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Varied temperature sublimation of calix[5]arene results in the

formation of two distinctly different crystal structures or

polymorphs a and b, the latter of which is based on both

‘self-included’ and ‘back-to-back’ helical arrangements of the

molecule, while also being active towards CO2 sorption at room

temperature and 1 atmosphere pressure.

Gas sorption, storage, separation and transport has come to the

fore in recent times as a highly active area of research, which is in

part due to the challenges set by the impending energy crisis and

continuing fossil fuel usage, for example. Many research groups

worldwide are focusing efforts on the generation of new and

interesting inorganic materials for such purposes which are often

based on key design principles.1 In this context, significant recent

advances in the controlled formation of coordination polymers

and metal organic frameworks (MOF’s),1l,m as well as in the

generation of zeolite-like metal organic frameworks (ZMOF’s),1k

have generated numerous new and exciting materials, many of

which have interesting gas storage properties and prospects as

sensors, for example.

Within this broad research area, we have focused our efforts on

the formation and study of porous and non-porous organic solids.

A number of our recent studies are based around a key advance:

the sublimation of calixarenes as a route to form interesting new

organic materials based on these molecular building blocks,2 two

pertinent examples of which are described below. Sublimation of

calix[4]arene (1, Fig. 1A) affords a ‘near-spheroidal’ self-included

trimer (13) that packs in the solid state in a hexagonal close packed

arrangement (Fig. 1B) with lattice voids of approximately 153 s
3.2a

The structure of 13 is identical to a reported acetone solvate

(without solvent molecules in the sublimed case), and identifica-

tion/rationalisation of this behaviour consequently allowed for co-

crystallisation of 13 with volatile freons, halons or methane from

toluene solutions. This results in the gases being entrapped in the

voids, and this is identifiable from X-ray crystallography and 19F

NMR spectroscopy. In the second example, sublimation of the

related parent molecule para-tert-butylcalix[4]arene (2, Fig. 1A)

results in the formation of a low density structure in which two

molecules of 2 form an offset dimeric capsule that is capable of

sorbing a number of different gases under various conditions

(Fig. 1C).2b–d Notably, this structure is seemingly non-porous, yet

it can undergo single-crystal-to-single-crystal phase changes in the

presence of vinyl bromide, or allow passage of gas molecules to the

y235 s
3 void presented by the offset dimer.

In our ongoing studies in this area, we have found that

calix[5]arene (3) sublimes to form two remarkably different

polymorphic crystal structures (a and b) based on two equally

disparate molecular conformations: a stacked arrangement (a) and

an arrangement based on the interaction of both ‘self-included’

and ‘back-to-back’ helices (b). Both polymorphs are accessed

simultaneously by subliming at a varied rate of heating, a

technique that was being employed in order to prevent decom-

position of the material.3 The resulting colourless single crystalline

material was isolated and studied using X-ray diffraction studies to

generate the two structures described herein.4–6 In addition, the b

structure can be isolated in bulk by subliming at higher

temperature,7 and has also been examined for CO2 and H2

storage capability.

In a, the crystals are in a triclinic cell and the structural solution

was performed in space group P1̄.4,5 The asymmetric unit

comprises one molecule of 3 within which one of the methylene

bridging groups has inverted (Fig. 2A). This causes significant

distortion to the typically observed cone conformation of the

host,8 and the structure appears to be unremarkable until the

hydrogen-bonding at the lower-rim is examined more closely

within the extended structure (Fig. 2B). Expansion of the

asymmetric unit shows molecules of 3 forming columnar stacks

by nestling one inside the other (Fig. 2B). The hydrogen atoms

(located in the difference map) are found to form a helical

hydrogen-bonding chain through the core of each stack with
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Fig. 1 (A) Compounds 1–3. (B) The ‘self-included’ near-spherical trimer

formed by subliming calix[4]arene (1).2a (C) The offset dimeric capsule

formed by subliming para-tert-butylcalix[4]arene (2).2b Figures not to scale.
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OH…O distances ranging from 1.747–2.063 s (corresponding

O…O distances ranging from 2.641–2.781 s). These stacks are

found to pack in layers of unidirectional H-bonded helices that

form a wave-like pattern along the c axis, interacting through van

der Waals contacts (Fig. 2C–D). Space filling rendering shows this

arrangement of stacks to be non-porous (Fig. 2D), which

combined with the stacking nature suggests that 3 in the a

polymorph would not be useful as an organic solid for gas

sorption purposes as there are no apparent lattice voids for guest

molecules to reside in.2b

In b, the crystals are in a rhombohedral cell and the structural

solution was performed in the space group P31.4,6,9 The

asymmetric unit comprises three independent molecules of 3

(Fig. 3A), all of which adopt the typical cone conformation

observed for the host,8 and that pack in the extended structure to

form an interesting and complicated combination of helical

arrangements. There are limited examples of purely organic

helical, tubular, or helical and tubular assemblies based on

calixarenes in general, although a handful of examples exist in

the literature (in the presence of other molecular components).10

This is also true for other types of molecule, and a limited number

of organic nanotubes based on cyclic oligomers composed of

peptides,11a,b ureas11b or carbohydrates11c have also been docu-

mented. More recently, helical tubular arrangements based on

N,N9-dimethylnaphthalenediimide with pendant carboxylic acids

have also been reported.12 Given the complexity of polymorph b, it

will be described in parts and then as an integral structure to show

how these helical arrangements interact in concert.

Symmetry expansion of the asymmetric unit shows that two of

the three independent molecules of 3 form two very similar ‘self-

included’ helical arrangements (one of which is shown in Fig. 3B).

These two independent helical arrangements are stabilised by a

number of CH…p interactions as one molecule of 3 nestles within

an adjacent symmetry equivalent.13 For the remaining molecule of

3, symmetry expansion shows this to form a ‘back-to-back’ helical

arrangement (Fig. 3C) through two unique intermolecular

interactions (one CH…p and one p-stacking interaction).14

Large non-covalent structures incorporating helical arrange-

ments of molecules are generally rare,10–12 and although there are

limited examples in the literature, there are (to our knowledge) no

examples where two different types of helical arrangement interact

directly with each other in such a fashion as that observed in b.

Examination of the extended structure in both stick and space

filling representation (Fig. 3D) shows that each ‘back-to-back’

helical arrangement is surrounded by six ‘self-included’ helices, all

of which run with the same handedness. This interaction between

neighboring helical arrangements occurs through numerous van

der Waals interactions through inter-digitation, and the space

filling view (Fig. 3D) also shows that the only apparent void space

in the structure is that which is observable in the core of the ‘back-

to-back’ helical arrangement, therefore making b desirable for gas

sorption studies.

As the presence of two different crystal types is not useful for

gas sorption studies (given the lack of sample purity for example),

sublimation of 3 was performed directly at 290 uC overnight, also

affording colourless single crystals.7 Comparison of X-ray powder

patterns of this material and the calculated patterns from the

Fig. 2 Different views (not to scale) of polymorph a. (A) The

asymmetric unit showing the distortion to the cone conformation of 3.

(B) A stack of 3 showing the hydrogen-bond helix running through the

core of the stack. (C) Packing of stacks of 3 along the a axis: layers of

stacks running in alternating directions form a wave-like arrangement

along the c axis. (D) Space filling representation of the packing diagram in

C. In A and B, some hydrogen atoms have been omitted for clarity.{

Fig. 3 Stick and space filling views (not to scale) of crystal structure b.

(A) The asymmetric unit showing three independent molecules of 3

(coloured individually). (B) A ‘self-included’ helical arrangement. (C) The

‘back-to-back’ helical arrangement. (D) The extended structure showing

the packing of ‘self-included’ (green and blue) and ‘back-to-back’ (orange)

helical arrangements, as well as the small pores present in the latter.

Colours of 3 in (B) and (C) are not relative to (A) but have been used to

show the helical nature of the arrangements. Colours of molecules of 3 in

(D) are relative to those in (A).{
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crystal structures of a and b shows that higher temperature

sublimation affords b in high purity (Fig. S1, ESI{).15 Once

obtained in the pure form, freshly sublimed b was finely ground

and studied using apparatus previously described in the litera-

ture.16 This material was studied under 1 atmosphere pressure of

either CO2 or H2, and was found to be active for sorption of only

CO2 (Fig. 4). The pores/channels in b are therefore favorable for

interaction with CO2, and the material was found to store 1.1 wt%

under these conditions.

In conclusion, 3 sublimes under different conditions to form two

very different polymorphs based on two molecular conformations.

The a polymorph is based on an inverted cone conformation of 3,

molecules of which stack to form hydrogen-bonded helices

through the ‘OH core’. The b polymorph is based on 3 adopting

the common bowl conformation and shows the molecules to pack

in both ‘self-included’ and ‘back-to-back’ helices. The b structure

contains small pores/channels through the centre of the ‘back-to-

back’ helix and was examined for gas sorption capability with CO2

and H2, showing selective sorption of the former over the latter.

Further studies will focus on studying the sorption of other gases

within b, as well as attempting to isolate the a form in bulk to

confirm whether the columnar stacks are capable of gas sorption.§
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Fig. 4 Gas sorption isotherms obtained for CO2 (blue) and H2 (red)

when b is exposed to 1 atm pressure of each gas at room temperature.
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