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Bicolor Pixels from a Single Active Molecular Material
by Surface-Tension-Driven Deposition**

By Ilenia Viola,* Fabio Della Sala, Manuel Piacenza, Laura Favaretto, Massimo Gazzano, Marco Anni,
Giovanna Barbarella, Roberto Cingolani, and Giuseppe Gigli*

Recently, the supramolecular organization of conjugated
molecular systems has received much attention because of the
increased application of conjugated materials in complex elec-
tronics and optoelectronics devices, such as active matrix dis-
plays,[1] plastic microelectronics circuits,[2] and large-area pan-
els for lighting,[3–5] requiring high-resolution molecular
patterns. The advantages of organic materials as active com-
pounds for these applications lie in the low costs and ease of
fabrication, and in the possibility to fine-tune the desired
functional properties by minor structural modifications or
conformational changes.[6–10] On the other hand, the realiza-
tion of integrated devices with (sub)micrometer sizes requires
the development of advanced lithography techniques suitable
for soft materials; the lack of which is often a strong limitation
to the use of such materials in practical applications.

Several methods for controlled molecular patterning are
currently under investigation, based on either top-down (soft
embossing and nanoimprinting[11]) or bottom-up lithography
(spinodal dewetting,[12] micro-contact printing,[13] and surface-
tension-driven (STD) techniques[14,15]). The common goal of
these approaches is to dynamically adjust the behavior of mo-
lecular solutions at the solid/liquid interface. So far, bottom-
up lithography looks more promising for patterning conjugat-
ed macromolecules. In fact, it allows self-assembly, self-orga-
nization, spontaneous aggregation, and recognition capability
under suitable modulation by either external or internal stim-
uli, such as surface-tension gradients, solute diffusion, and
molecular weight.[16,17] Unlike the top-down approach, the

bottom-up method is based on the reproduction of a molecu-
lar pattern at a characteristic length scale,[18] usually without
the need for expensive experimental setups, high-temperature
processes, or oxygen exposure, which could damage and alter
the physical–chemical properties of the materials.[19] Among
the bottom-up techniques, dewetting lithography techniques
are attracting growing interest owing to the simplicity of the
technological processes, the possibility to realize different pat-
tern resolutions, and the capability to combine and exploit pe-
culiar characteristics of molecular materials, such as self-orga-
nization, with dynamical properties of the fluid.

Several works on controlled self-organization during dewet-
ting for engineering of nano- and micrometer patterns in thin
liquid films have been reported.[17,20,21] In a recent work, in
particular, we demonstrated a lithography technique for the
fabrication of monochromatic organic light-emitting diode
(OLED) pixel arrays,[14] in which organic materials are pat-
terned with defined features by exploiting the instability phe-
nomena affecting a liquid thin film on a nonwetting surface.[22]

Such a method allows us to exploit the organizational capabil-
ity of molecules, driven by external stimuli, to define well-re-
solved patterns on large-area substrates.

However, all of the approaches for patterning organic mate-
rials in complex structures reported thus far do not allow si-
multaneous control over the supramolecular organization and
the conformation of single molecules, thus strongly limiting
the possibility to fully exploit the enormous potential of or-
ganic conjugated materials for fine-tuning their electro-optical
properties. Such a limitation necessitates the use of more than
one active compound with different chemical/physical proper-
ties to introduce different functionalities in a device, such as
emission at different wavelengths in multicolor displays[23–26]

or bipolar conductivity.[27]

In this Communication we report on the realization of a
bicolor organic micropixel array by a bottom-up dewetting
process, exploiting for the first time the conformational flex-
ibility of an oligothiophene derivative, 2,6-bis-(5′-hexyl-
[2,2′]bithiophen-5-yl)-3,5-dimethyl-dithieno[3,2-b;2′,3′-d]thio-
phene (DTT7Me) (Fig. 1).[28] The simultaneous control over
both the molecular conformation and the supramolecular pat-
tern of DTT7Me allowed us to vary its emitting properties at mi-
crometer resolution, thereby realizing a well-defined pattern of
red- and green-emitting pixels from a single molecular material.

The lithographic approach, that is, STD lithography,[14] is il-
lustrated in Figure 2. STD lithography allows us to control
pattern replication by introducing a geometric confinement
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and by modulating the energy parameters of the system (i.e.,
surface energy) experienced by a drop of dilute solution cast
on a substrate.

A geometric confinement placed on the substrate (in our
case a micrometer-sized grid template fixed onto a glass sub-
strate) acts as the breaking element during the solvent evapo-
ration. This induces an amplification of the surface instabil-
ities at the liquid interface, driven by polar (hydrogen bonds)
and apolar forces (van der Waals and dispersion forces), and
by surface-tension gradients (Marangoni-like effects).[29–33]

The instabilities will develop with hole-nucleation phenomena
and with subsequent outward transport of the material, which
confines the dispersed molecules at the edge of the three-
phase (solid–liquid–vapor) contact line.[17,22] This results in a
controlled pattern of molecules that reproduces the positive
or negative features of the geometric confinement, depending
on the relative surface tensions of the involved materi-
als.[10,14,16]

Figure 3 shows a true-color optical image of the patterned
structure of DTT7Me obtained from a toluene solution by the
STD process. For comparison, an image of a drop-cast
DTT7Me film from toluene solution is shown as well. Clear
red emission is observed from the drop-cast film, whereas
bicolored, pixel-structured red and green emission originates
from the STD-patterned film. In particular, green emission
is observed from the material underneath the grid bars,
whereas red emission is observed from that inside the empty
regions.

The optical properties of the STD-pat-
terned film were investigated further by
collecting integrated and spatially resolved
photoluminescence (PL) spectra by confo-
cal microscopy. Figure 4 displays optical
spectra of DTT7Me in solution and in the
solid state. Photoluminescence (PL) and
absorption in solution show a maximum at
2.47 and 2.92 eV, respectively (Fig. 4a). In
the STD-patterned film (sample A), the PL
spectrum shows a green emission band that
is similar to the one in solution, and in addi-
tion a band at low energy that is similar to
the red emission of the drop-cast film (sam-
ple B). Vibronic replicas are also observed
in all the spectra.

Spatially resolved spectra, obtained by
confocal microscopy (curves (1) and (2) in
Fig. 4b), allowed the assignment of the
high- and low-energy bands of the pat-
terned film to zones of the sample under
the grid and inside the grid mesh, respec-
tively, consistent with the true-color image
in Figure 3a. The differences in optical
properties between the green and the red
pixels of sample A can be explained by
considering differing molecular distortions
and/or differences in supramolecular pack-

ing, which occur during the self-organization driven by the de-
wetting process. In fact, during nucleation the local variation
of the energetic conditions on the DTT7Me solution cast onto
the copper (Cu) grid can force individual molecules to assume
different molecular conformations, strongly influenced by the
spatial features of the pattern. The solvent interface, and thus
the solute dispersed in it, experiences an interplay between
the energetic conditions at the glass/copper and glass/air inter-
faces under the template bars and inside the grid holes, re-
spectively, as reported in Table 1. To further investigate the
structural characteristics of the DTT7Me film, and establish a
relationship between those characteristics and the optical
properties, we carried out atomic force microscopy (AFM) ex-
periments and X-ray analysis on both the patterned and the
drop-cast film. AFM measurements on the patterned film (see
Fig. 5a and b) reveal an amorphous arrangement of DTT7Me
under the bars of the template, whereas well-defined hexago-
nal crystals are present inside the mesh squares where a differ-
ent surface energy exists (predominantly owing to the glass
surface, see data in Table 1). Conversely, in the AFM topogra-
phy of the drop-cast film (Fig. 5c and d) we observe two crys-
talline phases, probably belonging to different polymorphs.
We can easily distinguish both an hexagonal-plate and a rod-
like crystalline phase, in agreement with previously observed
behavior of DTT7Me powder.[28]

These results were confirmed by X-ray diffraction (XRD)
measurements performed on both patterned (sample A) and
drop-cast films (sample B). The XRD pattern of the pat-
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Figure 1. Molecular structure of DTT7Me. Density functional theory (DFT) calculations were
carried out with R = H. The dihedral angles h1 and h2 modified in the calculations are shown.

Figure 2. Schematic illustration of the STD procedure, used for patterning a molecular layer of
DTT7Me. a) A drop of a dilute solution of DTT7Me in toluene is poured at the center of a tem-
plate mesh, placed on a glass substrate. b) During solvent evaporation the DTT7Me molecules
move both under and inside the mesh. c) The interplay between the energetic conditions at
the glass/template and glass/air interfaces induces different molecular arrangements. d) The
self-organized pattern, reproduced on the substrate, results in a bicolor pixel structure by a sin-
gle, active molecular material.



terned film is appreciably different from that of the drop-cast
film, as can be seen in Figure 6. In the XRD pattern of
DTT7Me cast film (Fig. 6, trace c) several very sharp diffrac-
tion peaks appear, revealing a highly ordered and oriented
film. In contrast, the XRD profile of the patterned film shows
only two appreciable reflections (Fig. 6, trace a) and a broad
hump, confirming the simultaneous presence of amorphous
material. The lack of any other reflections is a clear indication
of the absence of other ordered phases.

The AFM and XRD results indicate that the molecular sol-
id-state arrangement is strongly connected to the energetic
conditions at the liquid/solid interface. More importantly, this
characteristic morphology of DTT7Me in the solid state indi-
cates the connection between the supramolecular organiza-
tion and the emission properties, opening the way to the
controlled modulation of the color emission. The photolumi-
nescence properties of substituted oligothiophene crystals are,
in particular, strongly related to the single-molecule confor-
mation because of the general low intermolecular interactions
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Figure 3. a) Optical image, in true color, of a DTT7Me film patterned by
the STD technique (sample A). b) Optical image, in true color, of a drop-
cast deposition of DTT7Me (sample B). Both crystal types, i.e., hexago-
nal-plate and rodlike crystals, show red emission. The scale bar in the im-
ages corresponds to 10 lm.

Figure 4. a) PL (solid line) and absorption (dotted line) spectra of
DTT7Me in toluene solution. b) PL spectra of DTT7Me in the solid state,
deposited by the STD technique (sample A) and by drop-casting (sam-
ple B). The bottom part of the graph displays spatially resolved spectra
collected by confocal microscopy in zones inside (1) and under (2) the
grid mesh of sample A, as shown in the inset.

Table 1. Contact angles (CAs) and surface energy of glass and copper
substrates.

Substrate CA H2O CA CH2I2 Surface energy

[mN m–1]

Glass 50.0° ± 1.0° 36.0° ± 1.4° 55.9

Copper 123.5° ± 1.0° 64.0° ± 1.2° 27.4



and the ability to strongly deform in the solid state,[34,35] thus
preventing the formation of excimers.[25]

The variation of the emission energies and its correlation to
the molecular distortion have been modeled by first-principles
time-dependent density functional theory (TD-DFT) calcula-

tions. We restricted our study to a truncated model system,
that is, R = H in Figure 1.

Geometry optimization of the molecule shows a strongly
distorted conformation, owing to the presence of the methyl
groups at the central dithienothiophene. The optimized dihe-
dral angle is h1 = h2 = 40.5° (see Fig. 1), and the lowest singlet
excitation energy is computed at 2.70 eV with a large (1.76)
oscillator strength, in good agreement with the experimental
absorption peak (an underestimate by 0.2 eV is typical of
TD-DFT calculations in large organic molecules[25]).

We then consider the rotation along the dihedral angle h2,
fixing h1 to zero. The computed rotational barriers are smaller
than 5 kcal mol–1, meaning that DTT7Me can exist in differ-
ent conformations in different (solid-state) environments. The
lowest calculated excitation energy is 2.43 eV at 0°, where the
p-electron conjugation (at the h2 position) is complete. At 90°
no p-electron conjugation occurs, so that the excitation energy
reaches the maximum value of 2.81 eV. When both h1 and h2

are rotated simultaneously, the shifts in excitation energies
are roughly doubled. These results show that molecular distor-
tion, that is, inter-ring torsion, can easily (i.e., with a low ener-
getic barrier) lead to a large difference in excitation energies,
as is found experimentally.

In the red pixels in particular, molecules are expected to as-
sume a fully planar conformation, as was found in the X-ray
analysis of a similar system.[36] In a completely planar system
(h1 = h2 = 0°) the electronic conjugation is enhanced, and the
excitation energies are lower than in a structure with rotated
substituents.

In the green pixel, the molecules are more distorted and
less ordered, as is expected from the amorphous character of
the film (Fig. 6a). Thus, molecules are expected to be in, or
close to, their ground-state conformation (h1 = h2 = 40.5°). In
this case, the theoretical energy shift between the fully planar
and the ground-state structure is 0.27 eV, in good agreement
with the experimental result of 0.4 eV, shown in Figure 4b.

In conclusion, we report the fabrication of a bicolored pixel
structure based on a single luminescent organic molecular ma-
terial using a surface-energy-driven technique. We succeeded
in controlling both the conformation and the supramolecular
arrangement of a thiophene-based molecular material
(DTT7Me) by exploiting the amplification of the instability
phenomena during a dewetting process. The great conforma-
tional flexibility of DTT7Me, typical of several substituted
oligothiophenes,[37,38] gave us the possibility to achieve the co-
existence of two regularly alternating regions on a micrometer
scale, emitting light at different wavelengths. The first, a
green-light emitting region related to an amorphous phase in
which several distorted quasi-equienergetic rotamers were
present, was obtained in a region where the geometrical con-
finement induced low surface energy at the interface. The sec-
ond, comprising quasi-2D red-light emitting crystals, was ob-
tained where the higher surface energy favored the packing of
planar conformations. These results open the way to a new
class of self-assembled structures that fully exploit the intrin-
sic characteristics of conjugated oligomers to finely tune their
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Figure 5. a) AFM topography and b) phase signal of a DTT7Me solution
in toluene, deposited on a glass substrate by the STD technique (sam-
ple A). Two different self-organization modes can be distinguished, un-
der the template bars and inside the mesh squares, underlining selective
differences in surface energy during the STD deposition. c) AFM topog-
raphy and d) phase signal of a DTT7Me solution in toluene, deposited by
drop-casting on a glass substrate (sample B). Microcrystals of different
shapes, i.e., hexagonal-plate and rodlike crystals, were observed, suggest-
ing the presence of two polymorphs. The scale bar in the images corre-
sponds to 5 lm.

0 10 20 30 40

2 theta [º]
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(c)

Figure 6. X-ray diffraction profiles of a) the STD-patterned film of
DTT7Me and c) the film deposited by drop-casting. Trace (b) is a magni-
fication of (c).



chemical–physical properties through manipulation of their
structural features. The proposed single-step, bottom-up tech-
nique for the patterning of bicolored arrays demonstrates the
feasibility of complex micro- and nanostructures with differ-
ent functionalities using a single molecular material.

We believe that our approach might be considered a future
strategy for the fabrication of a new generation of electronic/
optoelectronic molecular devices and biological detection sys-
tems in which recognition events are strongly affected by the
interplay between molecular conformation changes and su-
pramolecular organization.

Experimental

Synthesis: 2,6-Bis-(5′-hexyl-[2,2′]bithiophen-5-yl)-3,5-dimethyl-
dithieno[3,2-b;2′,3′-d]thiophene (DTT7Me) was obtained by
microwave-assisted cross coupling of 2,6-di-iodo-3,5-dimethyl-
dithieno[3,2-b:2′,3′-d]thiophene with 2-[2,2′]bithiophenyl-5-hexyl-5′-
yl(4,4,5,5-tetramethyl)[1,3,2]dioxaborolane, according to details
described earlier [28]. The product was recrystallized several times
from warm toluene before use. DTT7Me is a liquid crystalline com-
pound, and the first heating and cooling differential scanning calorim-
etry plots are reported as Supporting Information.

Microstructure Fabrication: Molecular pixel microarrays (sam-
ple A) were realized by depositing 5 lL of a freshly prepared 0.1 %
(w/v) volatile solution of DTT7Me in warm toluene with a micropip-
ette (Pipet-Lite SL-2 Rainin) on a metallic template fixed on a glass
substrate. The substrates were previously cleaned in an ultrasonic
bath with three different solvents: acetone, 2-propanol and deionized
water (10 min for each step). As a template for geometrical confine-
ment we used a transmission electron microscopy (TEM) calibration
copper (Cu) grid with 40 lm wide square holes and 20 lm wide bars.
To check the effect of the geometric confinement on the energetic
conditions we characterized a drop-cast film (sample B) obtained
from the DTT7Me toluene solution on the same glass substrate.

The surface energies were interpolated by the contact angle goni-
ometer (OCA20, Dataphysics) software by using the polar and disper-
sion components of contact angles, respectively obtained by the use of
water (H2O) and diiodomethane (CH2I2). The morphologies of both
types of DTT7Me films, patterned and drop-cast, were characterized
by AFM (Solver Pro, NT-MDT) in semi-contact mode.

Optical Characterization: The photoluminescence (PL) spectra
were collected by both confocal laser scanning microscopy (Fluo-
View1000, Olympus), for the spatial analysis with a xy resolution of
200 nm, and by spectrophotometry (Eclipse, Varian). The optical im-
ages were obtained with a charge-coupled device (CCD) color camera
coupled to the confocal microscope.

X-Ray Diffraction: XRD patterns were recorded by using the X-ray
beam from a copper anode (kmean = 0.15418 nm). The 2h interval
(2.5°–40°) was investigated by using an X’Pert Panalytical diffractom-
eter equipped with an X’Celerator fast detector. The profiles, report-
ed in Figure 6, were collected from the patterned and drop-cast film
samples, containing the same amount of material. The XRD pattern
of DTT7Me cast film was dominated by the reflection at 2h = 2.86°
(d = 3.09 nm). The other reflections belonged to higher orders (up to
the 13th order) of the same family of planes. A mean interlayer value
of 3.15 nm was calculated from all the reflections. The XRD profile of
the patterned film showed only two significant reflections, corre-
sponding to the first two orders of the same interlayer periodicity of
the hexagonal crystals in the drop-cast film. A broad hump in the re-
gion 20° ≤ 2h ≤ 30° confirmed the presence of amorphous material.

Computational Details: We used the B3LYP kernel [39] and the
TZVP [40] basis set. Calculations were performed with the

TURBOMOLE [41] program package, using the ESCF [42] module.
More details are reported as Supporting Information.
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