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Abstract 

The study of polymorphism has an important role in several fields of materials 

science, with applications in organic semiconductors and pharmaceutics, because 

structural differences lead to different physico-chemical properties of the system. 

This PhD work was dedicated to the investigation of polymorphism in Indigo, 

Thioindigo and Quinacridone, as case studies among the organic pigments employed as 

semiconductors, and in Paracetamol, Phenytoin and Nabumetone, chosen among some 

commonly used Active Pharmaceutical Ingredients (API).  

The aim of the research was to improve the understanding on the structures of 

bulk crystals and thin films, adopting Raman spectroscopy as the method of choice, while 

resorting to other experimental techniques to complement the gathered information. 

Different crystalline polymorphs, in fact, may be conveniently distinguished by their 

Raman spectra in the region of the lattice phonons (10-150 cm-1), the frequencies of 

which, probing the inter-molecular interactions, are very sensitive to even slight 

modifications in the molecular packing. 

In particular, we have used Confocal Raman Microscopy, which is a powerful, yet 

simple, technique for the investigation of crystal polymorphism in organic and inorganic 

materials, being capable of monitoring physical modifications, chemical transformations 

and phase inhomogeneities in crystal domains at the micrometre scale. In this way, we 

have investigated bulk crystals and thin film samples obtained with a variety of crystal 

growth and deposition techniques. Pure polymorphs and samples with phase mixing 

were found and fully characterized. 

Raman spectroscopy was complemented mainly by X-ray Diffraction (XRD) 

measurements for bulk crystals and by Atomic Force Microscope (AFM), Grazing 

Incidence X-ray Diffraction (GIXD) and Transmission Electron Microscopy (TEM) for thin 

films. Structures and phonons of the investigated polymorphs were computed by DFT 

methods, and the comparison between theoretical and experimental results was used to 

assess the relative stability of the polymorphs and to assist the spectroscopic 

investigation. The Raman measurements were thus found to be able to clarify ambiguities 

in the phase assignments which otherwise the other methods were unable to solve. 
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1. General introduction 

Definition of polymorphism 

The term polymorphism (from the Greek ̄ ˇ˂ˎ άƳŀƴȅέ ŀƴŘ ˃ˇˊ˒ʺ άŦƻǊƳέΣ ǎƻ άǘƻ 

ƘŀǾŜ Ƴŀƴȅ ŦƻǊƳǎέ) is used in several disciplines. In crystallography it appeared for the 

first time in the early 1800s to identify and classify the possible different crystal structures 

of the arsenate and phosphate salts.  

With the aim of obtaining a general definition, Walter McCrone (1965) worked on 

the statement and its relative exceptions, still valid today, defining a polymorph as a 

άsolid crystalline phase of a given compound resulting from the possibility of at least two 

different arrangements of the molecules of that compound in the solid-state ". [1], [2] 

Since molecules can be highly flexible, polymorphs can exist as a consequence of 

a different arrangements in the primitive cell of the molecules with either the same or 

different conformations. This distinction gives rise to the phenomena of packing and 

conformational polymorphism, respectively. 

In terms of thermodynamics, there are two types of polymorphic behaviour 

named enantiotropic and monotropic. Figure 1.1a represents the free energies and the 

transition enthalpies of a polymorphic pair as a function of temperature in an 

enantiotropic situation. Here, the transition temperature between the two polymorphs 

(t.p. II/I) lies below their melting points and therefore the phenomenological 

manifestation is that there can be a reversible transition from one phase to another 

without going through the gas or liquid phase. Figure 1.1b represents instead a 

monotropic situation: there is no transition point below the melting points of the two 

polymorphs and therefore the two phases are not interconvertible. [3], [4]  

A reliable criterion to identify a system as polymorphic could be that its different 

crystal structures must be all attributable to the same liquid, or gaseous, state. 
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Figure 1.1: The illustration is a diagram of a dimorphic system where G is the Gibbs free energy 
and H is the enthalpy. The Roman numerals indicate the two polymorphs; m.p. is the melting point and 
t.p.II/I is the transition point between the two polymorphs, in which form II is the stable form below the 

transition point. 

 

Also different tautomers (or isomers, diastereoisomers, zwitterions etc) of a 

molecule can give different crystalline forms with distinct melting points and in principle 

be comparable to polymorphs. However, the classification depends on the time scale 

considered. [5] Indeed, only crystals of tautomers which rapidly interconvert at melting 

point (or in solution) will be classified as polymorphous, while those with slower 

interconversion kinetics will be classified as chemically distinct compounds. It is evident 

that in this definition there is a strong component of subjectivity and ambiguity, also 

because both the equilibrium composition and the velocity of this process depend on the 

temperature of the experiment. 

Based on the above considerations, there are still different opinions on the more 

correct definition of the polymorphism, however the initial formulation of McCrone 

certainly remains for the moment the most satisfying. 

When discussing the definition of the term polymorphism, it is necessary to clarify 

the difference between polymorphism and allotropy. The term allotropy (from the Greek 

˂˂ˇˌ άƻǘƘŜǊέ ŀƴŘ ˍˊˈˉˇˌ άƳŀƴƴŜǊ, formέ, so άǘƻ ƘŀǾŜ other formsέ) [2] defines the 

property of some chemical elements to exist in different forms, in the same physical state, 
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called allotropes. Coined by Jöns Jacob Berzelius, this name identifies, specifically, the 

structure of the chemical bond that exists between the same type of atoms. In other 

words, when the atoms of the element are bonded together in a different manner, they 

give origin to allotropes. Commonly allotropy refers to pure elements in the solid-state, 

while polymorphism generally concerns the compounds. Perhaps the most known 

example, among the elements displaying allotropic phases, is carbon that exists in 

graphite, diamond, graphene, fullerene and nanotubes forms. It is easy to perceive how 

much the properties can differ from an allotropic phase to another. Exactly as for 

allotropic forms, different polymorphs of a compound can exhibit important differences 

in thermodynamic and mechanical chemical-physical characteristics. [1]  

Another phenomenon worth mentioning is the so-called pseudo-polymorphism. 

This also was defined by McCrone in 1965, [2] and occurs when different crystal structures 

differ either in the nature or stoichiometry of the solvent molecules included in the 

lattice. Although this definition has also opened a debate about the exact distinction 

among the terms pseudo-polymorph, co-crystal and solvate, the point has been widely 

clarified by Bernstein. [5], [6] Following this author, when more than one chemical species 

is involved in the formation of a crystalline phase, different names are adopted for the 

phase, depending on the physical state and the nature of one of the components at room 

temperature. In particular: if all the components are found to be pure in the solid-state 

at room temperature (RT), the phase will be classified as co-crystal; if at least one of the 

components instead is found as liquid, the phase will be classified as solvate. Recently 

there has been a growing interest in solvates. [7]  

Somehow, the boundary between pseudo-polymorphism and polymorphism it is 

rather labile, because often solvent and compound form a chemical structure of supra-

molecular nature with specific properties. Modifying the stoichiometric ratio between 

the two it is possible to cause the collapse of the structure from ordered to amorphous, 

or even generate a new stable or metastable structure, in relation to the type and 

strength of the interaction among the species involved as well as a complex set of 

thermodynamic and kinetic parameters. 
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In the broader definition of the polymorphism of a compound, it is common 

practise to includes not only its different crystalline forms of a compound, but also 

hydrates and solvates with different solvents, or finally, amorphous phases and non-

crystalline condensates. The different cases are shown in Figure 1.2. 

 

 

Figure 1.2: The illustration shows some examples of possible polymorphs and solvates of a 
compound. 

 

A phenomenon which is not widely recognized but often occurs during the 

crystallization of systems displaying polymorphism, is that of the so-called concomitant 

crystallization, which is the appearance, in the same conditions of temperature and 

pressure, of more than one structure. The phenomenon is relevant for two reason 

specifically: i) from a scientific point of view, experiments that simultaneously yield 

crystals of different polymorphs offer structural and thermodynamic information, which 

are not available if only one phase crystallizes, ii) from a commercial perspective, process 

conditions which cause a concomitant crystallization must be avoided since they lead to 

materials that do not meet prescribed specifications. In theory, it is possible to define 

experimentally for any compound solvent, temperature, rate of evaporation or cooling, 

and other conditions under which a material will crystallize in a given form, [4], [8] namely 

the occurrence domain. [9] These conditions exist for every compound, but they are rarely 
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fully known, and besides they are not necessarily unique for a given substance or, in the 

present context, polymorph. In regions in which there is overlap of occurrence domains, 

two or more polymorphs may thus crystallize under essentially identical conditions, 

leading to the phenomenon of the concomitant polymorphs. The combination of 

thermodynamic and kinetic factors, and their interplay in the crystallization processes is 

in fact the event that makes concomitant crystallization possible. [4] 

An interesting but very frustrating phenomenon linked to polymorphism is the 

possible elusiveness, or άdisappearance" of the polymorph itself. It is common opinion 

that an authentic crystalline form should be reproducible, even if the selection of the 

right experimental conditions can take time and effort. However, it may happen and 

there are many examples in the literature that a previously prepared form becomes 

elusive and does not appear anymore after obtaining the most stable one. A 

phenomenon which is widely reported in the literature. Despite a possible explanation 

for this is that the environment becomes contaminated by small "micro-seeds" of the 

most stable polymorph, [5] but it is not yet clear what role nucleation exactly plays in the 

process and, subsequently, in the disappearance of the polymorph. [10] 

 

Polymorphism in organic materials 

The increasing interest of crystal engineering in the development of new 

functional materials has raised attention to the phenomenon of polymorphism in organic 

compounds. In fact, large and flexible molecules, kept together by weak non-directional 

forces, are expected to exhibit many alternative packing arrangements, with small 

differences in structure and energy, leading to polymorphism. For this reason, this 

phenomenon is very common in organic materials. [11] 

Despite its long-standing interest as a subject of investigation, polymorphism in 

molecular crystals remains one of the most fascinating phenomena of solid-state 

chemistry. As a matter of fact, it is a challenge to the very concept of being able to design 

a crystalline solid with a-priori defined structure (and therefore properties) based on the 

chemical knowledge of its molecular componentsΦ ¢Ƙƛǎ ƛǎ ǘƘŜ ǊŜŀƭƳ ƻŦ άcrystal 

engineeringέΣ ŘŜŦƛƴŜŘ ƛƴ мфуу ōȅ Gautam Desiraju [12] as "the understanding of 
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intermolecular interactions in the context of crystal packing and the utilization of such 

understanding in the design of new solids with desired physical and chemical properties". 

At the present, the process of regulating onset and evolution of a specific solid 

form is still relatively random and in many cases the outcome of the crystal growth is 

more the result of mere chance rather than planning. On the other hand, the possibility 

of exerting a control is of the highest importance because, as mentioned above, 

polymorphism has the prerogative to drastically influence mechanical, physical and 

chemical properties of the material, such as solubility, bioavailability, hygroscopicity, 

chemical stability, hardness, thermal and electrical conductivity. [13] For instance, even 

small differences in the structure may affect the narrow band structure of organic 

semiconductors.  

It is therefore evident how polymorphism is a crucial issue for all the applications 

that involves structured organic materials. Even though the system is otherwise 

chemically pure, concomitant polymorphism may easily yield phase mixing, and thus 

constitute an intrinsic source of disorder with detrimental effects on charge transport, 

bioavailability and other key properties. [11], [14], [15] To this purpose, a detailed study of the 

polymorphism, the so-called polymorph screening, is required. This implies the search of 

different crystalline, solvates and amorphous phase, together with relationships 

(enantiotropic and/or monotropic) among them. 

Polymorph screening usually requires the combined use of different techniques. 

The main one is the X-ray Diffraction (XRD), which provides a knowledge of stereo-

geometry and distribution of molecules in the crystal. A variety of microscopy 

techiniques, together with Differential Scanning Calorimetry (DSC), Thermogravimetry 

(TGA), Raman and Infrared (IR) spectroscopy and Solid-State Nuclear Magnetic 

Resonance (SSNMR), are all precious for the structural characterization and at the study 

of the phase diagram of the substance. Among the variables of the system that influence 

or determine the crystallization process, there are temperature, pressure, solvents from 

which the solid phase precipitates, as well as conditions like permanence of a solid phase 

in a controlled atmosphere of the solvent vapor and mechanical stress produced by 
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grinding. The most effective way to proceed is to evaluate the effect on the different 

phases by varying and analysing one variable at a time.  

The results are often unexpected and the consequent picture is complex, giving 

reason again to McCrone [2] who, in his study of polymorphism, wrote this famous 

sentence: 

άLǘ ƛǎ ŀǘ ƭŜŀǎǘ ǘƘƛǎ ŀǳǘƘƻǊΩǎ ƻǇƛƴƛƻƴ ǘƘŀǘ ŜǾŜǊȅ ŎƻƳǇƻǳƴŘ Ƙŀǎ ŘƛŦŦŜǊŜƴǘ Ǉƻlymorphic 

forms and that, in general, the number of forms known for each compound is proportional 

ǘƻ ǘƘŜ ǘƛƳŜ ŀƴŘ ƳƻƴŜȅ ǎǇŜƴǘ ƛƴ ǊŜǎŜŀǊŎƘ ƻƴ ǘƘŀǘ ŎƻƳǇƻǳƴŘΦέ 

 

Surface mediated polymorph 

More and more frequently, many different applications (e.g. devices for organic 

electronics or plasters for pharmaceutics) employ crystalline thin films. These are 

obtained by growths at the solid interfaces of a variety of different substrates, spanning 

from silicon oxides to polymers, composite materials, or even paper.  

The materials crystallizing in these conditions often display forms different from 

those observed in the bulk, [16]ς[18] which can be grouped under the broad definition of 

άǎǳǊŦŀŎŜ ƳŜŘƛŀǘŜŘ ǎǘǊǳŎǘǳǊŜǎέ and have been often called surface induced (SIP) in the 

current literature. The mechanisms through which the substrate may tune the phase 

nucleation and the role of kinetics factors have been studied, [17], [19] but often not fully 

clarified. The surface can act as a template for molecular deposition [20] or, even more 

interestingly, the subtle interplay of weak interactions at the interface may lead to fully 

new molecular arrangements, [17], [18] unknown in the bulk, and for these we adopt here 

the denominatiƻƴ άǎǳǊŦŀŎŜ ǎŜƭŜŎǘŜŘέ. Sometimes, however, the effect of the interface is 

to stabilize forms otherwise metastable in the conditions of growth, and in this case the 

ŜȄǇǊŜǎǎƛƻƴ άǎǳǊŦŀŎŜ ǎǘŀōƛƭƛȊŜŘέ ƛǎ ŀŘŜǉǳŀǘŜΦ [21] Finally, the definition thin film (TF), or 

better surface induced structure, should apply to those we consider distorted bulk 

structures, based on their similarity with their parent bulk structure, as a result of the 

substrate perturbation affecting the growth in the first monolayer.  

Such forms are frequently observed in films for organic electronics and can 

determine the electric properties of the system. [22], [23] Probably the most famous 
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example is still the physical vapor deposition of the organic semiconductor Pentacene on 

silicon oxide substratesΣ ŦƻǊ ǿƘƛŎƘ ǘƘŜ ŜȄǇǊŜǎǎƛƻƴ άǘƘƛƴ ŦƛƭƳ ǇƘŀǎŜέ ǿŀǎ ŦƛǊǎǘ ƛƴǘǊƻŘǳŎŜŘ 

to describe the structure appearing in the first monolayer. [20], [22] Macroscopic free-

standing single crystals of this very phase are not accessible, as surface interactions are 

required for its existence. However, upon subsequent layer growth, an increasing and 

independently growing portion of the bulk phase is formed, while the nucleation of the 

surface phase is confined to less than 100 nm from the substrate. [24]  

In the pharmaceutical field, instead, scarce data exist on the formation of these 

forms, but the application of solid surfaces as nucleation or crystallization mediators is a 

highly promising emerging alternative to assist the formulation of new drugs. [25], [26] 

Although numerous literature studies show that growth alterations occur in the proximity 

of a surface (as will be extensively discussed in this thesis), in most cases only the already 

known polymorphs were observed. However, this might be due to the fact that most of 

these studies lacked the experimental tools necessary to unambiguously identify the 

presence and the nature of surface mediated structures. 

A full structural characterization is still a challenging task and several methods 

have to be employed to solve the structure of thin films. Atomic Force Microscopy (AFM) 

measurements can be performed to identify morphology alterations that, in some case, 

can help the investigation. Another common technique is the Grazing Incidence X-ray 

Diffraction (GIXD), together with electron diffraction, but unfortunately they provide a 

limited number of Bragg reflections due to weak diffraction, small scattering volumes, high 

aspect ratio or defects. This suggests to exploit the synergy of computational tools and 

complementary experimental techniques to gather information on the film characteristics. 

To tackle this problem in the present thesis, we have used confocal Raman 

spectroscopy and sample mapping in the region of lattice phonons. [11] This method has 

proved to be fast, non-destructive and in situ, both for crystal structure recognition and 

phase mixing in domains at the micrometre scale and can be extended from bulk crystals 

to thin films on technologically substrates and also to working electronic devices. [27] 
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1.1. Aim of the thesis 

As discussed previously, crystal engineering still represents an open challenge in 

the development of the physical chemistry of the solid-state. In recent years, extensive 

theoretical work was directed toward identifying and predicting new polymorphic forms, 

in particular of organic molecules, for compounds with various applications. [28] In fact, 

the fascinating idea of using polymorph control and morphology alteration to produce a 

material with specific proprieties, plays an important role in several fields of materials 

science. This PhD work, in particular, focused on organic compounds with applications 

such as semiconductors and pharmaceutics. 

The aim of the thesis was to improve the understanding on the crystal structures 

in films, adopting Raman spectroscopy as the method of choice, while resorting to other 

experimental techniques to complement the gathered information.  

For all the studied systems, similar approaches have basically guided the 

investigation. Various methods of growth have been adopted to grow single crystal of the 

compounds, with the aim of obtaining different polymorphs in the bulk (if they existed) 

to be characterized structurally and spectroscopically. Such a procedure makes possible 

to associate each crystal form to a measured Raman spectrum, which extends from the 

region of lattice phonons to the intra-molecular modes. Solid-state density functional 

calculations combined with van der Waals (DFT-vdw) corrections have been applied by 

the research group to estimate the relative energies of the various polymorphic 

modifications, and to validate and confirm the spectral assignments.  

Once the situation with the bulk state of a given system has been clarified, 

investigation has moved to films. Methods of preparation have been selected either 

following the literature or guided by the physical-chemical properties identified in the 

study of the bulk. Among the deposition methods, drop casting, spin coating, dip coating, 

ōŀǊπŀǎǎƛǎǘŜŘ ƳŜƴƛǎŎǳǎ ǎƘŜŀǊƛƴƎ ό.!a{ύ and Physical Vapor Deposition (PVD) were 

employed depending mainly on the solubility and the volatility of the studied compound. 

Instead, regarding the techniques used for characterization in addition to Raman, we 

made also use of X-ray, IR and Fluorescence spectroscopy for bulk investigation, while 
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Atomic Force Microscope (AFM), Grazing Incidence X-ray Diffraction (GIXD) and 

Transmission Electron Microscopy (TEM) for thin films. 

 

1.2. Organization of the thesis 

The thesis is organized as follows. In the second chapter the main 

employed techniques are described. The investigation regarding organic 

semiconductor compounds is illustrated in chapter 3. We first explain, in a short 

introduction, devices and the role of polymorphism in this field, in particular its 

effects on films. In the following, the studied systems are described: Indigo, 

Thioindigo and Quinacridone. The polymorphism of pharmaceutics is the content 

of chapter 4. This is organized as the previous chapter, therefore there is first an 

introduction on the important role of the phenomenon in this field. In the 

following, our results for the Paracetamol, Phenytoin and Nabumetone systems 

are described.  

Finally, general conclusions can be found in chapter 5. 
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2. Instruments, crystal growth and film deposition 

In this chapter we describe the experimental setup of the instrument mainly used 

in this work (other employed set ups will be discussed in the chapters that follow), 

together with the methods for crystal growth and films deposition. 

 

2.1. Raman spectroscopy 

A Raman instrument is composed by:  

¶ Monochromatic excitation light source; 

¶ Sample focusing system; 

¶ Filter to separate the Raman scattered light from the Rayleigh signal; 

¶ Multiple dispersion stage (one or more diffraction gratings); 

¶ Detector; 

¶ Data analysis system. 

 

The excitation light is selected to maximize the Raman signal, which is intrinsically 

weak and for this reason a laser source is needed. An important factor that determines 

the choice of the excitation wavelength is the occurrence of fluorescence emission from 

the sample, which may overlap with Raman bands. To avoid this phenomenon, sources 

with excitation energies lower than the electronic transitions of the system under 

examination are generally used. Our available sources were either in the visible region, 

in particular from Argon ion lasers  (commonly used in the green/blue region of the visible 

spectrum) and a Kripton ion laser, with strong emission in the red/yellow, or in the near 

infrared such as diode lasers (Ғ 800 nm). Taking into account that the Raman intensity is 

proportional to the fourth power of the frequency of the radiation, in the ideal situation,  

the lowest laser wavelength that is not absorbed should be selected, also limiting other 

processes such as the degradation of the sample by thermal or photochemical effect.  

In order to collect high quality Raman spectra, it also necessary to filter the 

Rayleigh component of the scattering. Notch or long-pass optical filters are typically used 
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for this purpose, but a very effective way is to use a triple-grating monochromator in 

subtractive mode to isolate the desired signal. [29] This allows observing also Raman shifts 

in the terahertz range, while holographic filters typically reflect some of the low 

frequency bands in addition to the unshifted laser light. However, new volume 

holographic filters are becoming very common and performing. In fact, recent advances 

in glass technology allows the design of low scattering, and very narrow bandwidth 

gratings that gives 50% transmission at positions less than 3.5 cm-1 from the central filter 

position. 

The signal detectors called Charge-Coupled Devices (CCD) have been a big 

innovation in Raman spectroscopy, as compared to previous detectors they present a 

lower noise with higher quantum efficiency. The latest models on the market have 

exceptional performance, with a signal-to-noise ratio of about one 

photoelectron/pixel/hour. 

Their operation is based on the collection of charges photogenerated by the 

sensitive surface of the detector on a series of pixels. The charge is accumulated in each 

pixel and, upon reading, sequentially transported in an output amplifier. The sensitive 

elements can be arranged in both one-dimensional and two-dimensional matrices, with 

a high number of pixels. The quantum efficiency peak covers the entire spectral range 

normally used in Raman. Among the many advantages offered by these detectors, as 

compared to the photomultipliers used in the past, such a configuration not only allows 

to acquire spectra simultaneously at all wavelengths of interest, but also from different 

areas of the samples. 

 

2.1.1. Spectroscopy of molecular solids 

Raman spectroscopy can be used to provide chemical information, both 

qualitatively and quantitatively, ranging from the identification of functional groups of a 

molecular structure up to more complex applications in materials science. [30], [31] 

For the purposes of this thesis, we apply it to get information on organic molecular 

solids. These are crystals in which molecules retain their chemical identity, because 
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intermolecular interactions (arising from hydrogen bonds and Van der Waals forces) are 

much weaker than the intramolecular ones (covalent bonds). Because of the large 

difference in the strength of the two kinds of interactions involved, the vibrational modes 

of the crystals typically span two distinct energy regions: the so called "lattice" modes 

typically lie at frequencies between 10ς150 cmς1, while the "intramolecular" modes are 

generally found at higher frequencies. The lattice modes are cooperative motions in 

which the molecules in the unit cells rotate and translate one with respect to the other, 

as a whole, essentially without deforming. The intramolecular modes, instead, 

correspond to the vibrational modes of the isolated molecule, combined and slightly 

perturbated by crystal interactions. For this reason, while the intramolecular modes 

usually vary very little between different polymorphs, the lattice vibrations strongly 

depend on the crystallographic packing, and can be used to distinguish between different 

structures. 

As a result, the vibrational spectra in the intramolecular region make possible the 

identification of the molecular species involved, while those in the intermolecular region 

allow one to identify the various polymorphs.  

Based on its application over the entire energy range of the crystal vibrations, in 

addition to the use of microscopy techniques and of polarized light for the excitation, the 

study of polymorphism by Raman spectroscopy can provide: 

 

¶ Chemical information - from the analysis of the vibrational modes in the 

intramolecular region; [31] 

¶ Information on the structure and dynamics of the crystal lattice - from the 

analysis in the intermolecular region; [11], [32] 

¶ Information on molecular order, anisotropy, alignment and organization 

in crystalline domains - from measurements in polarized light; [11], [33] 

¶ Information on spatial distribution of physical/chemical structural 

inhomogeneities - by means of Raman mapping with micrometric spatial 

resolution. [11], [34] 
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2.1.2. Raman spectrometer configuration 

The instrument used in this thesis to record Raman spectra at low wavenumbers 

(10ς150 cmς1) is a confocal micro-Raman spectrometer, Horiba Jobin Yvon T64000, 

interfaced with an Olympus BX40 microscope and having a CCD detector. The 

spectrometer has three monochromators, set up in double subtractive + additive 

configuration, so to achieve an efficient subtraction of the Rayleigh scattering of the 

excitation light. This configuration (see Figure 2.1) is optimized to acquire the spectra very 

ŎƭƻǎŜ ǘƻ ǘƘŜ ƭŀǎŜǊ ƭƛƴŜΣ Řƻǿƴ ǘƻ ŀ ɲ˄ Ғ р ŎƳ-1, thus enabling the detection of the lattice 

phonon region.  

 

 

Figure 2.1: Illustration of the Raman T64000 spectrometer (Horiba Jobin-Yvon): triple 
monochromator in double subtractive configuration + one additive. 

 

The excitation was from the laser lines at 752.5 and 647.1 nm (this with the 

nominal power of 1 W) of a multiline tunable Kr+ gas laser.  The incoming power was 

reduced by means of neutral filters, selecting their optical density in each experiment to 

prevent sample damage, while the actual power focused on the sample was kept anyway 

lower than 1 mW (estimated power density 2500 W/cm2). 

A further advantage of the instrument is the possibility of working in confocality, 

because of the coupling with the Olympus optical microscope. This is equipped with 100x, 
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50x, 20x, 10x and 6.3x objectives, which allow for a spatial resolution below 1 micron and 

a theoretical field depth ranging from about 7 to 900 ˃ Ƴ (see Table 2.1).  

The effect of the confocal configuration (illustrated in Figure 2.2), which uses a 

pinhole, is that the microscope is highly efficient at rejecting out of focus scattered light 

and the image comes from a thin section of the sample. This gives the possibility of a 

discrimination along the Z axis (vertical resolution along the thickness of the sample), in 

addition to the discrimination in the XY plane. 

 

 

Figure 2.2: Optical scheme of a confocal microscope and the effect of confocal diaphragm on the 
depth of field. The scattering is collected exclusively from the focal plane (red trace). 

 

wŀƳŀƴ ǎǇŜŎǘǊŀ ƛƴ ǘƘŜ мллҍнллл ŎƳҍ1 wavenumber range were often recorded on 

a single grating spectrometer, the Renishaw system 1000, equipped with a notch filter 

and coupled to a Leica DM LM microscope. The spectrometer is equipped with 50x, 20x 

and 5x objectives and allows for a nominal spatial resolution lower than 2 µm in XZ and 4 

mm in Z when the 50x objective is used. Both the 785 nm wavelength of a diode laser 

(with a nominal power of 500 mW) and the 514.5 nm line of an Ar+ gas laser (with an 

output power of around 25 mW) were employed. In both cases, whenever needed, the 

intensity of the light intensity on the sample was reduced by neutral density filters to 

avoid its damage.  
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2.1.3. Raman mapping 

A Raman map can be described as the "spectroscopic" image of a sample, be it a 

film, a crystal, or a crystalline agglomerate. The technique that allows for the construction 

of an 1D, 2D or 3D Raman image by acquiring spectra on spatial grid at high resolution. 

The recorded spectra are transformed into a map by using a colour code, which can be 

adjusted to describe the chemical composition of the material, the distribution of the 

phases or the modification of a material subjected to an external perturbation such as, 

for instance, stress. With this technique, it is therefore possible to analyse impurities of 

the materials and phase homogeneity.  

The purpose of using this technique in the experiments of this thesis was to map 

the distribution of different polymorphs in physically non-homogeneous samples. In this 

kind of analysis, we must take into account that the penetration depth of the laser beam 

considerably depends on the numerical aperture (NA) of the objective used: the higher is 

the numerical aperture, the smaller, keeping all other conditions constant, is the depth 

of field. Moreover, the minimum size of the laser spot, i.e.    , is inversely proportional 

to NA and directly proportional to the laser wavelength. These parameters must all be 

considered in the analysis on a micrometric scale. Table 2.1 ǎƘƻǿǎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

nominal values associated to the objectives used, experimentally determined analysing 

the Raman signal of a silicon oxide sample.   

 

Table 2.1: Objective characteristics. 

Magnification Numerical aperture  Penetration depth Spot size 

  NA   ˂ Ґ сптΦм ƴƳ 

6.3x 0.16 900 µm 5.39 µm 

10x 0.25 450 µm 3.15 µm 

20x 0.40 150 µm 2.16 µm 

50x 0.75 25 µm 1.05 µm 

100x 0.90 7.5 µm 0.88 µm 
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Employing different penetration depths can be useful in the analysis of samples 

which present structural and/or composition differences between surface and underlying 

layers. 

 

2.1.4. Polarized measurements 

Raman scattering in crystals is governed not only by the conservation of energy, 

but also by the conservation of momentum. Thus, as the lattice waves have directional 

properties, the nature of the Raman spectrum depends on the orientation of the 

crystallographic axes with respect to the direction and polarization of both the excitation 

and the scattered light. [35] The orientation of a single crystal in the Raman experiment is 

ƎŜƴŜǊŀƭƭȅ ǎǇŜŎƛŦƛŜŘ ōȅ ǘƘŜ tƻǊǘƻΩs notation, [36] which results simplified in the 

backscattering experimental setup of this work, as the exciting and scattered beams 

propagate always in the Z direction of the laboratory frame. If the crystal is oriented so 

that at least one of its axes a, b, c (e.g. a) is collinear with one of the laboratory axes X, Y, 

the only possible configurations in back scattering geometry are represented in the 

tƻǊǘƻΩǎ ƴƻǘŀǘƛƻƴ ōȅ ½όaa)Z and Z(aa )Z, where a  is the direction normal to a. The first 

letter identifies the propagation direction of the excitation, while the last one refers to 

the observation direction. They will be dropped as redundant in the notation here 

adopted. The letters in parentheses specify the polarization directions of the exciting and 

scattered light, respectively. Besides, and more importantly, they identify the particular 

element of the Raman tensor responsible for the observed scattering. A Table has been 

derived [37] which presents the form of this tensor for all the 32 crystal classes, classified 

by their symmetry point groups. This Table is particularly useful in the interpretation of 

the Raman spectra of crystalline samples. [35] 

Usually polarization measurements cannot be performed on polycrystalline 

samples owing to reflections which tend to scramble the electric vectors of both the 

excitation and the scattered light. Nevertheless, with micro Raman spectroscopy, it is 

often possible to select optically a single microcrystal from a polycrystalline powder and 

record a polarization measurement.  
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In practise, firstly a suitable single crystal is selected and analysed on the polarized 

microscope, in order to identify the direction of their optical axis. A half-wave plate is 

used to rotate the polarization of the incident light, while a wire grid polarizer selected 

the polarization of the scattering. X-ray indexing of the crystal faces (when possible), 

morphology and extinction directions allow us to orient the crystals for measurements in 

polarized light. For measurements with no polarization analyser for the scattering, 

performed on randomly oriented crystals and powder, no polarization scrambler was 

applied to the incoming laser beam.  

It should be pointed out here that when the investigated Raman-active 

fundamental is also infrared-active, further considerations apply. The dipole derivative is 

nonzero, and the electric field of the excitation interacts directly with the crystal 

vibrations. The transverse and longitudinal components of the vibrations have different 

frequencies, with a frequency separation proportional to the absorption intensity of the 

corresponding infrared band. In molecular crystals this effect is usually small while it 

might be more evident in ionic crystals. Otherwise, for the ten centrosymmetric crystal 

classes the rule of mutual exclusion applies, and no fundamental vibration can be both 

infrared- and Raman-active. [35]  
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2.2. Single-crystal growth 

Crystallization processes e methodologies play an important role in various fields 

and are the subject of numerous studies. In the present thesis, their application has been 

fundamental for the research of polymorphs. In fact, obtaining suitable single crystals is 

helpful for the determination of the intrinsic physical-chemical properties of the material, 

and is needed for recording polarized spectra. 

The high vapor pressure, the low melting point and the good solubility of the 

organic materials in several organic solvents allow one to obtain high quality crystals of 

these compounds from solution, gas phase and melt-growth methods. The method of 

choice depends both on the nature of the individual molecule and on the specific 

interactions established in the condensed matter. In general, solution growth methods 

are preferable for materials with very low melting or decomposition temperatures in 

atmospheric conditions. If the compound has high vapor pressures but is unstable at high 

temperatures in oxygen, the gas phase technique at low pressures with inert gases is 

instead preferable. [38] 

The solution, melt and gas-phase growth methods for organics, employed in this 

thesis, are described in the following. 

 

2.2.1. Solvent evaporation method 

Since most of the organic compounds are well soluble in organic solvents over a 

wide range of temperatures and pressures, the solvent evaporation method is often used 

to obtain suitable single crystals for XRD structure analysis. [38] 

This method consists in the evaporation of a saturated solution to reach a super-

saturation condition, where crystal nucleation starts spontaneously. If the process is slow, 

the initially formed seeds can then turn into larger crystals. Processes like the Ostwald 

ripening, which consists in the dissolution of small and defective crystals in order to grow 

new larger ones, contribute to the formation of a smaller number of large single crystals. 

[3] 
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The main variables in this method are the different solubility of the compound 

and the different volatility of the solvent. Commonly used solvents are methanol, 

ethanol, acetone, THF, acetonitrile, dichlorobenzene, dichloromethane, chloroform, etc. 

Since some of these have high volatility, their evaporation rate can be slowed by covering 

the sample with a perforated stopper (or with PARAFILM®) in order to obtain larger single 

crystals. Also temperature is another variable which can be employed to control the 

evaporation. Furthermore, the solubility can considerably increase as a function of 

temperature, requiring more material to reach the super saturation condition. 

 

2.2.2. Melt growth method 

Crystal growth techniques from the melt are used most frequently for inorganic 

compounds, characterized by high stability at high temperature and very low vapor 

pressures. However, they can be employed also to obtain crystals of organic compounds, 

which are sufficiently stable up to the melting point, without decomposition if not under 

long-term treatment. It is also possible to work in controlled atmosphere conditions to 

avoid oxidation processes or evaporation of materials with high vapor pressure. [38] Large 

and high-quality crystal may be grown with this technique for several materials. 

 

2.2.3. Crystallization method from the gas phase: Sublimation 

Sublimation processes employ the solid-gas equilibrium and, for this reason, they 

have to take place at low pressures and relatively high temperatures.  

The scheme of the sublimator used is shown in Figure 2.3, but there are several 

variations of this tool (e.g. employing either static or dynamic vacuum environments). 

Depression was obtained with a rotary vacuum pump (p maximum 10-3 bar), with an 

atmosphere of N2 or Ar as inert gases. 

In the case of static conditions, a small amount of substance is placed under 

vacuum in a Pyrex tube, usually after conditioning the system with cycles of vacuum/inert 

gas. The material is thus heated from the bottom with a resistance or with a bath of 
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silicone oil to ensure a homogeneous heat distribution. The crystallization occurs when 

the gas of the substance encounters the water-cooled cold end at the top of the Pyrex 

tube. If the temperature gradient between the sublimation chamber and the cold end is 

excessive, the result is a too fast process, which yields twinned or statically disordered 

crystals. Instead, good quality crystals can be obtained by playing with the process 

conditions (e.g. by decreasing the temperature or the pressure of the system). Besides 

being a growth technique, sublimation is also used for the purification of commercial 

samples.  

The method produces good quality crystals in hours or possibly weeks, depending 

on the volatility of the sample and the quality of the vacuum. Vacuum sublimation is also 

ideal for compounds with low vapor pressure or very air sensitive, and is also chosen 

when the low solubility of the material prevents the crystal growth by any solution 

method.  

 

 

Figure 2.3: Sublimation experimental setup. 
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2.2.4. Crystallization method from the gas phase: Physical Vapor 

Transport 

Physical Vapor Transport (PVT) [39] is a crystal growth technique which belongs to 

the gas-phase methods, like sublimation.  

The PVT method uses an ampoule sealed under vacuum, at the two ends of which 

different temperatures are applied, so that the substance inside moves as a vapor under 

the resulting temperature gradient. [39] The ampoule is filled with the material, sealed 

after being evacuated in inert atmosphere, typically N2 or Ar, and then horizontally placed 

in a furnace at two temperature zones, with the substance in the high T zone. The 

sublimation takes place at the hot end, and the  vapor phase moves along the ampoule 

by buoyant convection motion, driven by the applied horizontal temperature gradient. 

[39], [40] Finally, the temperature gradient causes super-saturation, resulting in the 

deposition of the vaporized compound at the cold end. An illustration of the experimental 

setup is shown in Figure 2.4. 

As for sublimation, the technique is suitable for the preparation of high purity 

single crystals, since a purification process takes place during the growth. Large high-

quality crystals are obtained when the temperature gradienǘ ɲ¢ ƛǎ not too high (max 25°C) 

and the hot end temperature is only slightly higher than the sublimation temperature of 

the material. 

 

 

Figure 2.4: Physical Vapor Transport experimental setup. 
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2.3. Films preparation 

A relevant part of this thesis concerns the deposition of organic crystalline films, 

in order to study the material properties also on film and make a comparison with those 

on bulk. The deposition techniques employed are described in the following paragraphs: 

the first three methods are from solution, while the last one is from the gas-phase. 

 

2.3.1. Drop casting method 

The drop casting method (illustrated in Figure 2.5) can be used to obtain 

crystalline films of organic compounds with good solubility. The main advantage of the 

method consists in its simplicity, but the disadvantage is that it is difficult to control all 

the external parameters and obtain a homogeneous film.  

A drop of solution is cast (e.g. with a Pasteur pipette or a micro-pipette) and let to 

dry on a solid substrate. When the drop is placed on the substrate, it can be either left 

untouched or carefully levelled on the surface with the pipette tip, to allow a more 

homogeneous distribution and drying process. As the solvent evaporates, a film of 

material forms on the substrate. 

The evaporation speed of the solvent is a determining factor, which can influence 

the film properties. If the process is slow, the phenomenon of growth will prevail on the 

nucleation process, meaning that only a few nuclei, from which crystals will grow in 

conditions of thermodynamic equilibrium, will be present. Vice versa if the process is fast, 

the nucleation process will be favoured and therefore in kinetic conditions a high number 

of nuclei will form, resulting in many small crystalline domains, and metastable phases 

can grow. Other parameters, which can influence the properties of the film, are solution 

concentration and substrate temperature.  

For solvents with high volatility, the formation of large single crystals can be 

favoured by slowing down the evaporation rate by covering the sample with a holed cap. 
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Figure 2.5: Scheme of a film deposition and growth by drop casting. [41] 

 

2.3.2. Spin coating method 

Spin-coating (illustrated in Figure 2.6) is one of the most common techniques for 

film deposition. It is used in a wide variety of industrial processes and technology sectors. 

The main advantage of the method consists in the simplicity of the experimental 

apparatus and in the velocity of the process, yielding uniform films with a thickness from 

nanometres to micrometres.  

The method consists in the deposition of a desired amount of solution on a 

substrate and in the rotation of this while controlling speed, acceleration and time. The 

process exploits the centrifugal force acting on the solution that is pushed towards the 

edges of the substrate, covering it uniformly and yielding a homogeneous film. In fact, 

the high rotation speed of the substrate causes a centrifugal force, which, combined with 

the tension surface of the solution, forces the liquid to cover the entire area of the 

substrate. This technique can be used both to cover small (a few mm2) and large 

substrates (meters or more in diameter) such as panels of TVs.  

The main disadvantage is that it can use only one substrate at a time. [42] 

Furthermore, the high speed of evaporation of the solvent can cause a decrease in 
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performance for those nano-technologies in which a high degree of crystallinity of the 

deposit is required (OFETs of small molecules). Not to be neglected is the enormous 

quantity of wasted material, because the solution that actually remains on the substrate 

is not greater than 10% of that initially deposited. [41] 

 

 

Figure 2.6: Scheme of a film deposition and growth by spin coating. [41] 

 

2.3.3. Bar-Assisted Meniscus Shearing (BAMS) method 

Bar-Assisted Meniscus Shearing ς BAMS (illustrated in Figure 2.7) has proved to 

be an effective method to produce transistors in thin film, by depositing the organic 

material from solution directly on the dielectric layer. [43] 

This technique uses a smooth cylinŘǊƛŎŀƭ ƳŜǘŀƭ ōŀǊ ǇƻǎƛǘƛƻƴŜŘ ŀǘ ŀōƻǳǘ олл ˃Ƴ 

above a heated substrate. The bar moves at a controlled and variable rate depending on 

the compound and the required characteristic of the final film. The deposited solution 

forms a meniscus between the bar and the substrate, and is sheared by the moving bar 

in a uniform layer, producing a homogeneous film. The formation of the meniscus is due 
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to the capillary forces, which confine the liquid phase between the bar and the substrate, 

and is the crucial part of the process, involving various interface phenomena. Wettability, 

which is the ability of the solution to maintain contact with a solid surface, represents a 

particularly important parameter. Substrate heating favours the evaporation of the 

solvent, leading to supersaturation, and promotes the crystallization via heterogeneous 

nucleation, so that the film is produced in a single step. [44] 

 

 

Figure 2.7: Scheme of a film deposition and growth with the BAMS technique. 

 

2.3.4. Vapor deposition: Molecular Beam Epitaxy (MBE). 

Physical Vapor Deposition (PVD) is a method for the deposition of thin films under 

vacuum conditions, which is very common for the manufacturing of electronic devices 

and also widely used in other areas. In this deposition process the material is evaporated, 

from a solid or liquid source, in the form of atoms or molecules and transported as a 

through a vacuum or plasma environment to the substrate, where condensation takes 

place. The technique can be used for coatings of Ғ 10 ς 100 nm, but also for deposits in 
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different layers (multilayer). The shapes of the substrate can vary from flat to very 

complex geometries (like utensils), and the deposit rate can vary from 0.1 to 10 nm/s, 

depending on the case. PVD is used to create both pure films or alloys with a variable 

percentage (graded composition deposit). 

Molecular Beam Epitaxy (MBE) [45] is one of the most widely used PVD growth 

techniques in the field of thin film research. Molecules to deposit are sublimated in 

specific cells (called Knudsen cells) and are directed on the surface to be covered.  

The key feature, which makes MBE more suitable than other deposition 

techniques, is the high degree of chemical purity and crystallinity of the obtained films 

with respect to the relative simplicity of operation. In addition, since it operates far from 

thermodynamic equilibrium conditions, structures difficult to achieve with other 

techniques can be obtained. From a technical point of view, the disadvantage is the need 

of working in the ultra-high vacuum conditions of Ғ 10-8 mbar. Nevertheless, MBE remains 

the preferred method for the fabrication of thin films of organic small molecules that 

exhibit low solubility. [46] 

In the present thesis, the deposition of the Indigo molecules on silicon oxide and 

Tetoron® has been carried out with a ultra-high vacuum system (UHV) for MBE, by using 

a home-made chamber (illustrated in Figure 2.8) fitted with a sample heater, shutters and 

a quartz crystal micro (QCM) balance placed close to the sample holder. Powder 

evaporation was done by using a specially designed Knudsen cell with a quartz crucible 

containing the compound and a thermocouple for temperature control. The quartz 

crystal micro balance measures the instantaneous flow of particles coming from the 

Knudsen cell. The error associated with the measurement is Ғ 0.5 ng. With this apparatus 

it is also possible to control the distance between the substrate for the deposition and 

the Knudsen cell. A dedicated software displays the pressure of the chambers and the 

mass deposited on the scale in real time, allowing for the visualization of the time trend 

of the measured quantities. 
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Figure 2.8: Scheme of the MBE apparatus employed for film deposition. 
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3. Organic Semiconductors 

Organic Semiconductors (OSCs) are a class of carbon-based materials, which 

combine the electronic advantages of semiconducting properties with the chemical 

advantages of organic compounds. [47]ς[50]  

At present, the research in the field of OSC-based devices has grown extensively 

and has led to mature Organic Light Emission Device (OLED) technology as well as to 

highly promising applications in Organic Photovoltaics (OPV) [51]ς[53] and Organic Field 

Effect Transistors (OFETs). [54], [55]  

Inorganic optoelectronic devices based on silicon are still the fundamental blocks 

of modern technology. However, attention to organics as a new class of functional 

materials [56]ς[58] has arisen in response to the increasing interest of materials engineering 

for the development of low-cost, large-area, flexible, and lightweight optoelectronic 

devices. [56] 

OSCs bear different properties from their inorganic counterparts, which comprise 

silicon, germanium, and metal oxide semiconductors. Inorganic semiconductors are 

either crystalline or amorphous covalent solids, where the bonds are formed between 

partially empty atomic orbitals, leading to the formation of almost filled valence or almost 

empty conduction bands. Because of the low band gaps (1.1 and 0.67 eV for Si and Ge, 

respectively), thermal excitation from a valence to a conduction band is sufficient to 

generate free charge carriers, behaving in accordance to the classical band theory. The 

relative dielectric constant in these systems is high (ʁ r = 11 for Si), and, accordingly, the 

Coulomb interaction in hole and electron pairs is low.  

The building blocks of OSCs are instead molecules, of either low (small molecules) 

or high (polymers) weight, generally characterized by extended ̄-conjugated systems, 

which determine their optical and electric properties. Importantly, the highly polarisable 

ˉ ŜƭŜŎǘǊƻƴ ŘŜƴǎƛǘƛŜǎ ŀƭǎƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ƴŀǘǳǊŜ ŀƴŘ ǘƘŜ ǎǘǊŜƴƎǘƘ ƻŦ ǘƘŜ ±ŀƴ ŘŜǊ ²ŀŀƭǎ 

intermolecular interactions, which are the forces mostly responsible for the cohesion in 

these materials. Since the intramolecular interactions are stronger, molecules as such 

remain intact in the materials, but the physical properties of interest arise both from the 



Chapter 3 - Organic Semiconductors  

 

 

34 

chemical nature of the species and the extent of their interaction in the condensed phase. 

Typically, electronic absorption and emission occur in the near UV or in the visible energy 

ranges, close to the HOMO-LUMO electronic transitions observed for the corresponding 

isolated molecule. Thus, these materials have an extrinsic conductivity, induced by the 

injection of charges at electrodes, the dissociation of photogenerated electronςhole pairs 

or chemical doping. The observed onset of the optical transition identifies the so-called 

HOMO-LUMO optical energy gap Eopt of the material. Instead, measurements of transport 

properties yield the bandgap Et, defined as the minimum energy needed to generate 

separated a free electron and hole pair. The two quantities differ by the electron-hole 

binding energy, which is defined as Ὁ Ὁ Ὁ . [47]  

 

 

Figure 3.1: Energy band diagram illustrating the definitions used. 

 

Unlike what happens in inorganic systems, relative dielectric constants are low (ʁr 

= 3-4) and therefore the binding energy of the electron-hole pair is high, implying that 

the HOMO-LUMO optical gap Eopt gives only an estimate of Et, which is measured from 

transport methods. [59] In inorganic semiconductors charges are highly delocalized, and 

the binding energy is of the order of a few meV, so that Eopt Ғ Eex. In organic materials, 

charge localization leads to large Eex values, and Eopt in fact corresponds to the formation 

of Frenkel (localized) excitons, with the electron and the hole on the same molecule. If 

the electron and hole pair is localized on close but different molecules, the corresponding 

bound state is called a localized charge transfer (CT) exciton. Charge transport involves 
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the generation of the so-called polarons, which are formed by the carrier and its distorted 

(polarized) surroundings. The combination of a hole polaron and an electron polaron, 

with binding energies EP+ and Etҍ, respectively, results in the formation of a free exciton. 

Their energy difference corresponds to Ὁ Ὁ Ὁ . Figure 3.1 illustrates the 

definitions given above. [59] 

An important difference between inorganic and organic semiconductors concerns 

the charge transport mechanism. Charge transport in organic semiconductors is 

controlled by the transfer of an electron in the LUMO of a site (donor) to the empty LUMO 

of another site (acceptor). Similarly, the hole transport involves the transfer between 

HOMO levels. In an ideal ordered organic system at 0 K, an electron (a hole) moves 

coherently within a band of states made of the LUMO (HOMO) orbitals of the constituent 

molecules, and the charge is delocalized in a propagating wave. However, because of the 

weak intermolecular interactions, exciton, valence and conduction bands are typically 

very narrow, ranging from 10 to 100 meV. In a real system at finite temperature, lattice 

and molecular vibrations are thermally excited and perturb the motion of the charge 

carriers: in these conditions band transport is possible only if the bandwidth exceeds the 

magnitude of the perturbation. At high temperatures, perturbations and disorder effects 

are such that the delocalization of the charge is fully destroyed, and the band model 

becomes unsuited to describe transport in the molecular system. In fact, charge carriers 

are localized at individual molecules and move via sequences of non-coherent events 

between them, in the so-called hopping transport mechanism. 

A fundamental advantage of organic compounds over inorganic ones is that the 

former are almost endless in number and span in size from small molecules to 

macromolecules. This greatly increases the range of screening and design possibilities for 

OSCs. Their enormous variability implies that their physical properties can be modified 

through minor chemical changes, keeping the desired technical application in mind, to 

obtain synthetically tailor-made systems. [60] Thus, for instance, absorption and emission 

wavelengths, crystal packing characteristics and solubility can be fined-tuned.  

Structurally, it is useful to classify OSC systems in i) molecular single crystals (of 

small molecules) and ii) films and thin films, either crystalline or amorphous, of small 
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molecules or polymers. Single crystals of OSC possess long-range periodic order and very 

few defects, and thus are ideal model systems to study intrinsic structureςproperty 

relationships. For applications, thin film technology has widely prevailed, despite the 

problems connected to the lack of long-range order, the grain boundaries and the defects 

of the crystalline systems. Compared to silicon-based electronics, organics offer the 

possibility of solution-processing for low-cost and large-area devices via numerous 

techniques such as spin coating, dip coating, spray coating, inkjet printing, Langmuir-

Blodgett for film fabrication. [50], [54] The low processing temperature, combined with the 

mechanical flexibility of organic materials, has provided large opportunities to challenge 

silicon based devices. [11] Another advantage is that the extremely high chemical purity 

necessary for silicon is not such a stringent requirement for organics. What is instead 

crucial, in applications employing either single crystals or crystalline films, is the control 

of polymorphism, a most common phenomenon in organic materials where molecules 

are held together by the weak Van der Waals force field. Exerting such a control, as 

mentioned above, allows selecting the best suited polymorph for the sought application, 

but another issue is relevant in the engineering of the OSC system and needs 

consideration. This is the occurrence of phase mixing, i.e. the simultaneous presence of 

more solid phases, which typically constitutes an intrinsic source of disorder and has 

detrimental effects on charge transport properties. [14], [15] Despite being considered less 

important than chemical contamination, phase inhomogeneities are in fact widespread 

structural defects, because of the characteristics of the OSC molecules, which favour the 

occurrence of different polymorphs of close energy. The extended -̄conjugation 

required to establish effective inter-molecular transfer integrals, which allow for 

electronic delocalization, is in fact often encountered in molecules having planar or quasi-

planar cores, with flexible lateral substituents and functional groups, thus exhibiting 

many alternative packing arrangements (i.e. polymorphs) with energy differences as 

small as a few kJ. [61], [62] Notably, also the small differences among phases may affect the 

narrow bandwidth of the semiconductor or the coupling between the charge motion and 

the lattice vibrations. Thus, the point to stress is that, together with chemical purity, 
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physical purity is an important parameter to keep under control when seeking optimal 

and reproducible charge transport performance in crystalline systems.  

Another very important aspect of polymorphism in OSC is that the thin films are 

obtained by growths at the solid interface of a variety of different substrates, spanning 

from silicon and aluminium oxides to polymers, composite materials and graphene and 

paper. [63]  

As previously described, the material crystallizing in these conditions often 

displays polymorphs different from those observed in the bulk, which have been 

commonly called SIPs in the literature, [17], [18] but we prefer to group under the broad 

denomination of surface stabilized structures. Given the importance of the structural 

order in the OSC films in determining the charge carrier mobility and the performance of 

the device, the knowledge of the surface structures is of crucial importance and in fact 

the finding of new polymorph a resource to exploit. [64] A full structural characterization 

of such structure, however, is still a challenging task. To solve the structure of thin films 

from a few monolayers up to some hundreds of nm, grazing incidence X-ray diffraction (GIXD) 

is, together with electron diffraction, the method of choice. Unfortunately, measuring GIXD 

or even electron diffraction provides a limited number of Bragg reflections due to weak 

diffraction, small scattering volumes, high aspect ratio or defects. This restricts the usage of 

the conventional structure solving approaches suitable for single crystals and suggest to 

exploit the synergy of computational tools and complementary experimental techniques to 

gather information on the film characteristics. 

 

Pigment based OSC 

Very recently, the field of application of OSC has intercepted the requirements of 

the so-ŎŀƭƭŜŘ άDǊŜŜƴ 9lectronicsέΣ ǿƘƛŎƘ ǊŜǇǊŜǎŜƴǘǎ an emerging area of research 

finalized to the use of compounds of natural origin and to find green synthetic routes to 

obtain synthetic materials for environmentally safe i.e. biodegradable and/or 

biocompatible devices. [65] On one hand, the entire field of the electronic based on 

inorganics is energetically highly demanding, [66] more than that based on organics, and 

this makes the latter very appealing. On the other hand, the short lifetime of most plastic 
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electronics-based devices is certainly matter of concern, as their ever-increasing use will 

soon pose the problem of their disposal: hence, the importance of the search for bio- 

degradability and compatibility of non- toxic compounds. [65], [67], [68] Just to cite a few 

instances of a literature which is getting very extensive, nature and bio- inspired, 

environmentally friendly OSCs have already been tested in organic thin film transistors 

(OFETSs), [69]ς[71] with very interesting results. Totally disintegrable and biocompatible 

semiconducting polymers for OFETS have also been synthesized, which hold the 

additional promise of being usable in implantable biomedical applications. [72], [73] 

Among the compounds that have received much attention as being of natural or nature-

inspired origin, there are the pigments belonging to the classes of Indigoids and 

Quinacridone. These are all hydrogen bonded dyes which include, together with the 

parent systems Indigo and Quinacridone, the Indigo isomer Epindolidione and various 

derivatives such as сΣсΩ-Dithienylindigo and 6,6-Dibromoindigo, the latter known as 

Tyrian purple. [74]ς[78] OFET hole mobilities of the order of 0.1 to 2 cm2/Vs have been 

measured for these systems, with Indigo and Tyrian purple displaying also p-type 

character. An interesting feature some of these compounds have in common is being 

somehow re-discovered systems, which have been known, synthesized and used on an 

industrial scale for a long time, and are therefore easily accessible at a low cost. Their 

excellent stability in air constitutes an appealing characteristic, compared to other OSC, 

[78] but the low solubility, typical of the vat dyes, limits their processability or requires 

chemical manipulations. 

The origin of the low solubility lies mostly ς but not completely ς in the strong 

hydrogen bonds, which play an important role in determining the physical-chemical 

properties of these materials and govern the molecular organization of the crystal state. 

{ǘǊƻƴƎ ˉ- -̄ stacking interactions are also present, characterizing the photo-physics in 

solution and the crystal packing, and, most importantly, regulating the charge transport 

properties in these small molecules iƴ ǿƘƛŎƘ ǘƘŜ ˉ-electron delocalization is limited, 

unlike the most common OSCs. That said, the reason why, Indigo, for instance, works as 

a semiconductor with performances comparable to carefully engineered material does 

not appear really clarified. 
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In the following of the chapter, the results for Indigo, Thioindigo and Quinacridone 

are presented, selected as representative for OSC pigments and shown in Figure 3.2.  

 

 

Figure 3.2: Molecular structure of a) Indigo, b) Thioindigo, c) Quinacridone. 

 

Note that in Thioindigo, a synthetic Indigoid which has been since a long time 

commercially available, the intermolecular H-bonds characterizing the parent system are 

absent, but it nonetheless shares with Indigo structural and semiconducting 

characteristics.  

As described in the introduction (see paragraph 1.1), similar approaches have 

basically guided the investigation. Starting from the bulk, various single crystals of the 

compounds were grown with different methods and then were structurally and 

spectroscopically characterized. Such a procedure makes possible to associate each 

crystal form to a measured Raman spectrum, which extends from the region of lattice 

phonons to the intra-molecular modes. The research group used DFT calculations to 

estimate the relative energies of the various polymorphic modifications, and to assist the 

spectral assignments.  

Once the situation with the bulk state of a given system was clarified, investigation 

moved to films. Thin film samples were prepared by means of methods selected either 

following the literature or guided by the physical-chemical properties of the compound 

under examination. 
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3.1. Indigo 

Paragraphs concerning the study of Indigo in its bulk state have been adapted with permission 
from the publication {ŀƭȊƛƭƭƻ ¢Σ 5Ω!Ǝƻǎǘƛƴƻ {Σ wƛǾŀƭǘŀ !Σ DƛǳƴŎƘƛ !Σ .ǊƛƭƭŀƴǘŜ !Σ 5Ŝƭƭŀ ±ŀƭƭŜ wDΣ Ŝǘ ŀƭΦ 
άStructural, Spectroscopic, and Computational Characterization of the Concomitant Polymorphs 
of the Natural Semiconductor Indigoέ, J Phys Chem C, (2018), 122, 18422. Copyright (2018) 
American Chemical Society. 
DOI: 10.1021/acs.jpcc.8b03635.  

 

3.1.1. Introduction 

Archaeological excavations have shown that Indigo [2,2'-Bis(2,3-dihydro-3-

oxoindolyliden)] was used as a dye for textiles for millennia in the Indian subcontinent. 

Most likely, dye precursors were extracted from the plant Indigofera tinctoria, the 

cultivation of which spread from India to the rest of tropical Asia. In medieval Europe, the 

Indigo dye was produced from the woad plant (Isatis tinctoria). [76] However, in the 17th 

century imports of the better-quality Indigo from India destroyed the European woad 

industry. During this time, the Indian production was dominated by the British, but the 

death blow to the industry of the natural-origin material started with Adolf von BaeyerΩs 

discovery in 1883 of the Indigo chemical structure and the implementation of synthetic 

production routes, even though the early methods were not initially very competitive 

with natural Indigo. It was not until 1897, following major research investments, that K. 

Heumann developed at BASF a practical synthetic route, later improved by J. Pfleger. 

Synthetically produced Indigo was of superior quality to Indigo from plants and finally 

replaced it on the market. Nowadays, Indigo is the most widely produced low cost dye in 

the world, with a worldwide production of thousands of tons, most of which used for 

dyeing denim fabric. [79]ς[82] 

In addition to its largely exploited properties as a dye, Indigo has attracted a novel 

interest in material science. It has been shown to be a most promising biocompatible 

semiconductor, exhibiting ambipolar transport in OTFTs, [74], [77], [83], [84] with a bandgap of 

1.7 eV, well-balanced electron and hole mobilities of 1 × 10ҍ2 cm2 Vҍ1 sҍ1 and good stability 

against degradation in air. [83] In the field of organic electronic, ambipolar charge 
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transport is an important requirement for the development of integrated microelectronic 

circuits and optoelectronic devices, but the narrow choice of organic materials available 

currently impede widespread applications. [83]  

As a pigment, Indigo is highly insoluble in most solvents, a feature which makes 

difficult the fabrication of the thin films for device employment by wet deposition 

methods, and dry physical deposition processes are usually preferred. [85], [86] Its 

properties in films were found to be strongly dependent on the growth surface, [85], [86] 

with hydrocarbon-based materials such as polyethylene and tetratetracontane 

outperforming other dielectrics. This has been attributed to a polymorphic modification, 

induced by the dielectric acting as a template. [86] This suggestion needed further scrutiny 

for a number of reasons. First, a surface induced polymorph was detected and 

characterized in Tyrian purple films, [75] and the occurrence of the same in Indigo could 

constitute an interesting parallel. Secondly, the study of the Indigo films presented some 

complexities, [85] and characteristics such as degree of crystallinity, polymorphism, 

morphology and molecular orientation at the solid interface, all contributing to regulate 

the transport properties the material, were far from being clarified. 

A first issue concerns the solid phase present in the films. In its bulk crystal state, 

Indigo is known to display two polymorphs, named A and B, having very similar structures. 

[87]ς[92] As illustrated more in detail in the next paragraph, both forms are monoclinic with 

very close unit cell parameters and were found in this work to grow as concomitant in 

most conditions.  

In a X-ray characterization of vapor deposited 40 nm thick Indigo films on Si/SiOx, 

[85] the specular scan showed only two reflections, which could be assigned to weak 

crystallographic orientations along the ρ π π and ς ρ π planes of either polymorph A 

or B. This left the film phase undetermined and prevented the detection of the possible 

concomitant growth observed in the bulk. In another study, [83] vapor grown films of 

different thicknesses and on various substrates were shown to display a sharp single 

diffraction peak, which was taken as an indication of a crystalline texture with a single 

preferential orientation, with no reference to a specific polymorph. Together with the 

usually observed ρ π π reflection, a new peak was detected in the GIWAXS pattern of a 
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film grown on paraffin. [86] This was in fact the feature identified as due to a new crystal 

modification, described as a distorted monoclinic structure of polymorph A.  

Concerning the morphology, Indigo films were either found uniform and highly 

crystalline on most substrates, [83] or, on the contrary, rough and poorly homogeneous, 

[86] thus denoting a strong dependence on the growth conditions. Lastly, when analysing 

the forces driving the formation and shaping the characteristics of the film crystal state, 

the role of strong intermolecular H-bonds has been either stressed [83], [85] or considered 

overestimated. [86] 

Aiming to clarify the still open issues mentioned above, related to the polymorph 

landscape of the Indigo system, a first part of the work dealt with the structural and 

Raman properties of crystalline Indigo in the bulk state and drop cast films. This allowed 

us to understand which polymorphs grow under specific conditions and under what 

circumstances the coexistence of polymorphic structures has to be expected.  

A combination of single-crystal and powder X-ray diffraction (XRD) techniques 

provided ŀ ŎƭŜŀǊ άǇƛŎǘǳǊŜέ ƻŦ ǘƘŜ ǇƻƭȅƳƻǊǇƘƛŎ ŎƻƳǇƻǎƛǘƛƻƴ ƛƴ ǘƘŜ ōǳƭƪ ǎŀƳǇƭŜǎΣ ǎƘƻǿƛƴƎ 

that A and B modifications often coexist and that, unlike what previously assumed, [87] 

phase B seems to be the predominant one.  

In the films obtained by drop casting, the XRD could not identify unambiguously 

the polymorph present, in agreement with what reported in the literature for the vapor 

grown samples, as detailed above. However, the Raman investigations on the bulk 

samples were able to identify the vibrational fingerprint of each polymorph and such a 

knowledge could be successfully transferred to characterize the drop-cast samples and 

to reveal that the polymorphs coexist at the micron scale in crystallites. The spectral 

investigation focused both on the low-energy region (10ς150 cmς1), where the lattice 

phonons are recorded, and on selected intramolecular modes in the ranges 100ς200 and 

1550ς1600 cmς1. The frequencies of the latter were found to be sensitive to the slight 

modification of the H bond patterns deriving from the different molecular packing of the 

two structures. Indeed, these two energy regimes supply reliable spectroscopic markers 

for Indigo polymorph discrimination and an estimate of the degree of crystallinity.  
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The investigation of structure and morphology of Indigo thin films was conducted 

on samples obtained by ultra-high vacuum deposition at the CNR-ISM institute of 

Bologna, carefully determining the required conditions of chemical purity and the growth 

parameters, which allowed us to obtain reproducible film morphologic characteristics, as 

checked by the AFM characterization performed at the same institution. In addition to 

Si/SiOx substrate, we tested film growth on the Tetoron® polymeric substrate 

(polyethylene terephthalate or PET film), which owing to its properties of flexibility, 

optical transparency and chemical resistance could be used for flexible devices.  

Relying on the results given by the spectroscopy analysis of the Indigo bulk 

crystals, the Raman spectra showed that B is the only polymorph which grows in the films. 

Such an information was not accessible to the XRD measurements, which met the already 

mentioned difficulties in the phase identification. Finally, Transmission Electron 

Microscopy (TEM) measurements performed at the CNRS Charles Sadron Institute in 

Strasbourg were used to shed light on the molecular organization of the Indigo molecules 

at the solid interface.  

The picture that emerges from this investigation is that of a molecular 

arrangement in the film in fact driven by the formation of strong hydrogen bridging 

bonds, which determine the development of the structure in a preferential lattice 

direction, along which such interactions are exerted. Consequently, the crystallinity of 

the film is generally poor even though it can be improved with a solvent vapor annealing 

(SVA) treatment.  

 

3.1.2. Sample preparation 

Single Crystal growth: Indigo (TCI Chemicals, 97%) was purified by double 

sublimation at 200 °C at low pressure of nitrogen to avoid thermal oxidation, obtaining 

microcrystals of irregular shape. By using cooling water at Ғ 20 °C at the apparatus cold 

finger, we found that both the polymorphic composition and the dimensions of the 

microcrystals forming the sublimed material were strongly dependent on the deposition 

temperature. In fact, the largest crystals were obtained without the cooling fluid, with a 
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ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ Ғ мол-140 °C on the cold finger condenser (see paragraph 3.1.8 ς 

Appendix II). Small, elongated, ǎƛƴƎƭŜ ŎǊȅǎǘŀƭǎ όŀōƻǳǘ нлл ˃Ƴ ƭƻƴƎύ ǿŜǊŜ ƎǊƻǿƴ ōȅ tƘȅǎƛŎŀƭ 

Vapor Transport (PVT). For PVT growth, the material was placed at one end of an 

evacuated glass ampule, which was sealed after three cycles of evacuation and nitrogen 

purging. The end of the ampule containing the material was then placed horizontally in a 

furnace kept at 250 °C. At equilibrium a temperature gradient of Ғ 13 °C/cm was 

measured.  

Despite the low solubility of Indigo in most organic solvents, crystals were also 

obtained by dissolving the compound in boiling DMSO and leaving the resulting filtered 

solution to slowly evaporate. 

 

Drop cast films preparation: Crystalline films were obtained by drop casting 

ŦƛƭǘŜǊŜŘ όлΦн ˃Ƴ ŦƛƭǘŜǊύ ǎŀǘǳǊŀǘŜŘ ǎƻƭǳǘƛƻƴǎ ƛƴ мΣн-dichlorobenzene and acetonitrile onto a 

Si/SiOx wafer previously cleaned by an ultrasonic bath in acetone, isopropyl alcohol, and 

deionized water, and finally dried under nitrogen. After drop casting, the films were dried 

on a hot plate at 50°C. 

 

Vapor grown thin films preparation: Commercial Indigo powder (TCI Chemicals, 

97%), entirely composed of polymorph B, was first purified by double sublimation at 200 

°C in low pressure of nitrogen to avoid thermal oxidation, as described above for single 

crystal preparation. The purification stage of the raw material is an essential step to 

obtain homogeneous and reproducible films, due to the high content of impurities of the 

ŎƻƳƳŜǊŎƛŀƭ ǇǊƻŘǳŎǘΦ ¢ƘŜ ƭŀǊƎŜ ŎǊȅǎǘŀƭǎ ŀǘ ǘƘŜ ƘƛƎƘŜǎǘ ŘŜǇƻǎƛǘƛƻƴ ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ Ғ мол-

140 °C were used as the starting material for the film growth in the UHV chamber, as it 

was verified that they yielded optimal characteristics of reproducibility, probably due to 

increased purity or to segregation of contaminants. Indigo films were deposited on silicon 

wafer with 100 nm thick layer of thermally grown silicon oxide. Substrates were cleaned 

with acetone vapors to get rid of organic contaminants prior to Indigo deposition. Thin 

films growth was performed by thermal sublimation under ultrahigh vacuum, with a base 

ǇǊŜǎǎǳǊŜ ƻŦ Ғ млҍ7 mBar. By keeping constant the total amount of material on the sample 
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(1000 ng), different rates were tested for the deposition (10, 20, 42, 70, 101, 170 and 200 

ng/min) and Si/SiOx substrate was held at room temperature. 

Three representative deposition rates (namely, 10, 70 and 200 ng/min) were used 

in the fabrication of thin films on Tetoron® (DuPont Teijin FilmsTM), a polymeric substrate 

based on polyethylene terephthalate (PET). Tetoron® is a thermoplastic semi-crystalline 

and biaxially oriented PET film, industrially prepared by roll to roll processing. [93] In this 

process, the stretching of the melt in two perpendicular directions induces the biaxial 

orientation, while post-processing thermal treatment induces the partial crystallinity. The 

material displays high mechanical strength, good resistance to a wide range of chemicals 

and solvents (including acetone, used for cleaning procedures), low water absorption, 

high optical transparency, excellent dielectric properties, good dimensional stability and 

good thermal resistance in terms of shrinkage and degradation of the polymer chains. [93] 

The substrate (1x1 cm2 size) was cleaned by an ultrasonic bath in Milli-Q water, 

then rinsed in acetone and finally dried under nitrogen. To achieve a surface roughness 

comparable to the silicon oxide substrates, Tetoron® substrates, sandwiched between 

two wafers of Si/SiOx and weighted with a total of 1800 g, were subjected to thermal 

annealing at 110 °C on a hot plate and cooled under nitrogen. The achieved roughness 

was of (0.7 ± 0.1) nm, as determined by AFM. The total amount of material deposited, 

and the other growth parameters, were kept constant in all samples and identical to 

those used for the Si/SiOx substrates. 

 

3.1.3. Experimental methods 

Raman Spectroscopy: Raman spectra in the energy interval of the lattice phonons 

with excitation wavelengths at 647.1 and 752.5 nm. Instead in the energy interval of the 

intramolecular vibrations was used the excitation wavelength at 785 nm. For the Indigo 

case, power was reduced by neutral density filters to avoid sample damage. 

 

X-ray diffraction: Single-crystal data for Indigo grown by PVT were collected both 

ŀǘ w¢ ŀƴŘ ŀǘ [¢ όнмл Yύ ƻƴ ŀƴ hȄŦƻǊŘ ·Ω/ŀƭƛōǳǊ { //5 ŘƛŦŦǊŀŎǘƻƳŜǘŜǊ ŜǉǳƛǇǇŜŘ ǿƛǘƘ ŀ 
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graphite monochromator (Mo-Y  h ǊŀŘƛŀǘƛƻƴΣ ˂ Ґ лΦтмлто )ύ ŀƴŘ ǿƛǘƘ ŀƴ hȄŦƻǊŘ 

CryoStream800 cryostat. All non-hydrogen atoms were refined anisotropically. HCH 

atoms were added in calculated positions, HNH atoms were directly located on the N 

atoms and refined riding on their respective atoms. SHELX97 [94] was used for structure 

solution and refinement on F2. The program Mercury [95] was used to calculate 

intermolecular interactions and to simulate the BHDF crystal morphology, which was 

compared with the experimental one determined with the software Oxford 

CrysAlisPro171.34.36. [96] VESTA3 [97] and Mercury [95] were used for molecular graphics. 

For single crystal face indexing, phase identification of polycrystalline samples and 

films samples, X-Ǌŀȅ ǇƻǿŘŜǊ ŘƛŦŦǊŀŎǘƛƻƴ ǇŀǘǘŜǊƴǎ ό·wt5ύ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ ƛƴ ǘƘŜ нʻ ǊŀƴƎŜ 

between 5°ς40°. This was dƻƴŜ ƻƴ ŀ t!bŀƭȅǘƛŎŀƭ ·ΩtŜǊǘ twh ŀǳǘƻƳŀǘŜŘ ŘƛŦŦǊŀŎǘƻƳŜǘŜǊ 

with Bragg-.ǊŜƴǘŀƴƻ ƎŜƻƳŜǘǊȅ ŜǉǳƛǇǇŜŘ ǿƛǘƘ ŀƴ ·ϥ/ŜƭŜǊŀǘƻǊ ŘŜǘŜŎǘƻǊΣ ƛƴ ǘƘŜ нʻ ǊŀƴƎŜ рς

плϲΣ ǳǎƛƴƎ /ǳ Yʰ ǊŀŘƛŀǘƛƻƴ ǿƛǘƘƻǳǘ ŀ ƳƻƴƻŎƘǊƻƳŀǘƻǊ όǎǘŜǇ ǎƛȊŜΣ лΦлнϲΤ ǘƛƳŜκǎǘŜǇΣ нл ǎΤ 

0.04 rad soller; 40mA x 40kV). The program Mercury [95] was used for the simulation of X-

ray powder patterns on the basis of single crystal data retrieved from the Cambridge 

structural database - CSD (CSD refcodes MIXCEE and INDIGO02 for polymorphs A and B, 

respectively). [98] Chemical and structural identity between bulk materials and single 

crystal structures was always verified by comparing experimental and simulated powder 

diffraction patterns. For Rietveld refinement purposes, X-ray powder diffraction patterns 

ό·wt5ύ ƛƴ ǘƘŜ нʻ ǊŀƴƎŜ ōŜǘǿŜŜƴ оςтлϲ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ ƻƴ ŀ t!bŀƭȅǘƛŎŀƭ ·ΩtŜǊǘ twh 

automated diffractometer equipped with Focusing Mirror and Pixcel detector in 

transmission geometry (step size 0.0260°, time/step 200 s, 0.02 rad soller; VxA 40kV x 

40mA). Powder diffraction data were analyzed with the software TOPAS4.1. [99] A shifted 

Chebyshev function with 7 parameters and a PseudoςVoigt function (TCHZ type) were 

used to fit background and peak shapes, respectively. A spherical harmonics model was 

used to describe the preferred orientation. An overall thermal parameter for the C, N, O 

atoms was adopted. Refinements converged to Rwp = 7.2%, Rp = 5.3%; Rwp = 10.3%, Rp 

= 8.0 % for sublimed and commercial powders, respectively. 
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Profilometer and AFM: As reported above, Indigo films were grown by depositing 

the same amount of molecules, i.e. 1000 ng. Films thicknesses were measured by 

averaging the thickness of each film in three different step edge positions by means of a 

stylus profiler (P-7 KLA Tencor, Milpitas, California, USA). Topographic images, collected 

by AFM operating in intermittent contact (SOLVER HV-MFM, NT-MDT Zelenograd, 

Moscow, RU), were morphologically analysed in order to investigate the evolution of 

Indigo films vs the deposition rate ˄. 

 

Transmission Electron microscope: TEM was performed, both in bright field 

electron microscopy and electron diffraction modes, by using a Philips CM12 TEM fitted 

with a LaB6 filament and equipped of an SIS Megaview III CCD camera. The following 

flotation technique was adopted to transfer the film on the copper electron microscopy 

grids (200 mesh) and prepare the Indigo thin films for TEM analysis. First, the samples 

(Indigo on silicon wafer) were coated with a thin carbon film in an Edwards E306A coating 

system. Second, the carbon-coated Indigo films were removed from the Si/SiOx substrate 

by gently submerging the samples in a 5%HF acid solution in water. The carbon and Indigo 

films were retrieved with TEM grids directly from the HF solution. They were 

subsequently washed with a large amount of Milli-Q water. 

Diffraction measurements were taken in the selected area electron diffraction 

(SAED) mode. The accelerating voltage was 120 kV and, in order to minimize the beam 

damage, we constantly used the low dose mode of the microscope together with small 

C2 aperture and low current (spot 5ς7 setting and 24000x). The selected area electron 

diffraction patterns patterns were recorded at a 2.05 m chamber length using a 5µm 

condenser (C2) aperture in order to have a near-parallel illumination, about 50 µm wide 

on the specimen. In Selected Area Electron Diffraction (SAED) mode an aperture of 100 

µm is inserted in the image plane in order to pick a specimen area of about 500 nm. For 

the analysis of the diffraction, we employed the Cerius2 simulation package (Accelrys, 

Waltham, USA and Cambridge, UK). 

 



Chapter 3 - Organic Semiconductors  

 

 

49 

3.1.4. Indigo crystal structures 

This paragraph summarises the literature structural information on Indigo 

polymorphs, updated with our recent experimental and computational results. Table 3.1 

reports all the available experimental published data and compares them to the 

computations reported in the work by Salzillo et al., [89] which will be detailed in the 

following.  

Indigo is known to crystallise in two very similar structures, named A and B. [87]ς

[92] In Ref. [92] the occurrence of a second structure, corresponding to polymorph B is 

reported for the first time. In that work it was noted that the cell parameters of form B 

were such that only the cell length a and ǘƘŜ ƳƻƴƻŎƭƛƴƛŎ ŀƴƎƭŜ ʲ ŘƛŦŦŜǊed from those of 

polymorph A. Besides, B was found to be strongly metastable, so that the structural 

transformation into A could be driven by mechanical action, simply sectioning a sample 

perpendicularly to the growth direction. The spontaneous transition was described as 

due to a slip by c/4 of the molecular layers with respect to each other, bringing the lattice 

into the denser packing of A. In the two later reports of B, [87], [88] the lack of stability was 

not detected, even though in the former paper it was always obtained as a by-product 

together with form A, and its selective growth as single crystal was only possible close to 

the decomposition temperature of the compound. [88] Structurally very similar to form A, 

form B is reported as monoclinic P21/c [87] or P21/n. [88] Its larger cell volume (about 3% at 

RT) suggested that B is metastable at low T, but no phase transition was detected by 

cooling down to 213 K. [88]  

Polymorphs A and B contain two molecules per unit cell (Z=2), having Ci molecular 

symmetry and related to each other by a 21 screw axis. The planar molecular geometry 

in the crystal differs very little from C2h symmetry corresponding to the minimum energy 

configuration determined by the DFT calculation for the isolated molecule, showing that 

the influence of crystal packing on it is negligible. Both A and B polymorphs display 

analogous intermolecular interaction patterns: translationally equivalent molecules form 

stacks with face-to-ŦŀŎŜ ˉ-ˉ ƛƴǘŜǊŀŎǘƛƻƴǎΣ ŀƴŘ ŀre connected by a network of hydrogen 

bondings which weaken the intramolecular ones. Even the packings are nearly identical 
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and the main difference between the polymorphs is in a subtle reciprocal orientation of 

the molecules, which leads to slightly different stackings (see Figure 3.3). Although small, 

this difference could affect electrical properties of Indigo based thin film devices, hence 

the need to know exactly what polymorph we are dealing with. 

 

 

Figure 3.3: Comparison between the two structures of the Indigo polymorphs. 

 

The mass densities are slightly different with 1.50 g/cm3 for polymorph A and 1.46 

g/cm3 for polymorph B. [85] Although small, this difference could affect electrical 

properties of Indigo based thin film devices, hence the need to know exactly what 

polymorph we are dealing with.  

 

 

Figure 3.4: Network of intra- and inter-molecular hydrogen bonds detected within crystalline 
indigo grown by PVT and corresponding to form A. 
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A clear representation of the network of intra- and inter-molecular hydrogen 

bonds is given in Figure 3.4. 

 

Table 3.1Υ [ŀǘǘƛŎŜ ǇŀǊŀƳŜǘŜǊǎ ŀƴŘ ǎǳōƭƛƳŀǘƛƻƴ ŜƴŜǊƎƛŜǎ ɲǎǳōI ό¢ύ ƻŦ ŎǊȅǎǘŀƭƭƛƴŜ LƴŘƛƎo. 
Experiments are compared to calculations, either with the Tkatchenko-Scheffler (TS) [100] or many-body 

dispersion (MBD) DFT [101] method. All the structures are monoclinic with Z=2. 

REFCODE Form a (Å) b (Å) c (Å) ʲ όdeg) 
Volume  

(Å3) 
T (K) 

Space  
Group 

ɲǎǳōI ό¢ύ 
(kcal/mol) 

Our work 
[89] 

A 9.2850(9) 5.7941(4) 11.5722(9) 108.710(10) 589.66(8) RT P21/n 
 

32 

A 9.1942(8) 5.7876(6) 11.4878(8) 108.268(9) 580.48(9) 211 P21/n 

INDIGO [92] A 9.24(3) 5.77(2) 12.22(3) 117 580.497 RT P21/c 

INDIGO01 
[91] 

A 9.23 5.74 12.25 116.5 580.819 RT P21/c 

INDIGO03 
[90] 

A 9.24 5.77 12.22 117 580.497 RT P21/c 

INDIGO02 
[87] 

B 10.84(1) 5.887(6) 12.28(1) 130.02(5) 600.134 RT P21/c 

INDIGO04 
[88] 

B 9.799(2) 5.9064(10) 10.755(3) 106.781(18) 595.958 213 P21/n 

DFT (TS) [89] A 9.107 5.741 11.489 108.53 569.6 
 

P21/n 

45.5 

DFT (MBD) 
[89] 

A 9.148 5.779 11.465 108.81 573.71 37.4 

DFT (TS) 
[89] 

B 9.633 5.922 10.468 105.94 574.16 45.2 

DFT (MBD) 
[89] 

B 9.732 5.885 11.559 106.9 578.68 37.4 

          

 

The samples grown by PVT for the work of this thesis were analyzed with single 

crystal XRD at both room and low temperature, as reported in the Experimental Methods 

paragraph. They have been unambiguously identified as A and the structure was solved 

and refined in the monoclinic P21/n space group. We determined accurate distances for 

the intra- and inter- molecular hydrogen bondings between N-H and C=O groups, which 

were found to be of 2.915(2) Å and 2.875(2) Å, respectively] leading to the assembly 

shown in Figure 3.5.  
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Figure 3.5: Network of intra- and inter-molecular hydrogen bonds detected within crystalline 
Indigo grown by PVT and corresponding to form A. 

 

To confirm the absence of any phase transition upon cooling, additional data sets 

were acquired at 210 K and the unit cell was determined also at 150 K. Data collection 

and refinement details are listed in the Table A1 in the Appendix I (paragraph 3.1.8).  

With the aim of recording polarized Raman (explained in paragraph 2.1.4) of the 

newly obtained Indigo samples, PVT grown single crystals of form A were also analysed 

for face indexing. In particular, we analysed their crystal morphology by comparing the 

simulated BFDH morphology with that experimentally determined after face indexing. As 

can be seen in Figure 3.6 the agreement is good, as the smaller facets are not actually 

observed.  

 

 

Figure 3.6: External morphology for single crystals of Indigo grown by PVT (form A): simulated 
BDFH on the basis of single crystal structure (left), and experimentally determined after face indexing 

(right). 
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To confirm this result, XRD patterns on the flat crystal surface were also recorded, 

as this would provide information about the face oriented parallel to the surface on which 

the crystal lies. Thus, the very crystal used for data collection was placed onto the sample 

holder for ten different times, each time recording its pattern. Seven out of ten times 

only the diffraction peaks corresponding to the (n0-n) Miller planes were observed, 

whereas the remaining times the (n0n) ones were detected, (see Figure 3.6) This fully 

agrees with the face indexed from single crystal XRD data, yielding namely, a 

parallelepiped-shaped sample with the former facet (n0-n) larger than the latter (see 

Figure 3.7).  

 

 

Figure 3.7: Crystal morphology (modeled, top) and XRD pattern of a single crystal lying flat on the 
sample holder (bottom). Peaks with an asterisk belong to the sample holder. 

 

Commercial and sublimed Indigo were not available in sufficiently large single 

crystals and were only analyzed only by powder XRD. The corresponding diffractograms 

are reported in Figure 3.8.  
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Figure 3.8: Comparison between calculated (blue- and orange-lines for A and B, respectively) and 
experimental (black lines) XRPD patterns for commercial and sublimed Indigo samples. 

 

In commercial Indigo, the peaks appear slightly broadened, but the pattern 

corresponds to that of polymorph B, with possible presence also of A. The sublimation 

process produces an enrichment in A, in agreement with the literature findings [88] 

Specifically, polymorph A content depends on the sublimation deposition temperature: 

the higher the temperature, the higher the content. To evaluate the relative amounts of 

polymorphs after sublimation, Rietveld refinement was used, as shown in Figure 3.9. 

Whereas, as mentioned above, B is largely prevailing (ca. 93%) in the commercial 

specimen, by sublimation the A amount rises to nearly 30% and å50% when the cold 

finger temperature in brought up to 30 °C and 130 °C, respectively. 
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Figure 3.9: Experimental (blue), calculated (red), difference (grey), and background (light-gray) 
patterns for ), sublimed (a) commercial (b), and sublimed without cooling the sublimator cold finger (c) 

samples of Indigo; x axis is in degrees of 2ʻΦ 

 

Altogether, the new collected data agree with previous literature findings about 

the number and the nature of Indigo polymorphs in the bulk. However, with the presence 

of a collection of structures determined over a time span of several years and in 

experimental conditions either variable or unspecified, it is legitimate to wonder whether 

the polymorph assignment is actually correct in all cases. To probe this, our group has 

applied the έ/Ǌȅǎǘŀƭ LƴƘŜǊŜƴǘ {ǘǊǳŎǘǳǊŜέ ƳŜǘƘƻŘΣ[102], [103] which is an efficient way of 

discerning experimental structures which, appear to be very similar albeit not identical. 

The method relies on the calculation of the crystal structure of minimum energy, 

identified as the local minimum corresponding to the configuration of mechanical 
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equilibrium for a given lattice. Details of the approach, which employed an atom-atom 

potential model combined with point charges interactions to account for electrostatic 

contributions for energy calculation, can be found in Ref. [89] Such an analysis enabled us 

to confirm that for all the experiments only two distinct minima can be identified, 

corresponding to form A (this work and CSD refcodes INDIGO, [92] INDIGO01, [91] INDIGO3 

[90]) and form B (INDIGO02, [87] INDIGO04 [88]).  

Once the existence of only two Indigo crystal structures was assessed, the more 

computer time consuming DFT-vdw calculations were run for these, to obtain 

information about their relative energy stability and to understand whether form B could 

really be identified as the form metastable at ambient conditions. We first notice the 

satisfactory agreement between experimental and computed call parameters. This 

makes us confident of the reliability of the method also in the simulation of the crystal 

vibrational properties, as described in the next paragraphs. The computed volume for 

polymorph A is smaller than for polymorph B in agreement, and regardless of the details 

of the correction adopted to account for dispersion interactions, the A phase turns out to 

be (slightly) more stable than the B phase at 0 K. When temperature effects are 

accounted for, the energy difference between the phase gets narrower, and even though 

the incertitude affecting the calculation does not afford intercepting a transition 

temperature, the general trend suggests that B should be located in the higher 

temperature region of Indigo phase diagram.  

 

3.1.5. Micro Raman characterization of Indigo in the bulk state 

The first crucial step in employing Raman spectroscopy to identify polymorphs is 

to measure and/or calculate the reference spectra for samples in which the actual 

structure has been determined by XRD.  

In packing polymorphs like Indigo, in which the molecular configuration remains 

the same due to the system rigidity, the low energy range of the vibrational spectrum 

usually carries all the spectral differences among distinct lattices. As explained in the 

introduction (see paragraph 3.1.1), this is because modes observed here hold the 
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character of lattice phonons, or vibrations in which molecules oscillate as a whole around 

the lattice equilibrium positions, subjected to the force field of the dispersion 

intermolecular interactions. The weak restoring forces, combined with the high inertia 

moments of the molecular body, determine the low energy of the modes, while the 

spectral features depend on the details of interaction pattern in the crystal packing. This 

makes Raman spectra in this range an optimal probe of structural properties, as here each 

polymorph displays its own unique spectrum. 

The process of associating a spectrum to a structure may appear a straightforward 

one when described in published papers, but it is most often a trial and error procedure. 

In our case, for instance, we selected the samples to probe by XRD by recording a-priori 

Raman spectra on many of them and choosing those displaying a range of different 

spectral features. In response to the XRD results, growth methods were modified, growth 

conditions adjusted and speculations on the obtained results made. This confirms that 

crystal growth, and polymorph selection, are subjected to a sort of gray magic, the 

ƻǳǘŎƻƳŜ ƻŦ ǿƘƛŎƘ ƛǎ ƛƴ ǘƘŜ ƘŀƴŘ ƻŦ ǘƘŜ tƘ5 ǎǘǳŘŜƴǘ ǇƭŀȅƛƴƎ ǘƘŜ ǎƻǊŎŜǊŜǊΩǎ ŀǇǇǊŜƴǘƛŎŜ ǊƻƭŜΦ  

The lattice phonon Raman spectrum of polymorph A was provided by the Indigo 

samples grown by PVT, studied by single crystal XRD. Some of the crystallites grown by 

sublimation, which could only be analyzed by powder XRD, had dimensions and 

morphological characteristics suited to single crystal micro-Raman analysis. The lattice 

phonon Raman spectra of all these samples, together with that of the commercial 

powder, are shown in Figure 3.10. Extensive samplings of various specimens confirmed 

that only two different spectral patterns could be detected on individual crystallites: the 

one safely assigned to form A, because of the analyses on the PVT grown crystals, and 

another one, characterizing the larger fraction of the crystallites and assigned to form B. 

As expected, the spectrum of the commercial product displayed broader bands compared 

to the single crystals, but could be associated to form B, in agreement with the powder 

XRD results. 

The images of A and B crystals in Figure 3.10 clearly indicate how consideration 

on morphology differences cannot assist in discriminating the two polymorphs. However, 
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even though the strong similarity between the two lattices reflects on a similarity of 

spectral patterns, the distinction can be safely made by Raman.  

 

 

Figure 3.10: Left: Lattice phonon Raman spectra of the various samples of crystalline Indigo, with 
the two unique patterns that can be identified from the analysis; Right: images of the samples. 

 

The satisfactory reproduction of the experimental spectral features by the DFT 

simulations, extensively discussed in Ref., [89] contributes to the validation of the 

assignment the Raman spectra to a specific polymorph made with the aid of XRD 

measurements.  

In Figure 3.11 Indigo lattice phonon Raman spectra are deconvoluted as sums of 

Lorentzian bands to identify the peaks and proceed to the vibrational analysis. Based on 

the P21/n crystal symmetry, which is the same for both polymorphs A and B of Indigo, six 

lattice modes of gerade symmetry 3Ag + 3Bg are predicted to be Raman active. Such a 

prediction relies on the assumption that Indigo behaves as a rigid molecule, in which the 

lattice phonons lie at energies lower than those of molecular vibrations and can be 

considered separately. The six lattice modes correspond to either in-phase (Bg) or out-of-
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phase (Ag), rotations (librations) of the molecules in the unit cell around their axes of 

inertia and give rise to three doublets in the Raman spectrum. 

 

 

Figure 3.11: Raman spectra for A and B Indigo polymorphs in the lattice phonon region, 
deconvoluted as sums of Lorentzian bands. The weaker peaks of the B polymorph (as the one at 42 cm -1) 

can be resolved only in the Raman polarized spectra as shown in the next Figure. 

 

This preliminary analysis is the key to the interpretation of Indigo spectral 

features, supported by polarized Raman spectroscopy, as illustrated in the Figure 3.12 

and with the assistance of the calculations. The latter [89] show that for both A and B 

crystal structures the eigenvectors of the six lowest energy Raman active normal modes 

do correspond to pure librations, with no intramolecular contributions. This given, the 

assumption of pure lattice phonons in rigid bodies is for Indigo correct. Accordingly, the 

six bands obtained by deconvolution is A form spectra do correspond to lattice phonons 

the symmetry of which is readily determined by Raman polarized experiments and 

comparison with the simulations. In the case of polymorph B, the polarized Raman 

spectra analysis, which completes the mode assignment, are needed to identify all the 

expected bands. Such an analysis requires the knowledge of the facets exposed and of 

the crystal orientation under the conditions of normal incidence and backscattering 

geometry for the exciting beam of our Raman experiment. Polymorph B needles 

displayed extinction in cross-polarized illumination when the crystal long axis was aligned 

to the exciting light polarization. Face indexing by XRD was not possible, because of the 

lack of suitable single crystals. However, in analogy with the face indexing found for 
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polymorph A, we assumed that on the exposed crystal faces the direction of fastest 

growth was coincident with the b axis, which corresponds to an extinction direction of 

the monoclinic system. This makes the interpretation of the Raman experiment in 

polarized light straightforward. Raman spectra collected in backscattering geometry with 

the polarization of the incoming and scattered light parallel to each other (labelled as 

parallel polarizers in the orange trace of Figure 3.12) and to the sample extinction 

direction reveal modes of Ag symmetry. Modes of Bg symmetry can instead be detected 

by rotating by 90° the polarization direction of the incoming light (spectra labelled as 

crossed polarizers in the red trace of Figure 3.12). By comparing these polarized Raman 

spectra of Indigo . ǿƛǘƘ ǘƘŜ ǳƴǇƻƭŀǊƛȊŜŘ ǎǇŜŎǘǊǳƳΣ ǘƘŜ ōǊƻŀŘ ōŀƴŘ ŀǘ Ғ пл ŎƳ-1 can be 

solved in two peaks at 39.8 and 41.6 cm-1, belonging to modes of Bg and Ag symmetry, 

respectively. 

 

 

Figure 3.12: Polarized Raman spectrum of the Indigo B polymorph and the vibrations in the lattice 
phonon region are highlighted (orange dots shown the Ag bands while the red dash shown the Bg one). The 

ŀƴŀƭȅǎƛǎ ŎƭŜŀǊƭȅ ǎƘƻǿǎ ǘƘŀǘ ǘƘŜ Ғ пл ŎƳ-1 band can be resolved in two distinct peaks. 
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Notwithstanding the irreplaceable role of the lattice phonons, intra-molecular 

vibrational spectra (either IR or Raman) often provide a valid diagnostic tool for the 

identification of conformational polymorphs. This is because conformation modifications 

induce detectable changes in the positions and the intensities of the chemical group 

involved. These spectra are, however, ineffective for packing polymorphs, which share 

the molecular geometry and, thus, the vibrational spectral features. In this respect, Indigo 

polymorphs A and B are an interesting exception, as they can be discerned by some of 

the strongest bands of their intra-molecular Raman spectra. This can be observed in 

Figure 3.13, where the central panel shows these spectra for samples of the two 

polymorphs in the wavenumber region from 100 cm-1 to 2000 cm-1, while in the insets 

two ranges of interest have been zoomed in: i) 100-200 cm-1 and ii) 1450-1650 cm-1. 
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Figure 3.13: Raman spectra of Indigo polymorphs A (blue) and B (red) in the 100-2000 cm -1 
range. In the picture are shown two zooms into specific wavenumber intervals in which polymorph 

discrimination can be made on the basis of intra-molecular vibrations. 

 

As expected for packing polymorphs, most bands of forms A and B coincide. The 

zoomed region from 100 to 200 cm-1 of the Figure puts in evidence the bands of the 

lowest energy intra-molecular mode, which in the crystal, with two molecules per cell, 

gives rise to an Ag + Bg doublet as a result of the DavydovΩǎ splitting [104] between 

interacting molecules. The two peaks are found at 132 and 139 cm-1 in polymorph A and 

at 136 and 142 cm-1 in polymorph B. The analysis based on the calculated eigenvectors 

[89] has allowed to visualize this vibration as a large amplitude mode comprising 

intramolecular rotations, which involves the entire molecular scaffold (top images of 

Figure 3.14). The nature of this motion suggests it to be a sensitive probe of the strength 

of the intermolecular hydrogen bonds, as the presence of these, or a change in their 
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pattern, could affect the intramolecular rotations. Hence, the frequency difference 

observed between the two forms. Note that similar frequency shifts are not observed for 

the weaker peaks of the adjacent doublet, around 172 and 182 cm -1, also reported in 

Figure 3.13. 

 

Figure 3.14: Top: Representation of the lowest energy Ag intramolecular of Indigo (the calculated 
wavenumber for the A polymorph is given); Bottom: Representation of the Ag intramolecular mode 
corresponding to the most intense and typical band of Indigo (calculated at 1568.0 cm-1 for the A 

polymorph). The arrows display the direction of the atomic displacements; while blue and red molecular 
geometries are used to represent the movement of the system.[105] 

 

The most easily detectable difference between the Raman spectra of the two 

polymorphs, however, involves the doublet of the most intense and typical band of 

Indigo, [106]ς[108] which is shown in the second zoom of Figure 3.13. The doublet occurs at 

1578 and 1592 cm-1 in polymorph A and at 1576 and 1587 cm-1 in polymorph B. The 

corresponding mode (Figure 3.14) has been described in detail in the literature [106], [107] 

and corresponds to a combination of the central C=C and the C=O stretchings. It actually 

entails the motion of the entire functional group ς called the cross-conjugation 

chromophore - formed by the central bond together with C=O bonds and N-H bonds, 

which act as acceptor and donor systems, respectively. Since the early measurements on 

solid Indigo, it was noted that, in the condensed phase, this mode is strongly red shifted 
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compared to the isolated molecule DFT calculations, which gives a wavenumber of 1596 

cm-1. [107], [108] Based on the calculations on a model Indigo dimer, [108] such a shift has 

been interpreted as due to the presence of the strong intermolecular hydrogen-bonds, 

which affect the bond strength and the vibrational dynamics of the functional groups 

involved in the interaction. The different shifts observed in forms A and B, and the 

different 5ŀǾȅŘƻǾΩǎ splittings, hint to differences in the interaction motifs involving pairs 

of non-translationally equivalent molecules, in a way similar to what described above for 

the large amplitude motion.  

From a practical perspective, these findings show that polymorphs A and B can be 

efficiently discriminated through intense Raman bands in energy ranges more easily 

accessible than the lattice phonon region. As a matter of fact, we have resorted to their 

inspection every time the nature of the sample or the amount of material made difficult 

a measurement of the lattice phonons. More interesting though, is the spectroscopic 

evidence of a subtle but specific difference between the two forms, which originates from 

the strongest intermolecular interaction that characterizes them both.  

 

The difficulties encountered for obtaining separately Indigo polymorphs A and B 

identify them as concomitant, following the description given in the review article by 

Bernstein. [4] Thus, it was interesting to apply the micro Raman investigation to check 

whether this system displayed polymorph co-existence at the micrometric scale, [11] with 

possible implications on domain and grain boundary characteristics. Indeed, an instance 

of co-existence of the two Indigo morphic modification was detected by Raman 

spectroscopy on a sample having the appearance of a single crystallite and is reported in 

Figure 3.15. Spectra of the A and B forms are given as references. The spectrum labelled 

in the Figure as A+B (green trace) was recorded on an Indigo microcrystal obtained by 

ǎǳōƭƛƳŀǘƛƻƴΣ ǿƛǘƘ ǘƘŜ ƘƛƎƘŜǎǘ ƭŀǘŜǊŀƭ ǊŜǎƻƭǳǘƛƻƴ ŀǾŀƛƭŀōƭŜ όҒ м ˃Ƴύ ŦƻǊ ǘƘŜ used Raman 

setup. As evidenced by the lines marking the bands, such a spectrum corresponds to the 

overlap of those of the pure forms. Here the micro-Raman measurement clearly pinpoints 

a situation in which the two polymorphs co-exist as different micrometric domains in the 

same specimen, despite the macroscopic appearance of this as a single crystal. 
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Figure 3.15: Green trace: Lattice phonon Raman spectra recorded on an Indigo microcrystal 
ƻōǘŀƛƴŜŘ ōȅ ǎǳōƭƛƳŀǘƛƻƴ ǿƛǘƘ ǘƘŜ ƘƛƎƘŜǎǘ ƭŀǘŜǊŀƭ ǊŜǎƻƭǳǘƛƻƴ ŀǾŀƛƭŀōƭŜ όҒм ˃Ƴύ. This one, labelled as A+B, 
shows the co-existence of the two forms at a micrometric scale. Blue and red traces: reference spectra of 

the pure A and B forms, respectively. 

 

3.1.6. Fabrication and characterization of Indigo films 

X-ray and Raman measurements on films prepared by drop casting 

!ǎ ǊŜǇƻǊǘŜŘ ƛƴ ά9ȄǇŜǊƛƳŜƴǘŀƭ aŜǘƘƻŘǎέ (paragraph 3.1.3) a first attempt at film 

fabrication was done by using the drop cast method on glass surfaces. Other solution 

deposition techniques were not in fact pursued because, as the results presented below 

will show, the low solubility of Indigo really represents a limiting factor in obtaining 

homogeneous and continuous film suitable for applications (and this was well known 

from the literature). Nonetheless, the samples provided precious information, such as the 

phase selectivity of the surface, which applies also to the films grown by the vapor 
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deposition method. Besides, they were the benchmark systems on which to test the 

effectiveness of Raman spectroscopy in situations where XRD fail.  

The XRD diffractograms of films obtained by the drop casting of Indigo solutions 

in 1,2-dichlorobenzene or acetonitrile are reported in Figure 3.16. 

 

 

Figure 3.16: XRD pattern of Indigo thin films deposited on Si/SiOx wafer by drop casting of 1,2 
dichlorobenzene (green line), and acetonitrile (blue line). 

 

They show very similar diffraction patterns with one peak at 10.7°, corresponding 

to a d-spacing distance of 8.3 Å. The degree of uncertainty is, however, too high to allow 

for a safe and unambiguous determination of the type of polymorph from these 

measurements. We are facing the already mentioned problem previously encountered 

by Scherwitzl et al. [85] and by Anokhin et al., [86] who reported similar results for films 

grown from vapor on various substrates. 

Figure 3.17 shows Raman spectra recorded on the same films, along with their 

images at the optical microscope. The lattice phonon region (here not shown) displayed 

weak broad bands, with a pattern corresponding to that of the commercial powder. Using 

as polymorph markers the intramolecular modes, i.e. the doublets at 132-1369 and 1576-

1587 cm-1, we checked phase identity and purity by performing extensive random 

sampling on the film surfaces. All measurements clearly indicated that B is the only form 

present. 
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Figure 3.17: Raman spectra of films of Indigo drop cast from solutions in 1,2-dichlorobenzene 
(grey trace) and acetonitrile (black trace). The wavenumber ranges suitable for polymorph identification 

are shown. On the right side: Image of the sample where the Raman scattering has been collected. 

 

The films prepared for these measurements are quite thick; the Raman technique, 

however, is very sensitive, as can be judged by the high signal/noise ratio of the spectra 

presented and befitting to be transferred to polymorph identification in thin films. 

 

Fabrication of films prepared by MBE 

The fabrication of Indigo thin films by the vapor method met some difficulties, 

which we believe connected to the chemical purity of the starting material (see more 

details in the Appendix II - paragraph 3.1.8).  

Depositions were performed on Si/SiOx at room T, following the thermal 

sublimation at 200 °C under ultrahigh vacuum (Ғ млҍ7 mBar) conditions. The total amount 

of material on the sample (1000 ng) was kept constant, while different deposition rates ˄  

were tested. The choice of varying the deposition rate while keeping the amount of 
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deposited material constant had the purpose of monitoring the morphological 

transformation of the film as the rate changed, so to estimate thickness, structure and 

size of the grains.  

In a first check to optimize conditions, the commercial powder was used without 

further purification, but it turned out that it was not possible to keep under control the 

sublimation rate in the vacuum chamber, i.e. to achieve a constant material flux.  

Films were fabricated at the deposition rates of 10, 20, 50 and 100 ng/min rates 

with the sublimed product deposited at 30 °C as the starting material. The acquisition of 

good quality AFM images was hampered by the lack of a stable interaction between the 

tip and the sample surface, likely due to residual electrostatic charges present on the 

surface and ascribed to impurities. Soaking the films in Milli-Q for 1 h made the AFM 

measurements possible. An instance of the collected AFM images is shown in Figure 3.18, 

along with some representative lattice phonon Raman spectra of the same films. The 

image reveals that they are very disordered, porous and discontinuous. The thickness, 

measured by the profilometer, was 50 nm for the sample grown at the lowest rate (10 

ng/min) and ca while 100 nm for that at 20 ng/min. Crystallinity was probed by the lattice 

phonon Raman spectra, but with unclear outcome. The bands were very broad, an 

indication of a powder-like system. The peak positions suggested the presence of the B 

form, which was confirmed by the detection of the corresponding intramolecular 

vibrations. However, the band relative intensities (see for instance the grey spectral trace 

of the film in the Figure 3.18) were unusual with respect to all the samples measured so 

far. Analysed after some months, the films displayed only spectral features similar to the 

black trace of the Figure, hinting to some intervened structural reconstruction.  
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Figure 3.18: Left: Raman measurement performed in the lattice phonon region on thin films 
obtained with the sublimed powder recrystallized at 30°C. Black and grey traces show the Raman pattern 

typically observed on these samples. Blue and red traces are reported as references for the known 
polymorphs, together with the spectrum of the commercial powder (light-grey trace). Red dash lines 
highlight the relevant similarities between the known spectra and the new ones. Right side: Raman 
spectra of the film samples collected in the energy interval of the intramolecular vibrations (here the 

wavenumber ranges displayed is suitable for polymorph identification). In the inset: the AFM image of a 
representative sample shows the average morphology observed. 

 

In the attempt to improve film morphology and stability, films were finally 

fabricated using as starting material the microcrystalline powder obtained at 130°C, with 

film deposition rates of 10, 20, 42, 70, 101, 170 and 200 ng/min. After soaking in Milli-Q 

water for 1 h, these samples yielded AFM images finally stable and reproducible, showing 

the morphologic characteristics of compactness and homogeneity described below. At 

the same time, also the film Raman spectra highlighted a constancy of spectroscopic 

characteristics. Contact profilometer measurements confirmed the film thicknesses to be 

independent of the deposition rate, i.e. 1000 ng of deposited molecules corresponds 

always to films (36 ± 9) nm thick. 

Films on the thermally planarized Tetoron® were subsequently prepared following 

the same procedure as those on Si/SiOx. The deposition rates of 10, 70 e 200 ng/min were 
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chosen, which corresponded to the two boundary values and the intermediate one of the 

deposition on Si/SiOx, while all the other conditions were kept constant, so to be able to 

compare morphologies in the two substrates. Details on the preparation and 

planarization of the substrate are given in paragraph 3.1.3 - Experimental methods.  

The conditions tested for Indigo film fabrication by the physical deposition 

method MBE are summarized in Table 3.2, along with the thickness of obtained films. 

More details about the sublimed powder are reported in paragraph 3.1.8 ς Appendix II. 

 

Table 3.2: Summary of the deposition conditions tested for the fabrication of Indigo films by MBE 

Crystalline Powder used for fabrication Substrate Deposition rate (ng/min) Thickness (nm) 

Commercial Powder 
Silicon 
oxide 

no film no film 

Sublimed 200 °C - ǊŜŎǊȅǎǘŀƭƭƛȊŜŘ Ғ олϲ/ 
Silicon 
oxide 

10, 20, 50, 100 from 50 to 100 

Sublimed 200 °C - ǊŜŎǊȅǎǘŀƭƭƛȊŜŘ Ғ молϲ/ 
Silicon 
oxide 

10, 20, 42, 70, 
101, 170, 200 

36 ± 9 

Sublimed 200 °C - ǊŜŎǊȅǎǘŀƭƭƛȊŜŘ Ғ молϲ/ Tetoron® 10, 70, 200 Ғ 30 

 

The last test made for studying the Indigo behaviour on film was to grow some 

films by using the sublimed powder at 200 °C and recrystallized at 130 °C for three times. 

Only one sample was deposited at 10ng/min on silicon wafer and its Raman spectrum 

displays the same pattern of the other samples (such as Figure 3.21) while its AFM 

ŀƴŀƭȅǎƛǎ ǿŀǎ ǇƻǎǎƛōƭŜ ŜǾŜƴ ǿƛǘƘƻǳǘ ǘƘŜ ǘǊŜŀǘƳŜƴǘ ƻŦ олΩ ƛƴ aƛƭƭƛ-Q water.  

 

Morphological Characterization 

As shown in the AFM images of Figure 3.19, Indigo films are composed of grains, 

that evolve from large faced structures to spherical ones, for the lowest (10 ng/min) and 

ǘƘŜ ƘƛƎƘŜǎǘ όнлл ƴƎκƳƛƴύ ŘŜǇƻǎƛǘƛƻƴ ǊŀǘŜ ˄Σ ǊŜǎǇŜŎǘƛǾŜƭȅ όFigure 3.19a, g). The films are 

just above the percolation limit ŦƻǊ ˄ Ґ мл ƴƎκƳƛƴ όǎǳǊŦŀŎŜ ŎƻǾŜǊŀƎŜ ʻ Ғ ул ҈ [109] and 

reach full coverage ŦƻǊ ƘƛƎƘŜǊ ˄Φ ¢ƘŜ ƎǊŀƛƴǎ ǎǳǊŦŀŎŜ ŘŜƴǎƛǘȅ b όƛΦŜΦ ƴǳƳōŜǊ ƻŦ ƎǊŀƛƴǎ ǇŜǊ 

unit surface) increases as Ҟ˄ Σ ǿƘƛƭŜ ǘƘŜ ŀǾŜǊŀƎŜ ǊŀŘƛǳǎ ƻŦ the grains and their volumes 
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decay exponentially vs ˄ όFigure 3.19h), similarly to what reported in the literature for 

perylene films. [110] Thermodynamically, the deposition rate drives the films equilibrium 

from a 3D (rough) toward a 2D (flat) growth regime, by increasing the super-saturation 

of the sublimated molecules [111] ƻǊΣ ŜǉǳƛǾŀƭŜƴǘƭȅΣ ǘƻ ƛƴŎǊŜŀǎƛƴƎ ˄ ŎƻǊǊŜǎǇƻƴŘǎ ŀ 

decreasing of the molecular diffusion length. 

 

 

Figure 3.19: Topographic images of Indigo films deposited on thermal Si/SiOx at room 
temperature for increasing deposition rates: 10 (a), 20 (b), 42 (c), 70 (d), 101 (e), 170 (f) and 200 ng/min 

(g). In order to highlight the morphological evolution of grains, 3 x 3 µm2 topographic images were 
presented. 

 

Independently of the deposition rate, the roughness analysis of images with 

different lateral sizes (from 40 to 1 µm) highlights a roughness saturation above 5 µm. 

[112] !ŎŎƻǊŘƛƴƎƭȅΣ ǘƘŜ ŜǾƻƭǳǘƛƻƴ ƻŦ ǘƘŜ ǎǳǊŦŀŎŜ ǊƻǳƎƘƴŜǎǎ ˋ ǿƛǘƘ ǊŜǎǇŜŎǘ ǘƻ ǘƘŜ ǊŀǘŜ ˄ ǿŀǎ 

investigated by analysing 7 x 7 µm2 topographic images. The plot of Figure 3.20 shows an 
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initial plateau ŦƻǊ ˄ ғ нл ƴƎκƳƛƴ ŀƴŘ then decays ŀǎ ŀ ǇƻǿŜǊ ƭŀǿ ǿƛǘƘ ŜȄǇƻƴŜƴǘ ʵ Ґ лΦоф 

± 0.03. This value is close to what found for all films made by ultra-fast thermal deposition 

Ғ 0.49 [113] but, notably, it is higher than that of (0.28 ± 0.01) obtained for simulated non-

equilibrium growth with anomalous scaling, [114] like the case of Pentacene films 

deposited on SiO2. [115] 

 

 

Figure 3.20: Top plot: Exponential evolutions of the average grains sizes (radius Ravg and volume 
Vavgύ Ǿǎ ǘƘŜ ŘŜǇƻǎƛǘƛƻƴ ǊŀǘŜΦ .ƻǘǘƻƳ ǇƭƻǘΥ {ǳǊŦŀŎŜ ǊƻǳƎƘƴŜǎǎ ˋ Ǿǎ ǘƘŜ ŘŜǇƻǎƛǘƛƻƴ ǊŀǘŜΦ Lƴ ǘƘŜ ǊŀƴƎŜ ˄ > 20 

ƴƎκƳƛƴΣ ˋ ǎŎŀƭŜǎ ŀǎ ŀ ǇƻǿŜǊ ƭŀǿ ŀϊȄb (dot-dashed line). 

 

The films deposited on the polymer substrate displayed trends of the 

morphological parameters very similar to those recorded in silicon oxide, with the 

roughness ̀  decreasing with increasing deposition rate, showing the formation of 

increasingly compact, homogeneous and flat films. The same applies to volume, area and 

size of the grains, with the presence of smaller, spherical structures characterizing the 

highest rate. Together with these strong similarities, there are relevant differences. At 

the same deposition rate, on the polymer the roughness is higher, (20 ± 1) nm and (13 ± 

1) nm at the highest and lower deposition rates, respectively; correspondingly, grain 



Chapter 3 - Organic Semiconductors  

 

 

73 

dimensions are larger. These experimental evidences point to a lower interaction of the 

Indigo molecules with the polymeric substrate, which results in less smooth and worse 

organized films compared to silicon oxide.  

 

Raman and XRD characterization 

The AFM morphologic characterization, and in particular the behaviour of the 

roughness ̀ vs the deposition rate ˄, suggested narrowing the field of investigation to 

the samples prepared at the deposition rates of 10, 70 and 200 ng/min, i.e. the lowest, 

intermediate and fastest rates, as representative of Indigo behaviour in films.  

Raman spectra reported in Figure 3.21 were acquired on the three representative 

samples on Si/SiOx and provide information on the solid phase in the films. The analysis 

relies on the previous Raman characterization of Indigo in bulk crystals. This showed how 

polymorphs A and B can be discriminated by their different spectra in the lattice phonon 

region. Unexpectedly for packing polymorphs, these can be distinguished also by marker 

bands in the energy region of the molecular vibrations, due to their different patterns of 

intermolecular H-bonds.  
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Figure 3.21: Micro Raman analysis of Indigo film obtained at rate 10, 70 and 200ng/min on 
silicon wafer. On the left side: Raman spectra in the energy interval of the lattice phonons. Right side: 
Raman spectra collected in the energy interval of the intramolecular vibrations (here the wavenumber 

ranges displayed is suitable for polymorph identification). 

 

The lattice phonon region collected for all the Si/SiOx films displays a broad band 

centred around 42 cm-1 and two more broad peaks at 92 and 102 cm-1, which allow us to 

identify B as the polymorph present in the samples, based on the results both of its single 

crystal spectrum and of power samples previously reported. The assignment is confirmed 

by the Davydov splittings at 132/139 cm-1 and at 1576/ 1587 cm-1 (see Figure 3.13), which 

have been identified as the molecular modes lying at different wavenumbers in the two 

polymorphs. Spectra were collected at several spots of the films, detecting always the 

same peaks, patterns and background, with no relevant changes in band relative 

intensities, which would denote different crystalline orientations in the microdomains. 

Thus, the picture given by Raman is that of films appearing homogenous on a microscale 

and containing only one polymorph. The analysis cannot provide much information about 

the film molecular organization: the broadening of the lattice phonon peaks compared to 

ǘƘŜ ǎƛƴƎƭŜ ŎǊȅǎǘŀƭΩǎ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ ƎŜƴŜǊŀƭ ŀǇǇŜŀǊŀƴŎŜ ƻŦ ǘƘŜ ǎǇŜŎǘǊŀΣ ǎƛƳƛƭŀǊ ǘƻ ǘƘƻǎŜ ƻŦ 
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the crystalline powder, suggest a lack of order, which will be more accurately investigated 

by other techniques, as explained in this chapter. 

Raman spectroscopy was applied also to the identification of the phase in the films 

deposited on Tetoron® (reported in Figure 3.22). The lattice phonon spectra are alike 

those recorded on silicon wafer of Figure 3.21 and confirm the presence of the sole B 

phase in a powder-like state. However, compared to silicon wafer, the spectra have a 

worse signal-to-noise ratio, a feature probably due to a lower degree of crystallinity of 

the film, as suggested by AFM. Given the only semi-crystalline nature of the polymer, no 

bands ascribable to lattice phonons were observed in the low energy range, interfering 

with Raman measurements. The overlap between substrate and IndigoΩǎ ǾƛōǊŀǘƛƻƴŀƭ 

bands is instead large in the intramolecular energy range. This makes complicated over 

this interval the polymorphic identification, which can only be based on the band of the 

B form at 1576 cm-1. 

 

 

Figure 3.22: Micro Raman analysis of Indigo film obtained at deposition rates 10, 70 and 
200ng/min on Tetoron®. Left side: Raman spectra in the energy interval of the lattice phonons. Right side: 
Raman spectra collected in the energy interval of the intramolecular vibrations; the grey trace is for the 

pure substrate. Black dash lines highlight the few Indigo peaks not covered by the substrate bands. 

 

Even though the failure of the X-ray investigation to recognize the Indigo crystal 

modifications was known, we to apply the technique for a screening of the films grown 
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on silicon wafer substrate. The reason was this was twofold: check for crystallinity and 

comparison with the previous literature results for reproducibility. [85], [86] 

Figure 3.23 shows the patterns for the samples with the three selected deposition 

rates. The film deposited at the rate of 200 ng/mg does not show any peak attributable 

to Indigo. Instead, those obtained at lower deposition rates, namely 70 and 10 ng/min, 

display virtually identical diffraction patterns with two peaks: the first at 10.7°, already 

observed in the drop casted films, corresponding to a d-spacing of 8.3 Å, and the second 

at 33°, due to the substrate. The peak position and the inter-plane distance agree with 

the previous determinations. [85], [86] By combining this information with the knowledge 

that the structure is that of the form B, obtained from the Raman, we can infer that the 

films are weakly oriented alongside the ρ π π Miller plane. The Scherrer equation [116] 

was used to evaluate the average crystallite size, which turn out to be 19.85 nm and 16.03 

nm for the film obtained at 10 ng/min and 70 ng/min, respectively 

 

 

Figure 3.23: XRD pattern of Indigo thin films grown on Si/SiOx wafer by sublimation at different 
deposition speeds: 10 ng/min (black-line), 70 ng/min (red-line), and 200 ng/min (orange-line). 
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TEM measurements 

TEM analysis was carried out on the films on Si/SiOx, both in bright field (BF) 

electron microscopy and electron diffraction (ED) modes.  

To compare the information provided on the nanomorphology of the samples by 

the AFM and BF images, these are shown in Figure 3.24. The BF image of the 10 ng/min 

sample clearly reveals that the grains detected by AFM are not single crystals, even when 

they appear to have neat edges. They are instead made of randomly oriented, smaller 

crystalline domains of irregular shape, embedded in each grain and identified by a 

sharper contrast in Figure 3.24. Their average dimensions can be roughly estimated by 

increasing the resolution. The much smaller grains of the films deposited at rates 70 and 

200 ng/min are defined by the brighter boundaries in the BF image of Figure 3.24 and 

also here at higher resolution the presence of nanosized subdomains is evident.  

 

 

Figure 3.24: Comparison between AFM analysis (on the top) and TEM measurements in bright 
field (on the bottom) performed on the Indigo film on silicon wafer. 
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The evolution of the ED pattern as a function of the deposition rate is displayed 

for the three representative samples in Figure 3.25, where both the SAEDs, large area ED 

and the corresponding averaged radial profiles of large scale ED are reported. At the 

lowest deposition rate, we observe a set of few, sharp reflections in the SAED, which 

increase on increasing rate, finally evolving into the almost continuous ring of a highly 

polycrystalline sample. In particular in the SAED (Figure 3.25 at 10ng/min) only one 

fragment of Indigo is selected. The crystals exhibit a twinning structure and the SAED 

pattern can be thoroughly indexing as three twin domains oriented along the [2,1,1] axis.  

This result is in agreement with the observation of larger crystal domains in the 

low rate grown sample. One reflection is clearly dominant in all cases and corresponds to 

an inter-planar distance of 6.11 Å, that can be indexed as ρ π ς  on the bases of Indigo 

polymorph B structure. The large area ED patterns reveal the presence and the evolution 

with deposition rate of the rings with indexes ρ π ς  and ρ ρ ρ  in all the films. Overall, 

the ED patterns show that even when larger crystallites are present, the film still is 

characterized by a poor order, even though there appears to be a preferred direction of 

growth as suggested by the prevailing ρ π ς  reflection.  

The picture emerging is that in the samples deposited at lower rate, the first layers 

produce a quasi-uniform film on which fragments poorly aligned and much smaller 

crystallites with random orientation grow. This results in the polycrystalline pattern 

observed in the large area ED, while the SAED measurements, selecting single fragments, 

identify well defined orientations. 
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Figure 3.25: The figure shows a comparison between the three samples in SAED (on the top) and 
large area (about 50 µm) ED in the centre and the corresponding radial averaged profile evidencing the 

major reflections. 

 

To induce a better crystallinity and improve the organization of the film micro-

domains, the grids were subjected to SVA with methanol for 24 h, as this method has 

proven to be very effective in improving crystallization while avoiding the destruction of 

the material. [117] In such a process the film is partially dissolved by solvent molecules 

diffusing at the interface and can re-organize by self-assembly. 

Following the treatment, all the films displayed modification of the ED patterns 

which indicated some sort of re-organization. For instance, a SAED (Figure 3.26) recorded 
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on the 10 ng/min film after SVA could be indexed and simulated assuming a τ ρ ς zone 

axis (perpendicular to the contact plane) of Indigo polymorph B, thus confirming the 

phase assignment.  

 

 

Figure 3.26 Left: chamber used for the SVA processing of the Indigo films; right: The SAED pattern 
obtained on the 10ng/min film after SVA, corresponding to the [4 1 2] zone axis. 

 

To describe in detail the effect of the annealing, we focus on the outcome for the 

200 ng/min sample, where changes were more pronounced, probably due to the smaller 

size and higher proximity of the grains, which allowed for a larger molecular mobility 

compared to the other films. In the SVA treated sample we can observe better defined 

edges of the grains, while on the surface crystals display some terraces. Very likely, the 

SVA treatment removes the smallest crystallites, sort of cleaning of the film surface, 

which can thus display the underlying texture. In addition, the polycrystalline domains 

might have undergone a re-organization through intramolecular rearrangements. 

Noteworthy, the untreated film did not display any peak in the X-ray analysis of Figure 

3.23, whereas now the ρ π π reflection is clearly detectable. 
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Figure 3.27: a) BF image performed on 200 ng/min Indigo film after SVA treatment;  b) ED 
pattern of the SVA treated sample,  c) Simulated pattern that reproduces crystals with the π ρ π zone 

axis,  d) Averaged section profiles of large-scale made on the ED shown. 

 

In Figure 3.27 the angular averaged ED pattern of the SVA-treated film is shown. 

Reflections have greatly increased in number and intensity, to indicate the re-

organization that has taken place in the sample. However, the SAED pattern does not 

display a corresponding quality improvement, with the previously observed ρ π ς  still 

clearly predominant. Figure 3.27 shows a SAED along with the calculated ED pattern 

corresponding a to π ρ π zone axis, which accounts for some of the observed features.  

The electron diffraction pattern Figure 3.27 collected on the film might be 

described as a superposition of two sets of features. The former represents the minority 

of the crystals and consists of the sharper reflections ascribed to crystals having the 

crystallographic π ρ π contact plane, corresponding to the π ρ π zone axis, whose 

simulated ED pattern is shown in Figure 3.27, together with the resulting arrangement of 
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the molecules at the solid interface. The latter is a fibre (arc) pattern around the ρ π ς  

direction and represents the majority of the crystals. This pattern pictures a situation in 

which most of the crystals share the in-plane orientation of the c axis, which thus lies 

always on the contact plane. Only the c axis seems to be well in-plane oriented, while the 

crystals have all the possible orientations around it, with (h k 0) contacts planes. However, 

a certain degree of mosaicity is still present in the sample, that is the c crystal axis in some 

domains might not be strictly lying on the contact plane, thus making accessible to the 

other techniques a variety of crystallographic faces. This might explain the X-ray 

observations and especially the Raman spectra, which in fact probe on a micrometric 

scale a condition similar to that of a powder sample. 

 

 

Figure 3.28: The two pictures shown the organization of the molecule compared to substrate by 
two different prospective, as described in the main text. 

 

The predominant ρ π ς  reflection, as mentioned above, corresponds to an 

inter-planar distance of 6.11 Å in Indigo polymorph B. This is the direction in which, as 

can be seen from Figure 3.28a, the strong intermolecular H-bond interactions 

characterizing the Indigo solid-state are exerted. Such interactions appear to govern the 

crystal growth, in fact hampering the development along other lattice directions. 

Accordingly, other reflections are of low intensity or undetectable. The SVA treatment 

helps re-organizing the film, but the dominating H-bond interactions impede its 

transformation in a more crystalline form. This appears to be a case of H-bond induced 

frustration of 3D crystallization caused by a prevailing one-dimensional H bond pattern 
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in the lattice and could explain the difficulties normally encountered in obtaining films of 

this material, as well as the likely occurrence of a quasi-amorphous state. However, the 

time this thesis must be finalized, further analyses are in progress to increase the 

information provided by the TEM measurements. 

 

3.1.7. Conclusions 

The characteristics of the concomitant Indigo A and B polymorphs have been 

revisited by our work. Phases A and B are very similar, with close lattice parameters, 

almost identical packings and closely corresponding interatomic distances. With a 

threshold of 1 Å, typically used in crystal predictions to identify different structures by 

comparing their lists of interatomic distances, the two forms would be considered 

identical. Nevertheless, we have shown that they are indeed different: experimentally 

because they exhibit clearly different XRD and Raman spectra; computationally because 

they converge to distinct minima.  

With a combination of single-crystal and powder X-ray diffraction (XRD) 

techniques, we were able to characterize the bulk phases and provide ŀ ŎƭŜŀǊ άǇƛŎǘǳǊŜέ 

of the polymorphic composition of the samples. A and B modifications often coexist in 

bulk, even if phase B seems to be the predominant one. It must be noticed that, in 

contrast to what has been described literature, the commercial powder available to us is 

almost entirely composed of the B form, which since its first identification has been 

assumed to be not trivial to isolate and possibly metastable. The same applies to the 

product of sublimation, where the B form dominates, but which can be enriched in A by 

changing the deposition conditions. 

In the films, XRD cannot generally identify unambiguously which polymorph is 

present, a complication that has already been reported in the literature. [85] We 

successfully tackled this problem carrying out a Raman investigation on the bulk phase, 

both on the lattice phonons region and on selected intramolecular modes, where spectral 

features for Indigo polymorph discrimination can be found. With the situation of the 

polymorphs clarified by the experiments in the bulk, the characterization of the films has 
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become possible. We have shown that in all the cases in which the close similarities of 

the two structures impairs their identification by XRD investigations, the micro Raman 

technique is sensitive enough for polymorph discrimination, identifying the B form as the 

only one present in films obtained by drop casting and by ultrahigh vacuum (UHV) 

deposition. In fact, it was the knowledge of the phase yielded by Raman which was used 

to index the TEM reflections, even though the spectroscopic approach did not enable us 

to gather understanding on the molecular orientation on the films.  

Concerning the characteristics of the films, we have demonstrated that 

homogenous, stable and reproducible samples can be obtained both on silicon wafer and 

Tetoron® substrates, but high chemical purity is a necessary prerequisite for this. By AFM 

we have studied their morphology as a function of the deposition rate, while the TEM 

analyses have been carried out to determine the molecular organization of the samples 

at the interface. The poor crystallinity displayed in all our specimens has been improved 

by the SVA treatment and the obvious next step will be the measurements of their charge 

transport characteristics.  

 

 

 

3.1.8. Appendices  

Appendix I: Crystal data and details of measurements for Indigo A 

Table A1: Crystal data and details of measurements for crystalline Indigo grown from PVT 
collected at RT and at 210K and corresponding in both cases to Indigo form A. 

 A (RT) A (210 K) 

Formula C16H10N2O2 C16H10N2O2 

Fw 262.26 262.26 

Cryst. System Monoclinic Monoclinic 

Space group P21/n P21/n 

Z 2 2 

a (Å) 9.2850(9) 9.1942(8) 
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b (Å) 5.7941(4) 5.7876(6) 

c (Å) 11.5722(9) 11.4878(8) 

ʰ όŘŜƎύ 90 90 

ʲ όŘŜƎύ 108.710(10) 108.268(9) 

ʴ όŘŜƎύ 90 90 

V (Å3) 589.66(8) 580.48(9) 

Dcalc (g/cm3) 1.477 1.500 

˃ όƳƳ-1) 0.100 0.101 

Measd reflns 3667 2516 

Indep reflns 1030 1325 

R1[on F0
2Σ LҔнˋόLύϐ 0.0441 0.0662 

wR2 (all data) 0.1475 0.1709 

highest diff. peak (e/Å3) 0.198 0.320 

Deepest hole (e/Å3) -0.341 -0.307 

 

 

 

Appendix II: Comments on the purification of Indigo in view of film 

fabrication  

This paragraph is dedicated to the processes of fabrication of Indigo films and thin 

films and to their structural characterization.  

Preliminarily, it is necessary to spend some words on the important issue of the 

chemical purity of the material, which in this case has turned out to greatly affect both 

morphology and phase composition of the solid compound. The implication of this is that 

quality of the starting material has significant consequences for the quality and 

reproducibility of thin films prepared by UHV deposition. Note the raw product employed 

(TCI Indigo) was one of the purest on the market, but still declared to contain 3% of 

impurities. Possible problems of chemical contamination are not mentioned in the 

literature and the sublimation conditions adopted for the material purification are not 
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given. The procedure followed to achieve by sublimation the crystalline powder suited 

for Indigo film fabrication, starting from the commercial raw material, is in the paragraph 

3.1.3 - Experimental Method. Phase composition and crystal morphology of the sublimed 

material are reported in the paragraph 3.1.4 - The Indigo crystal structures. Here we 

widen the information by describing in more detail the purification attempts finally 

leading to the crystalline powder used for the film deposition. 

Table A2 contains the list of the tested sublimation conditions, chosen after 

realizing that the phase composition could be shifted and adjusted in favour of one or the 

other polymorph, by acting both on the sublimator hot stage and on the deposition 

temperatures. Each item of the list corresponds to a crystalline batch that has been 

analysed by Raman and powder XRD. 

 

Table A2: The parameter used for the sublimations are described in this table. All these processes 
took about 1 or more days, depending on the number of cycles performed. 

T hot stage (°C) T cold finger (°C) Cooling water Cycles (n) 

120 - 170 Ғ ол Ҟ 1 

185 Ғ ол Ҟ 1 

200 

Ғ ол Ҟ 1 

Ғ ол Ҟ 2 

70 Ҟ 1 

60 Ҟ 1 

50 Ҟ 1 

Ғ мол X 1 

Ғ мол X 3 

 

The optimal hot stage temperature was found to be of 200°C; at lower 

temperatures Indigo vapor pressure is insufficient, but discoloration was observed at 

higher temperatures, even in inert atmosphere. In no condition was the sublimated 

material composed of a single crystalline phase, and the situations closer to such a case 

were the commercial powder (97% of B) and the product of a triple sublimation at a high 

deposition temperature (10% of A). The relative amounts of the two polymorphs, 
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determined through a Rietveld refinement, are reported in Figure A1 as a function of the 

deposition temperature (at the left-hand side of the temperature coordinate the datum 

for the commercial powder is given). There appears to be a trend in the range 30 to 80 

°C, where the A content increases on increasing the temperature. It should be noted, 

however, that this is counterintuitive with the notion of B being the less dense form, 

probably with a range of thermodynamic stability at temperatures higher than A. Besides, 

such a trend does not seem to occur for the highest deposition temperature, where 

comparable amounts of the two forms are observed.  

 

 

Figure A1: Compositions (%) of crystalline powder vs deposition temperature. 

 

A high deposition temperature certainly contributes to the formation of larger 

crystals of regular shape, favoured by the slower growth process, as verified by both the 

XRD diffractograms and the Raman spectra. For instance, in Figure A2 we compare the 

typical lattice phonon Raman spectra of crystallites obtained at the lowest and the 

highest deposition temperatures. The former is virtually identical to that of the 

commercial powder; the latter displays narrower, and therefore better resolved bands, 

an indication of an improved order and crystallinity. Furthermore, in the specimens 

collected at high T we observed a drastic reduction of the spectral background, which can 

be taken as a diagnostic of an improved chemical purity of the material. As shown in the 
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following, these pieces of information, that is the need of keeping the deposition 

temperature high to achieve a better crystallinity and a higher degree of purification, 

were the guidelines for the fabrication of film in UHV conditions. 

 

 

Figure A2: The Figure shows the trend of the lattice phonon Raman spectra with the 
crystallization temperature. 

 

ESI Mass spectroscopy (ESI-MS) and NMR analyses were performed on the 

powders obtained in different conditions, trying to clarify their different behaviour when 

employed in film fabrication, even though the application of these techniques was not 

trivial due to the low Indigo solubility. In fact, the results obtained by ESI-MS could not 

be used, due to reproducibility problems. The NMR spectra instead, did not evidence any 

difference between the samples. To prove this, we report in Figure A3 the spectrum of 

the commercial powder along with those of the powders obtained at the lowest (30°C) 
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and highest (130°C) temperatures of our range. They all look identical. Whatever the 

impurities, their concentrations remain below the detection limit of the technique and 

no clue is given of the chemical origin of a distinct behaviour. 

 

 

Figure A3: HNMR spectra of the Indigo powders. The regions shown are corresponding to the 
aromatic (left side) and amine (right side) hydrogen. 
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3.2. Thioindigo 

Paragraphs concerning the study of Thioindigo in its bulk and film state have been adapted from 
the publication Rivalta A, Giunchi A, Pandolfi L, Salzillo T, ŘΩ!Ǝƻǎǘƛƴƻ S, Werzer O, Schrode B, 
Demitri N, Mas-Torrent M, Brillante A, Della Valle RG and Venuti E, άCrystal alignment of surface 
stabilized polymorph in thioindigo filmsέΣ Dyes and Pigments, (2020), 172, 107847.  
DOI: 10.1016/j.dyepig.2019.107847. 
 

3.2.1. Introduction 

Thioindigo (2-(3-oxo-1-benzothiophen-2(3H)-ylidene)-1-benzothiophen-3(2H)-

one) is a synthetic Indigoid which is known as a vat dye [118] and, as the other compounds 

of this family, is characterized by a very low solubility in virtually all solvents. At the 

beginning of the 19th century, its proprieties as a pigment appeared interesting for 

companiesΩ applications and a synthetic route suitable for industrial scale production was 

implemented. The way to produce it is by the alkylation of the sulfur in thiosalicylic acid 

with chloroacetic acid. The resulting thio-ether cyclizes to 2-hydroxythianaphthene and 

can be easily converted to Thioindigo. [119] 

In addition to its very good properties as the vat dye, recently Thioindigo has 

aroused the interest for its employment as a functional material in a number of 

applications. In fact, albeit smaller than Indigo, also this compound exhibits hole field-

effect mobility. [83] In addition, the electrical properties of the silicon/Thioindigo 

heterojunction were studied in view of applications in organic photodiodes and organic 

photovoltaic devices. [120] However, a satisfactory characterization of its solid-state is still 

lacking. Given the effect that the fabrication process can have in determining the phase 

in which the final product is obtained, [121] this knowledge is important. For crystalline 

products, the link between chemical-physical and structural properties implies that a 

sound knowledge of polymorphism and degree of order is a necessary requirement. This 

is why we included this synthetic Indigo derivative, which is known to display 

polymorphism, [92], [122] in our studies on the relationship between crystal structures and 

physical properties of organic dyes, aimed to explore their applications as functional 

materials in the field of organic electronics.  
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In all the applications so far demonstrated, thin films of this material were 

fabricated by evaporation techniques, without reporting the polymorph obtained and 

thus without identifying the phase responsible for the final electronic properties. [123] 

Currently, Thioindigo is known to display two crystal phases, named here h  ŀƴŘ ʲΦ 

Their full characterization was performed as part of the PhD research activity in 

collaboration with various groups. Simulations and X-ray experiments were performed, 

concurrently to the Raman work, by co-workers at Bologna University. A άaŀǊŎƻ tƻƭƻέ 

grant, with a three months secondment, was spent at the University of Graz in Austria, 

where specular X-ray diffraction, GIXD and AFM were employed on films obtained by 

drop-cast, with the opportunity of joining the Graz research group for synchrotron 

measurements in Trieste. Finally, homogeneous films were made using the BAMS 

deposition method in collaboration with the ICMAB Institute of Barcelona. 

 

3.2.2. Thioindigo crystal structures 

Table 3.3 reports the cell parameters collected in our work, compared to the 

literature data. The Table also contains the structural parameters predicted by the DFT-

5оҍǾŘǿ ŎŀƭŎǳƭŀǘƛƻƴǎΦ 
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Table 3.3: Crystallographic data for Thioindigo polymorphs, as determined in this work and from 
the literature. Experiments are compared to the results of the DFT-5оҍǾŘǿ ŎŀƭŎǳƭŀǘƛƻƴǎ ŀƭǎƻ ōȅ ƳŜŀƴǎ ƻŦ 

ǘƘŜ wa{5җмр between the interatomic distances. 

Form REFCODE a (Å) b (Å) c (Å) ʲ όŘŜƎύ 
Volume  

(Å3) 
T (K) 

Space 
group 

RMSDҗмр 
(Å) 

ʰ  

SINDIG 
[92] 

7.91(3)  3.97(2) 20.41(3) 93 640.051 RT P21/c /   

Our work 
[124] 

7.8130(16) 3.8820(8) 20.503(4) 93.10(3) 620.947 100 P21/c 0.05 

7.8770(16)  3.9390(8) 20.542(4) 92.67(3) 636.675 RT P21/c 0.05 

 ̡

SINDG02 
[122] 

3.981(3)  20.65(2) 7.930(7) 98.84(5) 644.163 RT P21/n /  

Our work 
[124] 

3.8644(3) 20.3897(14) 7.8016(5) 98.610(6) 607.791 100 P21/n 0.043 

3.9342(3) 20.4464(11) 7.8580(6) 98.074(7) 625.834 RT P21/n 0.045 

 h
DFT calc 

[124] 
7.8408  3.8347  20.1538  93.147 605.053 0 P21/c  /  

 ̡
DFT calc 

[124] 
3.8481 20.1325  7.8525  97.539 603.089 0 P21/n /  

                 

 

The unit cell ƻŦ ǇƻƭȅƳƻǊǇƘ ʰ ƛǎ ƳƻƴƻŎƭƛƴƛŎ (P21/c) with two molecules (Z=2) 

residing on crystal inversion centres. The molecular geometry is Ci, with very little 

deviation from a planar C2h and, for this phase, molecules are stacked along the very short 

monoclinic axis b. Accordingly, in the projection along b, molecules appear lying in parallel 

rows on the plane ac (see Figure 3.29). The pƻƭȅƳƻǊǇƘ ʲ ǎƛngle-crystal structure yields a 

monoclinic (space group P21/n) and also in this case the unit cell contains two molecules 

on inversion centres. The molecular geometry is virtually identical in the two polymorphs, 

ōǳǘ ǘƘŜ ǇŀŎƪƛƴƎ ƻŦ ʲ ƛǎ ǉǳƛǘŜ ŘƛŦŦŜǊŜƴǘ ŦǊƻƳ ǘƘŀǘ ƻŦ ŦƻǊƳ ʰΣ ǿƛǘƘ ǘƘŜ ƳƻƭŜŎǳƭŜǎ ǎǘŀŎƪŜŘ 

along the shortest axis a, and appearing in a projection along this axis as shown in Figure 

3.29. In both polymorphs, -̄ˉ ǎǘŀŎƪƛƴƎ ƛƴǘŜǊŀŎǘƛƻƴǎ ŀǊŜ ŜȄŜǊǘŜŘ ōŜǘǿŜŜƴ ǘƘŜ ƳƻƭŜŎǳƭŜǎ 

ŀƭƛƎƴŜŘ ŀƭƻƴƎ ǘƘŜ ǎƘƻǊǘ ŀȄŜǎ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜΣ ōǳǘ ǿƘƛƭŜ ƛƴ ǘƘŜ ʰ ǇƻƭȅƳƻǊǇƘ ŀƭƭ ǘƘŜ ǎǘŀŎƪǎ 

are arranged parallel to each other, ǘƘŜ ʲ ƴŜƛƎƘōƻǳr stacks are rotated with respect to 

each other. Intra-stack distances and relative molecular orientations within the stacks are 

very close in the two structures.  
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Figure 3.29Υ tŀŎƪƛƴƎ ƻŦ ǘƘŜ ʰ- ŀƴŘ ʲ-Thioindigo polymorphs; left: projection along the 
ŎǊȅǎǘŀƭƭƻƎǊŀǇƘƛŎ ŀȄŜǎ ō ŀƴŘ ŀ ŦƻǊ ǇƻƭȅƳƻǊǇƘǎ ʰ ŀƴŘ ʲΣ ǊŜǎǇŜŎǘƛǾŜƭȅΤ ǊƛƎƘǘΥ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ƻŦ ǘƘŜ ǇŀŎƪƛƴƎ 

along the stacking direction. [124] 

 

In our re-determination of the Thioindigo structures, data were collected at 100 K 

and room temperature (RT) for both forms, always finding ŦƻǊƳ ʲ slightly denser (by 

about 2% at RT), with a trend indicating a decrease of density difference on increasing 

temperature.  

Lƴ ŀƎǊŜŜƳŜƴǘ ǿƛǘƘ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ŦƛƴŘƛƴƎǎ ŀǘ ŦƛƴƛǘŜ ǘŜƳǇŜǊŀǘǳǊŜΣ ǇƻƭȅƳƻǊǇƘ ʲ 

ƛǎ ŎŀƭŎǳƭŀǘŜŘ ǘƻ ōŜ ǎƭƛƎƘǘƭȅ ŘŜƴǎŜǊ ǘƘŀƴ ǇƻƭȅƳƻǊǇƘ ʰ ŀǘ л YΦ ¢ƘŜ ŜƴŜǊƎȅ ŘƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ 

ǘƘŜ ǘǿƻ ǇƘŀǎŜǎ όҒ 0.02 kcal/mol), however, is smaller than the computational accuracy 

reported for these calculations [125] and, in fact, it is impossible to reliably predict which 

modification is the more stable. Even though the calculated volumes at the minimum 

energy, which do not include the thermal expansion, are smaller than the experimental 

ones, the agreement is very good, and has been quantitatively determined by computing 

the RMSDҗмр between the interatomic distances. [126] The latter is an effective way of 

comparing crystallographic structures, in which all the interatomic distances between a 

reference molecule and at least 15 neighboring molecules in a spherical environment are 
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listed, and pairs of structures are then compared by means of the root-mean-square-

deviation (RMSD15) between the distance lists. 

The precious ƛƴŦƻǊƳŀǘƛƻƴ ƻƴ Ƙƻǿ ǘƘŜ ǎƛƴƎƭŜ ŎǊȅǎǘŀƭ ƻŦ ǇƻƭȅƳƻǊǇƘ ʰ ǿŜǊŜ originally 

obtained is not reported in the article where this form was the first described. [92] At 

present, commercially available Thioindigo is found to be entirely composed of 

ǇƻƭȅƳƻǊǇƘ ʲΣ ŀƴŘ, as reported in the following, most of the methods used to grow bulk 

crystals in our work have yielded this modification. This case appears similar to IndigoΩǎ, 

where the phase described in literature as metastable turns out to be, in fact, ubiquitous. 

 

3.2.3. Samples preparation 

Crystal growth: Thioindigo (TCI Chemicals, 95%) was purified by sublimation in 

low pressure at 250 °C in an inert atmosphere and by using cooling water at Ғ30°C, 

obtaining microcrystals of irregular shape. Both the commercial and the sublimed 

crystalline powders are made ƻŦ ǇƻƭȅƳƻǊǇƘ ʲΦ Different standard solvents were used to 

obtain crystals by slow evaporation, but, only from solutions of dichloro- and trichloro-

methane, small needle-shaped crystals (about 1 mm long) of the ʲ polymorph were 

grown. Single crystals of the same phase were also obtained by PVT. In this case, two hot 

end temperatures were selected in distinct experiments: 250 and 285°C, and 

temperature gradients of approx. 13 °C/cm and 15 °C/cm, respectively, were measured 

at equilibrium. 

 

Films obtained by drop casting deposition: Crystalline non-homogeneous films 

were obtained by drop casting filtered (0.02 ˃Ƴ filter) saturated solutions of various 

solvents onto 1.5 x 1.5 cm2 Si/SiOx wafers or glass slides. Substrates were previously 

cleaned by an ultrasonic bath in acetone, then deionized water, NaOH, and finally dried 

under nitrogen. Most solvents (among which dichloromethane, nitrobenzene, 

acetonitrile) yielded ōƻǘƘ ʰ ŀƴŘ ʲ ǇƻƭȅƳƻǊǇƘ ŎǊȅǎǘŀƭǎ ƻŦ ŀ ŦŜǿ ƳƛŎǊƻƴǎΣ indistinguishable 

for morphology, but that could be identified by micro Raman measurement of their 

lattice phonon modes. Deposition from xylene solution of sublimed Thioindigo powder 
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ȅƛŜƭŘŜŘ ƻƴƭȅ ǘƘŜ ʰ ŦƻǊƳΥ ƛƴ ǘƘƛǎ ŎŀǎŜΣ нр ˃L of filtered 10-3 M solution was deposited on a 

glass substrate kept at 60 °C, removing the excess solution by a fine tip of paper while 

spreading. The same procedure was applied while seeking for a third polymorph (see 

paragraph 3.2.8 - Appendix III), depositing у ˃L of solution directly on the grid used for 

TEM detection.  

 

Films obtained by BAMS deposition: These samples were fabricated on highly n-

doped Si wafers with 200 nm of thermally grown SiO2 (from SiMat), cleaned in ultrasonic 

bath with acetone and isopropanol and dried with nitrogen. This type of deposition is a 

shearing method where a Teflon bar is positioned above the substrate heated, in this 

case, ŀǘ мрл ϲ/ ŀƴŘ пл ˃L of solution 0.5 mg/ml (ca 1.5 × 10-3 M) were placed at the 

interface and sheared at the speed of 1 mm/s. The quality of the films was found to be 

strongly solvent-dependent: a Thioindigo saturated solution in 50/50 

Benzonitrile/dimethyl formamide (v/v) yielded non-ƘƻƳƻƎŜƴŜƻǳǎ ŦƛƭƳǎ ƻŦ ǘƘŜ ǇǳǊŜ ʰ 

form, whereas highly textured films of the same polymorph were obtained from pure 

anisole. The influence of the ink formulation and coating conditions during the deposition 

of organic semiconductors by BAMS has already been demonstrated to have an impact 

on the formed polymorph. [127], [128] All the solvents used (Sigma Aldrich) were of 

spectroscopic grade. 

 

3.2.4. Experimental methods 

Raman spectroscopy: Raman spectra in the energy interval of the lattice phonons 

with excitation wavelength at 647.1 nm. For Thioindigo, power was reduced by neutral 

density filters to avoid sample damage.  

 

X-ray Diffraction: CƻǊ ʰ-Thioindigo, single-crystal data collections were performed 

at the X-ray diffraction beamline (XRD1) of the Elettra Synchrotron, Trieste (Italy). [129] 

Individual crystals were obtained by removing them from the substrate surface of a 

microcrystalline film obtained by solution deposition in acetonitrile. To do this, the 
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crystals were dipped in NHV oil (Jena Bioscience, Jena, Germany) and mounted on the 

goniometer head with a nylon loop. The full datasets were collected at 300 K and 100 K 

(nitrogen stream supplied through an Oxford Cryostream 700 - Oxford Cryosystems Ltd, 

Oxford, UK) through the rotating crystal method on two distinct samples while data were 

acquired using a monochromatic wavelength of 0.700 Å, on a Pilatus 2M hybrid-pixel area 

detector (DECTRIS Ltd, Baden-Daettwil, Switzerland). Then the diffraction data were 

indexed and integrated using XDS. [130] The structures were solved by the dual space 

algorithm implemented in the SHELXT code. [131] Fourier analysis and refinement were 

performed by the full-matrix least-squares methods based on F2 implemented in SHELXL 

(Version 2018/3) [132] while the Coot program was used for modelling. [133] Anisotropic 

thermal motion refinement has been used for all atoms. Hydrogen atoms were included 

at calculated positions with isotropic Ufactors = 1.2 Ueq (Ueq being the equivalent 

isotropic thermal factor of the bonded non-hydrogen atom). Crystals show non-

merohedral twinning (reciprocal lattice two-fold twinning axis π π ρ ), with a twin 

fraction of Ғ45%, identified using PLATON TWINROTMAT algorithm. [134] Twinning is 

responsible for distortions on heteroatoms connectivities, therefore, carbonyl group 

geometric parameters have been restrained (using SHELXL DFIX and DANG cards). 

Single-crystal data obtained by slow evaporation of a dichloromethane solution 

were collected as described in the paragraph 3.1.3, and identified as Thioindigo ŦƻǊƳ ʲ 

(see cell parameters shown in Table 3.3). Its structure was redetermined to get data with 

more accuracy. All non-hydrogen atoms were refined anisotropically. HCH atoms were 

added in calculated positions. SHELX97 [94] was used for structure solution and refinement 

on F2. The program Mercury [95] was used to calculate intermolecular interactions and for 

molecular graphics. 

 

Grazing Incidence X-Ray Diffraction: GIXD measurements were performed in 

order to confirm the crystallographic phase on the film samples and to determine the 

direction of the unit cell axes with respect to the shearing direction in the BAMS 

deposition. The beamline XRD1 at the Elettra Synchrotron Trieste (Italy) was used with a 

set wavelength of 1.4 Å. Diffracted intensities were recorded using a Pilatus 2M detector 
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approximately 200 mm after the sample. For reducing the size of the incident X-ray beam 

on the sample and thus the peak widths, a relatively high incident angle of 1° was chosen. 

Due to the expected in-plane alignment introduced by the preparation technique, the 

sample had to be rotated around its surface normal during the GIXD measurement to 

ensure that all diffraction information was collected. A total of 150 separate diffraction 

images, each integrating over 2° of azimuthal sample rotation, were taken, that is a 300° 

azimuthal sample rotation was performed, which is enough to gain all the relevant 

information. In the first step, these data allow for the determination of the 

crystallographic phase after the summation of all the images. In the second step, that is 

evaluation of the in-plane alignment of the crystallites, the data from the 150 images of 

distinct azimuths can be used to calculate the pole figures for different peaks. Conversion 

of the measured data to reciprocal space, crystal phase analysis and pole figure 

calculations were performed using GIDVis. [135] The orientational analysis of the pole 

figure evaluation was performed using the software Stereopole. [136] 

 

3.2.5. Characterization of h and ̡  Thioindigo phases 

By applying Raman spectroscopy in the lattice phonon energy region, we were 

able to ŘƛǎŎǊƛƳƛƴŀǘŜ ōŜǘǿŜŜƴ ʰ ŀƴŘ ʲ Thioindigo phases and establish the reference 

spectra characteristic of each phase. The results obtained, complemented with the 

Raman measurements in polarized light, can be explained in terms of the structural 

organization of the two solid phase, also relying on the DFT-DоҍǾŘǿ simulated spectra at 

the room temperature structures. 

On the left of Figure 3.30, we show simulated and experimental Raman spectra of 

-hThioindigo crystal at wavenumbers lower than 200 cmҍ1. The spectra were measured 

on single microcrystals grown from Thioindigo drop cast samples in acetonitrile (crystal 

image in the Figure inlet) and xylene. On the right of Figure 3.30, we report ǘƘŜ ʲ-

Thioindigo spectra of the commercial powder, the crystals obtained by the PVT method 

and those from dichloromethane (image in the Figure inlet) solution, together with the 

simulations. The two polymorphs correspond to two significantly distinct profiles, and 
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this allows us to predict that their presence can be easily recognized when a still unknown 

sample is analysed.  

It is worth noticing that, like in Indigo, the commercial powder contains only the 

phase assumed so far to be the less stable one, i.e. ̡ , which was obtained also in most of 

the common growth methods like sublimation, recrystallization in solution or PVT. 

Following the calculations, the  hpolymorph displays six vibrational modes at 

wavenumbers lower than 80 cm-1. Over this range, experiments yield two broad bands 

that can be deconvoluted into the predicted number of closely located peaks, rendered 

in the computed trace by the convolution of Lorentzian bands with a HWHM (half width 

at half maximum) of 4 cm-1, adjusted to the experimental widths. The ̡ polymorph shows 

a better-resolved profile that, again, can reproduced by the appropriate convolution of 

the first six modes calculated for this phase. 

Table 3.4 reports the low energy calculated and experimental Raman shifts along 

with the symmetry assignments of the monoclinic P21/c space group and the component 

analysis of the calculated eigenvectors. Both structures correspond to centrosymmetric 

monoclinic lattices with two molecules/cell, thus with six Raman-active lattice phonons 

of symmetry 3Ag + 3Bg, having the character of pure rotations if the unit cell molecules 

are treated as rigid bodies. Such an approximation is certainly valid for a molecule such 

as Thioindigo, with a rigid skeleton and no flexible substituents, and is supported by the 

eigenvector analysis of the Table. At higher wavenumbers, other weaker bands can be 

observed, as shown in Figure 3.30, and they are correctly reproduced in both energy and 

intensity by the DFT simulations. These bands identify intra-molecular modes, common 

to both polymorphs, as evinced by comparing the two patterns. Note that, unlike what 

was reported for Indigo, over this region we have not observed bands that can be used 

as polymorph markers. This appears to confirm the hypothesis that only the H-bonds, 

which are absent in Thioindigo, are responsible for frequency differences between Indigo 

polymorphs in this interval.  
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Figure 3.30: Experimental (crystal samples) and unpolarized (powder) simulated DFT-D3-vdw 
Raman spectra, in the lattice phonons rangeΦ ¢ƘŜ ǎǇŜŎǘǊŀ ƻŦ ʰ-Thioindigo (left side) from xylene in are 
given for two different orientations of the crystal as an instance of crystal anisotropy. Vertical bars of 

height proportional to the intensity of the mode identify the calculated values, with colour codes yellow 
and violet for modes of symmetry Ag and Bg, as indicated. The spectral profiles are built by convolution of 

Lorentzian bands (see text for details). The spectra of ̡ - Thioindigo is reported on the right side (see 
images in the inlets). 

 

The anisotropic behaviour ƻŦ ǘƘŜ ʰ phase in single crystal is shown in the top left 

spectra of Figure 3.30, where the two traces for the crystal grown from xylene have been 

recorded for two distinct orientations of the same crystal. We can investigate the 

anisotropy by measuring spectra in polarized light, obtaining information which, as we 

will see below, can be usefully transferred to the interpretation of the film spectra. In the 

polarized Raman experiment (explained in paragraph 2.1.4) we must select the 

polarizations of both the incoming laser and the scattered radiation, finding the 

correspondence between each phonon band and its symmetry. [30] By decreasing the 

number of bands detected in each experiment, polarized measurements help in the 



Chapter 3 - Organic Semiconductors  

 

 

101 

deconvolutions by resolving spectra with broad bands which originate from overlaps. 

From these deconvolutions we have determined the experimental wavenumber of Table 

3.4. 

 

Table 3.4Υ ²ŀǾŜƴǳƳōŜǊǎ ƻŦ ǘƘŜ ǎƛȄ ƭƻǿŜǎǘ ŜƴŜǊƎȅ ƳƻŘŜǎ ƻŦ ǘƘŜ ʰ ŀƴŘ ʲ ŦƻǊƳǎ ŎŀƭŎǳƭŀǘŜŘ ǘƘŜ ŀǘ w¢ 
structure and their symmetry assignments. The lattice phonon character of each calculated mode is 
reported as the sum of the squared components for the rigid body rotations of the corresponding 

eigenvector. Lƴ ǘƘŜ ŎƻƭǳƳƴ ŎŀƭƭŜŘ ά9ȄǇέ ǿŜ Ƙŀve tried to associate the calculated vibration with the 
experiments.  

tƻƭȅƳƻǊǇƘ ʰ tƻƭȅƳƻǊǇƘ ʲ 

Sym 
Exp   

(cm-1) 
Calc   

(cm-1) 

Lattice 
Phonon 

(%) 
Sym 

Exp   
(cm-1) 

Calc   
(cm-1) 

Lattice 
Phonon 

(%) 

Ag 37 34.1 100 Ag 34 33.6 98 

Bg 36 33.7 100 Ag 47 45.9 100 

Ag 54 51 98 Bg 48 46.1 100 

Bg 62 58 98 Bg 65 66 96 

Ag 61 59 98 Ag 71 71.1 98 

Bg 65 67 88 Bg 74 72.8 98 

                

 

The results of the polarized Raman experiment, obtained from oriented single 

crystals of both phases, are shown in Figure 3.31. The left side is representative of the h  

polymorph. The scattering plane of the crystals in the image of Figure 3.31 was 

determined by X-ray measurements and corresponds to the crystallographic face ab or 

π π ρ, with b being the axis of fastest crystal growth. We can thus decode the spectra 

measured with polarized light in backscattering geometry. The labels (aa), (bb), and (ab) 

in the Figure are used to indicate the polarization vectors of incident (first letter) and 

scattered (second letter) light in relation to the crystallographic axis of a sample oriented 

along its extinction directions. [35] The unpolarized spectrum is given as a reference at the 

bottom of the Figure and corresponds to a situation where the exciting light is normal to 

the randomly oriented face π π ρ and there is polarization discrimination for the 

scattered light. DFT-5оҍǾdw polarized spectra calculated for the given face π π ρ are 
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also shown. Due to the symmetry properties of the polarization matrix, the spectra 

indicated with labels (ab) and (ba), recorded in cross-polarization, display only modes of 

Bg symmetry with identical intensities. Instead, spectra indicated with (aa) or (bb) display 

Ag modes only, but the intensities in the two spectral profiles depend on the two distinct 

matrix elements, (aa) and (bb), respectively. For instance, these considerations enable us 

to solve into an Ag/Bg doublet the broad feature centred at 36 cm-1, recording a frequency 

shift compared to the spectra in Figure 3.30. Also, we can interpret the shift of the 

maximum of the other broad feature, centred around 61 cm-1, as depending on the 

presence of two unsolvable Ag modes in the spectra labelled as (aa) and (bb) and two Bg 

modes in the (ab) spectra. This kind of experiment is strongly assisted by the computed 

frequencies and its results are supported by the good agreement of the theoretical model 

with the experiment. Note that in this measurement, more than in the symmetry 

assignment of each detected mode, we were interested to linking the spectral features 

and their intensity in polarized light to the crystal orientation, as this turned out to be the 

crucial information for the study of the films. 

TƘŜ ǇƻƭŀǊƛȊŜŘ wŀƳŀƴ ǎǇŜŎǘǊŀ ƻŦ ʲ-Thioindigo are shown on the right of Figure 3.31 

with the single needle-like crystal pictured in the inset. As probed by X-ray diffraction, the 

excitation beam of the Raman experiment impinges on the face π ρ ρ. Here the needle 

axis corresponds to the crystallographic axis a, so that in the (aa) configuration, only 

Raman-active modes of Ag symmetry are allowed. In cross-polarization, the scattering 

perpendicular to a does not probe a principal component of the polarizability tensor and 

a mixture of Ag and Bg modes is observed. 
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Figure 3.31: Polarized experimental and calculated Raman spectra for both Thioindigo crystal 
forms. In the crystal images the crystallographic directions are given. Vertical bars of height proportional 
to the intensity of the mode mark the calculated wavenumbers, with colour codes yellow and violet for 

modes of symmetry Ag and Bg, as indicated in the Figure. 

 

3.2.6. Characterization of Thioindigo films obtained by BAMS method 

Films prepared with by drop casting methods are often scarcely homogeneous, 

characterized by the presence of nano- and microcrystals. Moreover, as explained above, 

small variations in the evaporation rate of the solvent might change the polymorphic 

composition of the sample. Remaining in the field of solvent deposition methods, we 

applied the BAMS growth method for the film fabrication, as this has turned out to be an 

effective technique for controlling film morphology and polymorphism by allowing finer 

control of the crystallization kinetics and thermodynamics. [127], [128], [137] We noticed that 

on surfaces polymorph ̡  could never be obtained as a pure phase, whereas this was the 
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only route to acquire measurable samples of the h polymorph and even to induce only 

its growth, as in the case of xylene. In fact, we were able to single out some single crystals 

of this form for the structural characterization by removing them from the substrate. 

Thus, different temperature and solvent conditions were tested, trying to achieve both a 

selective phase growth and an improved film quality in terms of homogeneity. The best-

looking films at the optical microscope were analysed by X-ray diffraction to probe phase 

and alignment, while by polarized Raman spectroscopy we systematically investigated, 

by micrometric mapping, the deposition conditions yielding a pure phase. In all of them, 

only the phase h  ǿŀǎ present, and an instance of one of the best oriented film, obtained 

from anisole solution, as described in the sample preparation section is given in Figure 

3.32.  

 

 

Figure 3.32: In the left side: XRD spectrum (bottom) of the anisole solution sheared film with the 
representation of the molecule arrangements (top). In the right side: optical image in bright field of the 

sample (bottom), scheme of the BAMS with the optical image in cross-polarization (top). 

 

In the Figure also an image exemplifying the functioning of the BAMS shearing 

method appears: while the solution is dragged along the surface by the moving bar, the 

evaporation takes place at the meniscus between the two solid interfaces. 
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As inferred by the XRD measurements of the film of the Figure, the contact plane 

corresponds to the crystal face ab, meaning that the Thioindigo molecules are nearly 

standing at the interface, with the long molecular axis forming an angle of 22° with the 

normal to the substrate. Moreover, the optical images (in bright field and in cross-

polarization) suggest the presence of a macroscopic alignment of the domains along the 

shearing direction.  

To gain access to the other crystallographic directions of the BAMS film, rotating 

grazing incidence X-ray diffraction measurements were used. Such a method allows to 

construct pole figures from which the orientation of the crystal planes with respect to the 

shearing direction can be deduced. Details of the GIXD measurements, confirming the 

presence of the h  ǇƘŀǎŜ, with the crystallographic π π ρ plane parallel to the substrate 

surface can be found in the paragraph 3.2.8 - Appendix II. The results show that the film 

clearly displays a preferential in-plane alignment. In particular, the a axis is found to be 

parallel to the shearing direction. Optical microscopy reveals that adjacent crystals are 

slightly inclined in their growth direction, which is often observed when using shearing 

methods on isotropic surface. Using the rotating GIXD this variation is determined to be 

about 20° 

 

In order to probe the degree of order at a microscopic level by the spectroscopic 

technique, we made use of polarized experiments, acting on both the direction of 

polarization on the sample and that of the scattered radiation from the film. In the Raman 

polarized measurements, shown in Figure 3.33, the film was thus oriented either parallel 

or perpendicular to the shearing direction, while the polarizations of the exciting and 

scattered field were set as shown in the Figure.  

The result shown in Figure 3.33 is very interesting, as all polarized Raman profiles 

of the film appear very similar to that of the π π ρ face of the single crystal of the h 

polymorph of Figure 3.31, in agreement with an extended iso-orientation of the crystal 

domains where the a axis is aligned with the shearing direction. This is supported by the 

comparison of the experimental profiles to the corresponding DFT simulated polarized 

spectra. Thus, the diffraction methods identify the molecular organization at the solid 
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interface, and the polarized Raman spectra show that the deposited films behaves like a 

single crystal, even though the responses of a single crystal perfect lattice and of a film 

are physically different. As one can gather from Figure 3.33, the DFT simulated Raman 

spectra of oriented crystals can be employed to fit the experimental data and determine 

the spread of the ab plane alignment on the shearing direction detected by the rotating 

GIXD measurements. This is obtained by fitting the experiments to the sum of single 

crystals spectra simulated assuming a Gaussian distribution of angles about the shearing 

direction. Such a distribution is found to have ŀ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴ ˋ Ґ нмϲΣ ƛƴ ŜȄŎŜƭlent 

agreement with the GIXD result. Possible mismatches between experiments and 

calculations can be explained on the bases of a limited mosaicity of the sample, exposing 

faces different from the π π ρ. 
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Figure 3.33: Polarized Raman Spectra in the lattice phonon energy range of the Thioindigo film 
obtained by BAMS from anisole solution. The sample has been aligned with respect to the shearing 

direction as shown on the right. Red bars give the direction of polarization for the exciting and scattered 
light as selected by the analyser (grey bars). The film spectra are compared to those measured on the 
ρ π π face of a single crystal, to the DFT simulations for the same face and to the spectra resulting from 

the fit of a Gaussian distribution of crystal orientations about the shearing direction (see text). 

 

All the collected information allows us to conclude that the BAMS methods 

produces nicely oriented film containing the h  phase only. Despite the fact that the 

literature reports many instances of selective polymorph stabilization by surfaces, [21], [138] 

the combination of selectivity and high degree of iso-orientation is not, to our knowledge, 

very common. 
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3.2.7. Conclusions 

In studying Thioindigo, we have followed the usual approach adopted for H-

bonded pigments, i.e. we have dealt with its polymorphism, with the specific purpose of 

defining the phases present in growths at solid interfaces through their structural and 

spectroscopic characterization. This has been done by the synergic application of many 

experimental techniques, on which this thesis focuses, and has been supported by the 

computational results produced within the research group. Each method added a 

άƳƻǎŀƛŎ ǘƛƭŜέ ǘƻ ǘƘŜ ƻǾŜǊŀƭƭ ǇƛŎǘǳǊŜ ƻŦ ǘƘŜ ǎȅǎǘŜƳ 

While revisiting the bulk behaviour, similarly to Indigo, we have found that -̡

Thioindigo, the polymorph thought to be the less stable on the assumption that was the 

second one to be characterized, is instead present in the commercial product and is 

obtained in most of the common growth methods we tried. TƘŜ ʰ ŦƻǊƳ (supposed to be 

the most common) can be instead easily detected on surfaces and, in some cases, 

ǘƻƎŜǘƘŜǊ ǿƛǘƘ ʲ but without forming mixed phases. Actually, we reckon that we are 

dealing with another case of concomitant polymorphs, where it is very difficult to bracket 

the thermodynamic conditions in which either is more stable, even though experimental 

clues in this research and from previous works ǎǳƎƎŜǎǘ ǘƘŀǘ ǘƘŜ ʰ ǇƘŀǎŜ ƳƛƎƘǘ ōŜ 

metastable at room T. 

The important finding is that ǘƘŜ ʰ ǇƻƭȅƳƻǊǇƘ gets stabilized in growths on 

substrates, so much as to become the only one present. This result has been achieved by 

exploiting the potentialities of the BAMS deposition method, which intrinsically supplies 

a control on the molecular alignment of Thioindigo dissolved in anisole. The ǇǳǊŜ ʰ ǇƘŀǎŜ 

films so obtained are macroscopically oriented along the a crystal axis, which represents 

the shearing direction of the solution deposited on the hot plate. Polarized Raman and 

GIXD results confirm the high iso-orientation of the film structures, which in Raman turns 

out to be reminiscent of that of a π π ρ plane of the single crystal. Given the surface 

selectivity for this phase, it is likely that the charge transport performances reported for 

devices fabricated with Thioindigo must be ascribed to this polymorph. 
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The search for substrate-mediated crystal structures has paved the way to a fresh 

approach to the phenomenon of polymorphism, with the focus on the capability of 

interfaces to tune a specific nucleation event, although the underlying mechanisms are 

not really understood. The substrate can act as a template for molecular deposition [42] 

or the interplay of weak interactions at all the interfaces present eventually produces 

fully new molecular arrangements that can be named SIP, not reproducible in the bulk. 

Finally, the surface stabilizes a form metastable in the conditions of growth, and this 

appears to be the case with Thioindigo, in a way similar to many of the cases described 

in this thesis. 

This chapter ends with Appendices in which further experimental details, not 

essential to the discussion on the Thioindigo results, are given. Appendix III, however is 

dedicated to the report of the search for the third Thioindigo polymorphs, the existence 

of which was suggested by misleading experimental evidences that later on turned out 

to be due to chemical impurities of the samples. Useless as this report may appear, it is 

nonetheless the result of a great deal of work, which taught the PhD student two lessons: 

the use of many of the techniques needed in her research and their data treatment; the 

necessity of pursuing the important issue of chemical purity. 
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3.2.8. Appendices 

Appendix I: Crystal data and details of measurements for h- and -̡ 

Thioindigo 

Table A1: Crystallographic data and refinement details for h-Thioindigo at 300K and 100K. 

 300 K 100 K 

CCDC Number 1920129 1920128 

Chemical Formula C16H8S2O2 C16H8S2O2 

Formula weight (g/mol) 296.34 296.34 

Temperature (K) 300(2) 100(2) 

Wavelength (Å) 0.700 0.700 

Crystal system Monoclinic Monoclinic 

Space Group P 21/c P 21/c 

Unit cell dimensions a = 7.877(2) Å a = 7.817(2) Å 

 b = 3.939(1) Å b = 3.886(1) Å 

 c = 20.542(4) Å c = 20.506(4) Å 

  h= 90°  h= 90° 

  ̡= 92.67(3)°  ̡= 93.07(3)° 

  = 90°  = 90° 

Volume (Å3) 636.7(2) 622.0(2) 

Z 2 2 

Density (calculated) (g/cm-3) 1.546 1.582 

Absorption coefficient (mm-1) 0.391 0.401 

F(000) 304 304 

Crystal size (mm3) 0.12 x 0.04 x 0.04 0.08 x 0.02 x 0.02 

Crystal habit Orange thin rods Orange thin rods 

Theta range for data collection 1.96° to 23.87° 1.96° to 25.91° 

Index ranges 

-ф Җ Ƙ Җ ф 

-п Җ ƪ Җ п 

-нп Җ ƭ Җ нп 

-ф Җ Ƙ Җ ф 

-п Җ ƪ Җ о 

-нп Җ ƭ Җ нр 

Resolution (Å) 0.86 0.80 
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Reflections collected 3175 3113 

Independent reflections 

(data with I>2s(I)) 
994 (577) 1224 (533) 

Data multiplicity (max resltn) 2.82 (2.60) 2.34 (2.13) 

I/s(I) (max resltn) 6.80 (1.66) 2.59 (0.70) 

Rmerge (max resltn) 0.0733 (0.4044) 0.1602 (0.6411) 

Data completeness (max resltn) 97.1% (93.5%) 96.9% (97.2%) 

Refinement method 
Full-matrix 

least-squares on F2 

Full-matrix 

least-squares on F2 

Data / restraints / parameters 994 / 3 / 80 1224 / 3 / 80 

Goodness-of-fit on F2 1.018 1.081 

ɲ/smax 0.000 0.001 

Final R indices [I>2s(I)] 
R1 = 0.1122, 

wR2 = 0.2392 

R1 = 0.1365, 

wR2 = 0.2859 

R indices (all data) 
R1 = 0.1636, 

wR2 = 0.2697 

R1 = 0.2393, 

wR2 = 0.3436 

Largest diff. peak and hole (e·Å-3) 0.703 and -0.682 0.959 and -0.804 

R.M.S. deviation from mean (e·Å-3) 0.111 0.159 

 

CCDC 1920129 and 1920128 contain the supplementary crystallographic data for 

-hThioindigo at 300K and 100K. These data can be obtained free of charge from The 

Cambridge Crystallographic Data Centre via https://www.ccdc.cam.ac.uk/structures. 

 

 

 

Table A2: Crystallographic data and refinement details for ̡ -Thioindigo at 300 K and 100 K. 

 300 K 100K 

CCDC Number 1919969 1919968 

Formula C16H8O2S2 C16H8O2S2 

FW (g/mol) 296.34 296.34 

Cryst. System Monoclinic Monoclinic 

https://www.ccdc.cam.ac.uk/structures
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Space group P21/n P21/n 

Z 2 2 

a (Å) 3.9342(3) 3.8644(3) 

b (Å) 20.4464(11) 20.3897(14) 

c (Å) 7.8580(6) 7.8016(5) 

ʰ όϲύ 90 90 

ʲ όϲύ 98.074(7) 98.610(6) 

ʴ όϲύ 90 90 

V (Å3) 625.83(8) 607.79(7) 

Dcalc (g/cm3) 1.573 1.619 

˃ όƳƳ-1) 0.421 0.434 

Measd reflns 3962 2065 

Indep reflns 1100 1070 

R1ώƻƴ CлнΣ LҔнˋόLύϐ 0.0501 0.0499 

wR2 (all data) 0.1341 0.1460 

 

CCDC 1919969 and 1919969 contain the supplementary crystallographic data for 

-hThioindigo at 300K and 100K. These data can be obtained free of charge from The 

Cambridge Crystallographic Data Centre via https://www.ccdc.cam.ac.uk/structures 

 

 

 

Appendix II: Grazing Incidence X-Ray Diffraction 

Figure A1 shows the reciprocal space map which results from the summation of 

all the 150 images collected from the azimuthal sample rotation of a film of Thioindigo 

fabricated by the BAMS deposition method, as explained in the paragraph 3.2.4 - 

Experimental Methods. 

The intensity is color-coded and Lorentz, polarization, solid angle, pixel distance 

and detector efficiency corrected. Besides a strong peak from the silicon substrate (red 

marker) and the diffraction signal of gold (top right), several peaks of Thioindigo can be 

observed. These non-substrate peaks can be assigned to polymorph .h The 

https://www.ccdc.cam.ac.uk/structures
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crystallographic π π ρ plane is determined to be parallel to the substrate surface and 

the unit cell a and b axes thus lie in the plane of the substrate surface. To compare the 

structure factors of the experiment with those of the known crystal structure, circles 

around each expected peak are drawn whereby the size/area is proportional to the 

expected intensity. Overall, a very good agreement is present, showing that the GIXD 

pattern belongs to the  hpolymorph. Slight deviations between expected and measured 

cell parameters might be related to the incomplete sample rotation or the larger 

extension along some direction compared to another.  

 

 

Figure A1: Reciprocal space map obtained from summing the 300° sample rotation, overlaid with 
the Thioindigo h  phase reported in the main text (+ symbols). Expected intensities are proportional to the 

area of the rings. The silicon ρ ρ ρ peak is denoted by a red marker. 

 

A pole Figure is the measurement of one netplane distance as function of the 

ǎŀƳǇƭŜ Ǌƻǘŀǘƛƻƴ ƻǊ ŀȊƛƳǳǘƘ ό˒ ς Ǌƻǘŀǘƛƻƴύ ŀƴŘ ƛƴŎƭƛƴŀǘƛƻƴ όʌύ ǿƛǘƘ ǊŜǎǇŜŎǘ ǘƻ ǘƘŜ ǎŀƳǇƭŜ 

ǎǳǊŦŀŎŜ ƴƻǊƳŀƭ όʌҐ лϲύΦ CǊƻƳ ǘƘƛǎΣ ǘƘŜ ŘƛǊŜŎǘƛƻƴŀƭ ƛƴŦƻǊƳŀǘƛƻƴ Ŏŀƴ ōŜ ŘŜǊƛǾŜŘΦ CƛƎǳǊŜ A2a 

shows the pole figures of the ρ π ς net planes extracted from the GIXD data. At an 

inclination of about 50°, segments of high intensity were observed. These poles can be 

explained by the ρ π ς ǇƭŀƴŜǎ ƻŦ ǘƘŜ ʰ ǇƘŀǎŜ ƛƴ π π ρ texture (red) and by another 

texture of the same phase with π π ρ orientation (blue), equivalent to the former but 

with the structure inverted of 180°.  
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Figure A2d shows the azimuthal intensity distribution of the pole figure A2a, for 

ʌ Ґ рлΦулϲΦ ¢ƘŜ ǘǿƻ ƳŀȄƛƳŀ ŀǘ флϲ ŀƴŘ нтлϲ ƛƴŘƛŎate the main ρ π ς and ρ π ς 

directions, respectively. The width of the peaks is an indication a certain amount of 

material grows also along other directions. Analogous conclusions can be drawn from the 

data in Figure A2b. 

The pole figures can now be used to identify the crystal orientation with respect 

to the shearing direction. Given the geometry of the experimental setup and the sample 

ƳƻǳƴǘƛƴƎΣ ǇƭŀƴŜǎ ǇŜǊǇŜƴŘƛŎǳƭŀǊ ǘƻ ǘƘŜ ǎƘŜŀǊƛƴƎ ŘƛǊŜŎǘƛƻƴ ŀǊŜ ǇǊƻōŜŘ ŀǘ ʌҐфлϲΣ ˒Ґлϲ ƻǊ 

˒ҐмулϲΣ ǿƘƛƭŜ ǇƭŀƴŜǎ ǇŀǊŀƭƭŜƭ ǘƻ ǘƘŜ ǎƘŜŀǊƛƴƎ ŘƛǊŜŎǘƛƻƴ ŀǊŜ ǇǊƻōŜŘ ŀǘ ʌҐфлϲΣ ˒Ґфлϲ ƻǊ 

˒ҐнтлϲΦ As shown in Figure A2c, the ρ π π direction of both possible orientations can 

ōŜ ŦƻǳƴŘ ŀǘ ʌҐфлϲΣ ˒ҐфлϲΦ ¢Ƙƛǎ ƳŜŀƴǎ ǘƘŀǘ ǘƘŜ a axis of the unit cell is parallel to the 

shearing direction, with a maximum spread of misalignment of about 20°. Optical 

microscopy also reveals that adjacent crystals are slightly inclined in their growth 

direction, which is often observed when using shearing methods on isotropic surface. 

Improvement of the overall growth direction might be obtained by using structured 

surfaces as demonstrated for similar sample preparations. [42]  
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Figure A2: Pole figures of two peaks of Thioindigo overlaid with expected peak positions in 

π π ρ (red) and π π ρ (blue) orientation (a,b), epitaxial relationships (c) and azimuthal intensity 

distribution of the ρ π ς and ρ π ς peak. 

 

 

 

Appendix III: Notes on the search for the third Thioindigo polymorph 

As explained in the previous paragraphs, before resorting to the use of the BAMS 

method to obtain Thioindigo films, drop casting deposition was attempted, finding that 

acetonitrile yielded the best results in terms of surface coverage and film morphology. 

Preliminary GIXD measurements performed on these samples showed the presence of 

the h  form, but in addition to this we recorded a new peak that could not be attributed 

to either of the known polymorphs and suggested the occurrence of a different or 

distorted structure of the same system. Micro Raman measurements did not agree with 

this finding, showing always the lattice phonon patterns of either  h or  ̡ form. We 

thought, however, that the matter was worth investigating by means of GIXD and AFM 



Chapter 3 - Organic Semiconductors  

 

 

116 

experiments at the Department of Pharmaceutical Technology, Karl-Franzens-Universität 

of Graz (Austria), after preparing samples in different conditions. 

The rationale consisted in changing systematically three parameters, i) solvents 

(e.g. in methanol, tetrahydrofuran, acetone, acetonitrile, isopropyl alcohol, toluene, 

xylene, chlorobenzene, nitrobenzene, dichloromethane and trichloromethane), ii) 

substrates (glass, silicon and mica), iii) fabrication methods (dip coating, drop casting and 

spin coating). In some cases, the obtained films were also post-treated by SVA technique.  

Dip coating did not give any interesting results. The poor solubility limited the 

amount of material deposited onto the substrates of interest. Neither a treatment of 

silicon and glass substrates with 3-aminopropyl-triethoxysilane (APTES) to induce 

silanization and make them more reactive nor the use of polymeric dispersion of the 

powders produced any real improvement of the film quality. Above all, the unknown peak 

could not be reproduced. 

Intriguing results were obtained by placing two paired microscope glass slides in 

a small becker with a THF solution. For capillary effect, the liquid flows between the slides 

and crystallization can take place in the interstice. After one month, at the microscope 

some spherulites (see Figure A3Figure A3) were clearly visible, with an unusual 

morphology for Thioindigo. X-ray specular spectra revealed a pattern different from 

those of the known phases, thus hinting to the presence of a different polymorph. 

Unfortunately, the sample was too thin, and spectra too noisy to provide enough 

information on the structure. 

 

 

Figure A3: Microscope images of a film deposited for capillary effect of a THF solution between 
two glass slides. 
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Besides this, most interesting results were obtained in the AFM measurements 

performed on some spin-coated and, in particular, drop casted samples. For instance, 

after several tests in which amount of material, concentration and rate of evaporation 

were changed, we were able to finally fabricate films showing the new peak in the 

specular X-ray measurements. The recipe for those samples, that proved to give highly 

reproducible results, involved to prepare a saturated solution in acetonitrile, remove the 

supernatant, filter it with a filter of 0.02 µm size and deposit 150 ˃ L of it by drop casting. 

AFM analyses revealed in this case an unexpected morphology, with a layer by layer 

organization within an inter-layer distance of 3 nm, as shown in Figure A4, which did not 

agree with either h  or ̡  ŦƻǊƳΩǎ ƭŀǘǘƛŎŜǎΦ 

 

Figure A4: AFM image of Thioindigo in acetonitrile deposited by drop casting on silicon substrate 
(see text for details). 

 

Also Specular X-ray and GIXD synchrotron measurements, displayed a pattern of 

new peaks. Figure A5 shows some representative spectra collected on one of the samples 

and the synchrotron measurements performed on it, with the peaks attributed to the 

new phase drawn in yellow. 
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Despite all our attempts to improve the results and isolate the new phase, this 

was found always to occur mixed with other ones, especially. From the peaks in Figure 

A5, the determination of a set of lattice parameters was attempted but, because of the 

insufficient number of peaks, the fit yielded an unacceptable triclinic unit cell with a 

density that predicted a non-integer number of molecules/cell (between 3 and 4).  

 

 

Figure A5: Specular X-ray spectra (on top) and synchrotron measurement (on the bottom) 
performed on the ACN drop cast samples. Yellow spots (and lines on top) corresponding to the new 

structure while the green one to the known phase. 
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As the situation was not understood yet, some the TEM beamtime in Strasbourg 

was devoted to check whether more information could be obtained. The same recipe was 

adopted for sample preparation, depositing 8 µL of the solution directly on the TEM grid, 

and we observed an ED pattern in agreement with the unknown structure as detected by 

GIXD, but still of insufficient quality to give trustable lattice parameters. At this stage, 

however, after learning from the Indigo case, in which the chemical purity had 

contributed so much to the quality of the films, samples were prepared with doubly 

sublimed Thioindigo powder. After that, any indication of the new phase disappeared in 

all kinds of preparation, meaning that it was the effect of some Thioindigo by-product 

particularly soluble in ACN. 

Therefore, the great deal of work dedicated in Graz to the search of the third, 

possibly surface induced, polymorph, ended with a defeat. However, all the work done 

on it was all but wasted, as it involved preparing and analysing many different samples 

with the various available techniques. It was during this search, for instance, that we 

finally observed that the substrate was selective towards the h  form, as this was the one 

always present. Here we also realized that fast evaporation processes, involving the 

heating of the sample and rapidly reaching solution supersaturation conditions, favoured 

the h  form. The TEM and GIXD results are reported in Figure A6. 
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Figure A6:  a) Measured TEM diffraction patterns for drop cast film of xylene (solution 10-3 M) 
and containing thioindigo h  polymorph;    b) Simulated pattern corresponding to the π π ρ zone axis;   c) 
The inset shows the corresponding defocused image of the diffracting area; d) Specular X-ray spectrum 

corresponding to a drop cast sample of xylene. 

 


























































































































































































































