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Barbituric acid and melamine derivatives self-assembled
into highly ordered structures from the molecular scale
( ~ 3 Å) to geometric patterns on a macroscale ( ~ 0.5 mm).

Supramolecular self-assembly is a fascinating process in which
hierarchical organization from the molecular level to the
mesoscale and macroscale is spontaneously established. Meso-
scale ordered domains have been observed before,1 but
formation of well-defined patterns up to the macroscale is rare.
Given knowledge of chemical functionalities, it is widely
accepted that one cannot accurately predict the spontaneously
organized structures by design, from intuition, or from physical
principles. Here we attempt to understand the relationship
between self-assembled structures and molecular functionalities
using SEM, TEM, X-ray, and IR spectroscopy. Hydrogen
bonding has long been employed as a powerful tool to organize
molecules in the solid state2 and on air/water interfaces.3 H-
bonded networks in barbituric acid and melamine systems4 are
intriguing because of their structural resemblance to the base
pairs of DNA. We synthesized new derivatives of barbituric
acid and melamine which formed highly organized molecular
self-assemblies exhibiting order from the molecular scale (0.3
nm) to the macroscale (0.5 mm). This shows that macro-
structures and macropatterns may be controlled by molecular
functionalities.

The melamine and barbituric derivatives 1 and 2 were
studied, along with 3 with a single barbituric acid for

comparison. Supramolecular assemblies were prepared by
mixing 2 and 1 in a molar ratio of 1+2 in dried DMF ( ~ 0.2–1
mM), followed by heating the solution to 50 °C for 24 h.5
Samples were prepared by simply drop-casting the homo-
geneous solution onto various substrates such as glass, carbon,
gold and germanium. These substrates were chosen to meet the
requirements of various analytical techniques, for example,
gold and carbon for electron microscopy and germanium for
infrared spectroscopy.

The 2·12 supramolecular system was linked with six
complementary H-bonds ( ~ 30 kcal mol21), which is the
minimum number that nature requires to precisely transfer
information from DNA to RNA (triplet base pairs or codons).6
The formation of our supramolecular self-assemblies is driven
primarily by the interplay of encoded six H-bonds, and
secondarily by hydrophobic chain–chain interactions, p–p
interactions, and functional group–substrate interactions. The
zigzag H-bond network in the 2·12 system was verified with IR
measurements carried out in the internal (total) reflection at the
center of the flat surface of a Ge hemisphere. First, the shifts of
carbonyl, amide, and amino infrared bands confirm the
formation of six-fold zigzag H-bonds between 2 and 1.7

Secondly, the carbonyl vibrations at the 2,6-position (1675
cm21) of the barbituric acid are insensitive to polarization
because of their structural arrangement. However, the carbonyl
vibrations at the 4-position (1733, 1705 cm21; para to ylidine
substitution) are strong in p-polarization but weak in s-
polarization. This polarization effect proves that the 4-position
CNO bond is mostly perpendicular to the surface, suggesting
that the extended H-bonded networks are parallel to the surface.
Finally, the low CH2 vibration frequencies (u = 2916 and us =
2849 cm21) indicate that the hydrocarbon chains are highly
crystalline;8 this order is rather long range ( > mm) as shown by
the constant CH2 vibrational frequencies when the IR beam is
changed from grazing incidence (75°) to near-normal incidence
(20°). While 2 is replaced with 3, no such long-range order was
observed; both CH2 vibration frequencies incresed by ~ 5 cm21

from 75 to 20°, indicating that the alkyl chains become more
disordered away from the Ge substrate.

Bright-field transmission electron microscopy (TEM) indi-
cated that these systems consist of layered structures with very
long, linear ‘ribbons’ (width = ~ 322–644 Å) as the secondary
building blocks. High-resolution TEM and electron diffraction
(Fig. 1) revealed that the layered structure had four different
periodicities of d = 2.6, 3.7, 4.0 and 4.6 Å in the plane of the
substrate. Small-angle X-ray diffraction of 2·12 on silicon
yielded the first-order Bragg diffraction peak at 2q = 1.334°,
which proved that 2·12 formed multilayers with a d-spacing of
c = 66.2 Å along surface normal. This value agrees quite well
with a d-spacing of c = ~ 65 Å generated from a 3D molecular
model. These results also support the IR observation that the
2·12 system is a layered structure with extended H-bonded
networks parallel to the substrate surface. The TEM and X-ray
results are consistent with the proposed supramolecular struc-
ture illustrated in Fig. 2. Fig. 2(a) describes that the distance
between barbituric acids or melamines is 9.8 Å9 and their
nearest neighbor in the next sheet is 4.3 Å away at an angle of
70°. This packing (Fig. 2) of the extended H-bond networks can
explain all the observed d-spacing values;10 they are (1) the
periodicity along the H-bond network d(1,21) = a sin60° =
4.6 Å, and (2) the stacking distance between H-bond networks
d(1,1) = b sin32.5° = 4.0 Å and between phenyl rings in 2

Fig. 1 (a) A high-resolution TEM image of the 2·12 multilayer supramo-
lecular self-assembly on a carbon-coated copper grid. The four d = 2.6, 3.7,
4.0 and 4.6 Å. (b) An electron diffraction pattern of the same 2·12 system
confirms the d-spacing values of 2.6, 3.7, 4.0 and 4.6 Å.
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d(0,2) = 3.7 Å, and d(2,0) = 2.6 Å. Molecular modeling of
steric interactions between the 2,6-position oxygen atoms and
the ortho position hydrogen atoms on the phenyl ring gives a
dihedral angle between these two stacking planes of 49° [Fig.
2(a),(c)]. This angle corresponds to the 50° angle observed in
high-resolution TEM between d(0,2) = 3.7 Å phenyl–phenyl
planes and d(1,1) = 4.0 Å barbituric–melamine planes.

In Fig. 3(a), we observed that the amplified molecular
information was expressed as very long straight lines with a line
width between 3 and 4 mm and a length exceeding 0.1 mm.
Furthermore, the amplified molecular information stored in the
chemical units also generated well-defined angular structures of
60 and 70° through intermolecular interactions. These features
may result from much interplay of secondary interactions
including the H-bond, ribbon packing, and the alkyl chain
interaction/tilt. When we substituted 3 for 2, no such pattern was

observed [Fig. 3(b)]. This fact suggests that the template effect
from the gold substrate is not a dominant factor in the formation
of these specific geometric structures because 3 has all the
chemical functional groups that 2 has. Furthermore, these lines
are hierarchical and built from smaller dot-like units (0.5–2 mm)
which are also observed in the SEM image. The SEM
micrograph clearly shows that there is a strong tendency to form
such long-range ordered patterns that are governed by the
information encoded in the molecular structures. These results
imply that molecular building blocks can be programmed to
spontaneously assemble into prescribed structures according to
a molecular blueprint, a process needed in materials by design.
In the 2·12 system, we have employed H-bonding interactions
and hydrophobic associations to generate microscale straight
lines and angles on gold surfaces. The ability to generate pattern
on the microscale through tuning of the molecular functionality
is important because it allows formation of unique structures
without utilizing external lithographic tools.

In conclusion, we have demonstrated that molecular design
can lead to order on the microscale, mesoscale, and macroscale.
The results show that H-bonding effects are the major driving
forces in our systems, compared to hydrophobic interactions
and van der Waals forces. The perfect match of six pairs of H-
bonds induces the system to spontaneously organize into highly
ordered hierarchical architectures manifested as micro-wide
straight lines with 60 and 70° angles.
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Fig. 2 (a) Proposed 2·12 crystal lattice structure which explains the observed
d-spacing values. (b) Side view of the H-bond networks, d(1,21) = 4.6 Å.
(c) Stacking along the phenyl ring direction, d(0,2) = 3.7 Å. (d) End view
of H-bond networks, distance between H-bond sheets is d(1,1) = 4.0 Å.

Fig. 3 (a) SEM images of 2·12 systems on gold surfaces. The 2·12 self-
assemblies are darker, and they form extremely long lines ( > 0.5 mm) and
micron-size angles. These geometric features are constructed from
secondary plate-like units, which are also observed in the micrograph. (b)
The SEM image of the 3·1 system on gold surfaces shows random network
structures. Note that the 3·1 system has all the functionalities of the 2·12

system. The only difference is that the two barbituric acid groups are linked
together in the 2·12 system.
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