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Molecular Self-Assembly of Macroporous
Parallelogrammatic Pipes**
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Controlling the shape and symmetry of supramolecular
materials is essential to express the desired functionalities of
new materials. Most self-assembled materials have spherical
or cylindrical morphologies, because soft amphiphilic mole-
cules tend to aggregate to form spheres, which are the most
thermodynamically stable shape.[1] Consequently, the gener-
ation of unique shapes with lower symmetries in self-
assembled soft materials has been limited. We aimed to
develop a strategy to control the shape and symmetry of the
self-assembled materials by a taking two-step approach: First,
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polymorphic molecular aggregates were constructed with
highly directed noncovalent bonds and second, the evolution
process was controlled by applying nonequilibrium conditions
during the self-assembly.[2] As an example to show the
potential of our strategy, we demonstrate the formation of
hollow parallelogrammatic pipes through simple drying-
mediated self-assembly of organic molecules.
We designed a molecular aggregate based on the hydro-

gen-bonded network of primary aromatic amides to achieve a
parallelogrammatic shape. Primary aromatic amides are
known to form 2-dimensional hydrogen-bonded networks
through highly directional side-to-side and face-to-face
hydrogen bonds involving anti (Hanti) and syn protons (Hsyn),
respectively.[3,4] In the present work, we synthesized 4-
dodecyloxy-2-trifluoromethylbenzamide (1, Figure 1a),

which is highly crystalline as a result of the interaction
between lipophilic alkyl chains and the strong hydrogen
bonds. Compound 1 shows polymorphism: two different
crystal structures were identified in the powder X-ray
diffraction (XRD) patterns. The crystallization of 1 from n-
hexane and solidification of the melt yielded a needlelike
crystal with a small-angle peak at d= 2.39 nm (1L structure),
whereas the crystallization in polar solvents such as ethanol,
ethyl acetate, acetone, and diethyl ether produced rodlike
crystals with a small-angle peak at d= 1.48 nm (1S structure).
The triclinic unit cell of the 1L structure, obtained from

the single crystal grown in n-hexane, is illustrated in
Figure 1b.[5] The molecules form an intercalated head-to-
head bilayer structure, and the primary amide groups form a
hydrogen-bonded network that consists of side-to-side and
face-to-face hydrogen bonds in the layer.
However, we were unable to grow a suitable single crystal

of the 1S structure. In ethanol, a powder precipitated at low
concentration and the solution became a crystalline gel at
concentrations greater than 15% w/v (see the Supporting
Information). Thus we assumed that the 1S structure is
triclinic and assigned the three crystallographic axes as a=
0.725, b= 1.13, and c= 1.48 nm on the basis of the powder
XRD pattern. Compared with the 1L structure, the supposed
unit cell has a considerably shorter c axis even though its

volume is similar to that of the 1L structure. This observation
suggests that the alkyl chains in the 1S structure are more
disordered than those in the 1L structure. 13C cross-polar-
ization magic-angle-spinning (CP-MAS) solid-state NMR
spectra and FT-IR spectra reveal a large fraction of gauche
conformations,[6, 7] and a large red shift of the N�H symmetric
stretching vibration to 3184 cm�1 (3196 cm�1 in the 1L
structure) indicates that the face-to-face hydrogen bond of
the 1S structure is much stronger than that of the 1L structure
(see the Supporting Information).[4a] These spectroscopic data
suggest that the strong face-to-face hydrogen bond stabilizes
the 1S structure, whereas the rapid crystallization of the alkyl
chains favors the 1L structure. The fact that the 1S structure
grows only in polar solvents can be rationalized by the
solvation of the Hsyn atom by an O atom of the solvent
molecule.
To utilize the difference between two polymorphs in the

assembly, we irreversibly evaporated a solution of 1 in a polar
solvent. Evaporation from a drop of solution on a substrate is
a complex nonequilibrium process.[8,9b] The possibility of
using evaporation to produce unique two-dimensional supra-
molecular patterns on a mesoscopic scale has been exploited
recently.[8–12]

We found that evaporation resulted in unusual crystal
growth when a hot solution of 1 in polar solvents was allowed
to drop onto a substrate. In a typical experiment, a solution of
1 in ethanol at 96 8C was allowed to drop onto a silicon wafer
at room temperature. The process of the structure evolution
was imaged in real time by an optical microscope (a movie
clip is available in the Supporting Information). Figure 2a

Figure 1. a) Molecular structure and hydrogen bonding pattern of 1.
b) ORTEP drawing of the crystal structure of 1L.

Figure 2. Drying-mediated assembly of 1 to generate a bundle of
pipes: a) Snapshots of the pipe formation during the evaporation. The
sample was prepared by allowing a hot solution of 1 (20% w/v) in
ethanol to drop onto a silicon wafer at room temperature. The time
lapse after the solution was dropped is given in the top left of each
picture. b-d) SEM images of: b) a macroscopic view of the hemispheri-
cally formed pipes; c) an enlarged view of a typical pipe; d) some
partitioned pipes.
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shows three snapshots taken during the process. As ethanol
evaporated, rodlike crystals nucleated at the surface of the
drop and grew inside to form three-dimensional hemispher-
ical bundles. Field-emission scanning electron microscopy
(FE-SEM) images show that bundles of micrometer-sized
parallelogrammatic pipes were formed (Figure 2b–d). The
pipes were about 1 mm high, and the cross section was about
20 @ 15 mm2 with angles of 80 and 1008. The thickness of the
wall was about 150 nm. Although most pipes were paralle-
logrammatic, some of the pipes consisted of more-complex
shapes; platelike crystals were observed in regions around the
bundle. The growth was completed within one minute.
Figure 3a depicts the powder XRD patterns of the solids

that remained on the wafer. Series of peaks were assigned to
the 1L and 1S structures. However, the pattern obtained from

carefully selected pipes consisted almost
solely of the 1L structure (Figure 3b).
Because the crystallization in ethanol
yielded only the 1S structure, the 1L
structure should be generated during the
evaporation, when the alkyl chains crystal-
lize rapidly. Indeed, dropping a hot solution
of 1 in ethanol onto a silicon wafer at 96 8C
yielded the 1L structure.
We believe that the polymorphic tran-

sition of 1S into 1L during the evaporation
is crucial in the formation of the unusual
parallelogrammatic cross section of micro-
meter size. The formation of parallelog-
rammatic channels can not be explained by
the bent backbone in the crystal structure
because this backbone is restricted to
within the nanometer scale.[13a] Some
reports regard one-dimensional growth in
the liquid crystalline (LC) medium and the
filling of the cavity with LC fluid as a key
mechanism in the formation of micrometer-

sized tubes.[13b,c] However, the resulting tubes are highly
symmetric (hexagonal), and the growth process is surprisingly
slow relative to the present result. Thus, we suggest a different
mechanism, which involves the transition between two
polymorphs to give the self-templated hollow structure.
Figure 4 summarizes the main features of this mechanism.
A similar mechanism that involves organic crystals as
templates in the formation of hollow fibers with parallelog-
rammatic cross section has been proposed.[14]

The whole drop is a dynamic system in which a BenDrd
convective flow occurs owing to the temperature difference
between the surface and the bottom fo the drop.[8] This flow
transports hot solution from the bottom toward the colder
surface of the drop. The solution becomes saturated, and
solvent-rich gel-like solid of 1S structure forms. However,
when the solid comes in contact with air during the
evaporation, the rapid crystallization of alkyl chains induces
the 1L structure instantaneously and creates a wall around
the gel-like solid. Then, solute flows toward the wall to
compensate the solute consumed by crystallization of the 1L
structure. The concentration inside the wall decreases con-
tinuously as a result of consumption of the solute. Conse-
quently, the solvent evaporates and leaves a parallelogram-
matic channel resembling the shape of the 1S crystal. The
radial-bundle shape can be attributed to the radial convective
flow. Platelike crystals of 1L structure at the boundary of the
droplet may appear because of the small temperature differ-
ence between the surface and the bottom of the drop.
Residual 1S structure may crystallize inside the drop near the
bottom without the contact to air. To verify this hypothesis,
we measured the powder XRD of a sample immediately
quenched with liquid nitrogen after the dropping of the
solution. The data show that the 1S structure appears in high
population at a very early stage of the growth process, which

Figure 3. Powder XRD patterns of 1 formed on the silicon wafer:
a) The whole solid after the complete evaporation. b) Carefully selected
pipes. Filled circles: Bragg peaks with the spacing of 2.40 nm. Open
circles: Bragg peaks with the spacing of 1.48 nm.

Figure 4. The proposed mechanism of pipe formation based on the polymorphic transition:
The 1L structure forms at the boundary of the droplet as a result of evaporation. BenGrd
convective flow around the center of the drop induces crystallization of the 1S structure near
the surface of the droplet. However, polymorphic transition from the 1S to the 1L structure
yields a crystalline wall, the inside of which is hollow because of solute flow to the wall to
compensate for the consumption of solute upon crystallization.
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supports the proposed mechanism (see the Supporting
Information).
This organic supramolecular material can be regarded as a

new type of macroporous material. We confirmed the
existence of the macropores by using a mercury intrusion
porosimeter (Figure 5a). The result shows the development

of pipes with the average pore diameter of tens of micro-
meters, which corresponds to those observed by SEM. The
average pore diameter of the pipes was gradually reduced
with increases of the concentration of 1 (Figure 5b), which
indicates that it is possible to tune the pore size.
In summary, we developed a novel self-templating tech-

nique between polymorphs and demonstrated the formation
of organic macroporous parallelogrammatic pipes through
drying-mediated assembly. We expect that this strategy to
generate organic materials with lower symmetries in a
macroscopic dimension will open a route to develop hollow
macroscopic structures with unusual shapes.

Experimental Section
The detailed synthesis of 1 is provided in the Supporting Information.
To generate parallelogrammatic pipes, 20% w/v solution of 1 in
ethanol was prepared at 96 8C and allowed to drop onto a silicon
wafer that had been freshly washed with piranha solution. The drop
was allowed to evaporate at RT. The process of the structure
evolution was imaged by a NikonME600L microscope equipped with
a Photron Focuscope all-in-focus system. FE-SEM studies were
performed on Philips XL30S FE-SEM for Au-sputtered samples.
Powder XRD patterns were obtained on Rigaku D/MAX Ultima
diffractometer with scan speed of 28min�1, sampling width of 0.018,
and CuKa (l= 0.154 nm) as a light source. Mercury porosimetry
isotherms were obtained with an AutoPore III (Micromeritics). The
samples were evacuated under vacuum (below 3@10�2 Torr) at room
temperature prior to intrusion of mercury. The Kelvin equation was
used to determine the pore-size distribution of the samples. The
contact angle between sample and mercury was chosen as 1408.
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