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Prologue 
 

„Nature uses only the longest threads to 

weave her patterns, so that each small piece of 

her fabric reveals the organization of the en-

tire tapestry.“  R.P. Feynman 

Before focusing on the very particular 

subject of this thesis, I would like to point out 

the universality of ordering phenomena on dif-

ferent length scales. Nature not only exhibits 

but most efficiently uses repeating patterns on 

different length and time scales. The ability to 

form periodic structures from initially iso-

tropic systems such as gases, solutions or sus-

pensions is a widely observed phenomenon. 

Early theoretical work on spontaneous pattern-

ing suggests that it arises already when two 

entities of antagonist behavior vary periodical-

ly in time or space. The two entities can be of 

very different nature, depending on the length 

scale on which they act.  

A first example of spontaneous formation of 

periodic arrays on the macroscopic scale is the 

formation of regular dunes of sand in deserts 

or at the bottom of shallow lagoons. It occurs 

in the range of centimeters to hundreds of me-

ters and is due to the periodic enrichment and 

deposition of particles (sand) in particular po-

sitions. The two antagonist phenomena are 

here growth and dissolution, particles being 

carried as a suspension and particles being de-

posited, lowering the concentration in the sus-

pension. The periodicity arises from a local 

(and temporal) enrichment of the concentra-

tion followed by local (and temporal) particle 

depletion.  

A second example of the spontaneous for-

mation of periodic arrays, this time occurring 

in living individuals, is the structuration in the 

exoskeleton of numerous insects of the cole-

optara family like the Golden Stag Beetle 

(Lamprima aurata) or the morpho family of 

like the butterfly Menelaus Blue Morpho 

(Morpho menelaus). This spontaneous struc-

turing occurs on the range of micrometers to 

hundreds of nanometers. The two antagonist 

phenomena here are -as most often in living 

organisms- growth and inhibition, a temporal 
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variation of concentration in a growth factor 

and an inhibition factor controlled by the pro-

tein machinery.  

A third example of the spontaneous formation 

of periodic arrays occurring in nature concerns 

crystallization. This structuring occurs on the 

length scale of molecules to small particles, 

from a few tenths to some tens of nanometers. 

In this case the two antagonist phenomena are 

enthalpy and entropy, aggregation and disso-

lution.  

Spatial periodic structures share the ability on 

all length scales to interact with light of com-

parable wavelength. Light exists as a continu-

um of wavelengths varying from hundreds of 

meters (radio waves) to micrometers (infrared 

light) to hundreds of nanometers (visible light) 

to nanometers (X-Ray) to femtometers (γ-

rays). In our first example, light-matter inter-

action results in scattering of radio waves by 

periodic geographic features, rendering radio 

reception difficult in mountainous areas. In 

our second example, light-matter interaction 

between visible light and micrometer-periodic 

array on insects’ exoskeleton results in color-

specific light diffraction called iridescence. It 

is interesting to note that living individuals in 

which such structuring formed were advan-

taged to survive the Darwinian struggle. This 

scale of structuration is particularly interesting 

for optics as the interaction occurs with visible 

light. The fabrication of periodic structures 

with a contrast in their refractive index has led 

to intriguing objects: photonic crystals. Due to 

their ability to selectively transmit light 

(through their photonic band-gap) in a given 

direction, they allow to control the propaga-

tion of light. For our third example, light-

matter interaction on the nanometer scale be-

tween repeating units in a crystal and the ap-

propriate X-ray light results in angle and 

wavelength-specific scattering used routinely 

for crystal characterization.  

 

The project carried out during these past three 

years and a half fits in this general scope of 

patterning with insights into effects arising 

when light and matter interact. It highlights a 

very specific form of self-assembly that leads 

to extra-ordinary interaction with light. 
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Abstract  

Understanding the structure of matter and forces at play at all length scales is, to my opinion, one of 

the most fascinating aspects of science. With the recent development of probing methods able to fo-

cus on the nanometer and beyond, old intuitions on the structure of matter were proven. Thus we can 

now visualize molecules and measure their interactions, control atoms one by one and engineer func-

tional objects with such a level of control. It has become clear that novel properties of materials can 

arise when molecules assemble in a given spatial configuration.  In this general scope of controlling 

matter on different length scales, our contribution is in the field of organic semiconductors. Such 

semiconducting molecules promise the development of flexible large-scale coating technologies for 

future electronic and optical devices such as light emitting diodes, transistors or light computing 

units and are now implemented in everyday-life objects such as smart phones, televisions and tablets 

in thin films. The ability to structure organic semiconductors on specific areas of a surface is critical 

for their use in such optoelectronic devices.  

 

Our system consisting of small semiconducting molecules can be considered a model as it appears in 

three different solid phases: amorphous, semi-crystalline and single-crystalline. The precise morpho-

logical outcome depends only on the processing history of the sample. While standard coating meth-

ods from solution such as spin-coating, blade-coating or spray coating aim to form uniform amor-

phous thin films through a constant evaporation rate,  our work concentrates on using dewetting as a 

driving force to induce order in thin films. The first and larger level of order consists in forcing solu-

tions to wet defined areas of the surface. By this method micro-periodic arrays were formed on sur-

faces. Such arrays may find applications in devices where a precise control over light propagation is 

required, such as organic solar cells or optical switching devices. The formation of micrometer-size 

liquid droplets by dewetting furthermore allows nucleating new phases due to a controlled solvent 

evaporation. We show that the confinement of molecules and the anisotropy in the solvent evapora-

tion occurring in isolated droplets leads to the formation of crystalline phases within these droplets. 

This is an important observation as organic semiconductors exhibit novel properties e.g. in terms of 

electric conductivity, light absorption or emission when they form supramolecular assemblies. The 

second level of order is therefore on the nanometer scale. Depending on the growth conditions, the 

nuclei contained in the droplets develop either into 2D single crystals with orientation-dependent op-

toelectronic properties or confined crystallites with outstanding light scattering properties, the so-

called H- and J-aggregates.  
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Résumé 

Comprendre les interactions dont la nature dispose pour modeler et structurer la matière à toutes les 

échelles est, à mon avis, l’une des branches les plus passionnantes de la science. L’émergence dans la 

seconde moitié du vingtième siècle de méthodes de caractérisation permettant l’observation de 

phénomènes qui se produisent à l’échelle du nanomètre, et en-dessous, ont confirmé d’anciennes 

intuitions concernant la structure de la matière. Elles permettent de visualiser des molécules, de 

mesurer leur interaction, de contrôler la position des atomes un à un. Il est devenu évident que de 

nouvelles propriétés émergent par l’arrangement spatial des atomes ou molécules. Dans cette optique 

de contrôler la matière à différentes échelles, notre contribution concerne les semiconducteurs 

organiques. Ces molécules promettent une production à grande échelle de composants efficaces et 

flexibles pour l’électronique et l’optique. Ils sont utilisés à l’heure actuelle dans l’électronique de 

masse, les smartphones, les téléviseurs et autres tablettes sous la forme de couches minces. Le 

positionnement précis des différents composants est crucial pour le fonctionnement des modules 

électroniques et optiques tels le transistor à effet de champ ou la cellule photovoltaïque. 

Notre système moléculaire peut être considéré comme un modèle pour l’étude de couches minces 

dans la mesure où il se présente sous les trois formes possibles du solide : amorphe, semi-cristallin 

ou mono-cristallin selon l’histoire et la méthode de fabrication du film. Les méthodes traditionnelles 

de dépôt de couches minces à partir de solutions comme l’enduction centrifuge, à racle, ou aérosol 

visent à déposer des films uniformes et amorphes sur une surface. 

Ici la déstabilisation de films minces en gouttelettes (démouillage) est utilisée pour induire une 

périodicité dans ces films à différentes échelles: 

               - La première échelle est celle du micromètre. Nous utilisons la séparation entre deux 

phases liquides pour former des sillons réguliers sur une surface, sillons que nous utiliserons ensuite 

pour contrôler la propagation de la lumière. La formation de gouttelettes liquides confinées change le 

mode d’évaporation du solvant dans ces volumes. Cela conduit à une transition de phase et à la 

germination de nano-cristaux. Cette observation est importante du point de vue des nouvelles 

propriétés (optiques, de conductivité électrique ou de diffusivité) qui apparaissent du fait de 

l’organisation des molécules en assemblages supra-moléculaires. 

                   - La seconde échelle d’organisation est donc celle du nanomètre. Ces nouvelles phases 

cristallines évoluent pour former, selon les conditions de croissance, soit des monocristaux aux 

propriétés utilisables par exemple dans des transistors, soit des nano-cristaux aux propriétés optiques 

extraordinaires appelés H- et J-agregats. 
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I. Introduction 

1. Scope and formulation of the thesis 

Properties induced by self-assembly 

Self-assembly or the ability of systems to assemble in a given order without human intervention is a 

universal phenomenon. So universal at all scales that it made Whitesides wonder “Is anything not 

self-assembly?”.1 The organisation of molecules in supra-molecular architectures confers novel 

properties to the whole ensemble compared to the isolated molecules or randomly distributed mole-

cules. Examples of such properties are legion, among which novel optical, thermodynamic or elec-

tronic properties.2 While living species use extensively composite self-assembly both in 2D (an ex-

ample being the phospholipids in the cell membrane) and 3D (the DNA double helical structure and 

protein folding), researchers in materials science strive to recreate similar organised structures.3 A 

field where a precise control over the morphology of materials is crucial is that of organic semicon-

ductors which promise the development of flexible large-scale technologies for future electronic and 

optical devices such as transistors,4 optical computing units, or photovoltaic cells.5 Thin films are the 

most studied assemblies for practical use in modern optoelectronic devices. Morphology in thin films 

is important because it determines the optical and electronic properties of the ensemble such as light 

propagation, charge transport, delocalization of the excited state and charge separation at interfaces.  

 

Materials and methods 

In this study, we consider small molecules of two different families. Small is here to be understood 

as opposed to macromolecules, polymers. The first group of molecules belongs to the buckminster-

fullerene. The second group belongs to the cyanine dyes. Carbon-rich conjugated objects such as 

carbon nanotubes, graphene and fullerenes6,7 are archetypes of what nanotechnology and characteri-

zation methods of the late 20th century allowed. They generate a tremendous amount of studies as 

they promise revolutions in fields as diverse as energy harvesting, medicine and engineering. Cya-

nine dyes are known and used as colorants since the 19th century, but their intriguing optical proper-

ties linked to their stacking into aggregates made them precisely precursors of nanotechnology.8  

They were used for instance as sensitizers in silver halide photography and in biochemical labelling 

or data storage.9 The chemical formulas of one molecule of each family are given in figure 1. Chem-

istry allows us to add functionality to e.g. the fullerene side-chain or the cyanine chromophore.  
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Figure 1. Chemical formulas and names of the two main studied molecules, left: PCBM, right CyC. 

 

These two organic molecules are called semiconducting because they possess an electrical conductiv-

ity with an intermediate value (ca. 10-3 S/m for C60) between conductors (107 S/m for copper) and in-

sulators. (ca. 10-21 S/m for poly(ethyleneterephtalate)).  

These molecules are soluble in organic solvents and can therefore be deposited from solution onto 

substrates. Examples of deposition methods include spin-coating, dip-coating, blade-coating, spray 

coating as well as printing techniques. Spin-coating is a general method used to deposit organic ma-

terials on surfaces on a laboratory scale. In this method, a drop of liquid is thinned to form a film un-

der rotation of the substrate (figure 2 a). Two main factors determine the morphological outcome 

during spin-coating. First the flow of liquid due to the spinning dominates the thinning of the film 

and second the evaporation of the solvent determines the thermodynamic state of the solute (figure 

2b).10 Spin-coating is designed to yield amorphous isotropic films with random orientation of the so-

lute molecules. Organization into crystals or aggregates does not usually occur due to a rapid 

quenching during solvent evaporation. Also the cyanine dyes under consideration typically form 

amorphous films when spin-coated.   

Specific physical effects can be exploited to induce micrometric lateral structures in spin-coated 

films. Known strategies include dewetting,11 surface energy patterning12 and the destabilization of 

blend films.13 In these structures, the direction of solvent evaporation and confinement effects can 

induce order on the molecular level14 which we aim here.   
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Figure 2: Spin-coating. a, principle of the method, spin-coating usually leads to amorphous thin 

films. b, evolution of the film thickness as a function of time (as an example we consider here buta-

nol on glass coated at 1000 min-1). The first part (0 to 6s) can be modeled by solving the Navier-

Stokes equation of flow and the last (linear) part (10 to 17s) is dominated by solvent evaporation.  

 

Structure of the manuscript 

In this thesis we demonstrate for the class of cyanine dyes that similar effects -the solvent evapora-

tion from confined volumes of dye in the micrometer range- can induce aggregation and nucleation in 

the nanometer range. Accordingly, this thesis is separated in two parts corresponding to these two hi-

erarchical levels of order. First dewetting is used to structure thin films, forming droplets in the range 

of micrometers (in red in figure 3). Second, within these dewetted droplets, self-assembly phenome-

na driven by electrostatic, Van der Waals and entropic forces are used to order molecules in the na-

nometer range15 (in black in figure 3). The forces which are used to structure matter during spin-

coating -classified according to the length scale at which they act- are summarized in figure 3. 

 

Figure 3. Interactions and their distance of action. Chapter I, 2) will concentrate on the formation of 

micro-arrays of cyanine droplets (in red). Chapter I, 3) will concentrate on the formation of nano-

crystals in these droplets (in black). 
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2. Dewetting of thin films: tools for macroscopic structure formation 

a. Theory of dewetting 

Definitions and scope 

Wetting designates a liquid layer covering a solid. It is a phenomenon at the frontier between physics, 

chemistry, materials science and engineering. The study and control of wetting properties of liquids 

is of paramount importance in diverse technological areas. For instance at large scales, wetting plays 

a fundamental role in the optimized spreading of pesticides on crop leaves16 or in oil recovery17. On a 

smaller scale, wetting solutions have served to solve technological issues in printing for large scale 

electronics or ink-jet printing and microfluidics.18  

 

Dewetting is defined as the rupture of a continuous liquid thin film on a surface or at a liquid inter-

face. It results in holes in the film, islands, stripes or pillars of dried solute.19 While dewetting is det-

rimental to many thin film applications such as anti-corrosion coatings or paints, it can be greatly de-

sired in other emerging branches of industry where a rapid drying of the surface is required such as 

anti-ice fluids sprayed on aircrafts or to promote water drainage from glasses.20 Emerging micro and 

nano technologies can greatly benefit from controlling dewetting on surfaces.21 It could allow con-

trolling the size and distribution of isolated objects on surfaces, thus avoiding the use of high-cost 

lithographic methods. Furthermore because dewetting is a universal phenomenon observed in thin 

films, it may be applied to any combination of materials. Such versatility matches the chemical ver-

satility of organic semiconductors.  

 

Equilibrium wetting conditions on homogeneous substrates 

The wetting behavior of a droplet of liquid (L) on a solid (S) in a vapor phase (V) is given by 

Young’s equation which considers the mechanical equilibrium of the interfacial tensions (훾) at the 

contact (triple) line, the droplet forming a fixed contact angle (휃eq) with the surface22: 

훾 = 훾 + 훾 cos	(휃 ) 

휃eq=0 corresponds to a complete wetting, 휃eq>0 corresponds to a partial wetting. Usually wetting is 

described by the spreading coefficient Seq ≤0 given by: 

푆 = 훾 − (훾 + 훾 ) = 훾 (cos 휃 − 1) 

 Partial wetting corresponds to Seq<0 
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 Complete wetting corresponds to Seq=0 

 

In the case of spin-coating, droplets form by the destabilization of an originally wetting film. 

  

Destabilization of thin films due to solvent evaporating 

Thin films are defined here as liquid or solid films having a thickness well below their capillary 

length lc. A common misuse of language consists in calling thin film also a distribution of solute re-

sulting from dewetting. The capillary length is defined by: 

푙 =
훾
휌푔  

훾LS being the interfacial tension between the liquid and the solid, 휌 is the density of the fluid and g 

the gravitation acceleration. For organic solvents lc≃1.5 mm. The spreading behavior of a thin liquid 

film on a plain surface having a thickness l<lc is solely governed by interfacial tensions and gravity 

can be neglected.23 For thicknesses close to the capillary length, the first instability arises from local 

variations of the surface tension. The Marangoni instability appears when the convection of material 

is too slow to compensate the formation of a temperature or concentration gradient during solvent 

evaporation.24,25 These gradients through the film lead to a surface tension gradient which destabilize 

the films.26 This instability has been commonly used to pattern films in the thickness range of milli-

meters to micrometers.27 However it does not play a capital role in our case as the films considered 

here have a thickness (l) below one hundred nanometers. 

 

Destabilization of thin films due to interfacial forces 

Below a critical thickness (l<<lc), typically 100 nm, the films may destabilize due to molecular forc-

es, leading to dewetting. The forces which are responsible for the destabilization of a thin film act on 

the liquid vapor interface through a local pressure contribution,28 the disjoining pressure. It results 

from van der Waals and electrostatic interactions. The wetting behavior is the result of the balance 

between cohesive forces holding the liquid together and adhesive interactions between the solid and 

the liquid. 29 The equilibrium quantities such as Seq can therefore in principle be calculated by adding 

(integrating) the molecular (Lennard-Jones) interaction potentials taking into account both van der 

Waals attraction and short range electrostatic repulsion.  

푤(푟) ∼ [(푐 푟⁄ ) − (푐 푟⁄ ) ] 
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c1 and c2 are constants giving the respective intensities of electrostatic and Van der Waals interac-

tions (dipole-dipole, dipole-induced dipole and induced dipole-induced dipole molecular interac-

tions). In a classical calculation by Israelachvili, performing a volume integral over all molecules in 

two half-spheres bounding the film, it can be shown that the disjoining pressure 훱(l) varies as:29 

Π(l) ≈
퐴

6휋푙  

A designates the Hamaker constant which gives the amplitude of the interaction. This disjoining 

pressure leads to a net interaction energy between the two surfaces of the wetting layer: 

푉(푙) =
퐴

12휋푙  

It is worth noting here that this potential (but not the molecular van der Waals interaction) is occur-

ring at a long range. It is by misuse of language that molecular van der Waals interactions are in-

voked in wetting phenomena. By assuming pairwise additivity of van der Waals interaction, Hamak-

er showed that the value of A, the Hamaker constant can be related to the amplitudes of the 

molecular interactions between S/L and L/L, the c2 constant.30 Once the value of A known,  one can 

calculate the value of the spreading coefficient Seq by:31 

푆 = Π(l)푑푙 

The Hamaker constant represents the integrated value of short-range interactions. It is clear from the 

expression of the disjoining pressure (∼l-3) that the thinner the film the more unstable it is. Once the 

film becomes unstable energetically, the decomposition of the film starts. Three main mechanisms 

for dewetting have been described so far, one is spinodal (unstable) dewetting and the other are nu-

cleation-growth (metastable) mechanisms: homogeneous and heterogeneous nucleation (Figure 4). 
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Figure 4. Schematic representation of the two destabilization mechanisms observed in thin films. 

Spinodal decomposition proceeds in the unstable region of the phase diagram through an amplifica-

tion of a density or thermal fluctuation. Nucleation growth proceeds in the metastable region through 

the formation of a critical droplet and its growth. 

 

Spinodal and Liquid-liquid dewetting 

Spinodal dewetting is a general phenomenon observed for solutes in a solvent or polymer melts on 

surfaces. It happens when the system is brought in the unstable region of its phase diagram. It pro-

ceeds through the amplification of local variation in the film density, composition, or thickness. In 

such a case, the instability of a homogeneous film to an infinitesimal fluctuation is enough to ensure 

that the surface free energy contribution is always smaller than the bulk free energy contribution. 

From this, one expects the formation of highly interconnected morphologies at the early stage of 

phase-separation.28 These interconnected phases then break up to fully separated domains by ripen-

ing, further mass flows from regions of high curvature to regions of low curvature.32 

 

Liquid-liquid dewetting (LLD) is a particular case of dewetting occurring between two liquids (figure 

5). Due to the presence of two deformable volumes, the morphological outcome is much richer than 

the mono-component counter-part.33 For our blend system, based on morphological observations, it 

was postulated that a liquid bilayer forms during solvent evaporation.13 When starting from a blend 

solution, the first stage of liquid liquid dewetting is the phase-separation into two layers when the so-

lution concentration reaches the binodal threshold (see figure 5 a).  The top layer, rich in PCBM, is 

in contact with air and the bottom layer, rich in cyanine, is in contact with the solid surface (figure 5 

b). Upon solvent evaporation, the thinner of the two layers undergoes destabilization by a spinodal 

mechanism and this yield a typical decomposition wavelength (size of the dewetting droplets) which 

is proportional to the thickness of the destabilizing layer. This phenomenon allows to selectively 

form droplets of one or the other component and to tune their size by controlling the thickness of the 

film.34  



Page | 14  
 

 

Figure 5. Off-critical Liquid-liquid dewetting in blend films of CyC/PCBM. The formation of a bi-

layer of which the stacking order is governed by the surface energy of CyC and PCBM is followed 

by the spinodal dewetting of the thinner of the two layers. a, scheme of the ternary phase diagram of 

a blend solution, the solvent evaporation is materialized in green, it brings the solution under the bi-

nodal line and induces phase-separation, b, a thinner PCBM layer results in PCBM droplets in a ma-

trix of CyC, c, a thinner layer of CyC results in CyC droplets in a matrix of PCBM. 

 

Nucleation-growth 

Nucleation-growth happens when the ternary system is brought into the metastable region of its 

phase diagram. In this case the system destabilizes due to a large amplitude and short wavelength 

fluctuation i.e. the formation of a critical droplet.35 This critical droplet will grow, similarly to the 

late stage of spinodal decomposition due to ripening. A film that would normally form a wetting lay-

er may destabilize on surface heterogeneities.36 The presence of heterogeneities on the surface pro-

duces complex morphological features based on the nucleation-growth mechanism, which cannot be 

explained by the spinodal mechanism.  

 

b. Patterning tools 

Definitions and scope 

Patterning refers to the ability to deposit or organize matter in a controlled manner. Here only 2D 

patterning of organic semiconductors is considered. In this scope, patterning is used for example in 

data storage, optical waveguides or diffraction gratings.37 2D-photonic crystals with regular patterns 

in the size range of the visible light wavelength are promising candidates for enhancing light absorp-

tion in organic solar cells.38 Such regular structures of optically active materials are also suitable for 
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the development of optical switches.39 The manufacturing methods for such films are mostly top–

down approaches based on lithography37 or inkjet printing.40 Alternatively, patterning of organic 

films can be achieved by guiding self-assembly processes, such as polymer blend demixing or using 

the film instabilities described earlier that develop during coating.41 Liquid–liquid dewetting between 

two small semiconducting molecules is a promising method as it generates tunable hierarchical struc-

tures.13 Two types of solute patterning are described: first the control over the size of the dewetting 

droplets via the topographic heterogeneity of the underlying surface and second the control over the 

position of the dewetting droplets via the chemical heterogeneity of the underlying surface.  

 

Controlling the size of dewetting droplets by topographic heterogeneity 

The equations of Cassie and Wenzel42,43 describe the equilibrium (stable) wetting of droplets on het-

erogeneous substrates when the droplets cover a large number of heterogeneities. Cassie’s law cor-

rects the apparent contact angle of Young’s equation by weighting the contact angle of each phase by 

its surface fraction. Much more interesting for pattering is the destabilization of wetting films by sur-

face heterogeneities. Destabilization happens for steps as small as a few nanometers.23 To control 

precisely the outcome, one should control the size and distribution of the heterogeneity. The nuclea-

tion-growth mechanism allows to form any decomposition wavelength from a fixed spinodal length 

and the size of the resulting dewetting objects correlates with the size of the heterogeneity.44 From a 

practical point of view, nanostructured surfaces can be formed by any method mentioned in defini-

tion and scope. We chose to use self-assembled nanostructured films obtained by dewetting as tem-

plates for further dewetting. In Chapter II, 4) such templates are obtained by selectively solubilizing 

one of the two components of a nanostructured blend film. The remaining phase is used to destabi-

lize a solution during a second coating step. 

 

Controlling the position of droplets by chemical heterogeneity 

Micro-contact printing has emerged as a versatile method to chemically pattern metallic or oxide sur-

faces in the range of micrometers (figure 6). In the original report by Kumar and Whitesides,45 an ink 

consisting of an alcane thiol (of general formula CH3(CH2)nSH) in a solvent is applied on a patterned 

poly(dimethylsiloxane) (PDMS) stamp. The stamp is maintained in contact with a gold surface and 

the thiols diffuse from the swollen PDMS in contact to the surface where they bind, forming 2D 

crystalline assemblies called self-assembled monolayers (SAM).12 Micro-contact printing allows to 

locally tune the surface energy by choosing different end groups on the thiols. The contrast in the 

surface energy can be as high as thousands of mJ/cm2 as the method is typically applied with hydro-
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phobic thiols on metals. Destabilization happens with a difference of contact angle as small as 1° for 

chemically heterogeneous substrates.23 

 

Figure 6. Micro-contact printing. a, In this soft-lithography method, an ink of thiols is selectively de-

posited on the surface using a swollen PDMS stamp, b, this results in a local chemical and conduc-

tivity contrast shown by scanning electron microscopy (SEM). 

 

Contact-line pinning 

When a droplet is in contact with a small number of surface defects and when the typical dimensions 

of the defects match with the dimensions of the droplets, the triple line is trapped in pinned states. 

This results in the immobilization of the triple line at a given position. Contact line pinning may hap-

pen for both chemical and topographic heterogeneities as shown in figure 7. In such a case, the con-

tact angle can take any value between the two adjacent equilibrium states. This pinning allows accu-

mulating solute at the contact line upon solvent evaporation. 

 

Figure 7. Pinned states at interfaces. Contact-line pinning results is the droplet contact line being 

trapped at the interface between two chemically different surfaces (a) or at a sharp geometrical fea-
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ture of a same material (b). These pinned states allow broadening the parameter window (thickness, 

concentration) where the deposition of material is controlled. 

 

Phase-separation and dewetting of polymers on chemically patterned substrates has been studied ex-

tensively both experimentally46 and theoretically.44 The main finding of these studies is that transi-

tions separate morphological regimes defined by the geometrical ratio between the spinodal decom-

position wavelength and the pattern periodicity.47 Contact-line pinning allows new degrees of 

freedom for the liquid-vapor interface. It is particularly useful in combination with dewetting of pol-

ymers48 as it forces the contact line of droplets to remain at fixed positions. We extend these studies 

to liquid-liquid dewetting. See Chapter II: Dewetting-driven hierarchical self-assembly of small sem-

iconducting molecules.34 In this publication we show wetting transitions similarly to those observed 

for polymers. Contact-line pinning allows us to efficiently pattern small semiconducting molecules 

by designing regular arrays with periodic variations in the surface energy. We furthermore use such 

patterned surfaces in 1D photonic crystals to control the propagation of light. See Chapter II: Reso-

nant light scattering in dye aggregates forming in dewetting patterns. 

 

Depositing molecules in the form of confined volumes (in droplets or meso-porous media for exam-

ple) induces novel phase transitions within these volumes. The second part of this thesis focuses on 

the self-assembly of dyes on the nanometer scale, induced by controlled solvent evaporation. This 

self-assembly leads to the formation of critical nuclei which grow into single crystals (chapter 3) or 

aggregates (chapter 4). 

  



Page | 18  
 

3. Single Crystals from dewetted thin films 

a. Definition and scope 

Organic single crystals are 3D periodic arrays of organic molecules. Organic crystals differ from in-

organic crystals by their rich chemistry allowing their molecular design and by their weakly-

interacting units. The peculiarity of molecular and polymeric organic semiconductors as compared to 

inorganic solids is that weak van der Waals forces are at the origin of the versatility of structures that 

can be achieved. Subtle modification of the interactions during deposition can lead to different struc-

tures and morphologies. The occurrence of polymorphs is quite common and underlines this peculi-

arity of organic semiconductors composed of molecular building blocks.  The structure of a CyC sin-

gle crystal is given as an example in figure 8. The spatial repetition of semiconducting molecules 

confers to the crystal orientation-dependent properties in terms of charge transport with high charge 

carrier mobility,49 or light propagation with non-linear optical properties.50 Examples where the ani-

sotropy of organic single crystals could be used include organic field effect transistors14 (OFETs) or 

optical switches.39 The formation of a crystal always proceeds in two consecutive steps: nucleation 

and growth. 

 

 

Figure 8. CyC single crystals. a, optical microscopy image under crossed polyrizers showing a stack 

of three CyC crystals, b, Packing behavior of CyC in a single crystal, measured by X-Ray scattering. 

 

b. Nucleation in droplets 

Nucleation refers to the formation of the smallest stable volume of one thermodynamic phase in an-

other. Nucleation requires bringing the system into an unstable supersaturated state. Crystals can be 
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nucleated from a melt where the temperature controls the degree of supersaturation or from solution 

where the concentration is the critical parameter.51 Nucleation happens in solution when the concen-

tration of the solution exceeds the solubility of the solute. The nucleation rate of organic semicon-

ductors can be for example controlled on surfaces by patterning methods which define small volumes 

in which a solution becomes supersaturated.52,53 Nucleation can also be induced in confined volumes 

obtained by dewetting and subsequent solvent evaporation.14 When the solvent contained in a droplet 

of solution evaporates, the solute is deposited at the rim of the initial droplet. This “coffee-stain” ef-

fect occurs due to an enhanced evaporation at the high curvature rim region. The rate of evaporation 

from a curved surface can be described by the Kelvin equation which is derived from the classical 

Laplace pressure equation: 54 

ln
푝
푝 =

2훾푉
푟푅푇  

p is the vapor pressure, p0 is the saturated vapor pressure, 훾 the liquid/vapor surface tension, Vm the 

molar volume of the fluid, r the curvature radius, RT the molar thermal energy. p>p0 corresponds to 

evaporation and evaporation is more pronounced for surfaces with a smaller radius of curvature. This 

enhanced evaporation at the rim of the droplet induces a capillary flow which maintains the triple 

line at a fixed position.55 This leads to an enrichment of the solution at the rim which induces nuclea-

tion (see figure 9). This effect is used here to induce nucleation in droplets arising from dewetting. 

 

Figure 9: Coffee stain effect. Due to a difference in the surface curvature between the center and the 

rim of the droplet and the subsequent gradient in solvent evaporation, a capillary flow is triggered. 

This enriches the solution close to the rim of the droplet and induces nucleation of crystals at the rim.  
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c. Growth and alignment of organic single crystals 

Single crystals grow from a stable nucleus in a supersaturated solution. Most organic single crystals 

are grown in bulk solution but an increasing interest has emerged for crystal growth in thin films for 

electronic applications.56 Growth of crystals form critical nuclei arises from the displacement of mol-

ecules from amorphous regions to the nuclei. This can happen by diffusion from a solution or a gas 

or a melt or in our case by surface diffusion to the growth zone.57 Molecules can be mobilized by 

solvent vapor58 and diffuse on the surface to the growing front (figure 10). Solvent annealing is a 

known growth method for organic single crystals on polymer surfaces.59 A very important issue still 

remaining is the macroscopic orientation of such objects to be able to place them in positions where 

their opto-electronic properties are optimal, the organic crystals are usually handpicked and placed in 

the right position.52 Several methods for the self-alignment of organic single crystals were developed 

including growth in geometrically confined grooves,60 or using the contact-line pinning of an evapo-

rating solution.14 We show in the following publication that the continuous growth of mobile single 

crystals on chemically patterned substrates under solvent vapor allows their alignment by a mecha-

nism of minimization of the interfacial energy.61 See Chapter II: Growth and alignment of thin film 

organic single crystals from dewetting patterns. We describe a new method for 2D single crystal 

growth based on the nucleation in dewetted droplets and consecutive solvent annealing.   
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Figure 10. Surface diffusion, and crystal growth. a, crystal grow under solvent atmosphere at the ex-

pense of an amorphous film. b, from an amorphous droplet, CyC molecules are transported on the 

surface by solvent molecules to the growth region.  

 

d. Chemical stabilization of crystalline domains 

Organic structures held by van der Waals interactions mainly have the disadvantage compared to 

ionic or covalent crystals to be relatively unstable, to solvents or degradation. Cross-linking of self-

assembled morphologies is an attractive approach to enhance the structural stability of self-organized 

structures.62,63 In this scope, an elegant way to stabilize aligned functional molecules is via topo-

chemical reactions.64 Such chemical reactions occur only when the respective positions of the react-

ing molecules are precisely controlled. They transform a crystal of monomers into a polymer with no 

change in the morphology. An example of such a reaction is given in Chapter II: Diyne-

functionalized fullerene self-assembly for thin film solid-state polymerization. Here we synthetize a 

new diacetylene-functionalized fullerene and show that structured films of this molecule can be ren-

dered insoluble by thermal solid-state polymerization, without altering the film morphology.   
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4. Dye aggregates from dewetted thin films 

a. Definition and scope 

From the original nuclei present in the dye droplets, a particular type of nano-crystals can also be 

grown, the Aggregates. Dye molecules exist in a variety of chemical structures having in common an 

extended delocalization of π electrons. Aggregates are supra-molecular polymers of dye molecules, 

under the aspect of crystallization, they appear as a form of nano-crystals with specific optoelectron-

ic properties resulting from strong dipole-dipole interaction. Dye aggregates were discovered inde-

pendently in the 1930s by Scheibe et al.65 and Jelley.66 They observed an unusual optical behavior of 

the dye molecules in aqueous solutions. Above a critical concentration in aqueous solutions and 

compared to other solvents, the absorption feature of the dye was shifted to longer wavelengths and 

appeared not to follow the Beer-Lambert law of absorption additivity with concentration. Character-

istic for the aggregates is the sharpness of the absorption feature and a very high absorption coeffi-

cient, their non-linear optical coefficient67 and their ability to delocalize electronic excited states.8 In 

parallel, it was discovered that the aggregates fluoresce strongly with a very small Stokes shift and 

exhibit superradiance.68 Another property of the aggregates is their ability to resonantly scatter in-

coming light at the absorption wavelength. Light scattering refers to the property of matter to absorb 

incoming light and emit it in all directions. Examples of such phenomena include Rayleigh scattering 

by atmospheric molecules which make the sky appear blue to our eyes or Mie scattering on solid par-

ticles making clouds or fog appear white to our eyes. While light scattering is normally considered 

only far from the absorption features of materials, concentrating on size-induced scattering, an en-

hancement of several orders of magnitude of the scattering intensity can be observed for species 

which aggregate (in the sense of J or H-aggregates).69 Such a resonant light scattering (RLS) is used 

in biochemical and pharmaceutical analysis where RLS signals from aggregated chromophores are 

enhanced on biomolecular templates.70 The incident photons induce an oscillating dipole in the as-

sembly when they are absorbed. This dipole emits light in all directions. The absorption cross-section 

(Ca) (ratio of absorbed photons to incoming photons) and the scattering cross-section (Cs) (ratio of 

scattered photons to incoming photons) depend only on the incoming wavelength and the polariza-

bility of the aggregate (the complex number α= αr+iαi, i2=-1), its ability to form dipoles when excit-

ed.   

퐶 =
2휋
휆 훼  

퐶 =
8휋
3휆

|훼|  
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It turns out that the module of the polarizability is maximal at the absorption maximum. For non-

aggregated species this quantity of scattering cannot be detected. But in the case of aggregates, the 

polarizability being proportional to the volume of the aggregate, the scattering cross-section varies 

with the square of the aggregate volume. For this reason, resonant light scattering is extremely sensi-

tive to a small number of extended aggregates.69 

In this thesis, in Chapter II, 4), combined with our dewetting method which allows controlling the 

spatial arrangement of cyanine droplets on the surface, the aggregation in these droplets leads to res-

onantly scattering films where we can control both the direction and the color of the propagating 

light (figure 11). See Chapter II: Resonance light scattering in dye aggregates forming in dewetting 

droplets. 

 

Figure 11: Selective light scattering in normal transmission from a J-aggregated patterned sample 

(left) and an H-aggregated sample (right). 

 

b. Structure of cyanine dye aggregates 

Scheibe et al. interpreted the new absorption behavior of the dye in water by a “vicinity effect” of 

neighboring dye molecules. They were already aware of the aggregates being supra-molecular pol-

ymers of the dye which form in solution. Aggregates appear in two forms, the aggregates with a red-

shifted absorption with respect to the monomer are called J-aggregates (J for Jelley) or Scheibe Ag-

gregates. The blue-shifted aggregates are called H-aggregates (H for hypsochromically shifted). The-

se strongly modified absorption features are already a sign that the molecular properties of the build-

ing units are changed by stacking. The only difference between no aggregates, J-aggregates and H-

aggregates lies in the molecular order of the cyanine dye. A great amount of recent research on ag-

gregates aimed to determine the stacking of dye molecules in aggregates and the understanding of 

their optical properties. Several 1D and 2D models have been proposed including staircase, ladder, 

brickwork, herringbone structures but the exact 3D structure of the H or J-aggregate is still subject of 

intense controversy.8 It is nevertheless believed that dye molecules can stack in a plane to plane way 
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forming H-aggregates or in a head to tail way forming a J-aggregate. In the point dipole approxima-

tion, the excited state (exciton) is split in two energy levels depending on the interaction between the 

neighboring dipoles (figure 12). The transition forming an anti-parallel interacting pair of dipoles be-

ing forbidden by symmetry, it results in a blue shift for the H-aggregate and a red shift for the J-

aggregate. The molecular stacking geometry is therefore responsible for the H or J-aggregate absorp-

tion. 

 

 

Figure 12. Optical properties of aggregates. a, Attenuance spectrum showing the absorption of the 

amorphous dye, (black), the red shifted J-aggregate and the blue shifted H-aggregate. b, Stacking of 

two dipoles in the form of H-aggregates (right) or J-aggregates (left). The allowed transitions be-

tween ground state and non-zero dipoles are represented by a red arrow. 

 

c. Formation of cyanine dye aggregates 

The reproducible large-scale production of aggregates is still the object of intense research. The 

mechanism and the inherent difficulties behind the formation of aggregates are common to all supra 

molecular assemblies from solvents. To form aggregates from a solvent, an attractive force must be 

present between the monomers. In the case of the early Jelley aggregates of cyanine in aqueous solu-

tions, the main driving force was of entropic origin, the hydrophobic interaction.8 Since then, many 

different systems were engineered which use a combination of the available interactions. For sol-

vents other than water or H-bonded solvents, the entropic forces become less pronounced and the 

molecules self-assemble under the effect of Van der Waals and electrostatic interactions mostly. This 

led to many different techniques to form the aggregates. The most common method is to adsorb ag-

gregates on steps and edges of silver halide single crystal grains as used in early photography.71 Of 

interest are methods utilizing a structuring matrix such as polymers or nanocapsules.72  While long 

range interactions and dewetting are usually detrimental to aggregation due to far-from equilibrium 
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transitions,2 our group has developed a method to form aggregates in confined volumes of dye.15 The 

method is based on a solvent quench of a blend which confines the cyanine volumes.  

In Chapter II, 4) we generalize this approach here to any droplets of dye deposited on a surface. Our 

method allows us to quickly form J-aggregates of cyanine using dewetting and consecutive solvent 

evaporation (see chapter on crystal nucleation in droplets). The obtained aggregates were studied for 

the first time here with respect to their ability to resonantly scatter light in films. 
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II. Publications 

To summarize we show here a hierarchical ordering as dewetting could be used to form micro-

periodic patterns of a nano-structured film. The combination of this micro and nano-structuration 

gives rise to new film properties. The film formation, self-assembly and film properties of soluble 

fullerenes and cyanine dyes were studied in four articles. The first article presents the dewetting 

method to form micro-periodic patterns. The other three articles used nano-structures within these 

micro patterns to gain functionality. 

 

Dewetting-driven hierarchical self-assembly of small semiconducting molecules 

Soft Matter 2012, 8, 5804-5810, Reproduced by permission of The Royal Society of Chemistry 

http://pubs.rsc.org/en/content/articlelanding/2012/SM/c2sm25288k#!divAbstract 

 

A method to form micro-periodic patterns. 
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Abstract 

 

We describe the self-organization of PCBM and a cyanine dye on chemically patterned surfaces dur-

ing spin coating from solution. On homogeneous surfaces, a transient bilayer forms, which in a later 

stage decomposes into PCBM droplets in a matrix of the cyanine dye.  On the patterned surface also 

a PCBM droplet phase develops, but the final film structure is greatly determined by contact line 

pinning of the PCBM domains to the substrate pattern. Three characteristic morphology regimes sep-

arated by wetting transitions were observed for different ratios between the natural domain dimen-

sions and the underlying  pattern periodicity. We demonstrate that contact line pinning can be an im-

portant means to control the film morphology in systems where films are coated from solution. This 

process can be exploited as a general and versatile method for patterning small semiconducting mol-

ecules into 1D and 2D photonic crystals.  

    

Keywords: cyanines, fullerenes, thin films, liquid-liquid dewetting, phase transition  

 

Introduction 

 

Emerging device applications in the field of organic electronics and optoelectronics require 

the control of organic thin film structures on sub-micron length scales.1 For instance, a crucial issue 

in the development of organic photovoltaic devices is the optimization of light-matter interaction. 

2D-photonic crystals with periodic patterns in the range of the visible light wavelength are promising 

candidates for enhancing light absorption through scattering, interference or in coupling of "slow 

Bloch modes".2 Such repeating structures of semiconductors are also suitable for the development of 

all-optical switches.3  However, the ability to organize organic nano- and micro-scale objects on sur-

faces to form defect-free 2-D photonic crystals following principles that are cheap and up-scalable 

remains challenging. Methods commonly used to manufacture such objects include top-down ap-
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proaches based on lithography4,5 or inkjet printing.6 Alternatively, organic functional materials can 

be structured by self-assembly processes, such as pattern formation via polymer demixing of multi-

component blends or instabilities that develop during film formation.7  Among these bottom-up ap-

proaches, liquid-liquid dewetting of blends of small semiconducting molecules is a promising meth-

od as it can generate hierarchical structures in a controllable manner.8  

Micro-contact printing (µCP) of thiol self-assembled monolayers (SAMs) on gold9,10  is a 

well described method to induce long-range order in a dewetting system on sub-micron scales. Wet-

ting on chemically patterned surfaces for single layers and bilayers has been investigated both theo-

retically11,12 and experimentally.13,14 Phase separation of polymers and block copolymers on pat-

terned substrates has been studied extensively.15,16 Self-assembly in evaporating systems has resulted 

in astonishing patterns originating from Marangoni instabilities, but has also proven to be difficult to 

control.17 In parallel, small semiconducting dyes are attracting increasing interest over the last few 

years, since their purification is relatively easy, they are mono-disperse and their tendency to aggre-

gate confers them unique optical properties.18 For instance, cyanine dyes show nonlinear optical and 

electronic properties due to their ability to form nano-crystalline H- and J-aggregates on [6,6]-Phenyl 

C61-butyric acid methyl ester (PCBM) templates.19  

We have shown earlier that a blend solution of a cyanine dye (CyC) and PCBM undergoes 

phase separation by liquid-liquid dewetting during spin coating on homogeneous, hydrophilic sub-

strates.8 First, a transient bilayer is formed consisting of cyanine-rich solution in contact with the 

substrate and of PCBM-rich solution in contact with air. Upon solvent evaporation, the thinner of the 

two layers destabilizes and undergoes spinodal dewetting. Therefore, for off-critical solutions with a 

higher CyC fraction, PCBM lenses form that float on top of the dye layer. Typically, the dye layer 

underneath the PCBM lens also ruptures later on, leading to fully laterally separated PCBM domains 

in a dye matrix (Fig. 1a, c). For a higher PCBM fraction, the resulting morphology is inversed and 

consists of dye droplets in a matrix of PCBM (Fig. 1b, d). The dewetting process is characterized by 
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a typical decomposition wavelength λ, which is proportional to the average thickness of the corre-

sponding layer in the final film (Fig. 1e). The hole structure arises because PCBM will dewet from 

the dye droplets that are in contact with the substrate interface.8  

 

 

Fig. 1 (a) SPM image of PCBM droplets embedded in a matrix of CyC dye. (b) SPM image of a per-

forated PCBM film; the sinkholes contain CyC droplets; films (a) and (b) were coated on a homoge-

neously gold-coated silicon wafer. (c, d) Schematic drawings of the film morphologies in (a) and (b), 

respectively. (e) Scaling plot of the characteristic decomposition wavelength vs. average PCBM film 

thickness. Data are reproduced with permission from [8], copyright 2008 American Chemical Socie-

ty. (f) Structure formulas of PCBM and the cyanine dye CyC. 

 

Here, we apply the process of liquid-liquid dewetting of the CyC:PCBM blend solution to a 

substrate with a periodic surface energy pattern. This adds the periodicity  of the pre-patterned sub-

strate as a second relevant length scale to the system. The phenomenon of contact line pinning can 

guide the separating system into morphologies with a very high phase contrast. 
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Results 

 

In a first experiment 1:1 molar blend solutions of CyC:PCBM in chlorobenzene were spin 

coated onto patterned surfaces such that the characteristic morphology length scale λ was smaller 

than the periodicity π of the patterned surface. In this case, the droplet morphology that developed on 

a homogeneous hydrophilic substrate (Fig. 1a) was maintained also across the patterned surface, but 

with a larger average PCBM droplet size on the CH3-terminated SAM (Fig. 2a). Selective dissolution 

of PCBM showed that PCBM droplets wetted the substrate at the positions of the SAMs, while 

PCBM on the hydrophilic gold lines remained fully embedded in the cyanine matrix (Fig. 2b). A 

Fourier transform of the SPM image revealed the periodic structure as well as the droplet size distri-

bution (Fig. 2d). Similarly to the situation on a homogeneous gold substrate (Fig. 1b), blend films 

coated from 1:2 molar CyC:PCBM solutions preserved the hole morphology across the entire surface 

of a structured sample (Fig. 2e). Again, a two population pattern developed (Fig. 2e and 2f), and the 

system was comprised of cyanine droplets in a PCBM matrix with larger droplets on the gold lines. 

A direct comparison with the morphology that would form on a homogeneous SAM was not possi-

ble, as solutions dewetted from the substrate during spin coating completely. 

 

 
 

Fig. 2 SPM images of films on patterned substrates. The pattern consisted of alternating stripes of 

1.5 µm wide CH3-terminated SAM lines and 1.0 µm wide gold lines for (a), (e) and (f), and of 1.0 
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µm wide SAM lines and 1.5 µm wide gold lines for (b); the striped rectangles below the images in-

dicate the position of the SAM. (a) 1:1 molar CyC:PCBM blend film of d (PCBM) = 60 nm average 

thickness. (b) Film similar to (a) after selectively dissolving PCBM. (c) Profile of the SPM scan 

shown in (a) perpendicular to the patterning direction. (d) FFT of the SPM scan shown in (a); next to 

the sharp peaks representing the grating, a blurred ring arising from droplets of different sizes are 

faintly visible in the background. (e) 1:2 molar CyC:PCBM blend. (f) Film of (e) after selectively 

dissolving PCBM. 

  

Given the symmetry of the final morphologies, we focus in the following on the situation 

where PCBM formed droplets in a cyanine matrix. We study the behavior of the system for different 

ratios of the characteristic decomposition wavelength  to the patterning periodicity . This can prac-

tically be studied by either varying the film thickness for a fixed pattern periodicity (varying λ and 

keeping  constant), or by varying the pattern periodicity at constant film thickness (varying π, con-

stant ). We here follow the first strategy and considered films obtained from a 1:1 molar 

CyC:PCBM solution. As the relevant variable is the droplet size and not the film thickness, we de-

scribe the data as a function of the natural decomposition wavelength obtained from the Fourier-

Transforms of films on non-patterned hydrophilic substrates (Fig. 1e). 

Fig. 3 shows the response of films of varying thicknesses and thus varying droplet sizes to the 

same surface pattern. Three thickness regimes characterized by a specific morphology could be iden-

tified. An under-resonance morphology was observed for thin films where the blend system provides 

a characteristic decomposition wavelength smaller than the substrate geometry's characteristic size, λ 

<< π (Fig. 3a). This regime has already been described in the previous section. A resonance mor-

phology was observed when the system's characteristic decomposition wavelength approached the 

periodicity of the patterned substrate, λ ≤  π (Fig. 3b). In this regime the SAM lines were fully cov-

ered by PCBM and the gold surface was covered by a dye matrix with embedded PCBM droplets.  
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An over-resonance morphology was observed for even thicker films. In this case, the characteristic 

decomposition wavelength of the system was larger than the pattern periodicity, λ > π (Fig. 3c). Also 

here the SAM lines were predominantly covered by PCBM, but the cylinders broke again into dis-

crete droplets aligned along the pattern line direction, and the domains became wider than the SAM 

stripe. At the same time, the gold lines were getting increasingly depleted from PCBM. In rare cases 

we observed coalescence of domains originating from neighboring SAM stripes (Fig. 3d). Increasing 

the film thickness further (Fig. 3e) resulted in the most extreme form of that morphology classifica-

tion. Surprisingly, the PCBM lens shape was then again circular and the whole substrate was covered 

with a nearly cubic lattice arrangement of droplets having exactly the sizes corresponding to the pat-

tern periodicity (Fig. 3f). These domains were much smaller compared to PCBM droplets that would 

have formed on a homogeneous substrate. 

 
 

Fig. 3  SPM images of 1:1 molar CyC:PCBM blend films of increasing thickness deposited on the 

same surface pattern with a periodicity  = 1.5 m. (a) Film with an average thickness dPCBM = 60 

nm and a corresponding natural decomposition wavelength  = 0.8 m on plain gold.  (b) dPCBM = 

100 nm,  = 1.4 m. (c) dPCBM =120 nm,  = 1.7 m. (d) dPCBM = 150 nm,  = 2 m. (e) dPCBM = 170 

nm,  = 2.2 m. (f) dPCBM = 250 nm,  =  3.2 m. 
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Another way of characterizing the different regimes is in terms of the differences in PCBM 

lens sizes on the two different surfaces. While in the under-resonant regime the lenses only differ 

slightly in size, the difference goes towards infinity for the resonant and over-resonant regime. A ra-

tio of infinity represents the situation that the gold stripes are fully depleted from PCBM. These 

statements are quantified in Fig. 4, where all relevant lateral length scales are plotted versus the natu-

ral decomposition wavelength of the PCBM domains on plain gold. For all thicknesses, the droplets 

that formed on the gold stripes were smaller than the droplets forming on a homogeneous gold sub-

strate. For small droplet sizes this deviation was only minor, but was getting significant for larger 

droplets. This reflects the fact that with increasing droplet size, PCBM lenses on the SAM grow at 

the expense of the lenses on top of the gold surface until they fully disappear and are displaced by 

PCBM lenses originating from the SAM. For droplets forming on the SAM lines, we define two 

length scales, the droplet dimension perpendicular and parallel to the grating direction. The two val-

ues coincide until a critical natural decomposition wavelength λcr ≈ 750 nm, consistent with the ob-

servations that up to a certain size circular domains are observed. When the natural wavelength ap-

proaches the periodicity of the grating, the two curves separate, corresponding to an elongation of the 

domains along the grating while the domains size perpendicular to the grating remains almost con-

stant. At full SAM coverage by PCBM, the value of the parallel component reaches infinity (not 

shown in Fig. 4). For increasing feature dimensions, the PCBM stripes on the SAM break up into in-

dividual domains. Finally, the lines representing the domain dimensions parallel and perpendicular to 

the grating merge and asymptotically approach the line representing the grating periodicity. The do-

mains are thus pinned to the underlying grating (Fig. 3f). 
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Fig. 4 Characteristic wavelengths of PCBM structures on patterned surfaces compared to the natural 

feature sizes observed on plain gold substrates. Wavelengths were obtained from Power Spectral 

Density (PSD) peaks of  a large number of SPM scans. The length of the PCBM droplets along the 

grating direction in resonance was obtained by averaging over the length of the domains in larger 

SPM scans. Cross: periodicity (1.5 m) of the stripe pattern. Solid line: natural decomposition wave-

length (guide to the eye only). Squares: PCBM droplet dimensions on SAM perpendicular to the 

grating lines. Circles: length of the PCBM droplets along the grating direction. Triangles: diameter of 

the droplets on gold stripes. 

 

So far, we showed how a CyC:PCBM blend film responds to a surface energy pattern by var-

ying the film thickness for a fixed substrate periodicity. Alternatively, the case was studied where the 

film thickness was constant and the periodicity of the underlying pattern was varied. Qualitatively, 

the same results were observed. We show in Fig. 5 SPM scans of one particular example where only 

the gold stripe width was varied, while the SAM width remained constant, displaying the transition 

between under-resonance and resonance regime in more details. Films coated from a 1:1 molar 

CyC:PCBM solution had a natural wavelength of  = 1.7 m, corresponding to an average PCBM 

thickness of dPCBM = 120 nm. For the lower pattern periodicity (Fig. 5a), no dye remains on the SAM 
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and the SAM stripes are fully covered by PCBM (Fig. 5d). On the gold stripe, one line of PCBM 

lenses remains embedded in the dye matrix. This corresponds to the near-resonance case, as also 

shown in Figure 3b and compiled in Fig. 4. Here the PCBM domains along the grating are infinitive-

ly long. Increasing the gold width to 6 m and 8 m shows the transition from the resonant to the 

under-resonance morphology. The PCBM stripe gets disrupted (Fig. 5b,c) because of dye remaining 

on the SAM stripe (Fig. 5e). The mechanism is similar to the formation of the perforated PCBM 

morphology shown in Fig. 1b, as PCBM dewets from CyC. At the same time the ratio of PCBM to 

the dye on the gold stripe increases, leading to a transformation from isolated droplets to an inter-

connected network. Effectively, the contrast of the morphology from substrate to substrate gets 

smaller, which is a characteristic of the under-resonant morphology.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 SPM images of 1:1 molar CyC:PCBM blend films of d = 120 nm thickness on gratings with 

different gold stripe widths. (a) 3 µm SAM line, 3 µm gold line. (b) 3 µm SAM line, 6 µm  gold line. 

(c) 3 µm SAM line, 8 µm gold line. (d) On-resonance morphology corresponding to (a) after removal 

of PCBM. e) Under-resonance morphology corresponding to (c) after removal of PCBM. 

 

 

 

Discussion 
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With the help of Fig. 6 we introduce a comprehensive model that explains our observations. 

Similar to the homogeneous case, also on a heterogeneous substrate a transient bilayer with the 

PCBM rich phase at the air interface and the CyC rich phase at the substrate interface develops dur-

ing film formation. The solution senses an average surface energy of the patterned substrate. The sur-

face energies of CyC ( = 34.3 mN/m) and PCBM ( = 23.9 mN/m) have been measured before.8 For 

the macroscopic surface energy of the patterned surface, a value of 28.9 ± 2 mN/m was obtained 

from contact angle measurements. This is somewhat higher than the value reported for a pure CH3-

terminated SAM on Au ( = 19 - 20 mN/m).20 The initial surface energy of neat (111) Au can be ex-

tremely high ( = 1250 mN/m),21 but this value rapidly decreases due to contaminations when the 

surface is exposed to air.22 

We assume that also the next stage in the morphology evolution, the break-up of the PCBM 

layer into lenses floating on a liquid dye phase, develops on the patterned surface similarly as it does 

on a homogeneous surface (Fig. 6a). Direct evidence for this process is the final morphology ob-

served in the under-resonance regime (Fig. 2a). To understand at which stage of solvent evaporation 

the PCBM lenses develop, it is instructive to inspect the thickness evolution of the evaporating film 

and to compare that with the in-plane time evolution of the PCBM lens dimension. 

Film thinning was measured with a laser beam reflecting from the solution and substrate in-

terfaces during spin coating, following the procedure reported in previous literature.23  The time evo-

lution of the lateral domains was determined from the PSD-peaks of samples where the solidification 

times were varied by the temperature inside the spin coating chamber, while all other parameters 

were kept constant. 
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Fig. 6 Visualization of the liquid-liquid dewetting process and the contact line pinning. (a) In an ear-

ly stage of the spin coating process, the solution separates into a bilayer; upon film thinning, the 

PCBM layer breaks up and droplets float on a cyanine layer; lenses form during solvent evaporation. 

Depending on the ratio of the natural decomposition wavelength  to the pattern periodicity , dif-

ferent morphologies are obtained. (b) For small wavelengths and droplet volumes, single PCBM 

lenses cover the SAM under a small contact angle (under-resonance). (c) For the situation 

(resonance), pinning of the contact line to the SAM – Au interface extends the range of possi-

ble contact angles to SAM < AU. (d)  For larger droplets, at AU, the contact line will de-

tach from the SAM - Au interface and the droplets move onto the Au surface (over-resonance). (e) 

Slopes of the CyC-PCBM interface at the substrate were extracted from cross-sections of SPM data 

for droplets formed in under- (b), on- (c) and over-resonance (d) conditions. For PCBM contact an-

gels  CyC was selectively removed from the sample, for  PCBM was selectively 

removed from the sample. 
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Figure 7 summarizes the results of these experiments. In the relevant film formation time 

window between 9 s and 15 s, the characteristic wavelength of the PCBM lenses does not change 

significantly. Irrespective of the coating speed, the film thickness decreased almost linearly in about 

5 s from 5 m to the final thickness, indicative for film thinning by solvent evaporation. It is there-

fore reasonable to assume that during the last seconds of film formation the wavelength of the PCBM 

droplet pattern of the film is maintained.  

 
 

Fig. 7 Time evolutions of the in-plane characteristic length scale of PCBM domains and of the film 

thicknesses. Length scales were obtained from PSD of films that evolved during different time inter-

vals, but resulted in films of the same thickness. Film thickness evolutions were extracted from time 

resolved laser reflectometry during coating and examples are shown for two films spin coated at 500 

rpm or 1000 rpm; all films in this work were spin coated in this speed interval. 

 

We also know that the natural decomposition wavelength depends linearly on the final film 

thickness, from here we must assume that the PCBM layer breaks into droplet phases at a certain so-

lution concentration.  Together with the findings from before, we can postulate that the final film is 

formed by a sequence of droplet formation, followed by flattening into PCBM lenses due to solvent 

evaporation perpendicular to the film surface. This is an important finding as it assures us that the 
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framework is given that surface patterning can induce meaningful ordering in the samples.PCBM 

lens ordering on the patterned substrate then occurs in the last stage of solvent evaporation when the 

PCBM lenses get in close vicinity to the substrate. The relevant processes are depicted in Fig. 6. 

PCBM has a high affinity for the SAM, while the affinity of PCBM to the gold surface is unfavora-

ble. When the PCBM lenses are small compared to the stripe pattern, the lenses will cover the SAM 

surface under a low contact angle (Fig. 6b), while PCBM will avoid the contact with the gold sur-

face. For the same volume of PCBM lenses on both substrates, the domains on the SAM should then 

be larger in diameter but smaller in height compared to the domains on gold. This is indeed what we 

observed (Fig. 2c). The exact shape of the domains is determined by the contact lines at the substrate 

- PCBM - CyC interface as well as the PCBM - CyC - air interface and can take a rather complex 

form. Young’s equation combined with the approach of Good and Girifalco24 to approximate the in-

terfacial tensions between two compounds from the individual surface energies yields a contact angle 

of SAM = 35° for PCBM on the SAM. This is the value we also obtained experimentally for an iso-

lated PCBM lens on the SAM. The calculation from above actually failed in describing the contact 

angle of PCBM in a dye matrix correctly, reflecting the more complex lens shape.  

By increasing the film thickness a regime is entered where the dimensions of the PCBM 

lenses get comparable to the pattern stripe width. In that case the border between the SAM and gold 

results in an immobilization of the contact line where PCBM touches the substrate. This “contact line 

pinning” has strong implications for pattern formation:25 Increasing the droplet volume further will 

lead to anisotropic domain growth until the SAM stripe is fully wetted by a PCBM layer. Fig. 5a for 

example shows a SAM stripe fully covered by a relatively thin PCBM layer. A further increase in 

droplet volume will lead to an increase of the PCBM contact angle at the pinned contact line. The 

particular feature of this resonance regime is that the PCBM contact angle at the interface can take 

any value between SAM < AU (Fig. 6c).  
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For even thicker films the over-resonant regime is entered. This regime is characterized by 

sufficiently large domains where the droplets have reached a contact angle AU. The contact line 

will then move onto the gold stripe (Fig. 6d). An SPM image of this regime is shown in Fig. 3c, 

where the width of the PCBM domains is by far exceeding the width of the SAM stripe. The contact 

angles of PCBM on the different substrates and two examples for the case of contact line pinning ob-

tained from cross-sections from SPM scans are shown in Fig. 6e. With the CH3-terminated SAM and 

gold, PCBM forms a contact angle of 35° and 125°, respectively. We can here also observe 

that the PCBM lenses originating from different stripes show coalescence (Fig. 3d). In each of the 

three morphology regimes, the PCBM lens morphology is in a different wetting state, the morpholo-

gies are separated by so-called wetting transitions, visualized in Fig. 6.26   

In the over-resonant regime the cylindrical PCBM segments break up again into elongated 

domains stretched along the SAM stripe. We can explain this observation with another capillary in-

stability. The classical Rayleigh-Plateau instability refers to a surface tension induced instability of a 

cylindrical liquid column.27 Work of Gau et al. demonstrated that a liquid on a stripe of hydrophilic 

material forms a single large buldge, as result of a Rayleigh instability of infinite destabilization 

wavelength.13 A linear stability analysis of the same system showed that cylindrical segments are 

getting capillary unstable when the contact angle reached  = 90°.28 We observed the transition from 

an infinite long cylinder to elongated domains between contact angles of  = 65° and  = 125°. Simi-

larly, in the regime of the Rayleigh-Plateau instability, the most unstable wavelength is of the order 

of the cylinder radius. For the sample shown in Figure 3f a typical droplet size of  = 1.52 m was 

measured, which is close to the pattern periodicity of  1.50 m. 

 

Experimental  

 

Preparation of patterned substrates  
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Clean gold surfaces were manufactured by low pressure metal deposition on silicon wafers or glass. 

Metal pellets were purchased from Cerac Inc. A 3 nm thick chromium layer and a 30 nm thick gold 

layer were deposited at a typical deposition rate of 0.1 A s-1 at a starting pressure of 6×10-6 mbar. To 

allow optical measurements in transmission mode, some semi-transparent samples were also pre-

pared on glass substrates. In this case, the thicknesses of chromium and gold were 3 nm. Patterned 

poly(dimethylsiloxane) stamps (PDMS) were prepared by pouring a vacuum-degassed 10:1 (wt:wt) 

base:curing-agent mixture (Sylgard 184-Dow Corning) on a pre-patterned silicon wafer bearing 280 

nm deep gratings with different periodicities and the system was then cured at room temperature for 

24 h. The patterned PDMS stamp was swollen for 5 s by drop contact with a 0.5 mM solution of oc-

tadecanethiol (Sigma Aldrich) and was then dried under nitrogen flow for 10 s. It was then main-

tained in contact with a freshly deposited gold surface for 10 s, resulting in a stripe pattern of CH3-

terminated SAMs (hydrophobic) on the hydrophilic gold surface. Patterned substrates were charac-

terized by Frictional Force Microscopy and Scanning Electron Microscopy. 

 

Film formation 

 The cyanine dye 1,10-diethyl-3,3,3’,3’-tetramethylcarbocyanine perchlorate (CyC) was synthesized 

in our laboratory.29 [6,6]-Phenyl C61-butyric acid methyl ester (PCBM) was purchased from Solenne 

B.V., The Netherlands. PCBM and CyC were dissolved in the common solvent chlorobenzene and 

were then spin coated onto patterned or homogeneously coated gold substrates. All experiments were 

performed at room temperature. Thicknesses were adjusted by varying the spin speed. PCBM was 

selectively removed from the blend films by immersing the sample into hexane under sonication, and 

the dye was selectively removed from the blend films by immersing the sample in 2,2,3,3-

tetrafluoropropanol.  

 

Characterization 
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The morphology of the samples was measured by Scanning Probe Microscopy (SPM) on a Nanosurf 

Mobile S in tapping mode at a resonance frequency of 170 kHz. We used rectangular silicon cantile-

vers (Mikromasch, Nanosensors) with a typical force constant of 40 N/m and a tip radius of curva-

ture of 10 nm. Images were analyzed with the WsXM scanning probe microscopy software. 30 Final 

average film thicknesses were determined with UV-vis spectroscopy as described in ref. 8. The sur-

face energy of the patterned substrate was determined from the advancing contact angles of droplets 

of water, glycerol, hexane and diiodomethane. 31  

 

Conclusion 

 

We gave experimental evidence for wetting transitions between different morphology regimes that 

can be found in a blend film of small molecules deposited from solution onto an energy patterned 

surface. In one regime, evaporating PCBM droplets were pinned to the surface pattern, allowing for 

precise deposition of molecules onto a defined surface area. This process can have important impli-

cations for generating structured surfaces directly from solution by spin coating.     

We only considered two blend compositions and one energy pattern contrast. Given the huge param-

eter space, we expect that a much larger variety of structures can be manufactured, especially in the 

regime where contact-line pinning occurs. 
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Diyne-functionalized fullerene self-assembly for thin film solid-state polymeriza-
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Micro-periodic patterns of nano-structured films for enhanced film stability. 
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ABSTRACT  

C60 fullerene derivates bearing aliphatic chains can self-assemble into versatile supramolecular 

structures. Crosslinking of such self-assembled morphologies is an attractive approach to enhance 

the structural stability of these self-organized structures. We describe the synthesis of a C60 function-

alized with a single alkyl-chain bearing a diacetylene moiety. In a thin film, the molecule self-

assembles into lamellar arrays. The character of the side-chain attached to the fullerene is key to the 

observed packing ability. The stabilization proceeds through solid-state polymerization of the di-

acetylene moieties. By blending the fullerene derivate with a cyanine dye, various nanostructured 

fullerene morphologies are obtained that can be selectively stabilized by thermal polymerization. 

These films can serve as basis for nanostructured fullerene scaffolds that can find applications in op-

tics and electronics.    

 

INTRODUCTION 

Organic semiconducting molecules in thin films offer promising alternatives to inorganic 

semiconductors both in the fields of electronics and optics. Besides numerous other appealing char-

acteristics, fullerenes have attracted attention as they belong to the class of small molecule n-type or-

ganic semiconductors with excellent electronic properties.1,2 Fullerenes and their derivates have been 

shown to self-assemble into various mesoscopic shapes that can be controlled by the chemical nature 

of their side group.3,4,5,6 A well-known route for molecular self-assembly is based on amphiphilic 

molecules. For instance, amphiphilic fullerenes containing cations7 or anions8 associate into bilayers 

that assemble into nanorods or vesicles. A lot of attention has been paid to structures formed from 

alkylated fullerenes. The nature of these molecules is not strictly hydrophobic-hydrophilic, but it ra-

ther shows a “hydrophobic amphiphilicity” due to π-π interacting C60 and the Van der Waals inter-

acting alkyl chain.9,10 Nakanishi et al. synthesized a fullerene derivate with three hexadecyl chains. 
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From a bilayer composed of C60 and interdigitated alkyl chains, fibers, disks, spheres and cones 

form, depending on the solvent.11 The same system assembled epitaxially on highly oriented pyrolyt-

ic graphite (HOPG), forming lamellar structures resulting in a 1D alignment of the fullerenes.12 Self-

organized structures as described above have proven to be a very efficient way to facilitate solid-

state polymerization, which stabilizes a morphology without destroying it. Wang et al. incorporated 

diacetylene functional groups into a fullerene derivate known to self-assemble into a bilayer structure 

on the molecular level.10 The crosslinked material was remarkably resistive against organic solvents. 

For fullerene derivatives several crosslinking routes have been explored, including epoxydes,13 sty-

rene derivatives,14 oxetanes15 or polyacetylenes.16,17  

Polymerization of diacetylenes proceeds through a 1,4 topochemical cycloaddition which 

Werner first described in 1969 as a diffusion-free, entirely lattice-controlled process.18 Schmidt later 

proposed a mechanism for such a solid-state reaction based on 2+2 cycloaddition of olefins.19 Topo-

chemical reactions retain position and symmetry of the monomer units, they require a stacked ar-

rangement of monomer units such that one unit can react with its two neighbors.20,21,22 Conjugated 

diacetylenes polymerize in the solid state under the influence of pressure, heat, UV or gamma radia-

tion to yield conjugated structures.23  

Phase-separation and dewetting are well-established methods to manufacture nanostructured 

thin films with new functionalities. Crosslinking would be most attractive if applied to the phase of a 

blend film such that insoluble meso- or macroporous structured scaffolds can be manufactured.24 

Fullerene blend films with various electron donors are currently widely studied for organic solar cell 

applications.25 Most studied are blends with semiconducting polymers,26,27,28 but blends with small 

organic molecules have gained great interest.29 Stabilizing specific blend morphologies of fullerenes 

is appealing as it is believed that coarsening of the nano-morphology impacts device performance.13 

In our previous work, we have shown that liquid–liquid dewetting (LLD) is the dominant phase-
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separation process in blends of polymers and cyanine dyes, providing easy means of hierarchical 

structuring.30 

Micro-contact printing (CP) of functional thiols on surfaces31,32 is a well-described method 

to induce long-range order in a dewetting33 or phase separating34 system. We have shown in a previ-

ous study that the pattern replication could be controlled by the contact line pinning of hydrophobic 

droplets of Phenyl-C61-butyric acid methyl ester (PCBM) on hydrophobic self-assembled monolayer 

(SAM) lines.35 The ability to stabilize such fullerene patterns and meso-structures is a new concept 

and may prove useful for further processing of these functional surfaces.We here demonstrate the 

synthesis of a C60 derivative carrying an alkyl chain with one single diyne moiety to: i) enhance the 

self-assembly of the fullerene and ii) polymerize the mesoscopic structure obtained both in bulk 

films and micro-structured films achieved by a phase separation process.  

 

EXPERIMENTAL SECTION 

Synthesis of PCB-diynes  

The synthesis shown here for the first time used only commercially available reactants and mild 

conditions. Scheme 1 shows the two-step synthesis of the diacetylene-functionalized fullerene deriv-

atives. In a first reaction, PCBM was reduced to the corresponding alcohol PCB-ol using diisobutyl-

aluminium hydride (DIBAL). PCB-ol was then esterified with diynoic acids in presence of N,N'-

dicyclohexylcarbodiimide (DCC) and 4-(dimethylamino)pyridine (DMAP) to yield C23 and C11 

PCB-diyne.  

 

4-([6,6]-phenyl-C61)-butanol, PCB-ol. PCBM (500 mg) was placed in a dry 500 mL round bot-

tom flask under argon, and then 150 mL of dry CH2Cl2 were added and cooled to 0 °C. 5 equivalents 

of DIBAL (1 M in CH2Cl2) were added drop wise under stirring. The reaction was run overnight at 

room temperature. CH3OH (4 mL) was then added and the organic layer was washed 2 times with 
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water. The aqueous layer was then extracted twice with CH2Cl2, the organic phase was collected, 

dried over MgSO4 and the solvent was then removed under reduced pressure. The crude product was 

dissolved in CH2Cl2 and purified by column chromatography (Silica gel 60, Merck as stationary 

phase, CH2Cl2 as eluent). After drying, 420 mg (87% yield) of PCB-ol were obtained. 

 

10,12-tricosadiynoic acid [6,6]-phenyl-C61-butyl ester, C23 PCB-diyne. 150 mg of PCB-ol 

were placed in a dry round bottom flask under argon atmosphere, and then 125 mL of dry CH2Cl2 

were added with stirring at room temperature. A mixture of 294 mg of 10,12-tricosadiynoic acid, 262 

mg of DCC and 16 mg of DMAP dissolved in 25 mL of dry CH2Cl2 was then added at room temper-

ature  in the dark. The solution was stirred in the dark for 4 days. The solvent was removed under re-

duced pressure and the crude product was purified by column chromatography (Silica gel 60, Merk 

as stationary phase and hexane/CH2Cl2, 2:1 as eluent). After that, the solid was washed twice with 

CH3OH. After filtration and drying, 160 mg of C23 PCB-diyne were obtained (78% yield). Chemical 

structures and purities were verified by 1H NMR and mass spectrometry (MS) (see Supporting In-

formation). 

 

Synthesis of C11  diynoic acid  

1-bromo-1-hexyne  

In a three-necked flask, 0.8 g of 1-hexyne, 1.96 g of N-bromosuccinimide (NBS), 0.17 g of AgNO3 

and 50 mL of acetone were added. The mixture was stirred for 3 h at room temperature, mixed to 

100 mL of hexane and concentrated under reduced pressure. The solid phase was removed by filtra-

tion and the filtrate was purified by fractional distillation under reduced pressure. 740 mg of yellow 

oil was obtained (45% yield). 1H NMR (400.1 MHz, CDCl3): 2.16 (t, J=7.0 Hz, 2H), 1.45 (m, 2H), 

1.37 (m, 2H), 0.86 (t, J=7.3 Hz, 3H) ppm.  
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4,6-undecadiynoic acid. In a three-necked flask, 17.8 mg of copper (I) chloride and 20 mL of 

30% butylamine aqueous solution were added. A few crystals of hydroxylamine hydrochloride were 

added to the solution until the blue color disappeared. 300 mg of 4-pentynoic acid was added and the 

mixture was cooled to 0° C. 700 mg of 1-bromo-1-hexyne in 10 mL of diethylether were added 

dropwise. The solution was then stirred at room temperature for 2 h and was stopped with 2 N HCl 

by adjusting the pH to 2. The organic layer was extracted 3 times with ethyl acetate. The organic lay-

ers were collected, dried and the solvent was removed under reduced pressure. The crude product 

was recrystallized in hexane. 390 mg of 4,6-undecadiynoic acid were obtained (71% yield). 1H NMR 

(400.1 MHz, CDCl3): 2.59 (m, 4H), 2.25 (t, J=6.9 Hz, 2H), 1.49 (m, 2H), 1.41 (m, 2H), 0.90 (t, J=7.3 

Hz, 3H) ppm. 

 

4,6-undecadiynoic acid [6,6]-phenyl-C61-butyl ester, C11 PCB-diyne was synthesized by cou-

pling PCB-ol with 4,6-undecadiynoic acid, as described above for C23 PCB-diyne. Yield 20%. 1H 

NMR (400.1 MHz, CDCl3): 7.92 (m, 2H), 7.55 (m, 2H), 7.48 (m, 1H), 4.18 (t, J=6.3 Hz, 2H), 2.89 

(m, 2H), 2.51 (m, 4H), 2.24 (t, J=6.9 Hz, 2H) 1.8-2.0 (m, 4H), 1.48 (m, 2H), 1.40 (m, 2H), 0.89 (t, 

J=7.2 Hz, 3H) ppm.  

 

Scheme 1. Synthetic route for obtaining  PCB-diyne via reduction of PCBM with DIBAL and 

Steglich esterification with diynoic acid. 10,12-tricosadiynoic acid was commercially available, 4,6-

undecadiynoic acid was synthesized via coupling of 1-bromohexyne and 4-pentynoic acid. 
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General methods PCBM (Solenne B.V., The Netherlands) and 10,12-tricosadiynoic acid (Sigma 

Aldrich) were used as received, the cyanine dye 1,1’-diethyl-3,3,3’,3’-tetramethylcarbocyanine per-

chlorate (CyC) was synthetized in our laboratory.36 Films were spin coated on glass substrates at dif-

ferent spin speeds (250 - 4000 rpm) from a 1 wt% solution of PCB-diyne, PCB-diyne/CyC or 

PCBM/CyC in chlorobenzene (CB). The composition of blends varied from 0.8:1 to 2:1 (mol/mol) 

between CyC and the fullerenes. Films were temperature-annealed at 100 or 120 °C, in the dark un-

der vacuum (10-3 mbar) for times ranging from 1 h to 24 h. To check the (in)solubility, films were 

immersed in a large volume (typically 50 mL for a 1 cm2 film) of a good solvent (CB, CH2Cl2 of 

CHCl3) and were sonicated for 10 min.  

Film characterization included scanning force microscopy (SFM), optical microscopy, UV-Vis spec-

troscopy, attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy and Ra-

man spectroscopy.  SFM images were measured on a Nanosurf Mobile S in tapping mode at a reso-

nance frequency of 170 kHz with rectangular silicon cantilevers (Mikromasch, Nanosensors TM) 

with a typical force constant of ∼ 40 Nm-1 and a tip radius of ∼ 10 nm, images were analyzed with 

the WsXM scanning probe microscopy software.37 High resolution SFM images were collected using 

a Nanoscope 8 Multimode Scanning Force Microscope (Bruker) operated in tapping mode under 

ambient conditions. The microscope was covered with an acoustic hood to minimize vibrational 

noise. The cantilevers with a nominal tip radius of <10 nm (Bruker) were driven at oscillation fre-

quencies in the range of 150-200 kHz. Images were flattened using the Nanoscope 8.1 software and 

no further image processing was carried out. Attenuance spectra taking scattering into account were 

measured on a Varian Cary 50 UV-Vis spectrophotometer. ATR-FTIR spectra were measured on a 

Bio-Rad FTS 6000 spectrophotometer for powders and a Bruker Hyperion (ATR coupled to an opti-

cal microscope) for measurements on thin films. Raman spectra were collected on a Senterra 

(Bruker) Raman microscope. To avoid long term exposure to the high intensity of the Raman laser, 
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many short measurements were taken at various positions of the sample. The data was averaged over 

50 spectra taken at λ=532 nm with the lowest possible laser power of 0.2 mW focused on an area of 

5 m2. Differential scanning calorimetry (DSC) was measured on a Perkin Elmer DSC 8000 (under 

nitrogen flow, at heating/cooling rates of 10 °C/min from 20 °C to 140 °C). Thermogravimetric anal-

ysis (TGA) experiments were conducted on a Netzsch TG under argon atmosphere, with a heating 

rate of 20 °C min-1, from 30 to 900 °C. Wide-angle X-ray scattering (WAXS) experiments were per-

formed using a Rigaku MicroMax-002+ microfocused beam (4 kW, 45 kV, 0.88 mA) with the λCu Kα 

= 0.15418 nm. The scattering intensities were collected in transmission mode by a Fujifilm BAS-MS 

2025 imaging plate system (15.2 x 15.2 cm2, 50 m resolution). An effective scattering vector range 

of 0.5 nm-1 < q < 25 nm-1 was obtained, where q is the scattering wave vector defined as q = 

4πsin /λCu Kα with a scattering angle of 2 . Samples for WAXS were drop-cast from chlorobenzene 

solutions (10 g L-1) on freshly cleaved mica substrates (Pelco Mica Discs,Ted Pella, Inc.), and subse-

quently annealed as described earlier. 

 

Preparation of patterned substrates. Metals for thermal deposition were purchased from Cerac 

Inc. 3 nm of chromium thermally deposited onto glass served as an adhesion layer for the deposition 

of 10 to 30 nm of gold. Both metals were deposited at a rate of 0.1 Å s-1 and at a starting pressure of 

6×10-6 mbar. The Poly(dimethylsiloxane) (PDMS) stamps were prepared by molding a 10:1 (wt) 

base:curing-agent mixture (Sylgard 184-Dow Corning) on a silicon wafer micro-patterned by photo-

lithography. After curing at room temperature for 24 h, a drop of 0.5 mM ethanolic solution of octa-

decanethiol (Sigma Aldrich) was deposited on the PDMS stamp for 5 s. The stamp was dried under 

nitrogen for 10 s and held in contact with the gold surface for 10 s. The substrates were washed with 

ethanol before coating. 

 

RESULTS AND DISCUSSION 
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Self-assembly of PCB-diyne 

We first discuss the self-assembly of a C60 derivative where the fullerene is linked via an ester to an 

alkyl chain (C23 or C11) bearing a conjugated diacetylene moiety. The synthesis route for C23 and 

C11 PCB-diyne is shown in Scheme 1 and described in the Experimental section. In films that form 

by drop-casting of the C23 diyne-molecule from CB solution, micrometer-large polycrystalline do-

mains form (Figure 1a). High resolution scanning force microscopy (SFM) images reveal that the 

molecules pack in a 1D periodic lattice fashion with a typical periodicity of ca. 8 nm (Figure 1b to 

1d). We can identify regions where the lamellae are oriented perpendicularly to the substrate (Fig-

ures 1b – 1c). A grain boundary between two crystalline plates is shown in Figure 1d. The lamellar 

packing of the molecules was revealed by wide angle X-Ray scattering (WAXS) experiments as 

shown in Figure 1e. Two sharp reflections are observed at low q-values at q1=1.06 nm-1 and at q2 = 

2q1, which correspond to a lamellar packing of the PCB-diyne molecules with a layer distance of d1 

= 5.92 nm and a correlation length of 1 = 31.4 nm. This lamellar periodicity indeed corresponds to 

the total length of two interdigitated PCB-diyne molecules (see Figure S7, Supporting Information). 

At high q-values, a sharp reflection at qF = 6.28 nm-1 and a set of peaks at qT = 12.4, 13.6 and 14.0 

nm-1 are visible and correspond to the fullerene-fullerene distance of dF = 1.00 nm (F = 20.4 nm) 

and the crystalline packing of the alkyl tails with an average distance around dT = 4.5 Å (T = 51.3 

Å), respectively. We therefore suggest that the lamellae shell is composed of C60, while the alkyl 

chains are interdigitated and aligned with a periodicity of 0.45 nm. The difference between the peri-

odicity observed is WAXS and SFM may arise from surface tilting. Some SFM scans suggest a hex-

agonal packing of cylinders (see Figure S8, Supporting Information), this morphology is not sup-

ported by WAXS and could be assigned to a surface layer which forms in film regions where 

lamellae are oriented parallel to the substrate, but the thickness is irreconcilable with the lamellar pe-

riod. Upon thermal annealing of such films, WAXS data reveals that two different morphologies de-

velop depending on the annealing temperature during the polymerization process. Annealing the 
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sample at 100 °C keeps the lamellar structure of the samples and the crystallinity of the alkyl do-

mains as observed by the two sharp reflections at q1 = 1.02 nm-1 and q2 = 2.06 nm-1 and the set of 

peaks at qT = 12.4, 13.6 and 14.1 nm-1, respectively. The corresponding distances to these two fea-

tures are the layer distance d1 = 6.18 nm with a correlation length of 1 = 38.3 nm, and the average 

distance between alkyl tails of dT = 4.5 Å (T = 48.6 Å). Moreover, a sharp peak at qF = 6.28 nm-1 is 

also present which indicates that the fullerene moieties are well packed into their domain with an in-

ter-fullerene distance of dF = 1.00 nm (F = 19.4 nm).  Temperature-dependent WAXS experiments 

revealed that this lamellar structure is stable against further annealing at 120°C and only the alkyl 

chains melt, which is shown by a broadening of the peak at qT while the peaks at q1, q2 and qF are 

maintained. This morphological stability will be discussed further when considering the topochemi-

cal polymerization of C23-PCB-diyne. Annealing the sample directly at 120 °C induces a transition 

to the amorphous state as observed by the presence of a single broad peak at qT = 13.7 nm-1 which 

corresponds to the tail-to-tail distance of dT = 4.6 Å. Moreover, the fullerene moieties are dispersed 

into the polymerized alkyl tail matrix as shown by the two broad peaks at q1 and q2 which indicate a 

random dispersion of such bulky motives into the continuous aliphatic phase. A model for the pack-

ing based on WAXS and SPM experiments is sketched in Figure 2 where the lamellae distance, the 

fullerene-fullerene and the tail-to-tail distances are shown. A similar packing behavior in lamellae 

was observed by Chikamatsu and coworkers for a monoalkylated fullerene derivative.38 We believe 

that the driving force for the lamellar arrangement is the immiscibility of the alkyl chains with the 

fullerenes on one hand and the tendency of the alkyl chains to crystallize on the other hand. The crit-

ical packing parameter (CPP) is commonly used to predict the packing ability of surfactant mole-

cules in water from the curvature of the water-lipid interface. The CCP is obtained by comparing the 

volume of the lipid tail to the product of the cross-sectional area of the head and the length of the li-

pid chain.39 For C23 PCB-diyne, a CPP of 0.13 was found. The conformation was calculated using 

the density functional theory (DFT), (see Figure S7, Supporting Information). From here one would 
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expect a packing of the molecules into micelles.40 We attribute the different observed packing behav-

ior to three factors. Both the rigid diacetylene moiety in the middle of the alkyl chain, the use of an 

organic solvent which may change the effective chain excluded volume compared to a flexible alkyl 

chain in water,41 and, last but not least, surface effects which may shift the observed conformation 

from micelles to lamellas. This observation is supported by a study by Nakanishi et al. where it was 

shown that fullerenes bearing long alkyl chains self-assembled into interdigitated bilayer structures 

independently on the CPP.42 

 

 

Figure 1. (a) SFM image of a single crystalline platelet drop-cast from 10 mg mL-1 C23 PCB-diyne 

in CB; (b)-(d) SFM images on such a platelet showing a periodic packing of the monomers with a 
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periodicity of ca. 8 nm; (e) WAXS data measured on a film as cast (blue), on a film annealed for 24 

h at 100 °C (green), on a film annealed for 24 h at 100°C, then for 3h at 120°C and measured at 

120°C (orange), and for 8 h at 120 °C (red).  

 

Figure 2. Schematics of the proposed self-assembly of C23 PCB-diyne and its solid-state polymerization reac-

tion. 

 

Polymerization of C23 PCB-diyne 

Thermal polymerization was chosen among other possible polymerization methods to differentiate 

the topochemical reaction from the photo-polymerization of the C60 alone.43 Topochemical reactions 

occur over a wide temperature range with typical activation energies of 22 kcal mol-1.44 According to 

the WAXS data, annealing the films at 100 °C for 24 h sustained the micro morphology of the film, 

additionally, the film was left fully insoluble in the coating solvent. The above discussed packing 

leads to a high degree of order in a film cast from CB that supports the solid-state polymerization 

mechanism. The theoretical polymer structure resulting from the topochemical reaction between 
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multiple stacked diacetylenes is shown in Figure 2 for C23 PCB-diyne.23 We sketch the transfor-

mation of a monomer-made lamella to an insoluble polymer-made lamella. Here the self–assembly 

of the C23 PCB-diyne provides the favored stacking of the diacetylene moieties.20,21,22 The evolution 

of the morphology of the drop casted films was explored by SPM in parallel to the WAXS experi-

ment. According to the scattering data, no amorphous regions exist in the film, the SFM scans there-

fore show large polycrystalline domains embedded in a microcrystalline matrix (Figure 3a). These 

structures are stable against annealing at 100 °C (Figure 3b).  

Annealing the film at 120 °C fully destroys the crystalline character of the film. This is confirmed 

by SFM scan (Figure 3c). The shape of large domains remains intact (Figure 3g and Figure 3h), sug-

gesting that the melt resulting from annealing does not flow. Interestingly, the polymerization reac-

tion is also taking place in this film, rendering it insoluble in the casting solvent after 8 h of anneal-

ing. We must conclude that the observed tail-to-tail distance of 4.6 Å between the alkyl-chains still 

allows for the topochemical polymerization.  

For applications in opto-electronics, organic materials are typically deposited onto a substrate in a 

thin film. In the next section we discuss the behavior of PCB-diyne and PCB-diyne blend films spin 

coated onto a substrate. Crosslinking was also observed for films of C23 PCB-diyne spin coated 

from CB solution (see Figure S9, Supporting Information). With annealing time the PCB-diyne film 

partially dewetted and formed polycrystalline domains very similar to those obtained by drop-

casting. We assume that the fast process of spin-coating does not allow the formation of an equilibri-

um morphology and the annealing of the films induces a further chain rearrangement of the mole-

cules until a configuration allowing for the topochemical reaction is adopted. The annealed polycrys-

talline films were insoluble in good solvents of the monomer such as CB, dichlorobenzene, 

dichloromethane and chloroform, indicating a successful solid-state polymerization reaction. Similar 

to the drop casted films, crystallization is not a necessary condition for polymerization. We recall 

here that only the local chain arrangement determines whether the reaction takes place.  
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Figure 3. Stabilization of pure C23 PCB-diyne films: (a) SFM image of a drop-cast film before an-

nealing; (b) after annealing at 100 °C; (c) after annealing at 120°C; (d)-(f) corresponding phase im-

ages; (g) single crystals obtained by drop-casting a solution of 10 mg mL-1 C23 PCB-diyne in CB; 

(h) the same domains are insoluble after annealing 7 h at 120 °C, the film has been washed with CB. 

FTIR spectroscopy, Raman spectroscopy and DSC (Figures 4a and 4b) were used to monitor 

chemical changes upon annealing at 120 °C. The characteristic FTIR absorption bands of the mono-

mer at  2330, 2193 and 2077 cm-1, which correspond to the stretching of the diacetylene moiety 

(C≡C-C≡C st), disappeared upon annealing. The alkene (C=C st) vibrations at ~1600 cm-1 was de-

tected after annealing by Raman spectroscopy (see Figure S15, Supporting Information). These ob-

servations are in line with the reaction shown in Figure 2. In the DSC thermograms an endothermic 

melting point appeared at Tm = 122 °C during the first heating cycle. This observation is in agree-

ment with the WAXS experiments. In the second heating cycle, however, the melting peak disap-

peared. The resulting thermoset does not recrystallize during cooling neither does it melt in the se-
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cond heating cycle due to a fixed conformation of the aliphatic chains. The polymerization reaction 

itself is predicted to be slightly exothermic.45 We explain the absence of a signature for this process 

by the rearrangement of the alkyl chains over a broad range of temperature prior to polymerization. 

We quantified the insolubility of the crosslinked films by immersing the samples in the solvent used 

for spin-coating and monitoring the absorbance changes by UV-Vis spectroscopy. Figure 4c shows 

the absorbance spectra of as-cast films. The spectrum of the non-annealed film is almost identical to 

the spectrum of a pure PCBM film. The UV-Vis spectrum of the annealed film differs from the non-

annealed film; we observed a broadening of the characteristic absorption peak at 330 nm, as well as a 

general increase in absorption at larger wavelengths. These changes reflect the crystallization and 

roughening of the film which was shown above. The polymerization of self-assembled diacetylene 

does not lead to new absorption bands in the UV-Vis region due to polydiacetylenes of various 

length and conformation.10 For a film annealed at 120 °C for 8 h or at 100 °C for 24 h, the absorption 

remained almost unaltered after solvent wash (Figure 4c and Figure S10 in Supporting Information), 

whereas the non-annealed film fully dissolved. Annealing of spin-coated films is also suitable to 

study the kinetics of PCB-diyne rearrangement and polymerization. In Figure 4d we show the frac-

tion of the film remaining on the substrate as determined by UV-Vis as a function of annealing time. 

The stabilization time was almost the same for films of different thicknesses; full insolubility was in 

all cases reached after 5 h of annealing at 120 °C. Such a slow polymerization also supports the hy-

pothesis that chain rearrangement has to occur prior to polymerization. The rate-limiting step is in 

this case the local ordering of molecules which allows consecutive rapid polymerization. TGA exper-

iments were performed to exclude any degradation or weight loss in the range of annealing tempera-

ture (see Figure S11, Supporting Information). 
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Figure 4.  (a) FTIR spectra of as-coated C23 PCB-diyne film (top) and after annealing at 120°C for 

8 h (bottom); (b) DSC thermograms showing a thermoset behavior for C23 PCB-diyne; (c) stabiliza-

tion of pure C23 PCB-diyne films monitored with UV-Vis spectroscopy (red: PCB-diyne film as-

casted; black: after annealing; blue: annealed film after washing with CB; green: non-annealed film 

after washing with CB); (d) kinetics of polymerization for C23 PCB-diyne films with thicknesses of 

17 nm (square), 35 nm (triangle) and 100 nm (cross) upon annealing (120 oC). Films were washed 

with CB after indicated times and the remaining absorbance at 330 nm was measured. All experi-

ments conducted at 120 °C suggest that insolubility is not correlated to a high degree of polymeriza-

tion. This renders chemical and structural analysis of the product challenging.20    

We conducted a control experiment with a PCB-diyne with a much shorter alkyl-chain (C11). In 

that case, no insoluble phase was formed after annealing (see Figure S12, Supporting Information). 

C11 PCB-diyne may not arrange into a structure that facilitates stacking of the diacetylene moieties 

necessary for polymerization. This finding is similar to recent results obtained for the polymerization 
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of alkyl-diacetylene in thin Langmuir-Blodget films, where it was found that long, odd-numbered al-

kyl spacers yielded considerably better polymerization due to a better accommodation to the restric-

tive single crystal structure.46,47,48 A second control experiment was carried out to demonstrate that 

the conjugated diacetylene units do not attack the fullerene moiety of PCB-diyne, leading to different 

crosslinked products. Blend films of PCBM and 10,12-tricosadiynoic acid were annealed for 8 h and 

were then washed with CB. PCBM could completely be removed with CB after annealing and the 

UV-Vis spectrum of the washing solution coincides with the spectrum of the starting solution (see 

Figure S13, Supporting Information). Thus, the major part of the fullerenes had not reacted during 

polymerization and remained intact.49 This result is also supported by the Raman spectra shown in 

Figure S15, Supporting Information. 

 

C23 PCB-diyne/CyC blend film morphology 

Fullerene derivatives are most widely used as model electron acceptors in blend organic photovol-

taics. In this field, the ability to thermoset blend thin films may be crucial for stabilizing nanoscale 

phase-separated morphologies against ageing or further processing. As an example to illustrate the 

general ability of PCB-diyne to stabilize blend morphologies, we study the blending of PCB-diyne 

and a cyanine dye, CyC. The crosslinking reaction also proceeds in the fullerene phase of a film of 

PCB-diyne blended with the cyanine dye CyC. The molecular structure of CyC is shown in Figure 

5a. In Figure 5b, we show SFM scans of a C23-PCB-diyne/dye blend film with a molar ratio of 10:1. 

We found monodispersed droplets embedded in a matrix film. Selectively dissolving the dye leaves 

sinkholes in the matrix film as shown in the SFM scans in Figure 5c. The film morphology thus 

comprises droplets of CyC in a matrix of PCB-diyne. A sketch of the film morphology is shown in 

Figure 5a. We can explain the morphologies obtained from the phase separation of the C23 PCB-

diyne/CyC system by liquid-liquid dewetting similarly to the PCBM/CyC blend system which we 

investigated earlier.30 In the case of PCBM, a transient bilayer forms with PCBM in contact with air 
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and CyC in contact with the substrate. Due to the higher surface energy of C23 PCB-diyne compared 

to PCBM (60 and 18 mN m-1 respectively), the order of the initial transient bilayer is reversed, with 

CyC (34.3 mN m-1) and C23 PCB-diyne now forming wetting layers at the air and substrate inter-

face, respectively. For low dye fractions, the top dye-layer dewets from the PCB-diyne layer, form-

ing the pattern of monodispersed dye droplets on top of a PCB-diyne matrix film.  

C23 PCB-diyne in blend films can also be thermally polymerized. After washing in the casting 

solvent, this method conserves the same morphology as dissolving the dye in a selective solvent 

without polymerization (Figure 5c). This experiment and the UV-Vis spectra of annealed and non-

annealed films shown in Figure S12 in the Supporting Information prove that the C23 PCB-diyne 

phase can be selectively rendered insoluble in blends. Differently from the pure C23 PCB-diyne 

films, no large polycrystalline domains formed during annealing as shown in Figure 5c. This indi-

cates that the dispersed solid CyC droplet phase seems to hinder the growth of large polycrystals. 

The polymerization still proceeds in blends. The morphology shown in Figure 5 is one example of 

PCB-diyne morphologies which can be stabilized and forms the basis of fullerene scaffolds. Depend-

ing on mixing ratios and film thicknesses, a large variety of PCB-diyne morphologies can be manu-

factured (see Figure S14, Supporting Information). 

 

Figure 5. Blend morphology stabilization: (a) structure of the cyanine dye and sketch of vertically 

phase separated C23 PCB-diyne/CyC film; (b) SFM image of a 10:1 C23 PCB-diyne/CyC molar 

blend film coated at 500 rpm from CB; (c) SFM image of the insoluble mesostructured C23 PCB-

diyne film after thermal polymerization and dissolution of CyC. 
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C23 PCB-dyine/CyC blend films on patterned substrates 

Figure 6a shows SFM scans of the morphology of a C23 PCB-diyne/CyC blend film coated from a 

solution with a 1:1 molar ratio onto a SAM stripe pattern. Figure 6b and 6c show corresponding 

scans after PCB-diyne and CyC has been selectively dissolved, respectively. We find cyanine drop-

lets embedded in a PCB-diyne matrix, whereby the cyanine only forms a phase above the SAM 

stripes.   

Increasing the volume fraction of dye in the film leads to a situation where the dye fully covers the 

SAM stripes (Figure 6d to 6f). This structure forms because CyC wetting droplets are pinned to the 

SAM-gold interface. We achieved an almost perfect transfer of the chemical substrate pattern into a 

phase pattern. The corresponding imprinted and structured PCB-diyne phase could also be thermally 

stabilized against solvents (Figure 6f). With this contact-line pinning method we were able to fabri-

cate undercut structures (Figures 6g and 6h) which are challenging to achieve with top-down meth-

ods such as photolithography. The angle of the undercut structure depends on the dye volume frac-

tion.35 This is one very specific example on how we can design photonic structures with the PCB-

diyne/dye blend system. Films with topographical or compositional pattern scatter ligh coherently.50 

The materials and processes can be utilized more generally for photonic applications: the self-

assembled fullerene itselves can possess useful optical properties, here we specifically think of 

materials with high dielectric constants.51 Polymer templates are frequently used as base material for 

photonic materials52 and can act as matrix for optically active materials.53  

 



Page | 71  
 

 

Figure 6. 1D template formation and stabilization: (a) SFM image of a C23 PCB-diyne/CyC blend 

film on a SAM stripe pattern as indicated below the Figure (1:1 molar blend 1 wt% in CB, spin coat-

ed at 500 rpm); (b) C23 PCB-diyne selectively removed with hexane; (c) CyC selectively removed 

with CB after thermal polymerization of PCB-diyne; (d) increasing the dye volume fraction in the 

film leads to an optimized pattern transfer (1:2  C23 PCB-diyne/CyC molar blend 1 wt% in CB, 500 

rpm); (e) C23 PCB-diyne selectively removed with hexane; (f) CyC selectively removed with CB af-

ter thermal polymerization of C23 PCB-diyne; (g) experimental cross-section of the patterned mor-

phology, (h) sketch of the process that leads to an undercut structure. 

 

Conclusion 

We synthesized a fullerene derivate which self-assembles into lamellar structures . The self-

assembly in these nanostructures leads to an arrangement of diacetylene moieties such that a topo-

chemical solid state polymerization takes place upon annealing at 100 °C, stabilizing the self-

assembled morphology and rendering the film insoluble in common solvents. The associated chemis-
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try is more straightforward than the chemistry following a pathway based on the common belief that 

effective crosslinking requires at least two diyne moieties.4 Annealing the sample at 120 °C above 

the order-disorder transition of the material also leads to a cross-linked insoluble film that is now 

mainly amorphous. That is surprising as a certain chain arrangement is prerequisite for the solid state 

polymerization. We conclude that to reach insolubility only a low number of ordered crosslinking 

sites are necessary. The crosslinking reaction also proceeds in spin-coated films but is accompanied 

by large scale dewetting and crystallization. Most interestingly, the reaction occurs in the C23 PCB-

diyne phase of blend films opening a way to fabricate complex 3D insoluble objects. In this case the 

large scale crystallization is hindered by the presence of dispersed dye domains. Selectively remov-

ing the dye after polymerization of the C23 PCB-diyne leaves structured fullerene scaffolds. The 

C23 PCB-diyne templates show mesoporous structures in the sub-micron range; we are currently in-

vestigating the feasibility of this process for manufacturing nanoporous structures.  
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NMR Spectroscopy 

1H and 13C NMR spectra were recorded at 400.13 and 100.61 MHz on a Bruker Avance-400 NMR 

spectrometer (Bruker Biospin AG, Fällanden, Switzerland). The 1D and 2D NMR correlation exper-

iments were performed at 298 K on a 5 mm broadband inverse probe with z-gradient (100% gradient 

strength of 53.5 G cm–1) and 90° pulse lengths of 6.8 s (1H) and 14.5 s (13C) using Bruker standard 

parameter sets and pulse programs. 1H and 13C chemical shifts were referenced relative to the signals 

of chloroform at 7.26 ppm and 77.0 ppm, respectively. 

 

PCB-Diyne 

 

 

Figure S1: Assignment of C-H positions for C23 PCB-diyne. 

(1H), CDCl3, 400.1 MHz: 

7.91 (2H, m, H-30); 7.54 (2H, m, H-31); 7.47 (1H, m, H-32); 4.15 (2H, t, 6.4, H-24); 2.89 (2H, m, 

H-27); 2.25 (2H, t, 7.4, H-2); 2.23 (4H, t, 7.1, H-9/14); 1.92 (2H, m, H-26); 1.83 (2H, m, H-25); 1.58 

(2H, m, H-3); 1.50 (4H, m, H-8/15); 1.36 (4H, m, H-7/16); 1.27 (2H, m, H-22); 1.25 (2H, m, H-21); 

1.2-1.4 (14H, m, H-4-6; 17-20); 0.88 (3H, t, 6.9, H-23) 

 

(13C), CDCl3, 100.6 MHz: 

173.8 (C-1); 148.9/147.9/145.8/145.2/145.15/145.09/145.0/144.78/144.77/144.68/144.67 

/144.5/144.4/144.0/143.76/143.75/143.1/143.03/142.99/142.93/142.90/142.3/142.2/142.12/142.10/1
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41.0/140.7/138.0/137.5 (C-C60); 136.9 (C-29); 132.1 (C-30); 128.3 (C-31); 128.2 (C-32); 80.0 (C-

33); 77.7/77.4 (C-10/13); 65.4/65.3 (C-11/12); 63.8 (C-24); 52.2 (C-28); 34.3 (C-2); 33.8 (C-27); 

31.9 (C-21); 29.7/29.6/29.5/29.3/29.1/28.9/28.8 (C-4-6; 17-20); 29.1 (C-7/16); 28.5 (C-25); 28.3 (C-

8/15); 25 (C-3); 23.4 (C-26); 22.7 (C-22); 19.2 (C-9/14); 14.1 (C-23) 

1H-13C HMBC correlations observed: 

H-2→C-(1, 3, 4); H-7/16→C-(9, 14); H-8/15→C-(7, 9, 10, 13, 14, 16); H-9/14→C-(8, 10, 11, 12, 

13, 15); H-21→C-(22, 23); H-22→C-(21, 23); H-23→C-(21, 22); H-24→C-(1, 25, 26); H-25→C-

(24, 26, 27); H-26→C-(24, 25, 27, 28); H-27→C-(25, 26, 28, 29, 33); H-3→C-(1, 2); H-30→C-(28, 

30, 32); H-31→C-(29, 30, 31); H-32→C-(30) 

 
1H-1H DQF-COSY correlations observed: 

H-2→H-(3); H-3→H-(2, 4); H-7/16→H-(8, 15); H-8/15→H-(7, 9, 14, 16); H-9/14→H-(8, 15); H-

22→H-(23); H-23→H-(22); H-24→H-(25); H-25→H-(24, 26); H-26→H-(25, 27); H-27→H-(26); 

H-30→H-(31); H-31→H-(30, 32); H-32→H-(31) 

 

PCB-OH 

 

Figure S2: Assignment of C-H positions for PCB-OH. 

(1H), CDCl3, 400.1 MHz: 
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7.91 (2H, m, H-7); 7.54 (2H, m, H-8); 7.47 (1H, m, H-9); 3.74 (2H, m, H-1); 2.91 (2H, m, H-4); 1.94 

(2H, m, H-3); 1.78 (2H, m, H-2) 

 

Figure S3: 1H NMR spectrum of C23 PCB-diyne in CDCl3, 400.1 MHz, 0.5-8.0 ppm. 

 

Figure S4: 1H NMR spectrum of PCB-OH in CDCl3, 400.1 MHz, 0.5-8.0 ppm. 
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Figure S5: expanded 13C NMR spectrum of C23 PCB-diyne in CDCl3, 400.1 MHz, 125-175 ppm 

(top), 50-85 ppm (middle), 10-35 ppm (bottom). 

Mass spectrometry 

C23 PCB-diyne mass determination was carried out on a MAT 95 mass spectrometer (Thermo Fin-

nigan MAT, Bremen, Germany). The mass spectrometer was operated in high resolution mode (mass 

resolution m/Δm = 7800) using electron ionization (electron energy 70 eV) at an ion source tempera-

ture of 180 °C. Top: mass spectrum of C23 PCB-diyne with an exact mass of 1211.4 gmol-1. Bot-

tom: magnification of the main mass peak. 

 

 

Figure S6: Mass spectra of C23 PCB-diyne 

 

Figure S7: Conformation of C23 PCB-diyne. 
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The density functional theory (DFT) was chosen as modeling method to investigate the molecular 

structure of C23 PCB-diyne. The calculations were performed with the NWChem 5.1 software. The 

maximum length of the molecule is 3.6 nm. 

 

Figure S8: SFM image of a crystalline platelet drop-cast from 10 mg mL-1 C23 PCB-diyne in chlo-

robenzene 

 

Figure S9: Coarsening of C23 PCB-diyne spin-coated films upon annealing. 

(a) SFM image of a C23 PCB-diyne film coated from a 1 wt% solution in CB at 500 rpm, the inset 

shows a 500 nm wide zoom on a dewetted part of the film, (b) insoluble film after 2 h, and (c) after 4 

h annealing at 120 °C. 
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Figure S10: Insolubility of a C23 PCB-diyne film. Black: film spin-coated at 500 rpm from a 1 wt% 

solution in chlorobenzene before annealing and Red, after annealing at 100 °C for 24 h. 

 

Figure S11: thermogravimetric analysis (TGA) of C23 PCB-diyne. 
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Figure S12: Changes in the UV-Vis spectra upon annealing and immersing the film in the coating 

solvent, (a) for C23 PCB-diyne:CyC films, 1:1 molar ratio 1 wt% in chlorobenzene, * represents 

blend films where CyC was removed prior to annealing; (b) for C11 PCB-diyne. The film remains 

soluble. 

 

Figure S13: Blending of PCBM Diynoic acid, 1:1 molar blend, 2 wt% in CB. Blend films remained 

fully soluble in CB after annealing at 120 °C for 8 h and no difference in PCBM absorption was ob-

served after annealing. 
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Figure S14: SFM scans of morphologies obtained by spin-coating blends of C23 PCB-diyne : CyC. 

(a) C23 PCB-diyne : CyC films, 1:1 molar ratio 1 wt% in chlorobenzene, spin-coated at 1000 rpm; 

(b) corresponding CyC phase; (c) corresponding insoluble PCB-diyne matrix and 2:1 molar ratio 1 

wt% in chlorobenzene, spin-coated (d) at 4000 rpm; (e) 1000 rpm; (f) 400 rpm. 

 

Figure S15: Raman spectroscopy of C23 PCB-diyne monomer (black) and polymer (red). We ob-

serve a peak at 1600 cm-1 which we attribute to the formation of C=C bonds in the polymer. The full-

erene Raman band is at 1464 cm-1. In the polymerized sample, a small (<10% intensity) peak shoul-

der at 1460 cm-1 might indicate a side reaction involving the PCBM core in a dimerization reaction 

with a nearby fullerene or an unsaturated carbon-carbon moiety. 
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Growth and alignment of thin film organic single crystals from dewetting pat-

terns 

Reproduced with permission from J.-N. Tisserant, G. Wicht, O. F Göbel, E. Bocek, G.-L. Bona, T. 
Geiger, R. Hany, R. Mezzenga, S. Partel, P. Schmid, W. B. Schweizer, J. Heier, ACS Nano 2013, 7, 
5506-5513 Copyright 2013 American Chemical Society. 

 

Micro-periodic patterns of nano-structured films for enhanced electronic properties. 
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ABSTRACT. Studying and understanding the conditions under which organic semiconductors can 

be engineered to form aligned single crystals in thin films is of primary importance owing to their 

unique orientation-dependent optoelectronic properties. Efforts to reach this goal by self-assembly 

from solution-processed films have been rewarded only with limited success. In this article we pre-

sent a new method to grow single crystalline thin films via solvent annealing. We identify solvate 

crystal growth in combination with a specific film dewetting morphology as key to successful fabri-

cation of single crystals. Furthermore, these 2D single crystals can align on chemically patterned 

substrates to minimize their interfacial energy. We explore in situ the conditions for crystal for-

mation and alignment.  

KEYWORDS. Organic single crystal, cyanine dye, thin film, patterning, dewetting  

 

The use of soluble organic semiconductors in electronic devices such as organic field effect tran-

sistors (oFETs), organic light emitting diodes and organic solar cells is a prospering research field 

experiencing rapid advancements.1-4 Competitive performances for oFETs though have been reported 

only for single crystalline vapor deposited materials5,6 with few grain boundaries and a high molecu-

lar order.7 While solution processable molecules can be deposited cheaply onto substrates by spin 

coating8 or inkjet printing,9 the obtained films are typically amorphous or polycrystalline due to the 
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complex processes that take place on the molecular level during solvent evaporation. Often crystals 

can be grown by a post deposition treatment from amorphous or polycrystalline thin films, such as 

annealing or solvent vapor annealing (SVA).10 The presence of solvent molecules allows molecules 

to rearrange and adopt configurations closer to thermodynamic equilibrium than the metastable state 

obtained directly after spin coating.11,12 The nature of the substrate plays a major role in crystal 

growth.13 For example, re-crystallization is supported by a thin condensed solvent layer on the sub-

strate surface.14,15 The growth of large single crystals during SVA is facilitated on polymer base films 

that are soluble in the solvent used.16 SVA typically utilizes poor solvents for the material under con-

sideration,17 only a few reports discuss SVA with good solvents.10 For example, large single crystals 

of a solvate crystal of [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) with the solvent chloro-

benzene could be grown.18 Investigations into different crystal forms of the same molecule, such as 

solvate crystals, offers new opportunities in crystal design.19 Applications are not limited to pharma-

ceuticals and agrochemicals, but extends to organic semiconductors like C6020 and Alq3.21 Lethal to 

large area single crystal growth is the presence of many randomly oriented nuclei. From here the 

strategy had emerged to control nucleation by using patterned substrates. Briseno et al. created a sur-

face with printed octadecyltriethoxysilane (OTS) nucleation regions small enough to allow only for 

one nucleation event.22 Goto et al. designed a micropattern with small nucleation control areas and 

large crystal growth areas.23 

Organic single crystals often show an anisotropic molecular arrangement, consequently, charge 

transport depends strongly on their orientation.24 For the integration of single crystals into devices, 

the control of the orientation of the single crystal is thus of importance.25 Up to now only a few prac-

tical approaches have been suggested for solution processed films. One method for enhanced in-

plane orientation is the experiment of Goto mentioned before. Mascara et al. and Kumatani et al. 

grew needle shaped single crystals of aluminium-tris(8-hydroxyquinolin) (Alq3) and dioctylben-

zothienobenzo-thiophene (C8-BTBT) in patterned trenches by SVA, respectively.26,27 In that case an 
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artificial groove corrects the crystal orientation during growth. We here report a mechanism that al-

lows for the growth of large single crystalline domains of a cyanine dye in thin films. The orientation 

of the crystals can be guided by growing crystals on a substrate with patterned self-assembled mono-

layers (SAM) manufactured by microcontact printing (µCP).28 The crystal favors orientations that 

minimize the interfacial energy between crystal and substrate. Interest for cyanine single crystals 

arises from the extraordinary electro-optical properties of their aggregated state.29,30 It is known that 

cyanine dyes which precipitate from solution primarily form solvate crystals.31 In thin films, single 

crystals have been only grown epitaxially on lipid monolayers.32 

 

RESULTS AND DISCUSSION 

Single Crystal FormationKey to single crystal growth lies in a particularity of the growth meth-

od: we start crystallization from a small number of nulcei present in amorphous islands that formed 

during film dewetting.33 Crystallization itself proceeds in a second solvent annealing step. In chloro-

benzene vapor, thin film single solvate crystals form. Figure 1 shows optical micrographs of different 

crystal morphologies of the cyanine dye 1,1’-diethyl-3,3,3’,3’-tetramethylcarbocyanine perchlorate 

(CyC) after solvent annealing. In the inset we show Scanning Force Microscopy (SFM) scans of the 

films directly after spin coating. On a gold substrate (Figure 1a to c) and with decreasing solution 

concentration, the crystal morphology changes from dendritic to an ideal single crystal. The differ-

ences can be explained by the varying starting film morphologies, changing from continuous to indi-

vidual dewetting droplets (insets to the Figure 1a to c). On a pure SAM (Figure 1d to f), decreasing 

the solution concentration leads to a decrease in dewetting droplet size. Here, always single crystals 

were observed, the smaller the dewetting droplets, the smaller the resulting crystal. This is already an 

interesting observation as such: different crystals can be grown solely by changing the boundary 

conditions while leaving the crystals growth conditions constant. Most commonly phase transfor-

mations in crystalline materials are the result of a change in the degree of supersaturation. In our ap-
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proach the growth speed is regulated via the overall availability of molecules by changing the density 

of dewetting droplets. For growth at high rates, the growth front becomes unstable and complex den-

dritic, ramified or fractal pattern can be observed, whereas for sufficiently slow growth, the for-

mation of ideal crystals becomes possible. The formation of the dewetting CyC droplet phase upon 

spin coating is described in detail in the Supporting Information. 

 

 
Figure 1. Cyanine crystals after solvent annealing in a saturated chlorobenzene atmosphere for 16 h. 

a) Dendritic crystals grown from a continuous 300 nm thick CyC film on gold. b) Sectored plate 

crystal and c) single crystals grown from a dewetted CyC film on a gold surface. d-f) CyC single-

crystals grown from films dewetted from pure SAM substrates. SFM scans (5 µm x 5 µm) of the spin 

coated films before solvent annealing are shown in the insets.  

Single Crystal Structure Analysis 

In all samples during early crystal growth, the most frequently observed crystal morphology was a 

rhombus with an acute angle of 72.8(5)˚ and an obtuse angle of 107.2(5)˚ (Figure 2a). A clear 

rhomb-shaped morphology can be noted at crystal sizes (length of the longer diagonal) of 5 µm. 

Rhomb-shaped crystals rarely grow larger than 40 µm, with heights ranging from 100 to 1000 nm. 

The crystal structure of the dye was determined by single crystal X-ray diffraction for crystals grown 

by vapor diffusion34 with chlorobenzene as solvent and cyclohexane as antisolvent. The molecular 
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packing of the crystal is shown in Figure 2b. The crystal is a solvate crystal of a cyanine dye,35 for 

each dye chromophore we counted two chlorobenzene molecules. Gas chromatography-mass spec-

trometry (GC-MS) showed that the ratio of dye to solvent in the thin film crystal is the same as in the 

bulk crystal. This suggests that both types of crystals are of the same phase. The almost quadratic 

pattern of diffraction peaks (Figure 2a inset) strongly suggests that the (100) plane is oriented paral-

lel to the substrate (b≈c). Based on the out-of-plane orientation, one can attempt to partially index the 

side faces of the rhomb-shaped crystals. We conclude that the crystals are most likely a combination 

of {100} and {h45} faces (Figure S2 in the Supporting Information).  

 

 

Figure 2. a) Rhomb-shaped cyanine single crystal with the corresponding crystal planes. Inset: se-

lected-area electron diffraction pattern of the rhomb-shaped crystal. b left) Molecular packing of the 

crystal showing the layers formed by CyC and perchlorate counter-ions (chlorobenzene is omitted 

for clarity). b right) Molecular packing of the crystal, the chlorobenzene solvent molecules lie in 

tubes formed by four CyC molecules, only two of the eight disordered sites of chlorobenzene are 

shown for clarity. Ellipsoids of the cyanine and perchlorate moieties are at the 50% level, hydrogen 

atoms are omitted for clarity. c) TEM image of a crystal nucleus inside a droplet. d) A stack of three 

single crystalline rhombi. 
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Crystal Nucleation 

Single crystals for further investigation were grown in the following 2 step process: first, a film 

consisting of amorphous dewetting droplets was manufactured by spin coating a CyC solution onto a 

gold surface with a SAM stripe pattern or a 2D pattern of 2 µm periodicity.  

Liquids dewetting from a patterned surface have attracted much interest in the past decade as they 

have proven to be an easy route for patterning of organic materials from solutions.36  A chemically 

heterogeneous substrate may drive substances to specific surface areas. A cyanine film coated from 

saturated isopropanol solution onto patterned SAMs will decompose into individual droplets populat-

ing only the gold surface (Figure 3). By utilizing a patterned SAM, the film can be destabilized into a 

much denser array of dewetting droplets compared to a film dewetting from a homogeneous sub-

strate and still single crystal growth is observed. The denser the droplet array, the larger the single 

crystals that can be grown. Later we will show that the patterned SAM also reorients the crystal dur-

ing growth.  

We here identified the spin casting step as the crystal nucleation stage. An optical analysis of the 

morphology of the individual droplets directly after spin coating suggests that all droplets are amor-

phous. Only a TEM analysis of the as cast film shows that in a few droplets a nanocrystal had formed 

that may act as nucleus for crystal growth. These crystals are about 200 nm in size and show already 

a rhomb-shaped morphology (Figure 2c). We can only speculate on the conditions that are necessary 

for the growth of these nuclei. By spin coating from saturated solutions, the connected solvent evap-

oration will bring the system immediately into a regime of super-saturation. These nuclei were not 

found in films that wet the surface, the process of dewetting is thus a necessary condition for crystal 

nucleation. Also the dendritic crystals grown from continuous films (Figure 1a) suggest only a few 

nucleation events in the wetting film. Furthermore, during crystal growth almost no additional nuclei 

were formed. Once we observed three layered single crystalline plates of different orientation, but 
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with exactly the same size (Figure 2d). Here three nuclei were initially present in one dewetting 

droplet. 

 

 

 

Figure 3. Cyanine film morphologies on patterned SAMs. Films were spin-cast from saturated iso-

propanol solutions at 1000 rpm a) and 500 rpm b) on a stripe pattern and drop-cast onto a 2D grating 

c). 

 

Crystal Growth 

Crystal growth occured in a second solvent annealing step. The early stage is characterized by sol-

vent uptake by the amorphous cyanine domains, first single crystals got visible in the optical micro-

scope after about 20 minutes of solvent annealing. As chlorobenzene is a good solvent for the dye, 

we may assume that a significant amount of solvent molecules is adsorbed and can diffuse into the 

dye domains and allow for solvent-mediated amorphous-to-crystalline transformations. We can esti-

mate the solvent uptake necessary to lower the glass transition temperature of the dye below room-

temperature.37  Using a melting temperature of Tms = 228 K for chlorobenzene, and a glass transi-

tion temperature of the dye of Tg = 447 K, we found that the chlorobenzene volume fraction of the 

droplet should be at least 27 %. This is a significant amount and explains the possibility of the dye 

molecules to rearrange within the bulk of a droplet. Solvent uptake also leads to coalescence of the 

initial droplet distribution as shown in Figure 3, to a distribution as shown in Figure 4 and Figure 5. 

The figures further show the morphological transformation of amorphous droplets into single crys-
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tals. Two growth modes could be distinguished: in the fast mode, the growing crystal is in direct con-

tact with an amorphous cyanine droplet (Figure 4a). The optical images unequivocally show that the 

crystal grows at cost of the merging dye droplet. We believe that the organization of exactly one dye 

molecule and two solvent molecules at the growth front limits the crystal growth rate. Key to single 

crystal growth is therefore the formation of a solvate crystal with the good solvent chlorobenzene. 

Figure 4b shows the growth kinetics of three individual crystals. The crystal shape is conserved at all 

times which implies that the growth rate is the same at all crystal faces. Otherwise the crystal would 

also change its shape. During growth, the height increased maximally by 10%. An Avrami analysis 

of the same data resulted in a growth exponent of 2, confirming a two-dimensional growth without 

nucleation.38,39 In the slow mode, crystal growth occurs via long range transport of cyanine dyes to 

the crystal. Crystal growth is accompanied by the development of a droplet depletion zone around 

the growing crystal (Figure 5a). The rate measured for this mode is about 25 times slower than when 

the drops are in direct contact with the crystals (Figure 5b). We observed that over ca. 10 h the de-

pleted surface varies linearly with time which allowed the calculation of an apparent diffusion coef-

ficient of 1.3×10-10 m2/s. This value has the same order of magnitude as the diffusion coefficient of 

dye molecules in solution, while a surface diffusion coefficient is orders of magnitudes lower.40 As 

soon as the liquid droplet feeding an individual crystal is consumed, the growth mode switches from 

fast to slow. When the depletion zones of neighboring crystals overlap, crystal growth slows down 

and eventually comes to a stop. From Figure 5a we can also estimate the number of nucleation 

events. One crystal evolved out of an array of 200 droplets.     
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Figure 4. Single crystal growth when in contact with a liquid droplet (fast mode). a) In-situ monitor-

ing of the growth of a single crystal in contact with a droplet under an optical microscope. b) Corre-

sponding growth kinetics of three different crystals.  
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Figure 5. Surface-diffusion-controlled growth of a crystal (slow mode). a) In-situ monitoring under 

an optical microscope. In the inset we show one crystal at higher magnification. The size of the in-

sets is 35 µm x 35 µm. b) Corresponding growth kinetics of one crystal and the area of the depleted 

region.  

Crystal Orientation 

A desired control over crystallization includes crystal orientation in the substrate plane. Here we 

show that the introduced chemical substrate pattern (gold/SAM stripe pattern with 2 µm periodicity) 

influences the crystal orientation. The angle φ between the long diagonal of the crystal and the line 

direction was measured for 307 crystals with two different size distributions. The group of smaller 

crystals has an average diagonal length of 10 µm, while the group of larger crystals has an average 

diagonal length of 19 µm. The larger crystals were manufactured from a denser droplet film; the sol-

vent annealing time was 12 h in both cases. For the smaller crystals, preferential orientations of the 

rhombi with respect to the line direction were found at 0˚, 8˚, 36˚, 53˚, and 90˚ (Figure 6a center). It 

is conspicuous that most of these orientations correspond to geometries where either a diagonal or a 

side line of the rhombus is parallel to the substrate pattern. For comparison, the random angle distri-
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bution of rhombi on a non-structured surface is shown in Figure 6a top. The larger crystals show a 

different and less pronounced angle distribution due to the wider size distribution (Figure 6a bottom). 

We recall that during growth, all four crystal faces perpendicular to the substrate advance at the same 

rate. From here we can rule out that the crystal appears to change its orientation because of aniso-

tropic feeding of the crystals. One must thus assume that either the nuclei have a preferred orienta-

tion, or the crystals as a whole are capable of moving and rotating with respect to the substrate. 

While we cannot rule out a prearrangement of the nuclei, the latter was observed directly: the inset of 

Figure 6b is an overlay of the images of a rhomb-shaped single crystal shown in Figure 6a at times t 

= 20, 50 and 85 min. We observe a rotational as well as a lateral movement of the growing crystal 

while in contact with the liquid droplet. The overall rotational motion of one crystal with time is 

shown in Figure 6b. The change in angle over the measurement time is larger than 10° and carries 

out an oscillating movement. Such a motion of the entire crystal is only possible when the friction 

between crystal and substrate is smaller than the driving force for displacement. A closer look at the 

microscopic images reveals that the crystal is not in direct contact with the patterned SAM, but floats 

on a thin solvent layer which wets the crystal surface. In the best case of hydrodynamic lubrication, 

for the crystal to move only the friction resulting from the viscosity of the solvent has to be over-

come.41 Assuming a wetting layer thickness of d = 100 nm, the energy dissipated by friction when 

moving a crystal of size A = 25 m2 with a velocity of v = 5 × 10-9 m/s by x = 1 m can be esti-

mated by 

      ∆퐺 =  

whereby η = 0.75 mPa.s is the bulk viscosity of chlorobenzene. The velocity has been estimated from 

optical microscope images. We obtain a value of Gf ≈ 10-21 J. We expect that for liquid layer thick-

nesses down to molecular dimensions the response is still liquid-like, but with a viscosity increased 

by orders of magnitude.42 The driving force for this motion is the minimization of the overall interac-
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tion energies between crystal, lubrication solvent and substrate. Depending on the solvent layer 

thickness, the interaction energies comprise surface energies and Van der Waals forces (disjoining 

pressures).43 Practically, a most favored position on the stripes will reposition the crystal such that 

the contact area of the crystal with the SAM stripes decreases. We calculate the energy gain when 

shifting the model crystal from the calculation above over a SAM stripe pattern of 2 m periodicity 

from an energetically most unfavorable to a most favorable position, assuming an effective surface 

tension difference of 10 mN/m between the gold and the SAM surface. The energy gain then 

amounts to Gint = 5×10-14 J, orders of magnitudes higher than the dissipation of energy by frictional 

forces calculated before. In the real system the frictional forces are most likely much higher, but the 

values confirm that the mechanism is feasible. To further explain the experimental data  we calculat-

ed effective interfacial energies of a rhomb-shaped crystal on a stripe pattern of 2 µm periodicity as 

function of position and angle φ for four different crystal sizes (see Experimental part, Figure 6c). 

The interfacial energies show distinguishable minima and maxima, their positions, and more pro-

nounced, their amplitudes change with crystal size. The strong variation in interfacial energy with 

lateral motion perpendicular to the stripe pattern for crystals covering an odd number of stripes (e.g. 

11.7 µm and 15 µm) reflects the following: at the energy maximum, the crystal covers three and four 

gold stripes, but extends over four and five SAM stripes, respectively. At the energy minima, this 

situation is reversed. For cases where the crystal covers an even number of stripes (e.g. 10.0 µm and 

13.4 µm), any motion of the crystal has a minor effect on the overall interfacial energy. Under crystal 

width we here understand the length of the side faces. For each crystal size, a certain position and 

orientation minimizes the interfacial energy (represented by Figure 6c). We thus must assume that 

during growth the crystal will continuously adapt angle and position to the applicable energy mini-

mum, such a motion is indeed observed experimentally (Figure 6b). The minimum found at 36° is 

especially pronounced, and returns periodically during crystal growth to that position (Figure 6c). 

Practically, a growing crystal oriented between 26° and 46° to the pattern will repeatedly experience 



Page | 101  
 

a force that will orient the crystal to 36°. Also other well-defined minima in the interfacial energy 

plot coincide with the statistically observed orientations of the 10 µm crystal size distribution.  

In order to improve the alignment, we attempted to better match substrate pattern and crystal ge-

ometry. A hexagon has angles of 60° and 120°, being closer to the angles of the rhomb shaped crys-

tal. In most cases the dewetting droplet is pinned to the SAM pattern (Figure 7a). From our data it is 

hard to evaluate what the influence of this contact line pinning on crystal orientation is. On a hexag-

onal SAM pattern, coalescing dye droplets often take the shape of a rhombus (Figure 7b) and evolve 

into a perfectly aligned crystal (Figure 7c). Nevertheless, the rhombus is not the only shape that 

evolves during coalescence, and we suspect that other shapes prevent crystal alignment. We may fur-

ther improve the alignment statistics with a droplet pattern with the exact angles of the crystal, but it 

seems that here contact line pinning has a stronger influence than the interfacial energy minimiza-

tion.  
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Figure 6. Oriented crystallization. a) Angular distribution of the orientation of single crystals on a 

homogeneous substrate (top) and on a SAM line pattern with 2 µm periodicity. The middle and bot-

tom histograms show the distribution for crystals of different sizes. Preferred orientations are notice-

able on the patterned substrates. Inset: corresponding crystal orientations. b) Rotational movement of 

a single crystal in contact with a liquid droplet with time. c) Calculation of the interfacial energy as a 

function of φ for 0˚ ≤  φ ≤ 90˚ and a lateral movement perpendicular to the stripe pattern of one peri-

odicity for 15.0 µm, 13.4 µm, 11.7 µm and 10.0 µm large crystals.  
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Figure 7. Crystal orientation on a hexagonal pattern. a) Contact line pinning of a coalescence droplet 

on a 1D pattern. b) Coalescence on a hexagonal pattern results in droplets, rods (from 2 droplets), tri-

angles (3 droplets) and rhombs (4 droplets) with angles close to that of the crystals. c) These patterns 

yield well aligned rhomb-shaped crystals. 

Conclusions 

In summary, we introduced a new method to grow single solvate crystals in thin films by solvent 

annealing. The crystal growth method should be applicable to the large class of molecules that can 

form solvate crystals. Most likely by far not all crystal forms of organic molecules have been discov-

ered. The nature of the dewetting pattern of the starting film allows controlling crystal growth, espe-

cially the growth direction of the crystals can be controlled with patterned SAMs. A model based on 

the minimization of interfacial energy can convincingly predict the favored positions on the surface. 

The design of a substrate pattern for crystal orientation is rather complicated and needs not only to 

take the specific shape of the crystal into account. A proper design of the starting dewetting mor-

phology may allow full control over crystal orientations and positions by self-assembly and may 

open low cost fabrication routes for efficient organic electronic devices.    

 

Experimental Methods 

Preparation of patterned substrates. Patterned self-assembled monolayers (SAMs) were pre-

pared by microcontact printing (µCP).28 Materials for the deposition were purchased from Cerac Inc. 

A 3 nm thick chromium adhesion layer and a 10 nm thick gold layer were deposited at a typical dep-

osition rate of 0.1 Å/s at a pressure of 6×10-6 mbar onto microscope glass slides. The patterned 
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poly(dimethylsiloxane) stamp (PDMS) was prepared by pouring a vacuum-degazed 10:1 (wt) 

base:curing-agent mixture (Sylgard 184, Dow Corning) on a patterned silicon wafer bearing 280 nm-

deep patterns with different periodicities. This mixture was cured at room temperature for 24 h. The 

patterned PDMS stamp was swelled for 5 s by drop contact with a 0.5 mM solution of octadecan-

ethiol (Sigma Aldrich) and dried under nitrogen flow for 10 s. It was then maintained in contact with 

a freshly-deposited gold surface for 10 s, resulting in a stripe pattern of CH3-terminated SAMs (hy-

drophobic) on the gold surface.  

Film formation. The cyanine dye 1,1’-diethyl-3,3,3’,3’-tetramethylcarbocyanine perchlorate 

(CyC) was synthesized in our laboratory.44,45 CyC was dissolved in isopropanol at different concen-

trations and then spin cast onto patterned gold substrates. Thicknesses were adjusted by varying the 

concentration or the spin speed. Consecutively the films were solvent-annealed in a saturated chloro-

benzene atmosphere in a self-built chamber allowing in-situ optical monitoring. Solvents were pur-

chased from Aldrich and used as received.  

Characterization. Scanning Probe Microscopy surface scans of the samples were performed with 

a Nanosurf Mobile S (Nanosurf AG, Liestal, Switzerland) in tapping mode at a resonance frequency 

of 170 kHz with silicon cantilevers from Mikromasch, Nanosensors TM.  

Transmission Electron Microscopy was performed with a Philips CM 30 at an operating voltage of 

300 kV. Samples were prepared on amorphous carbon coated TEM grids from Agar Scientific.  

Single-crystal X-ray analysis of the cyanine dye was performed using a Bruker Nonius APEX-II 

CCD diffractometer with MoK radiation (λ = 0.71073 Å) and graphite monochromator. The struc-

ture was solved by direct methods (SHELXS97) and refined by full-matrix least-squares on F2 

(SHELXL97).46 Non-hydrogen atoms with the exception of the disordered chlorobenzene were re-

fined anisotropically, H-positions were calculated and included in the structure factor calculation. 

Dye: C27H33N2+, ClO4-, C6H5Cl, MW=597.55, space group monoclinic C2/c, cell a=23.9162(7) 

Å, b=16.8152(6) Å, c=15.6580(6) Å, β=92.811(1)°, z = 8, z’ = 1, R-Factor = 7.33% (378 parameters, 
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5130 I>2σ(I)). Crystallographic data (excluding structure factors) for the structure(s) reported in this 

paper have been deposited with the Cambridge Crystallographic Data Centre as supplementary pub-

lication no. CCDC-923770.  

Gas chromatography-high resolution mass spectrometry (GC-HRMS): quantitative determination 

of chlorobenzene was carried out on a MAT 95 mass spectrometer (Thermo Finnigan MAT, Bremen, 

Germany) coupled to a gas chromatograph HRGC Mega 2 series (Fisons Instruments, Rodano, Italy). 

GC separation was effected on a 20 m × 0.30 mm glass capillary coated with a DB-5 analogue sta-

tionary phase (PS 086, Fluka, Buchs, Switzerland) with a film thickness of 2.4 μm using hydrogen at 

40 kPa as carrier gas. The following temperature program was used: 40 °C (1 min), 5 °C/min up to 

150 °C. The mass spectrometer was operated in high resolution mode (mass resolution m/Δm = 

7800) using electron ionization (electron energy 70 eV) at an ion source temperature of 180 °C. 

Chlorobenzene was detected by selected ion monitoring (SIM) of the molecular ions at m/z 112.0074 

(C6H535Cl+) and 114.0045 (C6H537Cl+). Quantification was based on an ethanolic solution con-

taining 500 ppb (v/v) chlorobenzene as an external standard and evaluation of signal areas of the 

mass chromatograms. For this experiment, fully crystallized films were dissolved in ethanol. The 

chlorobenzene concentration value obtained by this method was compared to the concentration of 

cyanine present in the same solution measured by UV-Vis. A ratio of 1.90 ± 0.2 was found between 

solvent and dye in the crystals.  

Interfacial energy calculation. Minimization of the interfacial energy between the rhomb-shaped 

crystals and the patterned substrates was computed on Mathematica®. The size and orientation of the 

rhombi was varied above a fixed patterned geometry using a 2D rotation matrix and the correspond-

ing energy was computed by a sum of integrals on the successive covered gold/SAM stripes. For the 

calculations we chose an arbitrary value for the energy difference between the crystal covering the 

gold or SAM surface as it does not change the qualitative picture. The surface energies of an amor-

phous CyC film have been measured before (γ = 34.3 mN/m),47 while the surface energy of the crys-
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tal is unknown. The surface energy value for a pure CH3-terminated SAM on Au is γ = 19 - 20 

mN/m.48 The initial surface energy of neat (111) Au can be as high as γ = 1250 mN/m,49  but this 

value decreases rapidly when the surface is exposed to air.50 As a low estimate for an effective inter-

facial tension difference between the (crystal-solvent-gold) and (crystal-solvent-SAM) interface we 

chose a value of γ = 10 mN/m.   
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Dewetting: Single crystal growth has only been observed in films composed of isolated dewetting 

droplets after spincoating. Dewetting is a complicated process arising from the interplay of unfavor-

able surface interactions and attractive intermolecular forces.1  As we are looking at an evaporating 

film, the effects associated with film thinning also have to be considered.2 Sources of instability are 

convective flows driven by evaporation of solvent during spin coating. These so-called Marangoni 

instabilities are caused by either local cooling at the surface or concentration inhomogeneities.3,4 

We here investigate the conditions under which films dewet into droplets and the possibility to tune 

the droplet size. Cyanine dye films were cast from the solvents acetone, ethanol, isopropanol, and 

chlorobenzene onto glass substrates. The solvents were chosen to cover large ranges in boiling point, 

vapor pressure and solubility of the dye. Films cast from acetone had a high surface roughness and 

were poly-crystalline in character (Figure S1a). Films cast from chlorobenzene were rather flat (Fig-

ure S1b). Only films cast from isopropanol and ethanol formed a droplet morphology (Figure S1c, 

d). We can correlate the film morphologies with the different solvent evaporation rates. The thick-

ness evolution of the films during spin casting were measured in situ by laser reflectometry5 (Figure 

S1e). Acetone (green curves) evaporates more rapidly than isopropanol (red curves) and chloroben-



Page | 114  
 

zene (blue curves). The obtained droplet morphology can be tuned in terms of droplet dimension by 

varying the solutions concentration as shown in Figure S1f. 

 

Figure S1. SFM scans of films cast at 1000 rpm from saturated acetone solution (a), saturated chlo-

robenzene solution (b), saturated isopropanol solution (c) and a diluted isopropanol solution (d). (e) 

Film formation times for different solvents and spin speeds as obtained by laser reflectometry. (f) 

Droplet thickness and diameter depending on the solutions concentration, normalized to saturation, 

cast form isopropanol 
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Crystal morphology: Here we describe the determination of the indexing of the side faces of the 

rhomb-shaped crystals. From electron diffraction we deduce a (h00) orientation of the crystals. As 

the slope of the side faces could not be determined, their first index, h, remains unknown. With the 

optical microscope, we observe angles of 107.2(5)° and 72.8(5)° between the edges of the crystal, 

see Figure S2a. The projections of the faces {h32} (i.e. (h32), (-h-3-2), (h-32), (-h3-2)) onto the 

(100) plane form angles of 108.734(4)° and 71.266(4)°. For the {h45} faces, the angles amount to 

106.698(5)° and 73.302(5)°, see Figure S2b. Other faces, which would have angles even closer to 

those observed, would have even higher indices. We conclude that the rhomb-shaped crystals are 

most likely a combination of {100} and {h45} faces. The long diagonal thus corresponds to the b-

axis, the short one to the c-axis. Another observation supports this conclusion: At a {h32} monoclin-

ic prism, the two faces around the oblique angle, e.g. (h32) and (h-32), have the same inclination to-

wards the substrate plane. At a {h45} prism, the two faces around the obtuse angle, e.g. (h45) and (h-

45), have the same inclination. The latter is actually observed in AFM scans.  

 

 

Figure S2. (a) Optical microsope image of a rhomb-shaped crystal, long diagonal approx. 76 µm, (b) schematic 

drawings illustrating possible morphologies {h45} and {h32}. 
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Resonance light scattering in dye aggregates forming in dewetting 
droplets 
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Micro-periodic patterns of nano-structured films for enhanced optical properties. 
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ABSTRACT Small organic semiconducting molecules assembling into supramolecular J- and H- ag-

gregates 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 new method based on aggregate precipitation during 

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

cursor 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 reso-

nances. The aggregation mechanism can be easily applied to periodically structured substrates, mak-

ing 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.    

 

TEXT In dye aggregates, the crystal-like supramolecular assembly of the molecules delocalizes the 

photo-excited state, forming large scale coherently coupled molecular dipoles.1,2,3 The stacking ac-

counts for specific optoelectronic properties, such as a narrow excitonic absorption band, super-

radiant emission, high non-linear susceptibilities, efficient energy migration and super-quenching.4,5,6 

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 envi-



Page | 120  
 

sioned using the properties of aggregates, ranging from sensors7, non-linear 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 char-

acteristics. In aggregates with large volume and chromophores with strong electronic coupling, also 

Rayleigh scattering near the absorption band (Resonance light scattering, RLS) contributes to extinc-

tion.13,14 An entire branch of biochemical 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 reso-

nance light scattering properties for use in devices. Differently, in materials with localized surface 

plasmon resonance (LSPR) numerous applications in nanoscale optics and photonics have been sug-

gested because the huge scattering cross-section of such structures allows the detection of very small 

signals which can be applied in nano-antennas 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 ex-

ploited. Problematic for applications in opto-electronic 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 crystallization,22 or as discov-

ered more recently on dendrimer surface.23 Of interest are methods utilizing a structuring 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 1,1’-diethyl-3,3,3’,3’-

tetramethylcarbocyanine perchlorate (CyC) phase separate into a variety of morphologies.26 For 

blend morphologies that develop dye domains smaller than some hundred nanometers, the dye or-
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ganizes 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 

a vibrating field of current research in nanosciences as they can induce self-assembly.29 The physics 

behind drying droplets is complex and involves evaporative convection, diffusion of solutes, Maran-

goni flows, wetting, dewetting, contact-line pinning, super-saturation and crystallization.30 Evapora-

tion at the contact line is strongly enhanced as discussed in numerous theoretical and experimental 

studies on millimeter sized droplets.31,32 A few studies demonstrate nanoparticle assembly from 

evaporating micron sized droplets.33 Bao exploited that mechanism for the droplet-pinned crystalliza-

tion method.34 These observations 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 here show that these principles can also be utilized to organize dye molecules either into J- or 

H-aggregates. The process is universal, we demonstrate it for dye films dewetting from different sub-

strates and for a blend system that phase separates by liquid-liquid dewetting. Characteristic to dye 

molecules assembled by these processes is that they scatter light resonantly, independent of the exact 

manufacturing procedure or the type of aggregate. 

 

Cyanine aggregate formation in dewetting films 

  In a first experiment we manufacture dye droplets by a dewetting 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 absorption (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 arguments from 
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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.  

 

Figure 1. Morphology and UV-Vis spectra of dewetting droplets of CyC on different structured sur-

faces. CyC was coated from saturated ethanol solutions at 1000 rpm, (a) on glass. (b-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 iso-
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propanol. 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 (micron range) dewetting features. The inset shows 

that these PCBM domains are composed of sub-domains. H-aggregates crystallize inside the cavities 

of the nanoporous PCBM. The size of the scale bars is 3.2 m. 

 

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 Figure 1) nanostructures resulting from PCBM / 

CyC26 and PCB-diyne / CyC40 phase separation and polystyrene (PS) nanostructures resulting from 

phase separation with poly(vinyl methyl ether) PVME.41 Alternatively, 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 nanostructured substrates 

and the corresponding dewetted CyC films are shown in the Supporting Figure 2. On all substrates, 

the dye forms a dense array of individual domains that show an almost monodisperse size distribu-

tion in the sub-micrometer 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 associated 

UV-Vis spectra on such substrates are shown in Figure 1b–f.  

In the UV-vis specta, next to monomer (M) and dimer (D) absorption, in all dye films, a red-

shifted peak at 593 nm (J-aggregate) and a weak shoulder at 480 nm characteristic for H-aggregation 

are visible. The spectra show features in non-absorbing regions of the sample (long wavelength tail), 

these features as well as significant fractions of the aggregate peaks arise from resonance light scat-

tering (RLS). This type of scattering is rather unconventional and will be discussed later in full de-

tail.   
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In films deposited from isopropanol solutions onto gold substrates that have been patterned by 

self-assembled monolayers (SAMs) the films fully dewet from the octadecanethiol SAM, but show 

small dewetting features on the gold stripes (Figure 1f). This is an important observation as it gener-

alizes 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 a measure 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 a r-2 dependence, as indicat-

ed 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. A r-2 dependence is expected when 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 al-

so result in more prominent J-aggregates. This proved difficult due to the surface tension of the drop-

lets 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 nanopo-

rous substrate film. The inset in Figure 1h shows a structured PCBM film composed of nano-porous 

domains. In this case the dye solution does not dewet from the substrate but is partially readsorbed in 

the PCBM cavities. We here also observed aggregation, but the dye molecules organize such that 

now H-aggregates are formed (Figure 1h). The formation of H-aggregates in dye volumes confined 

by a PCBM matrix was investigated by us earlier.43 H-aggregates do not only form spontaneously 

during spin-coating of dye solutions onto a nanoporous PCBM film as observed here. The exact 
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same type of H-aggregate also formed in PCBM / dye blend solutions where the PCBM-phase estab-

lished such a structure during coating.28 The most relevant parameter is the size of the PCBM do-

mains that determine the volume of the dye cavities. The PCBM substrates had been characterized by 

Mie-scattering, 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, re-

sulting 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 con-

cluded 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. 
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Figure 2. Aggregation in blends of PCB-diyne and CyC with a molar ratio of 2:1. (a) SPM image 

of a PCB-diyne / CyC blend film. SPM zoom showing the CyC nano-droplet 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 m. (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 second 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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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. By selectively dissolving the PCB-diyne phase in hexane, UV-Vis spectra can give fur-

ther 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, leaving a film where 

most dye molecules are assembled as J-aggregates. In the Supporting Figure 3, the same UV-Vis da-

ta 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. 

To summarize, aggregates develop when the dye solution destabilizes into droplets during solvent 

evaporation and film formation. The droplets can either form during dewetting from a nanostructured 

surface or during phase separation (liquid-liquid dewetting) from a blend solution. Aggregation was 

never observed 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 supported by our data. In 

confined domains H-aggregates form independently of the nature of the interface since the dye drop-

let 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 sur-

face. 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 region may merge 

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 solu-
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tions, the choice was restricted to a common solvent for the dye and the fullerenes. Aggregates in 

dewetting films were formed from ethanol and isopropanol solutions not dissolving the underlying 

substrate structure. It is most surprising that aggregation is observed in different solvents as the flow 

conditions in evaporating droplets 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 m spin coated from ethanol almost no aggregation 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 summa-

rized in the Supporting Information Table 1 and are an indication for the parameter window for ag-

gregation. 

 

Optical properties of H- and J-aggregates 

Generally, transmission loss in forward direction (as measured by UV-Vis) is not attributed to ab-

sorbance alone, but also scattering and reflection contribute to attenuance.13 To quantify the fraction 

of light that contributes to scattering, the attenuance measured in UV-Vis was compared to the ab-

sorption 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. Non-aggregated 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 integrat-

ing 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 mon-

omer and dimer absorption bands and a significant contribution in absorbance by H-aggregates. The 

J-aggregate absorption 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, out-

numbering the contribution of absorption. The scattering peak is blue, respectively red-shifted with 
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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, scat-

tering shows a square dependence on aggregate volume.13 Larger aggregates also show larger shifts 

with respect to monomer absorption.  
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Figure 3. Resonance light scattering of aggregated films. (a) Attenuance spectra (UV-Vis) and ab-

sorption spectra (Ulbricht sphere) of cyanine dye films containing H- and J-aggregates. The dye ab-
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sorption spectra were fitted with four Gaussians accounting for monomer absorption at 2.14 eV, di-

mer absorption at 2.33 eV, H-aggregate and J-aggregate absorption. The integral of the J-aggregate 

curve is zero for the non-aggregated and H-aggregated films. PCBM absorption is subtracted where 

applicable. (b) Scattering intensity as function of wavelength and scattering angle. The spectrum at 

an angle of 0° corresponds to the transmission spectrum. At the resonance wavelength, light is scat-

tered into a defined solid angle determined by the topography of the films. No scattering is observed 

for non-aggregated samples. The z-scale at 0° angle has been arbitrarily rescaled such that absorb-

ance and scattering features are visible on the same z-axis. The insets show photographs of mono-

chromatic light scattered in forward direction. 

  

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 morphol-

ogy of the films. A Fourier transformation of the droplet pattern shows a similar ring pattern (Sup-

porting Figure 4). This result can be quantified by measuring the scattered light intensity as a func-

tion of wavelength and scattering angle. Figure 3b shows such 3D plots for J- and H-aggregates and 

an amorphous droplet film, significant scattering is only observed at the resonance wavelength of the 

aggregates. In non-aggregated 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 

lifetime but, given the weak absorbance, we do not expect significant fluorescence from our samples. 

Emission spectra from different J-aggregate samples look alike. J-aggregate samples do not show a 

shoulder towards longer wavelengths as the monomer samples do (Supporting Figure 5). 
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Photonic crystals 

The specific scattering characteristics 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 non-aggregated dye is investigated. The grating has 

been manufactured by micromoulding in capillaries45 with a PDMS stamp with a channel periodicity 

of 2 m 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 towards longer wavelengths. As a measure for the diffraction efficiency of the grating, the 

intensities of the first order diffraction peak are plotted (Figure 4a), see methods. A notable depend-

ence of the diffraction efficiency on wavelength is found, with the efficiency peaking slightly red-

shifted from the absorption maximum. A grating can be both, refractive index and absorption modu-

lated,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 maximum 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 

variation of the refractive index is a natural consequence of the Kramers-Kronig relation at the vicin-

ity of an absorption feature.47 On the basis of these data, the diffraction behavior of PCBM / CyC 

gratings was modeled using the FDTD Solutions software. The results of this simulation are shown 

in Figure 4c. Similarly to the experimental data, the maximum in scattering intensity is not observed 

at the maximum 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.  
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Figure 4. Optical properties of patterned amorphous films. (a) Attenuance and integrated area of the 

first order diffracted peak for gratings made of stripes of amorphous dye. Scattering is strongly en-

hanced for wavelengths with the strongest variation in index of refraction. Inset: dispersion of inci-

dent 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. 
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To create periodic line patterns of aggregated dye, a pattern of self-assembled monolayers (SAMs) 

with 2 m periodicity was transferred onto a gold substrate by micro-contact printing. Blend solu-

tions 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 SAM, and a PCB-diyne matrix covered with dye droplets forms on the Au-

stripes. The dye can be selectively 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 re-

coated with a saturated dye solution and aggregated 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 3D presentation of the scattering intensity of a J-aggregated film as function of wavelength and 

scattering angle. A sharp maximum is observed around 610 nm at a diffraction angle of 10°, the an-

gular 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 isotropically structured 

substrates. Still, the aggregate component in the film results in a diffraction efficiency that is much 

sharper compared to the non-aggregated dye grating (Figure 4). Also here the diffraction maximum 

of the aggregated film is red shifted with 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 con-

taining H-aggregates on a hexagonal pattern. The H-aggregate attenuation peak (Supporting Figure 

6) pretty much only extends over the range of blue light in the visible spectrum (450 nm to 495 nm). 

Correspondingly, light scattered into a hexagonal pattern appears blue to the human eye. A direct ap-

plication of this property is in transparent displays.49 
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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: nanostructured PCB-diyne sub-

strate. (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 hexagonally patterned H-aggregate sample (SPM in inset) projected onto a white screen. 

Only the blue light is scattered. The size of the scale bars is 2.0 m. 

Conclusion 

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 solu-

tion 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 promi-

nence of scattering in the absorption band. While this behavior is characteristic for large aggregates 
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in solution, we are not aware of any reports in the literature describing such drastic resonant scatter-

ing in thin dye aggregate films. The scattering may be compared to scattering of localized surface 

plasmon resonances (LSPR), suggesting also here a coherently oscillating electron cloud. Compared 

to LSPR, for J-aggregates in thin films even narrower band widths have been reported (FWHM = 

13.4 nm).23 A natural next step is to decrease the linewidth also for the scattering resonance and to 

enhance transparency for wavelengths away from the resonance. From here numerous applications in 

optics, photonics and sensing can be envisioned.   

    

Materials and Methods 

Materials. 1,1’-diethyl-3,3,3’,3’-tetramethylcarbocyanine perchlorate50 (CyC) and 10,12-

tricosadiynoic acid [6,6]-phenyl-C61-butyl ester (PCB-diyne)40 were synthetized in our laboratory. 

For structure formulas of the compounds see Supporting Figure 1. [6,6]-Phenyl-C61-butyric acid me-

thyl 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 chlorobenzene (CB) onto glass substrates at 1000 rpm. The film thickness was ad-

justed 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 saturated isopropanol solutions (1.2 

mg / mL) onto different substrates.   

Structured substrates. Nanostructured surfaces were created through phase separation of two im-

miscible 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-tetrafluoropropanol (TFP). In the PCB-diyne / CyC blends, PCB-diyne was stabilized at 

120°C for 7h40 and dipped in chlorobenzene to selectively remove the dye. Polystyrene (Mw = 560 k, 

Fluka Analytic, Switzerland) and PVME (Mw = 90 k, Scientific Polymer Products, Inc., United 
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States) were mixed with 0.17 wt %  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 to 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 micro-

contact printing of octadecanethiol (Sigma Aldrich) from a poly(dimethylsiloxane) stamp onto 

gold.42  

Characterization. Scanning Probe Microscopy (SPM) images were done on a NanoSurf Mobile S 

(Nanosurf AG, Switzerland) in tapping mode at 170 kHz with rectangular silicon cantilevers (Na-

nosensorsTM, Mikromasch, USA), with a force constant of ∼ 40 Nm-1, tip radius of 10 nm. The im-

ages were analyzed with the WsXM software. The UV-Vis spectrophotometer used was a Varian 

Cary 50. Absorbance spectra were measured on a Horiba Jobin Yvon Fluorolog equipped with an in-

tegrating 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, UK) 

coupled to a monochromator (Omni-300, 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 Simulations were done with the program FTDT Solutions from Lumerical So-

lutions, Inc., Canada. Ellipsometry was performed on a spectroscopic Ellipsometer, M-2000U from 

J.A. Woollam (Lincoln, USA). 

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 Figure 4 and Figure 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 dif-

fraction efficiency is defined as the integral of the first order diffraction peak normalized to the inte-

gral of the 0th order peak.  
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Supporting Figure 1. Chemical structure of CyC (a) and PCB-diyne (b). 

 

Supporting Figure 2. SFM scans of the morphology of both template films and dewetted CyC films 

recoated from saturated ethanol solutions. All spin speeds were fixed at 1000 rpm. a, Glass. b, 2:1 
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CyC/PCBM blend 0.25wt % in CB, washed in TFP. c, 0.5 wt %. d, 1 wt %. e, 2:1 CyC PCB-diyne 

template, 1 wt % in CB. f, 2:1 CyC PCB-diyne template, 0.5 wt % in CB.  g, PS/PVME template 

(see Methods), 0.54 wt % in toluene, annealed 5 min at 160°C, washed in water. h, PS/PVME tem-

plate annealed 10 min at 160°C, washed in water. 

 

Supporting Figure 3. Excess of H-aggregates removed in hexane. The UV-Vis spectra after dipping 

in hexane were subtracted from the UV-Vis of the blend film and the difference was compared with 

the absorption of pure PCBM on glass. A maximum in this quantity represents an excess of dye re-

moved by dissolving the fullerene phase in hexane. 

 

 

Supporting Figure 4. SPM scans of the morphology of PCBM / CyC blend films showing H-

aggregates (a), J-aggregates (b) and no aggregation (c). In the inset we show the Fourier Transform 

of the SPM scans. The maximum of the power spectral densities can be found at 1.85 m and 2.00 

m for H-aggregates and J-aggregated films, respectively. 
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Supporting Figure 5. Emission spectrum of a J-aggregated film (red) and an amorphous film 

(black). 

 

Supporting Figure 6. Attenuance spectrum of a PCBM / CyC blend film on a hexagonally pat-

terned gold / SAM pattern. 

Solvent Chlorbenzene Isopropanol Ethanol 

Dye solubility (mg/mL) 0.67 1.20 10.2 

Polarity Index 2.7 3.9 5.2 

Surface Tension (mN/m) 33.0 23.0 22.1 

Evaporation Time during 
spin coating at 1000 rpm 

(s) 

4.38 4.53 5.28 

Supporting Table 1. Solvent Properties 
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III. Conclusions and outlook 

Conclusion and significance of results 
The spontaneous formation of regular patterns on different length scales is commonly observed in 

nature yet scientists and engineers strive to reach the functionality offered by such a structuring. In 

the rapidly growing field of organic electronics, a remaining challenge is to control the deposition of 

molecules on surfaces at different length scales. We presented here a model system which can form 

either amorphous, semi-crystalline or single-crystalline assemblies on the molecular scale depending 

on the coating conditions. While dewetting is usually avoided because detrimental to the formation 

of thin amorphous films, we used it here to control the conditions under which the solvent evapo-

rated in confined volumes.  The significance of this work is that dewetting of the liquid precursor so-

lution may generally be used to control the solid state in which the molecules are deposited. 

Dewetted solutions impose an anisotropic solvent evaporation, leading to nucleation of nanocrystals 

at the rims of droplets. We have shown here a hierarchical ordering as dewetting could also be used 

to form micro-periodic patterns of a nano-structured film. The combination of this micro and nano-

structuration gives rise to new film properties. The film formation, self-assembly and film properties 

of soluble fullerenes and cyanine dyes were studied in four articles. The first article presented the 

dewetting method to form micro-periodic patterns. The other three articles used nano-structures 

within these micro patterns to gain functionality.  

 

A method to form micro-periodic patterns.34 

We have shown in a first study that dewetting could be used as a driving force to organize blend thin 

films of semiconducting molecules into micro-periodic patterns. Micro-contact printing was used to 

pattern the substrate on which the films were spin-coated. The mechanism behind this patterning is 

believed to be liquid-liquid dewetting associated to the pinning of the contact line at chemically het-

erogeneous interfaces. Wetting transitions separate three morphological regimes simply defined by 

the geometrical ratio between the spinodal decomposition wavelength and the pattern periodicity. 

The formation of droplets through dewetting is the key to the observed ordering. This result is im-

portant because it generalizes the most studied cases of polymer dewetting to small molecules and 

shows an astonishing variety in the patterned film morphology. We furthermore showed that com-

plex undercut structures can be achieved by this method, structures which are challenging to obtain 
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by lithographic methods. For application in photovoltaic devices, this structuring method could im-

prove the light-matter interaction through diffraction and lead to higher conversion efficiencies. 

 

Outlook 

It was shown that our pattering method can be used down to the micrometer scale. A remaining ques-

tion is the dewetting behavior of fluids on the scale between some tens of nanometers to some hun-

dreds of nanometers and the ability to pattern films on such lengthscales. 

The dewetting behavior of blends in solution depends mainly on the surface energy of the compo-

nents and their self-assembly on their nature; some interesting experiments would be to tune the 

dewetting and self-assembly behavior of organic molecules by designing their chemistry. This was 

partially explored in the following publication. 

 

Micro-periodic patterns of nano-structured films for enhanced film stability.73 

In a second study, the fullerene was chemically modified to tune the self-assembly of the molecules 

in the nanometer range. A lamellar structure was observed for thin films fabricated with this new 

fullerene. This nano-structuration was used to induce a thermally-activated photochemical polymeri-

zation to render the fullerene phase insoluble in the casting solvent. Dewetting was then used in 

analogy to the PCBM case to pattern thin films into insoluble gratings. This result is important be-

cause the ability to stabilize an organic semiconductor against ageing or solvents may be critical for 

the design of multistep coating procedures. This synthesis and self-assembly have opened a new way 

to the successive fabrication of multilayers stacks from solution.  

 

Outlook 

A field where such stabilization could be beneficial is that of organic electronics and solar cells in 

particular. The use of our molecule intead of PCBM in bilayer and bulk-heterojunction solar cells 

was howerver not successful with power conversion efficiencies below 1.3%. A first outlook of this 

work would be to measure the electronic properties of such a polymer to understand and optimize its 

behavior in solar cells. 

A second outlook of this work would be to fabricate a cyanine dye with a counter-ion promoting 

self-assembly on the molecular scale to facilitate the aggregation or crystallization of the dye. Exam-

ples of possible routes could be to synthetize different counter-ions bearing long alkyl chains or 

symmetrically to the fullerene case, a single long diacetylene moiety. 
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Micro-periodic patterns of nano-structured films for enhanced electronic properties.61 

It was observed that thin single-crystalline platelets could grow from dewetted dye domains under 

solvent atmosphere. In a third study we showed that nucleation was indeed triggered within dewetted 

dye droplets, that these rare events in spatially-separated volumes prevented the formation of poly-

crystals and induced a regular (linear) growth of the crystal with time. The obtained single-crystals 

could furthermore self-align on a macroscopic scale on chemically patterned substrates. The mecha-

nism behind this alignment was identified as a minimization of the interfacial tension between the 

growing crystal and the underlying pattern. In this sense the crystal is readapting its position in order 

to wet some areas and dewet others thus minimizing its overall interfacial energy. This is an im-

portant result as it allows aligning organic single crystals –having orientation-dependent optoelec-

tronic properties due to their nano-structuration- without handpicking them.  

 

Outlook 

The main challenge here remains the fabrication of an optoelectronic device resulting from this self-

assembly. Experiments aiming to align directly the single crystals on the dielectric layer of an organ-

ic field-effect transistor (OFET) were carried-out with limited success and need further optimization. 

Another outlook in this field is the extension of the principle to other functional molecules e.g. pen-

tacenes, fullerenes or other organic semiconductors. 

It was shown that crystals could be grown of up to the size of one hundred micrometers. An exten-

sion of the growth and alignment principle to larger crystals would be a benefit for device fabrica-

tion. A more fundamental question concerns the stability and mass transport during crystal growth 

under solvent atmosphere and the appearance of different polymorphs. This outlook would require 

modelling. 

 

Micro-periodic patterns of nano-structured films for enhanced optical properties. 

It was observed that the light absorption spectrum of the cyanine dye changed dramatically when 

confined in dewetted droplets. In a fourth study we identified cyanine aggregates as being responsi-

ble for this optical behavior. The aggregates form in the droplets during solvent evaporation by the 

so-called “coffee stain” effect where material flows to the rims of a droplet due to higher local sol-

vent evaporation. This result is important because it first shows the possibility to form selectively H- 

or J-aggregates depending on the coating condition. Second the method uses spin-coating, meaning 
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that the aggregates are ready within seconds, by far faster than the traditional aggregation methods. 

Third, it was shown that these aggregates, both H and J-aggregates scatter light resonantly around 

their absorption maximum. We used this interesting optical effect effect for the first time in thin 

films to selectively scatter light of a given color in given directions depending on the molecular ag-

gregation state. 

  

Outlook 

It was shown that the quality of the J-aggregates correlate with the invert of the radius of droplets to 

the power two. One way to improve the aggregation would be to form smaller droplets or to use a 

porous structuring matrix to form the aggregates. 

The formation of 2D aggregates covering the surface, from nuclei appearing in dewetting films is al-

so a long term outlook. The application in devices of J-aggregates could be to use their ability to 

transport excitons over large distances in organic photovoltaic devices. 
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