4D 9.015(5) C4F···C4H 8.892(4) 
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the macrocyclic core for both molecules is almost identical (Table 25). The partial cone 

conformation of each calix[4]arene macrocyclic ring is stabilised by two C–H···O 

intramolecular contacts between H-atoms of the second methylene and oxygen atoms of 

phenol moieties (Fig. 75 and Table 26). 

  
a b 

Fig. 75. tBuC[4]OC4 (partial cone) conformation stabilised by C–H···O intramolecular contacts: 
(a) molecule 1; (b) molecule 2. Tert-butyl groups are omitted for clarity. 

Table 26. Weak interactions in tBuC[4]OC4 (partial cone) 

Hydrogen bonds 
D–H···A d(D–H), Å d(H···A), Å d(D···A), Å ∠∠∠∠D–H···A 
C9B–H9B1···O1A 0.99 2.73 3.617(6) 140 
C9B–H9B2···O1C 0.99 2.78 3.617(6) 143 
C9F–H9F1···O1E  0.99 2.84 3.673(4) 142 
C9F–H9F2···O1G 0.99 2.61 3.421(4) 139 
C9F–H9F3···O1E  0.99 2.92 3.673(4) 134 
C9F–H9F4···O1G 0.99 2.55 3.421(4) 146 

C–H···ππππ interactions 
C–H···Cg d(H···Cg) ⊥⊥⊥⊥d(H···ππππ) d(C···Cg) ∠∠∠∠C–H···Cg ∠∠∠∠C–H···ππππ 
C11A–H11A···CgF1 3.36 3.15 4.15(1) 140 140 
C11A–H11C···CgB2 3.25 3.13 3.84(2) 121 135 
C13F–H13P···CgA1 3.46 3.13 3.723(6) 102 118 
C13F–H13R···CgE3 2.99 2.94 3.833(6) 145 155 
C10G–H10M···CgC4 3.51 2.88 4.415(5) 154 146 
C10H–H10O···CgC5 3.19 3.09 3.872(7) 127 115 
C10I–H10R···CgB2 3.24 3.05 3.85(1) 122 137 
C11I–H11···CgF1 3.00 2.91 3.82(1) 143 153 
C11P–H210···CgD6 3.35 3.04 3.696(7) 103 128 

Symmetry codes: (1) 2 –x,1 – y, 1 – z; (2) 1 – x, 1 – y, 1 – z; (3) 2 –x, –y, 1 – z;  
(4) 1 + x, y, z; (5) 1 – x,–y, –z; (6) x, –1 + y, z. 

Each molecule 1 participates in C–H···π interactions with one related by centre 

of symmetry molecule 1 between H-atoms of two end carbon atoms of disordered 
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n-butyl chain at the ring A and phenyl moiety B (Fig. 76a). Molecule 1 also takes part in 

C–H···π interactions with four molecules 2 between H-atoms of terminal or second 

from the end carbon atoms of n-butyl chains and adjacent phenyl moieties (Table 26). 

There is also C–H···π interaction between H-atom of tert-butyl-group of the ring F and 

phenyl moiety A. 

 
 

a b 

Fig. 76. tBuC[4]OC4 (partial cone): C–H···π interactions with adjacent molecules (a) molecule 1 
(greenish) and (b) molecule 2 (bluish). Only C–H···π interactions in which the central molecule 
takes part are shown. 

The local environment of molecule 2 is similar to that found for molecule 1. 

Each molecule 2 takes part in C–H···π interactions with one related by centre of 

symmetry molecule 2 and four molecules 1 (Fig. 76b). Two adjacent molecules 2 also 

form centrosymmetric dimer due to C–H···π interactions between H-atom of tert-butyl 

substituent at rings F and phenyl moieties E. Molecule 2 participates in C–H···π 

interactions with four molecules 1 between H-atoms of terminal or second from the end 

carbon atoms of n-butyl chains and adjacent phenyl moieties (Table 26). There is also 

C–H···π interaction between H-atom of tert-butyl-group of the ring F and phenyl 

moiety A. 

It should be noted here, that C–H···π interactions in crystal structure of 

tBuC[4]OC4 (partial cone) are not strong enough to avoid a disorder of n-butyl chains. 

Due to widespread net of C–H···π interactions, calix[4]arene molecules are self-

assembled in layers which are extending parallel to the a(b+c) crystallographic plane. 

Molecules 1 and molecules 2 in layers are arranged in rows along the c crystallographic 

axis (Fig. 77a) and rows are alternately arranged in layers. Molecules within rows and 

layers (shown in Fig. 77b) are related by centre of symmetry, so each layer consist of 

http://rcin.org.pl



88

 

molecules in both spatial orientations and both sides of the layer contain the same 

amount of tert-butyl and n-alkyl substituents. Only weak van der Waals interactions 

exist between layers. 

a b 

Fig. 77. tBuC[4]OC4 (partial cone): (a) the top view on the layer; (b) packing diagram, view along 
the c crystallographic axis. Molecules 1 in green, molecules 2 in blue.  

4.2.7 Crystal structure of O-pentylated para-tert-butylcalix[4]arene (partial cone) 

O-Pentylated para-tert-butylcalix[4]arene (tBuC[4]OC5 (partial cone)) 

crystallises from methanol/chloroform mixture in the triclinic crystallographic system. 

Crystal data are presented in Table 27. The asymmetric unit comprises two molecules of 

the calix[4]arene in a partial cone conformation (Fig. 78a and b) with different 

orientation of alkyl chains. Carbon atom numbering scheme is shown in Fig. 78c. tert-

Butyl group at the ring C of molecule 1 is disordered over two positions with occupancy 

factors of 0.68 and 0.32. Terminal atom and two end atoms of pentyl substituents at  

  

 
a b c 

Fig. 78. tBuC[4]OC5 (partial cone): (a) molecule 1; (b) molecule 2; (c) numbering scheme. 
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Table 27. Crystal data and structure refinement for tBuC[4]OC5 (partial cone). 

Molecular formula C64H96O4 
Formula weight 929.41 
Crystal system Triclinic 
Space group P1 
Unit cell dimensions a = 10.6235(3) Å α = 107.251(1)° 
 b = 20.3875(6) Å β = 91.743(1)° 
 c = 28.4196(1) Å γ = 90.016(2)° 
Volume 5875.4(3) Å3 
Z 4 
Temperature 100.0(5) K 
Radiation and wavelength Mo Kα radiation, λ = 0.71073 Å 
Monochromator graphite 
Density (calculated) 1.051 Mg·m-3 
Absorption coefficient 0.06 mm-1 
F(000) 2048 
Crystal size 0.20 × 0.15 × 0.08 mm 
θ range for data collection 2.9–20.8° 
Index ranges -10 ≤ h ≤ 10, -20 ≤ k ≤ 20, -28 ≤ l ≤ 28 
Reflections collected 41084 
Independent reflections 11710 [Rint = 0.100] 
Completeness 94.4 % 
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Weighting scheme [σ2(Fo

2) + (0.0681P)2 + 11.2286P]-1 * 
Data / restraints / parameters 11710 / 71 / 1320 
Goodness-of-fit on F2 1.04 
Final R indices [I > 2σ(I)] R = 0.080, wR = 0.171 
R indices (all data) R = 0.135, wR = 0.192 
Extinction coefficient Not refined 
Largest diff. peak and hole 0.62 and -0.30 e·Å-3 

* P = (Fo
2 + 2Fc

2)/3 

turned rings of both molecule 1 and molecule 2 are disordered over two positions with 

occupancy factors of 0.53 and 0.47 and 0.55 and 45 for rings D and H, respectively. 

Analysis of dihedral angles between planes of each benzene ring and the mean plane 

of the four methylene groups and distances between distal C4 atoms (Table 28) reveals that 

calix[4]arene macrocyclic rings show a pseudo plane of symmetry running through the 

downward pointing ring and the one distal. This observation also correlates with the strength 

of C– H···O intramolecular contacts (Table 29). H-atoms of the second methylene group of 

the pentyl substituent at the ring distal to the downward pointing one interacts with oxygen 

atoms of two neighbouring phenyl rings in a slightly asymmetric way (Fig. 79). 
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Table 28. Calix[4]arene macrocyclic ring geometry for tBuC[4]OC5 (partial cone) 

∠∠∠∠(ring-to-CH 2-plane),°°°° Distal C4···C4 distances, Å 
A 93.2(1) E 99.0(1) C4A···C4C 5.937(7) 
B 133.80(8) F 134.68(9) C4B···C4D 8.953(7) 
C 97.0(1) G 93.7(1) C4E···C4G 6.060(7) 
D -95.7(1) H -97.4(1) C4F···C4H 9.000(7) 

 

 

 
 
 

a b 

Fig. 79. tBuC[4]OC5 (partial cone) conformation stabilised by C–H···O intramolecular contacts: 
(a) molecule 1; (b) molecule 2. Tert-butyl groups are omitted for clarity. 

 

Table 29. Weak interactions in tBuC[4]OC5 (partial cone) 

Hydrogen bonds 
D–H···A d(D–H), Å d(H···A), Å d(D···A), Å ∠∠∠∠D–H···A 
C9B–H9B1···O1A 0.99 2.71 3.517(7) 139 
C9B–H9B2···O1C 0.99 2.71 3.502(7) 138 
C9F–H9F1···O1E  0.99 2.67 3.461(7) 138 
C9F–H9F2···O1G 0.99 2.70 3.507(7) 139 

C–H···ππππ interactions 
C–H···Cg d(H···Cg) ⊥⊥⊥⊥d(H···ππππ) d(C···Cg) ∠∠∠∠C–H···Cg ∠∠∠∠C–H···ππππ 
C14B–H14E···CgG1 3.65 2.63 4.343(7) 130 151 
C15B–H15E···CgG1 2.83 2.79 3.677(8) 145 155 
C15B–H15D···CgH2 3.21 2.85 4.073(7) 148 136 
C14F–H14Q···CgA3 2.88 2.84 3.707(7) 143 152 
C14F–H14R···CgD 3.21 2.87 4.071(7) 147 135 
C15F–H15R···CgA3 3.59 2.62 4.327(7) 134 153 
Symmetry codes: (1) –1 + x, –1 + y, z; (2) x, –1 + y, z; (3) 1 + x, y, z. 

C–H···π interactions are the driving force of self-assembly process of 

tBuC[4]OC5 (partial cone) molecules in layers which are extending parallel to the ab 

crystallographic plane. Molecules 1 interact exclusively with molecules 2 and similarly, 

molecules 2 interact exclusively with molecules 1 (Fig. 80a).  
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a b 

Fig. 80. tBuC[4]OC5 (partial cone): (a) layer formation due to C–H···π interactions between 
molecules 1 (greenish) and molecules 2 (bluish), n-pentyl and tert-butyl substituents which do not 
participate in C–H···π interactions are omitted for clarity; (b) packing diagram, view along the 
a crystallographic axis. 

There are six C–H···π interactions between molecules 1 and 2 (Table 29). Like 

the crystal structure of tBuC[4]OC3 (partial cone)·0.5CHCl3 and contrary to the crystal 

structures of tBuC[4]OC2 (partial cone) and tBuC[4]OC4 (partial cone), molecules of 

calix[4]arene in the layer are not related by centres of symmetry which results in 

difference between both sides of the layer. One side is richer in tert-butyl groups while 

the other one is richer in n-alkyl substituents. Layers are in contact by sides of the same 

nature. Additionally, two subsequent layers form bilayer with molecular arrangement: 

⋅⋅⋅B⋅⋅⋅A⋅⋅⋅B⋅⋅⋅A⋅⋅⋅B⋅⋅⋅A⋅⋅⋅ 

⋅⋅⋅B⋅⋅⋅A⋅⋅⋅B⋅⋅⋅A⋅⋅⋅B⋅⋅⋅A⋅⋅⋅ 

The next bilayers shifted to the adjacent ones by one calix[4]arene (Fig. 80b). 

4.2.8 Crystal structure of O-hexylated para-tert-butylcalix[4]arene (cone) 

O-Hexylated para-tert-butylcalix[4]arene (tBuC[4]OC6 (cone)) crystallises from 

methanol/chloroform mixture in the monoclinic crystallographic system. Crystal data 

are presented in Table 30. The asymmetric unit comprises two independent molecules 

of calixarenes that differ one from another by spatial orientation of alkyl chains (Fig. 

81a and b). Carbon atom numbering scheme is shown in Fig. 81c. Four end atoms of 

hexyl substituent at the ring C are disordered over two positions with occupancy factors 

of 0.78 and 0.22. Five atoms (except the first one) of hexyl substituent at the ring F are  
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Table 30. Crystal data and structure refinement for tBuC[4]OC6 (cone) 

Molecular formula C68H104O4 
Formula weight 985.51 
Crystal system Monoclinic 
Space group P21/c 
Unit cell dimensions a = 19.3890(2) Å  
 b = 16.8102(2) Å β = 115.215(1)° 
 c = 41.9181(5) Å  
Volume 12360.7(3) Å3 
Z 8 
Temperature 100.0(5) K 
Radiation and wavelength Mo Kα radiation, λ = 0.71073 Å 
Monochromator graphite 
Density (calculated) 1.059 Mg·m-3 
Absorption coefficient 0.06 mm-1 
F(000) 4352 
Crystal size 0.37 × 0.45 × 0.50 mm 
θ range for data collection 2.8–24.4° 
Index ranges -22 ≤ h ≤ 22, -19 ≤ k ≤ 19, -48 ≤ l ≤ 48 
Reflections collected 118080 
Independent reflections 20313 [Rint = 0.081] 
Completeness 99.9 % 
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Weighting scheme [σ2(Fo

2) + (0.0363P)2 + 9.0257P]-1 * 
Data / restraints / parameters 20313 / 77 / 1494 
Goodness-of-fit on F2 1.04 
Final R indices [I > 2σ(I)] R = 0.059, wR = 0.116 
R indices (all data) R = 0.091, wR = 0.126 
Extinction coefficient Not refined 
Largest diff. peak and hole 0.63 and -0.32 e·Å-3 
* P = (Fo

2 + 2Fc
2)/3  

   
a b c 

Fig. 81. tBuC[4]OC6 (cone): (a) molecule 1; (b) molecule 2; (c) numbering scheme. 
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also disordered over two positions with occupancy factors of 0.54 and 0.46. Four last 

atoms of hexyl chain at the ring G are disordered over three positions with occupancy 

factors of 0.42, 0.36 and 0.22. Finally, four last atoms of hexyl chain at the ring H are 

disordered over two positions with occupancy factors of 0.68 and 0.32. 

Analysis of dihedral angles between planes of each benzene ring and the mean 

plane of the four methylene groups and distances between distal C4 atoms (Table 31) 

reveals that the conformation of the molecule 1 can be described as flattened cone 

whereas the molecule 2 adopts the pinched cone conformation. 

Table 31. Calix[4]arene macrocyclic ring geometry for tBuC[4]OC6 (cone) 

∠∠∠∠(ring-to-CH 2-plane), °°°° 
1 2 

A 95.08(6) E 90.01(5) 
B 131.76(6) F 135.47(6) 
C 92.32(6) G 85.51(4) 
D 132.50(5) H 138.53(7) 

Distal C4···C4 distances, Å 
1 2 

C4A···C4C 5.780(3) C4E···C4G 5.227(3) 
C4B···C4D 9.250(3) C4F···C4H 9.569(3) 

The conformation of both molecules is stabilised by C–H···O intramolecular 

contacts between H-atoms of the first and the second methylene groups of hexyl chains 

and oxygen atoms of phenoxy moieties (Table 32). In molecule 1 (Fig. 82a), the first 

and the second methylene group of chain B interact with oxygen atoms of two opposite 

rings A and C, and the second methylene group of the chain D interacts with oxygen 

atoms of rings A and C. In molecule 2 (Fig. 82b), the first and the second methylene 

groups of opposite chains interact with oxygen atoms of opposite phenyl rings E and G. 

  
a b 

Fig. 82. tBuC[4]OC6 (cone), conformation stabilised by C–H···O intramolecular contacts: 
(a) molecule 1; (b) molecule 2. Tert-butyl groups at upper rims are omitted for clarity. 
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Table 32. Weak interactions in tBuC[4]OC6 (cone) 

Hydrogen bonds 
D–H···A d(D–H), Å d(H···A), Å d(D···A), Å ∠∠∠∠D–H···A 
C8B–H8B2···O1A 0.99 2.76 3.374(3) 121 
C9B–H9B1···O1C 0.99 3.00 3.780(3) 137 
C9D–H9D1···O1C 0.99 2.73 3.574(3) 144 
C9D–H9D2···O1A  0.99 2.88 3.682(3) 139 
C8F–H8F1···O1G 0.99 2.64 3.417(3) 136 
C9F–H9F2···O1E 0.99 2.92 3.588(3) 126 
C8H–H8H1···O1E 0.99 2.52 3.298(3) 136 
C8H–H8H3···O1E 0.99 2.60 3.298(3) 128 
C9H–H9H2···O1G 0.99 2.57 3.324(7) 133 
C9L–H9L2···O1G 0.99 2.85 3.572(9) 130 

C–H···ππππ interactions 
C–H···Cg d(H···Cg) ⊥⊥⊥⊥d(H···ππππ) d(C ···Cg) ∠∠∠∠C–H···Cg ∠∠∠∠C–H···ππππ 
C10A–H10B···CgF 3.09 2.97 3.910(3) 140 152 
C12B–H12C···CgD1 3.37 3.09 3.917(3) 117 137 
C13B–H13D···CgE1 3.27 2.83 4.248(3) 173 157 
C8C–H8C1···CgG2 3.68 2.63 4.150(3) 112 153 
C7G–H7G2···CgC3 2.70 2.70 3.637(3) 159 156 
C15F–H15Q···CgB4 3.01 2.92 3.949(3) 162 158 
Symmetry codes: (1) –x, –0.5 + y, 0.5 – z; (2) –1 + x,  y,  z; (3) 1 + x,  y,  z;  

(4) –x, 0.5 + y, 0.5 – z. 

At the first glance, two types of layers parallel to the bc crystallographic plane 

may be distinguished in the crystal structure of tBuC[4]OC6 (cone) each of them 

comprising exclusively molecules 1 or molecules 2 arranged in alternated ‘up-down’ or 

herringbone motif (Fig. 83a and Fig. 83b).  

 

 

a b 

Fig. 83. tBuC[4]OC6 (cone): (a) Layer arrangement, view along the a crystallographic axis; 
(b) Layer arrangement, view along the b crystallographic axis, molecules 1 in red, molecules 2 in 
blue. 
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Further analysis reveals that molecules 1 are self-assembled in infinite chains in 

an ‘up-down’ manner with alkyl chains interdigitated and the aggregation is enhanced 

by C–H···π interactions (Table 32) between H-atom of the last methylene group of the 

hexyl chain C13B and π electrons of the ring D (Fig. 84a Molecules 2 play a role of 

bridge between molecules 1 from adjacent chains (Fig. 84b) due to C–H···π 

interactions. The stronger C–H···π interactions occur between H-atoms of the first 

methylene group of the chain C8C and aromatic ring G and methylene bridge C7G and 

aromatic ring C. The weaker C–H···π interactions are between H-atoms of terminal 

atom C13B of the chain B and aromatic ring E and third methylene group of the chain 

C10A and aromatic ring F. The bridging role of molecules 2 results in the formation of 

a layer parallel to the ab crystallographic plane (Fig. 84c). Layers are combined in 

three-dimensional structure by weak van der Waals interactions only. 

 
a 

 
 b 

 
c 

Fig. 84. tBuC[4]OC6 (cone): (a) C–H···π interactions between molecules 1 itself; (b) C–H···π 
interactions between molecule 2 and adjacent molecules 1, (c) C–H···π interactions between 
molecules 1 (pink) and molecules 2 (bluish). 
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4.2.9 Crystal structure of O-hexylated para-tert-butylcalix[4]arene (partial cone) 

O-Hexylated para-tert-butylcalix[4]arene in the partial cone conformation 

(tBuC[4]OC6 (partial cone)) crystallises from methanol/chloroform mixture in the 

triclinic crystallographic system. Crystal data are presented in Table 33. Similarly to 

tBuC[4]OC5 (partial cone), the asymmetric unit of tBuC[4]OC6 (partial cone) comprises 

two independent molecules of calixarenes that differ by spatial orientation of alkyl 

chains (Fig. 85a and b). Carbon atom numbering scheme is shown in Fig. 85c. Hexyl 

chains at rings A, E and F on their whole lengths (except the first and the fourth atoms  
 

Table 33. Crystal data and structure refinement for tBuC[4]OC6 (partial cone) 

Molecular formula C68H104O4 
Formula weight 985.51 
Crystal system Triclinic 
Space group P1 
Unit cell dimensions a = 10.6051(3) Å α = 90.399(4)° 
 b = 20.272(1) Å β = 94.601(4)° 
 c = 29.275(1) Å γ = 89.912(2)° 
Volume 6273.3(5) Å3 
Z 4 
Temperature 100.0(5) K 
Radiation and wavelength Mo Kα radiation, λ = 0.71073 Å 
Monochromator graphite 
Density (calculated) 1.043 Mg·m-3 
Absorption coefficient 0.06 mm-1 
F(000) 2176 
Crystal size 0.07 × 0.10 × 0.25 mm 
θ range for data collection 1.2–22.0° 
Index ranges -11 ≤ h ≤ 11, -21 ≤ k ≤ 21, -30 ≤ l ≤ 30 
Reflections collected 206219 
Independent reflections 15297 [Rint = 0.10] 
Completeness 100 % 
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Weighting scheme [σ2(Fo

2) + (0.0282P)2 + 8.9018P]-1 * 
Data / restraints / parameters 15297 / 91 / 1510 
Goodness-of-fit on F2 1.10 
Final R indices [I > 2σ(I)] R = 0.077, wR = 0.145 
R indices (all data) R = 0.118, wR = 0.157 
Extinction coefficient Not refined 
Largest diff. peak and hole 0.31 and -0.23 e·Å-3 
* P = (Fo

2 + 2Fc
2)/3 
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a b c 

Fig. 85. tBuC[4]OC6 (partial cone): (a) molecule 1; (b) molecule 2; (c) numbering scheme. 

at the ring E) are disordered over two positions with occupancy factors of 0.62 and 0.38, 

0.53and 0.47 and 0.65 and 0.35. Only one tert-butyl group (at the ring A) is disordered 

over two positions with occupancy factors of 0.82 and 0.18. 

Dihedral angles between planes of each benzene ring and the mean plane of the 

four methylene and distances between distal C4 atoms are presented in Table 34.  

Partial cone conformations of calix[4]arene macrocyclic rings are stabilised by 

two C–H···O intramolecular contacts (Fig. 86) between H-atoms of the second 

methylene group of hexyl substituents and oxygen atoms of two proximal phenoxy 

moieties A and C in the case of molecule 1, and phenyl ring G in the case of molecule 2 

(Table 35). 

 
  
a b 

Fig. 86. tBuC[4]OC6 (partial cone) conformation stabilised by C–H···O intramolecular contacts: 
(a) molecule 1; (b) molecule 2. Tert-butyl groups are omitted for clarity. 
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Table 34. Calix[4]arene macrocyclic ring geometry for tBuC[4]OC6 (partial cone) 

∠∠∠∠(ring-to-CH 2-plane), °°°° 
1 2 

A 97.8(1) E 92.46(9) 
B 135.73(7) F 133.47(7) 
C 90.17(9) G 99.2(1) 
D -94.24(9) H -98.65(9) 

Distal C4···C4 distances, Å 
1 2 

C4A···C4C 5.834(5) C4E···C4G 6.014(5) 
C4B···C4D 8.932(5) C4F···C4H 9.031(5) 

Molecules 1 with the same spatial orientation (Fig. 87a) participate in C–H···π 

interactions between H-atoms of the third methylene group (C10A and C10I) of 

disordered hexyl chain at the ring A and aromatic ring B of adjacent calix[4]arene 

molecule. As previously observed in crystal structures of tBuC[4]OC5 (partial cone) 

molecules 2 play a role of bridge between molecules 1 (Fig. 87b), which results in 

layered self-assembly (parallel to the ab crystallographic plane) shown in Fig. 87c. 

Molecule 2 is involved in five C–H···π interactions (Fig. 87b and Table 35). 

Like the crystal structure of tBuC[4]OC3 (partial cone)·0.5CHCl3 and 

tBuC[4]OC5 (partial cone) one side of the layer is richer in tert-butyl groups while the 

other one is richer in n-alkyl chains. Layers are joined by weak van der Waals  
 

Table 35. Weak interactions in tBuC[4]OC6 (partial cone) 

Hydrogen bonds 
D–H···A d(D–H), Å d(H···A), Å d(D···A), Å ∠∠∠∠D–H···A 
C9B–H9B1···O1A 0.99 2.57 3.412(5) 143 
C9B–H9B2···O1C 0.99 2.73 3.566(5) 142 
C9F–H9F1···O1G 0.99 2.77 3.589(7) 140 
C9K–H9K1···O1G  0.99 2.69 3.48(1) 137 

C–H···ππππ interactions 
C–H···Cg d(H···Cg) ⊥⊥⊥⊥d(H···ππππ) d(C···Cg) ∠∠∠∠C–H···Cg ∠∠∠∠C–H···ππππ 
C10A–H10B···CgB1 3.56 2.79 4.55(1) 175 137 
C15B–H15E···CgE2 2.87 2.83 3.720(5) 145 154 
C15B–H15F···CgH3 3.21 2.88 4.034(5) 143 133 
C15F–H15Q···CgC1 3.63 2.70 4.348(6) 132 149 
C16F–H16P···CgD 3.23 2.86 4.050(5) 142 133 
C16F–H16Q···CgC1 2.91 2.89 3.743(5) 144 150 
C10I–H10Q···CgB1 3.53 2.77 4.50(1) 167 144 
Symmetry codes: (1) 1 + x, y, z; (2) –1 + x, –1 + y, z; (3) x, –1 + y, z. 
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a 

 

 
b c 

Fig. 87. tBuC[4]OC6 (partial cone): (a) infinite chains of molecules 1 along the a crystallographic 
axis; (b) molecule 2 (bluish) plays a role of bridge between molecules 1 (greenish); (c) packing 
diagram, view along the a crystallographic axis. 

interactions only and they are in contact by sides of the same nature forming bilayers 

with molecular arrangement: 

⋅⋅⋅B⋅⋅⋅A⋅⋅⋅B⋅⋅⋅A⋅⋅⋅B⋅⋅⋅A⋅⋅⋅ 

⋅⋅⋅A⋅⋅⋅B⋅⋅⋅A⋅⋅⋅B⋅⋅⋅A⋅⋅⋅B⋅⋅⋅ 

(the layers forming bilayer are shifted by one calixarene). Contrary to tBuC[4]OC5 

(partial cone), bilayers are not shifted. 

4.2.10 Crystal structure of O-heptylated para-tert-butylcalix[4]arene (partial cone) 

O-Heptylated para-tert-butylcalix[4]arene in the partial cone conformation 

(tBuC[4]OC7 (partial cone)) crystallises from methanol/chloroform mixture in the 

http://rcin.org.pl



100 

 

monoclinic crystallographic system. Crystal data are presented in Table 36. Contrary to 

tBuC[4]OC5 (partial cone) and tBuC[4]OC6 (partial cone), the asymmetric unit of 

tBuC[4]OC7 (partial cone) comprises only one molecule of the calixarene (Fig. 88a). 

Carbon atom numbering scheme is shown in Fig. 88b. Alkyl substituents are highly 

disordered in this crystal structure. Three end atoms of heptyl chain at the ring A are 

disordered over two positions with occupancy factors of 0.71and 0.29. Heptyl chains at 

rings B, C and D on their whole length (except the first and last carbon atoms of the 

chain at the ring C) are also disordered over two positions. Occupancy factors are 0.67 

and 0.33 [ring B], 0.73 and 0.27 [ring C] and 0.59 and 0.41 [ring D]. Terminal carbon  

Table 36. Crystal data and structure refinement for tBuC[4]OC7 (partial cone) 

Molecular formula C72H112O4 
Formula weight 1041.62 
Crystal system Monoclinic 
Space group Cc 
Unit cell dimensions a = 33.5463(6) Å  
 b = 10.5294(3) Å β = 114.888(1)° 
 c = 20.4909(5) Å  
Volume 6565.7(3) Å3 
Z 4 
Temperature 100.0(5) K 
Radiation and wavelength Mo Kα radiation, λ = 0.71073 Å 
Monochromator graphite 
Density (calculated) 1.054 Mg·m-3 
Absorption coefficient 0.06 mm-1 
F(000) 2304 
Crystal size 0.05 × 0.10 × 0.20 mm 
θ range for data collection 2.8–21.2° 
Index ranges -34 ≤ h ≤ 34, -10 ≤ k ≤ 10, -20 ≤ l ≤ 20 
Reflections collected 51632 
Independent reflections 7257 [Rint = 0.090] 
Completeness 98.9 % 
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Weighting scheme [σ2(Fo

2) + (0.0711P)2 + 8.0872P]-1 * 
Data / restraints / parameters 7257 / 331 / 1022 
Goodness-of-fit on F2 1.03 
Final R indices [I > 2σ(I)] R = 0.059, wR = 0.138 
R indices (all data) R = 0.073, wR = 0.148 
Extinction coefficient 0.0017(2) 
Largest diff. peak and hole 0.28 and -0.19 e·Å-3 
* P = (Fo

2 + 2Fc
2)/3 
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a b c 

Fig. 88. tBuC[4]OC7 (partial cone): (a) asymmetric unit; (b) numbering scheme; (c) conformation 
stabilised by C–H···O intramolecular contacts, tert-butyl groups are omitted for clarity. 

atom of heptyl chain at the ring C is disordered over three positions with occupancy 

factors of 0.46, 0.27 and 0.27. Three of four tert-butyl groups are disordered over two 

positions with occupancy factors of 0.75 and 0.25, 0.51 and 0.49, and 0.54 and 0.46 for 

rings A, C and D, respectively. 

Dihedral angles between planes of each benzene ring and the mean plane of the 

four methylene groups and distances between distal C4 atoms are presented in Table 37. 

Table 37. Calix[4]arene macrocyclic ring geometry for tBuC[4]OC7 (partial cone) 

∠∠∠∠(ring-to-CH 2-plane), °°°° Distal C4···C4 distances, Å 
A 96.4(1) C4A···C4C 5.788(6) 
B 134.3(1)   
C 90.8(1) C4B···C4D 8.880(6) 
D -93.2(1)   

A partial cone conformation of tBuC[4]OC7 is stabilised by four C–H···O 

intramolecular contacts (Fig. 88c) between H-atoms of the first and the second 

methylene group of heptyl substituent at the ring B and oxygen atoms of phenoxy 

moieties A and C (Table 38). 

As it was previously observed in tert-butyl C[4]OC5 (partial cone) and 

tBuC[4]OC6 (partial cone) structures, calix[4]arene molecule participates in C–H···π 

interactions with four adjacent calix[4]arene molecules and form layers parallel to the 

bc crystallographic plane (in tBuC[4]OC5 (partial cone) and tBuC[4]OC6 (partial cone) 

the layers were parallel to the ab crystallographic plane). C–H···π interactions occur 

between adjacent molecules (Fig. 89a, Table 38). 
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Table 38. Weak interactions in tBuC[4]OC7 (partial cone) 

Hydrogen bonds 
D–H···A d(D–H), Å d(H···A), Å d(D···A), Å ∠∠∠∠D–H···A 
C8B–H8B1···O1C 0.99 2.97 3.36(1) 105 
C9B–H9B2···O1A 0.99 2.77 3.563(8) 137 
C9F–H9F1···O1C 0.99 2.95 3.41(1) 140 
C9F–H9F2···O1A 0.99 2.64 3.76(1) 135 

C–H···ππππ interactions 
C–H···Cg d(H···Cg) ⊥⊥⊥⊥d(H···ππππ) d(C···Cg) ∠∠∠∠C–H···Cg ∠∠∠∠C–H···ππππ 
C16B–H16D···CgD1 3.27 2.96 4.006(7) 134 131 
C17B–H17D···CgC2 3.68 2.72 4.418(7) 134 149 
C17H–H17X···CgB3 3.32 2.89 4.216(8) 154 159 
Symmetry codes: (1) x, – y, 0.5 + z; (2) x, –1 – y, 0.5 + z; (3) x, – y, – 0.5 + z. 

Van der Waals interaction between layers are probably weaker than in the case 

of similar crystal structures of tBuC[4]OC5 (partial cone) and tBuC[4]OC6 (partial cone) 

because of significant disorder of tert-butyl and n-heptyl substituents located on the 

surface of each layer (Fig. 89b). 

 

 
a b 

Fig. 89. tBuC[4]OC7 (partial cone): (a) C–H···π interactions with neighbouring molecules, n-heptyl 
and tert-butyl substituents which do not take part in C–H···π interactions are omitted for clarity; 
(b) packing diagram, view along the b crystallographic axis. 

4.2.11 Crystal structure of O-octylated para-tert-butylcalix[4]arene (partial cone) 

O-Octylated para-tert-butylcalix[4]arene in a partial cone conformation 

(tBuC[4]OC8 (partial cone)) crystallises from methanol/chloroform mixture in the 

monoclinic crystallographic system. Crystal data are presented in Table 39. The 

asymmetric unit comprises one molecule of the calix[4]arene which adopts a partial  
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Table 39. Crystal data and structure refinement for tBuC[4]OC8 (partial cone) 

Molecular formula C76H120O4 
Formula weight 1097.72 
Crystal system Monoclinic 
Space group Cc 
Unit cell dimensions a = 36.544(2) Å  
 b = 10.5863(7) Å β = 113.648(3)° 
 c = 20.199(1) Å  
Volume 7158.1(8) Å3 
Z 4 
Temperature 100.0(5) K 
Radiation and wavelength Mo Kα radiation, λ = 0.71073 Å 
Monochromator graphite 
Density (calculated) 1.019 Mg·m-3 
Absorption coefficient 0.06 mm-1 
F(000) 2432 
Crystal size 0.10 × 0.12 × 0.24 mm 
θ range for data collection 2.9–24.1° 
Index ranges -41 ≤ h ≤ 42, -12 ≤ k ≤ 12, -23 ≤ l ≤ 23 
Reflections collected 13933 
Independent reflections 9062 [Rint = 0.015] 
Completeness 99.5 % 
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Weighting scheme [σ2(Fo

2) + (0.0871P)2 + 37.494P]-1 * 
Data / restraints / parameters 9062 / 2 / 738 
Goodness-of-fit on F2 1.11 
Final R indices [I > 2σ(I)] R = 0.092, wR = 0.225 
R indices (all data) R = 0.104, wR = 0.233 
Extinction coefficient 0.0130(8) 
Largest diff. peak and hole 0.35 and -0.35 e·Å-3 
* P = (Fo

2 + 2Fc
2)/3 

cone conformation and is shown in Fig. 90a. Carbon atom numbering scheme is shown 

in Fig. 90b. Surprisingly, there is no disorder of alkyl chains. 

Dihedral angles between planes of each benzene ring and the mean plane of the 

four methylene and distances between distal C4 are presented in Table 40.  

Table 40. Calix[4]arene macrocyclic ring geometry for tBuC[4]OC8 (partial cone) 

∠∠∠∠(ring-to-CH 2-plane), °°°° Distal C4···C4 distances, Å 
A 99.8(2) C4A···C4C 5.909(8) 
B 133.2(2)   
C 90.5(1) C4B···C4D 9.124(8) 
D -100.1(2)   
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a b c 

Fig. 90. tBuC[4]OC8 (partial cone): (a) asymmetric unit; (b) numbering scheme; (c) conformation 
stabilised by C–H···O intramolecular contacts, tert-butyl groups are omitted for clarity. 

Contrary to tBuC[4]OC7 (partial cone), a partial cone conformation of 

tBuC[4]OC8 (partial cone) is stabilised by only one C–H···O intramolecular contact 

between H-atoms of the second methylene group of octyl chain at the ring B and 

phenoxy moiety C (Fig. 90c) with C9B···O1C distance equals to 3.499(8) Å. 

Table 41. Weak interactions in tBuC[4]OC8 (partial cone) 

Hydrogen bond 
D–H···A d(D–H), Å d(H···A), Å d(D···A), Å ∠∠∠∠D–H···A 
C9B–H9B2···O1C 0.99 2.63 3.499(8) 147 

C–H···ππππ interactions 
C–H···Cg d(H···Cg) ⊥⊥⊥⊥d(H···ππππ) d(C···Cg) ∠∠∠∠C–H···Cg ∠∠∠∠C–H···ππππ 
C17B–H17E···CgC1 2.86 2.78 3.661(8) 139 153 
C17B–H17F···CgD2 3.32 2.94 4.099(8) 138 130 
C17D–H17L···CgB3 3.06 2.88 3.96(1) 154 155 
Symmetry codes: (1) x, – y, –0.5 + z; (2) x, 1 – y, –0.5 + z; (3) x, 1 – y, 0.5 + z. 

Similarly to the three previously discussed structures, molecule of tBuC[4]OC8 

participates in C–H···π interactions to four adjacent calix[4]arene molecules but only H-

atoms of tert-butyl substituents participate in these interactions (Fig. 91a and Table 41). 

C–H···π interactions result in self-assembly of tBuC[4]OC8 molecules in corrugated 

layers, parallel to the bc crystallographic plane (Fig. 91b). Only van der Waals 

interactions between tert-butyl and n-octyl substituents from adjacent layers are 

observed. 
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a b 

Fig. 91. tBuC[4]OC8 (partial cone): (a) C–H···π interactions with neighbouring molecules, n-octyl 
and tert-butyl substituents which do not participate in C–H···π interactions are omitted for clarity; 
(b) packing diagram, view along the b crystallographic axis. 

 

4.2.12 Crystal structure of O-octylated para-tert-butylcalix[4]arene (1,3-alternate) 

O-Octylated para-tert-butylcalix[4]arene in 1,3-alternate conformation 

(tBuC[4]OC8 (1,3-alternate)) crystallises from methanol/chloroform mixture in the 

monoclinic crystallographic system. Crystal data are presented in Table 42. The 

asymmetric unit comprises two molecules of the calix[4]arene which adopt the 1,3- 

alternate conformation (Fig. 92a and b). Carbon atom numbering scheme is shown in  

   
a b c 

Fig. 92. tBuC[4]OC8 (1,3-alternate): (a) molecule 1; (b) molecule 2; (c) numbering scheme. 
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Table 42. Crystal data and structure refinement for tBuC[4]OC8 (1,3-alternate) 

Molecular formula C76H120O4 
Formula weight 1097.72 
Crystal system Monoclinic 
Space group Pc 
Unit cell dimensions a = 10.4600(4) Å  
 b = 38.3011(8) Å β =109.653(1)° 
 c = 18.6303(5) Å  
Volume 7029.1(4)Å3 
Z 4 
Temperature 100.0(5) K 
Radiation and wavelength Mo Kα radiation, λ = 0.71073 Å 
Monochromator graphite 
Density (calculated) 1.037 Mg·m-3 
Absorption coefficient 0.06 mm-1 
F(000) 2432 
Crystal size 0.10 × 0.12 × 0.15 mm 
θ range for data collection 2.8–20.5° 
Index ranges -10 ≤ h ≤ 10, -37 ≤ k ≤ 37, -18 ≤ l ≤ 17 
Reflections collected 27923 
Independent reflections 11437 [Rint = 0.111] 
Completeness 95.5 % 
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Weighting scheme [σ2(Fo

2) + (0.0687P)2 + 10.6008P]-1 * 
Data / restraints / parameters 11437 / 0 / 1473 
Goodness-of-fit on F2 1.08 
Final R indices [I > 2σ(I)] R = 0.073, wR = 0.176 
R indices (all data) R = 0.087, wR = 0.185 
Extinction coefficient Not refined 
Largest diff. peak and hole 0.31 and -0.22 e·Å-3 

* P = (Fo
2 + 2Fc

2)/3 

Fig. 92c. No disorder of the alkyl chains was observed. 

Dihedral angles between planes of each benzene ring and the mean plane of the 

four methylene groups and distances between distal C4 atoms are presented in Table 43. 

Table 43. Calix[4]arene macrocyclic ring geometry for tBuC[4]OC8 (1,3-alternate) 

∠∠∠∠(ring-to-CH 2-plane), °°°° 
1 2 

A 108.6(2) E 111.9(2) 
B -108.6(2) F -107.6(2) 
C 107.4(2) G 107.9(2) 
D -107.6(2) H -103.5(2) 
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Table 43. Continuation. 
Distal C4···C4 distances, Å 

1 2 
C4A···C4C 6.982(9) C4E···C4G 7.11(1) 
C4B···C4D 6.845(9) C4F···C4H 6.675(9) 

Similarly to the previously discussed tBuC[4]OC8 (partial cone) structure, 

molecules of tBuC[4]OC8 (1,3-alternate) participate in C–H···π interactions between H-

atoms of tert-butyl substituents and aromatic rings of four adjacent molecules (Fig. 93a 

and b). Molecules 1 interact exclusively with molecules 1 and similarly, molecules 2 

interact exclusively with molecules 2 (Table 44). Molecules 1 and molecules 2 are self-

assembled in layers parallel to the ac crystallographic plane (Fig. 93c). Calix[4]arene 

molecules in the layers are arranged in ‘up-down’ mode and are related by a c-glide 

plane. 

Alkyl chains are located on both sides of the layer and interdigitate with these 

belonging to the adjacent layers. 

 

 

a 

 
b c 

Fig. 93. tBuC[4]OC8 (1,3-alternate): (a) C–H···π interactions between molecules 1; (b) C–H···π 
interactions between molecules 2, n-octyl substituents are omitted for clarity; (c) packing diagram, 
view along the a crystallographic axis. 
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Table 44. Weak interactions in tBuC[4]OC8 (1,3-alternate) 

C–H···ππππ interactions 
C–H···Cg d(H···Cg) ⊥⊥⊥⊥d(H···ππππ) d(C···Cg) ∠∠∠∠C–H···Cg ∠∠∠∠C–H···ππππ 
C17B–H17E···CgC1 3.09 3.01 3.828(1) 133 143 
C17B–H17D···CgD2 3.18 2.67 4.137(1) 166 145 
C17D–H17L···CgA3 3.07 2.98 3.822(1) 138 149 
C17D–H17K···CgB4 3.20 2.66 4.127(1) 158 146 
C19F–H19Q···CgE5 3.33 3.19 4.046(1) 131 145 
C19F–H19R···CgH6 3.21 2.73 4.146(1) 160 148 
C19H–H19W···CgF7 3.24 2.67 4.196(1) 164 145 
C19H–H19V···CgG8 3.15 2.98 3.752(1) 122 138 
Symmetry codes: (1) x, 1 – y, 0.5 + z; (2) 1 + x, 1 – y, 0.5 + z; (3) x, 1 – y, –0.5 + z;  

(4) –1 + x, 1 – y, –0.5 + z; (5) x, 2 – y, –0.5 + z; (6) –1 + x, 2 – y, –0.5 + z;  
(7) 1 + x, 2 – y, 0.5 + z.; (8) x, 2 – y, 0.5 + z. 

4.2.13 Crystal structure of O-nonylated para-tert-butylcalix[4]arene (cone) 

O-Nonylated para-tert-butylcalix[4]arene (tBuC[4]OC9) crystallises from 

methanol/chloroform mixture in the monoclinic crystallographic system. Crystal data 

are presented in Table 45. The asymmetric unit comprises one molecule of the 

calix[4]arene which adopts a flattened cone conformation (Fig. 94a). Carbon atom 

numbering scheme is shown in Fig. 94b. The nonyl chain at the ring C is disordered 

over two positions on its whole length (except the first carbon atom) with equal  
 

occupancy factors of 0.5. 

 
 

 
a b c 

Fig. 94. tBuC[4]OC9 (cone): (a) asymmetric unit; (b) numbering scheme; (c) conformation 
stabilised by C–H···O intramolecular contacts, tert-butyl groups at the upper rim are omitted for 
clarity. 

Dihedral angles between planes of each benzene ring and the mean plane of the 

four methylene groups and distances between distal C4 atoms are presented in Table 46.  
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Table 45. Crystal data and structure refinement for tBuC[4]OC9 (cone) 

Molecular formula C80H128O4 
Formula weight 1153.82 
Crystal system Monoclinic 
Space group P21/c 
Unit cell dimensions a = 16.8347(7) Å  
 b = 32.617(1) Å β = 100.109 (3)° 
 c = 13.7053(4) Å  
Volume 7408.6(5) Å3 
Z 4 
Temperature 100.0(1) K 
Radiation and wavelength Cu Kα radiation, λ = 1.54184 Å 
Monochromator Mirror 
Density (calculated) 1.034 Mg·m-3 
Absorption coefficient 0.46 mm-1 
F(000) 2560 
Crystal size 0.05 × 0.18 × 0.23 mm 
θ range for data collection 3.0–72.1° 
Index ranges -15 ≤ h ≤ 20, -37 ≤ k ≤ 39, -16 ≤ l ≤ 16 
Reflections collected 28405 
Independent reflections 14289 [Rint = 0.064] 
Completeness 100.0 % 
Absorption correction Multi-scan* 
Refinement method Full-matrix least-squares on F2 
Weighting scheme [σ2(Fo

2) + (0.0349P)2]-1 ** 
Data / restraints / parameters 14289 / 27 / 847 
Goodness-of-fit on F2 0.97 
Final R indices [I > 2σ(I)] R = 0.073, wR = 0.142 
R indices (all data) R = 0.140, wR = 0.174 
Extinction coefficient Not refined 
Largest diff. peak and hole 0.26 and -0.23 e·Å-3 

* Empirical absorption correction using spherical harmonics, implemented in 
SCALE3 ABSPACK scaling algorithm of CrysAlis PRO program package.138 

** P = (Fo
2 + 2Fc

2)/3 

Table 46. Calix[4]arene macrocyclic ring geometry for tBuC[4]OC9 (cone) 

∠∠∠∠(ring-to-CH 2-plane), °°°° Distal C4···C4 distances, Å 
A 92.16(7) C4A···C4C 5.595(4) 
B 131.13(5)   
C 90.79(7) C4B···C4D 9.117(4) 
D 128.12(7)   

The calix[4]arene conformation is stabilised by three C–H···O intramolecular 

contacts between H-atoms of the second methylene group of the alkyl chain B and 

oxygen atoms of phenoxy moieties A and C (Fig. 94c, Table 47). 
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Table 47. Weak interactions in tBuC[4]OC9 (cone) 

Hydrogen bonds 
D–H···A d(D–H), Å d(H···A), Å d(D···A), Å ∠∠∠∠D–H···A 
C9B–H9B1···O1A 0.99 2.62 3.481(4) 145 
C9B–H9B1···O1D 0.99 2.95 3.535(4) 119 
C9B–H9B2···O1C 0.99 2.60 3.473(4) 147 

C–H···ππππ interactions 
C–H···Cg d(H···Cg) ⊥⊥⊥⊥d(H···ππππ) d(C···Cg) ∠∠∠∠C–H···Cg ∠∠∠∠C–H···ππππ 
C18B–H18E···CgA1 2.82 2.81 3.631(4) 141 141 
C19B–H19F···CgD2 2.75 2.70 3.673(4) 158 167 
C3D–H3D···CgC3 3.75 2.89 4.652(4) 159 150 
Symmetry codes: (1) x, 0.5 – y, 0.5 + z; (2) x, y, 1 + z; (3) 2 – x, 1 – y, 2 – z. 

Molecules with the same spatial orientation related by c-glide plane are involved 

in C–H···π interactions between H-atoms of tert-butyl groups at rings B and π-electrons 

of rings A of adjacent calix[4]arene molecules (interaction C18B···ring A, Table 47) 

forming ribbons shown in Fig. 95a. Ribbons are additionally stabilised by C–H···π 

interactions between H-atom of C19B carbon atom of tert-butyl groups at the rings B 

and aromatic rings D of adjacent calix[4]arene molecules. Neighbouring ribbons with  

 
a 

 
b 

Fig. 95. tBuC[4]OC9 (cone): (a) self-assembly of calix[4]arene molecules in ribbon along the c 
crystallographic axis; (b) corrugated layer. 
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Fig. 96. tBuC[4]OC9 (cone): packing diagram, view along the c crystallographic axis. 

opposite spatial orientation of calix[4]arene molecules participate in weak C–H···π 

interactions [C3D···ring C] between centrosymmetrically related molecules forming 

corrugated layers parallel to the bc crystallographic plane (Fig. 95b). Layers are self-

assembled by van der Waals interactions between long alkyl chains (Fig. 96). The 

thickness of aromatic layers is ca. 4.3 Å, whereas the thickness of aliphatic parts is ca. 

12.3. Å. 

4.2.14 Crystal structure of O-decylated para-tert-butylcalix[4]arene (cone) 
chloroform monosolvate  

O-Decylated para-tert-butylcalix[4]arene crystallises from a methanol/chloroform 

mixture in the monoclinic crystallographic system as a calix[4]arene-chloroform solvate 

with stoichiometry 1:1 (tBuC[4]OC10·CHCl3). Crystal data are presented in Table 48.  

Table 48. Crystal data and structure refinement for tBuC[4]OC10 (cone)·CHCl3  

Molecular formula C84H136O4·CHCl3 
Formula weight 1329.30 
Crystal system Monoclinic 
Space group P21/c 
Unit cell dimensions a = 26.9568(6) Å 
 b = 15.6435(4) Å β = 105.384(1)° 
 c = 20.3604(5) Å 
Volume 8278.3(3) Å3 
Z 4 
Temperature 100.0(5) K 
Radiation and wavelength Mo Kα radiation, λ = 0.71073 Å 
Monochromator graphite 
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Table 48. Continuation. 

Density (calculated) 1.067 Mg·m-3 
Absorption coefficient 0.16 mm-1 
F(000) 2920 
Crystal size 0.03 × 0.04 × 0.37 mm 
θ range for data collection 2.8–20.8° 
Index ranges -26 ≤ h ≤ 26, -15 ≤ k ≤ 15, -20 ≤ l ≤ 20 
Reflections collected 51443 
Independent reflections 8627 [Rint = 0.048] 
Completeness 99.9 % 
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Weighting scheme [σ2(Fo

2) + (0.092P)2 + 22.8196P]-1 * 
Data / restraints / parameters 8627 / 164 / 1057 
Goodness-of-fit on F2 1.06 
Final R indices [I > 2σ(I)] R = 0.094, wR = 0.225 
R indices (all data) R = 0.124, wR = 0.242 
Extinction coefficient Not refined 
Largest diff. peak and hole 0.43 and -0.40 e·Å-3 

* P = (Fo
2 + 2Fc

2)/3 

The asymmetric unit comprises one molecule of the host and one molecule of 

the guest (Fig. 97a). Carbon atom numbering scheme is shown in Fig. 97b. Decyl chain at 

the ring D is disordered over two positions with occupancy factors of 0.55 and 0.45 along 

its whole length. Two of four tert-butyl groups [rings B and C] are also disordered 

[occupancy factors of 0.56 and 0.44, and 0.77 and 0.23 for B and C, respectively]. Decyl 

 
 

 

a b c 

Fig. 97. tBuC[4]OC10 (cone)·CHCl3: (a) asymmetric unit; (b) numbering scheme; (c) C–H···O 
int ramolecular contacts, tert-butyl groups at the upper rim are omitted for clarity. 
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substituents and tert-butyl groups, as well as the chloroform molecule, were modelled 

with restraints to retain the correct geometry and reasonable thermal parameters. 

Dihedral angles between planes of each benzene ring and the mean plane of the 

four methylene groups and distances between distal C4 atoms are presented in Table 49.  

Table 49. Calix[4]arene macrocyclic ring geometry for tBuC[4]OC10 (cone)·CHCl3 

∠∠∠∠(ring-to-CH 2-plane), °°°° Distal C4···C4 distances, Å 
A 97.0(1) C4A···C4C 5.381(8) 
B 137.4(1)   
C 83.8(1) C4B···C4D 9.49(1) 
D 133.5(1)   

Ring A is tilted slightly outwards the calix[4]arene cavity and ring C is tilted 

slightly inwards the cavity and this means that the calix[4]arene conformation is 

intermediate between the flattened cone and the pinched cone. The conformation is 

stabilised by four C–H···O contacts between first and second methylene groups of decyl 

chains and oxygen atoms of phenoxy moieties (Fig. 97c and Table 50). 

Table 50. Weak interactions in tBuC[4]OC10 (cone)·CHCl3 

Hydrogen bonds 
D–H···A d(D–H), Å d(H···A), Å d(D···A), Å ∠∠∠∠D–H···A 
C8B–H8B2···O1A 0.99 2.77 3.407(7) 122 
C9B–H9B1···O1C 0.99 2.70 3.529(7) 141 
C8D–H8D1···O1A 0.99 2.81 3.38(2) 117 
C9G–H9G2···O1C 0.99 2.73 3.62(2) 150 
C7A–H7A1···Cl1A1 0.99 2.80 3.617(8) 140 
C7A–H7A1···Cl2B1 0.99 2.79 3.647(8) 146 
C7C–H7C2···Cl3B 0.99 3.06 3.802(9) 133 
C8C–H8C1···Cl2A 0.99 3.08 3.954(9) 148 
C8C–H8C1···Cl2C 0.99 2.93 3.556(6) 122 
C17C–H17H···Cl2C2 0.98 3.07 4.005(7) 160 
C19D–H19P···Cl3A3 0.98 3.07 3.76(2) 129 
C19D–H19R···Cl2C3 0.98 3.08 3.834(6) 135 
C20A–H20B···Cl1C1 0.98 2.52 3.360(9) 143 
C20A–H20B···Cl1A1 0.98 3.05 3.943(8) 152 
C20C–H20K···Cl3A 0.98 2.99 3.61(2) 122 
C20C–H20K···Cl1B 0.98 2.87 3.54(1) 127 
C20C–H20J···Cl1C4 0.98 3.04 3.69(2) 125 
C21F–H21O···Cl1B4 0.98 2.77 3.36(2) 119 
C21F–H21O···Cl1C4 0.98 2.90 3.59(2) 128 
C21F–H21O···Cl3A4 0.98 2.83 3.42(2) 119 
Symmetry codes: (1) x, 0.5 – y, –0.5 + z; (2) 1 – x, 1 – y, 1 – z; (3) x, 1.5 – y, –0.5 + z; 

(4) 2 – x, 1 – y, 1 – z. 
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Table 43. Continuation. 

C–H···ππππ interactions 
C–H···Cg d(H···Cg) ⊥⊥⊥⊥d(H···ππππ) d(C···Cg) ∠∠∠∠C–H···Cg ∠∠∠∠C–H···ππππ 
C17A–H17A···CgD1 3.10 3.01 3.654(7) 117 128 
C17G–H17N···CgB2 2.77 2.73 3.71(5) 162 170 
C22–H22A···CgC 2.42 2.32 3.379(6) 165 169 
C22–H22B···CgC 2.41 2.33 3.379(6) 171 166 
C22–H22C···CgC 2.42 2.39 3.379(6) 165 156 
Symmetry codes: (1) 1 – x, 1 – y, –z; (2) 1 – x, 0.5 + y, 0.5 – z. 

tBuC[4]OC10 molecules are self-assembled in bilayers parallel to the bc 

crystallographic plane. The main attractive forces in the self-assembly of tBuC[4]OC10 

molecules are van der Waals interactions between H-atoms of long decyl chains. The 

bilayer motif (Fig. 98a) is additionally stabilised by C–H···π interactions between H-

atoms of terminal carbons of decyl chains as shown in Fig. 98b and listed in Table 50. 

The thickness of aromatic layer is ca. 4.8 Å, whereas thicknesses of each of 

aliphatic regions are 5.6 and 10.9 Å for the spaces formed by tert-butyl and n-decyl 

substituents, respectively. 

The solvent molecule is disordered at least over three positions with occupancy 

factors equal to 0.43, 0.37 and 0.20 due to the rotation around C–H bond and participates 

in C–H···π interaction with benzene ring C [C22···ring C interaction, Table 50]. 

 

 

a b 

Fig. 98. tBuC[4]OC10 (cone)·CHCl3: (a) packing diagram, view along the b crystallographic axis; 
(b) the bilayer structure stabilised by C–H···π interactions. 
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4.2.15 Crystal structure of O-undecylated para-tert-butylcalix[4]arene (cone) 

O-Undecylated para-tert-butylcalix[4]arene (tBuC[4]OC11) crystallises from 

a methanol/chloroform mixture in the monoclinic crystallographic system. It is 

isostructural with tBuC[4]OC9. Crystal data are presented in Table 51. The asymmetric 

unit comprises one calix[4]arene molecule which adopts a flattened cone conformation 

(Fig. 99a). Carbon atom numbering scheme is shown in Fig. 99b. Undecyl chain at the 

ring C is disordered over two positions with equal occupancy factors of 0.50. It was 

modelled with restraints to retain the correct geometry and reasonable thermal 

parameters. 

Table 51. Crystal data and structure refinement for tBuC[4]OC11 (cone) 

Molecular formula C88H144O4 
Formula weight 1266.03 
Crystal system Monoclinic 
Space group P21/c 
Unit cell dimensions a = 18.222(1) Å 
 b = 32.651(2) Å β = 92.634(4)° 
 c = 13.7086(6) Å 
Volume 8147.3(8) Å3 
Z 4 
Temperature 100.0(5) K 
Radiation and wavelength Mo Kα radiation, λ = 0.71073 Å 
Monochromator graphite 
Density (calculated) 1.032 Mg·m-3 
Absorption coefficient 0.06 mm-1 
F(000) 2816 
Crystal size 0.05 × 0.12 × 0.15 mm 
θ range for data collection 2.9–18.2° 
Index ranges -15 ≤ h ≤ 15, -28 ≤ k ≤ 23, -12 ≤ l ≤ 12 
Reflections collected 25308 
Independent reflections 5621 [Rint = 0.128] 
Completeness 98.0 % 
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Weighting scheme [σ2(Fo

2) + (0.0212P)2 + 22.7702P]-1 * 
Data / restraints / parameters 5621 / 115 / 947 
Goodness-of-fit on F2 1.19 
Final R indices [I > 2σ(I)] R = 0.094, wR = 0.161 
R indices (all data) R = 0.142, wR = 0.174 
Extinction coefficient Not refined 
Largest diff. peak and hole 0.20 and -0.21 e·Å-3 
* P = (Fo

2 + 2Fc
2)/3 
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a b c 

Fig. 99. tBuC[4]OC11 (cone): (a) asymmetric unit; (b) numbering scheme; (c) C–H···O 
intr amolecular contacts, tert-butyl groups at the upper rim are omitted for clarity. 

Dihedral angles between planes of each benzene ring and the mean plane of the 

four methylene groups and distances between distal C4 atoms are presented in Table 52.  

Table 52. Calix[4]arene macrocyclic ring geometry for tBuC[4]OC11 (cone) 

∠∠∠∠(ring-to-CH 2-plane), °°°° Distal C4···C4 distances, Å 
A 91.8(2) C4A···C4C 5.59(1) 
B 128.0(2)   
C 91.1(2) C4B···C4D 9.10(1) 
D 130.6(1)   

The calix[4]arene conformation is stabilised by one normal and one bifurcated   

C–H···O intramolecular contact (Fig. 99c) between H-atoms of the second methylene 

group of the alkyl chain D and oxygen atoms of phenoxy moieties A, B and C (Table 53). 

Table 53. Weak interactions in tBuC[4]OC11 (cone) 

Hydrogen bonds 
D–H···A d(D–H), Å d(H···A), Å d(D···A), Å ∠∠∠∠D–H···A 
C9D–H9D2···O1A 0.99 2.59 3.450(9) 146 
C9D–H9D2···O1B 0.99 2.95 3.51(1) 117 
C9D–H9D1···O1C 0.99 2.59 3.465(9) 148 

C–H···ππππ interactions 
C–H···Cg d(H···Cg) ⊥⊥⊥⊥d(H···ππππ) d(C···Cg) ∠∠∠∠C–H···Cg ∠∠∠∠C–H···ππππ 
C5B–H5B···CgC1 3.78 2.88 4.673(9) 157 150 
C20D–H20L···CgB2 2.76 2.72 3.699(7) 160 170 
C22D–H22L···CgA3 2.80 2.79 3.607(7) 140 141 
Symmetry codes: (1) 1 – x, –y, –z; (2) x, y, 1 + z; (3) x, 0.5 – y, 0.5 + z. 
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Similarly to tBuC[4]OC9, molecules of tBuC[4]OC11 in the same spatial 

orientation are self-assembled in infinite chains due to C–H···π interactions between H-

atoms of tert-butyl group at the ring D and π electrons of adjacent aromatic ring B (Fig. 

100a, Table 53). The chains, symmetry related by c-glide plane, are joined by C–H···π 

interactions between H-atom of the same tert-butyl group D and adjacent aromatic ring 

A in ribbons shown in Fig. 100b. Next, similarly to tBuC[4]OC9, neighbouring ribbons 

with opposite spatial orientation of calix[4]arene molecules are organised in corrugated,  

 
a 

 
b 

 
c 

Fig. 100. tBuC[4]OC11 (cone): (a) infinite chain along the c crystallographic axis; (b) self-assembly 
of two chains in ribbon; (c) packing diagram, view along the c crystallographic axis. 
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parallel to the bc crystallographic plane, layers by weak C–H···π interactions 

[C5B···ring C] between centrosymmetrically related molecules. Finally, intermolecular 

van der Waals interactions between n-undecyl substituents result in layered self-

assemble (Fig. 100c) where n-undecyl and tert-butyl substituents form aliphatic regions 

(thickness varies in the range of ca. 8.7–13.7. Å), whereas aromatic calix[4]arene cores 

form aromatic regions with the thickness of ca. 4.5 Å. 

4.2.16 Crystal structure of O-dodecylated para-tert-butylcalix[4]arene (cone) 
chloroform monosolvate  

O-Dodecylated para-tert-butylcalix[4]arene crystallises from methanol/chloroform 

mixture in the monoclinic crystallographic system as calix[4]arene-chloroform solvate 

with stoichiometry 1:1 (tBuC[4]OC12·CHCl3). Data collection was performed at 200 K 

to avoid crystal cracking below 200 K. Crystal is isostructural (crystal data are 

presented in Table 54) with tBuC[4]OC10·CHCl3. The asymmetric unit comprises one 

molecule of the host and one molecule of the guest (Fig. 101a). Carbon atom numbering 

scheme is shown in Fig. 101b. Dodecyl chain at the ring B is disordered on its whole 

length over two positions with equal occupancy factors of 0.50. Three of four tert-butyl 

groups are also disordered [occupancy factors of 0.50 and 0.50, 0.72 and 0.28, 0.64 and 

0.36 for groups A, C and D, respectively]. Dodecyl chains and tert-butyl groups, as well 

as chloroform molecule, were modelled with restraints to retain the correct geometry 

and reasonable thermal parameters. 

 

 

 

a b c 

Fig. 101. tBuC[4]OC12 (cone)·CHCl3: (a) asymmetric unit; (b) numbering scheme; (c) C–H···O 
int ramolecular contacts, tert-butyl groups at the upper rim are omitted for clarity. 

http://rcin.org.pl



119

 

Table 54. Crystal data and structure refinement for tBuC[4]OC12 (cone)·CHCl3 

Molecular formula C92H152O4·CHCl3 
Formula weight 1441.50 
Crystal system Monoclinic 
Space group P21/c 
Unit cell dimensions a = 29.6303(5) Å  
 b = 15.8179(2) Å β = 105.622(1)° 
 c = 20.4554(2) Å  
Volume 9233.1(2) Å3 
Z 4 
Temperature 200.0(5) K 
Radiation and wavelength Mo Kα radiation, λ = 0.71073 Å 
Monochromator graphite 
Density (calculated) 1.037 Mg·m-3 
Absorption coefficient 0.14 mm-1 
F(000) 3176 
Crystal size 0.10 × 0.15 × 0.15 mm 
θ range for data collection 2.9–20.8° 
Index ranges -29 ≤ h ≤ 29,-15 ≤ k ≤ 15, -20 ≤ l ≤ 20 
Reflections collected 68417 
Independent reflections 9582 [Rint = 0.073] 
Completeness 99.9 % 
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Weighting scheme [σ2(Fo

2) + (0.0953P)2 + 5.5197P]-1 * 
Data / restraints / parameters 9582 / 107 / 1149 
Goodness-of-fit on F2 1.03 
Final R indices [I > 2σ(I)] R = 0.066, wR = 0.170 
R indices (all data) R = 0.086, wR = 0.182 
Extinction coefficient 0.0027(5) 
Largest diff. peak and hole 0.37 and -0.27 e·Å-3 
* P = (Fo

2 + 2Fc
2)/3 

Dihedral angles between planes of each benzene ring and the mean plane of the 

four methylene groups and distances between distal C4 atoms are presented in Table 55.  

Table 55. Calix[4]arene macrocyclic ring geometry for tBuC[4]OC12 (cone)·CHCl3 

∠∠∠∠(ring-to-CH 2-plane), °°°° Distal C4···C4 distances, Å 
A 94.93(8) C4A···C4C 5.436(4) 
B 133.42(8)   
C 86.67(7) C4B···C4D 9.512(5) 
D 138.46(7)   

Similarly to tBuC[4]OC10·CHCl3, the calix[4]arene conformation is intermediate 

between the flattened cone and the pinched cone: ring A is tilted slightly outwards the 
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calix[4]arene cavity and ring C is tilted slightly inwards the cavity. The conformation is 

stabilised by four C–H···O contacts (Fig. 101c and Table 56). 

Table 56. Weak interactions in tBuC[4]OC12 (cone)·CHCl3  

Hydrogen bonds 
D–H···A d(D–H), Å d(H···A), Å d(D···A), Å ∠∠∠∠D–H···A 
C9B–H9B1···O1C 0.99 2.76 3.67(1) 153 
C8D–H8D1···O1A 0.99 2.76 3.390(4) 122 
C9D–H9D2···O1C 0.99 2.69 3.525(5) 142 
C8H–H8H1···O1A 0.99 2.64 3.32(2) 127 
C9H–H9H1···O1C 0.99 2.92 3.64(4) 130 
C7D–H7D1···Cl3A1 0.99 2.77 3.608(5) 143 
C21C–H21H···Cl1A 0.98 2.68 3.22(1) 115 
C21E–H21M···Cl2B1 0.98 2.81 3.567(9) 134 
C21F–H21P···Cl1A2 0.98 2.78 3.45(2) 126 
Symmetry codes: (1) x, 1.5 – y, –0.5 + z; (2) 1 – x, 1 – y, 1 – z. 

C–H···ππππ interactions 
C–H···Cg d(H···Cg) ⊥⊥⊥⊥d(H···ππππ) d(C···Cg) ∠∠∠∠C–H···Cg ∠∠∠∠C–H···ππππ 
C19A–H19C···CgB1 3.19 3.09 3.741(5) 117 129 
C19D–H19E···CgD2 3.05 2.89 3.908(6) 148 165 
C19H–H19N···CgD2 3.29 3.11 3.89(1) 122 140 
C1S–H1SA···CgC 2.54 2.45 3.533(7) 171 172 
C1S–H1SB···CgC 2.55 2.50 3.533(7) 167 159 
Symmetry codes: (1) – x, 1 –y, –z; (2) – x, –0.5 + y, 0.5 – z. 

Due to presence of dodecyl groups, similarly to the tBuC[4]OC10, the main 

attractive force in self-assembly of tBuC[4]OC12 are van der Waals interactions between 

H-atoms of long dodecyl chains. The resulting bilayer motif (Fig. 102a) is additionally 

 
 

a b 

Fig. 102. tBuC[4]OC12 (cone)·CHCl3: (a) packing diagram, view along the b crystallographic axis; 
(b) stabilisation of the bilayer structure by C–H···π interactions. 
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stabilised by C–H···π interactions between H-atoms of terminal carbons of dodecyl 

chains shown in Fig. 102b and listed in Table 56.  

The thickness of aromatic layers is ca. 4.8 Å, whereas thicknesses of aliphatic 

regions are 5.7 and 13.3 Å for these formed by tert-butyl and n-dodecyl substituents, 

respectively. 

The solvent molecule present in the crystal structure is disordered over two 

positions with occupancy factors equal to 0.53 and 0.47 and takes part in C–H···π 

interaction with calix[4]arene benzene ring C. 

4.2.17 Crystal structure of O-tetradecylated para-tert-butylcalix[4]arene (cone) 
chloroform monosolvate  

O-Tetradecylated para-tert-butylcalix[4]arene crystallises from 

a methanol/chloroform mixture in the monoclinic crystallographic system as 

a calix[4]arene-chloroform solvate with stoichiometry 1:1 (tBuC[4]OC14·CHCl3). 

Crystal data are presented in Table 57. The crystal is isostructural with 

tBuC[4]OC10·CHCl3 and tBuC[4]OC12·CHCl3. Data collection was performed at 250 K 

to avoid crystal cracking which occurs below 240 K. The asymmetric unit comprises 

one molecule of the host and one molecule of the guest (Fig. 103a). Carbon atom 

numbering scheme is shown in Fig. 103b. Two dodecyl chains at distal rings B and D 

are disordered over two positions with occupancy factors of 0.56 and 0.44, and 0.63 and  

 

 

 

a b c 

Fig. 103. tBuC[4]OC14 (cone)·CHCl3: (a) asymmetric unit; (b) numbering scheme; (c) conformation 
stabilised by C–H···O intramolecular contacts, tert-butyl groups at the upper rim are omitted for 
clarity. 
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Table 57. Crystal data and structure refinement for tBuC[4]OC14 (cone)·CHCl3  

Molecular formula C100H168O4·CHCl3 
Formula weight 1553.71 
Crystal system Monoclinic 
Space group P21/c 
Unit cell dimensions a = 32.215(1) Å  
 b = 15.9293(6)Å β = 105.890(2)° 
 c = 20.5361(8)Å  
Volume 10135.6(7) Å3 
Z 4 
Temperature 250.0(5) K 
Radiation and wavelength Mo Kα radiation, λ = 0.71073 Å 
Monochromator graphite 
Density (calculated) 1.018 Mg·m-3 
Absorption coefficient 0.14 mm-1 
F(000) 3432 
Crystal size 0.07 × 0.27 × 0.50 mm 
θ range for data collection 2.8–19.8° 
Index ranges -30 ≤ h ≤ 30, -15 ≤ k ≤ 14, -19 ≤ l ≤ 19 
Reflections collected 32293 
Independent reflections 9108 [Rint = 0.085] 
Completeness 99.5 % 
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Weighting scheme [σ2(Fo

2) + (0.0638P)2 + 7.3452P]-1 * 
Data / restraints / parameters 9108 / 503 / 1407 
Goodness-of-fit on F2 1.05 
Final R indices [I > 2σ(I)] R = 0.072, wR = 0.158 
R indices (all data) R = 0.112, wR = 0.177 
Extinction coefficient 0.0013(3) 
Largest diff. peak and hole 0.22 and -0.19 e·Å-3 
* P = (Fo

2 + 2Fc
2)/3 

0.37 for chains at rings B and D, respectively. Also all four tert-butyl substituents are 

disordered with occupancy factors of 0.85 and 0.15, 0.83 and 0.17, 0.77 and 0.23(1), 

and 0.69 and 0.31 at rings A, B, C and D, respectively. Dodecyl chains and tert-butyl 

groups, as well as chloroform molecule, were modelled with restraints to retain the 

correct geometry and reasonable thermal parameters. 

Dihedral angles between planes of each benzene ring and the mean plane of the 

four methylene groups and distances between distal C4 atoms are presented in Table 58. 

Ring A is tilted slightly outwards the calix[4]arene cavity and ring C is tilted slightly 
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inwards the cavity and this indicates that the calix[4]arene conformation. Similarly to 

tBuC[4]OC10·CHCl3 and tBuC[4]OC12·CHCl3 the calix[4]arene macrocycle adopts an 

intermediate conformation between the flattened cone and the pinched cone. The 

conformation is stabilised by C–H···O contacts (Fig. 103c and Table 59).  

Table 58. Calix[4]arene macrocyclic ring geometry for tBuC[4]OC14 (cone)·CHCl3 

∠∠∠∠(ring-to-CH 2-plane), °°°° Distal C4···C4 distances, Å 
A 94.2(1) C4A···C4C 5.453(6) 
B 133.3(1)   
C 87.45(1) C4B···C4D 9.530(7) 
D 138.65(9)   

Similarly to the crystal structures of tBuC[4]OC10·CHCl3 and 

tBuC[4]OC12·CHCl3 the molecules self-assemble in bilayers (Fig. 104a). Self-assembly 

is stabilised by C–H···π interactions between H-atoms of terminal carbons of tetradecyl 

chains and adjacent aromatic rings of calix[4]arene macrocyclic rings. Thus 

C21A···ring B interactions (Table 59) join calix[4]arene molecules in centrosymmetric 

dimers shown in Fig. 104b, while C21B···ring D and C21I···ring D interactions enforce 

an infinite chain formation (Fig. 104c). 

Table 59. Weak interactions in tBuC[4]OC14 (cone)·CHCl3 

Hydrogen bonds 
D–H···A d(D–H), Å d(H···A), Å d(D···A), Å ∠∠∠∠D–H···A 
C8D–H8D1···O1A 0.98 2.82 3.51(1) 128 
C8I–H8I2···O1A 0.98 2.53 3.23(2) 129 
C9B–H9B2···O1C 0.98 2.83 3.72(1) 151 
C9D–H9D2···O1C 0.98 2.80 3.52(1) 131 
C9I–H9I1···O1C 0.98 2.88 3.64(1) 135 
C9J–H9J2···O1C 0.98 2.76 3.54(1) 137 
C7D–H7D1···Cl3B1 0.98 2.79 3.607(7) 142 
C25F–H25Q···Cl2B2 0.97 2.95 3.60(1) 125 
C25F–H25R···Cl1B2 0.97 2.86 3.63(1) 137 
C23G–H23S···Cl1B3 0.97 2.72 3.53(3) 142 
Symmetry codes: (1) x, 1.5 – y, 0.5 – z; (2) x, 0.5 – y, 0.5 + z; (3) –x, 1 – y, – z. 

C–H···ππππ interactions 
C–H···Cg d(H···Cg) ⊥⊥⊥⊥d(H···ππππ) d(C···Cg) ∠∠∠∠C–H···Cg ∠∠∠∠C–H···ππππ 
C21A–H21C···CgB1 3.26 3.15 3.793(6) 116 128 
C21B–H21E···CgD2 3.14 2.97 3.99(1) 146 164 
C21I–H21N···CgD2 3.36 3.16 3.90(1) 118 137 
C1SA–H1SA···CgC 2.68 2.62 3.632(7) 161 157 
C1SB–H1SB···CgC 2.55 2.44 3.516(7) 167 173 
Symmetry codes: (1) 1 – x, 1 –y, 1 –z; (2) 1 – x, –0.5 + y, 0.5 – z. 
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a b c 

Fig. 104. tBuC[4]OC14 (cone)·CHCl3: (a) packing diagram, view along the b crystallographic axis; 
(b) self-assembly in dimers; (c) infinite chain formation. 

The thickness of the aromatic layers is ca. 4.8 Å, whereas thicknesses of each of 

the aliphatic ones are 5.7 and 15.7 Å for regions formed by tert-butyl and n-tetradecyl 

substituents, respectively. 

The chloroform molecule present in the crystal structure is disordered over two 

positions with occupancy factors equal 0.50 and participates in C–H···π interaction with 

benzene ring C of the calix[4]arene (Table 59). 

4.3 Crystal structures of O-alkylated para-nitrocalix[4]arenes 

4.3.1 Crystal structure of O-methylated para-nitrocalix[4]arene (partial cone) 
inclusion complex with chloroform 

O-Methylated para-nitrocalix[4]arene crystallises from a methanol/chloroform 

mixture in the triclinic crystallographic system as the calix[4]arene-chloroform 

inclusion complex with stoichiometry 1:1 (NO2C[4]OC1·CHCl3). The asymmetric unit 

comprises one molecule of the host and one molecule of the guest (Fig. 105a). Carbon 

atom numbering scheme is shown in Fig. 105b. Crystal data for the complex are 

presented in Table 60. The complex is isostructural with NO2C[4]OC1·DMF.134 Unlike 

the DMF complex, the chloroform molecule, as was expected, takes part in C–H···O 

interaction with partially negatively charged oxygen atom of the nitro group, not with the 

π-electrons of the calix[4]arene macrocyclic ring (Fig. 105c). The chloroform molecule is 

disordered over two positions with equal occupancies of 0.5. In addition to C–H···O 

hydrogen bonds between chloroform hydrogen and oxygen atom O3A of nitro groups (Fig. 

105c and Table 61), the solvate is stabilised by two Cl···π contacts between included Cl 

atoms of chloroform and calix[4]arene aromatic rings.  
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Table 60. Crystal data and structure refinement for NO2C[4]OC1 (partial cone)·CHCl3  

Molecular formula C32H28N4O12·CHCl3 
Formula weight 779.95 
Crystal system Triclinic 
Space group P1 
Unit cell dimensions a = 9.0081(2) Å α = 75.729(2)° 
 b = 11.7486(3) Å β = 79.456(2)° 
 c = 18.2748(5) Å γ = 71.649(2)° 
Volume 1767.35(8) Å3 
Z 2 
Temperature 100.0(5) K 
Radiation and wavelength Mo Kα radiation, λ = 0.71073 Å 
Monochromator graphite 
Density (calculated) 1.466 Mg·m-3 
Absorption coefficient 0.33 mm-1 
F(000) 804 
Crystal size 0.08 × 0.08 × 0.20 mm 
θ range for data collection 3.4–26.0° 
Index ranges 0 ≤ h ≤ 11, -13 ≤ k ≤ 14, -21 ≤ l ≤ 22 
Reflections collected 46936 
Independent reflections 6927 [Rint = 0.070] 
Completeness 96.5 % 
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Weighting scheme [σ2(Fo

2) + (0.0355P)2
 + 4.9519P]-1 * 

Data / restraints / parameters 6927 / 0 / 499 
Goodness-of-fit on F2 1.06 
Final R indices [I > 2σ(I)] R = 0.076, wR = 0.151 
R indices (all data) R = 0.119, wR = 0.165 
Extinction coefficient Not refined 
Largest diff. peak and hole 0.50 and -0.64 e·Å-3 
* P = (Fo

2 + 2Fc
2)/3  

  

 

a b c 

Fig. 105. NO2C[4]OC1 (partial cone)·CHCl3: (a) asymmetric unit; (b) numbering scheme; 
(c) interactions of CHCl3 molecule with calixarenes. 

http://rcin.org.pl



126

 

Chloroform molecule also participates in C–H···Cl hydrogen bonds with H-atoms of the moiety 

D, methoxy group C8A and methylene bridge C7D of the adjacent calix[4]arene (Table 61). 

Table 61. Weak interactions in NO2C[4]OC1 (partial cone)·CHCl3 

Hydrogen bonds 
D–H···A d(D–H), Å d(H···A), Å d(D···A), Å ∠∠∠∠D–H···A 
C3A–H3A···O3B1 0.95 2.66 3.462(5) 142 
C3B–H3B···O2B2 0.95 2.56 3.208(5) 125 
C3C–H3C···O3D3 0.95 2.53 3.434(5) 159 
C5A–H5A···O2B2 0.95 2.44 3.353(5) 162 
C5B–H5B···O3D3 0.95 2.69 3.431(5) 135 
C7A–H7A1···O2A4 0.99 2.48 3.383(5) 151 
C7B–H7B2···O3C4 0.99 2.47 3.316(5) 144 
C7C–H7C1···O2C5 0.99 2.83 3.360(4) 115 
C7C–H7C2···O2D6 0.99 2.66 3.361(5) 162 
C7D–H7D1···O3B1 0.99 2.57 3.456(5) 149 
C8A–H8A1···O3A7 0.98 2.95 3.665(5) 131 
C8A–H8A2···O3B8 0.98 2.62 3.573(5) 164 
C8A–H8A3···O2A7 0.98 2.99 3.622(5) 123 
C8B–H8B1···O2A4 0.98 2.84 3.811(4) 170 
C8C–H8C1···O3C4 0.98 2.80 3.531(4) 132 
C8C–H8C2···O2D9 0.98 2.90 3.860(4) 165 
C8C–H8C3···O3C5 0.98 2.95 3.613(4) 126 
C8D–H8D3···O2D6 0.98 2.90 3.806(5) 155 
C1SA–H1SA···O3A 1.00 2.35 3.12(1) 133 
C1SB–H1SB···O3A 1.00 2.36 3.22(2) 143 
C5D–H5D···Cl3A8 0.95 2.99 3.907(4) 162 
C7D–H7D2···Cl1A8 0.99 2.88 3.759(4) 148 
C8A–H8A1···Cl3B8 0.98 2.65 3.369(5) 130 
Symmetry codes: (1) 1 + x, –1 + y, z; (2) –x, 1 – y, 1 – z; (3) x, 1 + y, z; (4) –1 + x, y, z;  

(5) 1 – x, 1 – y, – z; (6) 1 – x, – y, – z; (7) 1 – x, y, 1 – z; (8) x, –1 + y, z; (9) – x, – y, z. 

Cl···ππππ interaction 
C–Cl···Cg d(Cl···Cg) ⊥⊥⊥⊥(Cl···ππππ) ∠∠∠∠C–Cl···Cg ∠∠∠∠C–Cl···ππππ 
C1SA–Cl3A···CgB 3.467(4) 3.170(4) 124.4(6) 138.5(6) 
C1SB–Cl1B···CgC 3.827(4) 3.039(4) 160.4(8) 124.0(8) 

ππππ···ππππ interactions 
CgI···CgJ d(CgI···CgJ)     αααα ββββ γγγγ ⊥⊥⊥⊥(CgI···ππππJ) ⊥⊥⊥⊥(CgJ···ππππI) 
CgA···CgA1 4.665(5) 0 41 41 3.539(5) 3.539(5) 
CgC···CgC2 4.785(6) 0 45 45 3.401(6) 3.401(6) 
Symmetry codes: (1) 1 – x,– y, 1 – z; (2) 1 – x, 1 – y, – z. 
d(CgI···CgJ) – distance between ring centroids I and J (Å), α – dihedral angle between planes I and J; β – 
angle between CgI···CgJ vector and normal to plane I; γ – angle between CgI···CgJ vector and normal to 
plane J (°), ⊥(CgI···πJ) – perpendicular distance of CgI on ring J; ⊥(CgJ···πI) – perpendicular distance of 
CgJ on ring I (Å). 
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The calix[4]arene adopts the partial core conformation: dihedral angles between 

planes of each benzene ring and the mean plane of the four methylene groups and distances 

between distal C4 atoms are presented in Table 62. The conformation is stabilised by 

interaction with included guest molecule and C–H···O contacts (Table 61) with adjacent 

calix[4]arene molecules. 

Table 62. Calix[4]arene macrocyclic ring geometry for NO2C[4]OC1 (partial cone)·CHCl3 

∠∠∠∠(ring-to-CH 2-plane), °°°° Distal C4···C4 distances, Å 
A 98.94(8) C4A···C4C 6.118(5) 
B 151.12(7)   
C 99.03(8) C4B···C4D 8.806(5) 
D -92.16(8)   

Molecules of NO2C[4]OC1 show a similar to NO2C[4]OC3 solvates113–115 mode 

of self-assembly: they are engaged in infinite chains (Fig. 106) along diagonal between 

–b and c crystallographic axes in ‘up-down’ manner mainly due to π-π stacking 

interactions between the conjugated systems of the benzene rings and nitro groups of 

the neighbouring calixarenes. π-π Stacking interactions are additionally stabilised by   

C–H···O contacts between H-atoms of methoxy groups and nitro groups of adjacent 

calixarenes (Table 61). 

 
Fig. 106. Self-assembly of NO2C[4]OC1 in infinite chains due to both ππππ-ππππ stacking interactions and 
C–H···O contacts. 

The crystal packing diagram shown in Fig. 107 reveals that solvent replacement 

does not change in self-assembly of the complexes compared to NO2C[4]OC1·DMF.105 

Hydrogen atoms in meta-position of the benzene rings, hydrogen atoms of methylene 

bridges and one methyl group participate in C–H···O contacts with oxygen atoms of 

nitro groups of neighbouring calix[4]arene molecules (Table 61). The network of        

C–H···O contacts combine in three dimensional structure, similarly to the complex with 

DMF.134 
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Fig. 107 NO2C[4]OC1 (partial cone)·CHCl3. Packing diagram, view along the a crystallographic 
axis. 

4.3.2 Crystal structure of O-octylated para-nitrocalix[4]arene (cone) chloroform 
monosolvate 

O-Octylated para-nitrocalix[4]arene crystallises from methanol/chloroform 

mixture in the rhombohedral crystallographic system as a calix[4]arene-chloroform 

solvate with stoichiometry 1:1 (NO2C[4]OC8·CHCl3). Crystal data are presented in 

Table 63. The asymmetric unit comprises half molecule of the host and half molecule of 

the guest. The calix[4]arene molecule assumes the pinched cone conformation with C2v-

symmetry (Fig. 108a). Carbon atom numbering scheme is shown in Fig. 108b. All alkyl 

substituents are strongly disordered. Each of them was localised in two positions with equal 

occupancy factors of 0.50 and was modelled using restraints to retain the correct geometry 

and reasonable thermal parameters. 

  

 

a b c 

Fig. 108. NO2C[4]OC8 (cone)·CHCl3: (a) calix[4]arene molecule; (b) numbering scheme; (c) cone 
conformation stabilised by C–H···O intramolecular contacts. 

http://rcin.org.pl



129

 

Table 63. Crystal data and structure refinement for NO2C[4]OC8 (cone)·CHCl3  

Molecular formula C60H84N4O12·CHCl3 
Formula weight 1172.68 
Crystal system Rhombohedral 
Space group R3c 
Unit cell dimensions a = 23.501(1) Å α = 111.206(4)° 
Volume 9295(1) Å3 
Z 6 
Temperature 100.0(5) K 
Radiation and wavelength Mo Kα radiation, λ = 0.71073 Å 
Monochromator graphite 
Density (calculated) 1.257 Mg·m-3 
Absorption coefficient 0.21 mm-1 
F(000) 3756 
Crystal size 0.13 × 0.15 × 0.30 mm 
θ range for data collection 2.8–18.9° 
Index ranges -21 ≤ h ≤ 21, -21 ≤ k ≤ 21, -21 ≤ l ≤ 21 
Reflections collected 49035 
Independent reflections 2433 [Rint = 0.104] 
Completeness 99.9 % 
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Weighting scheme [σ2(Fo

2) + (0.2P)2]-1 * 
Data / restraints / parameters 2433 / 205 / 455 
Goodness-of-fit on F2 1.75 
Final R indices [I > 2σ(I)] R = 0.132, wR = 0.359 
R indices (all data) R = 0.158, wR = 0.387 
Extinction coefficient Not refined 
Largest diff. peak and hole 0.64 and -0.46 e·Å-3 
* P = (Fo

2 + 2Fc
2)/3 

Dihedral angles between planes of each benzene ring and the mean plane of the 

four methylene groups and distances between distal C4 are presented in Table 64. 

Table 64. Calix[4]arene macrocyclic ring geometry for NO2C[4]OC8 (cone)·CHCl3 

∠∠∠∠(ring-to-CH 2-plane), °°°° Distal C4···C4 distances, Å 
A 75.9(2) C4A···C4A1 3.88(1) 
B 143.0(2) C4B···C4B1 9.96(1) 

Symmetry codes: (1) 0.5 – x, 0.5 – y, 0.5 – z. 

The calix[4]arene conformation is stabilised by intramolecular C–H···O bonds 

(Fig. 108c) between H-atoms of the first and the second methylene groups of disordered 

octyl chains and oxygen atoms of phenoxy moieties A (Table 65).  
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Surprisingly, self-assembly of NO2C[4]OC8 resembles the behaviour of 

NO2C[4]OC1·CHCl3 and tetra-O-propylated para-nitrocalix[4]arenes98–100 rather than 

the ones with longer alkyl chains: tetra-O-butylated101 and tetra-O-pentylated.102 Thus, 

the molecules of NO2C[4]OC8 self-assemble in infinite chains (Fig. 109) in ‘up-down’  

Table 65. Weak interactions in NO2C[4]OC8 (cone)·CHCl3 

Hydrogen bonds 
D–H···A d(D–H), Å d(H···A), Å d(D···A), Å ∠∠∠∠D–H···A 
C8B–H8B1···O3B1 0.99 2.57 3.300(9) 130 
C8B–H8B2···O1A 0.99 2.76 3.426(8) 125 
C8D–H8D1···O1A2 0.99 2.74 3.351(9) 120 
C8D–H8D2···O2B1 0.99 2.65 3.618(9) 165 
C9B–H9B1···O1A2 0.99 2.85 3.626(9) 136 
C9B–H9B2···O2B1 0.99 2.45 3.390(9) 158 
C9D–H9D1···O3B1 0.99 2.57 3.247(9) 125 
C9D–H9D2···O1A 0.99 2.52 3.404(8) 148 
C1S–H1S···O3A 1.00 2.55 3.51(3) 161 
C3B–H3B···Cl23 0.95 3.00 3.86(3) 153 
C5B–H5B···Cl14 0.95 2.70 3.63(3) 168 
C7B–H7B2···Cl25 0.99 2.95 3.66(3) 129 
Symmetry codes: (1) – x, 1 – y, – z; (2) 0.5 – x, 0.5 – y, 0.5 – z; (3) –z, 1 – x, 1 – y;  

(4) 0.5 – y, 0.5 – x, –0.5 – z; (5) z, x, –1 + y. 

ππππ···ππππ interactions 
CgI···CgJ d(CgI···CgJ) αααα ββββ γγγγ ⊥⊥⊥⊥(CgI···ππππJ) ⊥⊥⊥⊥(CgJ···ππππI) 
CgA···CgA1 3.733(7) 9 24 24 3.401(8) 3.401(8) 
CgB···CgB2 4.286(7) 0 36 36 3.481(8) 3.481(8) 
Symmetry codes: (1) 0.5 – z, 1.5 – y, 0.5 – x; (2) – x, 1 – y, – z. 
d(CgI···CgJ) – distance between ring centroids I and J (Å), α – dihedral angle between planes I and J; β – 
angle between CgI···CgJ vector and normal to plane I; γ – angle between CgI···CgJ vector and normal to 
plane J (°), ⊥(CgI···πJ) – perpendicular distance of CgI on ring J; ⊥(CgJ···πI) – perpendicular distance of 
CgJ on ring I (Å). 

 

Fig. 109. Self-assembly of NO2C[4]OC8 (cone) in infinite chains due to both ππππ-ππππ stacking 
interactions and C–H···O contacts. 
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manner mainly due to π-π stacking interactions between the conjugated systems of the 

benzene rings and nitro groups of the neighbouring calixarenes. The distance between 

the planes of the interacting π-systems is equal to 3.439(9) Å and the interaction is 

additionally stabilised by C–H···O bonds (Table 65) between H-atoms of the first and 

the second methylene groups of the alkyl substituents and the nitro group of the adjacent 

calixarene. 

Infinite chains of calix[4]arene molecules are oriented along each coordinate 

axis of the rhombohedral unit cell. π-π Interactions between adjacent calix[4]arenes of 

neighbouring chains are shown in Fig. 110a. The solvent molecule is disordered in two  

  
a b 

 
c 

Fig. 110. NO2C[4]OC8 (cone)·CHCl3: (a) bridging role of chloroform molecule; (b) and (c) packing 

diagram down the3 axis. Three infinite chains of ππππ-ππππ stacked molecules of NO2C[4]OC8 which run 
along each coordination axis are coloured in yellow, turquoise and pink. 
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symmetrically related by 2-fold axis positions located between the alkyl chains. In each 

position it acts as a hydrogen donor in C–H···O bond (Table 65) to nitro group of the 

same calix[4]arene and as a hydrogen acceptor in at least three C–H···Cl hydrogen 

bonds, where H atoms are in meta-positions of benzene ring and methoxy bridge B 

(Table 65) of NO2C[4]OC8 molecule of the neighbouring infinite chain. Additionally, 

the chloroform molecule is in close O···Cl contact (3.08(2) Å) with the nitro groups of 

the same calix[4]arene molecule. In this way the calix[4]arene macrocyclic rings and 

solvent molecules form a relatively rigid framework with hexagonal distribution of 

‘channels’ (diameter equal to 16.4 Å) formed by disordered flexible alkyl chains (Fig. 

110b and c). 

4.3.3 Crystal structure of O-dodecylated para-nitrocalix[4]arene (cone) 

O-Dodecylated para-nitrocalix[4]arene (NO2C[4]OC12) crystallises from 

a methanol/chloroform mixture in the triclinic crystallographic system. Crystal data are 

presented in Table 66. The asymmetric unit comprises one calix[4]arene molecule 

which adopts the pinched cone conformation (Fig. 111a). Carbon atom numbering 

scheme is shown in Fig. 111b. The dodecyl chain at the ring D is disordered over two 

positions with equal occupancy factors of 0.5 and was modelled with restraints to retain 

the correct geometry and reasonable thermal parameters. 

 

 

 

a b c 

Fig. 111. NO2C[4]OC12 (cone): (a) asymmetric unit; (b) numbering scheme; (c) conformation 
stabilised by C–H···O intramolecular contacts. 
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Table 66. Crystal data and structure refinement for NO2C[4]OC12 (cone) 

Molecular formula C76H116N4O12 
Formula weight 1277.73 
Crystal system Triclinic 
Space group P1 
Unit cell dimensions a = 11.303(2) Å α = 71.294(6)° 
 b = 17.751(2) Å β = 85.55(1)° 
 c = 20.001(3) Å γ = 72.489(6)° 
Volume 3624(1) Å3 
Z 2 
Temperature 100.0(5) 
Radiation and wavelength Mo Kα radiation, λ = 0.71073 Å 
Monochromator graphite 
Density (calculated) 1.171 Mg·m-3 
Absorption coefficient 0.08 mm-1 
F(000) 1392 
Crystal size 0.15 × 0.18 × 0.20 mm 
θ range for data collection 2.8–22.1° 
Index ranges -11 ≤ h ≤ 11, -18 ≤ k ≤ 18, -21 ≤ l ≤ 19 
Reflections collected 41411 
Independent reflections 8897 [Rint = 0.130] 
Completeness 100.0 % 
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Weighting scheme [σ2(Fo

2) + (0.0702P)2 + 0.7535P]-1 * 
Data / restraints / parameters 8897 / 20 / 932 
Goodness-of-fit on F2 1.03 
Final R indices [I > 2σ(I)] R = 0.061, wR = 0.138 
R indices (all data) R = 0.105, wR = 0.154 
Extinction coefficient Not refined 
Largest diff. peak and hole 0.22 and -0.22 e·Å-3 
* P = (Fo

2 + 2Fc
2)/3 

Dihedral angles between planes of each benzene ring and the mean plane of the 

four methylene groups and distances between distal C4 atoms are presented in Table 67. 

Table 67. Calix[4]arene macrocyclic ring geometry for NO2C[4]OC12 (cone) 

∠∠∠∠(ring-to-CH 2-plane), °°°° Distal C4···C4 distances, Å 
A 75.27(8) C4A···C4C 4.020(5) 
B 140.67(8)   
C 79.80(9) C4B···C4D 10.013(5) 
D 145.43(9)   

The calix[4]arene conformation is stabilised by four C–H···O intramolecular 

contacts (Fig. 111c and Table 68) between H-atoms of the first and the second methylene 
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Table 68. Weak interactions in NO2C[4]OC12 (cone) 

Hydrogen bonds 
D–H···A d(D–H), Å d(H···A), Å d(D···A), Å ∠∠∠∠D–H···A 
C5C–H5C···O2D1 0.95 2.88 3.730(4) 150 
C5C–H5C···O3D1 0.95 2.61 3.522(4) 162 
C7B–H7B1···O2C2 0.99 2.63 3.558(4) 157 
C7D–H7D2···O2A3 0.99 2.86 3.649(4) 138 
C8A–H8A2···O2A3 0.99 2.37 3.250(4) 147 
C8B–H8B1···O2B4 0.99 2.86 3.413(4) 117 
C8B–H8B2···O1A 0.99 2.62 3.105(4) 110 
C8C–H8C1···O3B2 0.99 2.61 3.294(4) 127 
C9B–H9B2···O2B4 0.99 2.58 3.244(5) 124 
C9D–H9D1···O1B 0.99 2.98 3.68(2) 128 
C9D–H9D2···O1C 0.99 2.76 3.43(2) 125 
C9E–H9E2···O1C 0.99 2.71 3.31(2) 119 
C17C–H17E···O3A5 0.99 2.56 3.448(4) 149 
C18D–H18D···O3A5 0.99 2.19 3.06(1) 145 
C19A–H19B···O2A6 0.98 2.99 3.746(5) 136 
C19B–H19E···O2C6 0.98 2.52 3.498(4) 174 
C19B–H19E···O3C6 0.98 2.89 3.600(4) 130 
C19C–H19G···O2C5 0.98 2.97 3.574(5) 121 
C19C–H19H···O2B5 0.98 2.50 3.390(4) 151 
C19C–H19I···O3A5 0.98 2.61 3.453(5) 144 
Symmetry codes: (1) –1 – x, 1 – y, – z; (2) –1 – x, 2 – y, – z; (3) – x, 1 – y, – z;  

(4) – x, 2 – y, – z; (5) x, y, 1 + z; (6) 1 + x, y, 1 + z. 

ππππ···ππππ interactions 
CgI···CgJ d(CgI···CgJ) αααα ββββ γγγγ ⊥⊥⊥⊥(CgI···ππππJ) ⊥⊥⊥⊥(CgJ···ππππI) 
CgB···CgB1 4.713(5) 0 47 47 3.217(5) 3.217(5) 
CgD···CgD2 6.205(5) 0 65 65 2.644(5) 2.644(5) 
Symmetry codes: (1) – x, 2 – y, –z; (2) –1 – x, 1 – y, – z. 
d(CgI···CgJ) – distance between ring centroids I and J (Å), α – dihedral angle between planes I and J; β – 
angle between CgI···CgJ vector and normal to plane I; γ – angle between CgI···CgJ vector and normal to 
plane J (°), ⊥(CgI···πJ) – perpendicular distance of CgI on ring J; ⊥(CgJ···πI) – perpendicular distance of 
CgJ on ring I (Å). 

groups of the alkyl chains B, D and E and oxygen atoms of phenoxy moieties A, C 

and D. 

In spite of elongation of the alkyl chains to twelve carbon atoms, the crystal 

structure of NO2C[4]OC12 is kindred with crystal structures of NO2C[4]OC1·CHCl3, 

tetra-O-propylated para-nitrocalix[4]arenes113–115 and NO2C[4]OC8·CHCl3. 

NO2C[4]OC12 molecules in opposite spatial orientation form infinite chains (Fig. 112) 

due to π-π stacking interactions between the conjugated systems of benzene rings and 

nitro groups of the neighbouring calixarenes [ring B···ring B and ring D···ring D] with  
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Fig. 112. NO2C[4]OC12 (cone): self-assembly in infinite chains along diagonal between a and b 

crystallographic axes due to ππππ-ππππ stacking interactions and C–H···O contacts. 

additional stabilisation by C–H···O contacts (Table 68). The shortening of the distance 

between the interacting π-electronic systems of the rings D can be explained by stronger 

polarisation effect of C–H···O contacts (C5C···O3D and C5C···O2D). 

Chains of calixarene molecules in NO2C[4]OC12 are joined by C–H···O binding 

(Fig. 113a and Table 68) between H-atoms of first methylene groups of alkyl 

substituents and oxygen atoms of the nitro groups at rings A and B and H-atoms of 

calixarene methylene bridges B and C and oxygen atoms of the nitro groups at rings C 

and A. 

 

a b 

Fig. 113. NO2C[4]OC12 (cone): (a) self-assembly perpendicular to diagonal between a and b 
crystallographic axes due to C–H···O contacts; (b) packing diagram, view along the 
a crystallographic axis. 
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The presence of long hydrophobic alkyl chains force a different self-assembly of 

NO2C[4]OC12 molecules, compared to the analogous molecules with shorter 

substituents. Infinite chains of the calixarene molecules, combined in direction 

perpendicular to diagonal between a and b crystallographic axes by C–H···O contacts, 

form classical for amphiphilic compounds bilayer motif with interdigitated alkyl chains 

(Fig. 113b). Hydrogen atoms of the last carbon atoms of alkyl chains are hydrogen 

donors in C–H···O contacts where the acceptors are oxygen atoms of nitro groups 

(Table 68). Additionally, they take part in weak van der Waals interactions between 

alkyl chains stabilising the bilayer formation. The thickness of aromatic and aliphatic 

layers are ca. 6.7 and 12.2 Å. 

There are voids present between the calix[4]arene aromatic systems and 

aliphatic chains in the crystal structure of NO2C[4]OC12 (Fig. 114). The volume of 

a single void equals ca. 14 Å3 and is not large enough to accommodate a solvent 

molecule. 

 

Fig. 114. Voids in crystal of NO2C[4]OC12 (cone). 

4.3.4 Crystal structure of O-tetradecylated para-nitrocalix[4]arene (cone) 
chloroform monosolvate 

O-Tetradecylated para-nitrocalix[4]arene-chloroform solvate with a stoichiometry 

1:1 (NO2C[4]OC14·CHCl3) crystallises from methanol/chloroform mixture in the 

monoclinic crystallographic system and is isostructural with tBuC[4]OC10, tBuC[4]OC12 

and tBuC[4]OC14 chloroform monosolvates. Crystal data for the monosolvate are 

presented in Table 69. Carbon atom numbering scheme is shown in Fig. 115a. The 

asymmetric unit comprises one molecule of the host and one molecule of the guest. 

http://rcin.org.pl



137

 

Table 69. Crystal data and structure refinement for NO2C[4]OC14 (cone)·CHCl3 

Molecular formula C84H132N4O12·CHCl3 
Formula weight 1509.30 
Crystal system Monoclinic 
Space group P21/c 
Unit cell dimensions a = 30.0091(7) Å 
 b = 15.5077(4) Å β = 104.7983(7)° 
 c = 18.5583(5) Å 
Volume 8350.0(4) Å3 
Z 4 
Temperature 100.0(5) K 
Radiation and wavelength Mo Kα radiation, λ = 0.71073 Å 
Monochromator graphite 
Density (calculated) 1.201 Mg·m-3 
Absorption coefficient 0.17 mm-1 
F(000) 3272 
Crystal size 0.15 × 0.30 × 0.40 mm 
θ range for data collection 2.9–26.0° 
Index ranges -37 ≤ h ≤ 37, -18 ≤ k ≤ 19, -22 ≤ l ≤ 22 
Reflections collected 73710 
Independent reflections 15569 [Rint = 0.026] 
Completeness 95.8 % 
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Weighting scheme [σ2(Fo

2) + (0.032P)2 + 20.0067P]-1 * 
Data / restraints / parameters 15569 / 0 / 941 
Goodness-of-fit on F2 1.09 
Final R indices [I > 2σ(I)] R = 0.056, wR = 0.120 
R indices (all data) R = 0.070, wR = 0.127 
Extinction coefficient Not refined 
Largest diff. peak and hole 0.70 and -0.66 e·Å-3 
* P = (Fo

2 + 2Fc
2)/3 

The calix[4]arene assumes a pinched cone conformation (Fig. 115b). Dihedral 

angles between planes of each benzene ring and the mean plane of the four methylene 

groups and distances between distal C4 atoms are presented in Table 70. 

Table 70. Calix[4]arene macrocyclic ring geometry for NO2C[4]OC14 (cone)·CHCl3 

∠∠∠∠(ring-to-CH 2-plane), °°°° Distal C4···C4 distances, Å 
A 80.32(5) C4A···C4C 4.209(3) 
B 153.63(3)   
C 75.85(5) C4B···C4D 10.138(3) 
D 142.67(5)   
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a b c d 

Fig. 115. NO2C[4]OC14·CHCl3 (cone): (a) numbering scheme; (b) molecule of the host; 
(c) conformation stabilised by C–H···O intramolecular contacts; (c) dimer formation. 

The conformation is stabilised by one bifurcated and one normal C–H···O 

hydrogen bond (Fig. 115c and Table 71) between H-atoms of the first and the second 

methylene groups of the chain B and oxygen atoms of phenoxy moieties A, C and D. 

Contrary to NO2C[4]OC1·CHCl3, tetra-O-propylated para-nitrocalix[4]-

arenes,113–115 NO2C[4]OC8·CHCl3 and NO2C[4]OC12, π-π stacking interactions in 

NO2C[4]OC14·CHCl3 combine calix[4]arene molecules in centrosymmetric dimers (Fig. 

115d). Distance between the planes of the interacting π-systems equals to 3.592(3) Å. 

π-π Stacking interaction is enhanced by four C–H···O contacts (two symmetrically 

independent) between H-atoms of calix[4]arene methylene bridge C [C7C···O2C] and 

the first methylene group of alkyl chain C [C8C···O3C] and oxygen atoms of nitro 

group of centrosymmetrically related ring C (Table 71). 

Each calix[4]arene molecule is involved in C–H···O hydrogen binding with three 

molecules in opposite spatial orientation. When one of them additionally takes part in π-π 

stacking interactions in dimer, the other two participate in four C–H···O contacts between 

meta-H-atoms of benzene rings and oxygen atoms of nitro groups A and D, and one 

between calixarene methylene bridge D and oxygen atom of the nitro group C (Fig. 116a 

and Table 71). Self-assembly of NO2C[4]OC14 molecules in the same spatial orientation 

due to C–H···O binding between H-atoms of the first and the second methylene groups of 

alkyl chain C and oxygen atom of the nitro group B is shown in Fig. 116b. 
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Table 71. Weak interactions in NO2C[4]OC14 (cone)·CHCl3 

Hydrogen bonds 
D–H···A d(D–H), Å d(H···A), Å d(D···A), Å ∠∠∠∠D–H···A 
C3B–H3B···O3D1 0.95 2.68 3.187(3) 114 
C5A–H5A···O3D1 0.95 2.56 3.452(3) 156 
C5B–H5B···O2A1 0.95 2.41 3.103(3) 129 
C5D–H5D···O3A2 0.95 2.51 3.396(3) 156 
C7C–H7C2···O2C3 0.99 2.47 3.347(3) 147 
C7D–H7D1···O2C2 0.99 2.36 3.168(2) 138 
C8B–H8B1···O1C 0.99 2.55 3.029(2) 109 
C8B–H8B1···O1D 0.99 2.96 3.553(3) 119 
C8C–H8C2···O3B4 0.99 2.56 3.250(3) 127 
C8C–H8C2···O3C3 0.99 2.53 3.314(3) 136 
C9B–H9B2···O1A 0.99 2.93 3.674(3) 132 
C9C–H9C1···O3B4 0.99 2.76 3.164(3) 105 
C1S–H1S···O2A2 1.00 2.66 3.464(3) 137 
C1S–H1S···O3A2 1.00 2.69 3.498(3) 138 
C1S–H1S···O2D5 1.00 2.36 3.246(3) 147 
C8D–H8D2···Cl1 0.99 2.90 3.755(2) 145 
Symmetry codes: (1) 1 – x, –0.5 + y, 0.5 – z; (2) 1 – x, 0.5 + y, 0.5 – z; (3) 1 – x, – y, 1 – z;  

(4) x, –0.5 – y, 0.5 + z; (5) 1 – x, 1 – y, 1 – z. 

Short N···O contacts 
N···O d(N···O), Å N···O d(N···O), Å 
N1A···O3C  3.155(2) N1D···O2B2 3.063(3) 
N1A···O2D1 2.901(2) N1D···O3D3 3.007(2) 
N1C···O3A 3.122(2)   
Symmetry codes: (1) x, 0.5 – y, –0.5 + z; (2) 1 – x, 0.5 + y, 0.5 – z; (3) 1 – x, 1 – y, 1 – z. 

C–H···ππππ interactions 
C–H···Cg d(H···Cg) ⊥⊥⊥⊥d(H···ππππ) d(C ···Cg) ∠∠∠∠C–H···Cg ∠∠∠∠C–H···ππππ 
C21A–H21B···CgB1 3.50 2.96 4.331(3) 144 150 
C21B–H21F···CgB1 3.39 2.97 4.022(3) 125 97 
Symmetry codes: (1) – x, –y, –z. 

ππππ···ππππ interaction 
CgI···CgJ d(CgI···CgJ) αααα ββββ γγγγ ⊥⊥⊥⊥(CgI···ππππJ) ⊥⊥⊥⊥(CgJ···ππππI) 
CgC···CgC1 4.415(3) 0 36 36 3.586(3) 3.586(3) 
Symmetry codes: (1) 1 – x, –y, 1 – z. 
d(CgI···CgJ) – distance between ring centroids I and J (Å), α – dihedral angle between planes I and J; β – 
angle between CgI···CgJ vector and normal to plane I; γ – angle between CgI···CgJ vector and normal to 
plane J (°), ⊥(CgI···πJ) – perpendicular distance of CgI on ring J; ⊥(CgJ···πI) – perpendicular distance of 
CgJ on ring I (Å). 
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a 

 
b 

Fig. 116. NO2C[4]OC14·CHCl3 (cone): (a) C–H···O hydrogen binding between the calix[4]arene 
molecules in opposite orientation. Alkyl substituents are omitted for clarity; (b) C–H···O hydrogen 
binding between the calix[4]arene molecules in the same orientation. 

Molecules of NO2C[4]OC14 are assembled in bilayer shown in Fig. 117a. The 

thickness of aromatic and aliphatic regions are 9.2 and 19.8 Å, respectively. The bilayer 

structure is also stabilised by two C–H···π interactions between H-atoms of terminal 

carbons of chains A and B and aromatic ring B of neighbouring calix[4]arene (Fig. 

117b).  

There are short N···O contacts between the nitro groups in structure of 

NO2C[4]OC14·CHCl3, which additionally stabilise the structure (Table 71). 

Chloroform molecules are included in the voids between the calix[4]arene 

aromatic systems and aliphatic chains (Fig. 117a). Each guest molecule is a hydrogen 

donor in trifurcated C–H···O bonds to oxygen atoms O2A, O3A and O2D of the 

neighbouring molecules of NO2C[4]OC14 and a hydrogen acceptor in C8D–H8D2···Cl1 

bond (Fig. 117c and Table 71). 
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a b c 

Fig. 117. NO2C[4]OC14·CHCl3 (cone): (a) packing diagram, view along the b crystallographic axis. 
Chloroform molecules are shown in the spacefill mode; (b) C–H···π interactions; (c) chloroform 
inclusion. 

4.3.5 Crystal structure of O-tetradecylated para-nitrocalix[4]arene (cone) 
chloroform disolvate 

O-Tetradecylated para-nitrocalix[4]arene-chloroform solvate with stoichiometry 

1:2 (NO2C[4]OC14·2CHCl3) crystallises from methanol/chloroform mixture in the triclinic 

crystallographic system. Data collection was performed at 140 K. Below this temperature 

mosaicity start to increase up to 4.2° and crystal cracking is observed. Crystal data are 

presented in Table 72. Carbon atom numbering scheme is shown in Fig. 118a.  

Table 72. Crystal data and structure refinement for NO2C[4]OC14 (cone)·2CHCl3 

Molecular formula C84H132N4O12·2CHCl3 
Formula weight 1628.67 
Crystal system Triclinic 
Space group P1 
Unit cell dimensions a = 12.5405(1) Å α = 91.6215(8)° 
 b = 13.4126(2) Å β = 95.8869(6)° 
 c = 27.3215(4) Å γ = 102.0774(5)° 
Volume 4464.2(1) Å3 
Z 2 
Temperature 140.0(5) K 
Radiation and wavelength Mo Kα radiation, λ = 0.71073 Å 
Monochromator graphite 
Density (calculated) 1.212 Mg·m-3 
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Table 72. Continuation. 

Absorption coefficient 0.25 mm-1 
F(000) 1752 
Crystal size 0.15 × 0.21× 0.25 mm 
θ range for data collection 1.6–26.7° 
Index ranges -15 ≤ h ≤ 15, -16 ≤ k ≤ 16, -34 ≤ l ≤ 34 
Reflections collected 72134 
Independent reflections 18720 [Rint = 0.076] 
Completeness 99.0 % 
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Weighting scheme [σ2(Fo

2) + (0.0847P)2 + 2.3343P]-1 * 
Data / restraints / parameters 18720 / 0 / 977 
Goodness-of-fit on F2 1.05 
Final R indices [I > 2σ(I)] R = 0.056, wR = 0.155 
R indices (all data) R = 0.067, wR = 0.163 
Extinction coefficient Not refined 
Largest diff. peak and hole 0.55 and -0.62 e·Å-3 
* P = (Fo

2 + 2Fc
2)/3 

The asymmetric unit comprises one host molecule and two guest molecules. The 

calix[4]arene assumes a pinched cone conformation shown in Fig. 118b. 

Dihedral angles between planes of each benzene ring and the mean plane of the 

four methylene groups and distances between distal C4 atoms are presented in Table 73. 

The conformation is stabilised by two C–H···O contacts between H-atoms of the first  
 

 

  

a b c 
Fig. 118. NO2C[4]OC14 (cone)·2CHCl3: (a) numbering scheme; (b) molecule of the host; 
(c) conformation stabilised by C–H···O intramolecular contacts. 
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Table 73. Calix[4]arene macrocyclic ring geometry for NO2C[4]OC14 (cone)·2CHCl3 

∠∠∠∠(ring-to-CH 2-plane), °°°° Distal C4···C4 distances, Å 
A 77.39(4) C4A···C4C 4.020(2) 
B 149.14(4)   
C 75.35(5) C4B···C4D 10.046(2) 
D 140.21(4)   

and the second methylene groups of the chain B and oxygen atoms of phenoxy moieties 

A and C (Fig. 118c and Table 74). 

Calix[4]arene molecules in NO2C[4]OC14·2CHCl3, similarly to NO2C[4]OC14· 

CHCl3, form centrosymmetric dimers (Fig. 119a) due to π-π stacking interactions 

(ring A···ring A) enhanced by two C–H···O contacts between H-atom of the first 

methylene group of alkyl chain A and oxygen atom of nitro group at 

centrosymmetrically related ring A (C8A···O3A). 

 
 

a b 

Fig. 119. NO2C[4]OC14 (cone)·2CHCl3: (a) self-assembly of the dimers in ribbon, only enhanced by 

C–H···O hydrogen binding ππππ-ππππ stacking interactions are shown; (b) dimer formation. 

Then the dimers are self-assembled in ribbons (Fig. 119b) also due to π-π 

stacking interactions (ring D···ring D) enhanced by two bifurcated C–H···O contacts 

between meta-H-atoms of the ring A and oxygen atoms of nitro group D of 

neighbouring calixarene (C3A···O2D and C3A···O3D). Fig. 120a represents C–H···O 

contacts in a half of the ribbon with calix[4]arene molecules in the same orientation, 

which (contacts) were omitted in Fig. 119a. These contacts can be separated into two  
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Table 74. Weak interactions in NO2C[4]OC14 (cone)·2CHCl3 

Hydrogen bonds 
D–H···A d(D–H), Å d(H···A), Å d(D···A), Å ∠∠∠∠D–H···A 
C3A–H3A···O2D1 0.95 2.69 3.564(2) 153 
C3A–H3A···O3D1 0.95 2.88 3.782(2) 158 
C3B–H3B···O2D2 0.95 2.73 3.557(2) 146 
C3D–H3D···O2B3 0.95 2.70 3.517(2) 144 
C5B–H5B···O3C4 0.95 2.80 3.671(3) 152 
C7A–H7A2···O2D2 0.99 2.86 3.741(2) 149 
C7C–H7C2···O2B3 0.99 2.58 3.432(2) 146 
C8A–H8A1···O3A5 0.99 2.97 3.417(2) 108 
C8B–H8B2···O1A 0.99 2.44 3.271(2) 142 
C9B–H9B1···O1C 0.99 2.58 3.370(2) 136 
C1S–H1S···O2A 1.00 2.40 3.169(2) 134 
C1S–H1S···O3C 1.00 2.42 3.050(2) 120 
C1S–H1S···O3D1 1.00 2.54 3.274(3) 130 
C2S–H2S···O2B 1.00 2.59 3.400(3) 138 
C2S–H2S···O3B 1.00 2.61 3.253(3) 122 
C2S–H2S···O3B6 1.00 2.65 3.441(3) 136 
C7B–H7B1···Cl34 0.99 2.72 3.649(2) 156 
C8A–H8A1···Cl35 0.99 2.87 3.603(2) 132 
C20B–H20D···Cl37 0.99 3.08 3.545(2) 110 
C21A–H21B···Cl17 0.98 2.86 3.543(3) 127 
C21B–H21E···Cl37 0.98 2.88 3.605(2) 132 
C21D–H21K···Cl58 0.98 2.93 3.462(3) 115 
Symmetry codes: (1) 1 – x, 2 – y, – z; (2) 1 + x, y, z; (3) –1 + x, y, z; (4) 2 – x, 3 – y, –z;  

(5) 2 – x, 2 – y, –z; (6) 3 – x, 3 – y, –z; (7) x, y, 1 + z; (8) 2 – x, 3 – y, 1 – z. 

C–H···ππππ interactions 
C–H···Cg d(H···Cg) ⊥⊥⊥⊥d(H···ππππ) d(C···Cg) ∠∠∠∠C–H···Cg ∠∠∠∠C–H···ππππ 
C21B–H21D···CgB1 3.76 2.95 4.397(3) 125 116 
C21C–H21G···CgB1 3.15 3.13 3.915(3) 136 131 
Symmetry codes: (1) 2 – x, 3 – y, 1 – z. 

ππππ···ππππ interactions 
CgI···CgJ d(CgI···CgJ) αααα ββββ γγγγ ⊥⊥⊥⊥(CgI···ππππJ) ⊥⊥⊥⊥(CgJ···ππππI) 
CgA···CgA1 4.600(2) 0 42 42 3.396(2) 3.396(2) 
CgD···CgD2 6.549(2) 0 67 67 2.603(2) 2.603(2) 
Symmetry codes: (1) 2 – x, 2 – y, –z; (2) 1 – x, 2 – y, –z.  
d(CgI···CgJ) – distance between ring centroids I and J (Å), α – dihedral angle between planes I and J; β – 
angle between CgI···CgJ vector and normal to plane I; γ – angle between CgI···CgJ vector and normal to 
plane J (°), ⊥(CgI···πJ) – perpendicular distance of CgI on ring J; ⊥(CgJ···πI) – perpendicular distance of 
CgJ on ring I (Å). 
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groups. The first one is realised between meta-H-atoms of rings B and D and oxygen 

atoms of nitro groups D and B of neighbouring calixarenes (C3B···O2D and 

C3D···O2B), then the second one between H-atoms of calix[4]arene methylene bridges 

and the same oxygen atoms of nitro groups D and B of neighbouring calixarenes 

(C7A···O2D and C7C···O2B). 

 

 
a b 

Fig. 120. NO2C[4]OC14 (cone)·2CHCl3: (a) C–H···O contacts between the calix[4]arene molecules in 
the same orientation; (b) packing diagram, view along the a crystallographic axis, chloroform 
molecules are shown in the spacefill mode;. 

The ribbons are joined by C–H···O contacts between meta-H-atoms of rings B 

and oxygen atoms of nitro groups of rings C of adjacent calix[4]arenes [C5B···O3C]. 

The resulting bilayer motif of self-assembling is shown in Fig. 120b. It is additionally 

stabilised by C–H···π interactions of two terminal carbon atoms, C21B and C21C, and 

benzene ring B of neighbouring calixarene.  

The thickness of aromatic and aliphatic regions are equal to 10.3 and 16.8 Å, 

respectively. 

There are two molecules of chloroform included in the crystal structure of 

NO2C[4]OC14·2CHCl3. One solvent molecule is a hydrogen donor in trifurcated         

C–H···O contacts to oxygen atoms of the neighbouring molecules of NO2C[4]OC14 and 

a hydrogen acceptor in four C–H···Cl contacts (Fig. 121a). The second chloroform 

molecule also participates in trifurcated C–H···O bond to adjacent nitro groups but, in 

contrast to the first chloroform molecule, in only one C–H···Cl contact of 3.462(3) Å to 

terminal carbon atom C21D (Fig. 121b). Additionally one short Cl4···O2D contact of 

3.041(2) Å is present between calixarene and chloroform molecules. 
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a b 

Fig. 121. NO2C[4]OC14 (cone)·2CHCl3: (a) and (b) exo-complexation of chloroform molecules. 

 

4.4 Crystal structures of O-alkylated para-tert-butylcalix[6]arenes 

4.4.1 Crystal structure of O-propylated para-tert-butylcalix[6]arene chloroform 
disolvate 

O-Propylated para-tert-butylcalix[6]arene crystallises from methanol/ chloroform 

mixture in the monoclinic crystallographic system as a calix[6]arene-chloroform solvate 

with stoichiometry 1:2 (tBuC[6]OC3·2CHCl3). Crystal data are presented in Table 75. There 

is no disorder in the crystal structure. The asymmetric unit comprises half of the 

calix[6]arene molecule and one molecule of chloroform. The molecule of the calix[6]arene 

assumes a centrosymmetric inverted double partial cone conformation (Fig. 122a).  

 
 

a b 
Fig. 122. tBuC[6]OC3 (inverted double partial cone)·2CHCl3: (a) molecule of the calix[6]arene; 
(b) numbering scheme. 
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Table 75. Crystal data and structure refinement for tBuC[6]OC3·2CHCl 3 

Molecular formula C84H120O6·2(CHCl3) 
Formula weight 1464.54 
Crystal system Monoclinic 
Space group P21/c 
Unit cell dimensions a = 14.8658(1) Å 
 b = 16.6259(1) Å β = 118.1961(3)° 
 c = 19.0468(2) Å 
Volume 4148.94(6) Å3 
Z 2 
Temperature 100.0(5) 
Radiation and wavelength Mo Kα radiation, λ = 0.71073 Å 
Monochromator graphite 
Density (calculated) 1.172 Mg·m-3 
Absorption coefficient 0.26 mm-1 
F(000) 1576 
Crystal size 0.17 × 0.22 × 0.24 mm 
θ range for data collection 3.0–27.5° 
Index ranges -19 ≤ h ≤ 19, -21 ≤ k ≤ 21, -24 ≤ l ≤ 20 
Reflections collected 70207 
Independent reflections 9484 [Rint = 0.034] 
Completeness 100 % 
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Weighting scheme [σ2(Fo

2) + (0.0396P)2 + 2.6142P]-1 * 
Data / restraints / parameters 9484 / 0 / 454 
Goodness-of-fit on F2 1.06 
Final R indices [I > 2σ(I)] R = 0.039, wR = 0.094 
R indices (all data) R = 0.044, wR = 0.097 
Extinction coefficient Not refined 
Largest diff. peak and hole 0.38 and -0.36 e·Å-3 
* P = (Fo

2 + 2Fc
2)/3 

Carbon atom numbering scheme is shown in (Fig. 122b). Dihedral angles between 

planes of each benzene ring and the mean plane of the six methylene groups and 

distances between distal atoms C4 are presented in Table 76. 

Table 76. Calix[4]arene macrocyclic ring geometry for tBuC[6]OC3·2CHCl3 

∠∠∠∠(ring-to-CH 2-plane), °°°° Distal C4···C4 distances, Å 
A 83.96(3) C4A···C4A1 10.329(2) 
B 136.77(4) C4B···C4B1 13.366(2) 
C 75.64(3) C4C···C4C1 8.829(2) 

Symmetry codes: (1) –x, –y, 1 – z. 
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a b 

Fig. 123. tBuC[6]OC3 (inverted double partial cone)·2CHCl3: (a) conformation stabilised by 

intr amolecular C–H···O; (b) C–H···ππππ interactions, tert-butyl groups are omitted for clarity. 

The calix[6]arene molecule conformation is stabilised by six intramolecular    

C–H···O bonds (Fig. 123a) and, similarly to tBuC[6]OC1
119 and tBuC[6]OC2,120,121 by 

C–H···π interactions (Fig. 123b) between H-atoms of two alkyl chains, which close the 

calix[6]arene cavity from the oxygens’ side, and proximal benzene rings A and C (Table 

77). 

Molecules of the calix[6]arene are self-assembled due to C–H···π interactions 

between H-atoms of tert-butyl groups and aromatic rings of adjacent calixarenes. The 

strongest C–H···π interaction is between H-atom of tert-butyl group at the ring B 
 

Table 77. Weak interactions in tBuC[6]OC3·2CHCl3 

Hydr ogen bonds 
D–H···A d(D–H), Å d(H···A), Å d(D···A), Å ∠∠∠∠D–H···A 
C3A–H3A···O1C1 0.95 2.78 3.316(2) 117 
C9B–H9B1···O1A 0.99 2.92 3.643(2) 131 
C5C–H5C···O1A1 0.95 2.78 3.282(2) 114 
C7C–H7C2···Cl22 0.99 2.95 3.763(2) 140 
C10C–H10I···Cl3 0.98 3.06 3.796(2) 133 
C13C–H13I···Cl33 0.98 2.97 3.864(2) 153 
Symmetry codes: (1) –x, –y, 1 – z; (2) –1 + x, 0.5 – y, –0.5 + z; (3) –x, –0.5 + y, 0.5 – z. 
C–H···ππππ interactions 
C–H···Cg d(H···Cg) ⊥⊥⊥⊥d(H···ππππ) d(C···Cg) ∠∠∠∠C–H···Cg ∠∠∠∠C–H···ππππ 
C8B–H8B1···CgA 2.84 2.59 3.783(2) 159 135 
C8B–H8B2···CgC 3.22 2.62 4.194(2) 168 133 
C13B–H13E···CgA1 2.85 2.83 3.681(2) 144 139 
C14A–H14C···CgC2 2.89 2.86 3.865(2) 179 171 
C1S–H1S···CgB 2.43 2.43 3.375(2) 157 156 
Symmetry codes: (1) 1 – x, –y, 1 – z; (2) –x, –0.5 + y, 0.5 – z. 
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and π-electrons of the ring A, which results in the formation of infinite chains along the 

a crystallographic axis (Fig. 124a). Then the infinite chains are combined by weaker      

C–H···π interaction [between tert-butyl group at the ring A and π-electrons of the ring 

C] in three- dimensional framework (Fig. 124b). Two chloroform molecules are located 

in cavities between chains (Fig. 124c). Each guest molecule participates in C–H···π 

interaction with π-electrons of the ring B of the adjacent molecule of the host and       

C–H···Cl contact (Fig. 124d and Table 77). The closest Cl···Cl distance between two 

chloroform molecules within the cavity is equal to 3.9057(8) Å and it is notably more 

than sum of van der Waals radii146 of two Cl atoms (3.50 Å). 
 

 

a 

 

 c 

 
b d 

Fig. 124. tBuC[6]OC3·2CHCl3: (a) self-assembly of calix[6]arene molecules in infinite chains along 

the a crystallographic axis due to C–H···ππππ interactions; (b) C–H···ππππ interactions between chains, 
along the a crystallographic axis; (c) chloroform molecules shown in the spacefill mode located in 
cavities between chains; (d) bridging role of chloroform molecules. 
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4.4.2 Crystal structure of O-butylated para-tert-butylcalix[6]arene chloroform 
monosolvate 

O-Butylated para-tert-butylcalix[6]arene crystallises from methanol/chloroform 

mixture in the triclinic crystallographic system as a calix[6]arene-chloroform solvate 

with stoichiometry 1:1 (tBuC[6]OC4·CHCl3). Crystal data are presented in Table 78. 

The asymmetric unit of tBuC[6]OC4·CHCl3 comprises one molecule of calix[6]arene 

and one molecule of chloroform (Fig. 125a). The numbering scheme is presented in Fig. 

125b. The n-butyl chain at the ring A is disordered over two positions on its whole  

Table 78. Crystal data and structure refinement for tBuC[6]OC4·CHCl3 

Molecular formula C90H132O6·CHCl3 
Formula weight 1429.32 
Crystal system Triclinic 
Space group P1 
Unit cell dimensions a = 13.5948(4) Å α = 86.248(1)° 
 b = 14.2051(4) Å β = 85.487(1)° 
 c = 23.3836(9) Å γ = 72.975(2)° 
Volume 4300.2(2) Å3 
Z 2 
Temperature 100.0(5) 
Radiation and wavelength Mo Kα radiation, λ = 0.71073 Å 
Monochromator graphite 
Density (calculated) 1.104 Mg·m-3 
Absorption coefficient 0.16 mm-1 
F(000) 1556 
Crystal size 0.07 × 0.10 × 0.10 mm 
θ range for data collection 3.0–19.8° 
Index ranges -12 ≤ h ≤ 12, -13 ≤ k ≤ 13, -22 ≤ l ≤ 22 
Reflections collected 42054 
Independent reflections 7747 [Rint = 0.087] 
Completeness 99.4 % 
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Weighting scheme [σ2(Fo

2) + (0.1425P)2 + 15.5147P]-1 * 
Data / restraints / parameters 7747 / 338 / 1146 
Goodness-of-fit on F2 1.01 
Final R indices [I > 2σ(I)] R = 0.113, wR = 0.282 
R indices (all data) R = 0.149, wR = 0.204 
Extinction coefficient Not refined 
Largest diff. peak and hole 0.63 and -0.79 e·Å-3 
* P = (Fo

2 + 2Fc
2)/3 
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a b 

  
c d 

Fig. 125. tBuC[6]OC4·CHCl 3: (a) molecule in 1,3-alterante conformation; (b) numbering scheme; 

(c) conformation stabilised by intramolecular C–H···O and (d) C–H···ππππ interactions, tert-butyl 
groups are omitted for clarity. 

length with equal occupancy factors of 0.50. Three last methylene groups of n-butyl 

chain at the ring C and n-butyl chain at the ring E on its whole length are disordered 

over two positions with the same occupancy factors of 0.71 and 0.29. The three first 

methylene groups of n-butyl chain at the ring F are disordered over two positions with 

similar occupancy factors of 0.72 and 0.28. 

The calix[6]arene macrocyclic ring adopts 1,3-alternate conformation, which is 

stabilised by eight C–H···O hydrogen contacts between H- and O-atoms of phenyl rings 

(Fig. 125c) and C–H···π interactions (Fig. 125d) between H-atoms of the first, the third 

and terminal carbon atoms and π-electrons of benzene rings A, C, E and F (Table 79).  

Dihedral angles between planes of each benzene ring and the mean plane of the 

six methylene groups and distances between distal C4 atoms are presented in Table 80. 

Two adjacent molecules of calix[6]arene form a centrosymmetric dimer as 

a result of π-π stacking interactions with the distance between planes of interacting  
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Table 79. Weak interactions in tBuC[6]OC4·CHCl 3 

Hydrogen bonds 
D–H···A d(D–H), Å d(H···A), Å d(D···A), Å ∠∠∠∠D–H···A 
C3A–H3A···O1F 0.95 2.80 3.42(1) 124 
C5C–H5C···O1D 0.95 3.03 3.53(1) 115 
C3D–H3D···O1C 0.95 2.54 3.13(1) 121 
C5D–H5D···O1E 0.95 2.70 3.29(1) 121 
C3E–H3E···O1D 0.95 2.87 3.40(1) 117 
C5E–H5E···O1F 0.95 2.89 3.50(1) 123 
C3F–H3F···O1E 0.95 2.77 3.40(1) 124 
C5F–H5F···O1A 0.95 2.76 3.36(1) 122 
C15B–H15E···O1B 0.98 2.69 3.61(1) 156 
C7D–H7D1···Cl2A1 0.99 3.08 3.71(2) 123 
C7E–H7E2···Cl2B2 0.99 3.01 3.67(2) 125 
C8E–H8E1···Cl2A2 0.99 3.10 3.98(2) 149 
C9E–H9E2···Cl1A1 0.99 2.79 3.55(2) 134 
C14E–H14O···Cl32 0.98 3.07 3.62(2) 116 
C15I–H15···Cl1A2 0.98 3.07 3.92(2) 146 
C15I–H15Y···Cl33 0.98 2.68 3.51(2) 142 
C7F–H7F1···Cl2A 0.99 3.08 3.68(2) 121 
C7F–H7F1···Cl2B 0.99 3.00 3.52(3) 114 
Symmetry codes: (1) x, –1 + y, z; (2) –x, 2 – y, 1 – z; (3) 1 + x, –1 + y, z. 
C–H···ππππ interactions 
C–H···Cg d(H···Cg) ⊥⊥⊥⊥d(H···ππππ) d(C···Cg) ∠∠∠∠C–H···Cg ∠∠∠∠C–H···ππππ 
C8B–H8B1···CgC 3.29 2.71 4.15(1) 146 132 
C8B–H8B2···CgA 2.75 2.57 3.69(1) 161 142 
C10B–H10C···CgF 2.90 2.87 3.81(1) 154 153 
C11B–H11E···CgE 2.64 2.60 3.60(1) 165 176 
C10C–H10F···CgC3 3.36 2.97 4.23(2) 148 125 
C8D–H8D1···CgA1 3.32 3.11 4.02(1) 130 121 
C9D–H9D2···CgA1 3.73 2.94 4.31(1) 120 153 
C10E–H10J···CgE4 3.69 2.42 4.66(2) 166 126 
C8F–H8F1···CgF2 3.51 3.00 4.35(2) 144 121 
C9H–H9···CgC3 3.38 2.83 4.29(5) 155 171 
C11H–H11V···CgC3 2.98 2.93 3.91(4) 159 165 
C9I–H9I2···CgE4 3.42 2.73 4.25(3) 143 169 
C8L–H8L2···CgF2 3.78 2.88 4.14(3) 105 145 
C9L–H9L2···CgF2 3.69 2.92 4.39(6) 130 157 
C1SA–H1SA···CgE2 3.00 2.36 3.86(2) 144 170 
Symmetry codes: (1) x, –1 + y, z; (2) –x, 2 – y, 1 – z; (3) –x, 1 – y, –z; (4) – x, 1 – y, 1 – z. 
ππππ···ππππ interaction 
CgI···CgJ d(CgI···CgJ) αααα ββββ γγγγ ⊥⊥⊥⊥(CgI···ππππJ) ⊥⊥⊥⊥(CgJ···ππππI) 
CgB···CgB1 3.769(9) 0 22 22 3.496(9) 3.496(9) 
Symmetry codes: (1) –x, 2 – y, –z.  
d(CgI···CgJ) – distance between ring centroids I and J (Å), α – dihedral angle between planes I and J; β – angle 
between CgI···CgJ vector and normal to plane I; γ – angle between CgI···CgJ vector and normal to plane J (°), 
⊥(CgI···πJ) – perpendicular distance of CgI on ring J; ⊥(CgJ···πI) – perpendicular distance of CgJ on ring I (Å). 
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Table 80. Calix[4]arene macrocyclic ring geometry for tBuC[6]OC4·CHCl 3 

∠∠∠∠(ring-to-CH 2-plane), °°°° Distal C4···C4 distances, Å 
A 74.7(2) C4A···C4D 9.379 
B 138.8(2)   
C 81.8(2) C4B···C4E 10.289 
D -73.8(1)   
E 77.9(2) C4C···C4F 9.173 
F -71.8(2)   

rings B equal to 3.494(9) Å. The π-π interactions are additionally stabilised by C–H···O 

contacts between tert-butyl groups and oxygen atoms of two adjacent phenoxy moieties 

B (Fig. 126).  

 
Fig. 126. Self-assembly of tBuC[6]OC4·CHCl 3: dimerization via ππππ-ππππ stacking interaction. 

Dimers participate in numerous C–H···π interactions (Table 79) mainly between 

H-atoms of disordered n-butyl chains (except n-butyl substituent at the ring B, which is 

ordered) and benzene rings of adjacent calixarenes as shown in Fig. 127. H-atoms of the 

first and the second methylene groups of ordered n-butyl chain at the ring D are 

involved in C–H···π interaction with the phenyl ring A [C8D···ring A, C9D···ring A]. 

H-atoms of the second, the third and terminal carbon atoms of disordered n-butyl chain 

at the ring C take part in C–H···π interactions with related by centre of inversion 

adjacent ring C [C9H···ring C´, C10C···ring C´ and C11H···ring C´]. Disordered n-

butyl substituents at the ring E and related by centre of inversion adjacent benzene ring 

E participate in C–H···π interactions between H-atoms of the second and the third 

methylene groups and adjacent benzene ring E [C9I···ring E´ and C10E···ring E´]. n-

Butyl chain at the ring F and related by centre of inversion adjacent ring F are in C–

H···π interactions between H-atoms of the first and the second methylene groups and 

adjacent ring F [C8F···ring F´, C8L···ring F´ and C9L···ring F´]. As a result of π-π 

stacking and C–H···π interactions, molecules of the calix[6]arene are self-assembled in  
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Fig. 127. Self-assembly of tBuC[6]OC4·CHCl 3: layer formation due to C–H···ππππ interactions, view 
along the a crystallographic axis. 

layers which are extending parallel to the bc crystallographic plane (Fig. 128). Between 

layers only van der Waals interactions between hydrogen atoms of tert-butyl and n-

butyl substituents occur. 

Chloroform molecules are disordered in cavities located between layers over two 

positions with the occupancy factors of 0.62 and 0.38 (Fig. 128). The molecule A is 

involved in one C–H···π interaction with the ring E of one calix[6]arene molecule and 

 
Fig. 128. Packing diagram of tBuC[6]OC4·CHCl 3, view along the b crystallographic axis. 
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in C–H···Cl contacts with the same and three other adjacent calix[6]arene molecules 

(Fig. 129a and Table 79). The molecule B takes part C–H···Cl contacts only Fig. 129b 

and Table 79). 

  
a b 

Fig. 129. tBuC[6]OC4·CHCl 3: (a) packing diagram, view along the b crystallographic axis; 
(b) interaction of chloroform molecule A and (c) B with adjacent calix[6]arene molecules. 

 

4.4.3 Crystal structure of O-hexylated para-tert-butylcalix[6]arene chloroform 
disolvate 

O-Hexylated para-tert-butylcalix[6]arene crystallises from methanol/chloroform 

mixture in the monoclinic crystallographic system as a calix[6]arene-chloroform solvate 

with stoichiometry 1:2 (tBuC[6]OC6·2CHCl3). Crystal data are presented in Table 81 

and the labelling scheme is shown in Fig. 130a. Similarly to tBuC[6]OC1,119  

  
a b 

Fig. 130. tBuC[6]OC6·2CHCl3: (a) numbering scheme; (b) molecule of the calix[6]arene. 
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Table 81. Crystal data and structure refinement for tBuC[6]OC6·2CHCl3 

Molecular formula C102H156O6·2(CHCl3) 
Formula weight 1717.00 
Crystal system Monoclinic 
Space group C2/c 
Unit cell dimensions a = 14.1229(3) Å 
 b = 26.0837(5) Å β = 90.395(1)° 
 c = 27.5761(7) Å 
Volume 10158.2(4) Å3 
Z 4 
Temperature 100.0(5) 
Radiation and wavelength Mo Kα radiation, λ = 0.71073 Å 
Monochromator graphite 
Density (calculated) 1.123 Mg·m-3 
Absorption coefficient 0.22 mm-1 
F(000) 3728 
Crystal size 0.25 × 0.38 × 0.45 mm 
θ range for data collection 3.0–27.5° 
Index ranges -18 ≤ h ≤ 18, -32 ≤ k ≤ 33, -35 ≤ l ≤ 35 
Reflections collected 43590 
Independent reflections 11415 [Rint = 0.023] 
Completeness 98 % 
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Weighting scheme [σ2(Fo

2) + (0.1029 P)2 + 37.2105 P]-1 * 
Data / restraints / parameters 11415 / 135 / 610 
Goodness-of-fit on F2 1.07 
Final R indices [I > 2σ(I)] R = 0.095, wR = 0.239 
R indices (all data) R = 0.111, wR = 0.250 
Extinction coefficient Not refined 
Largest diff. peak and hole 1.30 and -0.93 e·Å-3 
* P = (Fo

2 + 2Fc
2)/3 

tBuC[6]OC2
120,121 and tBuC[6]OC3·2CHCl3, the asymmetric unit comprises half of the 

calix[6]arene molecule and one molecule of chloroform. The four last carbon atoms of 

n-hexyl chain at the ring B are disordered over two positions with occupancy factors of 

0.69 and 0.31. The molecule of calix[6]arene assumes a centrosymmetric inverted 

double partial cone conformation (Fig. 130b) stabilised by intramolecular C–H···Ο 

hydrogen binding (Fig. 131a) and four C–H···π interactions (Fig. 131b) between H-

atoms of first methylene groups of two alkyl chains at distal rings B, which close the 

calix[6]arene cavity from the oxygens’ side, and proximal benzene rings A and C (Table 

82). Dihedral angles between planes of each benzene ring and the mean plane of the six 

methylene groups and distances between distal atoms C4 are presented in Table 83. 
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a b 

Fig. 131. tBuC[6]OC6·2CHCl3: (a) conformation stabilised by intramolecular C–H···O and             

(b) C–H···ππππ interactions, tert-butyl groups are omitted for clarity. 

Table 82. Weak interactions in tBuC[6]OC6·CHCl 3 

Hydr ogen bonds 
D–H···A d(D–H), Å d(H···A), Å d(D···A), Å ∠∠∠∠D–H···A 
C3A–H3A···O1C 0.95 2.62 3.167(3) 117 
C5C–H5C···O1A 0.95 2.94 3.420(4) 112 
C7A–H7A2···Cl2B1 0.99 2.80 3.506(5) 129 
C7A–H7A2···Cl3A1 0.99 2.96 3.799(9) 143 
C17C–H17G···Cl1B2 0.98 2.94 3.909(7) 172 
C1SB–H1SB···Cl3A3 1.00 2.90 3.47(1) 117 
Symmetry codes: (1) –0.5 + x, –0.5 + y, z; (2) –x, –y, 1 – z; (3) 1 – x, y, 0.5 – z. 

C–H···ππππ interactions 
C–H···Cg d(H···Cg) ⊥⊥⊥⊥d(H···ππππ) d(C···Cg) ∠∠∠∠C–H···Cg ∠∠∠∠C–H···ππππ 
C8B–H8B1···CgA 3.14 2.83 4.015 149 127 
C8B–H8B2···CgC 3.48 2.71 4.449 165 132 
C9C–H9C2···CgA1 3.66 2.67 4.579(4) 156 122 
C11A–H11B···CgB2 2.76 2.76 3.654(4) 151 153 
C1SA–H1···CgA3 2.98 2.67 3.947(9) 163 149 
Symmetry codes: (1) –0.5 + x, 0.5 + y, z; (2) –x, y, 0.5 – z; (3) 0.5 + x, 0.5 + y, z. 

Table 83. Calix[4]arene macrocyclic ring geometry for tBuC[6]OC6·2CHCl3 

∠∠∠∠(ring-to-CH 2-plane), °°°° Distal C4···C4 distances, Å 
A 72.28(5) C4A···C4A1 9.860(3) 
B 133.95(7) C4B···C4B1 13.068(3) 
C 78.98(6) C4C···C4C1 9.423(3) 

Symmetry codes: (1) –x, –y, 1 – z. 
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Molecules of the calix[6]arene related by 2-axis symmetry take part in C–H···π 

interactions between hydrogen atoms of fourth methylene groups of hexyl substituents 

at rings A and π-electrons of adjacent rings B (Table 82), which results in infinite chains 

arrangement along the c crystallographic axis (Fig. 132a). The chains related by 21-axis 

symmetry are arranged by C–H···π interactions between H-atoms of second methylene 

groups of hexyl substituents at rings C and π-electrons of adjacent rings A (Table 82) in 

three-dimensional framework shown in Fig. 132b. 

 
a 

 
b 

Fig. 132. tBuC[6]OC6·2CHCl3: (a) infinite chain of calix[6]arene molecules; (b) packing diagram, 
view along chains (the c crystallographic axis). 

Within the framework discrete cavities are formed and each cavity contains two 

related by centre of symmetry chloroform molecules. Each of two chloroform molecules 

is disordered within the cavity over two positions (Fig. 133a) with equal occupancy 

factors of 0.50. Chloroform molecules interact with the neighbouring calixarene 

molecules as donors in C–H···π interactions and as acceptors in C–H···Cl hydrogen 

bonds (Fig. 133b and Table 82). 
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a 

 
b 

Fig. 133. tBuC[6]OC6·2CHCl3: (a); packing diagram, view along the a crystallographic axis; (b) 
inclusion of two chloroform molecules in the cavity between calix[6]arene molecules. 
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5 DISCUSSION 

Fully O-alkylated calix[n]arenes are almost nonpolar when they are not 

substituted at the upper rim, or substituted by tert-butyl groups. On the other hand, 

nitration of O-alkylated at the para-position may cause a large dipole moment in the 

molecule. The dipole moment of calix[4]arene strongly depends on conformation of the 

macrocyclic ring. It is largest in the case of the cone conformation, medium for partial 

cone and close to zero for 1,2-alternate and 1,3-alternate cone conformations.2 In the 

absence of such strong interactions as electrostatic ion-ion interactions and hydrogen 

bonding, the interactions between permanent dipoles can be an important driving force 

in molecular self-assembly of alkylated calixarenes. Therefore, self-assembly of 

pseudo-amphiphilic calix[n]arenes depends not only on the length of alkyl chains at the 

lower rim, but also on the type of substituents at the upper rim and conformation of 

calix[n]arene macrocyclic ring, and it would be appropriate here to separate the 

examined calix[4]arenes in groups according to four main conformations: cone, partial 

cone, 1,3-alternate and 1,2-alternate. 

Calixarene molecules discussed here consist of two distinct parts: π-electron rich 

calix[n]arene macrocyclic ring and alkyl substituents. It is convenient to distinguish 

them in figures by colours e.g. aromatic part in blue and aliphatic ones in red. Self-

assembling process of amphiphilic calix[n]arenes results in spatial separation of 

calixarene ‘heads’ and alkyl ‘tails’ into aromatic and aliphatic regions of crystal, 

respectively. Depending on spatial distribution of the regions, there are possible eight 

main types of organisation for discussed compounds shown in Fig. 134. 

 
Fig. 134. Basic topologies: direct and inverted micelle (m and im), ribbon and inverted ribbon (r 
and ir), perforated layer and inverted perforated layer (pl and ipl), layer (l) and bicontinuous (bi). 
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5.1 Self-assembly of O-alkylated calix[4]arenes in cone conformation 

5.1.1 Self-assembly of the non-substituted at the upper rim calix[4]arenes (cone) 

O-Propylated HC[4]OC3
94 and O-butylated HC[4]OC4

95 calix[4]arenes reveal 

similar self-assembly (Fig. 135). In both cases, the neighbouring molecules of calix[4]- 

 
 

a b 

  
c d 

  
e f 

Fig. 135. Packing diagram comparison: (a) four adjacent columns of HC[4]OC3
94 molecules; 

(b) packing diagram of HC[4]OC3
94 along the b crystallographic axis; (c) four adjacent columns of 

HC[4]OC 4
95 molecules; (d) packing diagram of HC[4]OC4

95 along the c crystallographic axis; 
(e) bicontinuous separation of aromatic and aliphatic regions in HC[4]OC3

94 viewed along the c 
crystallographic axis; (f) bicontinuous separation of aromatic and aliphatic regions in HC[4]OC4

95 
viewed along the b crystallographic axis. 

http://rcin.org.pl



163

 

arenes are self-assembled in head-to-head and tail-to-tail mode shown in Fig. 135a and 

c, which are packed in columns along the alkyl chain direction (Fig. 135b and d). 

Differences in arrangement of adjacent columns result in complicate interpenetrating 

system of zigzag ribbons of aromatic and aliphatic regions in both HC[4]OC3
94 and 

HC[4]OC4
95 crystal structures (Fig. 135e and f). 

Likewise HC[4]OC3
94 and HC[4]OC4,95

 molecules of HC[4]OC7 also are 

organised in head-to-head and tail-to-tail mode (Fig. 136a). Nevertheless, the molecules 

are self-assembled in corrugated layers (Fig. 136b), which correlate with increasing 

hydrophobic-to-total volume ratio (Table 84). 

In the case of longer alkyl substituents (11 and more carbon atoms in the chain) 

the arrangement of HC[4]OCn molecules is similar to ‘real-amphiphiles’: interactions 

Table 84. Molecular hydrophobic-to-total volume ratio and structural topology for HC[4]OCn (cone). 

Formula Vol. ratio, % Topology Reference 
HC[4]OC3 38.2 bi LAGQEQ94 
HC[4]OC4 44.5 bi QADTIZ95 
HC[4]OC7 57.5 l This work 
HC[4]OC11 67.6 l This work 
HC[4]OC12 69.5 l LALFUA96 
HC[4]OC12 69.5 l LALFUA0197 
HC[4]OC14 72.5 l* FAGFEA97 
HC[4]OC16·5H2O 75.1 ipl FAGFOK97 
HC[4]OC18·2C6H6 77.2 ipl KENHAN98 
HC[4]OC18·C6H5CH3 77.2 ipl KENHER98 

*Alkyl chains do not interdigitate. 

  
a b 

Fig. 136. HC[4]OC7: (a) packing viewed along the b crystallographic axis, H-atoms are omitted for 
clarity; (b) separated layers of aromatic and aliphatic regions viewed along the b crystallographic 
axis. 
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between long parallel alkyl chains dominate and control the solid state assembly. Thus, 

molecules of HC[4]OC11 and two polymorphs of HC[4]OC12
96,97 are self-assembled in 

easily recognisable bilayers with parallel alkyl chains (Fig. 137a-c). Both surfaces of the 

bilayer are covered by the calixarene head groups and form aromatic interlayer regions. 

 

 
 

a 
 

 

 
 

b 

 

 

 
 

c 

Fig. 137. Packing diagram and aromatic/aliphatic regions: (a) HC[4]OC11, view along the 
a crystallographic axis; (b) HC[4]OC12,

96 view along the b crystallographic axis; (c) HC[4]OC12,
97 

view along the a crystallographic axis. 
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Surprisingly, the spatial arrangement of HC[4]OC14
97 is distinctly different in 

comparison with other systems with a high number carbon atoms, as the molecules are 

packed without interdigitating alkyl chains (Fig. 138a). Such pattern of self-assembly is 

often observed for Langmuir-Blodgett films of surfactants with strong ‘head-to-head’ 

interactions (Y-type of the film).147 Head-to-head orientation of calix[4]arene molecules 

in HC[4]OC14
97 is amplified by π-π stacking interactions. 

 

 
a 

  

 

 
b 

Fig. 138. Packing diagram and aromatic/aliphatic regions: (a) HC[4]OC14,
97 view along the 

a crystallographic axis; (b) HC[4]OC16 (cone)·nH2O,97 view along the b crystallographic axis. 
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Molecules of HC[4]OCn with longer alkyl substituents (16 and 18 carbon atoms 

in the chain) are arranged in bilayer motif similar to that found for HC[4]OC11 and 

HC[4]OC12
96,97 (Fig. 138a). Voids formed between head groups are filled by solvent 

molecules. Packing diagram for HC[4]OC16 molecules is show in Fig. 138b.  

Benzene (Fig. 139a) and toluene (Fig. 139b) solvates of HC[4]OC18
98 show very 

close unit cells parameters a, b and c but different angles and symmetry. This can be 

explained by different inclination of alkyl chains to the plane defined by macrocyclic 

rings.  

 

 
 

a 
 

 

 
 

b 

Fig. 139. Packing diagram and aromatic/aliphatic regions: (a) HC[4]OC18·2benzene97 clathrate, 
view along the c crystallographic axis ; (d) HC[4]OC18 ·toluene97 clathrate, view along the b 
crystallographic axis.  
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5.1.2 Self-assembly of O-alkylated para-tert-butyl-calix[4]arenes (cone) 

At a first glance tBuC[4]OCn molecules should be less ‘amphiphilic’ than 

HC[4]OCn ones. Nevertheless, the tert-butyl-groups can act as an extension of n-alkyl 

substituents of the molecule located above the molecule under consideration and 

increase hydrophobic-to-total volume ratio for all tert-butyl-derivatives (Table 85). This 

results in ‘amphiphile-like’ self-assembly even in the case of short n-alkyl substituents. 

Thus, tBuC[4]OC3 molecules are arranged in parallel columns, similar to these found 

for HC[4]OC3
94 and HC[4]OC4,95 with tert-butyl groups directed towards n-propyl 

ones. Next, columns are self-assembled in a way that spatial coherence of location of 

aliphatic and aromatic parts in the structure results in honeycomb-like pattern, where 

phenyl rings form a rigid channel type matrix [with the wall thickness of 4.9 Å and 

diameter of channels of 8.1 Å] and channels are formed by tert-butyl groups and 

disordered flexible propyl chains (Fig. 140a). The walls are penetrated by tert-butyl- 

and n-propyl substituents resulting in bicontinuous structure. 

Table 85. Molecular hydrophobic-to-total volume ratio and structural topology for tBuC[4]OCn (cone). 

Formula Vol. ratio, %  Topology Reference 
tBuC[4]OC3 60.3 bi This work 
tBuC[4]OC3·CH3CN 60.3 ipl GIYTEN108 
tBuC[4]OC4  63.2 bi This work 
tBuC[4]OC4·4CHCl3·2H2O 63.2 bi FOVRIS110 
tBuC[4]OC5 65.7 ipl DAYKIY111 
tBuC[4]OC6 67.8 ir This work 
tBuC[4]OC9 73.0 ipl This work 
tBuC[4]OC10·CHCl3 74.4 ir This work 
tBuC[4]OC11 75.6 ipl This work 
tBuC[4]OC12·CHCl3 76.7 ir  This work 
tBuC[4]OC14·CHCl3 78.7 ir  This work 

Presence of acetonitrile molecules in the crystal structure of tBuC[4]OC3· 

CH3CN108 changes the packing from hexagonal to layered and topology of the surface 

between aromatic and aliphatic regions changes from bicontinuous to inverted 

perforated layers (Fig. 140b).  

Elongation of n-alkyl substituents at the lower rim by one CH2-group results in 

isostructural to tBuC[4]OC3 hexagonal arrangement of tBuC[4]OC4 molecules (Fig. 

140c). Thickness of aromatic wall is the same but the channel diameter is slightly larger 

compared to tBuC[4]OC3 simply because of longer aliphatic substituents. 
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a 

  

 

 
b 

  

 
c 

Fig. 140. Packing diagram and aromatic/aliphatic regions: (a) tBuC[4]OC3, view along the c 
crystallographic axis; (b) tBuC[4]OC3·CH3CN,108 view along the a crystallographic axis; 
(c) tBuC[4]OC4, view along the c crystallographic axis. 

Similarly to tBuC[4]OC3, the spatial coherence of column arrangement resulting 

in hexagonal self-assembly of tBuC[4]OC4 molecules is destroyed in presence of 

solvent molecules (mixture of water and chloroform) and crystal packing (Fig. 141) 

changes to inverted perforated layers. 

http://rcin.org.pl



169

 

 
 

a b 

Fig. 141. tBuC[4]OC4·4CHCl3·H2O:110 (a) columnar arrangement of calix[4]arene molecules, 
packing diagram along the a crystallographic axis; (b) single calix[4]arene bowls are bound by 
water molecules in bicontinuous organisation of aromatic and aliphatic regions, view along the b 
crystallographic axis. 

Similarly to previously discussed calixarenes, molecules of tBuC[4]OC5 are 

oriented in a tert-butyl-to-n-pentyl and are self-assembled in columns with different 

spatial alignment along the alkyl chains, which results in inverted perforated layer 

topology (Fig. 142). 

 
 

a b 

Fig. 142. tBuC[4]OC5, view along the diagonal between a and c crystallographic axes: (a) packing 
diagram reveals columnar arrangement of calix[4]arene molecules; (b) inverted perforated layer 
organisation of aromatic and aliphatic regions. 

Elongation of n-alkyl substituent to six carbon atoms in tBuC[4]OC6 leads to 

change of the topology from inverted perforated layers to inverted ribbons formed by 

calix[4]arene macrocyclic moieties are located in aliphatic matrix formed by both n-alkyl 

substituents and tert-butyl groups (Fig. 143). 
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a 

 
b 

Fig. 143. tBuC[4]OC6, view along the a crystallographic axis: (a) packing diagram; (b) inverted 
ribbon organisation of aromatic ribbons in aliphatic matrix. 

Compounds tBuC[4]OC9 and tBuC[4]OC10·CHCl3 crystallise in the same 

crystallographic space group P21/c but with different arrangement modes. tBuC[4]OC9 

molecules are self-assembled in corrugated layers where n-nonyl substituents form 

almost flat domains with ‘bulges’ of tert-butyl groups (Fig. 144a). tBuC[4]OC10 

molecules are arranged in bilayers with n-decyl chains being interdigitated inside 

bilayer and tert-butyl groups located on outer surface of the bilayer (Fig. 144b). 

Further elongation of n-alkyl substituents causes tBuC[4]OC11 to be isostructural 

with tBuC[4]OC9, while tBuC[4]OC12·CHCl3 and tBuC[4]OC14·CHCl3 are isostructural 

with tBuC[4]OC10·CHCl3. This suggests the existence of two homological series of 

tBuC[4]OCn for n ≥ 9. Crystal with odd n are probably isostructural with tBuC[4]OC9, 

while these with even n should rather form solvent clathrates isostructural with 

tBuC[4]OC10·CHCl3. Such type of odd-even behaviour is well known in organic 

chemistry. 
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a 
  

 

 
b 

 
c 

Fig. 144. Packing diagram and aromatic/aliphatic regions: (a) tBuC[4]OC9, view along the c 
crystallographic axis; (b) tBuC[4]OC10·CHCl3, view along the c crystallographic axis; 
(c) tBuC[4]OC10·CHCl3, zigzag aromatic ribbons separated by aliphatic tert-butyl groups and 
chloroform molecules, view along the a crystallographic axis. 

Aromatic regions in crystal structures with odd n are folded which leads to 

changes in thickness of aliphatic regions. Alkyl substituents penetrate the aromatic 

corrugated layers. In the case of crystal structures with even n, calix[4]arene 

macrocyclic rings are arranged in zigzag ribbons (Fig. 144c) in aliphatic matrix formed 

by n-alkyl and tert-butyl substituents. 
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5.1.3 Self-assembly of O-alkylated para-nitro-calix[4]arenes (cone) 

Para-nitro O-alkylated calix[4]arenes in the cone conformation are expected to 

be more amphiphilic compared to HC[4]OCn (cone) and tBuC[4]OCn (cone) due to both 

the presence of considerable dipole moment on the ‘head’ and lower hydrophobic-to-

total volume ratio. 

Aromatic-aliphatic domain analysis reveal, that in the case of NO2C[4]OC2 

·CHCl3 (cone)112 crystal structure even such short alkyl substituent as ethyl are 

combined in domains in aromatic matrix formed by para-nitro calix[4]arene moieties  

(Fig. 145a). 

 
 

a 
  

 
b 

Fig. 145. Packing diagram and aromatic/aliphatic regions: (a) NO2C[4]OC2·CHCl3,
112 view along 

the c crystallographic axis; (b) NO2C[4]OC3 (cone),115 view along the b crystallographic axis.  

In solvent-free NO2C[4]OC3,115 C–H···O contacts are stronger than interactions 

between permanent dipoles and NO2C[4]OC3 molecules are self-assembled in 

corrugated layers, where propyl substituents form distinct layers between these formed 

by calix[4]arene macrocyclic rings (Fig. 145b). 

The presence of solvent molecules in all known crystal structures of 

NO2C[4]OC3 solvates results in self-assembling of more polar n-propyl derivatives in 

infinite chains in the ‘up-down’ mode (Fig. 146a-c) due to significant dipole moment. 

Different arrangement of the chains in crystal structures of NO2C[4]OC3 (cone)·Solv,113 
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NO2C[4]OC3·CH2Cl2
114 and NO2C[4]OC3·0.5THF115 leads to different unit cell 

symmetry and parameters but similar bicontinuous topology. 

 
a  

 
b  

 
c 

 
Fig. 146. Packing diagram and aromatic/aliphatic regions: (a) NO2C[4]OC3·Solv,113 view along the c 
crystallographic axis; (b) NO2C[4]OC3·CH2Cl2,

114 view along the c crystallographic axis; 
(c) NO2C[4]OC3·0.5THF,115 view along the c crystallographic axis. 

Molecules of NO2C[4]OC4 in acetone clathrate116 are assembled in different way 

than the propyl derivatives described above, but resulting topology is similar, i.e. 

bicontinuous (Fig. 147a). Further elongation of n-alkyl substituents leads to increased 

http://rcin.org.pl



174

 

hydrophobic-to-total volume ratio (Table 86) and, contrary to solvent-free NO2C[4]OC3,115 

the solvent-free NO2C[4]OC5
117 reveals bicontinuous topology (Fig. 147b). 

. 

 
 a 

  
b 

 
 

c 
  

Fig. 147. Packing diagram and aromatic/aliphatic regions: (a) NO2C[4]OC4·(CH3)2CO,116 view 
along the a crystallographic axis; (b) NO2C[4]OC5,

117 view along the c crystallographic axis; 

(c) NO2C[4]OC8·CHCl3, view along3 axis.  

Surprisingly, molecules of NO2C[4]OC8, as with n-propylated para-nitro 

calix[4]arene, self-assemble in infinite chains. Spatial coherence in placement of alkyl 
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groups results in relatively rigid channel type aromatic matrix with hexagonal 

distribution of channels formed by strongly disordered flexible alkyl chains (Fig. 147c). 

The aromatic regions are penetrated by chloroform molecules and topology of 

aromatic/aliphatic surface is bicontinuous. 

Molecules of NO2C[4]OCn with long alkyl chains (n = 12, 14) reveal bilayer 

structure typical for amphiphilic compounds. NO2C[4]OC12 crystallises from 

CHCl3/CH3OH mixture without inclusion of solvent molecules (Fig. 148). In the same 

conditions, NO2C[4]OC14 forms two chloroform clathrates with stoichiometry 1:1 and 

1:2 (Fig. 149a and b, respectively) where solvent molecules are located in voids 

between aromatic and aliphatic regions. 

  
Fig. 148. Packing diagram and aromatic/aliphatic regions for NO2C[4]OC12, view along the b 
crystallographic axis. 

 

Table 86. Molecular hydrophobic-to-total volume ratio and structural topology for NO2C[4]OCn (cone). 

Formula Vol. ratio, %  Topology Reference 
NO2C[4]OC2·CHCl3 25.7 bi YOKKAL112 
NO2C[4]OC3 33.0 pl SINJIJ115 
NO2C[4]OC3·CH2Cl2 33.0 bi HEVYUC114 
NO2C[4]OC3·0.5THF 33.0 bi MIPVUD115 
NO2C[4]OC3·Solv 33.0 bi SASRAF01113 
NO2C[4]OC4·(CH3)2CO 39.0 bi WORZOS116 
NO2C[4]OC5 44.0 bi KATGOC117 
NO2C[4]OC8·CHCl3 55.1 bi This work 
NO2C[4]OC12 64.4 l This work 
NO2C[4]OC14·CHCl3 67.8 l This work 
NO2C[4]OC14·2CHCl3 67.8 l This work 
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a  
  

b  

Fig. 149. Packing diagram and aromatic/aliphatic regions: (a) NO2C[4]OC14·CHCl3, view along the 
b crystallographic axis; (b) NO2C[4]OC14·2CHCl3, view along the a crystallographic axis. 

5.2 Self-assembly of O-alkylated calix[4]arenes in a partial cone conformation 

Only one crystal structure of HC[4]OCn (n = 3) calix[4]arene in a partial cone 

conformation is known.93 Even if the molecules are not oriented in head-to-head or tail-to-tail 

mode, they are arranged in columns along the c crystallographic axis like the molecules in the 

cone conformations and similarly reveal bicontinuous topology of aromatic and aliphatic 

regions in the crystal (Fig. 150). Change in conformation also results in decreasing of crystal 

symmetry and decreasing the unit cell volume by factor of 4. 
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a b 

Fig. 150. HC[4]OC3:
93 (a) packing diagram along the c crystallographic axis; (b) aromatic and 

aliphatic regions, view along the b crystallographic axis. 

For all O-alkylated para-tert-butyl-calix[4]arenes in partial cone conformation, the 

hydrophobic contribution in total volume of the molecule is larger compared to the 

unsubstituted calix[4]arenes (Table 87) which suggest the inverted topology occurrence. 

Table 87. Molecular hydrophobic-to-total volume ratio and structural topology for XC[4]OCn 
(partial cone). 

Formula Vol. ratio, %  Topology Reference 
HC[4]OC3 38.2 bi LAGQEQ0293 
tBuC[4]OC1 52.9 ipl KEVXUE80 
tBuC[4]OC1·THF 52.9 ipl CIQDUC106 
tBuC[4]OC1·0.5CH2Cl2 52.9 ipl HISQOQ107 
tBuC[4]OC1·0.125CHCl3 52.9 ipl This work 
tBuC[4]OC2 56.9 ipl This work 
tBuC[4]OC3·0.5THF 60.3 ipl POQHAF105 
tBuC[4]OC3·0.5CHCl3 60.3 ipl This work 
tBuC[4]OC4 63.2 ipl This work 
tBuC[4]OC5 65.7 ipl This work 
tBuC[4]OC6 67.8 ipl This work 
tBuC[4]OC7 69.8 ipl This work 
tBuC[4]OC8 71.5 ipl This work 
NO2C[4]OC1·DMF 16.6 r EQUSIS134 
NO2C[4]OC1·CHCl3 16.6 r This work 
NO2C[4]OC2·2CHCl3 25.7 r YOKKEP112 
NO2C[4]OC3 33.0 pl SINJIJ01113 

Crystals of solvent-free tBuC[4]OC1
80 and its clathrates with THF,106 CH2Cl2

107 

and CHCl3 are isostructural. In all these structures, there are two types of layers (Fig. 

151a) with different density of molecular packing: without voids and with cavities 

between tBuC[4]OC1 molecules, in which solvent molecules can be included. In terms 
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of aromatic and aliphatic regions, calix[4]arene macrocyclic rings of both 

crystallographically independent molecules form corrugated layers parallel to the bc 

crystallographic plane. The layers are penetrated by tert-butyl and methyl groups (Fig. 

151b). 

a b 

Fig. 151. tBuC[4]OC1·0.125CHCl3: (a) two types of layers, with and without solvent; (b) aromatic 
and aliphatic regions in the structure, view along the b crystallographic axis. 

Elongation of the n-alkyl substituents results in self-assembly of tBuC[4]OC2 

molecules in layers. tert-Butyl and ethyl substituents are perpendicular to the layer (Fig. 

152a) except the inverted phenyl ring, where the ethyl substituent is built in the 

aromatic regions (Fig. 152b). 

  
a b 

Fig. 152. tBuC[4]OC2: (a) packing diagram, view along the c crystallographic axis; (b) aromatic and 
aliphatic regions, view along the b crystallographic axis. 

The crystals of tBuC[4]OC3·0.5THF105 and tBuC[4]OC3·0.5CHCl3 are 

isostructural. tBuC[4]OC3 molecules are self-assembled in layers. The aromatic regions 

form flat layers penetrated by alkyl substituents (Fig. 153a), so the topology of both 

THF and CHCl3 solvates is inverted perforated layer (Table 87). 
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Contrary to tBuC[4]OC3 clathrates, crystals of tBuC[4]OC4 do not contain any 

solvent (Fig. 153b). The unit cell parameters and the space group are different, but the 

calixarene molecules are self-assembled in layers and the topology is the same as for 

tBuC[4]OC3 clathrates (inverted perforated layer, Table 87). 

 
a 

  

 
b  

Fig. 153. Packing diagram and aromatic/aliphatic regions: (a) tBuC[4]OC3·0.5CHCl3, view along 
the b crystallographic axis; (b) tBuC[4]OC4, view along the c crystallographic axis. 

Molecules of tBuC[4]OC5 and tBuC[4]OC6 are self-assembled in layers 

similarly to tBuC[4]OC3 clathrates (Fig. 154). Despite the same space groups and 

almost identical unit cell parameters, crystals of tBuC[4]OC5 and tBuC[4]OC6 are not 

isostructural. In tBuC[4]OC5 a double layer is formed with the interlayer space filled 
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a 

 
b 

 
Fig. 154. Packing diagram and aromatic/aliphatic regions: (a) tBuC[4]OC5, view along the 
a crystallographic axis; (b) tBuC[4]OC6, view along the a crystallographic axis. 

with alkyl substituents. The second double layer is shifted by one calix[4]arene. In 

tBuC[4]OC6 every second layer is shifted by one calixarene. In both structures the layer 

arrangement is ‘head-to-head’ and topology is inverted perforated layer (Table 87). 

Contrary to tBuC[4]OC5 and tBuC[4]OC6, crystals of tBuC[4]OC7 and 

tBuC[4]OC8 are isostructural. n-Alkyl substituents in tBuC[4]OC7 are strongly 

disordered (Fig. 155a), whereas they are quite ordered in tBuC[4]OC8 (Fig. 155b). Both 

structures are layer-type structures similar to tBuC[4]OC3 (partial cone) clathrates and 

reveal inverted perforated layer topology (Table 87). All calix[4]arene molecules in the 

layer are in the same spatial orientation. 
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a  
 

  

b  
Fig. 155. Packing diagram and aromatic/aliphatic regions: (a) tBuC[4]OC7, view along the 
a crystallographic axis; (b) tBuC[4]OC8, view along the a crystallographic axis. 

All known O-alkylated para-nitro-calix[4]arenes in a partial cone conformation show 

direct topology due to low hydrophobic contribution in molecular structure (Table 87). 

Crystals of NO2C[4]OC1·DMF134 and NO2C[4]OC1 ·CHCl3 are isostructural. There are 

voids in both crystals, where solvent molecules are located. Surface between aromatic 

and aliphatic regions form infinite zigzag ribbons in aromatic matrix along the b–c 

crystallographic direction (Fig. 156a). 

Both NO2C[4]OC2·2CHCl3
112 and NO2C[4]OC3

113 crystallise in the same space 

group P21/c but they are not isostructural. The clathrate112 reveal similar topology as 

clathrates of methyl derivatives (Fig. 156b). Chloroform molecules are located in voids 

present in the crystal. In the case of propyl derivative, the volume of hydrophobic n-

alkyl substituents is large enough (Table 87) to force changes in molecular self-

assembly to corrugated layers and topology to perforated layers parallel to the bc 

crystallographic plane (Fig. 156c). 
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a  

  

 
b  

  

 

 
c 

Fig. 156. Packing diagram and aromatic/aliphatic regions: (a) NO2C[4]OC1·DMF,134 view along the 
a crystallographic direction; (b) NO2C[4]OC2·2CHCl3,

112 view along the b crystallographic axis; 
(c) NO2C[4]OC3,

113 view along the b crystallographic axis. 

5.3 Self-assembly of O-alkylated calix[4]arenes in 1,2- or 1,3-alternate 
conformations 

There are only six known crystal structures of tetra-O-alkylated calix[4]arenes in 

1,2- or 1,3-alternate conformations. 

tBuC[4]OC2 molecules in crystal structure of tBuC[4]OC2·2CH2Cl2 (1,2-

alternate)58 are self-assembled in strongly corrugated layers parallel to the bc 
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crystallographic plane (Fig. 157a) with layered topology (Table 88). Surface of the layer 

is covered in equal density with tert-butyl and n-alkyl substituents due to 1,2-alternate 

conformation of calix[4]arene macrocyclic ring. 

Elongation of alkyl substituents by one methylene group changes the topology 

of tBuC[4]OC3 (1,2-alternate)109 structure to inverted columnar, where zigzag aromatic 

ribbons are located in aliphatic matrix along the b–c crystallographic direction (Fig. 

157b). 

 
 

a 
  

 
b  

Fig. 157. Packing diagram and aromatic/aliphatic regions: (a) tBuC[4]OC2 (1,2-alternate) 
·2CH2Cl2,

58 view along the c crystallographic axis; (b) tBuC[4]OC3 (1,2-alternate),109 view along the 
b-c direction. 

Table 88. Molecular hydrophobic-to-total volume ratio and structural topology for tBuC[4]OCn 
(1,2-alternate). 

Formula Vol. ratio, %  Topology Reference 
tBuC[4]OC2·2CH2Cl2 56.9 l VIVDUZ58 
tBuC[4]OC3 60.3 ir KARNUN01109 

Similarly to HC[4]OC3 (cone) and HC[4]OC3 (partial cone),93 molecules of 

HC[4]OC3 (1,3-alternate)92 are arranged exactly one above the other in columns along 

the b crystallographic axis which, however, results in layered topology (Fig. 158a). 

tBuC[4]OC3 molecules in the 1,3-alternate conformation (like tBuC[4]OC3 (1,2-

alternate)) are self-assembled to corrugated layers parallel to the ac crystallographic 
 

http://rcin.org.pl



184

 

 
a  

  

 
b  

Fig. 158. Packing diagram and aromatic/aliphatic regions: (a) HC[4]OC3 (1,3-alternate),92 view 
along the b crystallographic axis; tBuC[4]OC3 (1,3-alternate),92 view along the b crystallographic 
axis. 

plane. However, the presence of four large hydrophobic tert-butyl substituents (Table 

89) and the different calixarene conformation lead to inverted perforated layers of 

aromatic regions shown in Fig. 158b. 

Table 89. Molecular hydrophobic-to-total volume ratio and structural topology for XC[4]OCn (1,3-
alternate). 

Formula Vol. ratio, %  Topology Reference 
HC[4]OC3 38.2 l LAGQEQ0192 
tBuC[4]OC3 60.3 ipl KARNUN92 
tBuC[4]OC8 71.5 ipl This work 
NO2C[4]OC3·CH3OH 33.0 r SASRAF113 

tBuC[4]OC8 (1,3-alternate) molecules crystallise in a different space group than 

tBuC[4]OC3 (1,3-alternate).92 Nevertheless, close values of unit cell parameters a and c 

result in similar self-assembly in layers parallel to the ac crystallographic plane and 

inverted perforated layer topology (Fig. 159a). Elongation of unit cell parameter b 

corresponds to much longer n-alkyl substituents in the case of tBuC[4]OC8 (1,3-

alternate). 

There is only one known crystal structure of para-nitro-tetra-O-alkylated 

calix[4]arene in the 1,3-alternate conformations: NO2C[4]OC3·CH3OH (1,3- 
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a 

 
  

 
b 

 
Fig. 159. Packing diagram and aromatic/aliphatic regions: (a) tBuC[4]OC8 (1,3-alternate), view 
along the a crystallographic axis; (b) NO2C[4]OC3·CH3OH (1,3-alternate),113 view along the c 
crystallographic axis, n-alkyl substituents in’ channels’ are omitted for clarity. 

alternate).113 Likewise HC[4]OC3 (cone), HC[4]OC3 (partial cone)93 and HC[4]OC3 

(1,3-alternate),92 molecules of NO2C[4]OC3 (1,3-alternate) are arranged in columns 

(Fig. 159b) with different alignment along the c crystallographic axis but resulting 

topology is ribbon.  
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5.4 Self-assembly of O-alkylated calix[6]arenes 

The peculiarity of O-alkylated calix[6]arene is full or partial self-inclusion of 

alkyl chain(s) within the macrocyclic ring. This results in inverted perforated layer 

topology for layered structures and the ‘inverted micelle’ is in fact an aromatic torus 

(not a sphere or an ellipsoid) with alkyl substituents inside and outside the calix[6]arene 

cavity. 

HC[6]OC18
118 (inverted double partial cone) is the only one known crystal 

structures of non-substituted at the para-positions fully O-alkylated calix[6]arene. Van 

der Waals interactions between long octadecyl substituents dominate the crystal 

structure and result in layered self-assembly parallel to the ab crystallographic plane 

(Fig. 160). First methylene groups of two distal alkyl substituents are partially included 

into calix[6]arene cavity which initiates inverted perforated layers topology (Table 90). 

  
a b 

Fig. 160. HC[6]OC18:
118 (a) packing diagram and (b) aromatic and aliphatic regions, view along the 

a crystallographic axis. 

 

Table 90. Molecular hydrophobic-to-total volume ratio and structural topology for XC[6]OCn. 

Formula Vol. ratio, %  Topology Reference 
HC[6]OC18 77.2 ipl ADOGIK118 
tBuC[6]OC1 52.9 im UFOGOM119 
tBuC[6]OC2 56.9 ir RALQIE120 
tBuC[6]OC2·benzophenone 56.9 ipl RALQEA121 
tBuC[6]OC3·2CHCl3 60.3 im This work 
tBuC[6]OC4·CHCl3 63.2 ipl This work 
tBuC[6]OC6·2CHCl3 67.9 im This work 
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Molecules of fully O-alkylated para-tert-butyl-calix[6]arenes usually assume 

centrosymmetric inverted double partial cone conformation (except tBuC[6]OC4·CHCl3, 

which adopts 1,3-alternate one). Alternating orientation of phenyl moieties make them 

similar to calix[4]arene analogues in partial cone conformation. Nevertheless, due to  

high flexibility and the absence of strong interactions, even small changes in chain 

length or solvent presence cause different self-assembly of the calix[6]arene molecules 

(Table 90). 

Crystal packing of tBuC[6]OC1
104 can be described as an arrangement of 

isolated aromatic tori in alkyl matrix (Fig. 161a) and then the topology is inverted 

micelle (im). 

 

 
a 

  

 
b 

  

Fig. 161. Packing diagram and aromatic/aliphatic regions: (a) tBuC[6]OC1,
119 view along the (a-b) 

crystallographic direction; (b) tBuC[6]OC2,
120 view along the a crystallographic axis. 

Molecules of tBuC[6]OC2
120 are organized in ribbons along the 

a crystallographic axis with inverted ribbon topology (Fig. 161b). 

Presence of benzophenone molecules121 induces self-assembly of tBuC[6]OC2 

molecules in perforated layers (Fig. 162). 

http://rcin.org.pl



188

 

 
a b 

Fig. 162. tBuC[6]OC2 benzophenone clathrate:121 (a) packing diagram and (b) aromatic and 
aliphatic regions, view along the b crystallographic axis. 

Further elongation of alkyl substituents up to 3 carbon atoms and presence of 

chloroform in tBuC[6]OC3·2CHCl3 surprisingly brakes the layers and inverted micelle 

topology is observed (Fig. 163). 

a 
 

 
a b 

Fig. 163. tBuC[6]OC3·2CHCl3: (a) packing diagram and (b) aromatic/aliphatic regions, view along 
the a crystallographic axis; 

Molecules of tBuC[6]OC4 assume 1,3-alternate conformation which leads to 

widespread net of C–H···π interactions and inverted perforated layer(s) formation (Fig. 

164a). 
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Finally, combination of 6 carbon atoms in alkyl substituents and inclusion of 

two chloroform molecules in tBuC[6]OC6·2CHCl3 again results in inverted micelle 

topology (Fig. 164b). 

a  
  

b 
 

Fig. 164. Packing diagram and aromatic/aliphatic regions: (a) tBuC[6]OC4·CHCl 3, view along the c 
crystallographic axis; (b) tBuC[6]OC6·2CHCl3, view along the a crystallographic axis. 

 

5.5 Structure type - hydrophobic-to-total volume ratio correlation 

Hydrophobic-to-total volume ratio and type of topology for all discussed in this 

thesis O-alkylated calixarenes was collected in Table 91. It might be expected for 

amphiphilic compound to present diagonal distribution of the data in the table. The 

lowest volume ratio is for tetra-O-methylated para-nitro-calix[4]arene (16.6%) and the 

highest one for tetra-O-tetradecylated para-tert-butylcalix[4]arene (78.7%). For the data 

available the hydrophobic-to-total volume ratios at ranges 0–10% and 80–100% are not 

presented (Table 91).  
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Table 91. Molecular hydrophobic-to-total volume ratios and number of structures with the same 
topology.  

Vol. ratio, % m or r pl bi or l ipl ir or im 

0-10      
10-20 2     

20-30 1  1   

30-40 1 2 7   
40-50   2   
50-60   3 6 2 
60-70   9 10 4 
70-80   1 8 3 
80-90      
90-100      

Topologies: direct micelle (m), ribbon (r), perforated layer (pl), layer (l), bicontinuous (bi), inverted 

perforated layer (ipl), inverted ribbons (ir ) and inverted micelle (im). 

It should be noticed that for volume ratio range 40–50% (crystal structures of 

HC[4]OC4 and NO2C[4]OC5 in the cone conformation) bicontinuous topology is 

observed. For the lower or the higher volume ratios, different topologies occur: ribbons, 

perforated layers, bicontinuous and layers for the volume range of 20–40% and 

bicontinuous, layers, inverted perforated layers, inverted ribbons and inverted micelles. 

The reason of these deviations from the main trend is a greater importance of weak 

intermolecular interactions in the solid state in comparison with liquid phase. In other 

words, weak interactions, such as C–H···O hydrogen bonding, C–H···π interactions, 

π-π stacking interactions and van der Waals interactions between hydrogen atoms of 

adjacent long alkyl chains (n ≥ 9) might overbalance the minimisation of hydrophobic-

to-hydrophilic contacts, especially in solid state, where thermal motions are reduced.  

5.6 Analysis of conformation of calix[4]arene macrocyclic ring 

One of the possible ways of numerical description of calix[4]arene conformation 

is a measure of the distances between centroids of distal phenyl rings d (Table 92). Each 

calix[4]arene has one pair of d values between two pairs of distal rings. It is more 

convenient to analyse the difference (∆d) of the d values for each ring rather than the 

individual d values. Values of  ∆d as function of alkyl chain length (n) are shown in Fig. 

165. The plot shows that  ∆d values for O-alkylated calix[4]arenes in 1,2- or 1,3-

alternate conformation are close to 0,  while for calix[4]arenes in partial cone  
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Table 92. Distances between centroids of distal phenyl rings of calix[4]arenes 

Formula d1, Å d2, Å Reference 

HC[4]OCn (cone) 

HC[4]OC3 
4.97 
5.05 

7.69 
7.60 LAGQEQ94 

HC[4]OC4 4.74 7.76 QADTIZ95 

HC[4]OC7 
4.78 
5.23 

7.69 
7.49 This work 

HC[4]OC11 4.64 7.73 This work 

HC[4]OC12 

4.53 
4.52 
4.60 
4.56 

7.84 
7.73 
7.75 
7.82 

LALFUA0197 

HC[4]OC12 4.70 7.70 LALFUA96 

HC[4]OC14 
5.61 
5.50 

7.34 
7.42 FAGFEA97 

HC[4]OC16·5H2O 4.67 
4.79 

7.78 
7.81 FAGFOK97 

HC[4]OC18·2C6H6 4.69 7.78 KENHAN98 
HC[4]OC18·C6H5CH3 4.78 7.69 KENHER98 

tBuC[4]OCn (cone) 
tBuC[4]OC3 5.47 7.32 This work 
tBuC[4]OC3·CH3CN 6.55 6.60 GIYTEN108 
tBuC[4]OC4 5.59 7.33 This work 
tBuC[4]OC4·4CHCl3·2H2O 5.49 7.40 FOVRIS110 
tBuC[4]OC5 5.33 7.50 DAYKIY111 

tBuC[4]OC6 
5.56 
5.28 

7.33 
7.49 This work 

tBuC[4]OC9 5.47 7.29 This work 
tBuC[4]OC10·CHCl3 5.32 7.47 This work 
tBuC[4]OC11 5.47 7.29 This work 
tBuC[4]OC12·CHCl3 5.35 7.47 This work 
tBuC[4]OC14·CHCl3 5.37 7.47 This work 

NO2C[4]OCn (cone) 
NO2C[4]OC2·CHCl3 4.68 7.82 YOKKAL112 
NO2C[4]OC3 4.77 7.87 SINJIJ115 
NO2C[4]OC3·CH2Cl2 4.74 7.76 HEVYUC114 

NO2C[4]OC3·0.5THF 
4.95 
4.80 
5.15 

7.73 
7.79 
7.69 

MIPVUD115 

NO2C[4]OC3·Solv 4.95 7.71 SASRAF01113 
NO2C[4]OC4·(CH3)2CO 4.64 7.92 WORZOS116 
NO2C[4]OC5 4.93 7.69 KATGOC117 
NO2C[4]OC8·CHCl3 4.55 7.74 This work 
NO2C[4]OC12 4.57 7.79 This work 
NO2C[4]OC14·CHCl3 4.76 7.81 This work 
NO2C[4]OC14·2CHCl3 4.61 7.79 This work 
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Table 92. Continuation 

Formula d1, Å d2, Å Reference 

XC[4]OCn (partial cone) 

HC[4]OC3 4.95 6.86 LAGQEQ0293 

tBuC[4]OC1 
5.51 
5.53 

6.82 
6.84 KEVXUE80 

tBuC[4]OC1·THF 5.51 
5.54 

6.82 
6.86 CIQDUC106 

tBuC[4]OC1·0.5CH2Cl2 
5.54 
5.49 

6.82 
6.82 HISQOQ107 

tBuC[4]OC1·0.125CHCl3 
5.49 
5.48 

6.81 
6.84 This work 

tBuC[4]OC2 5.47 6.89 This work 
tBuC[4]OC3·0.5THF 5.62 6.82 POQHAF105 
tBuC[4]OC3·0.5CHCl3 5.63 6.83 This work 

tBuC[4]OC4 
5.45 
5.47 

6.88 
6.82 This work 

tBuC[4]OC5 
5.62 
5.68 

6.82 
6.84 This work 

tBuC[4]OC6 
5.57 
5.65 

6.83 
6.87 This work 

tBuC[4]OC7 5.55 6.80 This work 
tBuC[4]OC8 5.59 6.91 This work 
NO2C[4]OC1·DMF 5.76 6.79 EQUSIS134 
NO2C[4]OC1·CHCl3 5.66 6.85 This work 
NO2C[4]OC2·2CHCl3 5.16 6.93 YOKKEP112 
NO2C[4]OC3 5.02 6.97 SINJIJ01113 

XC[4]OCn (1,2-alternate) 

tBuC[4]OC2·2CH2Cl2 6.75 6.84 VIVDUZ58 
tBuC[4]OC3 6.82 6.83 KARNUN01109 

XC[4]OCn (1,3-alternate) 

HC[4]OC3 4.86 4.88 LAGQEQ0192 
tBuC[4]OC3 6.10 6.14 KARNUN92 

tBuC[4]OC8 
5.92 
5.88 

6.05 
6.10 This work 

NO2C[4]OC3·CH3OH 5.56 
5.45 

5.56 
5.60 SASRAF113 
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conformation vary from 1.03 to 1.95 Å, and for calix[4]arenes in cone conformation 

change from 1.73 to 3.26 Å. 

∆d
, Å

 

 
 n 

Fig. 165. Plot of ∆∆∆∆d values as a function of number of carbon atoms in alkyl substituents (n) for all 
discussed calix[4]arenes in cone (∆∆∆∆), partial cone ( ), 1,2-alternate (×) and 1,3-alternate ( ) 

conformations. 

The plot of ∆d values for calix[4]arenes in cone conformation only is shown in 

Fig. 166. It is interesting that ∆d values for HC[4]OCn (∆∆∆∆) and NO2C[4]OCn (∆∆∆∆) lie in 

the same region with arithmetic mean value ca. 3.0 Å. Data for n = 14 correspond to 

HC[4]OC14
97 and are exception but self-assembly of this calix[4]arene in the solid state 

is also different.  

In the case of tBuC[4]OCn (∆∆∆∆), ∆d range is narrower. There is a difference 

between two homologous series (even/odd number of carbon atoms in n-alkyl 

substituent) induced by presence of CHCl3 molecules included in the voids between the 

calix[4]arene macrocyclic rings and adjacent alkyl chains. Arithmetic mean value of ∆d 

for tBuC[4]OCn with odd n = 9, 11, equals 1.82 Å, whereas for deformed macrocyclic 

rings of calix[4]arenes with even n = 10, 12, 14, this value is 2.12 Å. Data with n = 3 

and ∆d ≈ 0 correspond to acetonitrile molecule inclusion into calix[4]arene cavity in 

tBuC[4]OC3·CH3CN.108 

It should be noted that for both non-substituted and para-nitro-calix[4]arenes, 

a wide distinguish of ∆d values for low n rapidly narrows for n ≥ 8 (Fig. 166). 
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∆d
, Å

 
 n 

Fig. 166. Plot of ∆∆∆∆d values as a function of number of carbon atoms in alkyl substituents for 
calix[4]arene in cone conformation: HC[4]OCn (∆∆∆∆), tBuC[4]OCn (∆∆∆∆) and NO2C[4]OCn (∆∆∆∆). 

All tBuC[4]OCn in partial cone conformation reveal similar layered self-

assembly which results in close ∆d values (Fig. 167, ). Structure of the layer in the 

case of calix[4]arenes with n = 1, 2 and 4 differs from other calix[4]arenes in the 

homologous series and it is reflected in larger ∆d values. 

∆d Value for para-nitro-calix[4]arene homologous series (Fig. 167, ) varies in 

a wider range than for para-tert-butyl ones. 

∆d
, Å

 

 
 n 

Fig. 167. Plot of ∆∆∆∆d as a function of alkyl chain length for calix[4]arenes in partial cone 
conformations: HC[4]OCn ( ), tBuC[4]OCn ( ) and NO2C[4]OCn ( ). 
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Contrary to the calix[4]arenes in cone conformation, arithmetic mean values of 

∆d for NO2C[4]OCn and tBuC[4]OCn are much closer [1.49 and 1.29 Å, respectively]. 

There is only one known non-substituted tetra-O-alkylated calix[4]arene77 and 

similarly to the calix[4]arenes in cone conformation, its conformation is similar to para-

nitro derivatives (Fig. 167, ). 

1,2- and 1,3-alternate conformations of calix[4]arene macrocyclic rings are 

independent of alkyl chain length and their ∆d values are close to 0 (Fig. 168). 
∆d

, Å

 
 n 

Fig. 168. Plot of ∆∆∆∆d as a function of alkyl chain length for calix[4]arenes in 1,2- alternate 
conformations, tBuC[4]OCn (×); and 1,3-alternate conformations: HC[4]OCn (ՕՕՕՕ)))), tBuC[4]OCn (ՕՕՕՕ) 

and NO2C[4]OCn (ՕՕՕՕ). 

Another way of presenting conformational analysis of the calix[4]arene rings is 

two-dimensional plot of d values for each calix[4]arene. Distances d1 and d2 are selected 

in such a way that d1 is always smaller than d2. Plot of d2 as a function of d1 for all 

discussed calix[4]arenes is shown in Fig. 169. The four regions in the plot correspond to 

four main calix[4]arene conformations: cone, partial cone and 1,2- and 1,3-alternate. 

Further analysis of the region corresponding to the calix[4]arenes in cone 

conformation (Fig. 170) reveals that conformations of para-nitro-derivatives are the most 

pinched, conformation of para-tert-butyl derivatives are the least pinched ones and 

conformation of non-substituted calix[4]arene macrocyclic ring may vary in a wide range. 

The structure with d1 ≈ d2 corresponds to tBuC[4]OC3·CH3CN108 crystal structure 

(GIYTEN) where almost ideal cone conformation is induced by inclusion of acetonitrile 

molecule into the macrocyclic cavity. This is the only inclusion complex among all the 

crystal structures analysed in this thesis, so it should be omitted from the statistical analysis. 
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d 2
, Å

 
 d1, Å 

Fig. 169. Plot of d2 as a function of d1 for all discussed calix[4]arenes. 

d 2
, Å

 

 
 d1, Å 

Fig. 170. Plot of d2 as a function of d1 for calix[4]arenes in cone conformation: HC[4]OCn (∆∆∆∆), 

tBuC[4]OCn (∆∆∆∆) and NO2C[4]OCn (∆∆∆∆).  

Partial cone conformation of para-tert-butyl derivatives is very similar for all 

known examples for which crystal structures were determined, whereas partial cone 

conformations of para-nitro-derivatives change in a wide range: the smallest difference 

between d1 and d2 distances corresponds to tetra-O-methylated derivative and the largest 

to tetra-O-propylated one (Fig. 171). For calix[4]arenes in partial cone conformations, 

d1 parameter corresponds to distance between parallel phenyl rings and d2 to antiparallel 
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ones. It should be noted here, that d2 changes in a small range of max. 0.172 Å, whereas 

d1 changes in a wider range max 0.814 Å. This means that the distance between 

antiparallel phenyl rings changes slightly, whereas distance between parallel rings may 

change significantly. 

d 2
, Å

 
 d1, Å 

Fig. 171. Plot of d2 as a function of d1 for calix[4]arenes in partial cone conformations: HC[4]OCn (
), tBuC[4]OCn ( ) and NO2C[4]OCn ( ). 

Tetra-O-alkylated calix[4]arenes in 1,2- and 1,3-alternate conformations are the 

most symmetrical in terms of differences in distances d1 and d2 (Fig. 172). d Values for  

d 2
, Å

 

 
 d1, Å 

Fig. 172. Plot of d2 as a function of d1 for calix[4]arenes in 1,2- alternate conformations, 
tBuC[4]OCn ( ); and 1,3-alternate conformations: HC[4]OCn (ՕՕՕՕ)))), tBuC[4]OCn (ՕՕՕՕ) and 

NO2C[4]OCn (ՕՕՕՕ). 
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1,3-alternate conformation increase when a size of substituent in para-position of 

calix[4]arene rings increase: H– < NO2– < tBu–. 1,2-Alternate conformation of para-

tert-butyl calix[4]arene macrocyclic ring results in the largest d1 and d2 distances for 

distal antiparallel phenyl rings (Fig. 172, ). 

Analysis of d distances of all discussed calix[4]arenes shows four 

conformational regions (Fig. 169). Histogram of ∆d values reveals four peaks (Fig. 

173a) at 0.2, 1.4, 2.0 and 3.2 Å, corresponding to four the most probable values of ∆d.  
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Fig. 173. Histogram of difference in distances between centroids: (a) all discussed calix[4]arenes; 
(b) separated in four groups for cone ( ), partial cone ( ), 1,2- ( ) and 1,3-alternate ( ) 
conformations. 
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The first peak at 0.2 Å corresponds to seven (Fig. 173b) calix[4]arene 

macrocyclic rings with the lowest ∆d: two tBuC[4]OCn calix[4]arenes in 1,2-alternate 

conformation, four calix[4]arenes in 1,3-alternate conformation and 

tBuC[4]OC3·CH3CN108 (cone). 

The second peak at 1.4 Å (Fig. 173b) represents calix[4]arene in partial cone 

conformation with large substituents at para-position (all tBuC[4]OCn (partial cone)) or 

with guest molecules partially included into calix[4]arene cavity (NO2C[4]OC1 (partial 

cone) inclusion complexes with DMF134 and CHCl3). 

The third peak (Fig. 173b) corresponds to less flattened calix[4]arenes: all 

known tBuC[4]OCn (cone), NO2C[4]OC2·2CHCl3
112 (partial cone), NO2C[4]OC3

113 

(partial cone) and HC[4]OC3 (partial cone).  

Last, the fourth peak (Fig. 173b) corresponds to the most pinched calix[4]arenes 

in cone conformations: all known HC[4]OCn (cone) and all known NO2C[4]OCn (cone). 
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6 CONCLUSIONS 

Hydrophobic-to-total volume ratio analysis reveals that self-assembly of all 

discussed fully O-alkylated calix[n]arenes (n = 4, 6) in molecular crystals mimic 

microstructures observed in surfactant assemblies and block copolymers.148 Therefore, 

in the solid state fully O-alkylated calix[n]arenes can be treated as amphiphilic 

compounds. 

Amphiphilic behaviour at such small differences between hydrophobic and 

hydrophilic parts of molecule reveals that molecular crystals of discussed calixarenes 

are closer to block copolymers than solutions of non-polymeric surfactants. 

Hydrophobic-to-total volume ratio takes into account both nature and size of 

substituents at the calixarene macrocyclic ring. Substituents at oxygen atoms and at the 

para-positions change the volume ratio and bring specific intermolecular interactions 

(C–H···O, C–H···π, π-π stacking, interactions between long alkyl chains) in self-

assembly of molecules in crystals. 

Bicontinuous topology is typical for crystal structures of the calix[4]arenes in 

the cone conformations with short alkyl substituents: HC[4]OCn (n = 3-4), tBuC[4]OCn 

(n = 3-4) and NO2C[4]OCn (n = 2-8). There are two exceptions. Formation of inclusion 

complex with acetonitrile molecule changes conformation of tBuC[4]OC3 molecule in 

comparison with homologues which results in ipl topology in the crystal structure. In 

the case of NO2C[4]OC3, topology in the crystal structure is changed to pl due to the 

absence of solvent.  

Elongation of the alkyl chains results in l topology of HC[4]OCn and 

NO2C[4]OCn, whereas two different homologous series of tBuC[4]OCn are observed. 

The crystal structure topology is ipl for odd n values and ir for the even ones. 

Conformation of calix[4]arene macrocyclic ring defines the effective shape of 

the amphiphile and spatial arrangement of substituents around of the calix[4]arene core. 

Change in conformation might cause change of the self-assembling motif. While 

topology of HC[4]OC3 in partial cone conformation is the same as for the cone one (bi), 

the partial cone conformation of tBuC[4]OCn calixarenes contributes to layered crystal 

structures with ipl topology. This was observed even for tBuC[4]OC1, where volume 

ratio equals to 52.9%, whereas in the case of tBuC[4]OCn cone calixarenes ipl topology 

occurs firstly for tBuC[4]OC5 with its volume ratio 65.7%. 
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In the case of NO2C[4]OC2 calixarene, partial cone conformation causes  

formation of r topology versus bi for the cone. 

Generally, topologies in crystal structures of fully O-alkylated calix[4]arenes in 

1,2- and 1,3-alternate conformations differ from those in the cone and partial cone 

conformations. Crystal structures of tBuC[4]OC3 and tBuC[4]OC8 in 1,3-alternate 

conformation are the exception: they remind crystal structures of corresponding 

analogues in partial cone conformation.  

Fully O-alkylated calix[4]arenes, contrary to mono- and di-O-alkylated, do not 

include alkyl chains into calix[4]arene bowl. The calix[6]arenes have large cavities 

which can easily include one or two of its own alkyl chains. This self-inclusion 

contributes to formation of perforated layers topologies and even ‘inverted micelles’ in 

the form of torus. 

Conformations of calix[4]arenes in the cone, partial cone and 1,2-alternate 

conformation are stabilised by C–H···O contacts between oxygen atoms of phenoxy 

moiety and H-atoms of the first and the second methylene groups of two distal alkoxy 

groups. Conformations of fully O-alkylated calix[6]arene are stabilised by self-inclusion 

of alkyl chain(s) and by C–H···O contacts between H-atoms in meta-positions of 

calix[6]arene phenyls and oxygen atoms of the adjacent phenoxy moieties. 

It should be noted that for each of the most numerous groups of discussed 

calix[4]arenes [HC[4]OCn (cone), NO2C[4]OCn (cone), tBuC[4]OCn (cone) and 

tBuC[4]OCn (partial cone)] noticeable differences in conformations for short alkyl 

substituents rapidly decrease with elongation of the substituents. For tBuC[4]OCn 

(cone) due to two homologous series for odd and even number of carbon atoms in 

chains, are observed. 

Amphiphilic calix[n]arenes discussed in this thesis often form inclusion 

compounds with solvent molecules. Nevertheless, there are only four inclusion 

complexes, tBuC[4]OC3 (cone)·CH3CN,108 NO2C[4]OC1·DMF,134 NO2C[4]OC1·CHCl3 

and NO2C[4]OC3·CH3OH,113 where solvent molecules are included into calix[4]arene 

cavity. For the rest of the cases, the guest molecules are located in cavities between 

molecules of the host forming clathrate compounds. Presence of guest molecule is 

mainly guided by C–H···O, C–H···Cl and C–H···π interactions between host and guest 

molecules and additionally stabilises the crystal structure. 

Hydrophobic-to-total volume ratio analysis looks to be a very promising tool for 

understanding and design of crystals with desired structural topology. Nevertheless, 
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presence of solvent molecules is an important factor in the calix[n]arenes assembly but 

its role is so far not clear from point of view of aliphatic/aromatic surface analysis. One 

of the possible approach is to treat solvent molecules as a third component in addition to 

aliphatic and aromatic regions in the crystal.  

The question of self-assembly of calix[n]arenes with the volume ration lower 

than 10% (with one and two short alkyl chains) and larger than 80% remains to be 

investigated. 
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7 SUMMA RY 

Hydrophobic effect plays a key role in living organisms: protein folding, ligand-

protein and protein-protein binding, micelle and membrane formation etc. It is widely 

applied in surfactant and block copolymer chemistry for rational design of 

supramolecular assemblies and molecular recognition in, e.g. drug delivery and sensing. 

However, in the field of crystal engineering, spatial unpredictability of the hydrophobic 

effect is still an open question. 

The aim of this work is to show that even apparently non-polar O-alkylated 

calix[4]arenes and calix[6]arenes in molecular crystals mimic microstructures observed 

in surfactant assemblies and block copolymers. As good model compounds three classes 

of O-alkylated calix[n]arenes (n = 4, 6) have been chosen: non-substituted at the upper 

rim (possible C–H···π and π-π stacking interactions), substituted at para-positions with 

tert-butyl groups (possibility for π-π stacking interactions are blocked), and substituted 

at para-positions with nitro groups calix[n]arenes (more polar molecules with additional 

possibility for C–H···O hydrogen bonding). Self-assembly of such calixarenes in twenty 

seven crystal structures were analysed in this thesis. 

Structural analysis of investigated compounds and thirty five their analogues 

from Cambridge Structural Database show localisation of aliphatic and aromatic regions 

in crystals. Topological analysis of the surface between these regions reveals that 

topology of crystal structure depends on relationship between volumes of aromatic and 

aliphatic parts of molecules. 

Crystal structures of fully O-alkylated calix[4]arenes in the cone conformation 

with short alkyl chains [HC[4]OCn (n = 3,4), tBuC[4]OCn (n = 3,4) and NO2C[4]OCn (n 

= 2–8)] reveals bicontinuous topology. For crystal structures of HC[4]OCn (n = 7–14) 

and NO2C[4]OCn, (n = 12–14), the layered topology is proper. For tBuC[4]OCn with 

number of carbon atoms in the alkyl chains larger than 4, two homologous series are 

observed: the inverted perforated layers topology has been found for odd n (5,9 and 11) 

and the inverted ribbons topology for even n (6–14). 

Changes in calix[4]arene conformation may be followed by changes in the 

topology. Thus, tBuC[4]OCn (partial cone) (n = 1–8) is the largest group of the 

calix[4]arenes which adopts other than the cone conformation. Crystal structures of all 

tBuC[4]OCn (partial cone) show the inverted perforated layers topology. 
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In the case of calix[6]arenes, only 7 structures are known so far. The resulting 

topology strongly depends on both presence of solvent molecules in the structure and 

calix[6]arene conformation. The only one common feature for all the known structures 

is self-inclusion of methyl or methylene group(s) into calix[6]arene cavity.  

Apparently non-polar fully O-alkylated calix[4]arenes and calix[6]arenes reveal 

amphiphilic behaviour in the solid state. Hydrophobic-to-total volume analysis is 

a powerful tool for understanding the crystal chemistry of amphiphilic compounds and 

provides the possibility of rational design of crystals with 0-, 1-, 2- or 3-dimensonal 

distribution of domains of desired nature, which is important in designing, e.g. organic 

semiconductors. 
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