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I
n dye aggregates, the crystal-like supra-
molecular assembly of the molecules
delocalizes the photoexcited state, form-

ing large-scale coherently coupled molecu-
lar dipoles.1�3 The stacking accounts for
specific optoelectronic properties, such as
a narrow excitonic absorption band, super-
radiant emission, high nonlinear susceptibil-
ities, efficient energy migration and super-
quenching.4�6 Depending on the exact
arrangement of the dye in the aggregate,
either red-shifted J-aggregates or blue-
shifted H-aggregates are observed. A large
number of novel nanophotonic systems can
be envisioned using the properties of ag-
gregates, ranging from sensors,7 nonlinear
optical devices,8 optical data recording,9

photoelectron storage10 to cavity quantum
electrodynamic devices.11 Aggregates also
find useful applications in photonic crystals
where a resonantly absorbing medium can
create novel physical effects.12

Aggregates forming in solution and films
are normally well characterized by their
absorption characteristics. In aggregates
with large volume and chromophores with
strong electronic coupling, also Rayleigh
scattering near the absorption band (Reso-
nance light scattering, RLS) contributes to
extinction.13,14 An entire branch of bio-
chemical and pharmaceutical analysis has
been established based on enhanced RLS
signals from aggregated chromophores on
biomolecule templates.15 To the best of our
knowledge, no prior literature reports on
deliberately manufactured dye films with
enhanced resonance light scattering prop-
erties for use in devices. Differently, in
materials with localized surface plasmon
resonance (LSPR), numerous applications
in nanoscale optics and photonics have
been suggested because the huge scatter-
ing cross-section of such structures allows
the detection of very small signals which
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ABSTRACT Small organic semiconducting molecules assembling into supra-

molecular J- and H- aggregates have attracted much attention due to outstanding

optoelectronic properties. However, their easy and reproducible fabrication is not

yet sufficiently developed for industrial applications, except for silver halide

photography. Here we present a method based on aggregate precipitation during

the phase separation and dewetting of the evaporating dye precursor solution. The

smaller the precursor droplets, the more pronounced the J-aggregation. The aggregates cause the films to resonantly scatter incoming light. Because the

dye aggregate extinction resonances have narrowest bandwidths, a wavelength selectivity is observed that exceeds the selectivity of localized surface

plasmon resonances. The aggregation mechanism can be easily applied to periodically structured substrates, making the method appealing for photonic

applications. We demonstrate this point with a 2D grating, where the narrow absorption range of the aggregates leads to wavelength specific (one color

only) scattering.
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can be applied in nanoantennas and resonators. Other
examples include solar cells to enhance the optical
path length of light.16,17

Until now the only industrial application of cyanine
J-aggregates is as spectral sensitizers in silver halide
photography,18 where the ability of cyanine dyes to
adsorb at silver halide interfaces is exploited. Proble-
matic for applications in optoelectronic devices is the
reproducible immobilization of cyanine J-aggregates
on different types of substrates.19 Several techniques
are investigated, including Langmuir�Blodgett films,20

layer-by-layer deposition21 and thin layer crystal-
lization,22 or as discoveredmore recently on dendrimer
surface.23 Of interest are methods utilizing a structur-
ing matrix such as polymers24 or nanocapsules.25 We
showed in earlier studies that spin coated blends of
[6,6]-phenyl-C61-butyric acid methyl ester (PCBM) and
the cyanine dye 1,10-diethyl-3,3,30,30-tetramethylcar-
bocyanine perchlorate (CyC) phase separate into a
variety of morphologies.26 For blend morphologies
that develop dye domains smaller than some hundred
nanometers, the dye organizes into H-aggregates. It is
believed that confinement of supersaturated solutions
in cavities formed between PCBM clusters induces
the nucleation of H-aggregates which can relax into
J-aggregates.27,28

More generally, the complex processes at solid�
liquid interfaces or solid�liquid�air contact lines are
considered to be of great interest in nanosciences as
they are important for self-assembly.29 The physics
behind drying droplets is complex and involves eva-
porative convection, diffusion of solutes, Marangoni
flows, wetting, dewetting, contact-line pinning, super-
saturation and crystallization.30 Evaporation at the con-
tact line is strongly enhanced as discussed in numerous
theoretical and experimental studies on millimeter
sized droplets.31,32 A few studies demonstrate nano-
particle assembly from evaporating micron sized
droplets.33 Bao exploited that mechanism for the
droplet-pinned crystallization method.34 These obser-
vations of rim nucleation in dye droplets also relate to
our earlier work where we demonstrated the growth of
large cyanine single crystals from nuclei forming in
dewetted dye droplets.35

We show here that these principles can also be
utilized to organize dye molecules either into J- or
H-aggregates. The process is universal, andwe demon-
strate it for dye films dewetting from different sub-
strates and for a blend system that phase separates by
liquid�liquid dewetting. Characteristic to dye mol-
ecules assembled by these processes is that they
scatter light resonantly, independent of the exactman-
ufacturing procedure or the type of aggregate.

RESULTS AND DISCUSSION

Cyanine Aggregate Formation in Dewetting Films. In a first
experimentwemanufacture dyedroplets byadewetting

process.36,37 Cyanine films dewet from glass substrates
when spin coated from saturated ethanol solutions
forming micrometer-sized domains (Figure 1a). The
UV�vis spectrum of the film shows monomer absorp-
tion (580 nm), dimer absorption (525 nm), and a weak
shoulder at 480 nm associated with H-aggregation.
This spectrum does not differ from the absorbance
spectrum of a uniform dye film. Following the argu-
ments from above, a bigger ratio of perimeter to
volume should enhance aggregation. A strategy to
reduce the droplet size is to deposit the solution
onto nanostructured substrates where the droplets
are contact-line pinned to the surface. The mechanism
of dewetting on heterogeneous surfaces has been
studied both theoretically38 and experimentally.39

It allows to tune the size and distribution of the
dewetted droplets via the characteristics of the surface
heterogeneities.

Nanostructured substrates were manufactured
from organic phase separating blend films by selec-
tively removing one of the two components from the
film. The dimensions of the nanostructures are then
determined by the characteristic wavelength of the
phase separating system. Here we used PCBM and
PCB�diyne (for structure see Supporting Information
Figure 1) nanostructures resulting from PCBM/CyC26

and PCB�diyne/CyC40 phase separation and poly-
styrene (PS) nanostructures resulting from phase
separation with poly(vinyl methyl ether) PVME.41 Alter-
natively, gold substrates have been patterned by self-
assembled monolayers (SAMs).42 The substrates were
subsequently coated with a saturated solution of dye.
Scanning probe microscope (SPM) images of nano-
structured substrates and the corresponding dewetted
CyC films are shown in the Supporting Information
Figure 2. On all substrates, the dye forms a dense array
of individual domains that show an almost monodis-
perse size distribution in the submicrometer range. As
a general trend it can be observed that the smaller the
substrate features, the smaller the dewetting domains.
SPM images of dewetted CyC films and the associ-
ated UV�vis spectra on such substrates are shown in
Figure 1b�f.

In the UV�vis spectra, next to monomer (M) and
dimer (D) absorption, in all dye films, a red-shifted peak
at 593 nm (J-aggregate) and aweak shoulder at 480 nm
characteristic for H-aggregation are visible. The spectra
show features in nonabsorbing regions of the sample
(long wavelength tail), these features as well as sig-
nificant fractions of the aggregate peaks arise from
resonance light scattering (RLS). This type of scattering
is rather unconventional and will be discussed later in
full detail.

In films deposited from isopropyl alcohol solutions
onto gold substrates that have been patterned by
self-assembled monolayers (SAMs) the films fully
dewet from the octadecanethiol SAM, but show small
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dewetting features on the gold stripes (Figure 1f). This
is an important observation as it generalizes the types
of surfaces on which dewetting can be controlled. We
will demonstrate this in a later section by applying the
mechanism to a simple Bragg grating.

As the dimer peak can be identified in all samples,
we define the ratio of the peak attenuance at the
J-aggregate position to the peak attenuance of the
dimer (J/D) as ameasure for the quality of a J-aggregate.
A plot of (J/D) as a function of the dewetting droplet
diameter for different substrates is shown in Figure 1g.
All data collapse onto one master curve that shows
an r�2 dependence, as indicated by the solid line
(guide to the eye only), suggesting that the process
indeed only depends on the droplet diameter, but not
on the underlying substrate. An r�2 dependence is
expectedwhen aggregation occurs only at the droplet-
substrate contact line and the phenomenon critically

depends on the ratio of the volume of a droplet to the
circumference of that droplet. Similarly to the “coffee
stain effect” described by Deegan,31 we believe that
increased solvent evaporation at the pinned contact
line of the droplets induces a capillary flow from the
center to the rim where the dye aggregates.

The trend in Figure 1g suggests that decreasing the
size of the dewetting droplets further should also result
in more prominent J-aggregates. This proved difficult
due to the surface tension of the droplets and could
not be achieved even by using substrates with smaller
topographical surface features. The volume of the dye
droplets could be decreased only by confining the
solution within a nanoporous substrate film. The inset
in Figure 1h shows a structured PCBM film composed
of nanoporous domains. In this case, the dye solution
does not dewet from the substrate but is partially
readsorbed in the PCBM cavities. We here also

Figure 1. Morphology andUV�vis spectra of dewettingdroplets of CyCondifferent structured surfaces. CyCwas coated from
saturated ethanol solutions at 1000 rpm, (a) on glass and (b and c) on nanostructured PCBM surfaces. (d) CyC dewetting
droplets on a nanostructured PS substrate, (e) on a PCB�diyne surface, and (f) on patterned self-assembled monolayers
(SAMs), CyC coated from isopropyl alcohol. In all samples, the attenuance peaks contain a contribution of a scattering
component. (g) J-aggregation trend (J/D) as a function of the droplet diameter for all templates. (h) CyC recoated on a
nanostructured PCBM surface with large-scale (micrometer range) dewetting features. The inset shows that these PCBM
domains are composed of subdomains. H-aggregates crystallize inside the cavities of the nanoporous PCBM. The size of the
scale bars is 3.2 μm.
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observed aggregation, but the dyemolecules organize
such that now H-aggregates are formed (Figure 1h).
The formation of H-aggregates in dye volumes con-
finedby a PCBMmatrix was investigated by us earlier.43

Not only do the H-aggregates form spontaneously
during spin-coating of dye solutions onto a nanopo-
rous PCBM film as observed here, but the same type
of H-aggregate also formed in PCBM/dye blend films,
where the PCBM-phase established a similar nano-
structure during coating.28 The most relevant param-
eter is the size of the PCBM domains that determine
the volume of the dye cavities. The PCBM sub-
strates had been characterized by Mie-scattering,
and H-aggregates were most pronounced in films with
PCBM droplets of around 180 nm in diameter; the dye
was thus confined in much smaller volumes than in
dewetting droplets.

Cyanine Aggregate Formation in Blends. A direct proof of
how closely related the formation processes for J- and
H-aggregates are is given in blend films of the cyanine
dye CyC and a fullerene derivate carrying one single
long alkyl chain bearing a rigid diacetylene moiety
(PCB�diyne). Here dewetting and phase separation
compete, resulting in larger dye domains dewetting
from the substrate and smaller dye domains confined
in a PCB�diyne matrix (Figure 2a).40 Experiments in
which either PCB�diyne or the dye were selectively
dissolved from the sample (Figure 2b,c) support the
morphology sketched in Figure 2d. CyC forms large
isolated domains and a surface layer of small domains
on top of a PCB�diyne matrix. As concluded from
the dewetting films and the cavity forming films, the
J-aggregates form at the droplet�substrate contact
line, while the H-aggregates form in the “bulk” of the
small droplet.

The UV�vis spectra of these films are presented in
Figure 2e. Additionally to the J-aggregation peak and a
scattering tail, these samples show a broad shoulder
around 480 nm indicative for H-aggregation. When the
PCB�diyne phase is selectively dissolved in hexane,
UV�vis spectra can give further insight in the location
of the aggregates. Figure 2e shows that during this
process dye in the form of dimers and H-aggregates
disappeared to a large portion from the sample, leav-
ing a film where most dye molecules are assembled as
J-aggregates. In the Supporting Information Figure 3,
the same UV�vis data after subtracting the PCBM
signal is shown, proving that the changes in the
H-aggregate signal are not due to the decreased PCBM
background. The data prove that the H-aggregates
are located in the small surface dye domains which
are lifted off with PCB�diyne removal in hexane. The
J-aggregates form in larger dye domains which are not
affected by hexane. It can be argued that a herring-
bone structure would lead to two spectral features,
the lower Davydov component (J-like) and the upper
Davydov component (H-like) as observed for the

CyC/PCB�diyne blend films. However, we prove by
SPMthat small cyaninedomains containingH-aggregates
only can be selectively removed from the sample,
suggesting the coexistence of two independent
aggregates. Furthermore, a herringbone structure
should show fluorescence from the J-aggregate when
excited in the H-aggregate. Experimentally, exciting
CyC/PCB�diyne films at a wavelength around the
H-aggregate peak did not show any fluorescence,
while excitation in the J-band showed fluorescence.

To summarize, aggregates develop when the dye
solution destabilizes into droplets during solvent eva-
poration and film formation. The droplets can either
form during dewetting from a nanostructured surface
or during phase separation (liquid�liquid dewetting)

Figure 2. Aggregation in blends of PCB�diyne and CyC
with amolar ratio of 2:1. (a) SPM image of a PCB�diyne/CyC
blend film. SPM zoom showing the CyC nanodroplet phase.
(b) SPM image after removing PCB�diyne in hexane, (c)
after removing CyC in tetrafluoropropanol. The size of the
scale bars is 3.2 μm. (d) Sketch of the phase morphology
of spin-coated films. (e) UV�vis spectra showing H- and
J-aggregates and monomer (M) and dimer (D) absorption
of an amorphous film (raw data). The sample was dipped
in hexane for approximately 1 s and a UV�vis spectrum
was recorded. This procedure was repeated five times.
The H-aggregate (H) shoulder decreases. Hexane dissolves
PCB�diyne and lifts the small H-aggregate containing dye
droplets off the sample.
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from a blend solution. Aggregation was never ob-
served when the solvent is evaporating from a uniform
film; aggregation also only occurs in droplets with a
diameter below a critical value. The literature suggests
that H-aggregate formation is a bulk process, while
J-aggregation is an interface phenomenon.27 This is
supportedbyourdata. In confineddomains,H-aggregates
form independently of the nature of the interface
since the dye droplet is in contact with a liquid phase
during liquid�liquid dewetting or with a solid phase
during dewetting.28 J-aggregates, on the other hand,
develop when the droplet evaporates from a solid
surface. The strong domain radius dependence of
J-aggregation links that process directly to the pinned
contact line between air, substrate and solution of the
evaporating droplet. We can only speculate why below
a critical radius only H-aggregates form, here bulk and
contact line regionmaymerge and allow the formation
of critical nuclei already in the bulk.

The two different experiments that demonstrate
J-aggregation from dye droplets were conducted with
solvents that are rather different in nature. Blend films
were formed from chlorobenzene solutions; the choice
was restricted to a common solvent for the dye and the
fullerenes. Aggregates in dewetting films were formed
from ethanol and isopropyl alcohol solutions not dis-
solving the underlying substrate structure. It is most
surprising that aggregation is observed in different
solvents as the flow conditions in evaporating drop-
lets leading to nanoscale assembly are believed to
depend strongly on solvent properties.32 We attribute
the difference in domain size for which J-aggregation
occurs to the solvent. While in domains with a radius of
1.5 μm spin coated from ethanol almost no aggrega-
tion is visible (Figure 1), similar domains spin coated
from chlorobenzene show a distinct aggregation peak
(Figure 2). Still, it demonstrates the robustness of the
process. Properties of solvents are summarized in the
Supporting Information Table 1 and are an indication
for the parameter window for aggregation.

Optical Properties of H- and J-Aggregates. Generally,
transmission loss in forward direction (as measured
by UV�vis) is not attributed to absorbance alone, but
also scattering and reflection contribute to attenu-
ance.13 To quantify the fraction of light that contributes
to scattering, the attenuance measured in UV�vis was
compared to the absorption measured in an Ulbricht
sphere44 in aggregates of highest quality made from
PCBM/CyC blends. In attenuance, the H-aggregate and
J-aggregate samples show a sharp peak at 459 nm
(2.70 eV) and 602 nm (2.06 eV), respectively. Nonag-
gregated films show a monomer peak at 580 nm
(2.14 eV) and a dimer peak at 533 nm (2.33 eV) as well
as an H-aggregate shoulder. In the integrating sphere,
the sharp aggregate peaks vanish (Figure 3a). The
overall absorption of the films can be fitted with
Gaussians, assuming inhomogeneous broadening.

For all film samples, we identify monomer and dimer
absorption bands and a significant contribution in
absorbance by H-aggregates. The J-aggregate absorp-
tion spectrum can only be fitted when we introduce a
J-aggregate absorption peak at 587 nm (2.11 eV). The
scattering efficiencies of the H- and J-aggregated dye
are enormous, outnumbering the contribution of ab-
sorption. The scattering peak for H- and J-aggregate is
blue and red-shifted, respectively, with respect to the
absorption peaks. Both, the large share in scattering
and the peak shift, can be attributed to the size of the
aggregates. While the absorbance depends linearly
on the aggregate volume, scattering shows a square
dependence on aggregate volume.13 Larger aggre-
gates also show larger shifts with respect to monomer
absorption.

Light at the aggregate absorption wavelength is
scattered into a circle around the direction of light
propagation (insets Figure 3b). The scattering pattern
is a direct consequence of the droplet morphology
of the films. A Fourier transformation of the droplet
pattern shows a similar ring pattern (Supporting
Information Figure 4). This result can be quantified by
measuring the scattered light intensity as a function of
wavelength and scattering angle. Figure 3b shows
such 3D plots for J- and H-aggregates and an amor-
phous droplet film, significant scattering is only ob-
served at the resonancewavelength of the aggregates.
In nonaggregated dye films, attenuance (UV�vis) is
somewhat higher than absorbance (Ulbricht sphere)
representing reflected light; no significant scattering is
noticeable.

The emission of J-aggregates is characterized by
small Stokes-shifts and shortened fluorescence life-
time, but given theweak absorbance, wedo not expect
significant fluorescence from our samples. Indeed,
emission spectra from different J-aggregate samples
look alike and are superimposed with a large back-
ground signal. Compared to the monomer sample, the
J-aggregate samples do not show a shoulder toward
longer wavelengths (Supporting Information Figure 5).

Photonic Crystals. The specific scattering characteris-
tics of J- and H-aggregates are exploited to add
wavelength-selectivity to a Bragg grating. In a first step
the wavelength dependent diffraction efficiency of an
absorption grating composed of stripes of the nonag-
gregated dye is investigated. The grating has been
manufactured by micromolding in capillaries45 with a
PDMS stamp with a channel periodicity of 2 μm and a
diluted dye solution, resulting in a 120 nm thick
topographical, but defect-rich grating. The attenuance
spectrum resembles the true absorbance spectrum of
the dye, a small scattering tail extends toward longer
wavelengths. As ameasure for the diffraction efficiency
of the grating, the intensities of the first order diffrac-
tion peak are plotted (Figure 4a), see Materials and
Methods. A notable dependence of the diffraction
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efficiency on wavelength is found, with the efficiency
peaking slightly red-shifted from the absorption max-
imum. A grating can be both, refractive index and
absorption modulated,46 in the first case the grating
is most efficient at the highest index of refraction, in
the second case, the grating is most efficient at max-
imum absorption. In Figure 4b, the real and imaginary
part of the index of refraction of an amorphous dye film
as measured by ellipsometry is shown. A strong varia-
tion of the refractive index is a natural consequence of
the Kramers�Kronig relation at the vicinity of an
absorption feature.47 On the basis of these data, the
diffraction behavior of PCBM/CyC gratings was mod-
eled using the FDTD Solutions software. The results of
this simulation are shown in Figure 4c. Similarly to the

experimental data, the maximum in scattering inten-
sity is not observed at themaximum of absorption, but
for the maximum in index of refraction of the dye,
notably at 591 nm, suggesting a grating modulated by
the index of refraction.

To create periodic line patterns of aggregated dye,
a pattern of self-assembled monolayers (SAMs) with
2 μm periodicity was transferred onto a gold substrate
by microcontact printing. Blend solutions of PCB�
diyne and CyC were spin coated onto the patterned
substrates.48,40 Similarly to the blends coated on
homogeneous substrates, the blend laterally phase
separates into a CyC phase and a PCB�diyne rich
phase. The underlying surface energy pattern directs
phase separation, CyC forms continuous stripes on the

Figure 3. Resonance light scattering of aggregated films. (a) Attenuance spectra (UV�vis) and absorption spectra (Ulbricht
sphere) of cyanine dye films containing H- and J-aggregates. The dye absorption spectra were fitted with four Gaussians
accounting for monomer absorption at 2.14 eV, dimer absorption at 2.33 eV, H-aggregate and J-aggregate absorption. The
integral of the J-aggregate curve is zero for the nonaggregated and H-aggregated films. PCBM absorption is subtracted
where applicable. (b) Scattering intensity as a function of wavelength and scattering angle. The spectrum at an angle of 0�
corresponds to the transmission spectrum. At the resonance wavelength, light is scattered into a defined solid angle
determined by the topography of the films. No scattering is observed for nonaggregated samples. The z-scale at 0� angle has
been arbitrarily rescaled such that absorbance and scattering features are visible on the same z-axis. The insets show
photographs of monochromatic light scattered in forward direction.
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SAM, and a PCB�diyne matrix covered with dye dro-
plets forms on the Au-stripes. The dye can be selec-
tively removed to result in a topographical PCB�diyne
grating. An SPM image of the substrate is shown in the
inset of Figure 5a. Similar to before, this substrate can
be recoated with a saturated dye solution and aggre-
gated dye films form in the voids. Aggregation is again
due to the formation of dye droplets pinned to the
nanostructured PCB�diyne surface. Figure 5a is a 3Dpre-
sentation of the scattering intensity of a J-aggregated
film as a function of wavelength and scattering angle.
A sharp maximum is observed around 610 nm at a
diffraction angle of 10�, the angular position of the
diffracted peak shifts linearly according to the angle
dependence of the Bragg law. Figure 5b shows the
attenuance and diffraction efficiency as a function
of wavelength. When forced onto a line grating,
J-aggregation is not as pronounced as in films on iso-
tropically structured substrates. Still, the aggregate
component in the film results in a diffraction efficiency
that is much sharper compared to the nonaggregated
dye grating (Figure 4). Also here the diffraction max-
imumof the aggregated film is red-shiftedwith respect

to the attenuance features. Figure 5c shows the same
situation for a grating containing H-aggregates formed
on a PCBM template.48 Notable here is the strong
wavelength selectivity due to the aggregate and the
angle selectivity due to the grating. To illustrate this
effect visually, Figure 5d shows a projection of white
light passing through a film containing H-aggregates
on a hexagonal pattern. The H-aggregate attenuation
peak (Supporting Information Figure 6) pretty much
only extends over the range of blue light in the visible
spectrum (450�495 nm). Correspondingly, light scat-
tered into a hexagonal pattern appears blue to the
human eye. A direct application of this property is in
transparent displays.49

CONCLUSIONS

A new method to organize dye chromophores into
aggregates in thin films was introduced. J-aggregates
precipitate at the contact line of substrate, dye, and
air in evaporating droplets of dye solution during
spin coating. We can relate this process to an earlier
reported mechanism concerning the fabrication of
H-aggregates. The aggregates manufactured this way
are sticking out for the prominence of scattering in the
absorption band. While this behavior is characteristic
for large aggregates in solution, we are not aware of
any reports in the literature describing such drastic
resonant scattering in thin dye aggregate films. The
scattering may be compared to scattering of localized
surface plasmon resonances (LSPR), suggesting also

Figure 4. Optical properties of patterned amorphous films.
(a) Attenuance and integrated area of the first-order dif-
fracted peak for gratingsmade of stripes of amorphous dye.
Scattering is strongly enhanced for wavelengths with the
strongest variation in index of refraction. Inset: dispersion
of incident white light into spectral lines. The diffraction
efficiency is not wavelength-selective enough to depress
scattering away from the peak at 600 nm. (b) Optical
constants of a CyC film measured by ellipsometry. (c)
Simulation of wavelength-dependent scattering. Scattering
is observed throughout the dye absorption, but is strongest
at the maximum of n.

Figure 5. Optical properties of patterned aggregated dye
films. (a) Scattering intensity as a function of wavelength
and scattering angle for a J-aggregated film. Inset: nano-
structured PCB�diyne substrate. (b) Scattering efficiency
and attenuance as a function of the wavelength for
J-aggregates. (c) Scattering intensity as a function of the
wavelength of incoming light and scattering angle for a
H-aggregated film. Inset: nanostructured PCBM substrate.
(d) Photograph of white light passing through a hexagon-
ally patterned H-aggregate sample (SPM in inset) projected
onto awhite screen. Only the blue light is scattered. The size
of the scale bars is 2.0 μm.
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here a coherently oscillating electron cloud. Compared
to LSPR, for J-aggregates in thin films even narrower
bandwidths have been reported (fwhm=13.4 nm).23 A
natural next step is to decrease the line width also for

the scattering resonance and to enhance transparency
for wavelengths away from the resonance. From here,
numerous applications in optics, photonics, and sens-
ing can be envisioned.

MATERIALS AND METHODS
Materials. 1,10-Diethyl-3,3,30 ,30-tetramethylcarbocyanine per-

chlorate50 (CyC) and 10,12-tricosadiynoic acid [6,6]-phenyl-C61-
butyl ester (PCB�diyne)40were synthesized in our laboratory. For
structure formulas of the compounds see Supporting Informa-
tion Figure 1. [6,6]-Phenyl-C61-butyric acid methyl ester (PCBM)
was purchased from Solenne B.V., The Netherlands. Solvents
were purchased from Aldrich and used without further
purification.

Film Formation. Blend films of PCB�diyne and CyC or PCBM
and CyC were spin coated from the common solvent chloro-
benzene (CB) onto glass substrates at 1000 rpm. The film
thickness was adjusted by varying the solution concentration
(from 0.1 to 2.4 wt %). CyC films were spin coated at 1000 rpm
from saturated ethanol solutions (10.2 mg/mL) and satu-
rated isopropyl alcohol solutions (1.2 mg/mL) onto different
substrates.

Structured Substrates. Nanostructured surfaces were created
through phase separation of two immiscible substances during
a solvent quench and selectively removing one phase. In the
PCBM/CyC blends, CyC could be selectively removed from the
blend films by immersing the sample in 2,2,3,3-tetrafluoropro-
panol (TFP). In the PCB�diyne/CyC blends, PCB�diyne was
stabilized at 120 �C for 7 h40 and dipped in chlorobenzene to
selectively remove the dye. Polystyrene (Mw = 560K, Fluka
Analytic, Switzerland) and PVME (Mw = 90K, Scientific Polymer
Products, Inc., Ontario, NY) were mixed with 0.17 and 0.37 wt %,
respectively, in toluene and spin-coated at 3000 rpm on glass.
The films were dried under vacuum (10�4 bar) overnight and
then annealed at 150 �C for 5�30 min. The films were then
washed in water for 20 min to remove PVME and dried under
nitrogen flow. Patterned self-assembled monolayer (SAMs)
substrates were obtained by microcontact printing of octade-
canethiol (Sigma-Aldrich) from a poly(dimethylsiloxane) stamp
onto gold.42

Characterization. Scanning Probe Microscopy (SPM) images
were done on aNanoSurfMobile S (Nanosurf AG, Switzerland) in
tapping mode at 170 kHz with rectangular silicon cantilevers
(Nanosensors; Mikromasch, Lady's Island, SC), with a force con-
stant of ∼40 N m�1 and tip radius of 10 nm. The images were
analyzed with the WsXM software. The UV�vis spectrophot-
ometer used was a Varian Cary 50. Absorbance spectra were
measured on a Horiba Jobin Yvon Fluorolog equipped with an
integrating sphere, following the procedure described in ref 44.
Light diffraction was measured with a photodiode mounted
to a motorized goniometer. The light source is a xenon-lamp
(LOT-Oriel, U.K.) coupled to a monochromator (Omni-λ300,
Zolix, China). The beam was optically focused on the sample
surface. Solvent evaporating times during spin coating were
measured by laser reflectometry on glass substrates.51 Simula-
tions were done with the program FTDT Solutions from Lume-
rical Solutions, Inc., Canada. Ellipsometry was performed on
a spectroscopic Ellipsometer, M-2000U from J.A. Woollam
(Lincoln, NE).

Data Processing. For graphical representation in Figure 3b, the
raw intensity data I obtained from the diffraction setup was
integrated over the scattering ring and normalized by the lamp
intensity I0. For graphical representation in Figures 4 and 5, the
raw data was normalized by the lamp intensity. No integration
was performed as the diffraction occurs in-plane with the
detector. In this case, the diffraction efficiency is defined as
the integral of the first-order diffraction peak normalized to the
integral of the zeroth-order peak.
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