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The controlled self-assembly of small molecules into well-
defined, ordered nano- and microstructures is of current
interest for potential applications in photavoltaics,[1] photonic
crystals,[2] tissue engineering,[3] single-cell analysis,[4] micro-
reactors,[5] and superhydrophobic coatings.[6] This bottom-up
molecular assembly approach has been elegantly utilized by
nature to form a variety of functional nanomaterials.[7]

However, it is only now that chemists have begun to
understand the underlying supramolecular design principles[8]

in an ongoing effort to construct ordered two-dimensional
(2D) or three-dimensional (3D) patterns and arrays, which
could ultimately lead to complex architectures and functions.
In this context, superhydrophobic surfaces in particular have
come into focus in recent years, partly by the motivation to
mimic nature and owing to their promising applications.[9]

Over the years, a variety of chemical and physical methods for
the fabrication of rough surfaces with subsequent low-sur-
face-energy coatings have been explored by lithography,[10]

sublimation,[11] plasma techniques,[12] self-assembled mono-
layers (SAM),[13] and electrochemical methods.[14] Further-
more, the so called breath-figure technique (BFT)[15] has also
been explored owing to its simple solution processability,
robustness, and the excellent tunability of size over three
orders of magnitude (nm to mm). When a solution is drop-cast
on a surface under humid air, the evaporation of the volatile
solvent facilitates condensation of water droplets on the cold
surface. This evaporative cooling and subsequent solidifica-
tion of the solute under favorable conditions produces highly
ordered arrays of well-defined cavities with diameters of
50 nm to 20 mm, called breath-figure arrays. However, the use
of BFT has been limited to date to certain classes of
macromolecules, such as star polymers,[16] cross-linked star
polymers,[17] hyperbranched polymers,[18] conjugated poly-

mers,[19] and dendronized polymers,[20] with an exception of
only a few organogelators.[21] It has been argued that viscous
polymer solutions with additional polar functionalities are
required in BFT to form a stable interface with the water
droplet.[21a] In contrast, small molecules either crystallize or
unspecifically aggregate and thus lack the ability to stabilize
water rafts.[22] Herein, we report our serendipitous discovery
that a naphthalene diimide (NDI)-based molecule 1 forms
highly-ordered self-assembled breath-figure arrays from

dichloromethane solvent. Depending on the concentration
of 1, the surface roughness of the self-assembled materials
changes and thus the surface wettability for water can be
varied from a contact angle of 608 to 1358. Furthermore, upon
sputtering a thin layer of gold onto these microarrays, we
could ultimately successfully mimic the self-cleaning proper-
ties of the lotus leaf (contact angle of 1568 and tilt angle of 38).
Furthermore, fluorescent dyes, such as perylenediimide,
rhodamine B, and coumarines, can be incorporated within
the self-assembled microarrays of 1, giving rise to highly
fluorescent hydrophobic molecular materials.

Compound 1 consists of a central naphthalene diimide
core (NDI) functionalized with two N-tBoc (tert-butoxycar-
bonyl)-protected guanidinocarbonyl pyrrole (GCP) moieties.
NDI is one of the most promising n-type organic semi-
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conductors with interesting optical and electronic proper-
ties[23] that have been exploited already in a variety of
different applications.[24] The GCP group developed by one of
us has found widespread use in self-assembling systems, even
though most often in its deprotected dimerizing zwitterionic
form.[25] A detailed description of the synthesis and character-
ization of 1 is given in the Supporting Information. Briefly,
tBoc-deprotected 2 was coupled with 3 using a standard
coupling reagent HBTU (O-benzotriazole-N,N,N’,N’-tetra-
methyluronium hexafluorophosphate) to obtain 1 in good
yield.

The presence of both polar and non-polar functional
groups in 1 ensures solubility in various organic solvents of
different polarity index and should also allow for self-
assembly. Indeed, 1 formed self-assembled structures of
different morphologies from various organic solvents, as
observed with field-emission scanning electron microscopy
(FESEM) after drop-casting solutions of 1 onto silicon (111)
substrates; particulate as well as film like morphologies are
obtained from acetonitrile, random nanometer- and micro-
meter-sized particulate-like aggregates from tetrahydrofuran
and dimethylsulfoxide, and discrete microwells from chloro-
form and carbon tetrachloride solutions (Supporting Infor-
mation, Figure S1). To our surprise, from another chlorinated
solvent, dichloromethane, 1 self-assembled into honeycomb-
like microarrays (Figure 1a). Interestingly, the sidewalls of
these honeycomb-like microarrays were comprised of stack of
nanobelts (Figure 1 b). Obviously, chlorinated solvents had
a peculiar impact on the formation of microwells or micro-
arrays. Previously we had encountered a similar situation
wherein chlorinated co-solvents were found to be crucial in
the formation of attoliter containers of NDIs.[26] In this earlier

work, we had shown with the help of single-crystal X-ray data
that chlorinated solvents interact with the carbonyl function-
alities of NDI by means of halogen bonding interactions.
Therefore, it is reasonable to assume that similar halogen
bonding interactions occur with 1, which might explain why
1 forms microwells and microarrays exclusively from chlori-
nated solvents. Furthermore, the exact morphology of the
self-assembled structures depends on the concentration of
1 (Supporting Information, Figure S1). A 1 mm dichloro-
methane solution of 1 resulted only in discrete faint micro-
well-like features amongst groups of smaller microwells. With
a 10-fold increase in concentration (10 mm), a microarray-like
morphology formed from entangled nanobelts was observed.
Increasing the concentration further to 100 mm led to a micro-
array with an internal diameter of less than 5 mm. Thus, as the
concentration of 1 increases, the microarray structuring also
increases with a gradual enhancement in the topographical
thickness.

An optical profiler was utilized to obtain a 3D image of
the microarrays obtained from a 1 mm solution. The section
analysis revealed microarrays with an internal diameter of 10–
25 mm with a topographical thickness of 10–15 mm (Fig-
ure 1c). Moreover, to study the effect of the surface on
morphogenesis, we also employed mica and glass as other
substrates. On mica, microarrays were formed as well with an
internal diameter ranging from 15 to 35 mm (Supporting
Information, Figure S2). Furthermore, within these large
microwells, smaller discrete microwells were observed that
are most likely due to smaller breath figures. On the contrary,
a glass surface produced significantly smaller microwells of
only 1 to 6 mm internal diameter, with the rest of the surface
being covered with a network of belt like aggregates
(Supporting Information, Figure S2).

To investigate the role of different molecular function-
alities in 1 on morphogenesis, we also studied the self-
assembly of the building blocks 2 and 3 and the tBoc-
deprotected version of 2, the direct precursor for 1 (Support-
ing Information, Figure S3). The tBoc-deprotected version of
2 was sparingly soluble in dichloromethane, and the resulting
morphology obtained after drop-casting on a silicon substrate
was random particulate in nature. Interestingly, a 1 mm

dichloromethane solution of 3 resulted in a faint honey-
comb-like structure of 10–50 mm internal diameter. However,
this microarray lacked topographical thickness as observed
with 1. Unlike 3, a dichloromethane solution of 2 (1 mm)
produced microwells of 3 to 30 mm internal diameter. Chloro-
form solutions of 2 (1 mm) were found to produce microwells
of 4 to 10 mm internal diameter. These results clearly
demonstrate that for the formation of well-ordered micro-
arrays both chemical motifs in 1, the NDI core and the GCP
group, are required. The honeycomb-like features of 1 is thus
most likely to emerge from the GCP groups, which allow
extensive intermolecular hydrogen bonding allowing the
formation of large self-assembled structures, whereas the
NDI core in 1 seems to be the major contributor to the
topographical thickness of the microarrays (probably by
inducing p–p-stacking of these self-assembled structures).

A literature survey suggested a probable role of BFT for
the formation of such honeycomb-like microarrays, even

Figure 1. a) FESEM micrograph of 1 obtained by drop-casting a 1 mm

dichloromethane solution. b) Higher-magnification FESEM micrograph
showing a side wall within the honeycomb-like microarray. The side
wall consists of nanobelt-like stacks; the particulate-like surface
features are due to sputtered gold. c) An optical profiler 3D image
depicting the dimensions of honeycomb-like microarrays obtained
from 1 mm dichloromethane solution of 1.
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though breath-figure arrays to date were mainly observed for
polymers but not small low-molecular-weight compounds
such as 1. Nevertheless, to test the hypothesis whether BFT
might be important for structure formation in our case, we
studied the self-assembly of 1 in atmospheres with different
relative humidity (RH). When a 1 mm dichloromethane
solution of 1 was drop-cast on a silicon substrate in an inert
atmosphere with about 0 % RH, only random aggregates
without any indication for the formation of microarrays were
observed (Supporting Information, Figure S4). This strongly
indicates the importance of humidity as required in BFT. To
study the effect of RH on microarray formation quantita-
tively, a set up was developed to maintain and control the
humidity during the self-assembly process (for details, see the
Supporting Information). Dichloromethane solutions of
1 were drop-cast under five different RH values of 35 %,
50%, 65 %, 80 %, and 95 %. At 35% RH, the wells of the
microarrays had dimensions in the range of 40 to 100 mm
(Supporting Information). However, the microwells were of
uneven topographical thickness and most often the wells were
fused with their neighbors. With increasing RH, significantly
better structured microarrays were observed. Moreover, the
internal diameter of the microwells decreased with increasing
RH. To further elucidate the mechanism of microarray
formation, dynamic light-scattering (DLS) measurements
were performed. In a 1 mm dichloromethane solution of
1 self-assembled aggregates having a hydrodynamic diameter
of about 220 nm are observed (Supporting Information,
Figure S9). Upon increasing the concentration to 5 mm,
even large aggregates of about 784 nm size among the smaller
aggregates of about 161 nm were observed. Thus, 1 self-
assembles into supramolecular polymeric aggregates in
dichloromethane, which is most likely due to the strong
hydrogen bonding of the GCP groups in this solvent.
Furthermore, in more concentrated solutions the size of the
aggregates increases significantly, which is probably due to
the weaker p–p interactions of the NDI core. These findings
now allow presenting a plausible mechanism for structure
formation (Figure 2). Thus, when a dichloromethane solution
of 1 is drop-cast on a substrate, the evaporative cooling owing
to the evaporation of the volatile solvent dichloromethane
causes a decrease in the surface temperature, which induces
condensation of water vapors present in humid air. However,
the condensed water droplets on the surface are stabilized and
protected from coalescing by interaction with the self-
assembled aggregates of 1 already present in solution. Upon
further evaporation of dichloromethane, the hexagonally
packed array of water rafts then induces the formation of self-
assembled honeycomb-like microarrays of 1. As the micros-
copy image of the walls of the microarrays shows (Figure 1b),

the original aggregates in solution most likely consist of
nanobelt-like structures. A representation of this breath-
figure mechanism is shown in Figure 2. The presence of the
different polar and aromatic functionalities in 1 is believed to
synergistically stabilize both the self-assembled structures of
1 and the water droplets at their interface. The rigidity of the
nanobelt-like aggregates of 1 then facilitates a hexagonal
assembly around the water droplets, which is then responsible
for the formation of distorted hexagonal cavities in the BFT
microarrays. Furthermore, the breath-figure arrays produced
from chlorinated solvents most likely involve halogen bond-
ing. For such halogen bonding, carbonyl functionalities in
1 seem to play a crucial role.[15, 26] Also the fact that dichloro-
methane is immiscible in water is important for BFT.

The enhanced surface roughness properties associated
with nano- and microstructured surfaces is utilized by nature
to control water wettability in different systems, such as lotus
leaves, desert beetles, mosquito eyes, and water striders. As
with increasing concentration of 1, the topographical thick-
ness and thus the surface roughness of the self-assembled
microarrays increases, the wettability of the surfaces should
decrease, accordingly turning the material into a hydrophobic
coating. Indeed, the contact angle of a 4 mL water droplet
increases gradually from 608 for the surface obtained from
a 1 mm solution of 1 to 1348 for a 1 mm solution (Figure 3).
Thus, simply by varying the concentration of 1, the surface
wettability of the same material could be tuned from hydro-
philic to strongly hydrophobic owing to concentration-
dependent changes in the morphology and thus the roughness
of the surface (Supporting Information, Figure S1).

To increase the hydrophobicity even further, a low-sur-
face-energy coating of the microarray was produced by
sputtering gold onto the surface (Figure 4). The sputtered
gold was about 100 nm thick with circa 100 nm sized
particulates (Supporting Information, Figure S5). The nano-
structured gold coating not only serves as a stable inert
coating on the self-assembled microarray surface but also
allows for further chemical modifications of the microarrays
using self-assembled monolayers of thiols (SAMs).[27] These
can be simply obtained by immersing the gold covered surface
in 5 mm ethanol solution of different thiols for a duration of
24 h.[28] We have used three different thiols in our experi-
ments, namely 11-mercaptoundecanoic acid (MSH), 1H, 1H,
2H, 2H-perfluorodecanethiol (FSH; Figure 4), and 1-dodec-
anethiol (DSH) to provide SAMs with different chemical
functionalities (MSH: negatively charged, FSH: fluorinated,
DSH: nonpolar), which affect the surface wettability differ-
ently. The gold coating on the surface of the microarray
obtained from a 1 mm dichloromethane solution of 1 exhibits
a contact angle of 1258 (Figure 3 e), which is similar to the

Figure 2. The formation of honeycomb-like microarrays from self-assembled structures of 1 by means of BFT. Not to scale.
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noncovered surface (1348). The MSH coating gave
a decreased contact angle of 1058 owing to the presence of

the terminal polar COOH groups (Figure 3 f). In contrast, the
nonpolar DSH coating resulted in a superhydrophobic sur-
face with an increased contact angle of 1508 (Figure 3g). The
fluorinated FSH coating pushed the contact angle of the
superhydrophobic surface even further to 1568 (Figure 3 h).
Artificial superhydrophobic surfaces are often not self-clean-
ing surfaces even though they have a large contact angle,
because they suffer from a high tilt angle and high contact
angle hysteresis. In contrast, the FSH coating on the micro-
array of 1 exhibits a tilt angle of only 38 and a very low contact
angle hysteresis of only 18 (Figure 3k). Accordingly, black
carbon dust placed on the surface could be self-cleaned by
water without any trace of remaining carbon dust or water
stains (Figure 3 l–n).

Furthermore, to provide this material with additional
interesting optical properties, we incorporated fluorescent
dyes into the hierarchical molecular self-assemblies of 1. Such
dyes should be soluble in dichloromethane so that they can be
mixed with 1 in specific proportions and still allow the
formation of breath-figure arrays. As the self-assembled
structure of 1 is partly based on p–p interactions, aromatic
dyes seemed most attractive. As a first illustration, we thus
incorporated rhodamine B (100 mm) in a dichloromethane
solution of 1 (1 mm), which on drop-casting resulted again in
a honeycomb-like microarray (Figure 3o). The presence of
the rhodamine dye did not interfere with structure formation
but made the microarrays highly fluorescent. A cross-sec-
tional analysis of the microarray at different topographical
heights using fluorescent confocal microscopy confirmed
a homogeneous distribution of the dye throughout the
microarray (for more details, see the Supporting Informa-
tion). Therefore, the dye is not only absorbed on the surface
but an integral part of the self-assembled structure itself. The
same finding was obtained with an isoleucine methyl ester
appended perylenediimide (PDI) dye. The yellowish orange
fluorescence of the PDI again appeared only along the walls
of the microarray (Figure 3p; for more details, see the
Supporting Information). The contact angle for the micro-
arrays with the incorporated rhodamine B and PDI were 1308
(Figure 3 i) and 1288 (Figure 3 j), respectively. These angles
are more or less the same as of the non-functionalized
microarrays (1348 ; Figure 3d), confirming again that the dyes
did not alter the self-assembly of 1 significantly. Furthermore,
a blue fluorescent 7-amino-4-trifluoromethyl coumarin and
a green fluorescent coumarin dye could also be incorporated
into the microarrays similar to rhodamine B and the PDI.
Unfortunately, fluorescent confocal micrographs for these
coumarin dyes (absorption in the UV region) were hampered
by reflections caused by the silicon substrate preventing
a more detailed analysis of the distribution of the dyes within
the microarrays.

In conclusion, the unexpected spontaneous hierarchical
molecular assembly of a small low-molecular-weight naph-
thalenediimide derivative 1 into microarrays was achieved by
a simple solution-processing technique (breath-figure tech-
nique). These arrays could be employed to fabricate self-
cleaning surfaces with very low slide angle (38) and contact
angle hysteresis (18). This finding is rather surprising as it was
commonly believed that BFT cannot be used effectively for

Figure 3. Optical images of the contact angle exhibited by a 4 mL water
droplet on a microarray surface produced from: a) 1 mm CH2Cl2
solution; b) 10 mm CH2Cl2 solution; c) 100 mm CH2Cl2 solution;
d) 1 mm CH2Cl2 solution; e) 1 mm CH2Cl2 solution followed by gold
coating; f) 1 mm CH2Cl2 solution followed by gold coating and a SAM
of 11-mercaptoundecanoic acid; g) 1 mm CH2Cl2 solution followed by
gold coating and a SAM of 1-dodecanethiol; h) 1 mm CH2Cl2 solution
followed by gold coating and a SAM of 1H,1H,2H,2H-perfluorodecane-
thiol; i) a mixture containing 10:1 ratio (1 mm :100 mm) of 1 and
rhodamine B in CH2Cl2 ; and j) a mixture containing 10: 1 ratio
(1 mm :100 mm) of 1 and isoleucinemethyl ester appended perylenedii-
mide in CH2Cl2 . The values in (a) to (j) are the corresponding contact
angles. k) Optical image showing the rolling of a water droplet for
a tilt angle of 38. l), m), and n) Images of a gold sputtered honey-
comb-like microarray surface coated with 1H,1H,2H,2H-perfluorodeca-
nethiol showing self-cleanability. Confocal micrographs obtained from
o) a mixture containing 10:1 ratio (1 mm :100 mm) of 1 and rhodami-
ne B in CH2Cl2 ; p) mixture containing 10:1 ratio (1 mm :100 mm) of
1 and isoleucine methyl ester appended perylenediimide in CH2Cl2.

Figure 4. a) Gold sputtering and subsequent functionalization with
SAM of FSH on microarray of 1. FESEM micrographs of honeycomb-
like microarrays produced at RH of b) 65 % and c) 95%, after
sputtered gold coating followed by a SAM of FSH.

Angewandte
Chemie

10327Angew. Chem. Int. Ed. 2012, 51, 10324 –10328 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


small non-polymeric molecules. The molecular design could
influence the formation of honeycomb-like microarrays and
thereby provide better insights for future endeavors. How-
ever, it is known that in case of polymers, the internal
diameter of the microarray formed using BFT increases
linearly with increasing RH.[15] In contrast to these polymers,
our results on 1 show that the cavity size actually decreases
with increasing RH. Nevertheless, our work demonstrates
that advanced functional molecular materials can be
obtained, even from small molecules based on a simple and
easy-to-use solution process. Furthermore, the resulting
microstructures are very robust and can be easily function-
alized by simply adding additional molecules into the solution
as demonstrated by the incorporation of different dyes into
the arrays. Using this approach and the three primary colors
red, green, and blue, we are currently working towards white
-light-emitting as well as other rainbow-colored hydrophobic
decorative molecular materials alongside an effort to obtain
nanoarrays for potential applications in electronics and
miniaturized biochemical assays.
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