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Solvent Exchange in Thermally Stable Resorcinarene Nanotubes
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Abstract: The assembly of C-methyl re-
sorcinarene into a tubular supramolec-
ular solid-state structure, its thermal
stability, and its hosting properties are
reported. Careful control of the crystal-
lisation conditions of C-methyl resorci-
narene and 1,4-dimethyl-1,4-
diazoniabicyclo[2.2.2]octane (1,4-di-

which lead to the formation of 0.5 nm
diameter nonpolar tubes through the
crystal lattice. The formation of these
tubes is templated by suitably sized
small alcohols, namely, n-propanol, 2-
propanol, or n-butanol. The self-assem-
bly involves close -7t interactions be-
tween the adjacent resorcinarenes, and

C—H-x and cation-x interactions be-
tween the resorcinarenes and the guest
1,4-dimethyl DABCO dications. The
crystals of these supramolecular tube
structures are thermally very stable
and the included solvent alcohol can be
removed from the tubes without break-
ing the single-crystalline structure of

methyl DABCO) dibromide leads to a
formation of two crystallographically
different, but structurally very similar,
solid-state nanotube structures. These

. resorcinarenes
structures undergo a remarkable varie- :
. : chemistry
ty of supramolecular interactions,
Introduction

Crystal engineering, the ability to design and prepare molec-
ular crystal structures by using the self-assembling proper-
ties of molecular species, is emerging as a powerful strategy
to develop novel, functional, nanoscale materials. When suc-
cessful, this bottom-up construction of organic materials
from molecules or ions through weak interactions can have
a very high overall efficiency and built-in error correction
compared to traditional covalent synthesis methods." The
design of supramolecular materials offers great challenges,
especially when large multifunctional building blocks such
as calixarenes or resorcinarenes are utilised. The design of
the structures and the experiments leading to them still very
much depend on trial and error and the practical experience
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the assembly. After removal of the sol-
vent molecules the tubes can be filled
with other small, less polar solvent
molecules such as dichloromethane.

engineering

supramolecular

of the chemist, rather than on the results of computational
methods or models. From a material science point of view a
major drawback of organic self-assembled structures is their
lack of stability, since the structures are often stable only
under certain, often very limited, conditions.”® This is espe-
cially true for organic self-assembled nanotube structures, in
which the desired functions of controlled storage, transport,
and the release of suitable guests are based on weak interac-
tions between the interior of the tube or pore and the
guests.>”) Some exciting structures have been fabricated to
address these challenges, such as the peptide nanotube crys-
tals presented by Gorbitz et al., in which the cocrystallised
solvent molecules can be removed from the crystal lattice
and be replaced by other small molecules.®

In our studies of self-assembling materials, we have used
resorcinarene compounds as building blocks. Resorcinarenes
and their pyrogallol analogues, pyrogallarenes (Scheme 1),
possess electron-rich cavities and are commonly found in a
bowl-shaped conformation, also known as the crown confor-
mation, in which the upper rim has either eight hydroxyl
groups (resorcinarenes), or in the case of pyrogallarenes,
twelve hydroxyl groups.

Crystal engineering using resorcinarenes and pyrogallar-
enes is based on interactions of the hydrophilic upper and
hydrophobic lower rim of the molecule and interactions of
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Scheme 1. The molecular structure of 1, 2, and 3.

the electron-rich cavity. The upper rim hydroxyl groups
form intra- and intermolecular hydrogen bonds, and the =
basic cavity forms complexes with neutral molecules through
C—H--n and/or m-n interactions,’'!! and with cationic spe-
cies, through cation--s interactions.”1*!13 These properties
have been used in, for example, complexing biologically
active acethylcholine in the solid state™ and in solution.!™!
The packing of these complexes or aggregates can be further
controlled by hydrophilic interactions; the longer the lower
rim alkyl chains, the more probable it is that layers com-
posed of hydrophilic and hydrophobic regions occur.!'>1¢!

Undoubtedly, one of the most fascinating properties of
readily available resorcinarenes and pyrogallarenes is their
ability to form molecular capsules. MacGillivray and
Atwood"” were the first to discover that resorcinarenes can
form a hexameric, solvent-mediated capsular assembly of C-
methyl resorcinarene (1) that can now, eight years later, be
considered as an icon for self-assembled molecular capsules.
The hexameric structure of 1 is found in virtually every
modern textbook of supramolecular chemistry. A few years
later Mattay and co-workers!" reported the crystal structure
of a directly hydrogen-bonded hexameric capsule of tetrai-
sobutyl pyrogallarene. Aoki and co-workers and Atwood
and co-workers reported almost simultaneously the struc-
tures of solvent-mediated dimeric capsules of alkyl resorci-
narenes encapsulating tetraethyl ammonium cations or sol-
vent molecules, respectively.>?) These findings have been
followed by several studies on dimeric®*?!! and hexame-
ric?? capsules of unsubstituted resorcinarenes and pyrogal-
larenes in the solid state, in solution, or in the gas phase. To
date all the resorcinarene capsules fabricated have been sol-
vent mediated; however, the four additional hydroxyl
groups in pyrogallarenes makes it possible for them to di-
rectly hydrogen bond to each other forming either hexame-
ric!® or dimeric™®! capsules.

During the course of our encapsulation studies of diqua-
ternary alkyl ammonium cations by C-methyl resorcinarene
(1) the crystals of a novel tubular solid-state structure of 1
with 1,4-dimethyl-1,4-diazoniabicyclo[2.2.2]octane  (1,4-di-
methyl DABCO) dibromide (3) were successfully isolat-
ed.?” The tube structure is held together by multiple offset
face-to-face m-m interactions in between the neighbouring

4290 —— www.chemeurj.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

molecules of 1 that further pack to form the backbone of a
nanotubular structure (Figure 1). The lower rim methyl
groups of 1 are found in the interior of the hydrophobic

Figure 1. Two different views of the crystal structure of the resorcinarene
nanotube, along the tube and perpendicular to it. a) A CPK presentation
(the salt 3 and the cocrystallised solvents are omitted for clarity). b) The
tube skeleton in stick presentation with the cations in CPK style (hydro-
gen atoms of 1, disordered cations, anions, and water molecules are omit-
ted for clarity).

tube, while each of the hydroxyl groups and cavities of 1
that complex a diquaternary cation of 3 are on the outer sur-
face, making the surface hydrophilic.?¥

The resorcinarene tube structure is unique among the
large variety of resorcinarene assemblies in existence. Also,
for the closely related calixarenes only a few examples of
calixarene nanotubes, namely, tubular structures constructed
of p-sulfonatocalix[4]arene® and calixhydroquinone,”! are
known. In both of these the packing of the calixarenes dif-
fers considerably from the packing of the C-methyl resorci-
narenes shown in Figure 1.

Herein we describe crystal-engineering studies, namely
the effect of the solvent and the host on the formation of
the solid-state nanotube by means of single-crystal X-ray
diffraction studies, and thermal stability studies of the tube
crystals, by means of thermogravimetric/differential thermal
analysis (TG/DTA), differential scanning calorimetry (DSC)
and X-ray powder diffraction techniques. Results detailing
the removal of solvent alcohols and their substitution by
other organic solvent molecules are also presented.

Chem. Eur. J. 2006, 12, 4289 —4296
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Results and Discussion

In our previous studies of resorcinarene capsules and open
complexes, molecules of the crystallization solvents cocrys-
tallised without exception.!*® This resulted in thermally un-
stable crystals, which decomposed in most cases when taken
out of the mother liquor. After the discovery of the triclinic
resorcinarene nanotube structure Ty (Figure 1) with a com-
position of 3 Cs,H;,044 CgH sN,Br,:6 H,O(15:3,6 H,0), we
noticed that the tube crystals were surprisingly stable in air
at room temperature (RT), relative to the crystals of the di-
meric capsules of 1 and diprotonated DABCO dichloride or
1,4-dimethyl DABCO dibromide.™® These capsule crystals
decomposed within an hour upon exposure to air owing to
the evaporation of weakly bound cocrystallised solvents.

Inspired by this observation, several batches of tube crys-
tals were prepared for detailed thermal-stability measure-
ments. During the crystallization experiments it was noticed
that, in addition to needlelike crystals of Ty single crystals
of a different morphology were also obtained under the
same conditions (Figure 2).

Figure 2. Light-microscope images of the two differently shaped crystals.
a) Needlelike tube crystals of T, and b) flowerlike aggregates of plate-
shaped crystals.

The crystal structure of these platelike crystals reveals a
nontubular, open 1:1 complex (OR) with a composition of
C;,H;,04CeH sN,Br,:3H,0 (1-3:3H,0). As expected, the
cations are positioned inside the resorcinarene bowls
(Figure 3), now in a horizontal position, whereas in Ty, the
cations complexed in the resorcinarenes are in a vertical po-
sition with one of the methyl groups pointing into the resor-
cinarene cavity. In OR there are also three water molecules
per asymmetric unit; two of them are hydrogen bonded to
the resorcinol hydroxyl groups and one is positioned be-
tween the lower rim methyl groups of 1.

Changing the ratios of 1 and 3 or the concentrations of
the n-propanol (aqueous) solutes in the crystallization ex-
periments did not have an effect on the crystallized Ty;,/OR
ratio; crystals of both structures were found in each experi-
ment. In previous studies we found that the conditions lead-
ing to the formation of Ty, were very sensitive to the influ-
ence of the anion. Attempts to crystallize similar tubular ar-
chitectures from 1 and a corresponding 1,4-dimethyl
DABCO dichloride or diiodide instead of the bromide salt
3, led only to the formation of an open nontubular 1:1 com-
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Figure 3. The crystal structure of the nontubular complex, OR: a) the
asymmetric unit and b) the packing mode along the crystallographic ¢
axis. The cations are shown in CPK style; the resorcinarenes, anions, and
cocrystallised water molecules are shown in stick presentation. Hydrogen
bonds are shown with dashed lines.

plex with the dichloride salt.?! To elucidate the effect of the
host structure on the tube-structure formation, resorcinar-
ene 1 was substituted with pyrogallarene 2; it was hypothe-
sized that 2 might form a similar tubular structure when
crystallized under the same conditions as the resorcinarene
tube. From a solution of the sample in n-propanol, measura-
ble crystals of a complex of 2 with 3 resulted within one day.
This nontubular open complex, OP, has the composition
C3,H3,04,:1.5 CgHgN,Br,-C;HgO  (2-3, 'n-propanol).  The
structure of this open complex is clearly different from the
resorcinarene complex OR. In OP two of the three cations
are complexed by pyrogallarenes and the uncomplexed, dis-
ordered and more weakly bound cation is positioned in the
same layer as the ordered cations and anions (Figure 4).

The anions are hydrogen bonded between two pyrogallar-
ene molecules with cocrystallised zn-propanol molecules. The

Figure 4. Packing of OP: molecules of 2 and the Br~ ions are shown in
stick presentation and the cations of 3 are drawn in CPK style. The disor-
dered cations and n-propanol solvent molecules are omitted for clarity.
Hydrogen bonds are shown with dashed lines.
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pyrogallarenes form a hydrophobic layer, while the salts and
solvent molecules form a hydrophilic one. These results con-
firm that the formation of the nanotube structure is unique
for the complex formed by 1 and 3; any change in either the
host structure (one additional hydroxyl group in the 2-posi-
tion), the anions (chloride instead of bromide) or the cations
(diprotonated DABCO or dibenzyl DABCO instead of di-
methyl DABCO), hinders the tube formation, resulting in
various open 1:1 structures or other structures.

No tubes were formed without the combination of resorci-
narene 1 and 3. However, in the course of the recrystallisa-
tion studies it was found that tubular T, also crystallises
from aqueous n-butanol and 2-propanol, in addition to n-
propanol. Surprisingly, when toluene was diffused into the
solvent alcohol to enhance the efficiency and speed of the
crystallization, a new tube structure Ty, was obtained from
the same alcohols. This structure is essentially the same as
T, When the resorcinarenes and the tube structures are
considered. The composition of Tiig is
3 C3,H;,044 CgH gN,Br,:8 H,O (15:3,-8 H,0), the only differ-
ence being the amount of cocrystallised water, which is two
molecules more in Ty, The T, structure (Figure 5a) with a
trigonal lattice symmetry and space group P3 is more or-
dered than the previously reported triclinic tube structure
T, with space group P1. Whereas many of the anions and
water molecules are severely disordered in Ty, they are
well ordered in Ty, The positions of the cations in T, are
the same as in T, and three of the four cations are present
in an upright position in the resorcinarene cavities, allowing
close C—H-m and cation--m interactions with 1. The fourth
cation, which is equally disordered over two positions,
merely completes the salt layer and fills the interstices in
the crystal lattice. The Br™ ions are hydrogen bonded to the
hydroxyl groups of 1 and interact with the cations by elec-
trostatic forces. A view of the packing of Ty, along the
chrystallographic ¢ axis is presented in Figure 5a. The tube
interior of Ty, is shaped like a line of stacked hourglasses,
the shortest van der Waals diameter is 0.5 nm. The van der
Waals volume, that is, the solvent accessible volume of the
tube interiors, takes up approximately 10 % of the total-crys-
tal volume. In Ty; and also in the case of Ty, a significant
amount of electron density (1.4-1.0 e A~%) was found inside
the tube that could not, due to severe disorder, be assigned
to a chemically reasonable model. The presence of the crys-
tallization solvents (2-propanol and toluene used in the dif-
fusion experiment) could not therefore be verified; however,
thermal analysis (see below) supported the view that the re-
sidual electron density found inside the tubes in T, and
Ty, was indeed n-propanol. The altered recrystallisation
conditions, namely toluene diffusion into the alcohol,
changed the morphology of the crystals from thin needles to
large blocks, at the same time inhibiting the formation of
the open 1:1 complex OR.

The observed stability under ambient conditions urged us
to study the thermal stability of the tube crystals. The nee-
dlelike crystals of T,; were manually separated from the
platelike crystals of OR under a light microscope. TG/DTA
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Figure 5. a) Packing of T, along the crystallographic ¢ axis. The cations
of the salts are highlighted in blue and the hydrocarbon skeletons of 1 in
grey. Hydrogen bonds are shown with dashed lines. b) Solvent accessible
voids (the size of a water molecule) in one unit cell are shown with
yellow surfaces and the unit cell cut-offs along or parallel to the tubes
are shown in red.

and DSC measurements were performed on both complexes
and separately on the starting materials 1 and 3. The TG/
DTA curves of compounds 1, 3, T, and OR, are presented
in Figure 6. The thermal decomposition of resorcinarene 1
started at 327°C (Figure 6), while the DABCO salt 3 started
to decompose at 259°C (Figure 6b). Crystals of both Ty,
and OR were taken out of the crystallization liquid and left
to dry in air for approximately one hour before the TG/
DTA measurements. In the case of Ty (Figure 6¢), a slight
decrease can be seen in the beginning of the TG mass-loss
curve, indicating that some solvents are continuously being
evaporated. In the range 70-90°C there is a small drop in
the TG curve; this drop is due to weakly bound n-propanol
solvent molecules evaporating from the tube interior. On
the basis of the DTA curves, no indication of melting or
solid-solid phase transitions can be seen for T, below
252°C in which, as mentioned before, the DABCO salt 3
starts to decompose. This behaviour was also confirmed by

Chem. Eur. J. 2006, 12, 4289 —4296
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However, the high-angle part of

the powder diffraction pattern
remained ambiguous, because
the low-intensity peaks of T,
were much weaker and less dis-
tinctive than the high-intensity
peaks measured at low angles.
Minute amounts of the contam-
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pretation of the pattern diffi-
cult, so that only ambiguous re-
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sults of the thermal stability of
T, crystals were obtained from
powder diffraction methods.
However, the well-ordered and
contaminant-free Ty, gave en-
couraging results (Figure 7).
The experimental diffraction
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Figure 6. The TG (solid line) and DTA curves (dashed line) of a) 1, b) 3, ¢) Ty, and d) OR.

DSC measurements and on the basis of these results, repeat-
ed with three different samples, the tube structure remained
intact up to the point at which decomposition of 3 began.
The open complex OR showed different thermal behaviour.
While the beginning of the TG curve (Figure 6d) is straight,
a drop and hence a loss of the cocrystallised water mole-
cules starts after 140°C and is complete at 180°C.

This weight loss corresponds exactly to the loss of three
water molecules per resorcinarene. On the basis of DTA
and DSC measurements we can conclude that the original
supramolecular structure was lost during the evaporation of
water. To verify similar behaviour also observed for the
trigonal tube, TG/DTA measurements were performed on
block crystals of Ty, As expected, the stability results ob-
tained for Ty, and Ty were similar.

To further confirm the single-crystal stability of the tube
structure and the ability of the crystals to survive intact in
temperatures above the boiling points of the crystallization
solvents, crystals of Ty, and Ty, were placed in an oven at
100°C for one hour. After this time the powder diffraction
patterns were measured and compared with patterns of un-
heated crystals. All of these diffraction patterns were then
compared to the theoretical diffraction patterns calculated
from the unit-cell parameters of Ty and Ty,

In the case of Ty, the calculated and experimental diffrac-
tion patterns did not agree very well, as the experimental
powder diffraction sample of T, was contaminated with
crystals of the cocrystallised OR. Several crystallization and
separation attempts gave the same results, indicating that
manual separation of the Ty and OR crystals in sufficient
amounts for powder diffraction measurements was not pos-
sible. However, the high-intensity peaks of Ty (in the 26
range <5°) could be seen in the experimental powder dif-
fraction patterns (of both the heated and unheated samples).

Chem. Eur. J. 2006, 12, 4289 —4296
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pattern of T, agrees well with
the calculated pattern owing to
the fact that large block crystals
of Ty, were readily available.
The calculated diffraction pat-
tern of T, fits very well to the
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Figure 7. Results of calculated and experimental powder diffraction anal-
ysis Of Ty
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experimental pattern measured from crystals heated at
100°C for an hour. Based on the TG/DSC and powder dif-
fraction results it can be concluded that the tube structure
Ty is very stable at least up to 100°C.

The stability of the tube crystals and the nonpolar interior
of the 0.5 nm tubes led us to look for possible functionalities
or applications of these intriguing structures. To explore the
storage capability for small molecules we heated the crystals
of Ty at 100°C for half an hour to remove the cocrystal-
lised disordered solvent molecules from the tube interior, as
shown by the TG studies. After heat treatment the crystals
were soaked in acetonitrile, chloroform, dichloromethane,
dibromomethane (DCM), benzene and toluene. Water could
not be used since the crystals decomposed in water. The X-
ray structure of one of the heated crystals was measured di-
rectly after heating. The single-crystal nature of the crystals
was retained with only a slight loss of crystal quality; the
structure showed considerably lower electron density inside
the tube (electron density not higher than 1 ¢ A~%) than that
which was observed for a nonheated T, tube. Crystal struc-
tures of the soaked crystals were measured after keeping
them for two to four weeks in the corresponding solvent.
All of the crystal structures determined for soaked Ty, crys-
tals showed clear differences in the residual electron density,
which in each case was concentrated in the tube interior, in-
dicating the presence of disordered solvents. In one case
only, namely the crystal soaked in DCM, was the assignment
of the solvent inside the tube unambiguous. A DCM mole-
cule with an occupation factor of 0.5 was determined per
asymmetric unit. The composition of this tube structure,
TwDCM  is  3C;,H;3,044 CgHgN,Br,-6 H,0:0.5 CH,Cl,
(15346 H,0 -0.5DCM). However, in this structure some re-
sidual electron density inside the tube interior could not be
assigned to a chemically meaningful model either. This
means that in addition to the disordered DCM molecules
(assigned with a population parameter of 0.5), there are also
other more severely disordered solvents present. The X-ray
structure of T,;)]DCM and the orientation of the DCM mole-
cules inside the tube are presented in Figure 8.

Conclusion

Depending on the crystallization conditions, the crystalliza-
tion of 1 with 3 from a solution of aqueous alcohols can be
driven to self-assemble into two different crystal structures
of resorcinarene nanotubes, in which the tubes are separated
by a layer of cocrystallised salt 3 and water molecules.

It is worth noting that the crystallization process of the
tube structures is very subtle and any change either in the
cation, anion or the host results in other types of structures.
In the light of our investigations, the formation of the tubu-
lar resorcinarene structures occurs only in the presence of n-
propanol, 2-propanol or n-butanol. We conclude that these
small organic solvents strongly affect the initial stages of
molecular association and act as templating agents for the
assembly of resorcinarenes forming the supramolecular
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Figure 8. The X-ray structure of T,;[DCM. a) A view along the tube
showing all of the DMCs in disordered positions (with occupancy of 0.5),
shown in CPK style; molecules of 1 are shown in stick presentation. b) A
stick presentation of T,;[DCM in CPK style. c) A view perpendicular of
the tube.

tubes. It is difficult to determine which of the various weak
interactions is the driving force in the tube formation proc-
ess, but undoubtedly the m—m stacking, the cation-m and
C—H--nt interactions between the resorcinarenes and the
cations and the electrostatic interactions between the ionic
groups of 3, play important roles.

The tube crystals exhibit high stability for an organic
porous supramolecular material. This is manifested by the
fact that the cocrystallised solvents can be removed by using
moderately high temperatures, while the tube structure itself
remains intact. TG and DSC measurements indicate that
the tube structures are stable up to 250°C. This remarkable
stability can be explained by the multiple weak interactions
and the efficient packing of the tube skeleton and salt layers
in between the tubes, that is, the salt and water layers act as
cement between the self-assembled “brick” resorcinarenes.

The stability of the resorcinarene nanotube crystals and
the discovery that small organic solvents can be directed in
and out of the tubes without destroying the tube structure
are encouraging and exciting results. These results will in-
crease our knowledge about self-assembling tubular or
porous materials and emphasise the use of supramolecular
chemistry tools to develop new solutions and strategies for
storage, removal or transport of volatile small organic mole-
cules or gases.

Experimental Section

Crystals of OR were obtained by slow evaporation from a 2:1 mixture of
compound 1 (54.5 mg) and salt 3 (15.1 mg) dissolved in aqueous n-propa-
nol (ca. 4 mL; two drops of water). These are the same conditions and re-
action mixture from which the previously reported tube, Ty, was crystal-
lized. T, was crystallized from an aqueous n-propanol solution (ca.
4 mL) of 1/3 in the ratio 3:4 (81.5mg of 1 and 60.5 g of 3) by slow diffu-
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sion of toluene. The same structure was also obtained by slow diffusion
of toluene into solutions of different ratios of 1 and 3 in either aqueous
2-propanol or n-butanol. T;[DCM crystals were obtained by gently
warming crystals of T at 100°C for 30 min and then placing the intact
crystals in DCM for two weeks, after which time the single-crystal struc-
ture was measured. Crystals of OP were obtained from an aqueous n-
propanol solution (ca. 4 mL) of 2/3 in the ratio 3:4 (91.2 mg of 2 and
60.5 mg of 3) by slow evaporation.

Single-crystal X-ray structures: The single-crystal X-ray crystallographic
data for all structures were recorded with a Nonius Kappa CCD diffrac-
tometer. Graphite monochromatised Mo, radiation (1=0.71073 A) and
a temperature of 173.0+0.1 K were used in all cases. The CCD data
were processed with Denzo-SMN v0.95.373.77%1 All structures were
solved by direct methods (SHELXS-97)%™ and refined against F? by full-
matrix least-squares techniques (SHELXL-97)? by using anisotropic
thermal displacement parameters for all non-hydrogen atoms of 1,
anions, ordered cations, and solvent molecules. All of the OH hydrogen
atoms could be found from the difference Fourier map of OR and Ty,
and some of them could be found from T,;DCM, while the rest of the
OH hydrogen atoms and all of the C hydrogen atoms were calculated at
their idealised positions with isotropic temperature factors (1.2 or 1.5
times the C temperature factor) and refined as riding atoms. The hydro-
gen atoms of most of the water molecules were not determined. In the
structures Ty, Ty DCM and OP the severely disordered cation, anion
and solvent molecules were refined isotropically. In the case of OR and
OP an empirical absorption correction was applied,”® while in the struc-
tures Ty, and Ty;cDCM an absorption correction was performed but was
not applied in the final refinement, since no improvement was detected
in the data. In the tubular structure Ty, notable electron density was
found in the interior (from 1.4 to 1.0 e A~), but could not be assigned to
a chemically reasonable model of, for example, solvent molecules. An
electron density of 4.0 e A~ was found between a bromide anion and the
aqueous solvent (1.25 A from O87 and 2.10 A from Br8) and an electron
density of 1.1 e A~ was found 1.0 A away from Br7. These are artefacts
resulting from either the large size or quality of the crystal. In the tube
structure T DCM some residual electron density was found (maximum
of 4.0 e A=) inside the tube and left unassigned, in addition to the disor-
dered DCM molecule with a population parameter of 0.5. The largest
peak found in between the methyl groups of one of the resorcinarenes
was at a distance of 4.1 A from the methyl carbon atoms. In the structure
OP some residual electron density that could be assigned to severely dis-
ordered n-propanol molecules was removed by using the program
SQUEEZE. The crystal data are presented in Table 1. CCDC 282422-

Table 1. Crystal data and parameters (for Ty, see reference [24]).
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282425 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request.cif.

X-ray powder diffraction analyses: The powder diffraction data of the
crystals were measured to confirm the structural similarities between all
crystals formed and also to prove the thermal stability of the crystals.
The calculated powder diffraction data were obtained from the structural
parameters of each of the compounds by using the Mercury software
package.® X-ray powder diffraction data were obtained at room temper-
ature by a Huber G670 imaging-plate Guinier camera. The sealed-tube
X-ray generator system was operated at 45 kV and 25 mA, and pure line-
focused Cuy,, radiation (1=1.5406 A) was produced by using a primary-
beam-curved germanium monochromator (d=3.266 A). The measure-
ments were carried out with a Guinier-type transmission geometry by
using an angle of incidence of 45° to the sample normal. The diffracted
X-ray photons with an angular range of 4-100° (260) were captured on a
curved imaging-plate detector and the diffraction data were recorded
with a step resolution of 0.005 (26).

Thermal studies: The thermal decomposition paths of the starting materi-
als, 1 and 3, and the decomposition paths of the supramolecular com-
plexes of these materials, namely crystals of Ty, and OR were deter-
mined. The data were obtained with a Perkin—Elmer Diamond TG/DTA
instrument. The measurements were carried out by using platinum pans
under a synthetic air atmosphere (flow rate 110 mLmin~"). The sample
weights used in the measurements were in the range 2-10 mg.

The DSC measurements were performed with a Perkin—-Elmer PYRIS 1
DSC instrument and were carried out (under a nitrogen atmosphere at a
flow rate of 50 mLmin") by using 50 uL sealed aluminium sample pans
with pinholes. The temperature calibration was carried out by using three
standard materials (n-decane, In and Zn) and the energy calibration by
using an indium standard. The samples were heated at a rate of
10°Cmin™" from —50°C to temperatures near the predetermined (TG/
DTA) decomposition temperature of each compound. The sample
weights used in the measurements were in the range 2-6 mg.
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Structure Tiic OR opP Tiig T, DCM

formula 3 C;,H3 044 CgH g C3,H3, 04 CsHyg 1C,H;3,0,,:1.5CgHyg 3 C;,H3, 044 CsHy g 3C5;,H3, 044 CgHy 5
N,Br,:6 H,O N,Br,:3H,0 N,Br,-C;H;O N,Br,-8H,0 N,Br,:6 H,0-0.5 CH,Cl,

a[A] 13.9358(2) 13.3503(4) 13.220(1) 41.9357(5) 14.004(3)

b [A] 23.6272(2) 18.0960(5) 13.777(1) 41.9357(5) 23.541(5)

c[A] 23.9065(3) 31.4469(6) 18.919(2) 14.0434(2) 23.840(5)

a[°] 64.617(1) 90 71.441(3) 90 64.42(3)

Al°] 85.811(1) 90 74.254(4) 90 85.74(3)

y[°] 87.348(1) 90 62.159(5) 120 87.20(3)

Vv [AY] 7091.7(2) 7597.2(3) 2857.3(4) 21388.0(5) 7068(2)

V4 2 8 2 6 2

crystal system triclinic orthorhombic triclinic trigonal triclinic

space group Pl Pbca Pl P3 P3

Peatea [Mg m™] 1.382 1.575 1.304 1.391 1.406

crystal size [mm™] 0.30x0.30x0.10 0.32x0.27x0.07 0.45%x0.45x0.2 0.90x0.80 x0.75 0.40x0.20x0.15

u [mm™] 2.33 2.20 2.17 2.32 2.36

reflections measured/unique 85764/10857 47482/3836 31089/7649 90477/14 694 44202/9828

Rin 0.121 0.1457 0.056 0.0712 0.154

R/R 0.090/0.227 0.056/0.094 0.064/0.150 0.059/0.155 0.112/0.285

parameters 1680 536 610 1697 1580

GOOF 1.034 1.015 1.074 1.126 1.036

[a] I>20(D).
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