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Empty Helical Nanochannels with Adjustable Order from Low-

Symmetry Macrocycles**
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Natural channel-forming structures are mandatory for con-
necting different compartments within a living organism. For
instance, transmembrane proteins function as ion channels,
transporters, or antibiotics.'!' Biomacromolecules that are
formed during evolution self-assemble into tubular structures
with precisely defined positions of functional groups. The
stimuli-responsive activity of these molecules has inspired the
search for artificial channel-forming structures that can mimic
the functionality of the natural systems.”! Artificial channel
systems may even include new functionalities in advanced
chemical applications.”! Several attempts, including templat-
ing methods, have been reported for the de novo design of
pore-forming structures that are stable both in solution and in
the bulk state. In particular, macrocycles have an attractive
topology for the formation of supramolecular channels if they
organize in a columnar mesophase with close packing of
successive rings.”! If properly designed, a channel is created
with tight walls that do not allow the penetration of small
molecules. In contrast to macrocycles that are held together
by strong intermolecular forces, such as hydrogen bonds in
cyclopeptides!® or cyclosaccharides,” the increased mobility
in the liquid-crystalline (LC) phase allows for self-healing and
orientation of the channels by external forces (shear, electro-
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magnetic fields, surface properties, etc.).’l When the channels
are appropriately functionalized, the inclusion and manipu-
lation of nano-objects becomes feasible.

Columnar mesophases have indeed been found in macro-
cyclic polyamines.’’ However, because of their flexibility, the
macrocyclic rings assume a folded conformation and stable
phases with large open voids have not been reported to
date."” This problem might be overcome by using shape-
persistent macrocycles,"! and columnar liquid-crystalline
compounds based on cyclic phenylene and phenylene—ethy-
nylene oligomers with inner diameters of up to 1nm, as
deduced from X-ray diffraction studies (XRD), have been
reported (Figure 1a)."? Powder XRD cannot provide details
about the packing of the macrocycles on the molecular
level,“+1% whereas solid-state NMR spectroscopy can pro-
vide this information with the help of quantum-chemical
calculations.'™ In contrast to diffraction techniques, NMR
spectroscopy does not require strict periodicity and is there-
fore particularly suited to probe the local structure in LC
phases. Moreover, NMR spectroscopy can be used to reveal
the presence of guest molecules inside the channels, including
back-folded side chains.!'!

Herein, we describe two phenylene—ethynylene—butydi-
ynylene macrocycles 1a and 1b (Figure 1b), each of which
contains two benzo[l,2-b:4,3-b’]dithiophene units that
include a nanoscale interior with a diameter as large as
approximately 1.3 nm (Figure 1a). At the expense of sym-
metry, we have introduced groups with different electron
affinities.'® Both macrocycles 1a and 1b were obtained by
the statistical oxidative Glaser coupling of the appropriate
“half-rings” under Pd/Cu catalysis, and were obtained in
yields of 33% (1a) and 50% (1b) after purification by
recycling gel-permeation chromatography (recGPC) using
THF as eluent, and subsequent precipitation from methanol
and drying under vacuum. The compounds were obtained as
slightly yellow powders that do not contain residual solvents
as shown by NMR spectroscopy of solutions in dichloro-
methane (see the Supporting Information). Upon heating
above room temperature, the compounds become waxy
materials that are birefringent under optical microscopy
(crossed polarizers). Differential scanning calorimetry (DSC)
investigations (2nd heating; 10°Cmin~') showed reversible
endothermic transitions for both compounds, thus indicating
different LC phases over a broad temperature range (la:
22°C  (1389kJmol™), 109°C (85.2kJmol™"), 151°C
(28kJmol™); 1b: 33°C (116.6kJmol™), 160°C
(2.6 kJmol™)).

The type of LC phases formed and the lattice parameters
were determined by XRD. Upon cooling from the isotropic
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Figure 1. a) Relative size and symmetry of LC macrocycles!'* <™ with
inner diameters that range from 0.3 to 1.3 nm in our system.

b) Chemical structures of compounds 1a and 1b. c) XRD pattern for a
powderlike sample of 1a at 60°C on cooling (lower part of the pattern
shaded by the heating stage), left inset: small-angle region showing
one orientation of the hexagonal reciprocal lattice with parameters a*
and the corresponding 2D indexing of the reflections; right inset:
possible packing of the molecules in the hexagonal columnar structure
showing the 2D hexagonal lattice with lattice parameters a=5.31 nm
and the average stacking distance of the molecules within one column
h=0.35 nm indicated by the outermost ringlike reflection in the wide-
angle region.

melt, 1a enters a high-temperature (HT) columnar LC phase
with liquid-like order within the columns. The diffraction
peaks in the small-angle area indicate a rectangular arrange-
ment of the columns, that is, a Col, phase (indexed according
to a centered rectangular 2D unit cell, c2mm;'” see the
Supporting Information). Upon further cooling, a low-tem-
perature (LT) columnar phase with a hexagonal arrangement
of the columns is observed (2D lattice parameters a=b, y =
120°; a=5.31 nm at 60°C; see Figure 1¢ and the Supporting
Information). The outermost ringlike reflection at d
~ 0.35 nm suggests n—mn stacking of the molecules along the
columnar axes. The diffuse scattering in the wide-angle region
(260 ~19°, d =~ 0.46 nm) confirms the liquidlike disorder of the
aliphatic chains in all mesophases. On the other hand,
compound 1b forms only a hexagonal phase with a=
5.13 nm at 80°C (see the Supporting Information). Similar
to the LT phase of 1a, the correlation length of the molecular
distances along the columnar axes increases with decreasing
temperature, as indicated by the gradual sharpening of the
outer part of the scattering curve at d ~0.35 nm.

Both macrocycles adsorb onto highly-ordered pyrolytic
graphite (HOPG) to form self-assembled monolayers
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(SAMs), which were investigated by in situ scanning tunnel-
ing microscopy (STM). An STM image of 1a at the HOPG/
phenyloctane interface is shown in Figure 2b. Bright and dark
colors indicate high and low local tunneling currents from

Figure 2. a,c) Molecular models for the SAMs of 1a corresponding to
oblique and pseudohexagonal lattices, respectively. b) STM image of
1a at the phenyloctane/HOPG interface (image size: 100x 100 nm?,
Vi =—0.990 V, ,=6 pA).

unsaturated (rigid s system) and saturated (flexible alkyl
fringe) segments. For both macrocycles, two different 2D
structures coexist. For example, compound 1a forms an
oblique (nearly rectangular) pattern (a=(4.9+0.1) nm; b=
(44+0.1) nm, y=(94+1)°) as well as a pseudohexagonal
pattern (a=(4.7+0.1) nm; b=(4.5+£0.1) nm, y = (121 £1)°)
in which adjacent molecules are linked by the interdigitating
alkyl chains (Figure 2a,c). From the molecular dimensions
and the lattice constants of the pattern in Figure 2b, which are
consistent with the XRD data (Table S2), we conclude that
the organization of the columns on the graphite surface in the
LC phase is similar.'¥!

Figure 3b shows the 2D NMR “C{'H} heteronuclear
correlation (HETCOR) spectrum for compound 1a in the
LC phase. A remarkable spectral resolution is observed, with
C linewidths in the order of approximately 100 Hz for the
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Figure 3. a) Assignment of the aromatic *C and "H resonances for 1a.
b) 2D "C{'"H} FSLG-HETCOR spectrum of 1a measured at 330 K,
15.0 kHz MAS, and a CP contact time of 3.0 ms. d) Fingerprint of the
helical packing in 1a from 'H-"H DQ-SQ correlation spectroscopy
measured at 330 K, 25.0 kHz MAS, and one rotor period recoupling.
The inset in (d) illustrates the observed intermolecular correlation
peaks AB and BB, corresponding to a pitch angle of 60° between
adjacent layers as schematically drawn in (c).
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core of the macrocycle, thus implying a very high degree of
local order.'” The complete assignment given in Figure 3a is
obtained from the 2D NMR spectrum in Figure 3b, and
includes only one-quarter of the total number of *C signals
for the macrocycle, thus indicating that the macrocycles are
located in highly symmetric environments, which can be
envisaged in a helical arrangement of the macrocycles in a
column. It should be noted that the ether bond through which
the outer phenyl rings are attached to the macrocycle must be
part of a constrained in-plane conformation of the a-CH,
groups,” which makes the carbon atoms 6 and 6a inequiva-
lent. A packing scenario that includes sliding of the macro-
cycles, such as the herringbone packing observed for hexa-
peri—hexabenzocorones,[21] can be excluded, since this would
lead to additional signals in the “CNMR spectrum. The
packing environment present in 1a is also reflected in the 'H
chemical shifts for the core protons of the macrocycle. These
signals differ substantially from each other (Figure 3b), and
also from the values found in solution (Table S5), which is a
clear indication of m—m stacking.” The specific pitch angle
can be determined by combining 2D NMR 'H-'H DQ-SQ
spectroscopy™™ with ab initio calculations. The strong auto-
correlation peak BB observed in Figure 3d for the inner
protons of the phenylene rings indicates that the two
equivalent protons have a spatial proximity below 0.4 nm.
This proximity can only result from an intermolecular contact
as the intramolecular 'H-'H distances for equivalent protons
are around 0.7, 1.0, and 1.3 nm. Likewise, the cross-peak AB
between the benzothiophene protons (A, orange) and the
inner proton of the inner phenylene ring (B, blue) indicates a
short inter-nuclear distance, which fixes the pitch angle
between adjacent macrocycles to approximately 60° (inset
in Figure 3d and Figure 3¢). Within the stack, every fourth
molecule is eclipsed, that is, related by translation, to result in
a helical arrangement (Figure 4), as also observed in other
self-assembled organic compounds.[****]

The pitch angle of 60° is supported by the results from
additional NMR experiments and ab initio calculations, which
were carried out to investigate the packing of pairs of
macrocycles by considering their energetics and the 'H
chemical shifts of neighboring macrocycles (see the Support-
ing Information for details). Finally, ab initio calculations of
'"H chemical shifts were performed for the complete helical
channel structure as shown in Figure 4.?* These calculations
show excellent agreement between experimental and calcu-
lated values (Table S5).

Besides structural elucidation with atomic precision,
NMR spectroscopy can also be used to investigate possible
filling of the channels by solvent molecules, or the aliphatic
side chains, which are invisible in diffraction experiments.[zsl
The 'H MAS NMR spectra (Figure S14) do not exhibit any
sharp peaks, which would indicate mobile, trapped molecules,
and the *C{'H} CP/MAS NMR spectra (Figures S15 and S16)
do not reveal any signals that cannot be assigned other than to
the macrocycle itself. This result is also consistent with NMR
data of the compound in solution. Moreover, no indication of
the proximity of the side chains to the macrocycles is
observed, as would be revealed by = shifts or cross-peaks in
2D 'H-"H DQ-SQ spectra (Figure S20). Thus, back-folding of
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Figure 4. a) Helical stack with a pitch angle of 60°. b) Top view of the
macrocycle (see STM results, Figure 3). c) Side-chain packing arrange-
ment for illustrating the stabilizing effect of the outer phenylene
groups. The blue and orange strings in (a) illustrate the helical pitch of
the molecular stack. For clarity, side chains are represented as methoxy
groups.

the side chains™ can be excluded and the channels are clearly
empty.

Replacement of the linear dodecyl chain on the con-
densed bithiophene by short branched 2-methyl-butyl side
chains, as in 1b, does not alter the overall supramolecular
packing of the channels as deduced from XRD. This system,
however, does not show the remarkable ordering of the
macrocycle channels, as the resonances in *C{'H} CP/MAS
NMR spectra 1b in the LC phase are much broader
(Figures S15 and S16). This observation suggests that the
longer linear alkyl chains attached to the benzodithiophene
units of the macrocycle play an important role in stabilizing
the remarkably ordered intracolumnar packing of 1a in the
LC phase.

The helical stack shown in Figure 4 a for 1a is composed of
a repeat unit of three molecules, which makes each fourth
macrocycle identical and is consistent with the C, symmetry of
the macrocycle itself. The six inner aromatic moieties of one
macrocycle have a total of 12 possible —x contacts above and
below the molecule. Eight of these contacts exploit the
different electron affinities of phenylene and thiophene
moieties (“donor—acceptor”).”! The outer dendritic phenyl
rings stabilize the four repulsive contacts between like
phenylene groups, which form pairs (two contacts per layer,
in opposite directions) each with two of the in-plane alkoxy
side chains and one out-of-plane side chain (Figure 4b,c).
Such a delicate packing is difficult to envisage if the pitch
angle in the helical stack is different from 60°, for example, 0°
or 30°.

Although the macrocycles themselves only possess two-
fold symmetry, it is surprising that they organize in columnar
stacks in the LC phase with essentially sixfold symmetry.
From a comparison of 1a and 1b, we conclude that the high
order in 1a results from a delicate interplay between the cores
of the individual macrocycles (optimal mt—m interactions) and
the specific side chains attached to the benzodithiophene and
inner phenylene groups. The short and branched chains of 1b

Angew. Chem. Int. Ed. 2011, 50, 30303033
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appear to be less efficient in filling the space between the
columns compared to those of 1la. As a result, the local
mobility of the macrocyclic core for 1b is higher than that of
1a, as deduced from additional solid-state NMR experiments.
These experiments show that 1a has a dynamical order
parameter S~ 1, whereas 1b shows an increased mobility with
S ~0.8 (Figures S17 and S18).

The results presented here are based on a detailed
structural investigation of shape-persistent macrocycles in
the columnar LC phase by using complementary techniques.
The shape-persistent rings in 1a pack on top of each other
without any spatial offset, thus leading to a tight tubular
supramolecular superstructure. The side chains at the con-
densed bithiophene unit and the additional trialkoxybenzyl
units at the ring periphery allow the formation of nano-
channels by purely dissipative forces (m—smt interactions).
Solid-state NMR spectroscopy unambiguously proves that
the channels do not host solvent molecules or back-folded
alkyl chains. Compound la forms a particularly highly
ordered columnar structure both in bulk and on graphite
surfaces. Thus, even compounds with a reduced symmetry can
organize in highly ordered columnar stacks with an almost
perfect sixfold symmetry. This organization offers unforeseen
freedom in the design of macrocycles to create highly
functionalized alignable supramolecular nanochannels with
uniform size. The internal order of the channels can be
molecularly controlled and adjusted for future applications in
recognition, stabilization, or organization of nanoparticles.
Ongoing studies of symmetry-reduced macrocycles with
different molecular structures are aimed at testing the
selectivity of incorporation and verifying if tubes with an
even larger inner diameter can be formed.
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