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Abstract

The study of polymorphism has an important role in several fields of materials
science, withapplications in organic semiconductors and pharmaceutics, because
structural differences lead to different physiobemical properties of the system.

This PhD work was dedicated to the investigation of polymorphism in Indigo,
Thioindigo and Quinacridones &ase studies among the organic pigments employed as
semiconductors, and in Paracetamol, Phenytoin and Nabumetone, chosen among some
commonly usedictive Pharmaceuticalngredients (API).

The aim of the research was to improve the understanding on thectires 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 diststged by their
Raman spectra in the region of the lattice phonons-150 cml), the frequencies of
which, probing the intemolecular interactions, are very sensitive to even slight
modifications in the molecular packing.

In particular, we have used ConddRaman 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 ctgsdomains 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 technigues. Pure polymorphs and samples with phase mixing
were found and fully characterized

Raman spectroscopy was complemented mainly bsayX Diffraction (XRD)
measurements for bulk crystals and by Atomic Force Microscope (AFM), Grazing
Incidence Xay Diffraction (GIXD) and Transmission Electron Microscopy (TEM) for thin
films. Structures ash 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 measments 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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Chapterl - Generalintroduction

1.Generalintroduction

Definition of polymorphism

The term polymorphism (from théreek™ ™~ <. G YI>y & & "I VRF2 NN & § 2
K @S YI y)is use@ilNdééesal disciplines. In crystallogsaiprappeared for the
first time in the early 1800s to identify and classify the possible different crystal stasct
of the arsenate and phosphate salts.

With the aim of obtaining generaldefinition, Walter McCrone (196%)orked on
the statement and its relative exceptions, still valid today, defining a polymorph as
osolid crystalline phase of a given compouadulting from the possibility of at least two
different arrangements of the molecules of that compound in sodid-state". [1- [

Since mteculescan be highlylexible, polymorphs camxist as a consequence of
a different arrangemergin the primitive cellof the moleculeswith either the same or
different conformatiors. This distinction gives rise to the phenomena of packing and
conformational polymorphism, respectively.

In terms of thermodynamics, there are two types of polymorphitdasour
namedenantiotropicand monotropic. Figurel.la representsthe free energies and the
transition enthalpies of a polymorphic pair as a function of temperatuream
enantiotropic situation Here,the transitiontemperaturebetween the two polymorphs
(t.p. un) lies below th& 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 phasEigure 1.1b represents insteaca
monotropic situation there is no transition point below the melting points of the two
polymorphsand thereforethe two phasesare not interconvertiblel3! 4

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

crystal structures must be all attributable to the same liquid, or gaseous, state.



Chapterl - Generalintroduction

a) . . b)
Enantiotropic System i
OHg; - Hjiq
> '/"L// H
> i | oL
2 — = ~-Hp @
I = BHgr "L I
p——— - N
—— o o - -
B Tl
- ’\’7 W ,\x\’\
"Gy
s
Giiq
0 tPur  Mpg Mp; 0 mpy; mpy;
Temperature (K) Temperature (K)

Figurel.1l: The illustratioris adiagramof a dimorphic systemhereG 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.un is the transition point between the two polymorphs, in which form Il is the stable form below the
transition point.

Also different tautomers (or isomers, diasesisomers, zwitterions etc) of a
moleculecan give different crystalline forms with distinct melting points amgrinciple
be comparable to polymorphsHowever,the classificatiordepends on the the scale
consdered [ Indeed, only crystals of tautomers which rapidly interconarmelting
point (or in solutior) will be classified agpolymorphous, while thosewith slower
interconversionkineticswill be classified as chemicallistinct compoundsilt is evident
that in this definition there is a strong component of subjectivity and ambiguaitso
because both the equilibrium composition and theocity of this process depenchdhe
temperature of the experiment.

Based orthe aboveconsideratiors, there are still diffeent opinions on the more
correct definition of the polymorphism, however the initial formulation of McCrone
certainly remaingor the momentthe most satisfying.

When discussindhe definition of the term polymorphism, it is necesstolarify
the difference between polymorphism and allotropkhe term allotropy from the Greek

<< G2URKSNE' " 7, formd, ¥d aylly2S NetHeddmst) [@ definesthe

propertyof some chemical elements exist in different formsin the same physical state
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calledallotropes. Coined bybns Jacob Berzeliughis name identifiesspecifically the
structure of thechemicalbond that exists between the same fye of atoms In other
words, whenthe atoms of the element are bonded together in a different manribey
giveorigin to alldropes Commonlyallotropy refersto pure elements in thesolid-state,
while polymorphism generallgoncerns thecompounds.Perhaps he most known
example,among the elementdisplayingallotropic phases is carbon that exiss in
graphite, diamond, graphene, fullerene and nanotulb@sns. It is easy to perceive how
much the properties can differ from an allotropiphase to another. Exactly as for
allotropic forms, different polymorphs of a compound can exhibit important differences
in thermodynamic and mechanical chemiphlysical characteristic8!

Another phenomenorworth mentioning is the secalled pseudepolymorphism.
This also was defined by McCrone in 198andoccurs when different crystal structures
differ either in the nature or stoichiometry of the solvent molecules included in the
lattice. Although this deition has also opened a debate about the exact distinction
amongthe terms pseudepolymorph, cecrystal and solvatethe point has been widely
clarifiedby Bernstein@ [ Following thisauthor, when more than onehemicalspecies
is involved in the formation of a cryslale phase, different names are adopted for the
phase depending on the physical state atfte nature of one of theeomponents atoom
temperature. In particular: if all the components are found to be pure ingbiétstate
at room temperature RT), the phase will be classified as-coystal; if at least one of the
components instead is found as liquitie phase will be classified as solvaRecently
there has been a growing interestsalvates [/

Somehowthe boundary between pseudpolymorphism and polymorphism it is
rather labile, becauseften solvert and compoundorm a chemical structure of supra
molecular nature with specific properties. Modifying the stoichiometric ratio between
the two it is possible t@ausethe collapse of the structure from oeded to amorphous,
or even generate a newstable ¢ metastablestructure, in relation to the type and
strength of the interaction among the species involved as well as a compleaf se

thermodynamic and kinetic parameters.
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In the broader definition ofthe polymorphismof a compound it is common
practiseto includes not only its different crystalline forms of a compound, but also
hydrates and solvatewith different solvens, or finally, amorphougphasesand non

crystalline condensate The different caseare shown irFigurel.2.

e.g. Form |, crystalline Amorphous form
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Figurel.2: Theillustration shows some examples of possible polymorphssahdites of a
compound.

A phenomenon which is not widely recaged but often occurs duringhe
crystallization of systemdisplaying polymorphisims that ofthe socalledconcomitant
crystallization which is the appearance, in the same conditions of temperature and
pressure, of more than one structurdhe phenomeann is relevant for two reason
specifically i) from a scientific point of view, experiments that simultaneously vyield
crystals of different polymorphoffer structural and thermodynamic information, which
are not available if only one phase crystallizgdtom a commercial perspective, process
conditions which cause a concomitant crystallization must be avoided since they lead to
materials that do not meet prescribed specificatiotrs.theory, it is possible to define
experimentally for any compound selnt, temperature, rate of evaporation or cooling,
and other conditions under which a material will crystallize given form(4: & namely

the occurrence domain These conditions est foreverycompound, buthey arerarely

4
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fully known and besides they ameot necessarily unique for givensubstance or, in the
present contextpolymorph.In regions in which there is oxap ofoccurrencedomains,
two or more polymorphsmay thuscrystallize under essentially identical conditions,
leading to the phenomenon of theconcomitant polymorphs. The combination of
thermodynamicand kinetic factorsandtheir interplayin the crystdlization processes is
in fact the event thamakes concomitant crystallizatigpossible [4

An interesting but venyfrustrating phenomenon linked to polymorphism is the
possibleelusiveness, oédisappearance” of the polymorpitself. It iscommon opinion
that an authentic crystalline form should be reproducible, even if the selection of the
right experimental conditions can take time and effdfowever, it may happen and
there are many examples in the literature thatpreviously prepareddrm becomes
elusive anddoes not appear anymore after obtaining the most staldee. A
phenomenonwhich is widely reportedn the literature. Despite a possible explanation
for thisis that the environmentbecomescontaminated by small "micrseeds"of the
most stable polymorpH® but it is not yet clear what rolaucleaton exactlyplays in the

processand, subsequently, in the disappearance of the polymoHsh.

Polymorphism in organic materials

The increasing interest ofrystal engineering in the development of new
functional materials has raised attean tothe phenomenon of polymorphisin organic
compoundsin fact, rge and flexible molecules, kept together by weak -dectional
forces, are expected to exhibit many alternative packing arrangements, with small
differences in structure aneknergy, leading to polymorphisnfor this reasonthis
phenomenonis very common in organic materials

Despite its longstanding interest as a subject of investigation, polymorphism
molecular crystals remains one of thmost fascinating phenomenaf solid-state
chemistry.As a matter of fact, it is eéhallengeo the veryconceptof being able to design
acrystalline solid witha-priori definedstructure (and thereforg@ropertieg based orthe
chemical knowledge ofits molecular componen® ¢ KA & A a drgstdl NBI € °

engineering = RS T A Y SR Galutgin Desirgjut? a6 &he understanding of

5
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intermolecular interactions in the context of crystal packing and utigzation of such
understanding in the design of new solids with desired physical and chemical properties"

At the present, the process gggulatingonset and evolution o specific solid
form is still relatively random and in many cases thécome ofthe crystalgrowth is
more the result of merehance rathethan planning On the other hand, th@ossibility
of exerting acontrol is of the highest importancebecause, as mentionedbove
polymorphism has the prerogative to drastically influenoechancal physical and
chemical properties of the materiabuch as solubility, bioavailability, hygroscopicity,
chemical stability, hardness, thermal and electrical conductili#yFor instance, een
small differences in the structure may affect the narrow band structure of organic
semiconductors

It is therefore evident howpolymorphism is a crucial issue for all the applications
that involves structured organic materialsEven though the system is otherwise
chemically pureconcomitantpolymorphism may easily yield phase mixing, and thus
constitute an intrinsic source of disorder with detrimental effects on charge transport
bioavailabilityand other key propertiedtd 14 13 To this purpose, a detailed study of the
polymorphism the so-calledpolymorph screenings required This implies the search of
different crystalline, solvates and amorphoyshase together with relationships
(enantiotropicand/or monotropic) among them

Polymorph screeningsuallyrequires the combined use of different techniques
The main one is the Xray Diffraction (XRD)which providesa knowledge of stereo
geometry and distribution of molecules in the cryst#l variety of microscopy
techiniques together with Differential ScanningCalorimetry (DSC)Thermogravimetry
(TGA), Raman andnhfrared (IR) spectroscopy an@blid-Sate Nuclear Magnetic
Resonance (SSNMRiye all precious for thetructural characterization andt the study
of the phasediagramof the substanceAmong thevariablesof the systemthat influence
or determine thecrystallization processhere are temperature, pressure, solvents from
whichthe solid phaserecipitates as well agonditionslike permanence of a solid phase

in a controlled atmosphere of the solvent vapor and mechanical sfpesduced 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 tlsensequentpicture is complex, giving
reason again to McCron@& who, in hisstudy of polymorphismwrote this famous
sentence

LG Aa G t£SFAad GKAAa | dzi K2 NRa lyRophiy A 2y
forms and that, in general, the number of forms known for each compound is proportional

G2 GKS GAYS FyR Y2ySeé alLlSyid Ay NBaSINOK 2y

Surfacemediated polymorph

More and morefrequently, many different applicationse(g. devices for organic
electronics or plasters for pharmaceuticejnploy crystdine thin films. These are
obtained by growths at the solid interfasef a variety of different substrates, spanning
from siliconoxides to polymers, composite materiats even paper.

The materiad crystallizing in these conditions often dispfayms different from
those observed in the bulk8<18 which can be grouped under the broad definition of
Gadz2NF I OS Y SRAdnd e been dftbz@ailedsiBfaceé induced (SIP) in the
current literature. The mechanisms through which the substratay tune the phase
nucleationand the role of kinetics factors have been studiéd 2 but often not fully
clarified. The surface can act as a template for molecular deposif®mr, even more
interestingly, the subtle interplay of weak interactions at the interface may lead to fully
new molecular arrangement§7: 18 unknown in the bulkand for these we adopt here
the denominat2 y & & dzNJF I .G&metim8d, ®Weires, Bhé effect of the interface is
to stabilize forns otherwise metastable in the conditions of growthnd in this case the
SELINB&&A2Y &adz2NF I O% mndlly, dhe tefinitiéhRhén fillm {TF)} dR S lj dzl (
better surface induced structure, should apply to those we consider distorted bulk
structures, based on their similarity with their parent bslikkucture, as a result of the
substrate perturbation affecting the growth in the first monolayer.

Such forms are frequently observed films for organic electronicsaand can

determine the electric properties othe system [23. 23 Probally the most famous
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exampleis stillthe physicalapordeposition ofthe organic semiconductdfentaceneon
silicon oxidesubstrats> F2 NJ 6 KA OK (KS SELINB&a&aAz2Yy aGliKAYy ¥
to describe the structure appearing in the finstonolayer 29 23 Macroscopic free
standing single crystals of this very phase are not accessible, as surface interactions are
required br its existenceHowever, upon subsequent layer growtan increasing and
independently growing portion of the bulk phasefasmed, while the nucleation of the
surface phase is confined to lessn 100 nm from the substraté?4

In the pharmaceuticafield, instead scarce data exist afie formation ofthese
forms, but the application of solid surfaces as nucleation or crystallizatiediatorsis a
highly promising emerging alternative to assist tieemulation of new drugs!23. 28
Although numerouéiterature studiesshow that growthalterationsoccur in the proximity
of a surfacdas will be extensively discussed in this thesismost case®nly the already
known polymorphs were observetiowever,this might bedue to the fact thatmost of
these studies laadd the experimental tools necessary ttmambiguously identify the
presence and theature ofsurface mediated structures

A full structural characterizationis still a challengingtask and several methods
have tobe employed b solve the structure of thin film#tomic Force Microscopy (AFM)
measurements can be performed to identify morphology alteragithat, in some case,
can help the investigatianAnother common technique is th&Grazing Incidence Xay
Diffraction (GIXD), together witkelectron diffraction,but unfortunately they provide a
limited number of Bragg reflections due weak diffraction, small scattering volugehigh
aspect ratio or defectsThis suggestto exploit the synergy of computati@h tools and
complementary experimental techniques to gather information on the film characteristics.

To tackle this problemin the present thesiswe have usedconfocal Raman
spectroscopy and sample mapping in the region of lattice phori&h3his method has
proved to be fast, nowestructive andn sity both for crystal structure recognition and
phase mixing in domains at tlmicrometrescale and can be extended from bulk crystals

to thin films on technologically substrates aaldoto working electronic device&?
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1.1. Aim of thethesis

Asdiscussedrevioudy, crystal engineering still represents an open challenge in
the development othe physical chemistrgf the solid-state. In recent years, extensive
theoretical work was directed toward identifying apdedicting new polymorphic forms,
in particularof organic moleculesfor compoundswith variousapplications 28 In fad,
the fascinating idea of usimgplymorph control and morphology alteratido produce a
material with specific proprietieplays an important role in several fields of materials
science This PhD workin particular,focused onorganiccompoundswith applications
suchassemiconductors and pharmaceusic

The aim of the thesis was tamprove theunderstanding on the crystal structures
in films adopting Raman spectroscopy as the method of choice, while resorting to other
experimentatechniquesto compkment 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 polymorphghe 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 intrmolecular modesSolidstate density functional
calculationscombired with vander Waals (DF¥dw) 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 assignts.

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 physieziemical properties identified in ¢
study of the bulkAmong the deposition methods, drop casting, spin coating, dip caating
oF Nt aaAaGSR YSy A and diysical K/&brNJepbstion 6(PVIDR Wete
employed depending mainly on the solubility and the volatility of the studied comgoun
Instead, regarding the technigues used for characterization in addition to Rawen,

made also use akray, IR and-luorescencepectroscopyfor bulk investigation, while
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Atomic Force MicroscopdAFM), Grazing Incidence Xray Dffraction (GIXD and

Transmissiomdectron Microscopy(TEM for thin films.

1.2.  Organization of théhesis

The thesis is organized as follows. In the second chapter niaén
employed techniques are described. Thevestigation regardingorganic
semiconductor compounds ibustrated in chapte. We firstexplain, in a short
introduction, devices and the role of polymorphism in this field particularits
effects on filns. In the Pllowing the studied systemsare describedindigg
Thioindigo andQuinacridone The polymorphism opharmaceuticss the content
of chapter4. This § organizedasthe previous chaptertherefore there is firsan
introduction on the important role of the phenomenon in this fielln the
following, our resultsfor the ParacetamqglPhenytoinand Nabumetonesystems
are described.

Finally,generalconclusions can b&und in chaptel5.

10
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Chapter2 - Instruments crystal growth and film deposition

2.Instruments crystal growthand film deposition

In this chapter we describe the experimental setup of the instrurmeainly used
in this work (other employed set upwill be discussedn the chapters that folloy

together with themethods for crystal growth and films deposition.

2.1. Ramarspectroscopy

ARaman instrument is composed by:
1 Monochromaticexcitation light sourcg
Sample focusing system;
Filterto separate the Raman scattered light from the Rayleigh signal
Multiple disperson stage(one or morediffraction gratings)

Detector;

= =2 =/ =4 =4

Data analysis system.

Theexcitation lightis selectedto maximize the Raman signathich igntrinsically
weak and for thigeason aasersource is neededAn important factor thadetermines
the choice othe excitationwavelength is theccurrenceof fluorescence emissicinom
the sample which may overlap witlRaman bands. To avoid this phenomensources
with excitation energiedower than the electrorc transitions of thesystem under
examinationare generally usedOur availablesourceswere eitherin the visible region
in particular from Argon ion lasers (commonly used ingteen/blueregion of the visible
spectrum) and a Kripton ion laser, wikrong emission in theed/yellow, or in the near
infrared such as diode lasgF 800nm). Taking into account thathie Ramanintensity is
proportional tothe fourth powerof the frequencyof the radiation in the ideal situation
the lowestlaser wavelagth that is not absorbedhould be selectedalso limiting other
processes such aise degradationof the sample by thermal or photochemical effect.

In order to collect high quality Raman spegtiialsonecessaryto filter the

Rayleiglcomponent of thescattering Notch or longpass optical filters are typically used

13
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for this purpose but a very effective way i® use a triplegrating monochromator in
subtractive mode to isolate the desired sigrél.This allovs observingalsoRaman 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
holographicfilters are becoming very common and performiigfact, recent advances

in glas technology allows the design of low scattering, and very narrow bandwidth
gratings that gives 50% transmission at positions less than 3'8rom the central filter
position.

The signal detectors called Chai@eupled Devices (CCD) have been a big
innovation in Raman spectroscopgs compared to previoudetectorsthey present a
lower noise with higler quantum efficiency. The latest models on the market have
exceptional performance, with a sigAa-noise ratio of about one
photoelectron/pixel/hour.

Ther operation is based on the collection ohargesphotogeneratedby the
sensitivesurface of the detector on a series of pixels. The charge is accumutagéadh
pixel and, upon readingsequentiallytransported in an output amplifier. Theensitive
elements can be arranged in both omémensional and twealimensional 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 deteagors,
comparedto the photomultipliers used in the passuch aconfiguration not onlyallows
to acquirespectrasimultaneouslat all wavelengths of interest, but also from different

areas of thesamples.

2.1.1.Spectroscopy of olecular solid

Raman spectroscopy can be uséd provide chemical information both
qualitatively and quantitativelyranging fromthe identification of functional groups of a
molecular structure up to more complex applications in materials scié#c&l

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

solids. These are crystals in which moleculetain their chemical identity, because

14
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intermolecular interactions (arising from hydrogen bonds and Van der W@ass) are
much weaker than the intramolecular ones (covalent bondxcause 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 betweet0g150 cnt!, 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 pther
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 applicain 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:

1 Chemical information from the analysis of the vibrational modéesthe
intramolecularegion; 31

1 Information on thestructureanddynamicsof the crystal lattice from the
analysis in the intermoleculaegion 11 22

1 Information on moleclar order, anisotropy, alignment anafganization
in crystalline domainsfrom measurements in polarized ligtl: [3

1 Information on spatial distribution of physicalthemical structural
inhomogeneities by means of Raman mapping with micrometric spatial

resolution 1. [34
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2.1.2.Ramarspectrometer configration

The instrument used in this thesis to record Rarspactra at low wavenumbers
(10¢150 cnél) is a confocal micrecRaman spectrometerHoriba Jobin Yvon T64000
interfaced with an Olympus BX40 microscope and having a CCD detector. The
spectrometer has three monochromators, set up in double subtractive + igddit
configuration, so to achieve an efficient subtraction of the Rayleigh scattering of the
excitation light This configuratioriseeFigure2.1) is optimizedo acquirethe spectra very
Ot 2asS (2 GKS I &S N3 thusghdbling Redetyction &f théattice A F

phonon region.
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Figure2.1: lllustration of the Raman T64000 spectrometer (Horiba Jwkion): tiple
monochromator in double subtractive configuration + one additive.

The excitationwas from the laser lines at 752.5 and 647.1 nm (this with the
nominal power of 1 W) of a multiline tunable*Kyas laser.The incoming power was
reducedby means oheutral filters, selecting theioptical density in each experiment to
preventsampledamage whilethe actual power focused on theamplewas keptanyway
lowerthan 1 mW (estimategower density 2500 W/cA).

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

because of the coupling with the Olympus optical microscope. This is equippetOfith
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50x, 20x10xand6.3x objectiveswhich allowfor a spatial resolution below 1 micr@nd
a theoretical field depth ranging from about 7300 > Y{seeTable2.1).

The effect of the confocal configuratior(illustrated inFigure2.2), which uses a
pinhole,is thatthe microscope is highly efficient at rejecting out of focus scattered light
and the image comes from a thin section of thargae. 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.

Spectrometer

f
slit
Beam splitter :.‘. 1
z |
1
R/

or . I3 /\ ‘2 grating
Notch filter - > -~ /
Confocal aperture \\' 7 RAMAN /}\ 9( ( I
/ | _\ / )
T
e Confocal
\ diaphram

camera _

Objective lens L — H

\

&’* r
& 2
Focal plane Sample to analyze

Sample

[NA0s | Microscope objective

Figure2.2: Optical schemef 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).

wk Yy &aLIS0GNI Aywavankinibervange erenoftem re€dided on
a single grating spagometer, the Renishaw system 1000, equipped with a notch filter
and coupled to a Leica DM LM microscope. The spectromegguipped with 5@, 20k
and X objectivesandallowsfor a nominal spatial resolutiolower than2 um in XZand 4
mm inZ when the50x objective is usedoth the 785 nm wavelength of a diode laser
(with a nominal power of 500 mW) and the 514.5 nm line of ahgas 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.Ramarmapping

A Raman map can be described as the "spectroscopic” image of a shmfile,
film, a crystal, or a crystalline agglomeraidne technique that allows for the construction
of an 1D, 2D or 3D Raman image by acquiring spectra on spatiak dpigh resoluion.

The recorded spectra are transformé@do a ma by using a colour codevhich 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 perturbatiarm 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 technigue in the experiments of this thesis was to map
the distribution of different polyrorphs in physically nchomogeneous 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,ite smaller, keepingll other conditions constants the depth
of field. Moreover, the minimum size of the laser spot, e—, is inversely proportional

to NA and directly proportional to the laser wavelength. These parameters must all be
consicered in the analysis on a micrometric scalable2.1a K2 ga (GKS YI ydzFl Odc
nominal values associated to the objectives used, experimentally determined analysing

the Raman signal of a silicon oxide sample.

Table2.1: Objective characteristics

Magnification Numerical aperture Penetration depth Spot size
NA < ' cnr

6.3x 0.16 900 pm 5.39 um

10x 0.25 450 pm 3.15 um

20x 0.40 150 pm 2.16 um

50x 0.75 25 um 1.05 pm

100x 0.90 7.5 um 0.88 um
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Employingdifferent penetrationdepthscan beuseful in the analysis of samples
whichpresent structural and/or composition differences between surface and underlying

layers

2.1.4. Polarized measurement

Raman scattering in crystals is governed not only by the conservation of energy,
but also by the conservation of momentum. Thus, as the ltaves 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 light2¥ The orientation of a single crystal in the Raman experiment is
ISYSNIffe a LIS O AsTnat&ien, 128 dvhichi resllts tsiplifie@ @ 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 atleast one of its axes, 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
t 2Nl 2 Qa v aarlatdizé )z, wiheérea ¥sdhe direction normal ta. 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 sggthe 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 scatteAii@blehas been
derived®7 which presents the form of iktensor forallthe 32 crystal classeslassified
by their symmetry point groups. ThiBableis particularly useful in the interpretation of
the Raman spectra of crystali samplesz

Usually polarization measurements cannot performed on polycrystaline
samplesowing to reflections which tend to scramble thelectric vectors of both the
excitation and the scatteretight. Neverthelesswith micro Raman spectroscopy, it is
often possible to select optically a single microcrystal from a polycrystalline powder and

recorda polarization measurement.
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In practise firstly a suitable single crysialselected and analysed on the polarized
microscope, irorder to identify the direction of their optical axis. falfwave plateis
used to rotate the polarization of the incident light, while a wire grid polarizer selected
the polarization of the scattering.-bay indexing 6 the crystal faceqwhen possible)
morphology and extinction directions allow us to orient the crysfial measurements in
polarized light. For measurementsith no polarization analyser for the scattering,
performed on randomly orientedrystals and powder, no polarization scrambler was
applied to theincominglaser beam.

It should be pointed out here thatwhen the investigated Ramanractive
fundamental is also infraredctive, further considerationapply. The dipole derivative is
nonzero, and the electric field of the excitation inteta directly with the crystal
vibrations. The transverse and longitudinal components of the vibrations have different
frequencieswith afrequency separation proportional to the absorption intensity of the
corresponding infrared band. In molecular crystéhis 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 Ramaractive 33
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2.2.  Singlecrystal growth

Crystallization process@esmethodologiegplay an important role in various fields
andarethe subject of numerous studiel the presentthesis their applicatiorhasbeen
fundamentalfor the research of polymorphsn fact, dotaining suitable single crystals is
helpful for the determination of the intrinsic physicahemical properties of the material,
and is needed for recording polarized spectra.

The high vapor presserthe low meltingpoint and the good solubility of the
organic materials in several organic solvents allow tmnebtain high quality crystals of
these compounds from solution, gas phase and rgedtwth methods. The method of
choice depends both on the nature of the individual molecule and on the specific
interactions established in the condensed matter.generd solution growth methods
are preferable for materials with very low melting or decomposition temperatures in
atmospheric conditiondf the compound has high vapor pressures but is unstable at high
temperatures in oxygen, the gas phase technique at loesgures with inert gases
insteadpreferable 28

Thesdution, melt and gasphasegrowth methods for organis, employed in this

thesis are describedn the following

2.2.1.Solventevaporationmethod

Since nost of theorganic compounds are well soluble in organic solvents over a
wide range of temperatures and pressures, the solvent evaporation method is often used
to obtain suitablesingle crystals for XRD structure analyg.

This methodconsistan the evaporation of aaturated solutiorto reacha super
saturation conditionyherecrystal nucleation starts spontaneoudfithe process is slow,
the initially formed seeds cathen turn into larger crystalsProcesses like the Ostwald
ripening, whichconsiss inthe dissolution oemall anddefectve crystalsin orderto grow

new larger ones, contribute to théormation of a smaller number dérgesingle crystals.
[3
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The main variables this methodare the different solubility of the compound
and the different volatility of the solventCommonly used sodnts are methanol,
ethanol, acetone, THF, acetonitrile, dichlorobenzene, dichloromethane, chloroform, etc.
Since some of theehave high volatility, their evaporation rate can be slowed by covering
the sample with gerforatedstopper(orwith PARAFILM®& order toobtainlarger single
crystals.Also temperature is another variable which can be employed to control the
evaporation. Furthermore the solubility canconsiderablyincrease as a function of

temperature,requiring more material to reacthe supersaturationcondition.

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. Howevethey can be employealsoto obtaincrystals of organic compounds
whichare sufficientlystable up to the melting pointvithout decomposition if not under
longterm treatment It isalso possibléo work in controlled atmosphere conditions to
avoid oxidation processes or evaporation of matenaith high vapor pressurés® Large

and highquality crystaimaybe grown with this techniqudor several materials

2.2.3.Crystallization method frorthe gasphase:Qublimation

Sublimation processes employ the seadids equilibrium and, for this reason, they
have to take place at low pras®s and relatively higtemperatures

The scheme of theublimatorusedis shown inFigure2.3, but there are several
variations of ths tool (e.g.employing either static or dynamic vacuum environmeits
Depression was obtained with a rotary vacuum pump (p maximurhbid), with an
atmosphere of Nor Ar as inert gases.

In the case of static conditions, a small amount of substance is placed under
vacuum in a Pyrex tube, usuadlifer 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 substanaencountes 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 sysBesjdes
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. Vacuultirsation 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.

Cooling water

material

P,
FarT—— b\:ﬂmczy‘: Vacuum Inlet

— |, Sublimation
chamber

Raw material _1_

W
N

Figure2.3: Sublimation experimental setup
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2.2.4.Crystallization method fronthe gas phase:PhysicalVapor

Transport

Physical Vapor TranspdRVT 29 is a crystal growth techniquehich belongs to
the gasphase methodslike sublimation

The PVImethod uses an ampoule sealed under vacuum, at the two ends of which
different temperatures are applied, so that tlseibstancensidemovesas avaporunder
the resulting temperature gradient®¥ The ampoule is filled with the material, sealed
after being evacuated in inert atmosphere, typic?ior Ar, and then horzontally placed
in a furnace at two temperature zones, with the substance in the high T.Zme
sublimation takes place at the hot end, and the vapor phase moves along the ampoule
by buoyant convection motion, driven by the applied horizontal tempemtyradient.

(39, 40 Finally, the temperature gradient causes sugaturation, resulting in the
deposition of the vaporized compound at the cold eAd.illustration of the experimental
setup is shown ifrigure2.4.

As for sublimation, the technique is suitable for the preparation of high purity
single crystals, since a purification process takes place during the graavge high
quality crystals are obtained whéehe temperaturegradierii  nnbt tob Bigh(max25°C)
and thehot endtemperature is only slightly higher than the sublimatiemperatureof

the material.

—

Tmax Tmin

Figure2.4: PhysicaVaporTransportexperimental setup
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2.3.  Filmspreparation

A relevant part of this thesis concerns the deposition of organic crystalline films,
in order to study the material properties also on film amdke a comparisowith those
on bulk.The deposition techniques employed are descriliedhe following paragralps:

the first threemethodsare fromsolution, while the last one is from the gpbhase.

2.3.1.Drop castingnethod

The drop casting methodillustrated in Figure 2.5) can be usedto obtain
crystalline films of organic compounds with good solubilliyge main advantage of the
method consists inits simplicity, but the disadvantages thatit is difficult to control all
the external parametes andobtain a homogaeous film.

Adrop of solution is cage.g. with a Pasteur pipette or a miepipette) and let to
dry on a solid substraté/Vhen the drop is placed on the substrate, it can be either left
untouched or carefully levelled on the surface with thipette tip, to allow a more
homogeneous distribution and drying process e solvent evaporatesa film of
materialformson the substrate

The evaporation speed of the solvent is a determining factor, which can influence
the film properties. If the pocess is slow, the phenomenon of growth will prevail on the
nucleation process, meaning that only a few nuclei, from which crystals will grow
conditions of thermodynamic equilibrium, will be present. Vice versa if the process is fast,
the nucleation praess 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
concentation and substrate temperature.

For solventswith high volatility the formation of large single crystatan be

favoured by slowing dowthe evaporation rate by covering the sample with a holed.cap
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Figure2.5: Scheme oé film depositionand growth by drop castindtd

2.3.2.Spin coatingnethod

Spincoating(illustrated inFigure2.6) is one of the most common techniques for
film depositon. It is used in a wide variety of industrial processes and technology sectors.
The main advantage of the method consists in the sintpliof the experimental
apparatus and in theelocityof the processyieldinguniform filmswith athickness from
nanometresto micrometres

The method consists in the deposition of a desired amount of solution on a
substrate and in the rotation of thiwhile 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 dhe substrate causesaentrifugalforce, 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)amd large
substrates (meters amore in diametersuch as panels of TVs.

The main disadvantage is thét can useonly one substrate at a time#2

Furthermore, the high geed of evaporation of the solvent can cause a decrease in
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performance forthose nanotechnologies in which a high degree of crystallinity of the
deposit is required (OFETs of small molecules). Not to be neglected is the enormous
guantity ofwastedmaterial, because thesolution thatactuallyremains on the substrate

is not greater than 10% dhat initially deposited 41

time

Figure2.6: Scheme of a film deposition and growthdpin coatingd

2.3.3.Bar-AssistedVieniscusshearing(BAMS method

BarAssisted Meniscus Shearigd3dAMS(illustrated inFigure2.7) has proved to
be an effective methodo produce transistos in thin film, by depositng the organic
material from solution directly on the dielectriayer. [43
This technique uses a smooth ciRINK OF £  YSGF €t o6F NJ LI2aAdaz
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 arftetsubstrate, 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 thgrocess, 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 tsupersaturation, and promotes the crystallization via heterogeneous

nucleation, so that the film is produced in a single st&b
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Figure2.7: Scheme of a film deposition and growtith the BAMS technique

2.3.4.Vapor depositionMolecular Beam EpitaXiBE)

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

place. The technique can be used for coatings 0 ¢ 100 nm, but also for deposits in
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different layers (multilayer). The shapes of the substrate can vary from dlatety
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 EpitaxfMBB 43 is one of the most widely usedVDgrowth
techniques in the field of thin film researcMolecules to deposit are sublimated in
specificcells €alledKnudsen cellgndaredirected on the surface to be covered

The key feature, which makes MBE more suitable than ottieposition
techniques is the high degree ofhemicalpurity andcrystallnity of the obtainedfiims
with respect tothe relative simplicity of operatiorin addition, since it operates far from
thermodynamic equilibriumconditions, structures difficult to achieve with other
techniques can be obtained. From a technical pointiefv, the disadvantage is the need
of working in the ultrehigh vacuum conditions éf10® mbar. Nevertheless\MBEremains
the preferred methodfor the fabrication ofthin films of organic small molecugethat
exhibitlow solubility. (48

In the present thesishie deposition of thdndigomolecules on silicooxide and
Tetoron®has been carried owvith a ultra-high vacuunsystem UHV) forMBE by using
a homemade chambe(illustrated inFigure2.8) fitted with a sample heater, shutteand
a quartz crystal micro(QCM) balance placed close to the sample holder. Powder
evaporation was done by using a specially designed Knudsewittel quartz crucible
containingthe compoundand a thermocouplefor temperature control. The quartz
crystal micro balanceneasures the instantaneous flow of particles coming from the
Knudsen cell. The error associated with the measuremdn®iS ng.With this apparatus
it is also possible to control the distance between the substrate for the deposition and
the Knudsen cellA dedicatedsoftware displays the pressure of the chambers and the
mass deposited on the scale in real time, allowfimgthe visualization of the time trend

of the measured quantitie
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Figure2.8: Schemef the MBE apparatus employed for film deposition.
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3.0rganic Semiconductors

Organic S&miconductors (OSCs) are a class of caiftmsed materialswhich
combine the electronic advantages of semiconducting properties with the chemical
advantages of organic compoundgl<>d

At present, the esearch irthe field of OSEbaseddeviceshas grown extensively
and has ledto mature Organic Light Emission Devié@LED technology as well a®
highly promising applications in Organic Photovoltaics (352 and Organic Field
Effect Transistors (OFETY. 5

Inorganic optoelectronic devices based on silicon are still the fundamental blocks
of modern technology However, attentionto organics as a new class of functional
materials!28<8 has arisen in response the increasing interest of matersgngineering
for the developmentof low-cost, largearea, flexible, and lightweight optoelectronic
devices[58

OSCsear different properties from their inorganic counterpartghichcomprise
slicon, germanium, and metal oxide semiconductolrsorganic semiconductors are
either crystdline or amorphousovalent solidswhere the bonds areformed between
partially emptyatomic orbitalsJeadngto the formation of almost filled valence or almost
empty conduction bands. Because of loev band gapsl(1 and 0.67 eYor Si and Ge,
respectvely), thermal excitation from a valence to a conduction bandgufficient to
generatefree charge carrierdehaving in accordance the classical band theoryhe
relative dielectric constanin these systemss high € =11 for Si), angdaccordinglythe
Coulomb interactionn holeandelectron pairs is low.

The building blockof OSCsire instead molecule®sf either low (small molecules)
or high fpolymer9 weight generallycharacterized by extended-conjugated systems
which determinetheir opticaland electrigproperties. Importantly, thenighlypolarisable
- St SOUNRY RSyaAGdAaSa Fftaz2z RSGSNXYAYS GKS
intermolecular interactions, whichre the forces mostlyesponsiblefor the cohesion in
these materials.Sincethe intramolecular interactions arstronger, molecules as such

remain intact in the materials, but the physical properties of interest arise both from the
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chemical nature of the spées andhe extent of theirinteractionin the condenseghase.
Typicallyelectronic absorption and emission occur in the near Uwi tinevisible energy
ranges, close to the HOM@Q.UMO electronic transitions observed for the corresponding
isolated moleculeThus, thesanaterials have amxtrinsic conductiity, inducedby the
injectionof charges at electrodeshe dissociation ophotogenerated electroghole pairs

or chemicaldoping Theobservedonset of theoptical transitionidentifiesthe socalled
HOMGOLUMOopticalenergygapEopt Of the materialinstead, measurements of transport
properties yield the bandgap:,Edefined as the minimum energy needed to genera
separated a free electron and hole pair. The two quantities differ by the ele¢tobs

binding energywhich is defineda® ‘O ©O .41

[ wmo | | J | )

E,
A
E, Eopt v
E,.
electron polaron singlet exciton hole polaron

Figure3.1: Energy band diagram illustrating the definitions used.

Unlike what happens in inorganic systemedative dielectric constants are low (
= 3-4) and thereforethe binding energyf the electronthole pairis high, implying that
the HOMGLUMO optical gajopt gives only an estimatef &, which is measured from
transport methods® In inorganic semiconductors charges are highly delocalized, and
the binding energy is of the order of a few meV, so that EEx Inorganic materials,
charge localization leads to large #alues, and &t in fact corresponds to the formation
of Frenkel (localized) excitons, with the electron dhd hole on the same moleculdf
the electron and hole paislocalizedon close butdifferent molecules, the corresponding

bound state is called a localized charge transfer (CT) exciton. Charge transport involves
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the generation of theso-called polarons, which are formed by the carrier and its distorted
(polarized) surroundingslhe combingon of a hole polaron and an electron polaron,
with binding energie&r+and E i respectively, results in the formation of a free exciton.
Their energy difference corresponds toO O O . Figure 3.1 illustrates the
definitions given abovd3

An important difference between inorgamnd organic semiconductoc®ncerns
the charge transport mechanismCharge transport in oapic semiconductors g
controlled bythe transfer of an electron ithe LUMO of aite (donor)to the emptyLUMO
of another site (acceptor).Similarly, the hole transport involves theansfer between
HOMO levelsin an idealordered organicsystem atO0 K an electron(a hole) moves
coherently within a band of statesade ofthe LUMD (HOMO) orbitals of theonsituent
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 from0 to 100 meVIn a real systenat finite temperature lattice
and molecularvibrationsare thermally excited and perturb the motion of the charge
carriers: in these conditiondand transport is possible only if the bandwidth exceeds the
magnitude of the perturbationAt high temperaturesperturbations and disorder effects
are such thathe delocalization of the charge is fultlestroyed,and the band model
becomesunsuitedto describe transporin the molecular systemin fact,charge carries
are localized at individual moleculesd move via sequences of non-coherentevents
between them, in the sealledhoppingtransport mechanism.

A fundamental advantage ofrganic compoundsver inorganic ones is that the
former are almost endless in number amgpan in size from small molecules to
macromolecles. This greatly increases the rangsakening and design possibilities for
OSG. Their enormous variability implies that their physical properttas bemodified
through minor chemical changeeepingthe desiredtechnical application in mind, to
obtain synthetically tailomade systemd® Thus, for instance, absorption and emission
wavelengths, crystal packing characteristics and solubility can be-tiimesdi.

Structurally,it is useful toclassifyOSGsystems in) molecular single crysta(ef

small mdecules)and ii) films andthin films, either crystalline or amorphousf small
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molecules or polymetsSingle crystals of OSC possess-tamge periodiorderand very
few defects, and thus are ideal model systems to study intrinsic strugpuoperty
relationships.For applicatiors, thin film technologyhas widely prevdied, despite the
problems connected to the lack wihg-rangeorder, the grain boundaries and the defects
of the crystalline systemsCompared to silicotased electronics, organics offéne
possibility of slution-processing for lowost and largearea devices viamumerous
techniquessuch asspin coatingdip coating,spray coating, inkjet printing, Langmuir
Blodgettfor film fabrication.22 54 The low processing temperaturepmbined with the
mechanical flexibility of organic materialgsprovided largeopportunities tochallenge
silicon basedlevices [l Anotheradvantageis thatthe extremelyhigh chemical purity
necessaryfor silicon is not sich astringentrequirementfor organics What isinstead
crucial, in apptations employingeither single crystals or crystalline films, is tbentrol

of polymorphism a mostcommonphenomenonin organic materialsvhere molecules
are held together bythe weak Van der Waaldorce field. Exertingsuch a controlas
mentioned dove, allows selecting theelst suited polymorph forle sought application,
but another issueis relevant in the engineering of the OSC system aeéds
consideration This ighe occurrence ophase mixingi.e. the simultaneous presence of
more solid phaseswhich typically constitutes an intrinsic source of disordeand has
detrimental effectson charge transport propertiesi4: 13 Despite beingonsideredess
important than chemical contaminatiomphaseinhomogeneitiesare in factwidespread
structural defectsbecause othe characteristicof the OSGnolecules, whictiavour the
occurrence ofdifferent polymorphsof close energy.The extended ~-conjugation
required to establish effective intenolecular transfer integrals which allow for
electronic delocalizatiorisin factoften encountera inmolecules having planar or quasi
planar cores with flexible lateral substituents and functional groygbkus exhibiting
many alternativepackingarrangements (i.epolymorphg with energydifferences as
small as a few k[P 62 Notably, also thesmall differencesmong phasemay affect the
narrow bandvidth of the semiconductoor the coupling between the charge motion and

the lattice vibrations.Thus,the point to stress is thatfogether with chemical purity,

36



Chapter3 - OrganicSemiconductors

physical purity is an important parameter to keep under control when seeking optimal
and reproducible charge transport performamia crystalline systems.

Another very important aspect of polymorphisin OSC is that the thin films are
obtained by growthsat the solid interface ofa variety of differentsubstrates, spanning
from siicon and aluminiumoxides to polymerscomposite materials angraphene and
paper. (63

As previously describedhé material crystallizing in these conditions often
displays polymaphs different from those observed in the bulkwhich have been
commonlycalledSIR in the literature,14- 18 put we prefer to group under the broad
denomination of surfacestabilized structuresGiven the importance of thetructural
order in the OSC filma determining the charge carrier mobiliand the performance of
the device the knowledgeof the surface structures is of crucial importarmed in fact
the finding ofnew polymorph a resource to exploi€4 A full structuralcharacterization
of such structure, howver, isstill a challengingask To solve the structure of thin films
from a few monolayers up to some hundreds of nm, grazing incidemag 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. Thisatsstine usage of
the conventional structure solving approaches suitable for single crystals and suggest t
exploit the synergy of computational tools and complementary experimental techniques to

gather information on the film characteristics.

Pigment basd OSC

Very recently, the field of application of OSC has intercepted the requirements of
the soOl f f SR IectiDN&ESY @K A OK ahNJBrhdNyiigi Seh (ofi research
finalized to the use of compounds of natural origin and to find green synthetic rooites
obtain synthetic materials forenvironmentaly safe i.e. biodegradableand/or
biocompatible devices®® On one hand, the entire field of the electronic based on
inorganics is energeticallyighlydemanding (€8 more than that based on organics, and

this makes the latter very appealing. On the other hahe, $hort lifetime of most plagt
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electronicsbaseddevices is certainly matter of concern, as th@rerincreasinguse will
soon pog the problem of their disposal:eémce, the importance of the search for bio
degradability and compatibility of nertoxic compounds[®2. [67. [68 Jyst to cite a few
instances of a literature which is getting very extensive, nature lbigd inspired
environmentally friendlyOSCsave already been tested in organic thin film transistors
(OFETSsKIM with very interesting results. ofally disintegrable and biocompatible
semiconducting polymers for OFETS have also k®grhesized which hold the
additional promise of being usable in implantable biomedical applicati&éhgd

Amongthe compounds that haveeceived much attention as being of natural or nature
inspired origin there are the pigments belonging to the class of Indigoids and
Quinacridone These are alhydrogen bonéd dyes which include, together with the
parent systers Indigo and Quinacridone the Indigo isomer Epindolidione and various
derivatives such as Z-Ditllenylindigo and 6,6Dibromoindigo, the latter known as
Tyrian purple 478 OFEThole mobilities of the order of @ to 2 cn?/Vs have been
measured for these systems, witindigo and Tyrian purple displaying alsctype
character.An interesting feature some of these compounds have in common is being
somehow rediscovered systems, which have been known, synthesized and used on an
industrial scale for a long time, and are therefore easily accessible at a lowTbest.
excellent staility in air constitutes an appealing characteristic, compared to other, OSC
[78 put the low solubility, typical of the vat dyes, limits their processability or reguir
chemical manipulations.

Theorigin of the low solubility lies mostly but not completelyg in the strong
hydrogen bond, which play an important role in determininghe physicakchemical
propertiesof these materials angovernthe molecular organizatioof the crystal state.

{ G NE-y-Btackinginteractions are also present, characterizing the phphysics in
solution and the crystal packing, and, most importantly, regulating the charge transport
properties in these smalinolecules Y ¢ K A O4lectiioK 8elocalizatin is limited,
unlike the most common OSOdat said, the reason whindigg, for instanceworks as
a semiconductomith performances comparable to carefully engineered matestiads

not appear rally clarifiel.
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In thefollowing of the chapterthe results folndigqg Thioindigo andQuinacridone

are presented, selected as representative for OSC pigmamtisshown irFigure3.2.
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Figure3.2: Molecular structure o&) Indigo,b) Thioindigog) Quinacridone.

Note thatin Thioindigg a syntheticindigoid which has been since a long time
commercially availablehe intermolecular Hbonds characterizing thparent systenare
absent, but it nonetheless shares witlndigo structural and semiconducting
characteristics.

As describedn the introduction (see paragraphl.l), similar approaches have
basicallyguided the investigationSarting from the bulk varioussingle crysta of the
compounds were grown with different methodsand then were structurally and
spectroscopicallycharacterized Such a procedurenakes possible to ssociateeach
crystal formto a measuredRaman spectrum, which extends from thegion oflattice
phonors to the intra-molecular mods. The research group used DFdlcalations to
estimate the relative energies of the various polymorphic modifications, aadssthe
spectral assignments.

Once the situation with the bulk state of a giveismwasclarified, investigation
moved to films.Thin film samples were prepared by meafsnethods selected either
following the literature or guided by the physiegiemical properties of the compound

under examination.
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3.1. Indigo

Paragraphs concerning the studylofligoin its buk state have beeradaptedwith permission

fromthe publicaton{ I t T Af 2 ¢X 5Q! 3280Ay2 {3 wAgrtdl !X
OStructural, Spectroscopic, and Computational Characterization of the Concomitant Polymorphs

of the Natural Semiconductor IndigoJ Phys Chem, @018, 122, 18422.Copyright (2018)
American Chemical Society.

DOI: 10.102Hcs.jpcc.8b03635.

3.1.1.Introduction

Archaeologcal excavationshave shown that Indigo [2,2-Bis(2,3dihydro-3-
oxoindolyliden)jwasused as a dye for textiles fonillenniain the Indian subcontinent
Most likely dye precursors werextraded from the plant Indigoferatinctoria, the
cultivationof whichspread from Indi&o the rest oftropical Asia In medieval Europe, the
Indigodye wasproduced from the woagblant (Isatis tinctoria)Z8 However, in the 17th
century impors of the better-quality Indigo from Indiadestroyed the European woad
industry.During this time the hdian production was dominated by the Britjdfut the
deathblow to the industryof the naturatorigin materialstartedwith Adolf vonBaeye@
discovery in 1883 of thindigochemicalstructure andthe implementationof synthetic
productionroutes, even thoughthe early methodswere not initiallyvery competitive
with naturalindiga It was not until 1897following major research investents, thatK.
Heumanndeveloped atBASF a practical synthetic route, later improumsdJ. Pfleger.
SyntheticallyproducedIndigowas of superior quality téndigofrom plants andfinally
replaced it on the markeNowadays|ndigois themostwidely producedlow costdye in
the world, with a worldwide prduction of thousands of tons, most of which used for
dyeingdenim fabric [79E2

In addition toits largely exploited propertiegs a dyelndigohasattracted a novel
interest in material sciencdt has been shown to be a most promising biocompatible
semiconductoy exhibiting ambipolatransport in OTFT&2: [77. 831, [84 with a bandgp of
1.7 eV, welbalanced electron and hole mobilities of 1 %2 V! s and good stability

against degradation in aifd In the field of organic electronicambipolar charge
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transportisan importantrequirementfor the development of integrated microelectronic
circuits and optoelectronic devicebut the narrow choiceof organic materials available
currently impede videspread application$?

As a pigmentindigois 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 prefeff@dEd Its
propertiesin films were found to be strongly dependent on tgeowth surface (83 [€8
with hydrocarbonbased materials such as polyethylene and tetratetracontane
outperforming other dielectgs. This has been attributed to a polymorphic modification,
induced by the dielectric acting as a templd€ This suggestion needdurther scrutiny
for a number of reasons. First, a surface induced polymorph detected and
characterized ifMyrian purple filmsi”® and the occurrence of the same lindigocould
constitute an interesting paralleBecondlythe study of thelndigofilms presented some
complexities, 8 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 beiolgrified

A first issue concerrtbie 0lid phase present in the film# its bulk crystal state,
Indigois known to display two polymorghnamed A and Baving very similar structures.
[87<[2d As jllustrated more in detail in the next paragrapbtibforms are monoclinic with
very close unit cell parameters ameere found in this work t@row as concomitant in
most conditions.

In a Xray characterizatio of vapordeposited 40 nm thickndigofilms on Si/SiQ)

83 the specular scan showed only two reflections, which could be assigned to weak
crystallographic orientations along the rtrt and ¢ p 1t 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 stut#, 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 cryseatiexture with a single
preferential orientation, with no reference to a specific polymorph. Together with the

usually observedp it reflection, a new peak was detected in the GIWAXS pattern of a
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film grown on paraffinl®d This wasn fact thefeature identified as due to a newarystal
modification, described as a distorted monoclinic structure of polymorph A.

Concerning the morphologyndigofilms were either found uniform and highly
crystalline on most substrate8d or, on the contrary, rough and poorly homogeneous
(88 thus denoting a strong dependence on th@wth conditions. Lastly, when analysing
the forces driving the formation and shaping the characteristics of the film crystal state,
the role of strong intermolecular4onds has been either stress&d: 83 or considered
overestimated (88

Aiming to clarify the dlliopen issues mentioned abovwelated to the polymorph
landscape of thdndigo system, a first part of the work dealtith the structural and
Raman properties of crystallinadigoin the bulk state and dropastfilms. This allowed
us to understand whib polymorphsgrow under specific conditionand under what
circumstances the coexistence mdlymorphic structures has to be expected

A combination of singlerystal and powder Xay diffraction (XRD) techniques
provided  Of SI NJ aLIAOGdzZNBE 2F (GKS LRfeY2NLIKAO O
that A and B modifications often coexist and thamlike what previously assume@?
phase B seems to be the predominant one.

In thefilms obtained by dropcasting, the XRbBould notidentify unambiguously
the polymorphpresent in agreement with what reported in the literature fone vapor
grown samples, as detailed abovdowever, theRaman investigations on the bulk
sampleswere able toidentify the vibrational fingerprint of each polynuan and sich a
knowledgecould be successfully transferréd characterize the drojgast sample and
to reveal thatthe polymorphs coexist at the micron scale in crystallitese $pectral
investigation focusedoth on the lowenergy region (1150 cn%'), where the lattice
phonons are recorded, and @elected intramolecular modes the ranges 10200 and
1550;1600 cnil. The frequencies of the latter were found to be sensitive to the slight
modification of the H bond patterns deriving fraime different molecular packingf the
two structures Indeed, hese two energy regimesupply reliable spectroscopmarkers

for Indigo polymorph discriminatiorand an estimate of the degree of crystallinity.
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The investigation of structure and morphologyidigothin films was conducted
on samples obtained by ultdaigh vacuum deposition at the CN8M institute of
Bologna, carefullgetermining the required conditions of chemical purity &hd growth
parametes, which allowed us t@btainreproducible filmmorphologiccharacteristics, as
checked by the AFM characterization performed at the same institutiomddition to
Si/SIOx sudtrate, we tested film growth onthe Tetoron® polymeric substrate
(polyethylene terephthate or PETfilm), which owing to its propertiesf flexibility,
optical transparency and chemical resistawoeld be usedor flexible devices.

Relying on the restd given by the spectroscopy analysis of timeligo bulk
crystals, the Raman spectra showed that B is the only polymorph which grows in the films.
Such an information was not accessiti¢he XRD measurements, which met the already
mentioned difficulties in the phase identification. FinallyTransmission Electron
Microscopy(TEM)measurements performed at the CNFharles Sadron Institute in
Strasbourg were used to shed light on the molecular organization dhtigomolecules
at the solid interface.

The picture thatemerges from this investigation is thaif a molecular
arrangement in the film in fact driven ipe formation of strong hydrogen bridging
bonds, which determine the development of the structure in a preferential lattice
direction, along which such interactions are exert€@bnsequentlythe crystallinity of
the film is generally poor even thoughciin be improved with a solvemtiporannealing
(SVA}reatment.

3.1.2.Sample preparation

Single Crystal growth: Indigo (TCI Chemical97% was purified by double
sublimation at 200C at low pressure of nitrogen to avoid thermal oxidation, obtaining
microcrysals d irregular shape. By usirapoling waterat £ 20 °C at the apparatus cold
finger, we found that both the polymorphic composition and the dimensions of the
microcrystaldormingthe 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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0 S Y LIS NI (i dzZNBI0 °2 Bn the caldofinger condens¢see paragraplB.1.8 ¢
Appendix [)Small, elongateds A y 3t S ONR &Gl fa o6Fo2dzi wnn >Y
Vapor Transport (PVT). For PVT growthe material was placed at one end of an
evacuated glass ampule, which was sealed after three cycles of evacuation andmitroge
purging. The end of the ampule containing the material was then placed horizontally in a
furnace kept at 250 °C. At equilibrium a temperature gradientrdf3 °C/cm was
measured.

Despite the low solubility ofndigoin most organic solvents, crystals ngealso
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
FAEt GSNBR ondu >Y TFA f-dcldidbenzehelanttiddetonrie odtat dzi A 2
Si/SiQwafer 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: Commercialndigopowder (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 pre@ration. 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
O2YYSNDOALIf LINRPRdAzOG® ¢KS I NBS ONBaGIta
140°Cwere used as the starting material for the film growth in tielVchamber, as it
was verified that theyielded optimal characteristics of reproducibility, probably due to
increased purity or to segregation of contaminanigligofilms were deposited osilicon
wafer with 100 nm thick layer of thermally grown silicon oxide. Substrates were cleaned
with acetonevapors to get rid of organic contaminants prior badigodeposition. Thin
films growth was performed by thermal sublimation under ultrahigh vacuwith a base

LINB & & dzNBnBar.By kEepingstonstant 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 SBiQ substrate was held at room temperature.

Three representative deposition rates (namely, 10, 70 and 200 ng/min) were used
in the fabrication othin films onTetoron®DuPont Teijin Film¥), apolymeric substrate
based ompolyethylene terephthalate (PET)etoron®is a thermoplasticemi-crystalline
and biaxially orientedPETfilm, industriallyprepared by rolto roll processing!®d In this
process the stretching of the melt in two perpendicular directions induces the biaxial
orientation, while postprocessing thermal treatment induces the partial crystallinitye
material display$igh mechanical strength, good resistance to a wide range of chemicals
and solvents (including acetoneased for cleaning procedurgdow waterabsorption,
high optical transparency, excellent dielectric properties, good dimensional stability and
good thermal resistance in terms of shrinkage and degradation of the polymer cldins.

The substratg1x1 cn? size wascleaned by anltrasonic bath inMilli-Q water,
then rinsedin acetone and finally dried under nitrogefo achieve a surface roughness
comparable to the silicon oxide substratd®toron®substrates, sandwiched between
two wafers of Si/SiQand weightedwith a total d 1800 g were subjected to thermal
annealing at 110 °Gn a hot plateand cooled under nitrogen. The achieved roughness
was of(0.7 £ 0.1) nm, as determined by AFNMhe total amount of materiadeposited,
and the other growth paramters, were kept constant in abamplesand identical to

those usedor the Si/SiQ@substrates

3.1.3.Experimental methods

RamanSpectroscopyRaman spectra in the energy interval of the lattice phonons
with excitation wavelengthat 647.1 and 752.5 nminsteadin the energy interval of the
intramolecular vibrationsvas usedhe excitation wavelengtrat 785 nm For thelndigo

case, power wageduced by neutral density filters to avoid sample damage.

X-ray diffraction: Singlecrystal data foindigogrown by PVT were collected both
4 we FyR G [¢ 6nHmMn YO 2y Fy hET2NR
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graphite monochromator (M&¢ "N} RA I A2y S < T nadrmaTto )0
CryoStream800 cryostat. All ndrydrogen 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 respectivioms. SHELX9% was used for structure
solution and refinement on & The program Mercury® 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
CrysAlisPro171.34.389 VESTABY and Mercury®a were used for molecular graphics.

For single crystal face indeximase identification bpolycrystalline samples and
fimssamplesNJ & L2 6 RSNJ RAFTFNI OGAZ2Y LI GOGSNya o-w

between 5%40°. Thiswasz2ly S 2y I t! bl ft@GAOlFf - Qt SNI tw
withBragg. NBy i Fy2 3S2YS{iUNE SljdzALIISR gAGKcLyY - U/
nncX dzaAy3a /dz Yh NIRAFOGAZ2Y @GAGK2dzi | Y2y2(

0.04 rad soller; 40mA x &¥). The program MercuBf was used for the simulation of X

ray powder patterns on the basis of single crystal data retrieved from the Cambridge
structuraldatabase- CSOOCSD refcodeMIXCEE and INDIGO@2 polymorpls A and B
respectively. 28 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 purposesyay powder diffracion patterns
6-wt50 Ay GKS wtnandNl 985 08#4BSSYPiI IR 2y | t !
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
40mA). Powder diffraction data were analyzed with the software TOPAZ4AL shifted
Chebyshev function with 7 parameters and a PseMiogt function (TCHZ type) were

used to fit background and peak shapes, respectively. A spherical harmonics model was
used to describe the pferred 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 AFMAs reported abovdndigofilms 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 (F7 KLA Tencor, Milpitas, CalifornigsA).Topographic images, collected
by AFM operating in intermittent contact (SOLVERMR¥M, NTMDT Zelenograd,
Moscow, RU), were morphologicaiynalysedin order to investigate the evolution of

Indigofilms vs the deposition rate.

TransmissionElectron microscopeTEM was performed, both in bright field
electron microscopy and electron diffraction modéy using a Philips CM12 TEM fitted
with a LaB6 filament and equipped of an SIS Megaview Ill CCD camera. The following
flotation technigue was @opted to transfer the film on the copper electron microscopy
grids (200 mesh) and prepare thedigothin films for TEM analysis. First, the samples
(Indigoon silicon waferjvere coated with a thin carbon film in an Edwards E306A coating
system. Secondhe carbonrcoatedindigofilms were removed from th&i/SiQ substrate
by gently submerging the samples in a 5%HF acid solution in water. The cardodigod
films were retrieved with TEM grids directly from the HF solution. They were
subsequently washedith a large amount of MillQQ 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 therosicope together with small
C2 aperture and low current (spotb setting and 24000x)'heselected area electron
diffraction patternspatterns were recorded at a 2.05 m chamber length using a 5um
condenser (C2) aperture in order to have a nparallel ilumination, about 50 pm wide
on the specimen. In Selected Area Electron Diffraction (SAED) mode an aperture of 100
pm 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 @e# simulation package (Accelrys,
Waltham, USA and Cambridge, UK).
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3.1.4.Indigo crystal stictures

This paragraph summarises the literaturstructural information on Indigo
polymorphs, updated with our recent experimental and computatioesults Table3.1
reports all the available experimentapublished data and compares them to the
computations reported in the work bgalzilloet al, 84 which will be detailed in the
following.

Indigois known to crystallisen two very similar structures, named A and!$l¢
94 |n Ref.[¥2 the occurrence of aecond structure, corresponding fmolymorph B is
reported for the first time. In that worlit was noted thathe cell parameterf form B
were such thatonly the cell lengttaandi KS Y2y 2 Of A yéd@®omlthdse bfS
polymorph A Besides, B was found to be strongly metastable, so tiatstructural
transformation ino A couldbe driven by mechanical action, simpectioninga sample
perpendiculaly to the growth direction The spontaneous transition was described as
due toaslipby /4 of the molecular layensith respect toeach other pringing the lattice
into the densempacking ofA. In thetwo later reports d B, [87- 88 the lack of stability was
not detected even though in the formepaperit was always obtaineds a byproduct
together with form Aand its selective growth as single crystal was only possibée to
the decompositiortemperatureof the compound!®8 Structurally very similar to form A,
form B is reported as monoclinR2/c 81 or P2/n. 88 |ts largercellvolume (about 3% at
RT) suggest that B is metastable at low Tbut no phase transition was detected by
cooling down to 213 K&

PolymorphsAandB contain two moleules per unit cell (Z=2havingG molecular
symmetryandrelatedto each otherby a 2 screw axisThe planarmoleculargeometry
in the crystal differs very littldom Gr symmetry corresponithg to the minimum energy
configuration determined by the DFT calculation for the isolated moleshiewingthat
the influence of crystal packingn it is negligible. Both A and B polymorptisplay
analogousntermolecularinteraction patternstranslationdly equivalent molecules form
stacks with facgo-F I OS A y i S NI Qdicorhgttedy angfrk bf hydrogen

bondings which weaken the intramolecular oneSven the packings are nearly identical
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and the main difference between the polymorphs is isudtle reciprocal orientation of
the molecules, which leads to slightly different stackings 8gare3.3). 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.

Phase A Phase B

3,392(2) Al 2

Al 7 - =
3,345(1) A ',4,310(3) A

',%,197(a) A

oiazeee
= - s T <
,.\?ié:\,\
0,107(3) A L = .

Figure3.3: Comparison between the two structures of the Indigo polymorphs.

The mass densities are slightly different with 1.50 gffon polymorph A and 1.46
g/cme for polymorph B.[83 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

Figure3.4: Network of intra and intermolecular 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 intrand intermolecular hydogen

bonds is given ifigure3.4.

Table3.lY [ GGAOS LI NIFYSGSNE YR adzof Ay GA2y SySN

Experiments are compared to calculations, either with the TkatchSckeffler (TS or manybody
dispersion (MBD) D2 method. All the structures are monoclinic wik2.

. , Volume Space n a dzo |
REFCODE Form  a (A) b (A) c (A i de) A9 T (K) Group  (kcal/mol)
Ourwork A  9.2850(9) 5.7941(4) 11.5722(9)108.710(10, 589.66(8) RT P2/n
= A 9.1942(8) 5.7876(6) 11.4878(8) 108.268(9) 580.48(9) 211 P2/n
INDIGO®® A 924(3) 577(2) 1222(3) 117  580.497 RT P2l
INDIGOO1
o A 923 574 1225 1165 580810 RT Pac |
INDIGO03 A 924 577  12.22 117 580497 RT P2/c
INDISO02 5 10.84(1) 5.887(6) 12.28(1) 130.02(5) 600.134 RT P2/c
INDIGO04 5 9.790(2) 5.9064(10) 10.755(3) 106.781(18) 595.958 213 Pa/n
DFT (TS A 9107 5741 11489 10853  569.6 45.5
DFTMBD A 9148 5779 11465 10881 573.71 37.4
P21/n
DFTTS) B 9633 5922 10468 10594 574.16 ’ 45.2
DFTMBD 5 9732 5885 11559 1069  578.68 37.4

The samplegrown by PVTfor the work of this thesisvere analyzed with single
crystal XR@t both room and low temperature, as reported in th&gerimentalMethods
paragraph. Thehave beerunambiguously idenfied asA and the structure was solved
and refined in the monoclinic P& space group. We determined accurate distasifog
the intra- and inter molecular hydrogen bondings betweerHNand C=0 groups, which
were found to be 0f2.915(2)A and 2.875(2)A, respectively leading to the assembly

shown n Figure3.5.
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Figure3.5: Network of intra and inter-molecular hydrogen bonds detected within crystalline
Indigo grown by PVT and corresponding to form A.

To confim the absence odny phase transition upon cooling, additional datasset
were acquired at210K andthe unit cellwasdetermined also at 80 K Data collection
and refinement details are listeid the TableAl in tre AppendiX (paragraplt8.1.8.

With the aim of recordingolarized Ramafexplained in paragrdp2.1.4) of the
newly obtainedindigosamples, PVT grown single crystafl form A were also analysed
for face indexing. In particulawe andysedtheir crystal morpholgy by comparing the
simulated BFDH morphology with that experimentally deteraa after face indexing. As
can be seen ifrigure3.6 the agreement is good, as the smaller facets are not actually

observed

Figure3.6: External morphology for single crystals of Indigo gréawdPVT (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 alsogecorded,
asthis would providenformation about the facerientedparallelto the surfaceon which
the crystalies Thus, the vergrystal used for data collection was placed onto the sample
holder for ten different times each timerecording itspattern. Severnout of ten times
only the diffraction peaks corresponding to the (nD Miller planes were observed
whereasthe remaining timeghe (nOn) ones were detected, (séegure3.6) This fully
agrees with the face indeed from single crystal XRD data, yieldingmely, a
parallelepipedshapedsamplewith the former facet (n0-n) largerthan the latter (see
Figure3.7).

b— N
-— c
(10-1) (101)
. (20-2) (202)
T (80:3) 5 j \ N
1[0 2'0 3'0 4lo 1 IO ?'O 3IO 4 I0
2Theta / deg *=sampleholder 2Theta / deg

Figure3.7: Crystal morphology (modeled, top) and XRD pattern of a single crystal lying flat on the
sample holder (bottomPeaks with amsterisk belong to the sample holder.

Gommercial and sublimedindigo were not available irsufficiently large single

crystalsand wereonly analyzed only bpowder XRDThe corresponding diffractograms

are reported inFigure3.8.
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Figure3.8: Comparison between calculated (blaend orangelines for A and Bespectively) and
experimental (black lines) XRPD patterns for commercial and sublimed Indigo samples

In commercialIndigg, the peaks @pear slightly broadened but the pattern
correspond to that of polymorphB, wth possiblepresencealsoof A. The siblimation
process produces aenrichment in Ain agreement withthe literature findings(&
Specificallypolymorph Acontent depends orhe sublimationdeposition temperature
the higher the temperature, the higher the conterfb evaluate the relative amounts of
polymorphsafter sublimation,Rietveldrefinement wasused as shown irFigure3.9.
Whereas, as mentioned above, B is largely prevailoag 43%) in the commercial
specimen by sublimation the A amountisesto nearly 30% an@&50%when the cold

finger temperature in broughtip to 3 °Cand 130°C, respectively.
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Figure3.9: Experimental (blue), calculated (red), difference (grey), and backgrounddimht
patterns for ), sublimed (a) commercial (b), and sublimidout cooling the sublimator cold finger (c)
samples of Indigo; x axis is in degrees'ofd?

Altogether, the new collected data agree with previous literature findings about
the number and the nature dhdigopolymorphs in the bulk. Howevgwith 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 thigroup has
appliedthe ¢ / NRB &Gl f Ly KSNEB H 208 \fjhichi© dndeMidient wayDii K2 R =
discerningexperimentalstructureswhich, appear to be very similar albeit not identical.
The method relies on the calculation of the crystal structure of minimum energy,

identified asthe local minimmn corresponding to the configurationf mechanical
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equilibriumfor a given lattice. Detalof the approach, which employed an atestom
potential model combined with point charges interactions to account for electrostatic
contributions for energy calculatiosan be found in Re? Such an analysis enabled us
to confirm that for all the experiments only twoislinct minima can be identified,
corresponding to forn (this work and CSD refcodes INDIEDINDIGO01Y INDIGO3
[99) and formB (INDIGO02E&7 INDIGOO04£8).

Once the existence of only twladigocrystal structures was assessed, the more
computer time consumingDFFvdw calculations were run fo 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 pallameters. This
makes us confident of the reliability of the method also in the simulation of the crystal
vibrational properties, as described in the next paragrapie computed volume for
polymorph A ismaller than for polymorph Biiagreement, and regardless of the details
of the correction adopted to account for dispersimteradions,the A phaseurns out to
be (slightly) more stable than the B pls& at 0 K. When temperature effects are
accounted or, 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 regiorof Indigophase diagram.

3.1.5.Micro Raman characterization of Indigo in the bulk state

The first crucial step imployingRaman spectroscopy to identify polymorphs is
to measure and/or calculate the reference spectra for samples in which the actual
structure hasbeen determinedoy XRD.

In packing polymorphs likadigg in which the molecular configuratiamains
the samedue to the system rigiditythe low energy range of the vibrational spectrum
usually carries all the spectral differences among distiattices. As explained in the

introduction (see paragrapi3.1.1), this is because modes observed hdreld the
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character of lattice phonons, or vibrations in whitlolecules oscillate as a whaeound
the lattice equilibrium positions subjected to the force field of the dispersion
intermolecularinteractions. The weakestoring forces combined withthe high inertia
moments of themolecular bodydetermine thelow energy of the modes, while the
spectral features depend on the details of interaction pattern in the crystal packing.
makes Raman spectra in this range an optimal probe of structural properties, as here each
polymorph displays its own unique spaan.

The process of associating a spectrum to a structure may appaightforward
one when describeth 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 re@ptiog
Raman spectra on many ¢fiem 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 tre obtainedresults madeThis confims that
crystal growth, and polymorph selection, are subjected to a sort of gray magic, the
2dz602YS 2F GKAOK A& Ay GKS KFIyR 2F GKS t K5

The lattice phonon Raman spectrushpolymorph Awas providedoy the Indigo
samples grown by PVT, studibgsingle crystal XR[3ome of the crystallites grown by
sublimation which could only be analyzed by powder XRD, Hadensionsand
morphological characteristics suited gingle crystal micrd®kaman analysis. THattice
phonon Raman spectra of all these samples, together with that of the commercial
powder, are shown ifrigure3.10. Extensive samplings of various specimeosfirmed
that only two different spectal patterns could beletected on individual crystallites: the
one safely assignetb form A, because of the analyses dne PVTgrown crystals, and
another one, characterizing tHarger fractionof the crystallites and asgned to form B.
As expected, the spectrum of the commercial product digpddbroader bands compared
to the single crystaldyut could be associated to form B, in agreement with plosvder
XRD results.

The images of A and B crystalg-igure3.10 clearly indicatehow consideration

on morphologydifferencescannotassisin discrminatingthe two polymorphsHowever,
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even though the strong similarity between the two lattices reflects on a similarity of

spectral patternsthe distinctioncan be safely made by Raman.

A (PVT)

S

B (sublimation)

Intensity (a.u.)

B (powder)

5l0 ' 160
Raman Shift (cm™)

Figure3.10: Left: Lattice phonon Raman spectra of trarious 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 Refd contributes to the validaion of the
assignment the Raman spectra to a specific polymorph made with the aXR&f
measurements.

In Figure3.11 Indigo lattice phonon Raman spectra are deconvoluted as sums of
Lorentzianbandsto identify the peaks and proceed to the vibrational analyBesed on
the P2/n crystal symmetry, which is the same for both polymorphs A and Blajdnsix
lattice modes of gerade symmetry gA 3B are predicted to be Raman activBuch a
prediction relieson the assurption that Indigobehavesas a rigid molecule, in which the
lattice phonons lie at energies lower than those of molecular vibrations and can be

considered separatelyhe six lattice modes correspond to eithesphase (B or out-of-
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phase (4), rotations (librations) of the molades in the unit cell around their axes of

inertia and give rise to three doublets in the Raman spectrum.

T T T T T
40

B (sublimation)

Intensity (a.u.)
Intensity (a.u.)

20 40 60 80 1(IJO 120
Raman Shift (cm™) Raman Shift (cm™)

Figure3.11: Raman spectra for A andiBdigopolymorphs in the lattice phonon region
deconvolutedas sums of Lorentzian bands. Teakerpeaks of the B polymorplfas the one att2 cm?)
can beresolved only in the Raman polarized spectra as shown inekteFigure

This preliminary analysis is theeyk to the interpretation ofIndigo spectral
features,supported bypolarized Raman spectroscoms illustrated inthe Figure3.12
and with the assistance of the calculatioie latter (84 show that for both A and B
crystl structures thesigenvectors of the six loweshergyRaman activ@ormal modes
do correspond to pure librations, with natramolecularcontributions. This given, the
assumption of pure lattice phonons in idgoodies is foitndigocorrect Accordinglythe
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 & polarized Raman
spedra analysiswhich completes the mode assignmeate needed to identify all the
expected bands. Such an analysiquires the knowledge of the facets exposed and of
the crystal orientation under the conditions of normal incidence and backscattering
geomery for the exciting beam of our Raman experiment. Polymorph B neeslle
displayed extinction in crogsolarized illuminatiorwhenthe crystallong axisvasaligned
to the excitinglight polarization.Face indexing byRDwas not possible, because of the

lack of suitable single crystals. However,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 thé axis, wich correspndsto an extinction direction of
the monoclinic system This makeghe interpretation of the Ramarexperiment in
polarized lighstraightforward. Raman spectra collected in backscattegegmetrywith

the polarization of the incoming and scattered ligidrallel to each other (labelled as
parallel polarizerdn the orangetrace of Figure3.12) and to the sample extinction
directionrevealmodes of Asymmetry. Modes of #fsymmetry can instead be detected
by rotating by 90° the polarization direction of tlecominglight (spectra labelled as
crossed polarizers itne red trace ofFigure3.12). By comparinghese polarizedRaman
spectra ofindigo. $AGK GKS dzy L2t NAT SR & LISdanidenzy =
solved in two peaks at 39.8 and 41.6 tnbelonging to modes ofg&nd A symmetry,

respectively.

Intensity (a.u.)

B (crossed polarizers)

B (unpolarized)

Figure3.12: PolarizedRaman spectmm of the IndigoB polymorprand the vibrationsn the lattice
phonon regiorare highlightedorange dots shown thegdands while the red dash shown thgdde) The
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Notwithstanding theirreplaceablerole of the lattice phonons,nira-molecular
vibrational spectra (either IR or Ramgnoften provide a valid diagnostic tool for the
identification of conformational polymorph3his is because conformation modifications
induce detectable changes in the positions and the intensities of the chemical group
involved. These spectrare, however,ineffective for packing polymorphs, which share
the molecular geometry and, thuthevibrationalspectralfeatures. In this respechdigo
polymorphsA and Bare an interesting exception, as thegn be discerned by some of
the strongest bands of theiintra-molecular Raman spectr&his can be observed in
Figure 3.13, where he central panel shows these spectra for samples of the two
polymorphs in thewavenumber region from 100 chto 2000cnt?, while in the insets

two rangesof interesthave been zoomed in: i) 100 cm! and ii) 145601650 cm'.
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Figure3.13: Raman spectra dhdigopolymorphs A (bluegnd B (red) in the 162000 cnt?
range.In the picture are shown twpoomns into specificwavenumber intervals in which polymorph
discrimination can be made on the basis of intralecular vibrations.

Intensity (a.u.)

As expected for packing polymorphs, most bands ah&®A and coincideThe
zoomed egionfrom 100 to 200 cm of the Figureputs in evidencehe bandsof the
lowest energyintra-molecular mode, which in the crystatith two molecules per cell
gives riseto an A + B, doublet as a result of the Davyd@wplitting 194 between
interactingmoleculesThe two peaks are founat 132 and 139 crhin polymorph Aand
at 136 and 142 crhin polymorph BThe analysis based on tlealculatedeigenvectors
89 has allowed to visualiz¢his vibration as a largemplitude mode comprising
intramolecularrotations, which involveghe entire molecular scaffold (topnagesof
Figure3.14). The nature of this motion suggests it te b sensitive probe of the strength

of the intermolecular hydrogen bonds, #se presence othese or a change in their
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pattern, could affect the intramolecularrotations. Hence the frequency difference
observed between the two form$Note that similafrequency shifts araot observed for
the weaker peaks of thadjacentdoublet, around 172 and 182 crh also reported in

Figure3.13.

140.1 cm™?

1568.0cm™?

Figure3.14: Top: Representation of the lowest energy Ag intramoleculardifo (the calculated
wavenumber for the A polymorph is giveBdttom: Representation of the Ag intramolecular mode
corresponding to the most intense and typical banthdfgo(calculated at 1568.0 cifor the A
polymorph). The arrows display the directidrtiee atomic displacements; while blue and red molecular
geometries are used to represent the movement of the sy8&m.

The most easily detectable difference betwedretRaman spectra of the two
polymorphs however, involveshe doublet of the most intense and typical band of
Indigg 19841198 \which isshown in thesecondzoomof Figure3.13. The doubletoccursat
1578 and 1592 crhin polymorph Aand at 1576 and 1587 crhin polymorph B The
correspondingnode (Figure3.14) has beerdescribedin detail in the literaturel18. [107
and corresponds ta combination of tle centralC=C andhe C=COstretchings. Itactually
entails the motion of the entire functionalgroup ¢ called the crossconjugation
chromophore- formed by the central bond together withC=0 bondsnd N-H bonds
which act as acceptor and donor systemespectively. Sice the early measurements on

solidIndigq it was noted thatin the condensed phasthis mode is strongly red shifted
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compared to thesolated molecule DRJakulations, which gives a wavenumberl&96
cnrl, 197 198 Based on the calculations anmodelindigodimer, (228 such a shift has
been interpreted as due to the presencetbk strong intermolecular hydrogebonds,
which affectthe bond strength andhe vibrational dynamics of the functional groups
involved in the interactionThe differentshifts observed in forms A and Bnd the
different5 | @ & R@li@r@sihint to differences in the interaction motiigvolvingpairs

of non-translationally equivalent moleculems a way similar tavhat described above for
the large amplitude motion.

From a practical perspectivéhdsefindings show that polymorphs A and &n be
efficiently discriminated through intensRaman bansd in energy ranges more easily
accessible than the lattice phonon region. As a matter of fact, we have resorted to their
inspection every time¢he nature of the sample or the amount of material neadifficult
a measurement of the lattice phononblore interestng though is the spectroscopic
evidenceof asubtle butspecific difference between the twlorms, which originates from

the strongestintermolecular interaction thatharacterizes them both.

The difficulties encountered for obtaining separatétgigopolymorphs A and B
identify them as concomitant, following the description given in teeiew article by
Bernstein [ Thus, it was interesting to apptile micro Ramarinvestigation b check
whether this systendisplayed polymorph ceexistence athe micrometric scaleltX with
possibleimplications on domain and grain boundary characteristitdeed an instance
of co-existence ofthe two Indigo morphic modification was detected by Raman
spectroscopyn a sample having the appearance of a single crystaliiteisreported in
Figure3.15. Spectra of the A and B forms aga&venas referencesThe spectrumabelled
in the Figureas A+Bgreen trace)wasrecordedon anlindigomicrocrystal obtained by
adzot AYFGA2YS 6AGK GKS KAIKSal fusedamint NI &2 ¢
setup. As evidenced by the lines marking the bands, such a spectrum corresponds to the
overlap ofthoseof the pure forms. Here the micrBamammeasurement clearly pinpoints
a situation in which the two polymorphs -@xist as different micrometric domains in the

same specimen, despite the macroscopic appearance of this as a single crystal
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Figure3.15: Greentrace: Lattice phonon Raman spectra recorded oindigomicrocrystal
200 AYySR o0& &adzofAYF(dA2Y 6AlGK (KSThEdndaeded ds AtB, i SNI f N
shows the cexistence of the two forms at a micrometric scdele and red traces: reference spectra of
the pure A and B forms, respectively.

3.1.6.Fabrication and characterizationlatligofilms

X-ray and Raman measurements oitmis prepared by drop casting

l'da NBLEZ2NISR Ay 6 YiatalBdpds.Y.§ o firsk dttempt&iifiknz R & ¢
fabrication was done by using the drop cast method on glass surfaces. Other solution
deposition techniques were not in fact pursued base, as the results presented below
will show, the low solubility ofndigo really represents a limiting factor in obtaining
homogeneous and continuoudm suitable for applications (andis was well known
from the literature). Nonethelessthe samplegrovidedpreciousinformation, such as the

phase selectivity of the surface, which applies also to the films grown byadper
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deposition method.Besides, they were the benchmark systears whichto test the
effectiveness of Raman spectroscapysituations whereXRDfail.
The XRD diffractogranug films obtained bythe drop casting oftndigosolutions

in 1,2-dichlorobenzene or acetonitrilare reported inFigure3.16.

10 15 20 25 30
2 Theta / deg

Figure3.16: XRD pattern dhdigothin films deposited on Si/Si@afer by drop casting of 1,2
dichlorobenzenégreen line), and acetonite (blue line).

They show very similar diffraction patterns withe peakat 10.7°, corresponding
to a dspacinglistanceof 8.3 A. The degree of uncertainty is, however, too high to allow
for a safe and unambiguous determination of the type of polymorph from these
measurementsWe are facing the already mentionguioblem previously encountered
by Scherwitzl et al®d and by Anokhin et gl who reported similar results foiilms
grown fromvaporon various substrates

Figure3.17 showsRaman spectra recorded dhe same films, along with their
images at the optical microscope. The lattice phonon region (here notrshdisplayed
weak broad bands, with a pattern corresponding to that of the commercial powder. Using
as polymaeph markers the intramolecular modese. the doublets at 132369 and 1576
1587 cm', we checkedphase identity and purity by performing extensive random
sampling on the film surfaces. All measuremesiezarlyindicated that B is the onlyorm

present.
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Figure3.17: Raman spectra of films bidigodrop cast from solutions ifh,2-dichlorobenzene
(grey trace)and acetonitrile(black trace) The wavenumber ranges suitable for polymorph identification
are shownOn the right side: Image tiffie sample where the Raman scattering has been collected.

The films prepared for these measurements ay@te thick; the Ramartechnique
however, isvery sensitive, as can be judged by the high signal/noise ratio of the spectra

presentedand befitting to betransferred topolymorph identification irthin films.

Fabricaion of films prepared byMBE

The fabrication ofindigothin films by the vapor method met some difficulties,
which we believe connectetb the chemical purity of the starting materiédee more
details in the AppendiH - paragraph3.1.8.

Depositions were performecdn Si/SIQ at room T, following thethermal
sublimationat 200 Cunder ultrahigh vacuunF  “mBal) conditions The total amoun
of material on the sample (1000 ngas kept constantwhile different depositionratesA

were tested The choice oWvaryingthe depositionrate while keeping theamount of
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deposted material constant hadthe purpose of monitoring the morphological
transformation of the film as theate changed soto estimatethickness, sucture and
size of the grains.

In a first checlto optimize conditionsthe commercial powder was used without
further purification, but it turned out that it wasot possible to keep under control the
sublimation rate in the vacuum chambee.to achieve a constant material flux.

Films were fabricated at the deposition rates of 10, 20, 50 and 100 ng/min rates
with the subimed prodict deposited at 30C as the starting materialhe 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 chgogesent on the
surface and asdved to impurities. Soaking the films Milli-Q for 1 h made the AFM
measurementpossible An instance of the collected AFM imageshswn inFigure3.18,
along with some representative lattice phonon Raman spectrehefdame filmsThe
image reveals that they are very disordered, porous and discontinuiches thickness,
measured by the profilometer, was %0n for the samplegrown at the lowest rate(10
ng/min)and ca while 100m for that at 20ng/min. Qystallinitywasprobed by the lattice
phonon Raman spectra, but with uear outcome. The band&ere very broad, an
indication of a powdetike system. The peak positions suggeldhe presence of the B
form, which wasconfirmed by the detection of the corresponding intramolecular
vibrations. Howeverthe band relative intensities (see for instance theygpectral trace
of the film inthe Figure3.18) wereunusual with respect to all the samples measured so
far. Analysed after some months, the films dagmd only spectral features similar to the

black trace of thd=igure hinting to somentervened structurateconstruction.
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Figure3.18: Left: Raman measurement performed in thétiee phonon region othin films
obtainedwith the sublimed powder recrystallized2@2°C Black and grey tracshowthe Raman pattern
typically observed on thessamplesBlue and red traceare reported as references for the known
polymorphs togetherwith the spectrum of the commercial powder (ligirey trace) Red dash lire
highlightthe relevantsimilaiities between the known spectra and the new orRight sideRaman
spectraof the film samplesollected in the energy interval tife intramolecudr vibrations (here the
wavenumber ranges displayed is suitable for polymorph identificationhe insetthe AFM imagef a
representative samplshows 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 010, 20, 42, 70, 101, 1&hd 200 ng/min After soaking in MiHQ
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 highlighdedonstancy of spectroscopic
characteristicsContact profilometemeasurementgonfirmedthe film thicknesseso be
independentof the deposition rate, i.e. 1000 ng of deposited molecules corresponds
always to filmg36 £ 9) nnthick.

HIims on the thermally planarized Tetoron® wsubsequently preparefbllowing

the same procedure as those on Si/Sihedepositian ratesof 10, 70 e 200 ng/miwere

69



Chapter3 - OrganicSemiconductors

chosenwhich corresponddto the two boundarywaluesand the intermediate onef the

depositionon Si/SiQ while all the other condibnswere kept constantso to be able to

compare morphologies in the two substrate®etails on the preparation and

planarization of the substrate are givengaragraph3.1.3- Experimental methods.

The conditions tested foindigo film fabrication by the physical deposition

method MBE are summarized irable3.2, along with the thickness of obtained films.

More details about thesublimed powder are reported iparagraph3.1.8¢ Appendix Il.

Table3.2: Summary of the deposition conditions tested for the fabricatioimdfgofilms by MBE

CrystallindPowder usedor fabrication

Substrate Deposition ratgng/min) Thickness (nm)

Commercial Powder S|I|_con no film no film
oxide
. A X v 4 Silicon
Sublimed 200C-NBS ONE a u I f € oxide 10, 20, 50100 from 50 to 100
) A s Silicon 10, 20, 42, 70,
Sublimed 200C-NB ONE a i I f € oxide 101, 170, 200 36+9
Sublimed 200C-NB ONE a G | f £ Tetoron® 10, 70, 200 F30

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 wspectr

disphys the same pattern of the othesamples(such asFigure3.21) while its AFM
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As showrin the AFM imagesf Figure3.19, Indigofilms are composed of grains,
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decay exponentiallys A Figure3.1%h), similarly towhat reported in the literature for

perylene films 9 Thermodynamically, the dedion rate drives the films equilibrium

from a 3D (rough) toward a 2D (flat) growth regime, by increasing the ssgiaration

of the sublimated moleculed! 2 NE SljdzA @l f Sydfesx (2 Ay ONB

decreasing of the molecular diffusidength.

Figure3.19: Topographic images érfidigofilms deposited on therm@i/SiQ at room
temperature for increasing deposition rates: 10 (a), 20 (b), 42 (c), 70 (d), 101 (e), 170 (f) and 200 ng/min
(9). In order to highlight the morphological evolution of grains, 3 x Btppographic images were
presented.

Independently of the depason rate, the roughness analysis of images with
different lateral sizes (from 40 to 1 um) highlights a roughness saturation above 5 pm
2] QO2NRAy3Ife&s GKS S@2ftdziAzy 2F (GKS adaNFI O
investigated by analysing 7 x 7 fitapographic images. The plot Bfgure3.20 showsan
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initial plateauT 2 NJ A f Hthend@ay¥ &y [ YRSSNI f 16 S6A0GK SELR
+ 0.03. This value is close to what found for all films made by-alttathermal deposition

F 0.49[113 pyt, notably, it is highethanthat of (0.28 + 0.01) obtained for simulated non

equilibrium growth with anomalous scalingt!4 like the case ofPentacene films

deposited on Si@[119
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The films deposited on thepolymer substrate displayed trends of the
morphological parameters very similar to those recorded in siliogitle with the
roughness’ decreasing with increasing depositiorrate, showing the formation of
increasingly compachomogeneousndflat films. The same applies to volumarea aml
size of the grainswith the presence of smaller, spherical structures characterizing the
highest rate.Togetherwith thesestrong similaritiesthere are relevant differences.tA
the same deposition rategn the polymerthe roughness is highgf20+ 1) nm and (1%

1) nm at thehighest and lower deposition tas, respectivelygorrespondingly, grain
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dimensions are larger. These experimental evidences point to a lioweraction of the
Indigomoleculeswith the polymeric substratewhich results in less smooth and worse

organized films compared to silicaxide

Ramanand XRDxharacterization

The AFM morphologic characterizatioand in particular the behaviour of the
roughness vs the deposition rate\, suggsted narroving the field of investigation to
the samples prepared at the deposition ratesl®, 70 and 200 ng/min.e. the lowest,
intermediate and fastest ratg as representative dhdigobehaviour in films

Raman spectreeported inFigure3.21were acquired on the three representative
sampleson Si/SiOx and provide information on the solid phase in the filths.analysis
relies onthe previousRamarcharacterization ofndigoin bulk crystals. This showed how
polymorphs A and B can be discriminated by their different spectra in the lattice phonon
region Unexpectedly for packing polymorph$iese can be distinguished albg marker
bands in the energy region of the molecular vibratiotige to their different patterns of

intermolecular Hbonds.
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Figure3.21: Micro Raman analysis défdigofilm obtained at rate 10, 70 and 200ng/mdm
silicon wafer On the left sideRaman spectra in the energy interval of the lattice phonRight side:
Raman spectra collected in the energy interval of theamblecular vibrationsherethe wavenumber

rangesdisplayed isuitable for polymorph identification

The lattice phonon region collected for all tB&SiQ filmsdisplays a broad band
centred around 42 crhand two more broad peaks at 92 and 102 %mwhich allow us to
identify B as the polymorph presenttime samples, based on the results both of its single
crystal spectrum and of power sampla®viouslyreported. The assignment is confirmed
by the Davydov splittings at 132/139 grand at 1576/ 1587 crh(seeFigure3.13), which
have been identified athe 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 demwte 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 orgaization: the broadening of the lattice phonon peaks compared to
GKS aAay3atsS ONradlritQa Ia ¢Sttt a (GKS 3ISYySNI
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the crystalline powder, suggest a lack of order, whdhbe 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
depositedon Tetoron®(reported in Hgure 3.22). The lattice phononspectra arealike
those recordedon siliconwafer of Figure3.21 and confirmthe presence othe sole B
phasein a powdetlike state However compared to silicorwafer, the spectra have a
worse signato-noise ratiq a featureprobablydue to a lowerdegree of crystallinity of
the film, as suggested by AFM. Given the only sagstalline nature of the polymer, no
bandsascribableto lattice phononswere observed in the low energy rangeterfering
with Raman measurementdhe overlap betweersubstrate andindiggtQad @A 6 NI G A 2
bands isnsteadlargein the intramolecular energyange. Thisnakes complicatedover
this intervalthe polymorphic identification, whichan only be based on the bawd the

B format 1576 cm'.

Intensity (a.u.)

10 ng/min | n

LA
Y
Tetoron .

' I T r 1 r 1 — I r 1 N 1 ' I ' 1 '
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Raman Shift (cm™) Raman Shift (cm™)

Fgure3.22: Micro Raman analysis drfidigofilm obtained atdepositionrates 10, 70 and
200ng/min onTetoron®Left sideRaman spectra in the energy interval of the lattice phonBght side:
Raman spectra collected in the energy interval of theamblecular vibrationsthe grey trace igor the

puresubstrate. Black dash lines highlighe fewIndigopeaks not covered by the substrate bands.

Even though the failure of the-bay investigaibn to recognizethe Indigocrystal

modifications was knownwe toapply the technique for acreeningof the films grown
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on siliconwafer substrate The reason was this was twofold: check for crystallinity and
comparison with the previous literature ressiffor reproducibility 185 €8

Figure3.23 showsthe patterns for the samplesith the three selectedleposition
rates.The film deposited at theate of 200 ng/mg does not show any peak attributable
to Indiga Insteadthose obtained at lower deposition rates, namely 70 and 10 ng/min,
displayvirtually identicaldiffraction pattems with two peaks: the first at 10.74Jready
observed in the drogastedfiims, corresponding to a-@¢pacing of & A, and the second
at 33°, due to the substrate. The peak position and the H#plane distance agree with
the previous determinationd®3: [88 By combining this information with the knowledge
that the structure is that of the form B, obtained from the Ramae can infer that the
films are weakly oriented alongside thp it Miller plane. TheScherrer equatiofti8
was used to evaluate the average cryktasize which turn out to bel9.85 nm and 16.03

nm for the film obtained at 10 ng/min and 70 ng/min, respectively

A 70 ng / min

A 10 ng/ min

5 10 15 20 25 30 35 40
2 theta / deg = substrate

Figure3.23: XRD pattermof Indigothin films grown on Si/SiOx wafer by sublimation at different
deposition speeds: 10 ng/min (blalike), 70 ng/min (redine), and 200 ng/min (orangkne).
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TEM measurements

TEM analysis was carried own the films on Si/SiQboth in bright field (BF)
electron microscopy and electron diffractiggD)modes

To compare the information provided on the nanomorphology of the samples by
the AFM and BF images, these are showhigure3.24. The BF image of the 10 mgih
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
crystallinedomains of irregular shape, embedded in each grain and identified by a
sharper contrast irFigure3.24. Their average dimensions can be roughly estimated by
increasinghe 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 imadgéafre3.24 and

alsohere at higher resolution the presence of nanosized subdomains is evident.

70 ng/min 200 ng/min

Figure3.24: Comparison between AFamalysis (on the top) and TEM measurements in bright
field (on the bottom) performed on tHadigofilm 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 fiigure3.25, where both the SEDs, 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 almostinaous ring of a highly
polycrystalline sample. In particular in the SAERYre 3.25 at 10ng/min) only one
fragment ofIndigo is selected. The cryfgaexhibit 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 reflectiagclearly dominant in all cases and corresponds to
an interplanar distance 06.11 A, that can be indexed ap 1t¢  on the bases ofndigo
polymorph B structure. The large area jgddterns reveathe presence and the evolution
with depositionrate of the rings withndexes pt¢ and ppp inall the films. Overall
the ED patterns show that even when larger crystallites @nesent, the film still is
characterized by a poor order, even thouthiere appears to be a preferred directiar
growth as suggested by the prevailingtt¢ reflection.

The picture emerging is that in the samples deposited at lower rate, the first layers
produce a quasuniform film on which fragments poorly aligned and chusmaller
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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Figure3.25: The figure shows a comparison between the three samples in SAED (on the top) and
large area (about 50 um) ED in the centre and the corresponding radial averaged profile evidencing the

major reflections

To induce a better cstallinity and improve the organization of the film miero

domains, the grids were subjected 8VAwith methanol for 24 h, as this method has

proven to be very effective improvingcrystallization while avoiding the destruction of

the material.[*17 In such a process the film is partially dissolved by solvent molecules

diffusing at the interface and can-arganize by seldssembly.

Following the treatment, all the films displayed modification of the ED patterns

which indicatel some sort of reorganization. Foinstance, a SAEBigure3.26) recorded
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on the 10ng/min film after SVA could be indexed and simulated assuminga zone
axis (perpendicular to the contact plangf Indigo polymorph B, thus confirming the

phase assignment.

Sample

holder

Figure3.26 Left: chamber used for the SVA processing ofltiéégofilms; right: The SAED pattern
obtained on the 10ng/min film after SYéorresponding to thgt 1 2] zone axis

To describe in detail the effect of the annealing, we focus on the outcome for the
200ng/min sample, where changes were more pronounced, probably due to the smaller
size andhigher 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 terNesglikely, the
SVA treatment removes the smallest crystallites, sort of cleaning of the film surface,
which can thus display the underlying texture. In additithe polycrystalline domains
might have undergone a rerganization through imamolecular rearrangements.
Noteworthy, the untreated film did not display any peak in th@ay analysis oFigure

3.23, whereas now thep 1t reflection is clearly detectable.
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Figure3.27: a) BF imag@erformedon 200 ng/minindigofilm after SVA treatrent; b) ED
pattern of the SVAreated sample c) Simulated pattern that reproduces crystalih the 1tp 11 ZONne
axis, d) Averaged section profiles of largeale made on the ED shown.

In Figure3.27 the angular averaged ED pattern of the Sx&ated film is shown.

Reflections have greatly increased in number and intensity, to indicate the re

organization that has taken place in the sampghowever, the SAED pattern does not

display a corresponding quality improvement, with the previously obserpeug still

clearly predominantFigure3.27 shows a SAEBIong with the calculated ED pattern

corresponding a tortp 1T zone axis, which accounts for some of the observed features.

The electron diffraction patternFigure 3.27 collected on the filmmight be

described as a superposition of twets of features. The formerepresentsthe minority

of the crystals and consists of the sharper reflections ascribedrystals having the

crystallographic tp 1 contact plane, corresponding to thetp 1t zone axis, wbse

simulated ED pattern is shownhigure3.27, together with the resulting arrangement of
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the molecules at the solid interface. The latter is a fibre (arc) pattern aroundptime
direction and represents the majority dfi¢ crystals. This pattern pictures a situation in
which most of thecrystals share the #plane orientation of thec axis, which thus lies
always on the contact plane. Only thaxis seems to be well4plane oriented, while the
crystals have all the pagde orientations around it, with (h k 0) contacts plandswever

a certain degree of mosaicity is still present in the santpl,isthe 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 tay X
observations and especially the Raman spectra, which in fadiepon a micrometric

scale a condition similar to that of a powder sample.

Figure3.28: The two pictures showthe organization of the molecule compared to substrate by
two differentprospective, as described in the main text.

The predominant pmt¢ reflection, as mentioned above, corresponds to an
inter-planar distance of 81 A in Indigopolymorph B. This is the direction in which, as
can be seen fromFigure 3.28a, the strong intermolecular #ond interactions
characterizing théndigosolid-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 reorganizing the film, butthe dominating Hoond interactions impede its
transformationin a more crystalline form. This appears to be a case-ldritl induced

frustration of 3D crystallization caused by a prevailing-dmeensional H bond pattern
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in the lattice and could explain ¢édifficulties normally encountered in obtaining films of
this material, as well as the likely occurrence of a gaasorphous stateHowever,the
time this thesis must be finalizedurther analygs are in progresso increase the

information provided bythe TEM measurements

3.1.7.Conclusions

The characteristics of the concomitaltdigo A and B polymorphs have been
revisited byour work. PhasesA and B are very similar, with close lattice parameters,
almost identical packings and closely corresponding intemat distances. With a
threshold of 1 A, typichl usedin crystal predictions to identify different structures by
comparing their lists of interatomic distances, the two forms would be considered
identical. Nevertheless, wéiave shown that they areindeed different: experimentally
because they exhibit clearly different XRD and Raman spectra; computationally because
they converge to distinct minima.

With a combination of singlerystal and powder xay diffraction (XRD)
techniques we were able to characteethe bulk phasesand provieel Of S+ NJ & LIJA O
of the polymorphic compositionf the samples. A and B modifications often coexist in
bulk, even if phase B seems to be the predominant dhenust be noticed thatin
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 spplide
product of sublimation, where the B form dominates, but which can be enriched in A by
changing the deposition conditions.

In the films, XRD cannajenerallyidentify unambiguously which polymorph is
present, a complication that has already beerpeged in the literature. 83 We
successfully tacktethis problemcarrying out aRamaninvestigationon the bulk phase,
both on thelattice phonongegion and on selected intramolecular modesghere spectral
featuresfor Indigo polymorph discriminatiorcan 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 hawhown thatin all thecases 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 presehin films obtained by drop castingnd 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 undertanding on the molecular orientation on the films

Concerning thecharacteristicsof the films, we have demonstratedthat
homogenousstable and reproducibleamplescan be obtained botlon silicorwaferand
Tetoron®substrates, but high chemicadurity is a necessary prerequisite for this. By AFM
we have studiedtheir morphologyas a function of theleposition rate while the TEM
analyses have beerarried outto determinethe molecular organizatioonf the samples
at the interface The poor crysténity displayed in all our specimens has been improved
by the SVA treatment and the obvious next step wilthemeasurements of their charge

transport characteristics.

3.1.8.Appendices

Appendix I:Crystal data and details of measurements flrdigo A

Table Al: Crystalata and details of measurements for crystallindigogrown from PVT
collected at RT and at 210K and corresponding in both casedigmform A.

A (RT) A (210 K)
Formula GieHi10N202 GieH10N20;2
Fw 262.26 262.26
Cryst. System Monaoclinic Monoclinic
Space group P21/n P21/n
Z 2 2
a (A) 9.2850(9) 9.1942(8)
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b (A) 5.7941(4) 5.7876(6)
c (A) 11.5722(9) 11.4878(8)
h RSV 90 90
i 6RS3V 108.710(10) 108.268(9)
1 6RS3V 90 90
V(R 589.66(8) 580.48(9)
Dealc (g/cm?) 1.477 1.500
> oYY 0.100 0.101
Measd reflns 3667 2516
Indep refins 1030 1325
RlonF?> L BH' 0.0441 0.0662
wR (all data) 0.1475 0.1709
highest diff. peak (e/A 0.198 0.320
Deepest hole (e/A -0.341 -0.307

Appendix 1l: Comments on the purification of Indigo in view of film
fabrication

This paragraph is dedicated to the processes of fabricatidmdidofilms and thin
films and to their structural characterization.

Preliminarly, it is necessary to spend some words on the irtgod 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 consequeshdor the quality and
reproducibility of thin films prepared byHVdeposition. Note the raw product employed
(TClindigog was one of the purest on the market, but still declared to contain 3% of
impurities. Possible problems of chemical contamination ac¢ 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 Indigofilm fabrication, starting from the commercialwamaterial is in the paragraph
3.1.3- Experimental Method. Phase composition and crystal morphology of the sublimed
material are reported in the paragrapBl1.4 - The Indigo crystal structures. Here we
widen the information by describing in more detail the purification attempts finally
leading to the crystalline powder used fitre film deposition.

Table A& containsthe 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 ita of the list corresponds to a crystalline batch that has been

analysed by Raman and powder XRD.

Table R: Theparameter used for the sublimations are described in this table. All these processes
took about 1 or more days, depending on the number of symeformed.

T hot stage (°C) T cold finger (°C) Cooling water Cycles (n)

120-170 F on K 1
185 F on K 1

F on K 1

f on K 2

70 K 1

200 60 K 1
50 K 1

F mMon X 1

F wmon X 3

The optimal hot stage temperature was found to be of 200°C; at lower
temperaturesindigo vapor pressure is insufficient, but discoloration was observed at
higher temperatures, even in inert atmospher& no condition was the sublimated
material composed foa single crystéhe 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 througha Rietveld refinement, are reportad FigureAlasa function of the
deposition temperature (at théeft-handside 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 counterintuitivevith 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 fornage observed.
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FigureAl: Composition§%) 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 verifleattoyhe

XRD diffractograms and the Raman spectra. For insfandéigureA2 we comparethe
typical lattice phonon Raman spectra of crystallites obtained at the lowest and the
highest deposition temperatures. The former is virtually identical to that loé t
commercial powder; the latter displays narrower, and therefore better resolved bands,
an indication of an improved order and crystalliniurthermore, in the specimens
collected at high T we observed a drastic reduction of the spectral backgrourah edn

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 afigafion,

were the guidelines for the fabrication of film HVconditions.

Crystallized at 30°C

Intensity (a.u.)

Commercial product

v |
50 100

Raman Shift (cm™)

Figue A2 TheFigureshows the trend of the lattice phonon Raman spectra with the
crystallization temperature.

ESI Mass spectroscopy @) and NMR analyses were performed 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 lowindigosolubility. In fact, the results obtainday ESMS could not
be used, due to reproducibility problems. The NMR spectra instead, did not evidence any
difference between the samples. To prove this, ieport in FigureA3the spectrumof

the commercial powder along with those of the powders obtairat 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 behavio

lI |
|
Commercial product
|
|
Crystallized at 30°C
A
ll ] |
Crystallized at 130°C
...................................... p——————————
7.65 7.60 7.55 7.50 745 740 735 7.30 7.25 7.20 2.15 7.10 7.05 7.00 6.95 6.90 6.85 6.80 675 1060 1055 10.50 1045 1040 1035
f1 (ppem) 11 (ppem)

FigureA3 HNMR spectra of thindigopowders The regions shown are corresponding to the
aromatic (left side) and amin(right side) hydrogen.
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3.2.  Thioindigo

Paragraphs concerning the studyTdfiondigo in its bulland filmstate have been adapted from
the publicationRivaltaA, GiunchiA, PandolfiL, SalzilloT,R Q! 3 2 $\Werz¢r®, SchrodeB,
DemitriN, Mas TorrentM, BrillanteA, Della ValleRGand Venuti E, 6Crystal alignment of surface
stabilized polymorph in thioindigo filths2Dyes and Pigments (2020), 172, 107847
DOI:10.1016/j.dyepig.2019.107847

3.2.1.Introduction

Thioindigo  (2-(3-oxo-1-benzothiopher2(3H}ylidene}1-benzothiopher3(2H}
one)is a synthetidndigoid whichisknown asa vat dye*!8 and, & the othercompounds
of this family, is characterized bya very low solubilityin virtually all solventsA the
beginning of the 19 century, its proprieties as a pigmentappeaed interesting for
companesapplicationsanda synthetic routesuitablefor industrial scalgroduction was
implemented The wayto produceit is by the alkylation of the sulfur ithiosalicylic acid
with chloroacetic acid. The resulting théher cycizes to 2hydroxythianaphthene and
can beeasily converted td hioindigo (119

In addition to its very gam properties as the vat dyeaecently Thioindigo has
aroused he interest for its employment as a functional material in a number of
applications In fact, albeit smaller thaimndigo, alsothis compoundexhibitshole field
effect mobility. B3 In addition, the electrical properties of the silicémhioindigo
heterojunction werestudied in view of applications in organic photodiodes and organic
photovoltaic devicedi2d However a satisfactory characterization of #slid-stateis still
lacking Giventhe effect thatthe fabrication process cahave in determininghe phase
in which the final product is obtainedt2 this knowledgeis important.For e¢ystalline
products the link betweenchemicalphysicaland structuralpropertiesimplies that a
sound knowgdge of polymorphism andegree of order is a necessary requiremerttis
is why we included this synthetidndigo derivative, which is known to display
polymorphism 2. 124 in our studies on the relationship between crystal structures and
physical properties of organic dyes, aimed to explore their applications as functional

materials in he field of organic electronics
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In all the applicationsso far demonstrated thin films of thismaterial were
fabricated by evaporation techniquesithout reporting the polymorph obtainedand
thus without identifying thephaseresponsible fothe final electronic properties!23

Currently, Thioindigois known to display two crystphasesnamed heré | Yy R | @
Ther full characterization was performed gsart of the PhD researchactivity in
collaboration with various grougp Simulations and -Xay experimens were performed
concurrentlyto the Ramarwork, by co-workers at Bologna Universithd a F NO2 t 2 € 2 €
grant, with a three months secondment, was spenttila¢ University of Gram Austrig
where specular Xay diffraction, GIXand AFMwere employedon films obtained by
drop-cast, with the opportunity of joining the Grazresearch groupfor synchrotron
measurements inTrieste. Finally, homogeneousfilms were made using the BAMS

deposition method in collaboration with the ICMAtitute of Barcelona

3.2.2.Thioindigo crystal sictures

Table 3.3 reports the cell mrameters collected in our workgompared to the
literature data. Thelablealso contains the structural parameters predicted by the DFT
50b@Rg OF fOdz | GAZ2Yyad
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Table3.3: Crystallographic data farhioindigopolymorphs, as determined in this work and from
the literature. Experiments are compared to the results of theDBTL @R g O f Odzf  GA2y a I f a
i KS w aleBveenthme interatomic distances.

., < Volume Space RMSRw
Form REFCOD a(A) b (A) cA I oR (A3) T (K) group  (A)
SINDIG 701(3)  397(2) 2043 93 640051 RT Pajc |

Our work 7.8130(16) 3.8820(8) 20.503(4) 93.10(3) 620.947 100 P2/c  0.05
124 7.8770(16) 3.9390(8) 20.542(4) 92.67(3) 636.675 RT P2/c  0.05

SINDGO: 3981(3) 20.65@2) 7.930(7) 98.84(5) 644.163 RT Pam |

Our work 3.8644(3) 20.3897(14) 7.8016(5) 98.610(6) 607.791 100 P2/n  0.043
128 39342(3) 20.4464(11) 7.8580(6) 98.074(7) 625.834 RT P2/n  0.045

DFTCAC 78408  3.8347 201538 93147 605053 O P2jc |

j DFTCAlC 38481 201325 7.8525 97.530 603.089 0 Pam

Theunit cell2 ¥ LJ2f & Y2 NLIK (P2/chwvith tWe ryioRe€ufes ()0
residing on crystal inversion centres. The molecular geometry, isvith very little
deviation from a planar4and, Pr this phase, ralecules are stacked along the very short
monoclinic axi®. Accordingly, in the projection alolgymolecules appear lying in parallel
rows on the planeac (seeFigure3.29). The 2 £ € Y 2 Ndglécrystal sirdctureyields a
monoclinic(space grouf2/n) and alsan this casehe unit cell contains two molecules
on inversion centres. The molecular geometry is virtually identical in the two polymorphs,
odzi GKS LI O1AY3a 2¥ UKMNG FHAUSNRAFISHBYE &1

along the shortest axia, and appearing in a projection along this axis as shoviigare

3.29. Inboth plymorphs "=~ &G O1Ay3 AYydiSNI OlGAz2ya I NB SE
Ff A3y SR f2y3 (KS akKz2NI FES& 2F (KS aidNHzOi
are aranged parallel to each othet, KS |y Sakk3 &é taied with spect to

each other.mtra-stack distances and relative molecular orientations within the stacks are

very close in the twatructures.
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a-polymorph

3.939(1) A  3.580(1) A

3. 951(2) A 3 505(1) A

Catushatns
f!@ X

Figure3.29Y t I O A yI3y R¥Abindigo@lynorphs; left: projectionlang the
ONBAGHTf2aANILIKAO FES& 6 YR F F¥2NJ Ll2feY2NLKa " FyR |
along the stacking directiof24

In our redetermination of theThioindigostructures, @ta were collected at 100 K
and room temperature(RT)for both forms always findingt 2 NJélightly denser (by
about 2% at RT), with a trend indicajia decrease oflensity difference on increasing
temperature.
Ly 3aANBSYSyld 6AGK GKS SELISNAYSYyGlIf FTAYRAY
Ad OFfOdz ISR (G2 0SS at AakKGfte RSYasSNI GKIy L2t
0§KS 62 O0Kkcal/®al), however, is smaller than the computational accuracy
reported for these calculation$2d and, in fact, it is impossible to reliably predict which
modification is the more stabléeven though thecalculatedvolumesat the minimum
energy,which do na include the thernal expansion, are smaller than the experimental
ones,the agreenent is very good, anldas been quantitativelgeterminedby computing
the RMSRw petween the interatomic distances2d The latter is an effectiveway of
comparing crystallographstructures in whichall the interatomic distances between a

reference molecule andt least B neighboring molecules in a spheriealvironmentare
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listed, and pairs of structures are th@mmpared by means of the rooheansquare

deviation (RMSD) between thedistance lists

Theprecioush Y F2 NI GA2Y 2y K2¢g GKS aargisalyS ONE &

obtained is not reported in the article where this form was the first descritf@dAt

present, commercially availabl&@hioindigo is found to be entirely composed of
LJ2 £ & Y 2 N1, repatted linythR followingnost of the methods used to grow bulk
crystals in our work have yielded this modification. Tdaise appears similar fodigd, a

where the phaselescribed iriterature as metastable turns out to be, in faabiquitous

3.2.3.Samples preparation

Crystal growth:Thioindigo(TCIl Chemical®5% was purified by sublimation in
low pressure at 250Cin an inert atmosphereand by using cooling water at30°G
obtaining microcrystals of irregular shape. Both the commercial and the sublimed
crystalline powders are made ¥ LJ2 f & Diffeddtlstandad solvestwereused to
obtain crystals by slow evaporation, huanly from solutions of dichloroand trichlore
methang gmall needleshaped crystals (about 1 mm long) of thepolymorph were
grown. Single crystals tie same phasevere alsoobtainedby PVT. In this caseyo hot
end temperatures were selected in distinct experiments: 250 and 285°C, and
temperature gradients of approx. I&/cm and 15C/cm, respectivelywere measured

at equilibrium.

Films obtainedby drop castingdeposition: Crystalline noFhomogeneous films
were obtained by dropcasting filtered .02 > Yfilter) saturated solutions of various
solvents oo 1.5x 1.5 cm Si/SiQ wafersor glass slides. Substrates wereeviously
cleared by an ultrasonic bath in acetonthen deionized waterNaOH and finally dried
under nitrogen. Most solvents (among whichdichloromethane nitrobenzene
acetonitrile)yieldeddo 2 § K h |y R i L2 &Y 2 NLdistbduBhanlel f &
for morphology but that could be identified bynicro Ramanmmeasirement of their

lattice phonon modesDeposition from xyleneolution of sublimedrhioindigopowder
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8ASt RSR 2yf & KS IoffifetetlDO¥M sblyfionivds Heposi@t gn& >~ Hp >
glass substrate kept at 61C, removing the excess solution by a fine tip of paper while
spreading.The sameprocedurewas applied while seeking for a third polymorph (see
paragraph3.2.8- Appendix Ill), depositing L of solutiondirectly onthe grid used for

TEM detection

Films obtained by BAMS depositiomhese sampleswvere fabricated on highly-n
doped Si wafers with 200 nm tifermally grown Sie(from SiMat), cleaned in ultrasonic
bath with acetone and isopropanol and dried with nitrog@ihis type of depositiomns a
shearing methodvhere a Teflon baris positioned above the substrate heateth this
casel 4 Mpn clof dolytien 05 mg/ml (ca 1.5 x #0M) were placedat the
interface and sheared at the speed ofriin/s. The quality of the films was found to be
strongly solvendependent: a Thioindigo saturated solution in  50/50
Benzonitrile/dimethylformamide (v/v) yidded nonK 2 Y2 3Sy S2dza FAf Ya 27
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 hasadsebeen demonstrated to have an impact
on the formed polymorph 227 128 AJl the solvents used (Sigma Aldrich) were of

spectroscopic grade.

3.2.4.Experimentaimethods

Raman spectroscopyRaman spectra in the energy interval of the lattice phonons
with excitation wavelength at 647.1 nriror Thioindigg power was reduced by neutral

density filters to avoid sample damage.

X-ray Diffraction:C 2 Nthidindigq singlecrystal data collectionsere performed
at the Xray diffraction beamline (XRD1) of the Elettra Synchrotron, Trieste (IE2§))
Individual crystals were obtained by removing them from the substrate surface of a

microcrystalline film obtained by solution deposition in acetonitrile do this, tle
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crystals were dipped in NHV oil fdeBioscience, Jena, Germany) and mounted on the
goniometer head with a nylon loofghe fulldatasets were collected at 300 K and 100 K
(nitrogen stream supplied through an Oxford Cryostream -70@ford Cryosystems Ltd,
Oxford, UK) through the rotatingystal method on two distinct sampleghile data were
acquired using a monochromatic wavelength of 0.700 A, on a Pilatus 2M {pjkeichrea
detector (DECTRIS Ltd, Bad@esettwil, Switzerland)Then te diffraction data were
indexed and integrated using ®0%39 The structures were solved by the dusdace
algorithm implemented in the SHELXT cdd@ Fourier analysis and refinement were
performed by the fulimatrix leastsquares methods basedd-2 implemented in SHELXL
(Version 2018/3}:33 while the Coot program was used farodelling.[223 Anisotropic
thermal motion refinement habeen used for all atoms. Hydrogen atoms were included
at calculated positions with isotropic Ufactors = 1J2g (Ueqg being the equivalent
isotropic thermal factor of the bonded nemydrogen atom). Crystals show non
merohedral twinning (reciprocal latticevo-fold twinning axis trtp ), with a twin
fraction of F45%, identified using PLATON TWINROTMAT algoriéfTwinning is
responsible for distortions on heteroatoms connectivitigeerefore, carbonyl group
geometric parameters have been restrained (using SHELXL DFIX and DANG cards).
Singlecrystal dataobtained byslow evaporation of a dichloromethane solution
were collectedas described in thearagraph3.1.3 andidentified asThioindigot 2 N i
(see cell parametexr shownin Table3.3). Its structure was redetermined to get data with
more accuracy. All nehydrogen atoms were refined anisotropically. HCH atoms were
added in calculated positions. SHELR®Was used for structure solution and refinement
on F2. The program Mercul8? was used to calculate intermolecular interactions and for

molecular graphics.

Grazing Incidence -Ray Diffraction:GIXD measurements were performéua
order to confirm the crystallographic phasm the film samplesnd 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 Ti({eald was used with a

setwavelength of 1.4 A. Diffracted intensities were recorded using a Pilatus 2M detector
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approximately 200 mm after the sampleorredudngthe size of the incident-¥ay beam

on the sample and thus the peak widths, a relatively high incident angle of Xhwssn.
Due to the expected Hplane 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 separdteadtion
images, each integrating over 2° of azimuthal sample rotation, were tékanisa 300°
azimuthal sample rotation was performed, whichesoughto gain all the relevant
information. In the first step, these data allow for the determination thfe
crystallographic phase aftéhe summation of all the images. In the second stiat is
evaluation of the ifplane alignment of the crystallites, the data from the 150 images of
distinct azimuths can be used to calculate the pole figures for diftgyeaks. Conversion

of the measured data to reciprocal space, crystal phase analysis andfigale
calculations were performed using GIDVA83 The orientational analysis of theole

figure evaluation was performed using the software Stereopéié

3.2.5.Characterization df andi Thioindigo phases

By applyingRamanspectroscopyin the lattice phonon energy regiome were
able toRA&AONRYAY Il (S ohiindigSphasesdnd dstgbhsh the reference
spectra characteristic of each phase. The results obtained, complemented with the
Raman measurements in polarized lighin be explainedn terms of the structural
organization of thewo solid phase, also relying on tBFTDo b @ Stndulatedspectia at
the room temperature structures

On the leftof Figure3.30, we showsimulated and experiment&aman spectra of
h -Thioindigocrystalat waverumbers lower thar200 cntl. Thespectra weremeasured
on single microcrystals grown frofirhioindigodrop castsamplesin acetonitrile (crystal
image in the Figure inlgtand xylene.On the rightof Figure3.30, we report i K S i
Thioindigospectra of the commercial powdethe crystals obtainedy the PVimethod
and those from dichloromethan@mage in the Figure inlgsolution, together with the

simulations Thetwo polymorphscorrespond totwo significantlydistinct 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 isworth noticing that, like inndiga the commerciapowder contains only the
phase assumed so fto be the less stable onée.i , whichwas obtainedalsoin mog of
the common growth methods like sublimatiomecrystallizatiorin solutionor PVT

Followingthe calculatios, the h polymorph displayssix vibrational modesat
wavenumbers lower tha®0 cm!. Over this ranggexperimens yield two broad bands
that can be deconvoluted intthe predictednumber ofclosely located peaks, rendered
in the computed trace by the convolution bbrentzian bands with a HWHM (half width
at half maximum) of 4 crh adjustdto the experimental widths. Thepolymorph shows
a better-resolved profile that, again, caeproducedby the appropriate convolution of
the first six modesalculatedfor thisphase

Table3.4 reports thelow energycalculatedand experimentaRaman shifts along
with the symmetry assignmesbf the monoclinic PZc space group and the component
analysis of thecalculated eigenvectors.ofh structurescorrespondto centrosymmetric
monocliniclatticeswith two molecules/cellthus with six Ramaractive lattice phonons
of symmetry 34+ 3B, havingthe character of pre rotations ifthe unit cell molecules
are treated as rigid bodies. Such an approximatiocersainlyvalid for a molecule such
asThioindigg with a rigid skeleton and nflexible substituents, and is supported by the
eigenvector analysis of the Tablet higher wavenunbers, othe weaker bandsan be
observed asshown inFigure3.30, and hey are correctly reproduced in both energy and
intensity by the DFT simulatis. These bands identifyintra-molecular modes, common
to both polymorphs as evincedy companng the two patterns Note that, unlike what
wasreported for Indigg over this regionwe have notobservedbands that can be used
as polymorphmarkers This appears to confirm the hypothesis tlwatly the Hbonds,
which are absent iThioindigq are responsible for frequency differendaestweenindigo

polymorphs in this interval.
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Figure3.30: Experimentalcrystal samplesdnd unpolarized (powder) simulated DBFvdw
Raman spectran the lattice phononsanged ¢ K S & LDNdhdigalleft 2d&)frofn 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 afymmetry Aand B, as indicated. The spectral profiles are built by convolution of
Lorentziarbands (see text for detailsfhe spectra of- Thioindigois reportedon theright side(see
images in the inlets)

The anisotropibehaviour2 ¥  {pKaSe m'single crystal ishownin the top left
spectraof Figure3.30, where the two trace$or the crystal grown from xyleneave been
recorded for two distinct orientation®f the same crystal. We caimvestigate the
anisotropyby measuring spectra in polarized liglabtaininginformation which, as we
will see belowgcan be usefullyransferedto the interpretation of the film spectrdn the
polarized Raman experimentexplained in paragrapt?2.1.4 we must select the
polarizatiors of both the incoming lasr and the scatteed radiation, finding the
correspondencebetween each phonon bandnd its symmetry2d By decreasing the

number of bands detected in each experimeptglarized measurementselp in the
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deconvolutions by resolving spectra witltoad bands which originate from overlaps
From these deconvolutions weavedetermined the experimentawavenumber offable
3.4.

Table34Y 2| @Sydzyo6SNE 2F (GKS &aAE t26Sad SySNBHé& Y2RS
structure and their symmetry assignments. Tditide phonon character of each calculated mode is
reported as the sum of the squared components for the rigid body rotations of the corresponding
eigenvectorL y GG KS 02 f dzYy véttietitd &d0ciateqhk taiculate@vibration withe

experimats.

t2f @ Y2NLIK N t2f & Y2NLIK |

Lattice Lattice

Sym (cI:En)’(r?) (cc;:n;ilg Phonon| Sym ((I:Eri(rﬁ)) (((::r?Tll(; Phonon
(%) (%)
Ay 37 34.1 100 Ay 34 33.6 98
By 36 33.7 100 Ay a7 45.9 100
Aq 54 51 98 By 48 46.1 100
By 62 58 98 By 65 66 96
Aq 61 59 98 Ay 71 71.1 98
By 65 67 88 By 74 72.8 98

The results othe polarized Raman experimenbbtained fom oriented single
crystals of both phases, are shownFigure3.31. Theleft sideisrepresentative othe h
polymorph. The scattering plane of the crystais the image ofFigure 3.31 was
determinedby Xray measurementsind correspond to the crystallographic facab or

Tirp , with b being theaxis of fastest crystal growth. We can thdecodethe spectra
measured with plarized light in backscattering geometry. The laba#y,((bb), and ab)
in the Figureare used to indicate the polarization vectors of incident (first letter) and
scattered (second letter) light in relation to the crystallographic axis of a sampldextien
along its extinction direction§2 The unpolarized spectrum is given as a refereatdbe
bottom of the Figure and@orresponds to @ituation where theexcitinglight isnormal to
the randomly oriented face mtrtp and there ispolarization discriminatiorfor the

scattered light. DFB o BwWpolarized spectra calculated for the given facetp are
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also shown Due to the symmetry properties of the polarization matrix, thgectra
indicatedwith labels(ab) and pa), recorded in crospolarization display only modes of
By symmetrywith identical intensitiesinstead, spectra indicated witfaa) or (pb) display
Agmodes only, but the intensities in the two spectral profiles depend ornweedistinct
matrix elements,da) and(bb), respectivelyFor instancethese considerationsnableus
to solve into an 4By doublet the broad feature centred at 36 chrecording a frequency
shift compared to the spectra ifigure3.30. Also, we can interpret the shift of the
maximum of the other broad feature, centred around 61-tnas depending on the
presence of two unsolvablegfodes in the spectra labelled asaf and (bb) and two 8
modes in the (ab) spectrdhis kind of experimdris strongly assisted by the computed
frequenciesandits results are supported ke good agreement of théheoretical model
with the experiment. Nte that in this measurement more than in the symmetry
assignment of each detected modse were interested to linikg the spectral feature
and theirintensity in polarized lighto the crystal orientationas this turned out to be the
crucial information for the study of the films

TKS LIt NAT SR hiohbigbarashd@onithelrighfFigure3.31
with the singleneedlelike crystal pictured in the insefs prded by Xray diffraction, the
excitation beam of the Raman experiment impinges on the faqep . Here e needle
axiscorresponds tathe crystallographi@xisa, so thatin the (aa) configuration only
Ramanactive modes of Asymmetry are allowed. In crogmlarization, the scattering
perpendicular taa does notprobe a principal component of the polarizability tensor and

a mixture of Aand B modes iobserved
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Figure3.31: Polarized experimental and calculated Raman spectradtr Thioindigocrystal
forms. In the crystamagesthe crystalographic directions are giveWertical bars of heighgroportional
to the intensity of the modenark the calculated wavenumberngith colour codes yellow and violet for
modes of symmetry/and B, as indicatedn the Figure

3.2.6.Characterizatiorof Thioindigdilmsobtained by BAM&ethod

Films prepared with by drop casting methods are often scarcely homogeneous,
characterized by the presence of naamd microcrystals. Moreover, as explained above,
small variations in the evaporation rate of the solvent might change the polymorphic
composiion 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 thermodynami@sg?- [128. [137 \We noticed that

on surfaces polymorphi could never be obtained as a pure phase, whereas this was the

103



Chapter3 - OrganicSemiconductors

only route to acquireaneasurable samples of tHe polymorph and even to induce only

its growth, as in the case of xylene fact, we were abléo sinde out somesinglecrystals

of this form for thestructural characterization byemoving them from the substrat

Thus different temperaure and solvent conditions wetested,trying to achieve both a
selective phase growth and an improvigdh quality in terms of homogeneity. The best
looking films at the optical microscope weneadysed by Xay 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 phasé  gpredent, and amistance of one of the best oriented film, obtained

from anisole solution, as described in the sample preparation section is givégure

3.32.
¢ ALY
= [ O, /
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| Shearing direction =
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Figure3.32: In the left sideXRD spectrurtbottom) of the anisole solution sheared film with the
representation of the molecule arrangemeifsp). In the right sideoptical image in bright fieldf the
sample(bottom), cheme of the BAM®&ith the optical image in crogsolarization(top).

In the Figure also an image exemplifying the functioning of the BstM&ring
method appears: while the solution is dragged alohg surface by the moving bar, the

evaporation takes place at the meniscus between the two solid interfaces.
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As inferred bythe XRD measurements of tffiem of the Figure, he contact plane
corresports to the crystal facab, meaningthat the Thioindigomoleculesare nearly
standing at the interface, with the long molecular axis forming an angle of 22° with the
normal to the substrate Moreover, he optical imagegin bright field and in cross
polarization) suggest the presence of a macroscopic alignmeh®fdomains along the
shearing direction.

To gain access to the other crystallographic directions oBAMS film, rotating
grazing incidence-ky diffraction measurements were used. Such a method allows to
construct pole figures from which the orientah of the crystal planes with respect to the
shearing direction can be deducedetails of theGIXDmeasurements, confirming the
presence of thé  LJKWith tBe crystallographicttiip plane parallel to the substrate
surfacecan be found irthe paragrap 3.2.8- Appendixil. The results show that the film
clearly displays a preferential-plane alignment. In particular, the axis is éund 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 vaniasi 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 raidiatfrom the film. In the Raman
polarized measurements, shownhigure3.33, the film was thus oriented either parallel
or perpendicular to the shearing direction, while the polarizasioh the exciting and
scattered field were set as shown in the Figure.

Theresultshown inFigure3.33isvery interestingasall polarized Raman profiles
of the film appearvery similarto that of the mtmp face of the single crystal of the
polymorph ofFigure3.31, in agreement withan extendedso-orientation of the crystal
domainswherethe a axisis aligned with the shearing directiofhis is supported by the
comparison ofthe experimental profiles to the corresponding D$imulatedpolarized

spectra.Thus the diffractionmethodsidentify the molecular organizatioat the solid
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interface and the pdarized Raman spectra show that the deposited fibebavedike a
single crystaleventhough the responses of a single crystal perfect lattice and of a film
are physically differentAs one can gather frorRigure3.33, the DFT simulated Raman
spectra of oriented crystals can be employed to fit the experimental dathdetermine

the spread of theab plane alignment on the shearing directidetectedby the rotating

GIDD measurementsThis is obtained bjitting the experiments tothe sum of single
crystals spectraimulated assuming Gaussian distribution of anglaboutthe shearing
direction. Such alistributionis found to havde & I Yy RII NR RS @A lleditA 2 y
agreement with the GIXD resulPossible mismatcles between experiments and
calculations can bexplained on the bases of a limiteabsaicity of the sample, exposing

faces different from thertmp .
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Figure3.33: Polarized Raman Specirathe lattice phonon energy rangs the Thioindigofilm
obtained by BAMS from anisole solution. The sample has been aligned with respect to the shearing
direction as showonthe right. Red bars gve the direction of polarization for the exciting and scattered
light as selected by the analyggrey bars) The film spectra are comparedttiosemeasured on the
p it face of a single crystal, to the DFT simulations for the same face and to tteasgsulting from
the fit of a Gaussian distribution of crystal orientations about the shearing dire(tmmtext)

All the collected information allows us to concludeat the BAMS methods
producesnicely orientedfilm containing theh phase only.Despite the fact that the
literature reports many instances selective polymorph stabilization by surfag&d! (138
the combination of selectivity and high degree of-m@entationis nd, to our knowledge,

very common
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3.2.7.Conclusions

In studying Thioindigg we have followed the usual approach adopted fr
bonded pigments, i.ave have dealt withts polymorphism, with the specific purpose of
defining the phases present in growths at solid interfattesugh their structural and
spectroscopic characterizatioifhis has been done by the synergic application of many
experimental techniques, on which ththesis focusesnd has beensupported by the
computational results produced within the research groupach method added a
ay2al A0 AfSéE (G2 GKS 20SNIff LIAOUGdINBE 2F GKS
While revisiting he bulk behaviair, similarly toIndiga we have foundthat i -
Thioindigq the polymorphthought to be the ¢ss stable on the assumption that was the
second one to be characterizes, instead present in the commercial product and is
obtained in most of the common growth methoud tried. K S h  (stipbd$atto be
the most common)can beinstead easily detected on surfacesnd, in some cases
G 23S (0 KS Mt withhoiit Korming mixed phasesActually we reckon that we are
dealing with another case of concomitant polymorpivbere it is very difficult to bracke
the thermodynamic conditions in which either is more stalgeen though experimental
clues in this research and from previous wokkslz33Sad GKIFI 4G GKS h LKL
metastable at room T.
The important finding is thati K S h  LIdétdstatdlingtdJigrowths on
substrates, so much as to become the only one pres@misresulthas been achieved by
exploitingthe potentialities of the BAMS deposition method, which intrinsically supplies
a controlonthe molecular alignmertf Thioindigodissolved in anisole. TheddzZNBE h  LIK | & S
films so obtainedare macroscopically oriented along tleecrystalaxis, which represds
the shearing direction of the solution deposited on the hot plate. Polarized Raman and
GIXDresults confirm the high isorientation of the film structuresyhich in Raman turns
out to bereminiscent of that of amtrtp plane of the single crystal. @iv the surface
selectivity for this phase, it is likely that the charge transport performances reported for

devices fabricated witfhioindigomust be ascribed to this polymorph.
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Thesearchfor substratemediated crystal structures has paved the way foesh
approach to thephenomenonof polymorphism,with the focus onthe capability of
interfacesto tune a specifimucleationevent, although the underlying mechanisms are
not really understoodThe substrate camct asa template for molecular depositio#?
or the interplay of weak interactions atll the interfaces presenteventuallyproduces
fully new molecular arrangementbat can be named@IR not reproducible in the bulk.
Finally, the surface stabiligea formmetastable in the conditions of growth, and this
appears to be the case withhioindigg in a way similar to many of the cases chized
in this thesis.

This chapter ends with Appendices in which further experimental details, not
essential to the discussion on tfAdioindigoresults, are given. Appendix Ill, however is
dedicated to the report of the search for the thifichioindigopolymorphs, the existence
of which was suggesteay misleadingexperimental evidences that later on turned out
to be due to chemical impurities of the samples. Useless as this report may ajipsar,
nonetheless the result of a great deal of wpwhich taght the PhD studentivo lessons:
the use of manyf the techniques needed in her research and their data treatment; the

necessity of pursuinthe important issue o€hemical purity.
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3.2.8.Appendices

Appendix | Crystal data and details of measurements for- and | -

Thioindigo
TableAl Crysallographic data and refinement details forThioindigoat 300K and 100K
300 K 100 K
CCDC dimber 1920129 1920128
Chemical Formula GieHsSO2 CieHs SO
Formula weight{g/mol) 296.34 296.34
Temperature (K) 300(2) 100(2)
Wavelength (A) 0.700 0.700
Crystal system Monoclinic Monoclinic
Space Group P2i/c P2i/c
Unit cell dimensions a=7.8772A a=7.8172A
b=3.939(1A b= 3.886(1A
c=20.542(4Q c=20.506(4
h =90° h =90°
i =92.67(3)° i =93.07(3)°
=90° =90°
Volume (&) 636.7(2) 622.0(2)
Z 2 2
Density (calculated)y cnm) 1.546 1.582
Absorption coefficient (mmn) 0.391 0.401
F(000) 304 304
Crystal sizémm?®) 0.12x0.04 x0.04 0.08 x0.02 x0.02
Crystalhabit Orange thinrods = Orange thin rods

Theta range for data collection

Index ranges

Resolution (A)

1.96° to 23.87°
P XK K
X
-Hn XK f
0.86
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Reflections collected
Independent reflections
(data with I>3(1))
Data multiplicity (max resltn)
I/s(l) (max resltn)
Rherge (Max resltn)

Data completeness (magsltn)
Refinement method

Data / restraints / parameters

Goodnessf-fit on P

N/ S max

Final R indicefg>2s(1)]

R indices (all data)

Largest diff. peak and ho{e-A®)
R.M.S. deviation from mege-A3)

3175 3113
994 677) 1224 633)
2.82 (2.60) 2.34 (2.13)
6.80 (1.66) 2.59 (0.70)

0.0733 (0.404  0.1602 (0.641)1L
97.1% (93.5%) 96.9% (97.2%)

Fulkmatrix Fulkmatrix

leastsquares on¥ leastsquares on¥

994 /3/80 1224 /3/80
1.018 1.081
0.000 0.001

R =0.1122, R =0.1365,

WR: = 0.2392 WR: = 0.2859

R =0.1636, R =0.2393,

WR: = 0.2697 WR: = 0.3436

0.703 and0.682 0.959 and0.804

0.111 0.159

CCD@920129and 1920128contain the supplementary csyallographic data for

h-Thioindigo at 300Kand 100K These data can be obtained free of charge from The

Cambridge Crystallographic Data Centrehtips://www.ccdc.cam.ac.uk/structures

Table A2Crystallographidata and refinement details for -Thioindigoat 300 K and 100.K

300 K 100K
CCDC timber 1919969 1919968
Formula CieHsO:S GeHsO:S
FW (g/mol) 296.34 296.34
Cryst. System Monoclinic Monoclinic
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Space group P2/n P2/n
z 2 2
a (A) 3.9342(3) 3.8644(3)
b (A) 20.4464(11) 20.3897(14)
c (A 7.8580(6) 7.8016(5)
h6co 90 90
i 0co 98.074(7) 98.610(6)
. ocuvu 90 90
vV (B) 625.83(8) 607.79(7)
Deaic (g/c®) 1.573 1.619
> oYY 0.421 0.434
Measd refins 3962 2065
Indep reflns 1100 1070
Rw2y CnHZ 0.0501 0.0499
WR: (all data) 0.1341 0.1460

CCD@919969and 1919969contain the supplementary csyallographic data for
h-Thioindigo at 300Kand 100K These data can be obtained free of charge from The

Cambridge Crystallographic Data Centrehtips://www.ccdc.cam.ac.uk/structures

Appendix Il Grazing Incidence-Ray Diffraction

Figure Al showthe reciprocal space map which results from the summation of
all the 150 images collected from the azimuthal sample rotatidra film of Thioindigo
fabricated by the BAMS deposition methods explained in the paragrap3.2.4 -
Experimental Methods

The intensity is colecoded and Lorentz, polarization, solid angle, pixel distance
and detector efficiency corrected. Besides a strong peak from the silicon substrate (red
marker) andthe diffraction signal of goldtop right), several peaks dhioindigocan be

observed. These nesubstrate peaks can beassigned to polymorph ". The
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crystallographic trtp plane isdeterminedto be parallel to the substrate surface and
the unit cella and b axes thuslie in the plane of the substrate surface. To compdre t
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 vegood agreement is presenisshowing that theGIXD
pattern belongs to the" polymorph. Slight deviations between expectaadd measured

cell parametersmight be related to the ikomplete sample rotation othe larger

extension alog some direction compared to ather.

0 0.5 1 1.5 2
q. (A7)

Xy

FigureAl: Reciprocaspace map obtained from summing the 300° sample rotation, overlaid with
the Thioindigo" phase reported in the main text (+ symbols). Expected intensities are proportional to the
area of the rings. The silicop p p peak is denoted by a red marker.

A mole Figureis the measurement of one netplane distance as function of the
aF YLX S NBGEFGAGNR G2 NIARYDOY dzYR Gy Of Ayl A2y 6A0
adz2NF I OS y2NXYIFf O6AT ncuod CNRY (GKAA&AXZ AdaKS RA N
shows the polefigures of the p1t¢ net planes extracted from the GIXD dafst. an
inclination of about 50°, segments of high intensity were observed. These poles can be
explained by thepmi¢ LI | ySa 27F Gk textureJiet) sl bylayiother
texture of the same phase withtrtp orientation (blue), equivalent to the former but

with the structure inverted of 180°.
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FigureA2d showsthe azimuthal intensity distribution of the pofegure A2a, for
AT pnoyncd ¢KS (62 Yht&therrhainlpiic dad eng YR HTnc
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 inFigureA2b.

The polefigures can now be sed to identify the crystal orientation with respect
to the shearing direction. Given the geometry of the experimental setup and the sample
Y2dzy GAY 3T LI IySa LISNLISYRAOdz  NJ 12 GKS &KSI NA
. Imyncs gKAT Si2LIGIKYSES & KISH WIRfyfISTRANBOGA 2y | NB Ll
., T' H TAS shdwn irFigureA2c,the p Tttt direction of both possible orientations can
0S F2dzyR i ATl dncs . dadisicftihe uhitkcallds pafdiél woahe G K G G
shearingdirection, 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 ofthe overall growth direction might be obtained by using structured

surfaces as demonstrated for similar sample preparatitds
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FigureA2 Pole figures of two peaks dhioindigooverlaid with expected peak positions in
nintp (red) and rtrtp (blue) orientation (a,b), epitaxial relationships (c) and azimuthal intensity

distribution of the p t¢ and p ¢ peak.

Appendix Ilf Notes on he search for the thirdrhioindigopolymorph

As explained in the previous paragraphs, before resorting to the use of the BAMS

method to obtainThioindigofilms, drop casting depositiowas attempted, finding that
acetonitrile yielded the best results in terms of surface coverage and film morphology
PreliminaryGIXDmeasuremens performed onthese sampleshowed the presence of
the h form, but in addition to this we recorded a new petdat could not be attributed

to either of the known polymorphs anduggested the occurrencef a different or
distorted structure of the same systerlicro Ramarmeasurements did not agree with
this finding, showing always the lattic@honon patterrs of either h ori form. We

thought, howeverthat the matter was worth investigating by means of GIXD and AFM
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experiments at thddepartment of Pharmaceutical Technology, KadnzendJniversitét
of Graz (Austrig after prgparing samples in different contns.

The rationale consisteth changing systematically three parameterssajvents
(e.g. in methanol, tetrahydrofuran acetone, acetonitrile, isopropyl alcoholtoluene,
xylene, chlorobenzene, nitrobenzene, dichloromethane and trichloromethang, ii)
substrates (glass, silicon and mica), iii) fabrication methdigscpating drop castingand
spin coating. In some caseghe obtained filmsvere alsoposttreated by SVAechnique

Dip coating did notgive any interesting resultsThe poor solubilityimited the
amount of material depositedonto the substrats of interest. Neither atreatment of
silicon and glass substratesith 3-aminopropyttriethoxysilane (APTESto induce
silanization and make them more reactive nor the wseolymerc dispersion of the
powders produced any real improvement of the film quality. Above all, the unknown peak
could not be reproduced

Intriguingresultswere obtainedby placing two paired microscope glass slides in
a small becker wita THF solubn. For capillary effect, the liquid flows between the slides
and crystallizatiorcantake place in the intetsce. After one month,at the microscope
some spherulites (seeFigure A3Figure A3 were clearly visiblewith an unusual
morphology for Thioindigo Xray specular spectraevealed a pattern different from
those ofthe known phases, thusinting to the presence of a different polymorph.
Unfortunately, the sample wastoo thin, and spectratoo noisy to provide enough

information on the structure

FigureA3 Microscope images of a film deposited for capillary effect of a THF solution between
two glass slides.
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Besideghis, most interesting results were obtained tine AFM measurements
performed on somespincoated and, in particularjrop casted sampled-or instance
after several tests in which amount of material, concentration and ratevaiporation
were changedwe were able tofinally fabricate films showingthe new peakin the
specular Xay measurements. The recipe fihrose samplesthat proved to give highly
reproducible resultsinvolvedto prepare a saturated solutioim acetonitrile remove the
supernatant, filter it with dilter of 0.02 um sizeanddeposit 150>L of it by drop casing.
AFM analyses revealdd this casean unexpected morphologywith a layer by layer
organization witlin an inter-layerdistance of 31m, asshown inFigure A4, which did not

agree with eitheh ori T2 N Qa f I GGAOSao®

FigureA4: AFMimageof Thioindigoin acetonitrile deposited by drop casting on silicon substrate
(see text for details)

AlsoSecular Xray andGIXDsynchrotron measurementslisplayeda pattern of
new peaksFigure Ashowssome representativepectra collected oone ofthe samples
and the synchrotron measuremesperformed onit, with the peaks attributed to the

new phase drawn in yellow.

117



Chapter3 - OrganicSemiconductors

Despite all our attempts to improve the results and isolate the new phase, this

was found always to occumixed with other onesespecially From the peaks ifigure

A5, the determination of a set of lattice parameters was attempted but, because of the

insufficient numberof peaks, the fit yielded an unacceptable triclinic unit cell with a

density that predicted a nointeger numberof molecules/cell (between 3 and 4).

Intensity (counts)

1600 —

900

400 |

T
25 3.0 35 4.0 45 5.0 55 6.0 65 70 75 80 85
2Theta (°)

FigureA5: Specular Xay spectrgon top)and synchrotron measureme(an the bottom)
performed on the ACN drop cast samples. Yellow spots (and lines on top) corresponding to the new

structure while the green orte the known phase.
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Asthe situation washot understood yetf somethe TEM beamtime in Strasbourg
was devoted to check whether more information could be obtainée Jame recipgas
adopted for sample preparatiomepositing 8uL of the solutiondirectlyon the TEM grid,
andwe observed an ED pattemn agreement with the unknown structuigs detecteddy
GIXD, but still of insufficient qliy to givetrustable lattice parametes. At this stage,
however, after learning from thdndigo case, in which the emical purity had
contributed so mucho the quality of the films, samples were prepared with doubly
sublimedThioindigopowder. After that, any indication of the new phase disappeared in
all kinds of preparationmeaning that it washe effect of someThioindigoby-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 wastedas it involved preparing and analysing many different samples
with the various available techniquek.was during this search, for instance, that we
finally observed that the substrate was selective towattdsh form, as this was the one
always presentHere we also realized that fast evaporation processagolving the
heating of the samplandrapidly rachingsolution supersaturatiowonditions favoured

the h form. The TEM and GIXD results are reported in Figure AG.
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FigureA6: a) MeasuredlTEMdiffraction patterns for drop cast film of xylegolution10° M)
and containing thismdigoh polymorph b) Simulated pattercorresponding to thermttp zone axis; c)
The inset shows the corresponding defocused image of the diffracting area; d) Speaylap&ctrum
corresponding to a drop cast sample of xylene.
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