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There is great interest in the design and synthesis of hollow
nanotubular structures. Such structures have a wide range of
applications in biology, chemistry, and material science.1 We have
previously reported a small bis-urea macrocycle that is readily
synthetically accessible and that self-assembles into columnar
structures via urea-urea hydrogen bonding.2 We report, herein, the
synthesis and assembly of a larger bis-urea macrocycle1 that
assembles into columnar nanotubes containing a sizable cavity. This
purely organic nanotube is held together primarily by hydrogen
bonding and yet shows remarkable thermal stability up to 180°C
in the presence and absence of acetic acid guest. This enables the
nanotube to be used as reusable organic zeolite.

The use of rigid macrocycles to form porous materials has a
number of advantages over the use of smaller linear building blocks.
The macrocycles inhibit interpenetration and lead to a cavity of
predetermined dimensions. Variation of the size and shape of the
rigid spacers could lead to “tunable” cavities, designed to bind
specific guests. Some beautiful examples of this strategy include
Ghadiri’s cyclic peptides,3 Stang’s molecular squares,4 Moore’s
macrocyclic polyphenyleneethynylenes,5 and Dory’s nanotubes.6

A key design element was to ensure that the macrocycles would
stack directly on top of each other to form a cavity.7 This was
accomplished by incorporating two urea groups into the macrocyclic
structure to form strong 3-centered intermolecular hydrogen
bonds.8,9 The rigid diphenyl ether units of1 inhibit intramolecular
hydrogen bond formation and also prevent collapse of the interior
cavity.

Bis-urea 1 was readily synthesized in two steps from the
dibromide2. The urea functionality was introduced as the protected
tert-butyl triazone3 to prevent over-alkylation and premature self-
assembly. The improved solubility of protected macrocycle4
facilitated its isolation and its characterization by X-ray crystal-
lography. Deprotection with diethanol amine in methanol yielded
bis-urea macrocycle1 (Figure 1 and Scheme 1).

Clear colorless needles suitable for X-ray analysis were obtained
upon slow cooling of1 (120 to 25°C at 1 deg/h) in a sealed tube
with glacial acetic acid (20 mg/30 mL). The crystal structure of1
revealed the expected molecular and extended structure (Figure 2).
The macrocycles were stacked together by intermolecular urea-
urea hydrogen bonds and by edge-to-faceπ-stacking between the
diphenyl ether linkers. Individual tubes (Figure 2b) show urea
carbonyl groups aligned in parallel but opposite orientations,
presumably to minimize the dipole moment. The urea-urea
hydrogen-bonding distances range from 2.852 to 3.050 Å. The
individual molecular columns in the crystal consist of both possible
transoid urea group orientations averaged throughout the crystal
in the ratio 0.65:0.35, while the-PhOPh- linkers are well-ordered.
Most importantly, the nanotube displays a sizable rectangular cavity
that is filled with a channel of well-ordered acetic acid dimers.

The stability of the self-assembled network in the absence of
the guest was tested by TGA (Figure 3). A weight loss of 11.61%

was measured occurring between 30 and 90°C, consistent with
the loss of all of the acetic acid guest (calculated weight loss,
10.56%).1H NMR of the dissolved crystals in DMSO-d6 confirmed
that the nanotubes were empty of guest. The empty crystals
appeared to be stable and showed no further weight loss up to a

Figure 1. Schematic representation of the self-assembly of bis-urea1 into
a nanotube.

Scheme 1 a

a Reagents and conditions: (a)tert-butyl triazone3, NaH, THF, 20%.
(b) 20% diethanol amine, MeOH, reflux, 85%.

Figure 2. Various views of the X-ray structure of1‚AcOH: (a) molecular
structure with AcOH omitted, (b) assembled nanotube with guest omitted
and (c) guest included, and (d) packing diagram of the nanotubes looking
down the tube axis.
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temperature of 150°C, and the white crystals retained their shape
and showed no sign of cracking. We then sought to rebind the acetic
acid guest by treatment of the empty self-assembled network with
acetic acid. The crystals were exposed to acetic acid vapor in a
sealed vessel for 72 h and then reexamined by TGA (Figure 3,
cycle 2). A nearly identical weight loss curve was observed (11.02%
weight loss). Repetition of acetic acid guest removal and rebinding
of the same crystals a third time established that the inclusion
behavior is reversible and that the channels retain their inclusion
ability over time (Figure 3, cycle 3).

Powder X-ray diffraction (PXRD) provided further evidence for
the structural stability of the empty nanotube assembly and the
reversibility of the binding process. The guest-filled crystals were
ground to a powder and examined by PXRD (Figure 4). The guest
was then removed by heating to 120°C for 1.5 h, and the powder
was reexamined by PXRD. The PXRD pattern of empty assembly
shows a slightly different but well-defined structure. Upon treatment
of the evacuated solid with acetic acid vapor, the powder exhibits
a PXRD pattern with peak positions and intensities nearly identical
to the original acetic acid bound structure.

The single crystal data was used to calculate PXRD patterns for
the AcOH bound and evacuated solids. Not surprisingly, the
calculated PXRD for the bound material closely matched the
observed PXRD, supporting the hypothesis that the bulk material
shows a single phase product that has a similar structure to the
single crystal. For the evacuated solid, a PXRD was calculated
simply by omitting the acetic acid guests from the single crystal
X-ray structure. Again this calculated structure is very close to the
experimentally observed PXRD of the empty assembly, supporting

the hypothesis that the evacuated network is structurally similar to
the filled network and that the matrix maintains its integrity with
empty channels. Indeed, only a handful of materials has been
observed that have a similarly robust lattice structures in the
presence and absence of guests.10

In conclusion, a large, highly symmetric bis-urea macrocycle1
was easily synthesized from commercially available materials. The
NMR, TGA, and X-ray diffraction data show conclusively that1
assembles to form columnar nanotubes, which is driven by the
strong urea-urea self-association andπ-stacking of the rigid
spacers. The formation of these noncovalent porous solids creates
a robust cavity that can reversibly bind and exchange guest acetic
acid molecules. Their modular construction from rigid spacers and
protected ureas should enable the large-scale synthesis of similar
tubular materials and enhance their viability in practical applications.
We are currently probing the affinity and binding specificity of
the cavity of1, and preliminary studies show that the nanotubes
can reversibly bind a wide range of guest molecules just like
ordinary molecular sieves. We will report these data in due course.
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Figure 3. Three successive cycles of TGA of assembly1‚AcOH (23 to
100 °C at 1 deg/min), followed by reloading of acetic acid guest.

Figure 4. PXRD patterns for assembled1 with encapsulated AcOH
(bottom). Assembled1 after AcOH removal by heating to 120°C (middle).
Assembled1 after AcOH reinsertion by treatment with AcOH vapor (top).
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