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In the field of nanomaterials, high aspect ratio objects such as
fibers and nanotubes are interesting since they can form 3D
networklike gels, they can be effectively oriented, and can be
used to transport electrons or particles in a 1D fashion.
Supramolecular chemistry has proved to be very useful for
building such objects. Besides carbon nanotubes and biolog-
ical macromolecules, many fibrillar structures have been
assembled from supramolecular self-association of small
molecules.[1] The self-assembly process offers crucial advan-
tages in the formation of gels by low-mass organic gelators,[2]

such as thermoreversibility, easy processing, and high purity.
However, chemical design and synthesis also permits the
addition of further functionality to threadlike assemblies for
applications such as biomineralization[3] and the selective
binding of protein on lipidic tubes.[4] Tubular structures offer
additional properties because of the presence of an inner
cavity, which can be used as nanocargo devices or nano-
reactors.[5] They have also been used to template inorganic
tubular structures by sol–gel processes[6] and multilayered
polyelectrolyte tubes upon layer-by-layer adsorption.[7]

Numerous molecules can self-assemble to form 1D
objects such as ribbons or fibrils;[8] however, only a few of
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them form hollow tubes.[9] Some such tubes formed from
lipids[10] and bile acids[11] have diameters on the order of
micrometers and are polydisperse. Recent work has enabled
the discovery of new self-assembled tubes, such as from sugar
derivatives,[12] bolaamphiphiles,[13] lipids,[4] steroids,[14] pep-
tides,[15] and hexabenzocoronene derivatives,[16] with diame-
ters that fill the gap between the micrometer scale and the
diameter of the carbon nanotubes (1 to 3 nm). Such tubes are
always found along with helical ribbons, which are precursors
to the closed tubes and were previously identified by
Kunitake and co-workers.[17] These impressive objects have
stimulated much theoretical work in which their assembly
into ribbons that can further wind up into helical ribbons, and
ultimately form tubes, was modeled.[18] In relation to the
above-mentioned studies, we report a new compound, with a
simple chemical structure, which is able to self-assemble into
nanotubes in organic solvents. We also report the character-
ization of these tubes.

Many diamides self-assemble in organic solvents to form
fibrillar aggregates through formation of hydrogen-bonding
interactions.[19] The morphology of these aggregates is
strongly influenced by the directionality of the hydrogen
bonds as well as steric factors. We prepared a diamide bearing
a bulky aromatic-decyl ester to study its influence on the
shape of the aggregates. Compound 1 was synthesized in two

steps on a gram scale (see Supporting Information) and
isolated as a powder that is insoluble at room temperature in
most organic solvents (toluene, benzene, alkanes, methanol,
ethanol) but soluble in chloroform and dichloromethane. The
formation of gels at low concentration was observed when 1
was suspended in aliphatic solvents or toluene, heated until
completely dissolved, and the resulting solution cooled back
at 25 8C. The formation of the gel could be observed above
concentrations of 0.05 wt % in cyclohexane. Gel formation is
thermally reversible: heating the gel results in an isotropic sol
phase. This behavior arises from the formation of aggregates
through reversible bonds.

The nature of these bonds was explored by spectroscopic
techniques. Examination of the 1/cyclohexane gels by FTIR
spectroscopy showed an NH stretching band at 3302 cm�1

(Figure 1 a) and an amide I band at 1642 cm�1 (Figure 1b)
characteristic of H-bonded amides. In chloroform, in which 1
is soluble at all concentrations, the IR spectra showed only an
H-free NH band at 3450 cm�1 and a CO band at 1663 cm�1.
When the gels are heated from 26 to 64 8C, which is above the
melting temperature of the gel (59 8C), the amide A band
(Figure 1a) at 3302 cm�1 and the amide I and II bands at 1642
and 1551 cm�1 (Figure 1b) disappear gradually while shifted
bands appear at 3457, 1660, and 1520 cm�1, respectively.
These bands are characteristic of H-free amides and their
intensities increase with temperature. These measurements

confirm that hydrogen bonds between the amide groups
contribute to the association process. We previously
showed[20] that compounds lacking the amide groups cannot
aggregate in alkane solvents. Raising the temperature of the
gel also strongly affects the molecular spectra (Figure 2). For
example, the absorption band at 223 nm shifts to 207 nm and
the bands at 264 and 258 nm transform into a single band at
251 nm. The UV spectrum of 1 in cyclohexane at higher
temperatures is similar to the spectrum in chloroform
(absorption bands at 254 and 308 nm, not shown). These
modifications arise from p interactions between the aromatic
rings. Such interactions also contribute to the self-assembly
process. The presence of marked isosbestic points in the

Figure 1. IR spectra of 1 gels in cyclohexane (2 wt%) at temperatures
from 26 to 64 8C: a) nNH region, b) ester and amide I and II region.

Figure 2. UV spectra of 1 gels in cyclohexane (0.3 wt%) at tempera-
tures from 27 to 62 8C.
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spectra shows that there is an equilibrium between aggre-
gated and isolated species and that the position of this
equilibrium depends on the temperature. Also, the inter-
mediate species which lie between infinite aggregates and
single molecules must have the same molar extinction
coefficient. This would not be the case for the smallest
aggregates, which would be expected to exhibit spectra which
are different from both single molecules and larger aggre-
gates. The stable isosbestic points, therefore, strongly suggest
that the major intermediates comprise an equilibrium mixture
of large aggregates.

The structure of the gels in cyclohexane has been
investigated by electron microscopy (Figure 3). The gel was
rapidly frozen to keep the solvent matrix in an amorphous
state. Samples were fractured and Pt-shadowed (Figure 3a).
Direct TEM could not be used because of the sample
thickness and presence of organic solvent. This study revealed
that the gels comprise cylindrical aggregates with a very large
aspect ratio: their lengths are of the order of a micrometer,
and their widths are about 20–30 nm with little dispersity. In a
few samples the fracture occurred in a plane perpendicular to
the cylinders axis, thus showing their cross-sections (Fig-
ure 3b). The white spot in the middle of the cylinder
corresponds to an area that cannot be reached by the metal
particles, and shows that it is lower than the surrounding rim.
The cylinders are therefore hollow. The wall thickness was
estimated from longitudinal fractures to be (4� 3) nm, the
high uncertainty resulting mainly from the thickness of the
evaporated metal. No branching structures were observed.
Diluted solutions of 1 (below the concentration resulting in
the gel) were rotary shadowed after deposition on carbon
grids (Figure 3c) and found to contain mainly helical tapes.
The mean diameter of those helices is (30� 4) nm, which lies
in the same range as that of the cylinders. Tubules with helical
defects can also be observed in the same solutions. They
represent the last step of the self-assembly process, before the
formation of the perfectly closed tubes, and emphasize again
the link between the closed tubes and helical tapes. As the
concentration increases, the lateral width of the helical tapes
increases until the tubes are closed. In these samples, right-
handed and left-handed helices are present in equal quanti-
ties, thus resulting in an overall racemic mixture. A few
features structurally different to those discussed above were
identified as ribbons. Their thickness was equal to that of the
cylinders and they represent the first stage of tube formation.

Small-angle scattering experiments provided definitive
evidence of the existence of the proposed tubular structure.
The technique has been used successfully to elucidate the
structure of nanotubes.[14, 21] We recorded the intensities of
neutron scattering by low concentration 1/[D12]cyclohexane
gels in the range of q = 0.008–0.6 ��1 (Figure 4). When
interparticle correlations are negligible, the intensity scat-
tered by a sample is given by Equation (1), in which Fv is the

IðqÞ ¼ Fv D12 Vp PðqÞ ð1Þ

volume fraction of the particles, Vp is the volume of one
particle (�3), D12 is the contrast of the particle (cm�4), and
P(q) is the form factor of the particle. Figure 4 represents the

intensity normalized to the contrast and the volume fraction
as a function of the scattering vector q.

The form factor for a long cylinder[22] can be approxi-
mated by Equation (2), where L is the length, Ro and Ri are

PðqÞ ¼ p

q L
4ðRo J1ðq RoÞ�Ri J1ðq RiÞÞ2

q2ðR2
o�R2

i Þ2
ð2Þ

the outer and inner radii of the cylinder, respectively, and J1 is
the Bessel function of the first order. The first factor

Figure 3. Electron micrographs of self-assembled 1 in cyclohexane.
Scale bar is 100 nm. a) Replica of a freeze fracture of 1-cyclohexane
gels (2 wt% concentration). Diameters of the tubes approximately 25–
30 nm. Arrow: solvent area. b) Same as (a) with a fracture plane nearly
perpendicular to the main axis of the tubes. Arrows: sections of the
tubes, which are clearly hollow. Arrowheads: amorphous solvent.
c) TEM image of adsorbed diluted solution of 1 in cyclohexane
(0.01 wt%) and rotary shadowed. White arrow: single tape. Double
arrow: helical tape with a helical pitch of 120 nm. Long arrow: tubule
showing only helical groove (arrow head).
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corresponds to the form factor of the rigid rod and can be
observed only at low q values, namely for q< 1/R. When Ro

tends to Ri, which corresponds to infinitely thin hollow
cylinders, the second factor in Equation (2) tends to (J0(q R))2

where J0 represents the Bessel function of zero order. The
curve exhibits a series of oscillations where the minima follow
the progression of the zeros of the Bessel function of the
zeroth order (ca. 3p/4R, 7p/4R, 11p/4 R …), which is strong
evidence for hollow cylinders having a thin wall thickness.
Fitting the positions of the minima and maxima enabled
measurement of the mean diameter of the cylinders 2R =

(Ro + Ri), which is equal to (24.2� 0.3) nm. The oscillations fit
into an envelop curve that decreases and is minimal around
0.19 ��1. This envelop curve can be fitted by adjusting the
thickness of the wall Ro�Ri, while the mean radius is kept
constant. The thickness was found to be (3.3� 0.4) nm. The
maximal length of the fully stretched molecule of 1 is
estimated to be 3.6 nm by force-field calculations. The
differences between the theoretical and experimental form
factor may indicate a certain dispersity of tube diameters or a
slight anistropy of the section.

The X-ray scattering at wide angles by the gels showed
Bragg peaks (Figure 5). The spectrum confirmed that the
tubes have a crystalline array, which differentiates them from
micelles. Fuhrhop and co-workers also found crystalline order
in self-assembled tubes of octylgluconamide.[23] Although it is
not possible to establish a model for the wall structure at a

molecular level, any proposed model should be coherent with
the following experimental facts: the molecules are linked
together by hydrogen bonds between amides and by p inter-
actions between aromatic rings. More studies are in progress
to elucidate further the inner structure of the tube wall.

In summary, we have demonstrated that very simple
molecules can be used to prepare well-defined nanotubes in
organic solvents. The mean diameter of the tubes is (24.2�
0.3) nm as measured by small-angle neutron scattering studies
(SANS). The interactions between molecules were assigned
to hydrogen bonds between amides as well as aromatic
p interactions on the basis of IR and UV spectroscopic
studies. Analogues of 1 are under study to elucidate the
molecular parameters that influence the shape and the size of
the nanotubes.

Experimental Section
Synthesis of 1: see the Supporting Information.

IR spectra were performed in NaCl cells on a IFS 88 apparatus
equipped with a thermostated cell holder. The UV spectra were
recorded on a 500 spectrometer. The neutron scattering experiments
were performed at the LLB in Saclay on the PAXE spectrometer.
Correction, reduction, and normalization of the data were carried out
as described previously.[24] The wide-angle X-ray scattering (WAXS)
experiments were carried out at the IPCMS, in Strasbourg on an Inel
diffractometer, using CuKa1 radiation.

Freeze-fracture and electron microscopy experiments were
performed as described previously for other self-associating sys-
tems.[25]
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