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1 Introduction




1.1 Mass spectrometry: New bridges between past and future

The history of mass spectrometry begins in 1886 idugen Goldstein and his
investigation of the electric discharge, obtaindtew a large voltage is applied across a
pair of electrodes in a vessel containing a gdavapressure. He found that if a channel or
canal was cut through the cathode, a beam of dgbeared on the side remote from the
anode. He called the beaganalstrahlen canal rays".

In 1898 W. Wien (Berlin, Nobel prize 191%)managed for the first time to establish
the masses of the canal ray analytes through diefbemeasurements. Based on his study
J. J. Thomsol™ (Cambridge, Nobel prize 1906 for the discoveryhef €lectrons) in 1920
developed the “Parabola spectrometdtig(re 1). His instrument geometry consisted of
an electrical and a magnetical field parallel tareathers, which discriminated the ions

with respect to their different mass to chargeosati

Different parabolas for ions
with different m/z

’ .,,/al,lll/ll”llm

————

Ion source

Collimator

L~
\ , Luminescent .~
screen
Analyzer /

Figure 1. Sketch of Thomsos's parabola spectrometer

Pro mass the parabola spectrometer described bgbaran a luminescent screen
and by using this apparatus for studying Neon raiigemson observed different parabolas,
due to the different natural isotopes of the elemdéeon ¢°Ne, ?!Ne, >*Ne, Figure 2).

Thus, he discovered the isotopes.




Figure 2. Positive ray parabolas of neon obtainedybThomson in 1912.

The history of mass spectroscopy is therefore thtrielated to the progress of
nuclear physics, as the mass spectrometric resutifsrmed definitively the hypothesis of
the atomic constitution of matter. Thomson’s camdion, which is still today used as ion
source, can thus be considered as the ancestoe tdday’s mass spectrometer.

With the time, mass spectrometers have been usathiost all chemists and many
researchers from neighboring disciplines such agsipy, medicine, or biology as a
powerful analytical tool”’. Within the last few years, due to the contribatinf John B.
Fenn and Koichi Tanaka (Nobel prizes in Chemis#2902), mass spectrometry has
expanded its application field to the mass charaetigon of thermally unstable and low
volatile molecules. Through the development of -gmfization techniques, such as
electrospray ionization (ESI) and matrix assiseskl desorption/ionization time-of flight
mass spectrometry (MALDI-TOF MS), the mass charaaton of large biomolecules
and synthetic polymers became possiblé

Nowadays the mass spectrometry principles, maimiyzation and ion separation,
have found even novel fields of application. Magssctrometers have been used to obtain
films of giant and non-volatile molecules, inacdelkes for traditional film forming
techniques, such as vapor deposition or solutimtewsing®®. By means of ESI and
MALDI intractable analytes have been ionized, safml depending on their different
mass to charge ratios and collected on a surfatie netention of their structures, in a

process now known as “soft-landing”. Using masslyameas possessing high mass
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resolution even allowed growing thin films of malées possessing isotopic purity. In this
sense, these investigations step back to the asigmass spectrometry, which arose with
the discovery of the isotope and ends up as a rnowélfor collecting isotopically pure

analytes.

1.2 lonization techniques

A first important step in mass spectrometry isgbaeration of ions from the sample
of interest. Depending on the type of sample daffieiionization techniques are used.
In general, ions or excited species are formedenyowval or addition of an electron giving
a radical cation Aor anion A (1.1 and 1.2), respectively, or by addition of otblearged

species (1.4

A+eé—- A"+ 26 (1.1)

or with lower probability

A+ A (1.2)
or
A+e—Ar+e (1.3)

Where A denotes the molecular species to be iongeah electron; the * (1.3) indicates
an excited states.

Depending on the analyte structure, the thermatggnerior to ionization, the
energy gained during ionization, and the envirorinwérthe ion, determining whether it
collides or not with other species, further fragtaéon can happen, leading to other ions

(1), radical cations (R and neutrals N:
A" ST +NorR +N (1.4)

For non-volatile macromolecules, such as biomoksxahd synthetic polymers, the
conditions of the traditional ionization methodadeto considerable fragmentation, which
causes complications in the mass spectrum and mateallow the visualization of the

intact mass of the analyte. Thus, a direct ionirafrom the condensed state, offered by
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field desorption (FD), fast atom bombardment (FAB%I and MALDI would be of great
advantage. Among all the so-called “soft-ionizatiagachniques, the attention will be

pointed in the next section on the MALDI process.

1.3 MALDI-TOF-MS

The key feature of the MALDI technique, pioneersdHillenkamp™** and Karas
(121 'is the Nitrogen laser irradiation of the sampispdrsed in an ultraviolet absorbing
matrix. MALDI is a “soft” ionization technique inlich the energy from the laser is spent
in volatilizing the matrix rather than in degradithg analyteS=.
The mechanism related to the desorption and idoizadf the analyte molecules in
MALDI is strictly related to the analyte nature.

The most plausible process, valid for non absorlinglytes at the nitrogen laser
wavelength X = 337 nm), dates back to the roots of MALES. This mechanism, known

as excited-state proton transfer (ESPT) is chatizaeté by the following steps:
1. The matrix molecules M absorb the laser light ardhfan excited species (1.5):
M +%— M* (1.5)

2. The excited matrix transfers a proton to the aealprimary ions) as following
(1.6):

M* + A (M-H) + AH" (1.6)

Further ionization can happen in the gas phaséadt the primary ions are created in a
moderately hot bath of neutral molecules and ctastéhus, they can undergo collisions
and consequently secondary ion-molecules reacteading to protonated or cationized
analyte species.

If the analyte itself absorbs the laser light, thest straightforward explanation for
laser generated ions would be multiphoton ioniza(@PIl; absorption of n photons/h

leading to an analyte radical cation (1.7):




A—AT+éE (1.7)

This process, which is known as photoionization,the most probable ionization
mechanism for analytes possessing high absorptiefiicients at the laser wavelength.
The generation of ions in MALDI is a complex antl siot completely understood
phenomenon. lon signals depend in fact not onlthenamount of the analyte present in a
mixture, but also on its chemical composition, amaly suffer from suppression by other
components present in the sampl&*®*" 82 Thys, the extraction of quantitative
information from MALDI spectra is not a straightfoard proceduréﬁ]. A strategy for

overcoming this drawback will be proposed in thigly.

1.3.1 Matrices and sample preparation techniques for MALD analyses

Preparation of an appropriate analyte/matrix mixtisr one of the most important
steps of a MALDI analysis. The choice of the propeatrix is in fact crucial for the
visualization of the analyte. Generally, if theseain idea of the acidity or basicity of the
analyte, a matrix with an appropriate proton affindr basicity should be selected. If
cationized analytes are to be expected, a matauldibe chosen, which does not compete
for the cation with the analyte. In general, mataixd sample preparation should serve

three aims:

a) Co-crystallization with the analyte in a large mokxcess to prevent cluster

formation of analyte molecules;

b) Strong absorption of the exciting laser light i timatrix with subsequent transfer

to the analyte;
c) Achieving ionization of the analyte.

The most widespread sample preparation procedutkeiso-called dry droplet
method, which is schematized Figure 3 a Appropriate amounts of matrix and analyte
are dissolved in compatible, preferentially idealtisolvents and mixed to achieve a molar

ratio of analyte to matrix between 1:100 and 1:10DQ.5 pl of this solution is spotted




onto a stainless steel target, allowed to dry d&ed introduced into the ion source of the

spectrometer.
a
matrix analyte 5011(_1 analyte
solution % solution mamxy C%P \ powder
mechanical homogenization
E— Spreading of the
. powder
l drying on the target
[ e
analysis analysis

Figure 3. Sample preparations for MALDI MS: a) dried droplet procedure, b) solvent-free sample

preparation.

A totally different preparation procedure, known &solvent-free sample
preparation”, was described by Przybilla et’?8l.In this casethe analyte is mechanically
mixed with a suitable matrix as reportedrigure 3 b. Then, the mixture is spread with
the help of a flat spatula on the target and islyefar the exposition to the Nitrogen
irradiation in the ionization source of the MALDparatus. This procedure is of great
advantage for molecules, which suffer from lacksofubility and it will mainly used in
this investigation for the qualitative and quaniv@ mass characterization of giant

molecules bearing a large aromatsystem.

1.3.2 Solvent-free technique and characterization of gianpolycyclic aromatic

hydrocarbons

The discovery of a preparation procedure, whichndiirequire the use of solvents,
allowed the mass analyses of slightly soluble soluable samples, which previously could
not be characterized via traditional analytical moels. Within the past five years, intensive
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investigations have shown that this procedure @anded complementary to the solvent-
based sample preparation for the analysis of palyraed uniquely for the characterization
of slightly soluble or insoluble polycyclic aromathydrocarbons (PAHs) and other
intractable system&' 22,

PAHs are chemical compounds that consist of fugedatic rings and do not
contain heteroatoms or carry substituéfitsPAHs occur in oil, coal, and tar deposits, and
are produced as byproducts of fuel burning (whetbssil fuel or biomass). They are also
found in the interstellar medium, in comets, anchieteorited?* 2>,

In graphene the PAH motif is extended to large BBess and it can be considered
as the largest member of the PAH family.

Successful attempts to synthesize graphene-likectsties have produced large
PAHs (more than six fused rings), which have at#@hc notable attention as
semiconducting materials. The synthetic strategiesposed by Miillen et af®?"! have
allowed designing molecules with defined size aedngetry, such as disc-like or triangle-
like flat aromatic systems, with the interestingacteristic to self-assemble into stable
two dimensional superstructures due to the ovexfdpeir large aromatio-systems.

Due to the strong intermolecular interactions nobssituted nanographene
molecules suffers from the lack of solubility innemon organic solvent. Thus, over the
years, the introduction of linear or branched alitydins has been thought as a strategy to

increase solubility and allow processability oftfamily of molecule&®..

1.3.2.1 HBC molecules carrying aliphatic alkyl chains

Attaching long aliphatic chains to the large aramabre of the PAHs leads to
molecules possessing a liquid crystalline natureis Tphase of matter has properties
between those of a conventional liquid, and thdseswlid crystal, and can be divided into

21 Thermotropic LCs

two categories: thermotropic and lyotroic liquidystals (LC)
exhibit a phase transition into the LC phase agptsature is changed, whereas lyotropic
LCs exhibit phase transitions as a function of eomi@tion of the mesogen in a solvent as
well as temperature. Thermotropic LCs manifest edéht phases depending on the

temperature at which they are observed:




1) Nematic: the molecules have no positional ordert they have long-range

orientational order;

2) Smectic: the molecules are positional ordered atregdirection;

3) Cholesteric: this phase exhibits a twisting of thelecules and is observable only
for chiral molecules;

4) Disc-shaped mesogens, such as substituted PAHsriesnt themselves in a layer-
like fashion known as the discotic nematic phakthd disks pack into stacks, the
phase is called discotic columnar. The columns Heves may be organized into

rectangular or hexagonal arrays.

The different phases are schematizeHigure 4.

Figure 4. Thermotropic liquid crystalline phases: @ nematic, b) smectic A and C, c) cholesteric, (a-c

also known as calamitic LC), d) discotic columnar.

The alkyl chains anchored to the aromatic core AH® permits processing of the
molecules from solution in order to obtain suitdfilas for device applications.

Over the last few years, the semiconducting charstics of PAHs have been
successfully used for building organic field effé@nsistors (OFET) and solar cells as an
alternative to all inorganic devic&83Y, Sketches of the different devices are reported in

Figure 5 aandb.




LI
0u1 ce Drain

Imu]ﬂthA_/

layer

Figure 5. Schematic representation of an organicdid effect transistor (OFET) (a) and a solar celllf)
based on PAHSs.

An OFET is a type of transistor that relies on katteic field to control the shape
and hence the conductivity of a ‘channel’ in arapig semiconductor materidfigure 5
a). A solar cell or photovoltaic cell is a devicatltonverts solar energy into electricity by
the photovoltaic effect Higure 5 b). Nowadays, photovoltaic arrays are objects of
intensive investigations as they generate a forneméwable electricity, particularly useful
in situations where electrical power from the ggdunavailable such as in remote area
power systems, Earth-orbiting satellites and spamdes, remote radiotelephones and
water pumping applications.

In order to make such devices working efficientlyithw PAH films as
semiconducting layers, the arrangements of theelagpmatic systems need to be
controlled. The packing of PAHs can in fact vamgnir lying with their aromatic plane flat
on top of the deposition surface, defined as fate4w standing on their edge
perpendicularly to the substrate (edge-on). Theeenggeometry is preferred for OFET
(Figure 5 @), whereas the face-on fashion is desirable farsmll Figure 5 b).

This can be understood considering the differentkuag mechanisms of the two
devices. In an OFET, the application of a voltageveen the source electrode and the gate
generates a conducting channel in the semiconduéitm of PAH molecules. For PAH
molecules in “edge-on” arrangement, charge cardeifs through the columns from the
source electrode to the drain electrode under clbedir gate voltage. In contrast, the large
monodomain "face-on" arrangement of the discs ldgada homeotropic phase, which
allows faster charge transport between the top lawitbm electrodes and favors the

(31]

photovoltaic performanceF{gure 5 b) . Thus, great efforts have been spent in

developing strategies to control the packing arel dhentation of the molecules on the
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surface, as it has been discovered to be the kegéahing improved device performances
32]

1.4 Innovative use of the mass spectrometry principles

1.4.1 Soft-landing

Parallel to the development of novel ionizatiooht@ques, such as MALDI and ESI, for
the mass characterization of giant analytes, thesnspectrometry principles have found
application in other fields. A wide variety of gakase ions with kinetic energies from 1—
10" eV are being used for the growth and modificatini state-of-the-art material
interfaces. lons can be deposited for growing fiins; they can be used to expose fresh
interfaces by sputtering; modify the phases ofrfates; dope trace elements into interface
regions; impart specific chemical functionalitiesat surface; toughen materials; and create
micron- and nanometer-scale interface structures.

Based on the collision energy, ion-surface colhsgiudies can be categorized into four
energy regimes: (1) the thermal range with iongrigakinetic energies below 1 eV, (2) the
hyperthermal range involving ions having energies0Q eV, (3) the low-energy range
from 0.1 to 10 keV, and (4) the high-energy rangeecting ion energies into the MeV
regime.

Hyperthermal and low energy ions deposit their kinenergy solely into the
surface without affecting the bulk region. When theded species retain their structure,
getting in contact with the deposition surface, deposition process is defined as “soft-
landing”.

The soft-landing of molecular ions onto surfacésst foroposed in 1977, was

later demonstratef’ with low—kinetic energy (typically 5 to 10 eV) nsaselected ion
beams at polyfluorinated self-assembled monolayAM) surfaces.
Via employing the mass spectrometer as a novelsiemo apparatus, Cooks et al. profited
also of using mass spectrometry as a separatidmodi&t The mass spectrometer analyzer
in fact discriminates among components having dfie mass to charge ratios, which can
be separated and individually soft-landed. Withieit experiments, dedicated to the
separation of complex protein mixtures, Cooks etalipled an electrospray ion source to
a quadrupole mass analyzer. This allowed collectiregproteins with retention of their

biologic activity and producing arrays of proteorsthe soft-landing deposition substrate.
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1.4.2 MALDI-soft-landing

The deposition of large molecules possessing largenaticTesystems represents a big
challenge as large molecules commonly imply lowecpssability due to either their low
solubility in liquid media or the occurrence of thermal cragkiduring vacuum
sublimation. A way to overcome this drawback waseteped by Rader et &% In that
study, the MALDI was used in a soft-landing appasads ionization source. Moreover, to
allow the deposition of intractable analytes, tblvent-free method was employed for the

sample preparation. A schematic representatiohetoft-landing principle is reported in

(3) Acceleration
e &) —
(4) Mass separation
w
°

Figure 6.

(5) Soft-landing on the
charged substrate,
‘ neutralization and
diffusion

_I (2) Phase transfer and
charging by MALDI

(1) Intractable
.} molecules

| in solid state
] embedded in a
special matrix

Figure 6. Schematic diagram of the MALDI- soft-landng set-up.

As shown inFigure 6 ions from the desired analyte are generated via DIALhe
soft-ionization, ensured by the presence of a masiows the desorption ionization of
intact species, which are discriminated due théfer@nt mass to charge ratio via a mass
analyzer. Potentials are then used to deceleratdaus the ion beam, which is finally
collected on a deposition surface.

Through this procedure, extraordinarily large andoluble molecules, such as
synthetic nanographenes, were processed at thiy lnganted pyrolitic graphite (HOPG)
surface into ultrapure crystalline architecturelseif molecular structures are presented in
Figure 7.
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Molecular Weight =522,612 Molecular Weight =1183,310
C42H18 C96 H30

Figure 7. Molecular structures of the soft-landed nalytes: C;,H 5 (Hexa-peri-hexabenzocoronene,

HBC) and CggH 3 (super-phenalene).

Scanning force microscopy (AFM) and scanning tumgemicroscopy (STM) made
it possible to gain direct insight into the selGanization of the molecules on the surfaces
on the micro and nanoscale, respectively. The Ipexahexabenzocoronene (HBC)
molecules deposited on the surface via soft-landiage found to assemble into an edge-
on arrangement. The self-organization observedoaiit-landed films was remarkably
different from that usually found for dry.&ig films prepared on HOPG either from
vacuum sublimatiof®™ or solution processing®3"\. In both of these cases, thaids
discs adsorb ‘face-on’ on the basal plane of th&B®@orming hexagonally packed layers,
as observed by STM, SFM and angle-resolved ultlatviphotoelectron spectroscopy
(ARUPS). This behavior has been attributed to theng affinity between graphite and the
nanographen@8]. The different packing of SHig on HOPG in the films prepared by soft-
landing provides evidence of a modest affinity besdw the two materials. A justification
for this unusual self-assembly tendency was hypitkd to be the charged character of
the GCoHig during soft-landing or the decelerating potentigiplied to the collecting
surface. Experimental proofs for this theory wesevéver not reported in that study.
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2 Objectives
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1. Quantification of natural and synthetic PAH mixtures via MALDI-MS :
This study investigates the desorption/ionizatibaracteristics of soluble and
insoluble large PAHs by using the solvent-free teghe for the sample
preparation with the aim to propose a strategyafoeliable quantification by
MALDI of intractable PAH mixtures, which cannot beharacterized via

traditional analytical techniques.

* The investigation of the desorption/ionization ofAH% is at first
carried out on model mixtures of synthetic PAHs.CGH8arrying alkyl
chains of different length are synthesized and dedntogether for
studying the role of the intermolecular interactian their desorption
and ionization efficiencies.

e Then, the desorption/ionization behavior of molesulpossessing
different aromatic structures, such as HBC andl@sdritic precursor
in the cyclodehydrogenation reaction, are investida

* A strategy is finally proposed for the quantitatisfearacterization of
synthetic PAH mixtures.

* Moreover, extending the information acquired viadging model
mixtures made of synthetic PAHs, solvent-free quatnte MALDI
analyses are applied even to more complex carlobnsystems, such
as mesophasic pitch samples, which are producedhéythermal
polymerization of an aromatic oil feedstock and cserve as

precursors for advanced carbon materials.

2. Soft-landing mass spectrometry The unique purification conditions offered
by soft-landing MS are used for depositing mas#éef polyethylenoxide
(PEO) chains on a gold surface. The morphology EB® Rhains in the soft-
landed films is analyzed by means of AFM. Moreovke, processes involved
in a soft-landing deposition are studied via perioig soft-landing
experiments on rod-like, polar molecules. In pattc, this study investigates
the influence of the strong electrical field (~ 8/&m), required in a soft-
landing deposition for the collection of intact malles, on the final packing

of the molecules in a soft-landed film.
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3. Electrical field orientation: the electrical field influence on the packing of
molecules, bearing a largersystem, is investigated via soft-landing-

independent experiments:

* The packing of symmetrically and not symmetricailjpstituted HBCs
in drop-cast films, prepared in presence of antetad field, is studied
by means of morphology (AFM, STM), optical and udifftion
(electron and X-ray) analyses.

* Alignment experiments are then performed on rod-jdolymers and
small molecules, which are suitable candidatesnfwrel electronics.
The electronic performances of OFET made theremfhagasured and
compared to the ones of reference films preparedbsence of an
electrical field.

In summary, this study has the aim to gain deepsght and to clarify the
basic principles, which regulate the desorptionzation of giant macromolecules
and their *“soft-deposition” on a surface moving niro MALDI-TOF mass

spectrometry to soft-landing for electronics.
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3 Desorption / ionization
characteristics of polycyclic
aromatic hydrocarbons in MALDI-
TOF and laser desorption mass
spectrometry
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3.1 Introduction

Matrix assisted laser desorption ionization magcspmetry (MALDI-MS) is
a powerful tool for the qualitative characterizatiof giant molecules, biopolymers
and synthetic polymeré®“°* However, quantitative investigations, requiritg t
evaluation of signal intensities of mixture compatse are still not applicable in most
cases due to the complex mechanism, on which thaigue is based. In fact, a great
number of parameters, such as the instrumentahgettdifferent desorption and
ionization probabilities of the analytes, matrixfluence, cluster formation and
intermolecular interactions in the solid state pdéayole in the desorption/ionization
process*?. Furthermore, the success of the MALDI analysistisngly affected by
the sample preparation.

Currently, two general sample preparation techréiqaee used: the solvent-
based and the solvent-free meth&t*”. In the traditional solvent-based sample
preparation, the solvent has the role of homogegithe matrix and analyte in order
to allow the desorption/ionization of intact giamolecules. On the contrary, the
solvent-free sample preparation represents the apgortunity to assess the
structures and purity of slightly soluble or indakl samples. In the solvent-free
preparation method, the three-component system leamggdrix-solvent is reduced to
a two-component system, with the advantage of nsaomically homogeneous
analyte mixtures with high shot-to-shot reproduipi

The absence of a solvent avoids homogenization lgmab during solvent
evaporation, caused by crystallization effectst@mmore, this sample preparation is
faster and less operator-depend&ft The high shot-to-shot reproducibility of this
technique, resulting in equal signal intensitieslbimixture components independent
of the sample position, is a prerequisite for apeéeeunderstanding of the basic
principles of the matrix assisted desorption/ion@a process. In this work, the
solvent-free method was thus employed for analyzing desorption/ionization
characteristics of polycyclic aromatic hydrocarbdR&Hs). This class of molecules
is characterized by the presence of extended aromatystems, which confer those
promising electronic properties for novel orgarlgceonic device&*“®. Due to their
structures, PAHs absorb strongly at 337 nm, theelesngth of the nitrogen laser, and

possess a different ionization mechanism in corsparto molecules, which do not
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absorb the laser light. Non-absorbing molecule33at nm are commonly ionized by
cation attachment with alkaline cations or hydrog&heir desorption/ionization
process is therefore complicated by additional ipetars such as nature and
concentration of the added cationizing salt anddifierent cation affinities of all
mixture components. On the other hand, PAHs ardopdrized after absorption of
laser light and desorb as radical catiéfs Thus, they show single signals in the
MALDI spectra related to the radical cations of PAHPAHS"). Because of their
structure, they represent suitable models for cempbatural systems such as
asphaltenes, pitch and heavy Bff**%% It is therefore interesting to clarify the
mechanism regulating their desorption/photoionaraprocess.

In this work, we studied the influence of the imefecular interactions between
PAHs on their desorption efficiency via analyses eduimolar mixtures of
hexabenzocoronenes (HBCs), composed of the paBat'¥ and three alkylated
ones with increasing side chain lengths: hexamdtayhbenzocoronene (HBGXC
hexapropyl-hexabenzocoronene (HBg)-@nd hexakis(dodecyl)hexabenzocoronene
(HBC-Cy) (mixture 1,Figure 8). The mixture components were chosen such that
they possess not only the same ionization mecharfisinalso virtually the same
ionization efficiency. Since the relative signaleinsity of a mixture component in a
mass spectrum is composed of the ionization andekerption efficiency, our model
system, consisting of molecules with comparablézetion efficiencies simplifies the
interpretation. Thus, differences in signal intéesi of our model mixture can be
directly correlated to differences in the desonmptiefficiency. For the sake of
simplicity, the correlation between the physico+oEl properties of PAHs and their
desorption behavior was studied via analyses ekthepresentative equimolar binary
mixtures: HBC/HBC-G (mixture 2), HBC/HBC-G (mixture 3) and HBC/HBC-G

(mixture 4).
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mixture 1: quaternary mixture

mixture 2: binary mixture
HBC (R, = H) + HBC-C, (R, = CH,)

mixture 3: binary mixture
HBC (R; = H) + HBC-C4 (R, = CgH,)

mixture 4: binary mixture
HBC (R, =H) + HBC-C,, (R, = C,,H,¢)

Figure 8. Structures of the analytes composing thigends 1, 2, 3, 4.

To study the matrix influence on the desorptionthmzation behavior of
HBC, the analyses were conducted by using two reiffe matrices, 7,7,8,8-
tetracyanoquinodimethane and trans-2-[3-(4-terbbenyl)-2-methyl-2-
propenylidene]malononitrile (TCNQ and DCTB, sturet in Figure 9) % and also

by laser desorption.

NC._ _CN
NC| CN H |
|
H.C
NC |CN HC e,
TCNQ DCTB

Figure 9. Structure of TCNQ and DCTB.

Moreover, in order to define the influence of thematic structure of PAHS on

the MALDI response, an equimolar mixture of HBG/C
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hexakis(dodecyl)hexaphenylbenzefé (mixture 5) as well as a bigger PAH
containing 222 carbon atoms #@1.;) and its dendritic precursor £6H:s0)"”

(mixture 6) were studied={gure 10).

R

"CLYL O ey,
O —
R O R

R

HPB-C,,

mixture 5: binary mixture
HPB-C,,(R= C_H,) + HBC-C,, (R-C;;H,)

AlCI,
Cu(CF,S0,),,
24h,30°C

C222H150

mixture 6: binary mixture
C222H 150 +C222H 42

Figure 10. Structures of the analytes composing theends 5 and 6.

3.2 Desorption/photoionization behavior of PAHs

3.2.1 Multicomponent HBC mixtures

The MALDI spectrum of an equimolar multicomponentxture made of
HBCs with linear alkyl chains of different lengtHBC-C,, HBC-G;, HBC-C;,) and
the non substituted HBC (mixture Eigure 8) in TCNQ as matrix is presented in
Figure 11 a(set J). For the series of alkylated HBCs (ions at m/6.6Q0(B), 775.2
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(C), 1532.6 (D)), the signal intensity decreasethwicreasing alkyl chain length,
whereas the ion at m/z 521.9 (A) for the non-altedaHBC is of anomalously low
intensity. We assume that this phenomenon is cblmehe different strength of the
intermolecular interactions between the aromaticesoof the HBC molecules.
Molecules with stronger intermolecular interacti@m®uld require more energy to be
transferred into the gas phase. When the same Ilasemsity is employed to
photoionize and desorb the analytes, weakly agtgdgaolecules should reach easier
the gas-phase. Thus, their signal in the resuli#g_DI spectrum should possess
higher intensity than that of other species.

It is known that the disc shaped HBC molecules hasrong tendency to
aggregate and to form columnar structures withoaecface-to-face arrangement. The
interaction among unsubstituted HBC molecules, hawneis stronger than the
interaction among the alkyl substituted HBCs, beeawf the increased steric
hindrance caused by the alkyl chains. In fact, bews by previous X-ray
investigationd™>>¥, the intermolecular distance between unsubstitttB@ discs is
0.342 nm whereas the distance for HBG-S 0.350 nm. This causes the weakening
of the 1Tt interactions among the molecules, which translateshe MALDI
spectrum ofFigure 11 ain a preferential desorption of alkylated HBCs widispect
to the unsubstituted ones. Since the intermolealisiance among the aromatic cores
is mainly influenced by the steric hindrance of tinst alkyl chain segment attached
directly to the aromatic core, there is only a misteric influence of the alkyl chain
length. This indeed explains qualitatively the Bigensity jump between substituted
and unsubstituted HBCs; however, it does not ypta@x the relatively high intensity
drop in the row of HBCs with increasing chain ldngtot expected for such narrow
distributions. Hence, we attribute the decreassignal intensity of substituted HBC
molecules with increasing alkyl chain length to then of two factors: i) intensity
loss with increasing mass and ii) the increaseolid state interaction energy of the
alkyl chains with increasing chain length. Thisdheis supported by diffraction
patterns of alkylated HBCs showing a halo for theoghous packing of the alkyl
chains at the disc periphéry. The combination of both factors requires addéion
energy for the desorption of the alkyl substitutadlecules with increasing chain
length, which results in an anomalous high reductf relative signal intensities

with increasing molecular weight.
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As the desorption/photoionization behavior of HBf®sIld also be affected by
the nature of the MALDI matrix, the analyses of Hane analyte mixture was also

carried out by using DCTB as the matrse( 2 Figure 11 b).

4x10° - 7x10°- B
B a b
C
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Figure 11 a) MALDI spectrum of an equimolar mixture of HBC, HBC-C,, HBC-C;, HBC-C;,
molecules in TCNQ matrix (set 1). b) MALDI spectrumof equimolar mixture of HBCs in DCTB
matrix (set 2).

As Figure 11 b displays, the HBCs qualitatively maintained theanea
desorption/photoionization tendency in the DCTB nwatThe unsubstituted HBC
molecules show again the lowest signal intensitihgared to the alkylated ones;
however, the differences are less pronounced. \ygesti that the variation in relative
signal intensities of the HBC molecules going fra@NQ to DCTB (molecular
structures irFigure 9) could be influenced by the following factorsappearance of
additional signals in the MALDI spectrum Bigure 11 by ii) the non-planar structure

of the DCTB matrix molecules.
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i) The additional signals appearing figure 11 b could be assigned to stable HBC

clusters with the compositions presentedatle 1

Table 1. Composition of the clusters formed by HBG@nolecules.

Cluster lon detected | Composition
(m/z)
1 1044.4 (HBGy”
low signal intensity
2 1128.2 (HBC/HBC-@"
3 1213.2 (HBC-@),"
4 1381.7 (HBC-@HBC-C3) ™"
5 2138.3 (HBC-@HBC-Cy,) *
low signal intensity
6 2307.1 (HBC-@HBC-Cy,) *
low signal intensity
7 3064.2 (HBC-@), *
low signal intensity

Whereas in TCNQ matrix only dimeric HBCr8pecies (peak indicated by the
black arrow inFigure 11 g were observed, mixed aggregates involving HBGxQu
other HBC molecules were found with DCTB as matfike high clustering tendency
of HBC-C, molecules in DCTB relates qualitatively to the retiton in signal intensity
of their peak at m/z 606.5.

The notable cluster presence in the gas phase paieable by two
phenomena: i) cluster formation during the firgipsof the desorption/photoionization
process, ii) mixed parent/alkyl-HBC aggregatesamlyepresent in the solid state. The
contact between different HBCs in the solid stapgens very likely during solvent-
free sample preparation and could favour the motester formation.

The apparent differences in relative signal inteesibetween the different
matrices may come from the different matrix affest with respect to the analyte
molecules.

Contrary to TCNQ molecules, the DCTB molecules psssa non-planar
structure Figure 9), which have a different influence on the strontgfmolecular
aggregations among HBC molecules. It was obsetvaldtihie use of TCNQ as matrix
often leads to a darkening of the HBC-TCNQ powdterahe milling procedure for
solvent-free preparation. This phenomenon couldrddated to the formation of
charge-transfer complexes consisting of the elactionor HBC and the strong
electron acceptor TCNQ, which is not observableimploying DCTB as the matrix.
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The different interactions between HBC discs aral ribn-planar DCTB molecules
could justify the matrix effect on the desorptidmdfoionization behaviour of the

HBC series.

3.2.2 7,7,8,8-tetracyanoquinodimethane (TCNQ) -HBC interations

For a deeper understanding of the nature of therdotions between TCNQ
and HBC molecules, the influence of TCNQ on thd-astembly of HBC-& was
studied. For the sake of simplicity and to perrhé tharacterization of the resulting
blends via diffraction, morphological and absorptanalyses, HBC-G and TCNQ
molecules were dissolved in THF in equimolar amo(imus, the HBC-G/TCNQ
interactions were analyzed by studying dry filmepgared via drop-casting the
solution of the analyte on glass surfaces and sgaporation in an atmosphere
saturated with vapour of solvent.

It is worth noting that the mixing of two molecul#isat self-assemble into
superstructures is complex, since additional ictevas between the different
components complicate the description of the sy$terf As illustrated inFigure
12, several different supramolecular assemblies @fobmed in the mixture, which

range from a heterogeneous phase to micro- andrereseparation.

Macroscopic phase separation Intercolumnar separation
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Figure 12. Different possible supramolecular orgarations in a mixture of two compounds with

different molecular architectures.
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Previous investigations have shown that when TC&NKRlénded with electron-
rich molecules, such as coronene, alternating staxfkthe acceptor and donor
molecules are formed, leading to an enhanced caurstability®”. The coronene
molecule is sandwiched between two TCNQ molecubesthe structure is stabilized
by the formation of a charge transfer complex. €dfy if this is the most favorable
packing for HBC-G/TCNQ blends too, electron and X-ray diffractiorabses were
performed. Additionally, the film morphology wasvestigated via transmission
electron microscopy. Furthermore, the propertiesthad electron-donor acceptor

mixture in solution were studied via UV-vis spestropy.

3.2.2.1 Transmission electron microscopy

The transmission electron micrographdg=igure 13 show the surface of films
obtained by blending HBC+@ and TCNQ molecules in equimolar ratio. It can be
observed that the HBC;&donor and TCNQ acceptor molecules do not form a
continuous film, but create supramolecular fibevhjch possess an internal helical
structure, as it can be recognized by a closeryaisabf the TEM micrograph of
Figure 13 The helices have an average width of 200 nm amdeveral um in length.

HBC-C;», molecules are known to self-assemble into supexouddr fibre-like

structure$® however the formation of helical architectures haver been observed.
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Figure 13. Elastic TEM micrographs of the surface ba film prepared by drop-casting a solution
of HBC-C»/TCNQ mixture in a 1/1 molar ratio.

In literature, the self-assembly into helix superstiures has been reported for
a variety of different molecules such as helic&t&sphthalocyanine derivativé¥!
and recently for discotic molecul®s. In all these cases, this phenomenon seems to
be driven by different noncovalent interactionshsas hydrogen bonds and aromatic
rinteractions between low molecular weight spedieghis work, the driving force
for building a helix structure might be found iretetrong donor-acceptor interactions
among HBC-G; and TCNQ molecules. To support this hypothesis, nitodecular
packing of the molecules creating the helix strreguwas studied via electron
diffraction analyses.

Figure 14 bdisplays the electron diffraction micrograph diBC-C;o/TCNQ
mixture with a molar ratio of 1-1. For comparisam eectron diffraction micrograph
of pure TCNQ molecules is reportedrigure 14 aas well.
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Figure 14. a) Electron diffraction micrograph of acrystalline TCNQ film b) electron diffraction
micrograph of HBC-C12/TCNQ mixture in a 1/1 molar ratio.

Figure 14 b shows a fiber-like diffractogram, in which two seff reflections can be
recognized. At the equator a sequence of reflestairpositions 1/3, 2 andy/7 are
observed, which are characteristic for the hexageotumnar packind®?. The
meridian reflections, which are related to thenmiglecular distance within a column,
correspond to a d-value of 0.478 nm. As alreadydesl for the zone-cast HBCC
films 2, this might be justified by molecules tilted witbspect to the column axis.
However, considering a—Tt distance between the HBGLores molecules of 0.350
nm®? the tilt-angle can be calculated to be 43 °, whilightly differs from the value
reported in literature (45°). Additionally, the ndBonal reflections irFigure 14 b, do
not form arcs, but appear as straight lines. Thisnpmenon is caused by molecular
stacks, which are axially shifted (not in regissaeFigure 15 b), and is probably due
to the influence of TCNQ molecules on the HBgH@acking.

32



a b
= 9 9 ! 5 = |
s N e ) e ) — e — 6
= 9 99 I e P s [
s ) s s g = R
= O O 3d; B 2 O
s ) e e ) w— —— 85—
! ! ! ! ' ) b
Stacks in register Stacks not in register
R (axial shift)

= - 5 = =~

Figure 15. Proposed arrangements of the stacks amdolecular structures of the analytes.

The diffractogram presented Figure 14 b can be explained by considering
columnar structures made of HBGzntercalated by TCNQ molecules similar to the
charge transfer complexes reported in literature doronene/TCNQ blend§”
(alternating intracolumnar separation, $eégure 12). In that work ther—Tt distance
between TCNQ and coronene was observed to be dm30maverage. Considering
the samertTt stacking for HBC-G/TCNQ blend, it is possible to calculate a tilt
angle of the molecules with respect to the columeas of 46°. A non-regular
intracolumnar separation has however to be cormidas well. In fact, the non-
regular intercalation of TCNQ molecules betweenHiB£-C,, cores would not give
reflections. Thus, it cannot be observed, butrinca be ruled out either.

On the drop-cast films of HBC1@TCNQ aggregates, no sites were found
with reflections coming from either crystals of HEI;, columns or isolated TCNQ
crystals. Therefore, macroscopic phase segregptienomena of TCNQ and HBC-
Ci2 molecules can be excluded.

These observations suggest the intracolumnar deparaschematized in
Figure 12, as the most plausible structure for HBG/CCNQ complexes.
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3.2.2.2 UV-vis spectroscopy study

To fully clarify the nature of the complex obtainey blending HBC-&, and
TCNQ molecules in molar ratio 1-1, their THF sobmis were studied via UV-vis
spectroscopy. IrFigure 16 the solutions of TCNQ, HBC-G and the 1-1 HBC-
C12/TCNQ molar mixturein THF, respectively, are shown. The darkening o t
solution, obtained by blending HBCLLand TCNQ molecules can be related to the

formation of charge transfer complexes.

Figure 16. Solutions of TCNQ (left), HBC-G, (center) and the 1-1 HBC-G/TCNQ mixture
(right) in THF.

Figure 17 reports the absorption spectra of HB&-@olecules in THF (green
trace), of TCNQ molecules (black trace) and of #muimolar mixture HBC-
C1J/TCNQ (red trace).
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Figure 17. UV-vis absorption spectrum of a solutiorof TCNQ molecules in THF (black trace),
HBC-C,, molecules (green trace) and TCNQ/HBC-¢ molecules in 1-1 ratio (red trace).

In the UV-vis spectrum of the mixture TCNQ-HBG-the absorption peak
of the TCNQ molecules is not present; on the copttagether with the absorption
bands of HBC-& molecules new absorption bands appear. These@addibands,
which are better visualized in the zoom-in inseFmfure 17, are due to presence of
TCNQ species in solutioff*). This suggests that charge transfer complexeseaetw
HBC-C;, and TCNQ molecules are formed in solution andlyileee trapped in place
during solvent evaporation with the formation opsamolecular helix architectures as

a result.

3.2.2.3 Formation of chargetransfer complexes during solvent free-sample
preparation

An attempt of transferring the information obtaingg the previous study to the
interactions between HBC:£and TCNQ molecules during sample preparation for

MALDI analyses is complicated by two factors:
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1) The high matrix to analyte ratio, necessary for aofts

desorption/photoionization of the analyte;

2) The preparation procedure, which does not requreuse of a solvent and is

based on the mechanical mixing of the analyte withatrix.

The analyses conducted on the model system arevieowelpful to understand
why TCNQ matrix promotes the formation of radications and how it interacts with
the HBC electron-rich analyte molecules. It is iagting to point out that even in
TCNQ/HBC-G, blends with a molar ratio of 1-1, obtained frontusion, the charge
transfer complexes among the components are diypleeABABA. The intercalation
of TCNQ molecules between the HBG-Cores can therefore justify the reduced
cluster tendency of the HBC molecules in a MALDABsIs performed with TCNQ
as a matrix when compared to that with DCTB. Howgewen for equimolar
TCNQ/HBC blends, prepared by drop-casting, the &irom of stacks with non
regular intracolumnar separation cannot be ruled Dioe formation of structures of
this type is even more likely when blends are poeduby mechanical mixing of the
analyte, such as during the solvent-free prepargirocedure for MALDI analyses.
The absence of a solvent, in fact, does not allmding of analyte and matrix at a
molecular level. Nevertheless, the formation ofrgearansfer complex occurs, as the
darkening of the powder after the mechanical miximticates.

Since the mixtures obtained via solvent free-sampteparation are not
homogeneous at a molecular level, the presencglaifvely large columnar stacks of
HBC-C;, molecules intercalated by TCNQ molecules cannotéuded. Thus, the
intermolecular interactions between the flat arocnetres of the HBC-G molecules,
which are responsible for their spontaneous assemtad columnar superstructures,
should influence the desorption/photoionizationawetr of the discotic molecules. In
order to valorize this hypothesis the desorptiontpionization of binary mixture of
substituted and unsubstitued HBC molecules wasstigated. The choice to restrict
the attention to binary HBC blends was taken toimize the mutual influence of the
different substituted HBCs on their desoption/plmization behavior, previously
observed irFigure 11
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3.2.3 Analyses of binary HBC mixtures

Figure 18 g b andc show MALDI spectra of the binary mixtures 2, 3 ahd

respectively, prepared by the solvent-free sammparation method.
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Figure 18. a) MALDI spectrum of HBC and HBC-C,; molecules in an equimolar mixture b)
MALDI spectrum of HBC and HBC-C g molecules in an equimolar mixture ¢) MALDI spectrun

of HBC and HBC-C;, molecules in an equimolar mixture.

The spectra show only peaks corresponding to tiealacations of the HBCs
in Figure 18 a(ions at m/z 522.1 for HBC and 606.8 for HBG):Gn Figure 18 b
(ions at m/z 522.3 for HBC and 1195.6 for HB@}@nd inFigure 18 c(ions at m/z
522.2 for HBC and 1532.3 for HBC:§). No traces of adducts with protons or alkal
cations were visible. A notable difference in signgensity between the peaks of the
substituted and the non substituted species iesvid all three spectra, again with

the unusual behavior that the respective high ntassponent is overestimated.
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Comparable trend was additionally observed for oHeC/substituted HBC mixtures
(HBC/HBC-Gs, HBC/HBC-G4), too. As the photoionization efficiency is reldts
the absorption of the analyte molecules at 337 i we can assume that the
unsubstituted as well as the alkylated HBC molexidiave comparable ionization
efficiencies. They possess the same aromatic cateabsorb at the laser wavelength

with virtually the same adsorption coefficieRridure 19).

337 nm
- 20004 362 nm
S
£
E
~ 1500
e
@
k3]
b
§ 1000 345n
© 3.59 §
S
2
£ 500
44}
T
Q
£ 5

I ! I ! I N I ! [ ! I
300 360 420 480 540 600
wavelength / nm

Figure 19. UV-vis spectra of HBC (yellow trace) andHBC-C, (black trace) in 1,2,4

trichlorobenzene

However, as shown by Friedlein et &, the ionization potential of HBC
molecules (6.0 eV) can be slightly reduced by tles@nce of alkyl chains at the HBC
periphery (5.5 eV for HBC-£%). This phenomenon, which facilitates the formaidn
radical cations for substituted HBCs, probably dbotes also to the higher signal
intensity of alkylated HBCs idrigure 18 Furthermore, as already mentioned, the
different strength of the—Tt interactions between unsubstituted and alkylateC$iB
should also be responsible for the change in tls®rgéon efficiency. From NMR
measurements of HBCs in solution, it is known tihair association constants drop

off with increasing size of the substituents atéatho the aromatic cof& 676869
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Assigning this to the solid state, it can be argtieat the more weakly associated
alkyl-HBC molecules desorb more easily than the enstrongly associated HBC

molecules under the same experimental conditions.

3.2.4 Laser desorption of HBCs

To analyze the desorption/photoionization char&ties of HBCs without the
matrix support, laser desorption analyses were péstormed.Figure 20 ashows a
laser desorption spectrum of the unsubstituted B cules.
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Figure 20. a) Laser desoprtion spectrum of unsubgtited HBC molecules with magnified region

between m/z 1000-1100. b) Laser desorption spectrumfiHBC-C; molecules.

As opposed to MALDI, the direct absorption of lasdght causes laser-
induced fragments and reactions between the anaigiecules. For HBC, four
different reaction products can be observed, whighrationalized by the structures

shown inFigure 21 a-f

39



Exact Mass =1042.2652 Exact Mass =1038,2340
Molecular Formula =C84H34 Molecular Formula =C84H30

Exact Mass =1554.3276
Molecular Formula =C126H42

Exact Mass =1556.3432
Molecular Formula =C126H44

Figure 21. Proposed structures of laser-induced re&tion products from HBC molecules. The new

covalent C-C bonds are pointed out in bold.

If three C-H bonds were broken and new C-C bondseviermed in each
HBC molecule, dimers (two HBCs minus six hydrogémes) with a molar mass of
m/z 1039.1 were formed. On the other hand, the ¢dssvo H atoms leads to the
formation of dimers at m/z 1043.5. Furthermore rdgction among three HBCs, two
different trimers were produced with masses m/A1%and m/z 1557.7, respectively.
Among all the reported structures for the trimesse(Figure 21 c-d and e-f), the
linear ones are the most plausible. Non-linearcttines should in fact further proceed
dehydrogenating (the red asterisksHigure 21 indicate the reactive centres) and
form products at lower masses, which are not ptasetne LD spectrum oFigure
20.
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The change in laser desorption behavior of suletttHBC molecules was
studied via analysis of HBCsOmolecules, representatively. The corresponding LD
spectrum(Figure 20 b), recorded with the same experimental conditiohsiged in
Figure 20 a shows no reactions among the HBg+@olecules. However, intense
fragmentation of the side chains can be inducetigiter laser power. Only after
almost complete fragmentation of the side chaitigomerization is observed too.
For alkylated HBC, it is likely that the fragmentat reactions required less energy
than the polymerization ones, which took place amhen the more reactive species
caused by fragmentation started reacting.

The laser desorption characteristic of HBCs leamlshie conclusion that
reliable qualitative and quantitative investigaiasf PAHs were not feasible by this
method, due to the risk of laser induced reactiofise corresponding MALDI
measurements, however, avoid fragmentation and iadaced reactions among the
analyte molecules completely due to the much safiesorption mechanism in

presence of the matrix.

3.2.5 Influence of the UV absorption efficiency on signaintensity

To demonstrate the influence of the aromatic stimngcbf analyte molecules on
their desorption/ionization, an equimolar binary  xtare of
hexakis(dodecyl)hexabenzocoronene (HBG)}C and its dendritic precursor
hexakis(dodecyl)hexaphenylbenzene (HPB)@as investigated.

The respective MALDI spectrum is presentedrigure 22 a The peak at m/z
1532.5, corresponding to HBCLis much more intense than that of HPB-&t m/z
1544.9. This finding is consistent with the largfedence of the molar extinction
coefficients at 337 nm between the moleculeigre 22 b) ' In fact, the more
extended aromatio system of HBC-&; allows significantly higher absorption at the
laser light wavelength than HPBLOwith a huge influence on their photoionization
efficiency. Therefore, the higher photoionizatidfficeency of HBC-G, molecules
translates into a higher ionization probability.nGequently, the HPB-G signal at
m/z 1544.9 is dwarfed by the HBGLCsignal, even though HPB:& molecules

cannot form columnar aggregates and should hersmluleclatively easily.
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Figure 22. a) MALDI spectrum of an equimolar mixture of HBC-C,, and its dehdritic precursor
HPB-C1, in TCNQ matrix. b) UV-vis spectra of HBC-C,, and HPB-C,,. ¢) MALDI spectrum of
an equimolar mixture of C,,,H4, and its cyclodehydrogenation precursor G-H s, recorded by

using TCNQ as matrix.

When both components of a mixture of molecules wdiffierent 1t systems
absorb significantly (but not necessarily equallfje issue of the intermolecular
interactions again becomes domindfigure 22 cshows a MALDI spectrum of an
equimolar mixture of &JH4, and its precursor in the cyclodehydrogenationtreac
C.oHis0 Even though the extendedsystem of GoHao has a high absorption at 337
nm, its signal in the MALDI spectrum is dwarfed tlyat of the more weakly
absorbing G2Hise In this case, the signal intensity seems to bminated by the
strong intermolecular interactions of the largenplat systems of &:Hs,. The much
weaker interactions in 4H150 combined with a significant adsorption at 337 fith
and their lower ionization potential due to the eexted aromatic systeffi” in

comparison to HPB-G, appears to increase the desorption probability.
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3.3 Conclusions

Within this investigation we explored the complexsdrption/ionization
characteristics of PAHs with well defined aromatigdrocarbon mixtures. The
different desorption/ionization probabilities of A& in MALDI could be described
by two general properties: 1. aggregation tendeBcwydsorption at 337 nm. A high
aggregation tendency leads to a decreased desorptiobability. Alkyl chain
substiutents at the aromatic core reduce the agtoeg tendency nearly
independently of chain length. A strong UV absamptiat 337 nm yields a high
ionization probability. Therefore, both factors kato be considered for the correct
evaluation of the MALDI spectra of multicomponenixtares. The principles of the
desorption and ionization behavior of alkylated BAshould be of interest for other
systems, such as heavy oil, pitch or asphaltenéeianalysis either by MALDI or by
LD. One must be careful with quantitative infornoatias shown for our model
systems. Especially LD measurements can be suspdotebe unsuitable for
qualitative as well as for quantitative measuremearitnatural PAH mixtures, since
they produced not only fragments, but also nhumereastion products with higher
molecular weight, which are often wrongly attritdiesther to gas phase clusters or to
already existing mixture components. A better usiderding of PAH chemistry and
physics in MALDI and LD mass spectrometry, therefashould pave the way for

more reliable qualitative as well as quantitativeasurements.
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4 Quantitative analyses of fullerene
and polycyclic aromatic
hydrocarbon mixtures via solvent-
free MALDI-MS.

47



4.1 Introduction

Quantitative and reliable information via matrixss$ed laser desorption mass
spectrometry (MALDI) represents a big challengee Glalitative characterization of
polymers and macromolecules is straightforward, tlkes MALDI approach is
sensitive, fast and flexible.

Despite these potential benefits, quantitative rdeteations by MALDI are still
complicated. As previously observed for PAHs, th&lldl response is strongly
influenced by the different photoionization effisi@es and desorption probabilities of
the analytes composing a mixture. Therefore, cautias to be used in extracting
guantitative information from a MALDI spectrum ohaulticomponent blend.

Here the benefits of an internal standard as a s&dnovercoming these
difficulties are examined. It has been reported tha use of standards labeled with
stable isotopes, such &, °C, N, O delivers good results in terms of

(70711 Additionally, the use of structurally modified

guantification accuracy
compounds as internal standard has been succgssfulployed for the relative

quantification of low molecular weight compourid@. To date, however, standard
molecules with properties resembling those of thayde have been used to quantify
a single component in a mixture. The method proppdsere also has the aim of
allowing quantification of both components of ad mixture by using one of them
as an internal standard. This is of special valueain intractable component not
obtainable as a pure sample.

Most quantitative MALDI-based investigations haveed the traditional
solvent-based technique for sample preparation.édevwy this approach often leads to
the so-called hot-spot formation due to severe nmbgeneities caused by
crystallization due to solvent evaporation, whiofiplies a large variation in relative
signal intensities. As already discussed in thevipts chapter, improved
homogeneity can be achieved by employing the sblfrea sample preparatidty!.
This technique not only overcomes the most encoedt@roblems of solubility,
miscibility, and segregation effects during cry&ation resulting from unfavorable
analyte and matrix polarities, but also allows ttlearacterization of insoluble
samplesThe many benefits of this preparation technique thredintroduction of a
standard molecule could offer the possibility foromm reliable quantitative
characterizations by MALDI-TOF-MS for either solalar insoluble samples.
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As the quantitative MALDI characterization is alaffected by interferences
caused by the type and the concentration of additicationizing salts for the
ionization of the analytes, this work is centeredtbe MALDI-based quantitative
analyses of polycyclic aromatic hydrocarbons (PAHS) fullerenes, representative
for samples, which undergo photoionizazion during®| and desorb as radical
cations (M").

For this investigation we have chosen hexabenzoem® (HBC) among the
PAH family, as it possesses promising electroniopprties for novel organic
electronic devices**"*7#7"! The most important issue for improved electronic
properties is the absence of impurities and solfreet MALDI-MS has already been
used to detect traces of byproducts or startinggnads, which come from incomplete
reactions during synthes[@. Here, we explore the possibility of obtaining oty
gualitative, but also quantitative information farmodel system composed of the
HBC-C;2 molecule and its precursor (hexakis(dodecyl)hexapbenzene HPB-()
in the cyclodehydrogenation reaction (HPB-& HBC-Cy) (Figure 23) 2. HPB-
C,2 molecules (the starting material) are here usadtamal standard while applying
the standard addition methd® to the MALDI analyses, in order to develop a
general procedure for measuring the yield of reastifrom binary mixtures when
only one of the two components involved is avadadd a pure sample.

Furthermore, the feasability of quantitative MALBhalyses by employing the
traditional solvent-based sample preparation metfovdthe MALDI analyses is
tested, in order to compare results from the tvil@igint preparation techniques.

Additionally, quantitative MALDI-based analyses afllerene mixtures are
performed Figure 23), as they can be characterized by independent aadetto
evaluate the reliability of the MALDI-based apprbac
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Figure 23. Structures of the analytes.

4.2 The standard addition method

Our approach to the quantification rests upon apglyhe standard addition
method in MALDI analyses with the aim to quantiaty characterize binary
mixtures of unknown compositions. This work procedtdough the following steps:

1. A model system composed of a binary mixture isyzea by MALDI;

2. One of the two analytes (analyte 1) is subsequesdiyed to the initial

mixture and for each new mixture a MALDI spectriswecorded,;

3. The amount of analyte 1 in the initial binary mbduis determined by

evaluation of the calibration curve;

4. The amount of the second analyte (analyte 2) isutated from the weight

of the initial mixture.

4.3 MALDI guantification of HBCs
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For the quantitative characterization of a cycloaisbgention reaction, we have
chosen HBC-&; and its precursor molecule HPB-Gas a model system. An HPB-
C12/HBC-Cy2 mixture (1/1 in mass ratio), which simulates tlmmponents of an
incomplete cyclodehydrogention reaction, was pregailhen, a MALDI analysis
was carried out by employing the solvent-free sanppéparation. The corresponding
spectrum is reported ifigure 24 a Subsequently, defined amounts of HPB-C
molecules were added stepwise to the initial met(liable 7, experimental part),

while recording the resulting MALDI spectriigure 24 b-g.
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Figure 24. a) MALDI spectrum of an HPB-C,o/HBC-C, mixture 1/1 in mass ratio. b) - g)
MALDI spectra of HPB-C ;,/HBC-C, mixtures with a fixed amount of HBC-C;, molecules and

increasing amounts of HPB-G,, prepared by solvent-free sample preparation.

Only two abundant ions are present in the speotr&lBC-G, at m/z 1532.3
and for HPB-G; at m/z 1544.0. No adducts due to protonation tiowaation of the
analytes are detected. Thus, any potential inemfax to the quantitative MALDI
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analyses, caused by the presence of a cationizjegtacan be ruled out. The
spectrum of the HPB-@HBC-C;, mixture of mass ratio 1/1 displays strong
underestimation of the precursor species, caused ftne different
desorption/photoionization of the analyfeéas already observed in Chapter 3.

Quantification was achieved by calculating the nsity ratios from the
MALDI spectra, expressed as Int.(HPB2Int.(HBC-C;2), which are listed imable
8 (experimental part).

The intensity ratio, obtained for the initial HPBAEHBC-C;, mixture
(mixture 1), was fixed at the y intercept of thert€sian axes, as reportedkigure
25. The Int.(HPB-G,)/Int.(HBC-C,;,) values obtained for the other mixtures (mixture
2 to mixture 7) were then plotted versus the addetght of HPB-G, standard

molecules.
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Figure 25. Plot of the intensity ratios HPB-G,/HBC-C, versus added amount of HPB-G.

The obtained plot inFigure 25 clearly displays two regimes. For small
amounts of added standard molecules, the MALDIalse increases linearly. On the
contrary, for HPB-G/HBC-C,, mass ratios larger than 4.6, the signal intensity

deviates significantly from linearity. The experimt@ data points belonging to the

52



linear regime can be interpolated by a straight¢ lof equation (y = 0.3789 x +
0.1126) with correlation coefficient’®f 0.9833. According to the standard addition
method, the absolute value of the x-intercept é&sdbncentration of HPB-g in the
initial mixture (mixture 1). Therefore, through egbolation of the calibration line (y
= 0.383x + 0.1069) to y = 0, the amount (mg.) ofB4B,, in the mixture 1 is
calculated to be 0.28 g. This mass value diffeamfthe true one by less than 4%.

The deviation from the linearity of the calibratioarve for HPB-G,/HBC-C;»
mass ratios larger than 4.6 can be explained censglthe total analyte to matrix
(A/M) ratio, which increases significantly durindnet addition of the HPB-G
standard molecules. This strongly affects the MALB$ponse for sample-matrix
molar ratios lower than 1:850. The matrix presumagbhys the role of disturbing the
strong interactions between HBC molecules and itke/mptimally only when a
certain sample-matrix threshold has been surpasaathermore, low A/M ratios
may favour suppression phenomena, which are engdthdor the system HPB-
C12/HBC-C;y;, by the different desorption/photoionization etiecies of the analytes.

As discussed in Chapter 3, HBG-Gnolecules create radical cations much
easier than their HPB+g precursors””. For low A/M ratios, the higher contact
probability between the analytes may enhance chegesfer phenomena between
HPB-C;, and HBC-G, molecules with an increased formation of HBg-Cspecies.
The importance of matrix dilution during the desmmp/photoionization process, has
already been proven for similar systefif§ Within this work it was recognized that
not only a suitable matrix has to be employed toicdfragmentation and laser-
induced reactions among the analyte molectifésbut also that the matrix amount
has to exceed a threshold to avoid strong deviatiom the linearity. Further
experiments have also shown that the deviation fdrenlinearity can however be
corrected by increasing the matrix dilution uphe threshold value of 1:850 (A/M).

Comparative quantitative analyses for the systenB-@R/HBC-C;, were
performed by using the solvent-based sample preparaAn equimolar mixture of
HBC-C;, and HPB-G, was prepared and analyzed via solvent-based MAE@Qure
26).
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Figure 26. a) MALDI spectra of HBC-C,,/HPB-C,, mixtures with varying molar ratios, obtained
via solvent-based sample preparation.

Defined volumes of the HPB+& solution in THF were subsequently added
(Table 9, experimental part). The MALDI spectra of HPB-@nd HBC-G, mixtures
with varying molar ratios are reported kigure 26 a-g As opposed to the solvent-
free sample preparation, two abundant ions andakwee are visible. The ones at
m/z 1532.3 and 1544.5 are related to the radic@brea of HBC-G, and HPB-G,
molecules, respectively, whereas the peak at méz.65s due to the sodiated HPB-
Ci» (HPB-G» + Na&). It is interesting to point out that, by employithe solvent-
based sample preparation, HPB-@olecules undergo photoionization and formation
of radical cations and supplementary cation attastirto some extent. This suggests
the presence of additional species, which couldessmt an obstacle for a reliable
guantitative investigation. The presence of sodiaiducts was not recorded at all by
employing the solvent-free preparation procedurealdgous to the quantitative

work, carried out via solvent-free MALDI-MS, theamtdard addition method was
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applied in solvent-based MALDI analyses, by pldtitme responses (expressed in
Table 10 as intensity ratios HPB-@HBC-C;,, experimental part) against the
increasing amount of HPB & expressed in ul of added solutidfigure 27). The
sodiated HPB-¢; species were neglected.
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Figure 27. Intensity ratios HPB-G/HBC-C, versus added pl of HPB-G,.

The data points obtained via the solvent-based lsapneparation could be
interpolated by a straight line. Contrary to thdvent-free sample preparation, no
strong deviations from linearity were observed éasing the analyte to matrix
concentration Kigure 27). This phenomenon could be related to use of tieest
during the sample preparation procedure, which eeskthe intermolecular
T=Ttinteractions among the HBC cores. From the evaloabf the data points and
extrapolation of the straight line figure 27, the volume of HPB-G solution(pl)
present in the mixture Téble 9, experimental part) was calculated to be 4.3 pIsThi
value differs from the true amount of 4.0 ul by %5 However, it has to be pointed
out that quantitative solvent-based MALDI analysesild be carried out only after
overcoming the problems related to the presend®bspots. In fact, via performing

solvent-based MALDI analyses, cocrystallization aedregation phenomena, which
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caused large variations in signal intensities, wareountered. As a result, the data
points, reported ifrigure 27, possess a large error-bar. The interferencegatles
presence of hot-spots could be overcome by inargakie number of measurements
for each sample mixture via dropping solutions wikie same concentration of
analytes in three different places on the sampldenand summing for each place
500 single shots to give an average spectrum. ®wochogeneity problems were
indeed not encountered during solvent-free MALDAlgsis, which required many
fewer measurements and which was therefore recegrtiz be the most favorable

preparation procedure for quantitative analysis.

4.4 Quantitative analysis of fullerenes

Quantitative MALDI analyses of fullerenes were cocigd as a further proof
for the method with the additional opportunity tongpare the mass spectrometric
results with an independent quantitative procediaueh as HPLC. C60 and C70
buckyballs undergo photoionization with formatidnradical cations, but due to their
spherical shape, should not lead to complicatiomes b strong aggregation. Thus,
they were chosen as another model system for thiy/ sMixtures of C60 and C70
fullerenes were prepared as described in the empeatal part Table 11) and
MALDI spectra were recorded analogous to the previmeasurement§ifure 28
a).

Two abundant ions at m/z 720.3 and 840.6 are preseresponding to the C60
and C70 radical cations, respectively. A small amiaaf impurities, due to higher-
mass fullerenes, is also present. In contrast éoptievious system (HPB:ZHBC-
Ci2), C60 and C70 molecules possess comparable phataimn/desorption
efficiencies. This minimizes the problems relatedstippression phenomena, which
have been encountered in the characterization sf-gshaped molecules and thus
simplifies the quantitative characterization. A©wh in Figure 28 g the MALDI
measurement responds linearly to the increase efamalyte (C70) and the data
points expressed as Int.C70/Int.C60 versus the mmatao of the C70/C60 mixtures
(Table 12 experimental part) can be interpolated by a sttdigh (Figure 28 b). It is
interesting to point out that for this system, m@sg deviations from linearity were

observed by increasing the analyte/matrix concaatraProbably, spherical-shaped
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C60 and C70 fullerenes aggregate less strongly thege and planar aromatic

systems, which can assemble into columnar struct@ensequently, their desorption

is less influenced by a variation in the dilutidrtlee analytes with the matrix.

a
50000 70000 {
1 ! 30000+
c60 €70 00 oo ((]:30 . C70
40000 1
& 1 0.4 50000 ] C60 1.8
200004
= 30000 ? 40000 ‘? 1
= = Z 15000
& 20000 @ 30000 o
= b= = 10000
— 20000
10000 = =
10000 5000
0 7 7 = 0 : - - 0 : S 5
600 700 800 0 600 700 800 900 600 700 800 900 1000
m/Z m/z m/Z
b C
3 1,2
g
25 ¢ g ju|
2 y = 1,3554x /{ g y= 0,8747x /
R? = 0,9749 2_
o 2 s R? = 0,9939
=3 -
[S53 153
8} / = .
é 1,5 F g o6
= = 3
3. [}
=21 .E" 04
E 05 = 02
=
0 T T 0 - : - - - |
0 05 1 15 2 0 02 04 0,6 0.8 1 12
Molar ratio C70/C60 Molar ratio C70/C60
00 (]
C60 - Co0
20000 4
800
15000 4
z Z o
& &
= =
& 100004 8 a0
= 1]
= C70 -
a =1 C70
0 0+ \—JL—J\————.
500 600 700 800 900 1000 0 4 6 8 10
m/z time (min)

Figure 28. a) MALDI spectra of the mixtures C70/C60with different molar ratios. b) MALDI
calibration curve for the system C70/C60. ¢) HPLC alibration curve for the system C70/C60. d)

MALDI spectrum of commercial fullerite mixture. e) HPLC diagram of commercial fullerite

mixture.

The measured calibration curve of equation (y 534%) has a satisfactory

correlation coefficient Rof 0.9749. Therefore, it was used for the measun¢imiethe
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C70/C60 amount in a commercially available mixtofefullerenes (fullerite). The
MALDI spectrum for the fullerite mixture of unknowmolar ratio is reported in
Figure 28 d From the MALDI spectrum the intensity ratio C76/(Cis calculated to
be 0.203 = 0.010, which corresponds to a molao r@atti0.150 + 0.060, calculated by
using the calibration curve &igure 28 b.

To check the accuracy of the quantitative MALDI lgsas by an independent
method, the fullerite mixture was also charactetizea HPLC. A calibration curve
for the HPLC analyses is obtained by mixing fulleze C60 and C70 in known ratios
(Table 13 experimental part). The corresponding plot isortgd inFigure 28 ¢ A
straight line of equation y = 0.8747x and correlaticoefficient of 0.9939 (&
interpolates the data pointsable 14 experimental part). The HPLC response for the
fullerite mixture is plotted in the calibration eer and the molar ratio C70/C60 is
estimated to be 0.170 + 0.041. Within the experiiaerrror, the two values are
consistent. This result strengthens therefore éasdbility of quantitative analysis via
MALDI-TOF-MS.

45 Conclusions

This work explores the feasibality of reliable gtitmtive MALDI analyses via
solvent-free-sample-preparation, as this procedameprises the unique convenience
to be applicable for insoluble samples as wellgAantitative MALDI measurements
are even more complicated for species ionized kigrecattachment, we investigated
model systems, such as PAHs and fullerenes, wmdengo photoionization and do
not require additional cationizing salts. The stadeaddition-method is applied in
MALDI for quantitative characterization of binaryixtures. Two different systems
are tested. Set-1 is composed of hexakis(dodexgl@nzocoronene and
hexakis(dodecyl)hexaphenylbenzene, which reprepeoduct and precursor of a
cyclodehydrogenation reaction. Set-2 is a mixtureC60 and C70 fullerenes. In
terms of Set-1, severe anomalies could be detaeltiedto a strong influence of the
matrix/analyte ratio on the correlation betweemalgntensity and analyte amount.
This evidence can be related to the strong intezoubér interactions among the HBC
aromatic cores hampering the desorption step andtéoamolecular charge transfer,
which influences the ionization probability. Minmterferences with the quantitative
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MALDI characterization are encountered in the asiglypf C60 and C70 fullerenes.
The spherical shape of C60 and C70 buckyballs avsitng aggregation and their
similar absorption coefficients at the laser wangta are responsible for similar
photoionization probabilities. Thus, no moleculgeedent anomalies in their

desorption-photoionization behaviour are recognized
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5 MALDI guantitative
characterization of natural
mesophase pitch samples via
solvent-free sample preparation.
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5.1 Introduction

Petroleum pitches are a class of carbonaceousnodigy which can serve as
precursors for advanced carbon materials inclutligh thermal conductivity carbon
fibres!8%,

The insolubility of high molecular weight (MW) cambaceous pitches (e.g.
mesophases) in even aggressive solvents has alvemys a significant obstacle to
their MW characterization. So far, characterizatadrvarious carbonaceous species
like coal and petroleum derived materials has beetl established up to the
molecular weights of ~ 450 Da using various chamzation methods like gas
chromatography (GC) and GC coupled with mass speetiry (GC-MS); whereas,
analysis of higher molecular weight species wasitdieh by their volatility .
Similarly, characterization using Gel Permeationmddmatography (GPC) and several
Mass Spectrometry (MS) techniques was hamperedolby dolubility of these

48281 |ndeed, MALDI-TOF mass spectrometry can be wsea tool to

compound
obtain highly resolved mass spectra for insolubtehps, when the solvent-free
technique for sample preparation is emplo§dd

The interpretation of the MALDI spectra of a mesagdh pitch sample and the
extraction of reliable qualitative and quantitativeformation is nevertheless
complicated by the presence of numerous carbonacemecies of unknown
molecular structure, which possess different icmreand desorption efficiencies.

Within this work, MALDI analyses supported by UVsyi IR and NMR
absorption investigations give us the unique cdpiaisi for identifying the specific
molecular structures, which exist in a special gletrm pitch sample, technically
known as Pitch M-50. This investigation aims forbetter understanding of the
desorption/ionization characteristics of carbonasegitches by employing an
optimized methodology formerly worked out in Chap8 with model mixtures
composed of synthetic PAHS!. Understanding the desorption/ionization behafioro
the pitch components is in fact a requirement fatraeting qualitative and
guantitative information from the MALDI spectra.

For the quantification of pitch M-50, dense gasaotion®, a novel separation
method developed for the component isolation ofpiteh sample M-50, was coupled

to the MALDI analyses for fractionation and chaeaiation of the oligomeric pitch
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M-50. 1) Fractionation of the oligomeric pitch alle isolating its components and
recording their MALDI spectra. 2) Mixing them in éwn ratios allows building a
calibration curve, which can be used for quantifaca of the different oligomeric

units present in the original pitch mixture.

5.2 Pitch M-50: Where does it come from?

Petroleum pitches are produced by the thermal padigation of an aromatic
oil feedstock; thus, they are oligomeric in natarel consist of a molecular weight
distribution (MWD) of polycyclic aromatic hydrocashbs.

The MALDI mass spectrum of M-50, a commercially itatale pitch from
Marathon Petroleum Company is showrFigure 29. As the high molecular weight
fractions of the pitch M-50 sample suffer from lagk solubility, the solvent-free
sample preparation was employed for the mass deaization, which does not
discriminate for the insoluble component. TCNQ watected as a matrix for these
experiments as it has been previously demonstithi@dit is a suitable choice for

highly reproducible mass analyses of synthetic PKHS.
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Figure 29. MALDI spectrum of pitch M-50, not normalized (left), normalized (right), TCNQ is

employed as the matrix.

As shown inFigure 29, the oligomeric nature of the pitch is obvious.d0tirse,
the oligomers themselves are not pure, as thangdrnonomer” for the pitch (i.e.,
the aromatic decant oil), is itself a polydispersaterial. What we have labeled
“monomer” has a m/z range of 210-388, roughly eesd around a maximum of m/z
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280; “dimer” m/z 388-645, centered at m/z 470; &nm/z of 645-890, centered
around m/z 730; and tetramer m/z at 890-1120, peshtat m/z 990. In the MALDI
spectrum, reported irFigure 29 (right), the area under the peaks have been

normalized to sum to 1.0.

5.3 Densegasextraction

To produce pitches for a given application, itagital to control the mol wt
distribution (MWD) of the starting pitch, similao twhat is done for manufacturing
goods from polymers. According to literature, degas extraction (DGE) is a
multistage separation technique, which can be ufedthe fractionation of
carbonaceous pitché¥!. The extractive solvent is a dense gas in thenitjcof its
critical temperature, with the pressure being heglough so that the solvent has
significantly more extractive power than an ideas$ ¢the pressure and temperature do
not have to be supercritical, thus the more gernterah “dense gas” in lieu of the
more specific form “supercritical fluid”). As thgoal is to obtain narrow molecular
weight fractions of pitch, the dense gas and tHaetecare contacted in a packed
column with a separation power equivalent to a nemdd equilibrium stages, and
liquid reflux back down the column is used to ferttenhance product purity. In
essence, then, DGE is a countercurrent, multistagercritical extraction technique
with reflux. A schematic representation of the D@gparatus for continuous and

semi-batch extraction of pitches is reporte&igure 30 aandb, respectively.
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Figure 30. Dense-gas extraction apparatus for comtiious fractionation of pitches (a), for semi-

batch fractionation of pitches (b).

Within this work, the pitch sample M-50 was delegrto the top of the
column in the molten state (300 °C) and toluene aradhanol were used as the
extractive solvents. According to the schematiagesgntation reported ifigure 30,

a solvent-rich phase containing extracted pitclciggewas taken off as top-product
and a pitch-rich liquid phase, containing the ureeted pitch species was taken off as
bottom-product®®. The continuous DGE process could deliver two nmoererich
fractions with purity of 98% and 79%. The semi-laten was instead used to extract
dimer-rich fractions with 97% and 89% purity. TheAMDI spectra of the two
monomeric and dimeric fractions are reported Figure 31 a-b and 31 c-d

respectively.
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Figure 31.MALDI mass spectra of (a) 98% monomer and (b) 79% ranomer (c) 97% dimer and

(d) 89% dimer fractions isolated from M-50 pitch.

In particular, 98% monomer and 97% dimer fractimmdated by DGE were
also analyzed using MALDI-post source decay (PSid FD mass spectrometry
(MS); and by'H-NMR, UV-Vis, and FT-IR spectroscopy to proposeitatle

molecular structures for the pitch components.

5.4 Analytical and structural characterization of the monomer-rich
fractions

5.4.1 UV-Visible spectroscopy

All PAH structures proposed in this investigatioor fthe monomer-rich
fraction of M-50 pitch were selected among othesgilde isomers by considering
their UV-Vis absorption spectra and comparing theith the absorption spectra for

the 79 and 98% monomer pitch fractions.
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Figure 32. UV-Vis spectra for the 79% (black) and 8% (gray) monomer fractions, and for the
97% dimer fraction (dotted line) of M-50 pitch.

As shown inFigure 32 species belonging to 98% absorb strongly between

300 and 360 nm and weakly at higher wavelengths: ekample, benzo[b]fluorene
possesses a comparable absorption at these wawvel&fgthus, it is likely that it is a
significant constituent in the 98% pure monomer.n tBe other hand, the PAH
molecule benzo[a]pyrene absorbs strongly from 26@10 nm'®, and thus would
not be expected to be a major constituent in ti#é #&ction. The monomer fraction
of 79% purity absorbs light at higher wavelengthesd (shift) in comparison to the
98% monomer fraction. This is probably due to phesence of species with a larger
polycyclic Tesystem, evidence that is consistent with the epadynal distribution of
this monomer fraction in the FD mass spectrum (edew). Additional information
on the use of UV-Vis to assist in the selectiorthef most likely PAH structures is

given in the subsequent discussions below.
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5.4.2 Proton NMR spectroscopy
'H-NMR analyses of the 98% monomer fraction is giireRigure 33,
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Figure 33.'H-NMR of the 98% monomer fraction.

The chemical shifts between 2.76 and 2.43 ppmedated to the presence of -
CHy- groups attached to the aromatic rings, whereasliemical shifts between 8.85
and 7.30 ppm are characteristic for the protorth@fcondensed aromatic rings. The
ratio between aliphatic hydrogens in th@osition with respect to the aromatic rings
vs. the aromatic protons was evaluated via integranf the corresponding signals
and found to be 1/1.33. The strong signals at A0 6.94 arise from the o-
dichlorobenzene solvent and at 1.20 ppm from teaneunts of water, respectively.
The presence of alkyl substituents with ethyl arger chains is recognized by the
peaks between 0.94 and 0.88 ppm, which are relatediphatic protons in the 3
position with respect to an aliphatic -gHjroup, and by the signals between 1.26 and
1.40 ppm, which are related to aliphatic protonghi@ 3 position with respect to a
phenyl group. They are, however, relatively rateew compared to the number of
methyl groups directly connected to the aromatie doelated to the signal between
2.76 and 2.43 ppm). From the NMR spectrum, the r&Hs-CH,-/-CH,.Ph is
calculated to be 1/15. The peak at 3.96 ppm iatedl to the presence of°>sp
hybridization that bridges two aromatic rings, @ride of the presence of a methylene

bridge between two aromatic rings.
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5.4.3 FT-IR spectroscopy

The FT-IR absorption spectrum for the 98% monomastion is shown ifrigure
34.
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Figure 34.FT-IR spectrum for the 98% monomer fraction. The sgctrum for the 79% monomer

fraction is very similar to that shown above.

The bandA at 3046-3014 cih of weak intensity is related to aromatic C-H
stretching. The bands at 2961, 2915, and 2856 ahthe groupB can be related to
stretching of the C-H methylic and provide evidemdehe presence of ¥parbon
atoms. The grou@ bands at 1598 arfd38 cni are caused bstretching of the C=C
atoms of the aromatic ring, the groDandsare related to the C-H in-plane bending,
and the groufe bands are related to out-of-plane bending of =@lthe aromatic
ring.

The groupE consists of three bands. For PAHSs, these bantdbeaelated to
the number of neighboring hydrogen atoms presenaromatic ringégg]. Taking
methyl-substituted naphthalene as a model systeenFT-IR spectrum will show
three absorption bands for 3-substituted naphtkalene for the isolated hydrogen,

one for the two neighboring H atoms on one ring] ane for the four hydrogen
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atoms on the other ring), but only two farsubstituted naphthalene. Thus, the
presence of three absorption bands provides ewdé#mat alkylation of the PAH
aromatic backbone in the monomer-rich fraction oesgqueferentially at the 3 position
(seeFigure 35).

isolated H

pair of H on ring 1

pair of H on ring 2

Figure 35. Molecular structure of B-substituted napthalene.
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5.4.4 Field Desorption, MALDI, and MALDI-Post Source Decay mass
spectrometry

FD-MS spectra for the 98% and 79% monomer fractamesshown irFigure
36 aandb.
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Figure 36. FD mass spectra of pitch fractions witlpurities of (a) 98 and (b) 79% monomer.
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FD-MS was used in addition to MALDI, as matrix (j.€CNQ) signals could
have interfered with the signals for low molecweigth pitch species. However,
this did not turn out to be the case, as specttairdd by the two different MS
techniques were found to be essentially identiCair analysis of the monomer-rich
fractions, based on information obtained from FDALMI, and MALDI-Post Source

decay (PSD) mass spectrometry, is summariz8clote 2

Table 2. Molecular weights and degree of alkylatiof species present in the monomer-rich
fraction of M-50 pitch as determined by FD-MS and MALDI-PSD-MS.

Blue Yellow | Orange| Green Alkyl substituents
rectangles| rings dots triangles”

m/z 216.4 228.3 252.3 278.3 0

m/z 230.3 242.4 266.5 292.2 GH

miz| 244.5° 256.5° | 280.5° | 306.3 2 x CH

m/z 258.4 270.5 294.5 320.3 3xCH

m/z 272.6° 284.4 308.6 334.5 4 x Glar (CH,CHz + 2 x

CHy)

m/z 286.7° 298.6 322.7 5 x Ckbr different combinations of
methyl, ethyl groups.

m/z 300.8° 6 X CH or different combinations of
methyl, ethyl groups.

& This PAH series was not observed in appreciableuamm the 98% monomer
fraction.

 The most prevalent species in each PAH distributi@ll contained two methyl
substituents)

¢ These signals were not prevalent in the 79% mondraetion.

The lowest-mass signal present in the FD spectkigufe 36 aandb, blue
rectangle)of the monomer isolated from the M-50 Pitch at r216.4 is due to the
presence of the PAH benzofluorene (mol wt = 21@&BY) its isomers, such as
benzo[b]fluorene (se€&igure 37 . The NMR spectra irrigure 33 indicates that
benzo[c]fluorene is also equally probable, but nbenzo[a]fluorene. In
benzo[a]fluorene, in fact, the signals relatechi® $g Hs, which bridge two aromatic
rings should appear at higher ppm. For benzo[bjfine and benzolc]fluorene instead
their signal appears at 3.96 ppm, as observedarHiNMR spectrum reported in
Figure 33 Rectangular blue marks delineate a signal didioh that starts at 216.4,

has a repeating unit of 14 Da, and extends to 3D@.8This distribution provides
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strong evidence of the presence of alkyl groupshared to the base aromatic

structure of benzofluorene (s€able 2 andFigure 37 b).

a ; L
L0 OO e

Benzo[b]fluorene Chrysene
miz 216.4 m/z 244.5 m/z 228.3
d e ' i
Benz[aJanthracene Benzo[e]pyrene Benz[c]acephenanthrylene
m/z 228.3 m/z 252.3 m/z 252.3
Dibenzo[b,h]fluorene Benzo[c]chrysene Pentaphene
m/z 266.5 m/z 278.3 m/z 278.3

Figure 37. PAH structures present in the 98% monomefraction: (a) Benzo[b]fluorene (m/z =
216.4) and (b) its most common alkylated homolog (In= 244.5). PAH structures for the m/z =

228.3 series include (c) chrysene, (d) benz[a]anttene, and their alkylated h

The fragmentation behavior by MALDI-PSD of the “bluectangle” signal
distribution, described above, is givenkigure 38 In this experiment, the ion of
interest was isolated using a selecting deviceth(is study an ion gate) so that all

fragment ions may be associated with their coqpestursor.
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Figure 38. PSD results for the series of PAHs begimg at benzofluorene (m/z = 216.3): (a) base
aromatic structure; (b-d) one to three methyl substuents, respectively; (e) limited ethyl

substituents are also likely to be present.

The spectrum at m/z = 216.3Figure 38 g is consistent with the

benzofluorene structure in two ways: (1) No sigaifit fragments are observed,
which are consistent with mass spectra for theréines™®, and (2) the low-intensity
peak at 202.5 m/z is consistent with the loss o thethylene group from

benzofluorene.
signal distribution are shown, with m/z = 230.443} 258.4, and 272.5.

IfFigure 38 b-e fragmentation patterns for the “blue rectangle

In every
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case, a de-methylated ion (i.e., ~15 Da less thanparent peak) of appreciable
magnitude is present. Furthermore, the stabilitthe de-methylated benzofluorene
ion is consistent with the mass spectrum for théhgiuorenes, which also have a
highly stable de-methylated id#’. For the species at 272.Bidure 38 @, a de-
ethylated ion at 243.6 is observed at less thantemé the intensity of the de-
methylated ion at 257.3. This difference in intgnsan be explained considering the
fragmentation mechanism of ethylated benzene rsoggested by Silverstein et. al.
881 and reported ischeme 1

benzylic ion

(le CH *

X 2 . = 2 - CHZ
| . —_R_ O

resonance structures

H H
H N H H
H
H H — H H
H H H H

’- HC=CH

[

Scheme 1. Fragmentation mechanism of alkylated beeae

By elimination of a methylic radical, the highlyabte benzylic ion is formed.
This can further rearrange to form a seven-memingr and eliminate an actylene
molecule. On the contrary, the elimination of almykt radical is less probable as an
unstable benzene ion is generated.

Moreover, loss of a methylic radical can also bateel to the presence of two
methylic groups anchored to the same aromatic timghis case, the fragmentation
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route, reported irscheme 2begins with a rearrangement of the benzene arigrm
a methylated seven-member radical cation beforsingoa methylic radical. Then,

the benzylic cation can eliminate an acetylene oude

cH,

- He=cH

Scheme 2. Fragmentation route of dimethyl benzene.

PSD could not be applied to the higher moleculaghtan the benzofluorene
series because of the difficulty in isolating tipedes of interest from nearby signals
of comparable intensity.

In Figure 36, another PAH and its alkylated homologs are shbwrsignal
distribution labeled with yellow rings, and begirtiwan m/z of 228.3, with this signal
being due to the presence of chrysene and relatedeirs Figure 37 c-d. Analysis
of the UV-Vis spectrum of the monomer fraction ehates the linear naphthacene as
a significant species at 228.3. Analogous to bdoadéne, the distribution has a
repeat unit of 14 Da, indicating the addition dfydlgroups up to an m/z of 298.6 (see
Table 2). Once again, the most prevalent structure ha®douévalent of two methyl
groups (m/z = 256.5).

PSD was not carried out on the species at 2282842dr 284.4 Da because of
the difficulty in isolating these signals from tleosearby. Fragmentation spectra for
the species at 256.2 and 270.2 m/z (Begure 39 a-b show the loss of methyl
groups, which can be due either to the loss of tayhsubsistent anchored directly to
the aromatic core or to the loss of a =Qjfoup from an ethyl subsisteft. As for
the benzofluorene series, a signal for de-ethylatesl is observed only for the higher
molecular weight species, here for m/z = 298.5,F8gare 39 ¢ A signal (albeit a
very small one) for loss of yet another methyl graaialso observed at 254.7.
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Figure 39. PSD results for the series of PAHs begiing with chrysene and benz[a]Janthracene
(m/z = 228.3): (a-b) two and three methyl substitents, respectively; (c) limited ethyl substituents

are also likely to be present.

The next series of PAHs begins with the signal%#.2 Figure 36, orange
dots) and includes 5-ringed compounds, such asdneers of benzofluoranthene and
also benzo[e]pyrene (séegure 37 e-), with the presence of the above compounds
being consistent with their UV-Vis spectra. Astwihe previous two series of PAH
compounds, a distribution of signals differing frame another by multiples of 14 is
observed. PSD results for m/z = 266.5 (Begure 40 b show no de-methylation
peaks, but this is not surprising, as mass spémtrakylated fluoranthene and pyrene
show essentially no tendency for loss of a singéthyl group®®'% On the other
hand, for all species above 266.5, including 282%l.3, and 308.5-{gure 40 c-¢

respectively), the loss of methyl groups was olegrand for 308.5, a signal for a de-
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ethylated ion is also present. Another PAH seti@s cannot be ruled out would be
isomers of dibenzofluorene, with the base aromsyatem having an m/z of 266.5

(seeFigure 37 9.
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Figure 40. PSD results for the series of PAHs begimg with isomers of benzofluoranthene and
with benzo[e]pyrene (m/z = 252.4): (a) base aromiatstructure; (b-d) one to three methyl

substituents, respectively; (e) limited ethyl subgiients may also be present.

All PAH series discussed up to now were promingeriiath the 79% and 98%
monomer fractions. However, the series beginning/a = 278.3 (green triangles,
Figure 36 b is essentially absent in the purer fraction, dest@ting how DGE
operating conditions can be used to control the pmsition of pitch fractions.
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Typical 5-ring PAHs that would be expected in th8.3 series are given &fgure
37h,i. As shown inTable 2 the alkylated homologs of the 278.3 series extgntb
334.5 Da, equivalent to 4 alkyl groups. Signal msiges for species in the 278.3
series were not strong enough to carry out PSRyesavere not able to confirm that
all multiples of 14 in the series are, in fact, theult of alkylation. Nevertheless, this
was the case for the other three PAH series thed stedied, so one would expect the

trend to continue.

5.4.5 Analytical and structural characterization of the dimer-rich fractions

The MALDI mass spectrum for the 97% dimer fractisgiven inFigure 41
FD-MS was also applied to the dimer fraction, amel tesulting spectrum was found

to be very similar to that obtained via MALDI.
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Figure 41. MALDI mass spectrum for the 97% dimer ptch fraction.

The molecular structures of the most prevalent dspecies in the 97% dimer
fraction were predicted by assuming dehydrogenateactions between the most

prevalent monomer species in the 98% monomer tra¢see~igure 37). Results of
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possible combinations are given Table 3, with examples of the resultant dimer

structures given ifrigure 42

Table 3. Prominent peaks observed in MALDI mass sp#rum for 97% dimer (Fig. 15) can be

explained by condensation of prominent peaks in MADI of 98% monomer fraction (Fig. 10).

Monomer Monomer Hydrogen Dimer

Reactant 1 Reactant 2 Atom Loss Product
(m/z) (m/z) (m/z)
216.4 216.4 4 428.6
216.4 230.3 4 442.6
216.4 244.5 6 454.6
228.3 230.3 4 454.6
216.4 244.5 4 456.7
230.3 244.5 6 468.7
228.3 242.4 2 468.7
244.5 244.5 6 482.8
230.3 256.5 4 482.8
216.4 280.5 4 492.8
244.5 256.5 4 496.8
256.5 256.5 6 506.8
244.5 280.5 4 520.9
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m/z 482.8 m/z 532.9

Figure 42. Proposed PAH structures for the major costituents in the 97% dimer fraction, see
Table 3.

Comparison of the data reportedTiable 3 with the dimer spectrum iRigure

41 reveals several interesting points: (1) Condeosatactions, with the elimination
of 4-6 hydrogen atoms, were successful in predidiive origin of the most prevalent
dimer species. (2) The geometry of the monomeactants” is such that the
formation of dimers from the loss of larger amouotdydrogen (e.g., 8-10 atoms)
would be unlikely. Consistent with this observatie the fact that assuming the loss
of larger amounts of hydrogen from condensatiorthef most prevalent monomer
species did not produce the major dimer speciesreed in the spectrum. (3) The
benzofluorene (m/z = 216.3) monomer seems to haseipated in the formation of
dimer more than can be explained by its concentrati Figure 36 a This can be
explained by the loss of methyl group(s) from thikylated homologs of
benzofluorene, with this loss being the initiatistep for the condensation reaction.
Another possible explanation is that the distrimutof monomeric species in the pitch

is no longer similar to its amount in the pitch qresor because of the different
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reactivities of the various monomeric species; thius benzofluorene may have been
more prevalent in the original monomeric startingtenial. (4) Referring to the
structures inFigure 42 the most prevalent dimer species formed are gitlh
condensed. There should be a greater loss of Hsatban what is observed. In
addition, with most methyl groups beifiesubstituted, reactions at these sites would
also tend to produce a not fully condensed PAH bai& structure.

UV-Vis spectra of the 97% dimer fractiorFigure 32) also supports the
existence of not fully condensed PAH structuresmassive presence of extended
aromatic structures in the dimer-rich vs. the moeaenth fractions would drastically
shift the absorption of visible light to higher vedengths®?. However, the “red
shift”, although observable, is relatively small.

5.5 Massanalysisof high molecular weight components of M-50
pitch

According to Montaudo et al®*®* MALDI-TOF-MS can be used for the
characterization of the molecular weight distribatiof synthetic polymers with
narrow polydispersity (D < 1.3). On the other haMid@LDI fails in reporting reliable
information on the weight distribution of polymeitkvhigher polydisperisty. Due to
detector saturation phenomena and other discrioim&tfects, described in Chapter
3, the analytes with higher molecular weight aret mietected or severely
underestimated in the resulting MALDI spectrum. dreeck the presence of higher
molecular weight components, polymer fractionatmnsuppression of the lowest
molecular species is therefore required.

Within this investigation the low mass oligomersnr a sample of pitch M-50,
already deprived from its monomer content, werepsegsed via detector gating to
check the presence of pitch oligomers at highersesas

In Figure 43 different MALDI spectra of the same pitch sample shown. The
spectra differ from each other by the applicatibditferent detector gating setting: at
m/z of O (red trace), at m/z of 700 (black tracedl at m/z of 1600 (green trace),

respectively.
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Figure 43. Detection of high mass oligomers preseint the pitch sample by using detector gating
(red trace: dimers, trimers and tetramers, black trace: pentamers, hexamers and heptamers,

green trace: heptamers and octamers).

It is worth noting that the detection of completahderestimated species up to
octamers is detectable.

5.6 Quantification of pitch M-50 via MALDI-TOF-MS

Quantification of the content of monomer, dimeimer and tetramer belonging
to the pitch M-50 sample was achieved via couptlagse gas extraction to MALDI-
TOF-MS to fractionate and characterize the pitahda.

Continuous DGE was used to deliver three separpieth fractions enriched in
monomer, dimer and in trimer, respectively. Suptcat toluene (R: 41.1 bar, E:
318.6°C) was used as extraction solvent for all the D@Eeements.

According to a previous study’ to simplify the quantification procedure, this
investigation was restricted to the study of binarixtures obtained by mixing the
monomer-rich with the dimer-rich fractions (Setahd the dimer-rich with the trimer-
rich fractions (Set 2) in defined amount.

Normalized MALDI spectra for these three fracti@me shown irFigure 44.
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Figure 44. Normalized MALDI spectra for Monomer-rich, Dimer-rich, and Trimer-rich

fractions.

5.6.1 Analysis of monomer-rich/dimer-rich mixtures (Setl)

Monomer-rich and dimer-rich fractions were blendedether to obtain
mixtures of known compositions. To overcome the bgemization problems in
preparing the blends, caused by the sticky nattitheo monomer-rich fraction, the
monomer itself and the blends were cooled in lighiifrogen to guaranty the
effective milling of the components with the MALDhatrix. Six different blends
were prepared and for each blend MALDI analysesewggrformed.Figure 45
displays the corresponding MALDI spectra.

The corresponding monomer/dimer area ratios weraguated from the

spectra and reported in a graph vs. the relatedomeridimer molar ratios (see
Figure 45 b).
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Figure 45. a) Normalized MALDI spectra of monomer-ich/dimer-rich mixtures with different

molar ratios. b) Calibration curve for the monomer/dimer mixtures.

The data points oFigure 45 b can be interpolated by a straight line with
correlation coefficient Rof 0.9689 and equation y= 0.5278x-0.0348.

The slope, lower than 1.0 of the straigth lineFigure 45 b indicates the
tendency of the MALDI process to overestimate timed-species. This phenomenon
can be justified considering the different absanptbehavior of monomer-rich and
dimer-rich fractions of the laser light, as showrFigure 32 The weaker absorption
of the monomer at 337 nm comports a lower photammtion efficiency, which

justifies its underestimation according to the tieteship inFigure 45 b’ ¢!

5.6.2 Analysis of dimer-rich/monomer-rich mixtures (Set2)

Similarly to the procedure employed for Set 1, tbalated dimer-rich and
trimer-rich fractions were mixed in different knowamounts to build a suitable
calibration curve for the pitch M-50 sample. Focleaf the eight mixtures a MALDI

spectrum was recorded, as reporteBigure 46 a
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Figure 46. a) Normalized MALDI spectra of dimer-rich/trimer-rich mixtures with different

molar ratios. b) Calibration curve for the dimer/tr imer mixtures.

Then, the corresponding dimer/trimer area ratiosewevaluated from the
spectra and reported in a graph vs. the relatedrdinmer molar ratiosKigure 46 b).
The data points could be interpolated by a strdigkbtwith a satisfactory correlation
coefficient (R = 0.9931) and equation y = 0.8648 x - 0.1324.

Similarly to the results obtained for Set 1, theps! of the straight line iRigure 46 b
is lower than one. This indicates most probablyaherestimation of trimer, due to an
increased ionization probability.

Note that the two relationships for the binary mes, monomer/dimer and
dimer/trimer, take the under/over estimations intonsideration and provide
guantitative information of monomer, dimer, andnr present in the mixture even
with unknown oligomeric composition.

From the experience with DGE of petroleum pitclves,know that monomer,
dimer, and trimer, combined together, comprise®tB85% of the M-50 petroleum
pitch. Therefore, by getting information about thele fractions of monomer, dimer,
and trimer, we can achieve quantitative informatfon any pitch sample with an

accuracy as high as 85%.
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5.7 Conclusions

The characterization of petroleum pitches on a o level has long been a
difficult task, but the separation of the pitcharitis oligomeric fractions via dense-gas
extraction (DGE), followed by the application of tbonew and conventional
spectrometric and spectroscopic techniques to tli@s®ions, has given us new
capabilities for identifying the specific moleculructures in petroleum pitches. The
monomer-rich fraction is approximately Gaussianhwiéspect to molecular weight
distribution and is dominated by species that ai# bpon a relatively small number
of well defined, PAH backbone structures. Methydlao a very limited extent, ethyl
groups decorate these backbones in an approxim@lgsian distribution, with 2
methyl groups/PAH molecule being the most commoremdar makeup. The
overall molecular weight distribution of the dim&action is also approximately
Gaussian, and the most prevalent species are tamtsigith combination of the most
common monomer species via condensation, with te®napanying loss of 4-6
hydrogens.

After defining the structures of the main pitch qgmnents, this study moved to
the quantification of the amount of monomer, dintemer and tetramer belonging to
the pitch sample via solvent-free MALDI-MS. The eba strategy consisted in
coupling the DGE process with the MALDI analysisdaproceeded through the
following steps: 1) DGE was employed to fractionsibe pitch sample, and 2)
MALDI analyses of mixtures, prepared with known amts of pitch components,
were carried out to obtain calibration curves foe guantitative characterization of
the pitch M-50 sample. The two obtained relatiopshitake the under/over
estimations into consideration and provide quatntgainformation on monomer,
dimer, and trimer present in the mixture with unkmooligomeric composition.
These relationships are linear in nature and canskd as calibration curves for the

guantitative analysis of the petroleum pitch sample
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6 Soft-landing Mass spectrometry
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6.1 Introduction

Low-energy (1-100 eV) hyperthermal ion beams casditlanded on surfaces
to modify their properties in a controlled fashior®.

Collisions of low-energy ions with surfaces thagui in ion soft-landing (SL)
may be regarded as the capture of intact masstseél@olyatomic ions at solid or
liquid surface$*’1°833 The term SL has been used to describe two digtincesses,
one in which neutralization occurs during ion-soefacollision and one in which the
ion preserves its charge. The study, reportedisnctapter, is concerned with the first
phenomenon. The discharge process is determinetthéboyature of the deposition
surface. Its physical and chemical properties @lagrucial role in determining the
outcome of ion-surface collisions. Neutralizatienai dominant process in collisions
of ions with clean metal surfaces. Thus, as mamdtallic surfaces were employed
for the soft-landing studies reported here, one @&ssume that the ions lose their
charge touching the surface and no retention afgesaoccurs.

In these experiments, mass spectrometry servesnashad of separation based
on physical principles that are different from asmimplementary to those employed
in more conventional separation methods. Soft-lagnanass spectrometry allows in
fact ionization of the analytes and their deposition conducting surface after
purification due to the mass/charge selection cdrzalyzer.

When a polymer is ionized, the analyzer can be umsxdonly for removing
possible impurities, but also for selecting singf@ins from the polymer distribution.
On the other hand, when full-aromatic rod-like necoles are ionized, the analyzer
allows not only elimination of by-products or stagt materials, but also the isolation
of single isotopes and their deposition as intaotegules on a conducting surface.
Aim of this study is to investigate the conditiolos the deposition of intact mass-
defined polymer chains and the morphology of thelsaded films obtained thereof.
For these experiments poly(ethylenoxide) oligon{®80) were chosen as a model
system and landed on a gold surface.

Moreover, dibenzo[b,b’]thieno[2,3-f:5,4-f'lcarbagaDBTC) molecules, as an
example for rod-like and polar molecules, were aseét-landed to grow thin and
crystalline films, which could be studied via d#ftion and morphological analyses.

The packing of the DBTC molecules in soft-landéwh fivas then compared to that of
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a reference film obtained via drop-casting. Fortladl experiments presented in this
study, liquid secondary ion mass spectrometry (LS)Mvas selected for the

ionization of the analytes.

6.1.1 The soft-landing apparatus

The success of a soft-landing deposition and tmebewn of molecules, which
are landed on a surface with retention of theurcgtires, is determined by the correct
selection of the apparatus geometry and by the ewamt tuning of the landing
parameters.

Within this work, the soft-landing apparatus wasesmsbled as following:

1) Liquid secondary lon Mass Spectrometry as ionizasiource;
2) A double focusing sector field analyzer for the g@bection;
3) A decelerating unit;

4) A deposition unit.

A schematic representation of the employed softitem apparatus is reported in

Figure 47.

Homogeneous
Magnetic Field

Cylindrical Electric Field ‘-_“;  1
!
Deceleration

Q; lens § i o unit

Deposition unit

Ion source

Figure 47. Schematic representation of the soft-lafing apparatus.

1) Why LSIMS?
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In LSIMS, secondary ions are formed by bombardimg amalyte/matrix coated
surface with high energy primargns. Bombarding the liquid matrix/analyte mixture
with primary ions (usually Csat 35 keV) results in the formation of matrix icarsd
leads to indirect sample ionizatioriThe use of liquid matrix, such a8-
nitrobenzylalcohol (3-NBA), allows the desorptiohiotact ions with masses up to
10000 Da. Furthermore, the liquid mixture of matixd analyte allows the use of a
continuous flow source, which guarantees the caotis formation of ions for
relatively long period of time. Coupling continuoflew LSIMS with SL should
increase the number of soft-landed molecules deltbon the deposition surface. This
is a prerequisite for the soft-deposition of mogela or multilayers of molecules.

Consequently, LSIMS was used in this work for tb-deposition experiments.
2) Why using a double focusing sector field analyzer?

The selection of the double focusing sector fieddaaalyzer unit in this work is
justified by the high signal resolution, which tigisometry guarante€gl. The double
focusing sector field comprises a magnetical feb@lyzer followed by an electrical
field analyzer.

The ions can be focused outside the first analyden the centrifugal force is equal
to the magnetical force generated by a magneiiela B;. As described b¥quation

1 only ions with mass to charge ratios equal tzercan reach the decelerating unit.

2
myv,” _
rl

Bzey — centrifugal force = magnetical force Equation 1
The ions, which pass through the first analyzeg, then additionally filtered
by an electrical sector field unit. This is an @yeanalyzer, which discriminates the
ions depending on their different kinetic energgr B given electrical field £only
the ions possessing mass to charge ratiosfaencan be directed in the focus point of

the analyzer obeying to the following formalisBg(ation 2):

2
my,” _

E,ze — centrifugal force = electrostatic force Equation 2
r.1
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wherev; is the ion speed ard the radius of curvature of the ions under theugfice
of an electrical field E
The benefit of the double focusing sector fieldlgrer is the extremely precise m/ze

selection, which guarantees even isotopic resaiutio
3) Decelerating potential for a soft-deposition

After the purification step, carried out via theabmzer, the ions can reach the
deceleration unit. Here, deceleration potentialgicavtheir crash-landing on the
desired surface. According to Cooks et!&l, the range of energy, which allows
landing of ions avoiding crash, is comprised betw&@ and 100 eV. At higher and

lower energies different processes take pfateas shown ifFigure 48

0.1 1 10 100 1k 10k 100k 1M 10M  100M (eV)

Elastic S¢attering
Physisprption
Chemisorption (Dissociative)

Soft-landing
Surface induced dissociation ($I1D)
Ton/surface repctions (I/SR)
Chemical $puttering
Ton Seattering S?ctmmetry (ISS)

Ton Sputtgring, SIMS
Ton Implantation Rutherfo}d Backse

Thermal Hyperthermal Low energy High energy

Figure 48. Encountered processes during depositiaf ions with different landing energies.

However, according to the experiments conductetfdnyg et al™®, focused
principally to the soft-deposition of polycyclicamatic hydrocarbons and oligomers,
SL can be performed up to a landing energy of 180wathout production of
fragments. Yang et al. recognized however a maxirmuthe amount of soft-landed
molecules via using a landing energy comprised éetw60 and 80 eV. For higher
energy values, they reported a decrease in the @nodlanded molecules, probably
due to rebounding or sputtering processes, asagokents of the ions were detected.
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Thus, for this investigation landing energies ofeX0on average were chosen.

4) lon collection and deposition substrates

After deceleration of the ion beam by means of l@eatng potentials, the ions,

possessing a residual energy of 70 eV, can rea&cbdposition surface intact and are
focused by means of focusing potentials into aa aselarge as 1 x 1 mMim
The choice of an appropriate landing surface ibugje importance as it determines
the discharging process of the ion beam. By chgoamearthed metallic surface, the
ions release their charge to the conducting substidus, pure and intact molecules
are collected.
Within this study, different deposition surfacesreveised: 1) A modified stainless
steal surface, on which a thin layer of TCNQ molesuvas deposited via thermal
sublimation. 2) Gold and HOPG for the morphologydsts of the soft-landed thin
films. 3) Carbon-coated copper grid for performelgctron diffraction analyses.

The deposition of analytes was at first carried oato a TCNQ-coated
metallic substrate (sdeéigure 49). The dimensions of the target were designed such
that it could fit in a modified sample holder for AMDI analyses. After each
deposition, the procedure, schematizeéigure 49, was followed: 1) the target was
taken out from the soft-landing apparatus and Hmburg the ionization source of a
MALDI instrument. 2) Here, the entire depositiongiet was scanned by using a
movable sample holder when performing MALDI anatys® Once reached the focus
point, the analyte signal was detected and a spacivas recorded. The thin TCNQ
layer, which covered the metallic target, allowedasuring MALDI spectra of the
analyte without risk of damage and fragmentatiorthaf landed molecules due to
direct exposition to the nitrogen laser light (38M). 4) To mark the area, in which
the analyte signal was detected, the intensitheMALDI laser beam was increased
so much that a part of the thin TCNQ/analyte filould be removed. For
demonstration reasons, the laser beam wkgjure 49 used to write the logo MPI on

the metallic deposition target modified with TCNQ.
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sublimation of TCNQ

deposition surface

Figure 49. Schematic representation of the requiregrocedure for the visualization of the analyte

molecules, deposited via Soft-landing mass spectretny.

Note that the optical identification of the focusimt was a necessary
requirement to study the morphology of the filmssoft-landed molecules. The other
deposition surfaces (gold, HOPG and carbon coatggbar) were in fact placed,
before performing the deposition, onto the ideatififocus point of the collection

target. Then, after soft-landing of the analyeytivere differently analyzed.

6.2 Deposition of mass-defined polymer chains
6.2.1 Why PEO oligomers?

Using LSIMS as ionization source for the soft-langdexperiments required the

choice of polar polymers, which could be mixed withe 3-NBA matrix and
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transferred into the gas phase. PEO oligomerdlédfthese conditions; consequently,
they were selected as a model system in this imgatin.

Before performing the soft-landing deposition, a MA spectrum of the
selected PEO oligomer was recorded.
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Figure 50. MALDI spectrum of PEO in TCNQ matrix before soft-landing.

As shown inFigure 50, the selected PEO oligomers have a narrow polymer
distribution (polydispersity index = 1.14). Thisaganteed the desorption/ionization
of the highest number of polymer chains with corapd molar mass. Consequently,
it allowed the soft-deposition of the highest numisepolymer chains on the landing
substrate.

In the mass spectrum reportedFigure 50, three polymer distributions with
different intensity are present. PEO chains des@lration-attachment as adduct of
the type [PEO: Nd](higher signal intensity) and [PEO: Kjveaker signal intensity).
The difference in signal intensity is due to a leighd affinity of the PEO chains,
which leads to the preferential desorption of sedidPEO clusters.

To determine the nature of the terminal groupsefREO chains, the mass of
one PEO chain (e.g. m/z 1053.7, ségure 50) was divided by the mass of the PEO
repeating unit:
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Repeating unit of PEO: 44.0 Da
1053.7 Da/ 44.0 Da =23.9

Consequently, 23 repeating units of PEO belon@eachains with molar mass
1053.7 Da. The difference between the calculatessrfa 23 repeating units of PEO
(23 x 44.0 Da = 1012.6) and the recorded one, spomrds to the mass of the PEO

terminal group plus that of the cationizing salt.

1053.7 Da = 23 x44.0 Da (CH,CH,;0O-) + 23 Da (Na) + 18 Da (end group
HO-(CH,CH,0)n-H)

The calculation above let to conclude that the REGbmer chains at 1053.7
Da are —H, —OH terminated. Moreover, the MALDI regpd inFigure 50 reports the
presence of a third distribution of low intensiyhich can be assigned to the presence
of cyclic polymer chains, which desorb as adduthwa’.

As the distribution of chains H-OH terminated i® tmost abundant in the
MALDI spectrum ofFigure 50, one of the oligomer chains of higher intensityZm
1053.7) was selected for performing soft-landingeziments.

Via tuning the analyzer parameters, only the matscged chains with m/z of
1053.7 were deposited on a TCNQ-modified metalirget. After a deposition time
of 7 hours, the presence of the mass-selected PB@scwas verified by performing
MALDI analysis.

The corresponding MALDI spectrum is reportedrigure 51
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Figure 51. MALDI spectrum of mass-selected PEO chas in TCNQ matrix after soft-landing.

The presence of single chains of the desired ma$s {053.7) shows the
successful deposition of mass-defined polymer chaum soft-landing mass

spectrometry.

6.2.2 Morphological analysis of soft-landed PEO films

To study the morphology of soft-landed PEO filmsft$anding deposition was
performed for 7 hours on gold-coated mica surfdden, atomic force microscopy
analyses were performed. The corresponding AFMagrephs are shown figure
52,
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100 nm

Figure 52. AFM phase micrograph of a soft-landed fim of mass-defined polymer chains.

The AFM micrograph oFigure 52 shows the presence of fibers which consist of thin
fibrillae, having an average width of 8 nm. Asseynbf PEO chains in fiber-like
structures has been reported by Kakade &PHlin the characterization of PEO films

prepared via electrospinning. In electrospinningpeziments 12

, the polymer
solution is sprayed on top of a conducting surfageneans of a syringe in presence
of an electrical field (~ 1-3 kV/cm). In that stydie influence of the electrical field
on the polymer chains was considered responsibighi® formation of fiber-like
structure.

The formation of PEO fibers in soft-landing expegims is likely related to
the presence of electrical fields of comparablensity to that used in electrospinning
experiments, which are generated by the decelgratiftages, necessary to avoid
fragmentation of the ions reaching the surface. ddmgtively charged single polymer
chains are repelled from the positive-charged cbilg substrate. Thus, once landed
on the deposition substrate, they still possesk mgbility and freely migrate until

they reach a small surface inhomogeneity. Therey 8tart aggregating with other
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polymer chains and generate fibers. Note in faat the assembly of the PEO chains
in fiber-like structure occurs close to a roughnebemogeneity of the gold surface.
Moreover, it is interesting to point out that thieriflae composing the fibers are of
uniform width. This may be related to the identitalgth of the mass-selected PEO
chains (9.36 nm in completely stretched confornmtidt is plausible to assume that
the polymer chains are assembled with their backkedimost perpendicular to the
fibrilla axis, as the measured width of the filadlagrees well within the experimental
error to the calculated length of the PEO chains.

It is worth noting that the purification conditioesisured by soft-landing are unique
as the isolation of polymer chains of selected msmssannot be achieved by
traditional separation techniques, such as GPC ialysis. The study of the
morphology of films composed of mass-selected pelyhains can therefore be
performed only when the thin polymer films are @megal via soft-landing. Soft-
landing deposition can thus be regarded as a coehpleovel tool to produce
polymer films with extraordinary purity and uniqueorphology. In fact, the mass
selection of the PEG chains combined with the pres®f the strong electrical field,
which decelerates the positively charged PEG icmheare in this work supposed
responsible for the formation of fibrillae-like sttures possessing a uniform width.
Moreover, the great advantage of the soft-landaafpriique is the vacuum deposition
of molecules possessing a molecular weight, wlsaatritical for thermal sublimation.
The soft-ionization source, used in these experisjeallows in fact, the soft-

ionization of the polymer chains without risk cAgmentation.

6.3 Deposition of ultra-thin films of rod-like molecules

6.3.1 Dibenzo[b,b"thieno[2,3-f:5,4-f'|carbazole (DBCZ) nolecules as a
model system.

As already specified for the SL deposition of PH@ins, the use of LSIMS,
as ionization source, restricts the choice of dable analyte to molecules which
possess high polarity due, for example, to the gmes of hetheroatoms in their
structure. Analytes with high polarity can be irctfanixed with the NBA matrix,
required for LSIMS, and can be ionized with higklgito ensure adequate coverage

of the deposition surface. DBCZ molecules satisfieese requirements. Thus, they
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were chosen as a representative system for rodsliélecules in this investigation.

Their molecular structure is reportedrigure 53.

SO0

R= 7NN

Figure 53. Molecular structure of Dibenzo[b,b'lthieno[2,3-f:5,4-f]carbazole molecules

Moreover, DBCZ molecules are soluble in the mdsthe organic solvents
due to the presence of alkyl chainsgHes). This allowed comparing the packing of
the molecules in soft-landed polymer films to tbhtrop-cast reference samples. The
choice of preparing a reference sample via solupimtessing techniques instead of
using vacuum-based deposition (e.g. thermal evéipojawas made due to the
possibility to grow from solution single crystalstbhe analyte for gaining information
about the DBCZ molecular packing.

6.3.2 Soft-landing of DBCZ molecules

DBCZ molecules were first soft-landed on a stamlist®al surface previously
covered with a thin layer of TCNQ molecules, fodeposition time of two hours.
Before performing the soft-landing deposition, a MA spectrum of the analyte was
recorded (se€igure 54 a)and showed the natural isotopic distribution of B&CZ
molecules. The signal of the analyte appears atain#63.6, which is the calculated
mass value for a DBCZ molecule. This means thatathelyte desorbs as radical
cation and no cation attachment occurs. The mastddnt isotope belonging to the
analyte, possessing an m/z value of 463.7 (poibyedn arrow inFigure 54 g, was
chosen for soft-landing deposition. Via tuning gextor field analyzer, the mass to
charge value (m/z) of 463.6 was selected and thglesisotopes were collected as

intact molecule on the deposition surface.
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A MALDI spectrum was recorded to verify the successhe deposition experiment

and it is reported ifrigure 54 b,
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Figure 54. a) MALDI spectrum of DBCZ molecules befee soft-landing. b) MALDI spectrum of
DBCZ after soft-landing.

The two MALDI spectra ofFigure 54 differ for the number of displayed
isotopes. In the spectrum recorded after soft-laspddinly the selected isotope is
present. This demonstrates that the soft-landipgsigon proceeded successfully and
no sublimation took place. Soft-landing experimeetyuire, in fact, high vacuum and
under these conditions, sublimation of volatile cspg can occur. The sublimation
process, however, should bring on the depositiofasel molecules possessing their
natural isotopic distribution. As demonstrated I tMALDI of Figure 54 b

sublimation can be ruled out.

6.3.3 Electron diffraction analyses of DBCZ films

In order to perform a comparative investigationtioa packing of the DBCZ
molecules deposited on a conducting surface viglaofling with respect to the
packing of the same molecules deposited via drefirgy two sets of electron
diffraction experiments were carried out.

1) At first, a drop of a solution in THF of (5 mglnDBCZ molecules was cast on

carbon-coated copper grid for TEM analyses andsétieassembling behavior of the

102



molecules was studied. 2) Then, the analyte wadauded on a modified deposition

target and electron diffraction was carried out.

6.3.3.1 Self-assembly of DBCZ moleculesin a drop-cast film

Figure 55 reports an electron diffraction micrograph of amcast DBCZ

film.

Figure 55. Electron diffraction micrograph of a drop-cast DBCZ film.

The electron diffractogram shows a multiplicity reflections belonging to a
zone of a single crystal diffraction pattern. Thenttal row line (equator) is
constituted by ten reflections of typef0n which the¢ value assumes always even
values up to 0.0.20. The 002 reflection correspaadsd value of 1.84 nm; therefore,
the 001 reflection is calculated to be 3.69 nm irnsl considered as the c-parameter
of the unit cell of the DBCZ in the drop-cast film.

At a beam incidence perpendicular to the film szefave find on the meridian
a reflection, which is indicated as 100 and canléfened as “zone” {010}. By tilting
the film round the central row line as axis, a sgme of zone patterns appears. The
sequence of zone patterns allows the evaluatidheothird dimension of the unit cell

of the DBCZ crystal. From this set of analysesvhkies of the a- and b-axes of the
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DBCZ unit cell could be determined to be 0.45 nmddreflection of type 100) and
1.82 nm for the b-parameter, respectively. Moreptlerse data allowed to conclude
that the molecules packed in an orthorhombic eetl iz c,a =3 =y = 90°).

The density ) of the unit cell was calculated from the follogiformalism

(Equation 3):

p = (Z) MINAV Equation 3

where Z is the number of molecules in an unit ddlliis the dibenzo[b,b']thieno[2,3-
f.5,4-f'lcarbazole molecular weight (463.6 Da); ¥ the Avogadro’s number and V
is the volume of the unit cell. For an orthorhombetl the parameter V is calculated
from the unit cell parameters as (a x b x c¢).

In order to have a reasonable value for the crhgspia@phic density @ >1), the
crystalline cell created by the dibenzo[b,b"|thighd-f.5,4-f]carbazole molecules has
to be constituted from a number of molecular urghbr than 1. For an N value of 4
the density assumes a value of 1.02 gém

Additional reflections, which are belonging to asiwareflection in the {010}
zone pattern with a d-value of 0.579 nm (pointedh®yyellow arrow inFigure 55),
do not belong to the crystal lattice defined presly. This evidence may be
explained attributing to DBCZ molecules a polymacphmature and thus the ability to
crystallize into different crystalline lattices, thovisualized in the electron diffraction
micrograph ofFigure 55.

The polymorphic nature of the DBCZ molecules waditazhally revealed by
means of X-ray diffraction analyses. Accordinghie experimental results, related to
the study of a DBCZ single crystal grown from THit¢ molecules pack in a triclinic
lattice with unit cell axes of a=5.85 A, b = 20.&, ¢ =21.92 A, and angles alpha =
105.34°, beta = 97.41°, gamma = 91.18°, respegtivdie position of the molecules

in the mentioned triclinic cell is reported figure 56
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Figure 56. DBCZ molecules packed in a triclinic cél

These d-values agree well with the X-ray diffractianalyses performed on
drop-cast films from THF (5mg/mL) in reflection mmdwhich are reported HRigure
57.
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Figure 57. X-ray diffractogram of a drop-cast DBCZfilm from a solution in THF, recorded with

a powder diffractometer in reflection geometry.

The X-ray diffractogram shows a multiplicity of gesasuperimposing a broad

halo (26 = 25°), which is probably related to the disordepacking of the alkyl

chains. The d-values related to the observed teflecare summarized ifable 4.

Table 4. D-value of the X-ray reflections of the dop-cast DBCZ film

20 d [A] Intensity [a.u]
3.2 27.7 very weak
3.9 22.8 weak
4.7 18.9 very strong
7.2 12.2 strong
9.6 9.2 weak
14.3 6.2 weak
19.2 4.6 very weak
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The reflections, which could not be indexed in #lectron diffractogram
reported inFigure 55, possessing a d-value of 0.579 nm, very likelyobeglto the
same crystalline structure revealed by the singtstal X-ray analysis of DBCZ
molecules. In this structure, the 0.579 nm reftecttan be indexed as 100.

6.3.3.2 Assembly behaviour of soft-landed DBCZ molecules

To investigate the morphology of the soft-landedd@Bmolecules and their
assembly behavior, the soft-landing depositionas@fneeded to be modified to allow
further transmission electron microscopy and difien analyses.

A carbon-coated copper grid suitable for TEM anedys/as positioned in the focus
region of the aluminium soft-landing target anddiaig experiments were performed
for a period of three days. Then, electron difi@ttanalyses were carried out. The

corresponding electron micrograph is reporteHigure 58.

Figure 58. Electron diffraction pattern of a soft-landed DBCZ film.

Figure 58 looks like a single crystal diffraction patternvimich probably two
zones are superimposed.
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The innermost reflections correspond to a d-valug®7 nm, which agrees well with
the 100 reflection observed in the diffraction rogmaph of the drop-cast film
(reflection pointed by a yellow arrow iRigure 55 and attributed to the triclinic
structure observed for the single-crystal DBCZ glowwom THF (a = 5.85 A, b =
20.29 A and 21.92 A).

This suggestion is supported by the observatiah@morphology of the soft-
landed film that was investigated via transmissielectron microscopy. The

corresponding TEM micrograph is showrFigure 59.

Figure 59. TEM micrograph of the soft-landed DBCZ fim.

The TEM image presents regions with different casttrdue to thickness
dishomogeneity of the soft-landed film. The darkesgfions show a periodicity of ~
3.6 nm, which is only compatible with the triclirgtructure.

Note that the same periodicity was additionallyugiized by means of
scanning tunnelling microscopy (STM) in DBCZ filnssft-landed onto an HOPG

surface. The corresponding STM images are repantEdjure 60.
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1.764 nm

Figure 60. STM images of a DBCZ film prepared via 8ft-landing MS.

In the STM current images the bright features @sponding to high
tunneling probability) can be attributed teconjugated aromatic structures. The
aliphatic side chains, which are attributed todhek parts of the images, could not be
resolved. The distance between two rows has a wdl@e4 nm + 0.3 nm and agrees
well with the periodicity observed in the TEM migraph ofFigure 59. Moreover,
considering the alkyl chains responsible for thenfation of dark space, the presence
of bright spots in the STM micrograph Bfgure 60 can be well explained by the
assembly of the DBCZ molecules in the triclinicl ¢blt has been depicted kigure
56.

This additional evidence leads to conclude thatt-lsoiding of DBCZ
molecules allows growing films with a preferenttatlinic structure, whereas two

different DBCZ polymorphs (orthorhombic and trigtihare grown via drop-casting.
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6.4 Conclusions

Within this chapter, soft-landing has been usedytow thin films of PEO

oligomers and DBCZ rod-like molecules on a condugtsurface. The advantages,

offered by this novel deposition technique canurarsarized as following:

1)

2)

3)

Soft-landing can profit from the soft-ionizationnzbtions, ensured by
the LSIMS ionization source, to deposit thermatigtable molecules,
such as PEO polymer chains, and to study the mtghoof the
vacuum-landed films, made thereof.

Soft-landing offers a unique purification proceda® it permits the
deposition of mass-selected PEO chains and ofesiisgtope DBCZ
molecules. Note that these extraordinary conditiarigch are offered
by the use of a mass analyzer, cannot be reachethby purification
or separation techniques, such as, for example, f&&@onation for
the PEO polymer chains or thermal evaporationterrod-like DBCZ
molecules.

Soft-landing allows growing films of the analytesspessing a novel
molecular arrangement on the deposition surfacee Uike of an
electrical field, as strong as 8 kV/cm, necessarytlie deceleration of
the ion beam, is recognized to have an influencéherlanding of the
molecules and on their final packing. In detaig thorphology studies
of the soft-landed films of mass-defined polymeaios show that the
PEO chains assemble preferentially into fibre $tmes, constituted by
thin fibrillae of uniform width. The electrical fie influence is as well
recognized on the assembly of DBCZ molecules itlaofded films.
The packing of the rod-like molecules in soft-ladd@ms differs
substantially from that of drop-cast reference $ilrRilms obtained via
drop-casting shows in fact that DBCZ molecules dagrlow crystals
possessing two different crystalline cells. Softded films indeed
allow growing exclusively one of the DBCZ polymorxperimental

evidence of the electrical field influence on thecking of molecules
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bearing large aromatic system will be further désmd in the

following Chapter.
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7 Electrical field effect on the
assembly of substituted HBC
molecules
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7.1 Introduction

Controlling the orientation of organic semicondaogtimolecules for organic
field effect transistors (OFETY®¥, sensorst'® and solar cells*®, is of key
importance for obtaining improved device perfornefit! and much effort has been

spent to enhance the degree of order in organiefillhis 106:107:108.109.110]

Among various organic semiconductors, polycyclionaatic hydrocarbons
(PAH) have attracted particular interest. Substduhexa-peri-hexabenzocoronene
(HBC) is an example of disc-shaped PAH moleculesniiog columnar stacks in
which overlappingt orbitals are oriented parallel to the columnasaki the stacking
direction these columns have electronic propertessembling those of graphite;
therefore, the application of substituted HBC moles for novel and more efficient
devices is related to the degree of unidirectiandér in the resulting films.

Numerous investigations have reported differengratient techniques for
substituted HBC molecules, such as zone-casfily Langmuir-Blodgett film
preparatiod**? and the use of alignment layé&rs’. Recently, Shklyarevkiy et &t
have investigated the influence of strong magnkefietdds in aligning substituted
HBC molecules and reported an induced crystalbmatin fibril superstructures
perpendicularly oriented to the magnetical fielcheTsuccess of the alignment
techniques depends upon the choice of experimgoaahmeters such as the
temperature gradient and optimal flow rate for zaresting, the presence of
prepatterned teflon layers, and the amphiphiliatythe molecules for Langmuir-
Blodgett deposition. A minor number of restricticansd easier settable experimental
conditions could be obtained by the use of eleaftritelds for the alignment of
organic semiconducting molecules. The applicatibrlectrical fields for inducing
order in thin films of polymer liquid crystals™>*'® and block copolymeré'” has
been the object of previous studies. So far thegestigations were dedicated to the
alignment of polymeric fibril superstructures iretidirection of the external field.
Here we explore the possibility to use electrigalids as a new tool for creating long-
range oriented films of discotic, organic semicartthg molecules by using two
kinds of HBCs as model systems: hexa(para-n-dodbeeylyl)hexabenzocoronene

(HBC-PhG,) as a model compound for non-polar discotic mdesand 2-cyano-
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5,8,11,14,17-penta(3,7-dimethyloctanyl)-hexa-pesdbenzocoronene  (HBC-CN)
for discotic molecules bearing a strong dipole moime

The assembly of theses HBCs under the influencanoéxternal electrical field is
investigated on different surfaces, such as glgskl and highly oriented pyrolitic
graphite (HOPG). The growth of HBC films with diféat packing is related in fact to
the choice of the substraté®. Both glass and polycrystalline gold surfaces are
amorphous and do not exercise epitaxial phenomemagd the film formation
process of HBC molecules. They however differ iaitltonductive nature. On the
other hand, HOPG is a conducting and highly origrsiebstrate of graphitic nature
which can induce epitaxial growth phenomena dua turface recognition process
between graphitic surface and graphene-like modsctit®*?® Its employment,
moreover, allows performing scanning tunneling wscopy analyses to study the

packing of the HBC molecules in the first orgarsigdrs on the surface.

7.2 Electrical field orientation of non-polar HBC molecules

7.2.1 HBC-PhC;, molecules as a model system

The HBC-PhG, molecule is a kind of nanographene, which contans
extended aromatic core and long alkyl chains symoady decorating the core

periphery. The molecular structure of HBC-RhIS reported irFigure 61
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Figure 61. Molecular structure of HBC-PhC,,.

The dodecylphenyl substituents attached to thed rigromatic core are
responsible for the discotic liquid crystal natupé these molecules and lead
additionally to a good solubility in the most commsolvents. Differential scanning
calorimetry (DSC) data have reported for HBC-Ph@olecules a clear mesophase
transition at 80°C. However, HBC-Ph(possesses in the solid phase a second phase
transition. This additional change in enthalpy & raperature of 18° C can be related
to the freezing of the 180°-flip motion of the plenings of the side chains.
According to a previous investigatidi*®, HBC-PhG, molecules aggregate into
columnar stacks already in diluted solutions. Theghhtendency of HBC-PhG
molecules to form columnar structures is relatedthe® strongrteTt interactions
between neighboring aromatic rings and to the rpicase separation of the alkyl side
chains from the aromatic core. The self-assemblyHBIC-PhG, molecules on
different substrates has been the object of previtudies™**??l This system has
been thoroughly understood; therefore, it is aaktlgt model for electrical field

alignment experiments.
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7.3 Formation of HBC-PhC;, columnsinduced from an external
electrical field: the theory

The possibility to orient HBC-Phg molecules by using an external electrical
field can be related to the anisotropy of a ligcigstal medium. Electric alignment of

anisotropic molecules originates from the anisotra@ their polarizability a,

characterized bfa = a|| - al], the difference im between two orthogonal molecular

axes. The polarizability value; is related to the response fppolarization) of a

molecular dipole to an external electrical field & the following equation:

pi = Wi+ aj Equation 4

where [ is the permanent dipole. In a homogeneous linadrisotropic dielectric
medium, the polarization; s aligned with and proportional to the electi@d E. In

an anisotropic material, the polarization and tke&lfare not necessarily in the same
direction. Then, the"icomponent of the polarization is related to theaiccording to
Equation 4.

This expression represents the relative tendenayobfarge distribution, like the
electron cloud of an atom or molecule, to be distbifrom its normal shape by an
external electric field.

In the case of HBC-Phgmolecules, which do not possess a permanent dipole
the value of pdepends only on the polarizability of the molecule. Polarizability is
a tensor of second ordéf® and its value for HBC has not been reported in the
literature. Therefore, we used the polarizabiligiue for coronene molecules, in
consideration that their planar and discotic strreettan be considered representative
for HBC molecules. According to Matsuzawa et“dl, the average polarizability for
coronene molecules is 33.7 x T0 cnt, where the average polarizability can be

written as:

a= Za“ /3 Equation 5
i
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As the polarizablility of a disc-like molecule dmetaxis perpendicular to its aromatic
core is circa zero, the polarizability value of@anene molecule can be exclusively

considered as the polarizability along its planas.aTherefore we can wrife:

O pian= 33.7 x 10**cm® = 3.74 x 16°C-m*V Equation 6

The necessary energhW) for a coronene molecule to be oriented in threadion of

an electrical external field E (5 x 10/m) is given by the following equation:

AW =a E%2 = 4.675 x 13 J Equation 7

Considering that the aromatic structure of a HB@GRhmolecules is more
extended than that of coronene molecules, the ipalality value of the HBC-Ph{;
molecules will be larger than the here reportedeal
However, the value AW for a coronene molecule in presence of an etadtfield
of 5 x 18 V/m, which has been employed for the alignment grpents in this work,
is considerably smaller than the thermal energthefmolecules at a temperature of
20 C-.

AWiemp= ks T = 4.0 x 10%'J Equation 8

where k is the Bolzman constant and T is the temperature.

The capability of HBC-Ph{G molecules to be oriented has, therefore, to be
searched in its possibility to form liquid-crystalsC). In a LC mesophase the
difference in electric energy of self-assembled molecules can become large enough
to align the molecules={gure 62, No E¥2 ~ kg T) 2%,

1Remark:as, =4TEy X 10° aces
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Figure 62. Schematic draw of the electrical field @ion on the HBC-PhC;, molecules

In absence of an external electrical force, the HBIC;, molecules can form
unoriented domains made of columnar aggregatesclamatized irFigure 63 a
The presence of an external field can indeed exeadrque on the domains until a
parallel orientation of such induced dipoles aldhg field direction is established
(Figure 63 b) 28!,

Figure 63. a) Schematic representation of unorientemicrodomains, obtained via drop-casting,
b) unidirectionally oriented domains obtained via dop-casting in presence of an external

electrical field.
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7.4 Alignment experiments and film characterization

7.4.1 Film preparation

The experiments to increase the degree of supramiateorder in films of
HBC-PhG, molecules were carried out in a home-built appatatwhich is
schematically reported iRigure 64.

stainless
steel T
electrodes sample
//

Teflon
support
— e—— voltage
-+ - supply

Figure 64. Schematic representation of the apparatufor alignment experiments by means of
electrical fields.

The aligned films of HBC-Ph molecules were prepared from a
concentrated solution in p-xylene (15 mg/ml). A giraf HBC-PhG, solution was
cast on a glass surface placed between the elestartt then an electrical field with
a strength of 4-5 kV/cm (DC) was applied paraktettie glass surface and maintained
until the complete evaporation of the solvent (LMoSolvent evaporation in the
presence of an electric field yielded dry layersHBC-PhG, molecules with an
average film area of 1 ¢nand an average film thickness of 300 nm. The HBC:P
films, displaying a very high degree of supramolacwrder, were characterized by
polarizing microscopy, atomic force microscopy,rsgag and transmission electron

microscopy as well as X-ray and electron diffractio
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7.4.2 Optical microscopy

Detailed information about the supramolecular oizgtion of the field-force
oriented HBC-Phg films was revealed by polarizing microscopy. Tleattires
observed between crossed polarizers elucidatelslefaine supramolecular order of
the specimens.

For field oriented HBC-Phg films, an alternation of black and bright stripes,
oriented in the direction of the external applidelctic field, was visualized in the
polarizing microscope. The stripes, which were a¢paly observed in all the field-
force oriented films prepared with identical expental conditions, have a width of

about 10 um as shown by the optical micrographigidire 65 a
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Figure 65. a) Optical micrograph displaying an altenation of bright and dark stripes under

crossed polarizers. The white arrow indicates theidection of the previously applied electric field.
b-d) Change in optical features of oriented HBC-Phg molecules during rotation of the sample
stage. e) Optical micrograph of a field-force orieted HBC-PhC,, film at lower magnification. f)

Optical micrograph of a reference HBC-PhG, drop-cast film under crossed polarizers.

Upon rotation of the stage between crossed polar{gggure 65 b, 17° and4
c, 40°), the optical feature consisting of altema@tistripes (undulating feature)
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develops into a herring-bone structure. At a rotatangle of 45°, the initially

observed alternating black and bright stripes emgbaheir brightnesg-{gure 65 d).

For unidirectional oriented film, theory predi¢t that, if the optical axis of
the specimen is oriented along the axis of a crgstd lays parallel to the polarizer or
to the analyzer, a totally dark field would appdhrough the eyepieces of a
microscope under crossed-polarized illuminations@sematized ifrigure 66 a For
each rotation of the sample stage of an aogleht would pass through the analyzer
and a bright micrograph would be observed with aimam of brightness at an angle
of 45°.

Undulating textures are indeed characteristic figrmed specimens of liquid
crystals possessing deformations in their liquigstalline phasé&® andthey have
beenfrequently observed in optical micrographs of alidraromatic polyester films
(1291 and high-modulus polyaromatic fibef€® (Kevlar 49). For the field-oriented
HBC-PhQG; films, the visualization of parallel stripes oteahate brightnesd=(gure
65 g can be explained by molecules arranged in a noomadge-on fashion with
respect to the glass surface, creating columns thighcolumnar axis on average
parallel to either the polarizer or the analyzeccérding to Livolant and Bouligand
131 the alternation of bright and dark stripes thaterichange when rotating the
sample Figure 65 d) originates from a quasi-periodic undulation oé tdirector
(bend deformation) around a fixed axis, where, finition, the liquid-crystal
director is the average direction of the liquidstafline molecule83?) A schematic
representation of the HBC-Piy&Specimen, bearing bend deformations, is reported i
Figure 66 d
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Unidirectionally oriented HBC-PhC:12 columns

Oriented HBC-PhC 12 columns with bend deformation

Figure 66. a,b,c) Schematic representation of anisopic birefringent HBC-PhC ;, specimen with
the long (optical) axis oriented in the direction bthe columnar axis and parallel to the direction
of the polarizer. d) Schematic representation of asotropic birefringent HBC-PhC 1, specimen

presenting bend deformation.

The bend deformation is one of the three possildeodions for a liquid
crystal. Among the three deformations possiblelifprid crystals (splay, bend and
twist), which are schematically reported kigure 67, the bend of the columnar
director is the most frequent. It requires the ieammsumption of elastic energy and
this justifies the frequency of its presence onfidlel oriented HBC-Phg film.
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splay bend twist

Figure 67. Deformations in columnar liquid crystals

Within the uniaxially oriented HBC-Phg films displaying undulating
features under crossed polarizers, triangular tefeere foundRigure 68) *3. This
phenomenon is related to space filling problemargas of pronounced bend of the
columnar directof>4,

Figure 68. Optical micrograph of an oriented HBC-PhC,, film displaying triangular defects.

For comparison, a drop-cast film of HBC-RhCwhich was prepared in the
absence of an electric field, was studied by poilagi microscopy. The micrograph in
Figure 65 f suggests no extended uniaxial orientation of tBEHPhG, molecules.

Only in small regions, where the molecules seleagde with a higher degree of
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order, one recognizes the presence of undulatkigres due to columnar domains of
HBC-PhG: molecules directed in the same direction. It ssomable to assume that
these small oriented domains are probably due hatesanigration during solvent
evaporation.

On the contrary, the optical micrograph of a fieldented film reported in
Figure 65 eprovides evidence of the larger extension of unigxoriented domains
represented by black and white stripes directeth@nsame direction of the field.
When the field-force oriented films are observed tie microscope with one
polarizer, evidence of a slight dichroism is fouRdr unoriented films, the dichroism
phenomenon is not observed at all. The dichroisitheffilm is due to the absorbing
property of the discs in the direction of theims@ion dipole moment. In the case of
an HBC chromophore, the transition dipole is oeérdlong the plane of the aromatic
core; therefore, the intensity of the light absdrbey unidirectionally oriented
molecules normal to the surface changes twice wh&ating the sample stage by
360°. In field-force oriented films, the dichroisaffect is unexpectedly small. This
suggests that it is probably averaged either by \theying orientation of the
substituent phenyl groups tilted out from the arbenplane or by the thickness

inhomogeneity of the drop-cast fild}&>36-1%7]

7.4.3 Film Morphology

7.4.3.1 Scanning Electron Microscopy (SEM)

Whereas the polarizing microscopy offered opticajpressions of the
periodical structures in the material, the morpbglof the periodical structure was
elucidated by SEM. The SEM micrographRigure 69 areveals a zig-zag structure
made of HBC-Phg columns that on average are perpendicularly atenwith
respect to the direction of the applied electr&dd| represented in the micrograph by

the red arrow.

126



o

HBC-PhCiz columns creating
zig-zag fibnllar structures
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Figure 69. a) Scanning electron micrograph of an oriented filmof HBC-PhC;, molecules
displaying a zig-zag structure. b) Model of the undlated structure created by the HBC-PhG,

columns.

The half-periodicity of zig-zag structures has agkh of about 10um,
corresponding to the width of a stripe in the agtimicrograph ofFigure 65 d The
segments of the zig-zag structure deviate from dinection perpendicular to the
electric field alternately by an angle of about.1Bfie wavelike or zig-zag structures
of the field-force oriented HBC-Ph& molecules Figure 69 b) correspond to the
stripes, which have been observed in the polarimigoscope. In addition, the SEM
micrograph shows numerous triangular defects egudibplayed in the optical
micrograph ofFigure 68.

The apex of the triangles is always directed awasnfthe curvature center of
the undulating columns. This evidence leads toteethe presence of triangular
defects to that of undulating textures.

7.4.3.2 Atomic Force Microscopy (AFM)

Morphological micrographs at higher resolutions evexcquired with an
atomic force microscope operating in tapping modEM micrographs of a field-
force oriented film of HBC-Ph{ molecules on glass substrate with different scan
sizes are displayed Figure 70 a, ¢
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30 nm

Figure 70. a), ¢c) AFM phase images of field-forceriented HBC-PhC,,films on a glass substrate
with different scan sizes. b) AFM phase image of @onoriented HBC-PhC,, film on glass. d)

Schematic representation of HBC-Phg, molecules creating lamellar structures.

Parallel striations separated by 3.56 + 0.25 nimfeach other that on average
are perpendicularly oriented with respect to thredlion of the applied electric field
(red arrow inFigure 70 g are detected. This value is in good agreemert thie
calculated distance between HBC-RhColumns for molecules with completely
extended alkyl chains (3.46 nm). This evidencehintsuggests that the HBC-PhC
molecules are arranged with their conjugated mddecplanes along the field
direction as schematically depicted kigure 70 d The formation of columnar

structures is due to the strong tendency of HBC RPmiblecules to aggregate in
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stacks, resulting in the formation of columnar sepactures perpendicular to the
field direction®,

Figure 70 b shows an AFM micrograph of a drop-cast film of HBGG,
molecules prepared in absence of an electric fiedopposed to the field-oriented
samples, no parallel striations can be observeis. Ay be attributed to the random
orientation of the columnar stacks of HBC-RhGnolecules in absence of an

electrical field.

7.4.3.3 Transmission Electron Microscopy (TEM)

Additional information about the morphological stture of the field-force
oriented HBC-Phg specimen was obtained by transmission electromostopy. A
typical transmission electron micrograph of a stefeeplica of an oriented sample is
reported inFigure 71 a and displays parallel striations, similar to tblaserved in the

AFM micrograph with typical pile width of about 3+ 0.22 nm. It has to be

considered that the evaluation of the width ofsti@tions, present in the TEM and in
the AFM micrographs, possesses a relatively lapgeemental error. The stripe
width (d) can be measured via a section analydmsctwdepends on the projection,
from which the lamellae are observed. Thus, asrtegan Figure 71 b the two
values, dand d, will slightly differ.

Figure 71.a) Transmission electron micrograph of an orientedtHBC-PhC, film replica. b)

Sketch of striations with slight difference in orietation.
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However, both values obtained via TEM and AFM agnesl within their
experimental error with the intercolumnar spaceveen two conjugated HBC-PhC

ideal stacks.

7.4.4 Diffraction Analyses

In order to elucidate the packing within HBC-Rh@&olecules stacks, electron
and X-ray diffraction analyses were performed. Ehextron diffraction pattern of a

field-force oriented HBC-Ph{; film at a beam incidence perpendicular to theaxef

is shown inFigure 72 a

Figure 72 a) Electron diffraction pattern of HBC-PhC, field-force oriented film, implying a
small degree of columnar misalignment. The diameteof the selected area of the diffraction
pattern is 1.55 mm. b) Electron diffraction pattem of HBC-PhC,, field-force oriented film with a
diameter of the selected area of 12.4 um. ¢) Eleotr diffraction micrograph of a HBC-PhC»

drop-cast film with a diameter of the selected areaf 12.4 mm.

Two sets of reflections are present perpendiculaaich other. The innermost
reflection on the equator with a d-value of 3.09isrm agreement with the calculated
intercolumnar distance between adjacent HBC-RPh€lumns. The meridional
reflection with a d-value of 0.34 nm, seen in twalars, fits to the calculated
thickness of an HBC-Phgmolecule and this can be attributed to the intéedar
distance of the molecules within a column. In additthe diffraction pattern shows
that the aromatic planes are perpendicular to wesgurface (edge-on arrangement)
and normal to the columnar axis. It is worth notthgt the reflection is an arc and
never a streak, indicating that the molecules gdaaht columns show no axial shift.

Around the center, a halo is observed as a fultleicaused by the disordered
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aliphatic side chains. The azimuthal width of thesacorrelates with the diameter of
the illuminated area and is a qualitative meastrth® orientational distribution of
arrays of adjacent columns.

The electron diffraction pattern of field-force emied HBC-Phg films is
similar to the diffraction micrograph of a fiberhis finding definitely confirms the
presence of columns of HBC-Pfi@nolecules in an edge-on arrangement on the glass
surface. Electron diffraction analyses were adddltly performed on drop-cast films
of HBC-PhG, molecules solidified in the absence of electetds Figure 72 9. The
diffraction pattern of HBC-Ph{ columns in a drop-cast film shows closed rings of
the meridional reflections with some sampling oe theridian, whereas up to a
diameter of 12.5um, closed reflection rings were never observed iéhdfforce
oriented samplesF{gure 72 b). This partial orientation can be attributed te th
natural tendency of the HBC-Phy&columns to create oriented aggregates, owing to
the radial solvent flow towards the boundary of theplet, as already discussed for
the optical micrograph dfigure 65 f.

As electron diffraction is often regarded as a igatle technique suitable for
symmetry determination but too inaccurate for deieation of intensity, lattice
parameters, and molecular packing, also X-ray aealywere performed on field
oriented films of HBC-Phg moleculesFigure 73 3.
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Figure 73. a) X-ray diffractogram of HBC-PhC i, field-oriented film and b) enlarged innermost

angular region for an HBC-PhC,, field aligned film (dashed line) and for a drop-casfilm

(continuous line).

The diagram exhibits a set of distinct reflectiguperimposed on a broad
halo. The latter originates partially from disorgrside groups of the HBC-PHhC
molecules but mainly from the amorphous glass satestit may be noted that the
reflection corresponding to an intermolecular dist of 3.4 A (001 reflection),
expected at 2[25.68, is missing in the X-ray diffractogram. Thissence confirms
the high degree of fiber axis orientation in tHefparallel to the substrate. In fact, the
reflections of type 00l do not fulfill Braggs’ cotién for the current texture and
reflection geometry. The sharp and well-definedkpemdicate clearly the highly

ordered structure created by the molecular colufhable 5).
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Table 5. X-ray diffraction data.

20/° d/A Intensity /a.u
2.97 29.75 very strong
3.43 25.76 very strong
3.61 24.47 strong
5.99 14.75 weak
6.8 13.00 very weak

The more or less cylindrically-shaped columns, hawedo not occupy the
knots of a hexagonal net as inferred from the atesef the sequence 43, 2,17, ...
for the positions of the equatorial reflectionsr Eomparison, the X-ray diffraction
diagram of a drop-cast film is reportdéiqure 73 b, continuous line). The lower and
varying peak intensity of the drop-cast film origies from the smaller number of
ordered areas, contributing to the reflectionshie tised recording technique. This
observation is therefore a proof of the more ex¢endniaxial orientation of field-
force aligned HBC-Phg films.

7.5 Fidd-orientation of HBC-PhC;, molecules on gold substrate

In order to study the substrate influence on theetatal field orientation of
HBC-PhG,molecules, alignment experiments were conductea gold surface.
The film morphology was characterized via atomiccéomicroscopy, whereas the
molecular arrangement on the gold surface wasfieldrivia FTIR absorption-

reflection spectroscopy.

7.5.1 Atomic force microscopy

Field aligned HBC-Phg films were prepared on a polycrystalline gold laye
which was previously evaporated on a mica surfauw successively annealed at
350°C for 1 hour. A5 pum x 5 pFM micrograph of the sample is reported in
Figure 74 a The HBC-Phg; molecules cover homogeneously the gold surface and

assemble into a lamellar structure as evidenceithéynagnified image ikigure 74
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b. From section analysigrigure 74 § of the micrograph it is observed that the
lamellae are on average perpendicularly oriente¢d mspect to the applied electrical
field and have a width of 3.470 nm. This value rhatcwell with the van der Waals
dimension of HBC-PhG with completely extended alkyl chains (3.46 nmhich
suggests that the observed lamellar packing is wueHBC-PhG, molecules
assembled in the form of columns with their long@sperpendicular to the electrical

field direction.

Section Analysis

Spectrum

Figure 74. a) Tapping mode AFM micrograph of a fiedl aligned HBC-PhC,, film on gold surface.
The red arrow indicates the electrical field direcion. b) Magnified AFM micrograph. c) Section

analyses of the film surface.
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7.5.2 FT-IR reflection-absorption spectroscopy

In order to investigate the arrangement of the mdés on the gold surface,
FT-IR reflection-absorption spectra of the fieldgaed HBC-Phg, films were
recorded.
The basis of this technique involves measuremenhefreflected energy from a
sample surface at a given angle of incidence arglscthematized ikigure 75. The
incident FT-IR beam represented Ryilluminates the thin film of a given refractive
index,n; and at an angle of incidendg, Some of the incident beam is reflected from
the sample surface, representedatlthe incident angl®; and is also known as the
specular component. Some of the incident beam assmtnitted into the sample

represented by lat an angle o, calculated from Snell’'s LanwEQuation 10).

N1SiNd; = NLSind, Equation 10

At the reflective substrate, the beam reflects backhe surface of the thin
film. Infrared energy is absorbed at characteristavelengths as this beam passes

through the thin film and its spectrum is recorded.

:\bs,
= =
=
~

Gold

Figure 75. Beam path for Reflection-Absorption of aelatively thin film measured by specular

reflectance

Reflection-absorption FT-IR spectroscopy provideseful information on
molecular orientation on a reflective surface (gdddsed on the selection rule that

only vibrational modes having a transition dipolmal along the surface will get
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excited?. It is therefore possible to distinguish betwedgeson or face-on packing
of the HBC-Ph(@; discs on the gold substrate.

Suitable films for FT-IR measurements were prepafiadcasting a drop of
HBC-PhG; solution in p-xylene (15 mg/ml) in the presencenfelectrical field on a
glass surface which was previously covered witl® a® thin gold layer via thermal
evaporation.Figure 76 reports a FT-IR absorption-reflection spectrumaofield
aligned HBC-Phg; films (green trace); whereas, the red trace repteshe FT-IR
transmission spectrum of the bulk sample, for wheekry vibrational transition is

allowed.
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Figure 76. Normalized FT-IR absorption-reflection gectrum of field oriented HBC-PhC,,
molecules (green trace). Normalized FT-IR spectrurof HBC-PhC,, molecules in bulk (red

trace).

In the transmission FT-IR spectrum of the bulk skengtrong absorptions are
recorded in the range between 750 and 900. cfhey are assigned to the out-of the
plane bending vibrations of the aromatic ring C-ldisl are extremely weak in the
FT-IR absorption-reflection spectrum of the elextifield aligned HBC-Phg film.

Moreover, in both FT-IR spectra, together with thest prominent absorption

bands in the range below 3000 tmvhich are assigned to the C-H stretch vibrations
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of the aliphatic chains, a small absorption peaR0&1 cnt is visible. This is due to
ring C-H stretch vibrations. Furthermore, both $me@resent differently intense
bands at 1518 and 1115 ¢m They are related to the ring stretch modes artthe
ring C-H bending in the plane, respectively. Akksle vibration moded &ble 6) have
their transition dipoles aligned normal or parattelhe ring plane. Their presence or
absence in the FT-IR reflection-absorption spectofitie field-oriented films allows
to establish the fashion (face-on versus edge-bt)eoHBC-PhG, molecules on the

gold substrate, as schematically reporteBligure 164,

Prohibited vibrations

Allowed vibrations

SN\

L B

Figure 77. Schematic representation of allowed angrohibited vibration modes for face-on and

edge-on HBC-PhG, molecules.

The absence of the vibration bends between 75®@adm Table 6) in the
FT-IR reflection-absorption spectrum of the oriehtdBC-PhG; film is the main
reason to conclude that the molecules are edgeranged on the gold substrate. In
fact, for edge-on arranged HBC-PhQhe transition dipole moment of the out-of-the

plane bending is parallel to the substrate andetbex prohibited.
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Table 6. Allowed and prohibited vibrational transitions for edge-on and face-on HBC-Ph{

molecules

Transitions / cm™* |  Transition type Edge-on face-on molecules
molecules
3021 ring C-H stretch + -
3000 Aliphatic C-H + +
stretch
1518 ring C-H stretch + -
1115 ring C-H bending + -
in plane
750-900 ring C-H bending - +
out of plane

+ = allowed transition

- = prohibited transition
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7.6 Electrical field-induced  alignment  of  substituted
hexabenzocoronene molecules into columnar structures on highly
oriented pyrolitic graphite investigated by STM and AFM

As morphology, crystal structure and molecular ardgof the first organic
layers adjacent to a substrate are essential de@mnta of charge carrier transport
phenomend, this investigation is dedicated to the study hé €lectrical field
influence on HBC-PhG thin films.

The morphology of the HBC-Phg films prepared via drop-casting and
subsequent solvent evaporation in the presenca efetrical field was investigated
via scanning tunneling microscopy (STM) and atofoice microscopy (AFM) on
highly oriented pyrolitic graphite (HOPG) to obtainbmolecular resolution. At solid-
liquid interfaces, STM studies have shown for synnioally substituted as well as
unsubstituted HBC molecules a face-on arrangemeth®HOPG substraté 2243l
defined as the arrangement of the molecules wehr #tromatic disc lying flat on the
graphitic surface. So far, only non-substituted HRGlecules deposited from the gas
phase on HOPG via soft-landing mass spectrometiysti a different behaviét>*.

In this case, the molecules adopt an edge-on anaagt where the aromatic discs are
oriented nearly perpendicularly to the surface @ldduring a soft-landing deposition,
HBC ions are formed by a matrix assisted laser mqi¢ism ionization (MALDI)
source, accelerated, separated and then deceleanatedocused on a conducting
surface by means of electrical fields. Most likdlgole moments are induced into the
molecules which orient their planar cores along thkectrical field lines.
Hypothesizing that this mechanism allows the mdexuo adopt an edge-on
arrangement on the HOPG surface, electrical fishdsild also be able to increase the
order and control the arrangement of the molecateshe surface. Thus, the field
influence on the assembly of HBC-PhQnolecules is investigated. Additionally, a
comparative STM study on HBC-PhClilms drop-cast in absence of an electrical

field at the solid-liquid interface and at the dediir interface is conducted.

7.6.1 STM imaging of HBC-PhC;, molecules at the solid-liquid interface

The assembly of HBC-Ph&molecules at the interface of a solution in 1,2,4-

trichlorobenzene with HOPG was investigated byiin-STM. HBC-PhG; molecules
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were physisorbed at the interface between the H@RG a solution in 1,2,4-

trichlorobenzene. The resulting STM images arentegdnFigure 78.

Figure 78. STM current images of HBC-PhG; at the HOPG-solution interface. Sample bias &
1 V; average tunneling current | = 0.1 nA. a), b) Large scale images with three paitns marked
by A, B and C patterns. c) Oblique structure, asciied to pattern A. d) Dimer structure B. €)
Trimer structure C.

In the STM current imageg$igure 78), the bright features (corresponding to
high tunneling probability) can be attributedmteconjugated aromatic rings, because
the energy difference between their frontier otbind the Fermi level of HOPG is
rather smalf**¥. The aliphatic side chains, which are attributedhe dark parts of
the images, could not be resolved, probably dubdwm high conformational mobility
on a time scale faster than the STM imaging ordaenergy difference between its
frontier orbital and the Fermi level of HOPG.

Three different types of the 2D unit cells are preéed inFigure 78, marked
with A, B and C. The two-dimensional lattice Bigure 78 ¢ is an oblique structure
described by a unit cell with parameters a = (20111) nm, b = (3.30 £ 0.17) nm
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anda = (76 £ 4) °. In case B{gure 78 d), the 2D unit cell is a dimeric structure (a =
(3.41 £ 0.05) nm, b = (5.54 £ 0.19) nm ame (74 = 1) °). The lattice constant of the
trimer C, containing three molecules in a unit,aslla = (3.48 £ 0.04) nm, b = (7.50 £
0.34) nm andx = (75 % 2) °. Most frequent is the oblique patteomstituted by single
HBC-PhG2molecules, while the trimer structure is rarest.

Interestingly, a random distribution of two disd@nicontrasts of the aromatic
core in all of the three domains at the HOPG-ligaigrface is recorded™. It could
possibly be attributed to a conformational chanfj¢ghe HBC core with the lateral
phenyls from planar to nonplanar, which causesaamgé in the electronic properties
of the HBC cores, resulting in different contragtsthe STM images. Another
interpretation would be different positions of tHBC-cores with respect to the STM-
tip and the substrat&*¥. In fact, the asymmetric position of the molecubesween
tip and substrate influences the contrast in STMetu images, in accord with
tunneling spectroscopy. Also both factors may dbuate to the different contrast

observed in the STM images.

7.6.2 STM characterization of field oriented HBC-PhC;5 films

In order to study the electrical field influence thie arrangement of the HBC-
PhG. molecules on HOPG, dry HBC-PhJdilms were prepared. Electrical fields in
the range of 4-5 x PO//m were applied during absorption of the HBC-RhC
molecules from a solution in 1,2,4 trichlorobenzem®o the solid surface and
maintained until solvent evaporation. Then, then$ilwere characterized by STM at
the solid-air interface.

Figure 79 adisplays an STM image exhibiting characteristigpss of ~ 3.6
nm width, oriented predominantly perpendicularlyttee direction of the applied

electric field.
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Figure 79. a) and b) STM current images of the sugice of an electric field-oriented HBC-Ph,
film. Sample bias U= 3 V; average tunneling current | = 0.1 nA, unit cell parameters: a = (1.03 =
0.11) nm, b = (3.60 + 0.16) nm and = (79 £ 4) °. c) Schematic representation of theBC disc
arrangement with respect to the surface. d) STM cuent image of a dry film adsorbed without
electric field, sample bias Y= 1 V; average tunneling current | = 0.1 nA, unit cell parameters: a =
(2.01+£0.11) nm, b =(3.30 £0.17) nm ard= (76 £ 4) °

The stripes can be attributed to HBC-RhHColumns within one domain as
large as 300 nm across. No epitaxial growth wasgeized**®, indicating that the
structure of the deposited film was not dominatgdhie lattice structure of the HOPG

substrate. The film displayed unidirectionally akgl stripes oriented perpendicularly
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to the direction of the previously applied eleatifield. From the highly resolved
STM image Figure 79 b) the spacings within the stripes and perpendicdaahem
are (1.03 £ 0.11) nm (s) and (3.6 £ 0.16) nm, repely. The stripes are attributed to
TeTistacked HBC-PhG cores, assembled in a tilted edge-on arrangemenhe
graphitic surfaceRigure 79 g with an angley, which can be estimated from d/s = sin
y = 0.33 to be ~ 19**"!. The HBC-Ph&, molecules could be visualized at an average
tunneling impedance (Z) of 30¢%

The tunneling impedance is calculated accordingh#o following equation
(Equation 11):

Z=V/I Equation 11

Where V is the bias / Volts applied during the Sakalysis and | is the current/
Ampere. Therefore, for a constant | value, changdimg voltage corresponds to a
change in tip-surface separation.

Upon reducing the tip-sample separation (averageedance of 10 Q), no layer
with face-on HBC-Phg molecules was found. At even smaller impedance(ot
GQ, the graphitic substrate itself was visualfZ&4 Even though an additional layer
of face-on molecules was not recordable, its preseannot be excluded, considering
the high impedance value needed for the visuatimadf the columnar structures.

The packing of the HBC-Phg&molecules, unidirectionally aligned by means
of an electrical field, differed substantially frorthe arrangement, which the
molecules adopt in dry films prepared in the absesfcan electrical fieldRigure 79
d). The image irFigure 79 ddisplays HBC-Phg discs face-on, arranged in a unit
cell with parameters a = (2.11 = 0.10) nm, b =23t10.15) nm anat = (70 £ 2) ° in
an oblique structure which is indistinguishablenirdghe oblique structure in the
molecular monolayer obtained from the solid-liquBTM measurement within
experimental error. The face-on HBC-Rh@olecules could be visualized by using
an average impedance of 1@GBy increasing the impedance up to 3Q,&o edge-
on HBC-PhG; molecules were observed. At even smaller impedahe®.1 G2, the
graphitic substrate itself was visualizé¢’. This leads to conclude that no upper
layers made of edge-on HBC-PhQGnolecules are present. In fact, the HBC-RhC
molecules, deposited on a graphitic surface in rateseof any external force, can
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overlap their aromatic orbitals with the ones o€ tAOPG. Thus, the face-on
arrangement results as the most energeticallyestablecular assembly.

The observed tilted edge-on packing of the HBC-Bh@olecules on the
HOPG surface can be explained considering thahampresence of an electrical field,
the molecules are subjected not only to the stromgr interactions between
nanographene and graphene, but also to an extelewitical force The electrical
field influence on the HBC-Phg molecules strongly competes with the graphene-
nanographene affinity, forces the molecules to ragsan edge-on arrangement and
orients them in his direction avoiding epitaxiabgth phenomena.

7.6.3 Atomic force microscopy

The morphology of the field-oriented HBC-Ph@ilms on HOPG surface was
additionally investigated by AFMHgure 80 aand73 b).

3.43 nm 6.42 nm

Figure 80. a) and b) Tapping mode AFM phase imagd 6iBC-PhC12 films on HOPG, prepared
within electric fields. ¢) Sketch of single HBC-Phg, columns. d) Sketch of the stripes formed by
two HBC-PhC;,molecules.
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Two kinds of domains can be recognized in the filmdjcated by A and B. In
the zoomed imagd-{gure 80 b) the domain A exhibits narrow parallel stripeshnat
distance of (3.43 + 0.12) nm. In the domain B, wslepes (6.42 £ 0.09) nm are
visible. Both stripes are on average oriented tdw/#ne perpendicular direction of the
formerly applied electric field (marked by the whirrow andE). The width of the
narrow stripes in domain A is in agreement withhéth of the columns observed or
single HBC-Ph@;, with totally stretched alkyl chains (3.46 nm). domain B, the
width of the wide stripes is about twice that imdon A. As for field-oriented HBC-
PhG, molecules on a glass surféée the stripes of 3.4 nm width can be attributed to
HBC-PhG, molecules, oriented in the field direction and eassled in
unidirectionally aligned columnsFigure 80). The 6.4 nm bright stripes may be
formed by ordered dimers of HBC-Ph{Cwhich are schematized kgure 80 d

The formation of the wide stripes can be attributethe high tendency of the
HBC-PhG, molecules to assemble into dimeric structures,ih4itrichlorobenzene
solvent, as the STM images of the molecules atsthi&l-liquid interface already
proved Figure 78).

However, dimers of HBC-Ph@molecules assembled into a columnar structure
were not visualized in the STM images of the fiettented films Figure 79). This

evidence could be explained by a lower formatiarbpbility of the dimeric pattern.

7.7 Electrical field alignment of HBC molecules bearing dipoles

7.7.1 2-Cyano-5,8,11,14,17-penta(3,7-dimethyloctanyl)-haperi-

hexabenzocoronene as a model system

To investigate the electrical field influence on EiBnolecules bearing dipoles
attached to the core, alignment experiments weareedeout on 2-cyano-5,8,11,14,17-
penta(3,7-dimethyloctanyl)-hexa-peri-hexabenzocenen(HBC-CN) molecules. The
molecular structure is reportedfigure 81.
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Figure 81. a) Molecular structure of the HBC-CN moécule.

The choice of selecting HBC molecules carring actebn-witdrawing (-CN)
group instead of an electron-donating one was nsadsidering that the former have
greater propensity of forming columnar phase aspawed to the latter that are
essentially nonmesogenit?®. Moreover, due to the electron withdrawing effett
the cyano group attached to the aromatic core, KIBC-molecules possess a
permanent electric dipole as large as p ~ 4.55 &/&Hy°?

Furthermore, HBC-CN molecules were selected as demsystem as their
liquid crystalline properties have been well ciadfby a previous investigation. From
that work, it is interesting to report that the ggece of a strong dipole on the HBC
core has the effect to destabilize the crystalihase (Cr) of the HBC molecules. In
the case of HBC-CN molecules, the Cr phase is ocet@lyl unstable and the
molecules possess only a hexagonal liquid crys&afihase (Cg) at a temperature of
234 K. Thus, at room temperature the aromatic desesfree to rotate in plane.
Moreover, according to Elmahdy et 82, the disc dynamics is characterized by

large out of the plane excursion@f 38°.
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7.7.2 Optical microscopy analyses

To study the influence of the electrical field tre tsupramolecular order of the
HBC-CN molecules, optical microscopy analyses wpegformed on the field-
oriented HBC-CN films. These films were prepared wasting a drop of HBC-CN
solution in p-xylene (10 mg/mL) on a glass surfaoe letting evaporate in presence
of an electrical field (5 kV/cm). The correspondiogtical micrograph is reported in
Figure 82

Figure 82. Optical micrograph of a field-oriented HBC-CN film between crossed polarizers. The
electrical field direction is indicated by the whit arrow.

An alternation of bright and dark stripes, directedhe same direction of the
previously applied electrical field, can be obsdrirethe optical microscope equipped
with crossed polarizers. These features, alreadgrobd for field-oriented films of
HBC-PhG, molecules, can be related to the edge-on fashioth® HBC-CN
molecules with respect to the glass surface. It lmann fact justified by HBC-CN

molecules assembled into columnar structures with daxis parallel to either the
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polarizer or the analyzer. The presence of striptems is due to the bend
deformation of the columnar director, which is tethto the liquid crystalline nature
of the HBC-CN molecules. The width of a stripe e optical micrograph dfigure
82is 1.5 um in average. This value is circa seveesi smaller than the ones (10 mm)
observed in the optical micrograph of the fieldeoted film of non-polar HBC-Phg
molecules Figure 65). We conclude therefore that the columnar direofdhe HBC-
CN molecules is more affected by bend deformatitren that of HBC-PhQG
molecules. This phenomenon can be related to tlga kipole moment value
associated to the HBC-CN molecules. Polar molecuiefgct, can be subjected in the
LC state to flexoelectric polarizatidh®. Flexoelectricity denotes curvature-induced
electric polarization in liquid crystals, subjectedorientational deformations of the
director field. The flexoelectric effect is revdi@ and materials exhibiting the direct
piezoelectric effect (the production of polarizatiwhen deformation is applied) also
exhibit the converse piezoelectric effect (the pidmbn of deformation when an
electric field is applied). Thus, through applicati of external electrical fields,
flexoelectric polarization comports the appearamdetorques and orientational
deformations in the director fiel(r).

An additional justification for the pronounced bedeformation of the liquid
crystalline phase of HBC-CN molecules could be @aheady mentioned out of the
plane excursion of = 38° of the aromatic cores of the HBC-CN. Thistimmo of the
aromatic core at a temperature higher than thes glamsition for HBC-CN could
disturb the unidirectional orientation action okthxternal electrical field and thus

produce pronounced bend deformations.

7.7.3 AFM visualization

The morphology of the field aligned HBC-CN films svanvestigated via
AFM. Figure 83reports the corresponding AFM micrograph.
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20 nm.

xifield. 003

Figure 83. a) AFM micrograph of an electrical fieldaligned HBC-CN film. b) Section analysis of
an electrical field aligned HBC-CN film.

HBC-CN molecules cover homogeneously the glasaserand self assemble
into a lamellar structure. The lamella width wagagfed via the section analysis of
the AFM micrograph, as reported kigure 83 b and has a value of 2.638 nm. This
value is in perfect agreement with the calculatee¢ ®f HBC-CN molecules with
stretched alkyl chains. Therefore, it is reasonéblassume that the stripes observed
in Figure 83 are due to the assembly of the HBC-CN moleculés aolumnar
structures, which have their long axes normal te direction of the previously
applied electrical field. Thus, we concluded thateved columnar arrays of HBC-CN
molecules can be obtained via drop-casting andesuiesit solvent evaporation in
presence of an electrical field. The unidirectionakntation of the columns at a
macroscopic level is however disturbed by the strdestabilization of the HBC-CN
crystal phase caused by the presence of the stiipude directly attached to the
aromatic HBC core. As a result, the oriented HBC-&i\umns are more affected by

bend deformations than those constituted by unp¢BC-PhG, molecules.
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7.8 Conclusions

Within this chapter the influence of an externactidical field on the packing
and on the orientation of non polar discotic molesusuch as HBC-Phg; has been
studied on different substrates: glass, gold arghlhioriented pyrolitc graphite
(HOPG)!"™®. Under field action, the large aromatic discs faxend to assemble into
columnar structures, which are unidirectionallyeated on a range as large as several
millimeters. The electrical field-aligned HBC moldes maintain their upright
standing arrangement even on HOPG. Whereas, theaticocore of the HBC-Phg
molecules in absence of any external electricalefdays face to face on the graphitic
substrate. Furthermore, the electrical field actmm the orientation of disc-like
molecules bearing a strong dipole moment, suchES-BN, has been tested. In this
case, the field action leads to orientation of nn@ecules, which are arranged into
columnar structures. However, pronounced bend oefttons are observed in the
field aligned HBC-CN films. This observation coubd explained considering the
likely occurrence of flexoelectric phenomena or sidaring the extremely high
mobility (in plane rotation and out of plane exéang of the aromatic cores of the
HBC-CN molecules.
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8 Electrical field controlled assembly

of rigid Tesystems for improved
organic electronics
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8.1 Introduction

As discussed in the previous Chapter, an electriieddl applyied during
evaporation of a concentrated solution of substiti{BC molecules is able to induce
unidirectional orientation in the resulting film.ekg, this field capability is used to
control the orientation of rod-like molecules, whiare prospective candidates for
novel organic electronic devices with improved perfances. In this work, attention
is focused on the field-induced orientation of aclogentadithiophene-alt-
benzothiadiazole copolymer, as an example for Htigdl semiconducting polymers,
and on the alignment of pentacene molecules. Titer laas been achieved by retro-
Diels Alder reaction on 13,6-Sulfinylacetamidopeetae molecules in the presence
of an electrical field. The degree of anisotroplgiaged by employing electrical fields
is monitored via optical, morphological and difftiaa analyses. Finally, organic field
effect transistor (OFET) characteristics of theeoted films have been evaluated

using a facility developed in house.

7.2 Electrical field orientation of rigid rod polymers.

8.1.1 Cyclopentadithiophene-alt-benzothiadiazole copolyme as a model
compound.

Simple processing of novel organic field-effecingistors (OFETS) is of key
importance for the fabrication of flexible largeear device!®**%5%€! Therefore,
solution-processible polymers have recently att@ggqihenomenal interest as a low
cost alternative to silicon-based thin film tratmis. The fabrication of polymers,
which exhibit good transistor performances remalsyever, the main obstacle to
all-polymer optoelectronic circuits. Up to now, g few polymers have been able to
approach charge carrier mobilities of 0.1%8ris or higheft*>7 %815

Great efforts have been made in developing novelthgjic routes to
synthesize conjugated polymers composed of a nigoatternation of electron donor
and electron acceptor urttf§!, since it has been recognized that this constmctiay

be responsible for a higher rate of intermolechl@ping and hence for higher charge
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carrier mobilities™®*%?! By careful selection and design of the donoryfge} and
acceptor (n-type) building blocks, the intermolecutharge transfer interaction can
be enhanced, allowing such D-A copolymer semicotmtacto exhibit small band
gaps, high electron affinity and low ionization @atial, and thereby facilitating hole
injection and transport in thin film field-effectransistors. As an example,
benzothiadiazoleBTZ) and cyclopentadithiophen€DT) copolymers Figure 84)
haveattracted considerable attention recefalytheir semiconducting propertie&®.,
This kind of fused ring thiophene derivatiMesvers the reorganization energy, which
has been shown to strongly affect the rate of médecular hopping and hence the

charge carrier mobility in organic semiconductors.

16 Ma3 16 33 S Cie Ha3 Cis Hag N o~

CTD BTZ CTD-alt- BTZ

Figure 84. Structures of CDT, BTZ and alternating CTD-alt-BTZ copolymer.

CTD-alt-BTZ copolymers with high molecular weigtave been found to possess the
highest charge carrier mobility up to now reporfed soluble polymers. Elevated
saturated mobility values gfsx= 1.4 cnf/Vs and an on/off ratio of thave been
recorded for OFETs with CTD-alt-BTZ copolymers amgonductor material.

Within this investigation, CTD-alt-BTZ oligomers ¢M= 10.000 Da) have
been used for the alignment experiments. For tviet molecular weigth sample the
highest value of saturated mobility has be reportebe 0.17 cfiiVs. However, thin
films of this CTD-alt-BTZ copolymer, obtained bylstion processing, did not show
any long-range organization, neither did they eithaby birefringence in polarized
optical microscopy, nor discrete reflections in &mpowder diffraction experiments.
The high device performance was, therefore, ateibuto the smallz-stacking
distance between the macromolecules.

Since long-range order is believed to enhance thacd property of the
resulting polymer film, the present investigatiendiedicated to improve the packing

of the CTD-alt-BTZ copolymer chains on the surfaganeans of electrical fields.
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8.1.2 Film preparation

From a drop of 1 mg/ml BTZ-alt-CDT copolymer sotutj the solvent 1,2,4
trichlorobenzene was allowed to evaporate in pesef an electrical field as strong
as 400-500 kV/m on a clean glass surface maintaahedtemperature of 70°C. The
films produced in this way were subsequently cheramed by polarized optical
microscopy (POM), atomic force microscopy (AFM)ry and electron diffraction.

8.1.3 Optical microscopy

Figure 85 shows the optical micrograph of a thin film of BBE-CDT
between crossed polarizers, which was preparedcasing a drop of polymer
solution in the presence of an electrical fieldteAtation of dark and bright parallel
stripes can be recognized.

Brighter areas are visible as well and may origindtom thickness
fluctuations of the BTZ-alt-CDT copolymer film.

Figure 85. Optical micrograph of a field-oriented Br'Z-alt-CDT copolymer film between crossed

polarizers.
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Stripes textures have been reported in literatyr@/ang et al*®¥ in the study
of the assembly behavior of soluble polydiacetyleftee optical micrographs of that
work, exhibited nearly parallel stripes, when salvevaporation from a “lyotropic”
liquid crystal took place under the influence ofweak gravity force field.
Conventionally, a material is called lyotropic ifforms liquid crystal phases due to
the addition of a solvent and most likely BTZ-alDT copolymer behaves in a
similar fashion in a trichlorobenzene solution. flifills in fact the necessary
requirements for the formation of a lyotropic liquerystalline phase developed by
Onsagef®®, Flory®®! Di Marzio*®”! and Frenkel"®®. These requirements can be

summarized as following:

1. arod-like conformation of the main chain;

2. a minimum molecular length, which can be expresesetérms of the axial
ratio (the ratio A/B) of the length A) and diameterR) of the molecule);

3. a solvent that is capable to dissolve the polymeyohd a critical
concentration at which the solution becomes aropatr and the lyotropic

phase will appear.

The backbone of the BTZ-alt-CDT polymer chainsimedr and rigid. The
long aliphatic side chains make the rod-like cop@y soluble in trichlorobenzene
and do not affect the rigidity significantly. Théee, as the concentration of the
elongated molecule is increased, a point will lzEehed beyond which randomness of
orientation is not longer possible. Above this cartcation, theory predicts that the
solution will separate into two phases: a dilutag#) isotropic in the arrangement of
the solute particles, and a more concentrated phéseh is anisotropi&®®.

To find additional evidence of the lyotropic liquadystalline nature of BTZ-
alt-CDT copolymer, its assembly in a trichlorobemzesolution in absence of any
external force (e.g. an external electrical fielkkBs monitored by means of optical
microscopy. A drop of concentrated solution of B3alEECDT copolymer in
trichlorobenzene was cast on a glass substrate alodled to anneal under a
controlled atmosphere of trichlorobenzene/air tgraperature of 70 °C. The changes
in the optical micrograph of the sample were obsemn the optical microscope until
total solvent evaporation. The sample was therefaiermittently taken out during

different stages of drying and studied under arcapinicroscope.
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The optical micrograph of the BTZ-alt-CDT copolyniartrichlorobenzene,
displayed inFigure 86 a shows star-like features. At this point, the salvis not
completely evaporated, but the solution is no nso&opic. We will define the time,

in which an anisotropic solution is formed, asicaittime (t).

Figure 86. Optical micrographs of a drop of BTZ-altCDT copolymer solution in

trichlorobenezene between crossed polarizers: a) @ical time t., b) 20 min after t,, ¢) 25 min
after t, d), e), f) completely dry film (evaporation timel4 days) with different orientations with

respect to the crossed polarizers.

With increasing evaporation timé=igure 86 b and ¢, the stripe texture
within the arms of the stars became visible. Upommete solvent evaporation, a

lamellar structure could be clearly identified hetmicrographs oFigure 86 € in
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which the contrast is emphasized by plate.?® Very likely the organization of the
BTZ-alt-CDT copolymer chains in lamellar structusgarts when the BTZ-alt-CDT
copolymer reaches the conditions for generatingprdpic liquid crystalline phase in
1,2,4 trichlorobenzene. This structure is then Z&n@’ via evaporation of the solvent
and remains visible in the dried film.

As reported by Toyoshima et &%, the order of rod-like polymers in their
lyotropic liquid crystalline phase can be influeddsy electrical fields in the range of
less than 500 V/cm. Below a critical concentrationwhich the polymer solution
becomes anisotropic, Toyoshima showed that pdighzyl-L-glutamate) chains can
be forced in the direction of an external electricgld. A similar mechanism for the
alignment of the BTZ-alt-CDT copolymer chains (sgeical micrograph ofigure
85) is suggested. Thus, ordered dry films are obthine

8.1.4 Morphology study

The morphology of the field orienteBTZ-alt-CDT copolymer films was
studied by tapping mode AFM. The images with déférscan sizes are shown in

Figure 87 a-c
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News= 11
11 x1.09=12nm

Lamella width

Figure 87 a), b), ¢c) AFM phase images of BTZ-alt-CIDfilms obtained in electrical field presence
with different scan size. The white arrow represerd the applied field direction. d) AFM phase
image of a drop-cast BTZ-alt-CDT film without application of electrical field for comparison. e)

Schematic representation of the molecular packing ithin the lamellae.
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The AFM images of the field-aligned polymer filmsosvs the presence of
stripes, which could be justified by the assemlflthe polymer chains into a lamellar
structure. The thickness of the lamellae is notstam and fluctuates around an
average lamellar width of 11 nm. Furthermore, tresence of lamellae pointed at the
extremities (wedge-shaped) is seen as well. Thehamesm of the formation of
lamellar structures has been already theoreticddlgcribed for rod-like polymer
chains of uniform length by de Genn€&! and Frenkel!’®. Experiments with
polydisperse systems were performed by Wang €f{’df' and Albrecht et dt’*
They showed the predicted behavior of lyotropiauilij crystals that the lamella
thickness is a function of the molecular lengthhesrigid polymer chains cannot fold.
The distribution of the chain length has its effect ordering phenomena of the
polymers. The molecules segregate with respetteio length. This process results in
the formation of thinner and thicker lamellae oinped ones. In both cases, short
chains are expelled from the interior of an aggiiegeaof long chains. In the first case,
the formation of thinner and thicker lamellae, thensport process is dominated by
longitudinal motion of short chains. The shortesains accumulate in the region
between the lamellae of longer chains, formingeteethin lamella. In contrast to the
longitudinal motion, the transport process leadmghe pointed lamellae works by a
transversal migration of short chains. As a firesult, the lamellar width is correlated
to the molecular chain length. The segregationhef ¢hains with respect to their
length is characteristic for liquid crystalline sg/®s and can be used as additional
evidence of the liquid crystalline nature of theZBalt-CDT copolymer. The BTZ-alt-
CDT copolymer has an average number molecular weighl,, ~ 10.000 g/mol. For
an average number of repeating units of 11, thee giza chain was calculated to be ~
12 nm Figure 87 @. This value agrees well with the average lamehaith in
Figure 87b.

For comparison, an AFM micrograph of a referenc&ZBE-CDT copolymer
film, prepared via drop-casting in absence of teetdcal field, is shown irFigure
87 d. No formation of stripes can be recognized; ttaeefthe higher anisotropic
character of the BTZ-alt-CDT copolymer film ifkigure 87 a, b, ccan be
unambiguously related to the influence of the eleat field and its capability to
improve the molecular packing of the polymer chains
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8.1.5 Diffraction analyses

To get an insight into the molecular packing of BiEZ-alt-CDT copolymer
chains, both X-ray and electron diffraction ana$yseere carried out. The
combination of both diffraction techniques has Huwantage to probe the sample
under two different directions of incidence of teed irradiation, therefore to see in
an oriented sample various features of the molequdaking. In an X-ray powder
diffractometer the reflections of lattice planesrgiel to the substrate are
predominantly recorded. Electron diffraction sesdeed lattice planes perpendicular
to the substrate. A schematic representation of different directions of the
irradiation beams in electron and X-ray diffractiare shown irFigure 88 aandb,

respectively.

hv

| Sample | | Sample
Substrate

A J

Figure 88. a) Incidence of the electron beam witthe sample in transmission electron

microscopy. b) Incidence of the X-ray beam with thesample in X-ray diffraction.
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8.1.5.1 X-raydiffraction

Figure 89 adisplays an X-ray diagram of a BTZ-alt-CDT copobmiilm on

a glass surface.
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Figure 89. a) X-ray diagram of field oriented BTZ-dt-CDT film on glass surface b) enlarged
innermost angular region of a (red trace). X-ray dagram of drop-cast BTZ-alt-CDT film on glass

surface (black trace).

The diagram of the oriented sample exhibits a sleyulat » ~ 3.8°
superimposing a continuous trace with a halo cedteound ~ 27°. The latter could
have originated partially from disordered alkyl kisa of the BTZ-alt-CDT
copolymer, but mainly from the amorphous glass sates The reflection att2= 3.8°
corresponds to a d-value of ~ 2.5 nm, which isteeldo the distance of the lattice
planes containing the polymer chains. These laftianes are oriented parallel to the
substrate. They contain the aromatic rigid backbame are held apart by a distance
of ~ 2.5 nm by disordered aliphatic side chaingsThavalue is in agreement with the
one of 2.66 nm observed as an equatorial refleatiora wide-angle X-ray fiber
diagram, which occurred on an extruded sample®Bffiz-alt-CDT copolymef-®.

The X-ray diagram of the reference sample, prepaiigtbut the presence of
an electrical field, did not show any reflectiofigure 89 b). This evidences the
electrical field influence on the arrangement @& BT Z-alt-CDT copolymer chains.
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8.1.5.2 Electron diffraction

Electron diffractograms by normal beam incidenc®&1Z-alt-CDT films are
shown in Figure 90. A diffractogram of a film, prepared in the presenof an
electrical field is pictured irFigure 90 a Figure 90 b shows, as a reference, the
electron diffractogram of a drop cast film prepawmethlogously in absence of an
electrical field. Both micrographs have been reedrfly cooling the sample down to

a temperature of -125 °C to avoid significant irasidn damages.

s s
VY

S 5

Figure 90. a) Electron diffraction micrograph of afield aligned BTZ-alt-CDT copolymer film at
T=-125°C. b) Electron diffraction micrograph of adrop-cast BTZ-alt-CDT copolymer at T= -
125°C for comparison. A sketch of the molecular padgng is inserted.

The diffractogram of the film prepared under th8uence of an electrical
field (Figure 90 g shows two distinct reflections. The outermostiem is arced,
thus pointing to orientation in a preferential diten. It has a d-value of 0.336 nm
and can be attributed to the exceptionally snmatft stacking distance of the flat

aromatic constituents of the polymer chains. Thealde of the reflection ring is
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0.414 nm. It is due to the packing of the side laityains anchored at the BTZ-alt-

CDT copolymer. Very likely, the observed reflectimndue to the crystallization of

the tips of the side chains. Investigations on mimer of comb-like polymers have

shown that the first 8-10 units in long alkyl chaicannot crystallize and adopt a
liquid—like disordered packing. They act as spadershe subsequent units, which
are packed temporarily in a more regular W&). Over the time the same side chain
can belong to various adjacent crystallites.

Surprisingly, no reflection, corresponding to theray reflection at 3.8°,
occurs which can be attributed to the packing efriain chains. This reflection is,
however, seen on the electron diffractogram ofdimp-cast polymer film deposited
without field Figure 90 b). It appears as an innermost ring with a d valu2. 5 nm.
The second and third rings are much more diffusa thoth the ring and the arc in
Figure 90 a We assume they represent the correlation betweeside chains and
the 11t stacking of the aromatic units, respectively. Tata obtained from X-ray
and electron diffraction are complementary (Begire 88) and lead to the conclusion
that the packing in non-oriented and field-orierpetymer films is different as shown
in Figure 91 aandb, respectively. The suggested molecular packingserted in
Figure 90, is justified by the following observation: i) thattice distance of 2.7 nm
gives a ring reflection when crystallites are isptcally distributed round the
polymer chain direction. On the contrary, the aia¢ion of the corresponding lattice
planes cannot fulfill Braggs™ condition in the ugedhnique of X-ray diffraction. The
BTZ-alt-CDT chains cannot fold, but their lengthsisort enough to build lamellae
with the chains normal to the substrate. ii) In @n@ngement dfigure 91 bthe main
chain axes are parallel to the substrate. Withmdksembly, the lattice planes with a
distance of 2.7 nm are in reflection for the X-gometry, but they are normal to the
incoming electron beam and thus do not fulfill Byaigconditions.
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Figure 91. a) Schematic representation of thBTZ-alt-CDT copolymer chains on the glass surface
in a polymer film prepared by drop-casting in absere of an electrical field. b) Assembly of the

BTZ-alt-CDT copolymer chains in presence of an external electil field parallel to the surface.

8.1.6 Electronic performances of organic field effect trasistors based on
electrical field aligned BTZ-alt-CDT copolymer films

As controlling the orientation of organic semicoating molecules for
organic field effect transistors is of key importanfor obtaining improved device
performancE’®""! electrical field oriented BTZ-alt-CDfolymerfilms were tested
as semiconducting layers for OFET.

Organic field-effect transistors (OFET) were fahted by Hoy Nok Tsao
using a bottom-gate, bottom-contact structure cbing of a highly n-doped silicon
wafer with a 150 nm thermally grown silicon dioxideyer treated with
hexamethyldisilazane (HMDS). On top of this, gotdice and drain electrodes with
a channel length of 10 pum and width of 5 mm wereapevated after
photolithographic steps. A solution of BTZ-CDT cépuer in 1,2,4-trichlorobenzene
(5 mg/ml) was drop cast on those transistor sulestrand the sample was kept at a
temperature of 70°C. Then, an electrical field \wpplied parallel to the source and
drain contacts during solvent evaporation and raaet for a period of three days
(Set 9. A schematic representation of the device stresttand of the deposition
procedure is reported iRigure 92 a The same procedur&dt 2 was additionally
repeated, but the electrical field was maintainednal to the contact electrodes, as
schematized ifrigure 92 b. These two sets of experiments were performedatd\c
the transport mechanism acting in a BTZ-CDT copdynfilm which will be

described later in details.
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Figure 92. Schematic view of bottom contact, bottorgate OFET based on field oriented BTZ-alt-
CDT copolymer film: a) the source and drain electrdes are parallel to the applied field, b) the

source and drain electrodes are perpendicular to #h external electrical field.

Within the device geometry reportedkigure 92, when the gate electrode is
biased negatively with respect to the groundedcsalectrode, a conducting channel
is generated in the semiconducting BTZ-alt-CDT fdmd charges (in our case holes)
are accumulated. In these conditions, the OFET sviorlaccumulation mode.

Figure 93 a (left) shows the plot of drain currengg) versus drain voltage
(Vsp) at various gate voltages §)for the device described Figure 92 a(electrical
field parallel to the electrodes). It is possildesvvaluate that at loWsp, Isp increases
linearly with Vg5 (linear regime) and it is approximately determinidm the

following equation:

lsp =$ 7 (\VAEAVARA VA ) VAR Equation 13

wherelL is the channel lengthy/ is the channel widthC; is the capacitance per unit
area of the insulating layekr is the threshold voltage (the necessary voltage to
switch the transistor on), and p is the field-eff@obility.

The latter indicates how fast the holes move frame electrode to the other

and can be calculated in the linear regime frontridn@sconductanceng

ol
g, = {jj = VV—C',UVSD quEation 2
aVG VD=const L
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by plottinglsp versusVg at a constant lows, and equating the value of the slope of
this plot togn,. The calculated value for the BTZ-alt-CDT field-adt transistors was
0.07 cniv's™,

When the gate electrode is biased positively, tlennel region is depleted of
carriers and the BTZ-alt-CDT field-effect transistmperated in the depletion mode.
The value of the current in the depletion modedsessary to calculate the current
modulation, also referred dgy/lq, expressed as the ratio of the current in the
accumulation mode over the current in the deplatimae. The calculated value for a
BTZ-alt-CDT field-effect transistor was 10

For Vs, more negative thaYig, s tends to saturate (saturation regime) owing
to the pinch-off of the accumulation layer, andnisdeled by the equation:

lsp = T'U(VG -V;)? Equation 3

In the saturation regime, u can be calculated ftbenslope of the plot of

Y2 versusVs (Figure 93 g right). For the device based on the BTZ-co-CDT

|1sol
copolymer, the highest mobility calculated in tfeusated regime has a maximum
value of 0.14 civ's™. After short annealing at a temperature of 20G5f €he field

oriented BTZ-co-CDT film, the saturated mobilityashed a value of 0.2 éwi's™.
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Figure 93. a) OFET performances of a BTZ-alt-CDTcopolymer film prepared in presence of an
electrical field. Output curves taken at differentgate voltages (left); transfer curves displaying

the saturation regime for Vsp = -60V (right). b) The same sample after three mdh aging.

Moreover, the film obtained in presence of an ewerfield showed
comparable charge carrier mobility values afteeating the mobility measurements
after a period of time of three months as showrFigure 93 a and b, thereby
indicating that the device characteristics of thmgle remain intact even after several
months of aging.

The highest mobility g4 (0.2 cnf/Vs), recorded for the field oriented films is
higher (17.6%) than that reported in the literattoe the BTZ-alt-CDT oligomers
used in this investigation. Moreover, there wassabgrable improvement in the
linear mobility W, of the electrical field oriented polymer film. Tlbtained value of
0.07 cnf/Vs is two orders of magnitude higher than thatreriented drop-cast films
(0.001 cri/Vs).

According to Zhang et al., the low linear mobilitglue of the BTZ-alt-CDT
copolymer film, presented in that work, was dué¢h high molecular disorder of the
polymer chains at the electrodes. In that investgahigh polymer concentration (10

mg/ml) was necessary to achieve satisfactory pmdoces with the drawback of
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disordered aggregation of the polymer chains infitise layers and worsening of the
Min value. In the presented experiments, the bettekipa of the BTZ-alt-CDT
copolymer chains, caused by their self-assemblpresence of an electrical field,
improved the electronic performances in the limegime. In this regime, the drain to
source voltage ¥ is much less than the gate to source voltagaM drain current
Isp is proportional to drain voltage. If drain to soevoltage is increased, the shape
of the conducting channel is altered significardlyd asymmetrically due to the
gradient of potential from source to drain. The pghaof the channel becomes
“pinched-off” near the drain-end of the channel. &vhdrain-to-source voltage is
increased further, the pinch-off point of the chalnpegins to move away from the
drain towards the source and the saturated regnneaiched. The channel length in
the transistor in saturation mode is therefore tehdhan that in the linear regime.
This could justify the major influence of the impeal long-range order on;jlin the
field oriented BTZ-alt-CDT copolymer film comparetb the more modest
improvement in the ¢4 value. Furthermore, the linear mobility can beeetiéd by
contact problems. The improved order of the fieldwed BTZ-alt-CDT copolymer
film in presence of an electrical field can addiatly be responsible for an
improvement in the contact between polymer chamsgold electrodes and thus for
an improvement of thejglvalue.

Moreover, to examine the change in transistor perdmce when no external
field was applied, the whole device was preparethiénsame way as described before
except for the absence of an electric field. Iis tase, the hole mobility decreased to
1x10° cnf/Vs. It is worth noting that the two values diffey five orders of
magnitude. We attribute this notable differencehi® observed disorder of the drop-

cast film prepared in absence of the influencenoéxernal field.

8.1.7 Charge transport in BTZ-alt-CDT copolymer film

For a deeper understanding of the charge transfehamism acting in a BTZ-
alt-CDT copolymer film, the device performance dfilm, prepared by applying an
electrical field perpendicular to the source andirdrcontacts during solvent
evaporation (seEigure 92), were tested too.

For a conjugated system three different types afgdtransport are possible:
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Band conductivity (along the polymer backbone)
Hopping between separated molecules

3. Tunneling

Higher charge mobility along the polymer backbomelicates the band
conductivity model as the most probable mechani$ncharge transport. On the
contrary, higher charge mobility perpendicular twe tpolymer chains suggests
hopping between separated molecules as the mest pkocess.

For the device prepared by evaporating the BTZ&ITF copolymer film in presence
of an electrical field, perpendicular to the direntof the electrodes, asjdvalue of

0.08 cnf/Vs was calculated from the curves showrFigure 94 These graphs show
the kp/Vsp characteristic of the devices (left) and the tlansurve displaying the

saturation regime for ag¢ of -60 V (right), respectively.

4.0x10°

-1.0x10% 3.5¢10°

. 3.0010°
-8.0x10% - ]
25¢10°

-6.0x10" 1 —
= o 200107 o

LA

— 4.0x10" 4 1.5¢10% _7
, 1.0x107
2.0x10° -

5.0¢10°

004

0.0

Figure 94. OFET performances of a BTZ-alt-CDT copofmer film prepared in presence of an
electrical field perpendicular to the source draincontacts. Output curves taken at different gate

voltages (left); transfer curves displaying the safration regime for Vgp = -60V (right).

It is interesting to point out that within this geetry the backbone of the
polymer chains is oriented perpendicular to thetsbeles as the polymer chains are
aligned in the field direction; Whereas, in the idey described before, the polymer
backbone was oriented parallel to the electrodection. By comparison of the two
charge transport values related to the two dewesrgptries, it is possible to conclude
that the charge carrier mobility among separatdgnper chains (hopping process) is

slightly higher than the carrier speed along thigmper backbone (band conductivity).
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Thus, the hopping process dominates the transpechamism in the BTZ-alt-CDT

copolymer film.

8.2 Retro-Diels Alder reaction of 13,6-Sulfinylacetamidopentacene
in the presence of an electrical field

Among all the electroactive organic molecules pegn@ (PEN) has recently
emerged as promising molecular system to designTO#Eh charge carrier mobility
as large as 0.7 dtVs on SiQ/Si substrate®’®, 1.5 cnf/Vs on chemically modified
SiO./Si substrate&” and 3 cr¥Vs on polymer gate dielectri€€®. Unfortunately,
the low solubility of pentacene in common orgaratvents limits its processability to
the vapor phase deposition or molecular beam degposilt has already been shown
that the presence of polar groups on pentaceneneeadts solubility in common
organic solvents. 13,6-Sulfinylacetamidopentacéfi&é®®? as an example, is a
commercially available modified pentacene precusssbuble in chlorinated solvent.
Heated at a temperature higher than 120° C, itelwsulfinylacetamide in a retro-
Diels Alder reaction to produce the non-substitiaed insoluble pentacenEigure
95). Solution processing of the pentacene precurgeeds up the film preparation
process and leads to pentacene layers with extallearge carrier mobility (0.89
cn?/Vs) 84 In this work, we explore the possibility to inaee the molecular order
in the pentacene film by performing the retro DiéMder reaction on 13,6-
Sulfinylacetamidopentacene in presence of an éatfreld.

O
H,C
CH,
-Di 7
OO s (0D
° N
o 120 °C

Figure 95. Retro Diels-Alder reaction of 13,6-Sulfiylacetamidopentacene

(@]

8.2.1 Alignment experiments and optical analysis

A solution of 13,6-Sulfinylacetamidopentacene inloobform with a

concentration of 2% by weight was cast on a glassase and treated at a
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temperature of 135°C under nitrogen atmospher8daninutes in the presence of an
electrical field (500 kv/m).

A visible change in the film color from light yelhoto dark blue was observed
and indicated the formation of a thin pentacema bh the glass surface.

Information regarding the supramolecular organaratiof the pentacene
molecules in the films prepared in electrical figisbsence was obtained via optical
microscopy.Figure 96 ashows an optical micrograph of a field alignedtpeane
film between crossed polarizers; the yellow arrawdicates the electrical field

direction.

Figure 96. a) Optical micrograph of a field orientel PEN film under crossed polarizers. b)

Optical micrograph of a reference PEN film preparedin absence of electrical field. c), d) Optical
micrographs at higher magnification of a field oriented PEN film under crossed polarizers at 0°

and upon rotation of the sample holder at 45°.

As shown in the magnified POM imagefifure 96 ¢ a bright micrograph is

observed, which is extinguished upon rotation ef sample stage at an angle of 45°
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under crossed polarizersigure 96 d. This is due to the fact that the PEN film,
obtained by solution-processing of 13,6-Sulfinytace&dopentacene in presence of an
electrical field, is constituted by crystals oriethtin a preferential direction.

For comparison, an optical micrograph of a PEN fdolution processed in
absence of electrical field is reported. No unibxigentation was recognized and
only at higher magnification a polycrystalline stiwre made of randomly oriented

crystals was observeé#igure 96 b).

8.2.2 X-ray analysis

In order to clarify the arrangement of the fieldyaéd pentacene molecules on
the glass surface, X-ray experiments were carngd o

According to literatur€®®, pentacene has three different polymorghs,y)
when crystallized on a plane substrate, which candistinguished via X-ray
characterization. They are characterized fy=d1.41 nm for the-pentacene, by a
dooz value of 1.45 nm for the R-pentacene andakmentacene, so called “thin film
phase”, by a g, value of 1.55 nm.

Figure 97 reports the X-ray diagrams of the field orientezhfacene (black

trace) and its precursor in the retro-Diels Aldsaation (red trace).
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pentacene after retro-Diels Alde
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Figure 97. X-ray diagram of field aligned pentacenenolecules on glass (black trace) and X-ray of

pentacene precursor molecules on glass (red trace).
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Field oriented PEN films exhibit a sequence ofrddtion peaks with maxima
at 1.45, 0.727, 0.461, 0.3653 nm; whereas, noatedles can be observed in the X-ray

diagram of the pentacene precursor. These peafksspond to (00 reflections (<1

> 4) of a bulk structure gientacene, defined g8 pentacene, and indicate a
preferential orientation of the crystalline domaiR&flections related ta-pentacene
andy-pentacene are not present. The relative stalofithe o in comparison to thp
polymorphs relates to the size and thickness ottystals. Small crystals grow inoa
structure and large ones infastructure. The absence of thestructure, therefore,
indicates the presence of large crystals on thiaeeir In this work, the preferential
formation of B-pentacene crystals can be related to two factbes:electrical field
improves the PEN crystallization and allows thenfation of larger pentacene
crystals. The high temperature used for the retiesBAlder reaction increases the
crystal size. The presence of symmetric reflectmmly of the type OOindicates that
PEN is aligned with its long axis almost paraltethe substrate surfat&'. The long
axis of pentacene has a calculated size of 1.61lwimareas, the interplanar d spacing
in the X-ray diagram ifrigure 97 has a value of 1.45 nm. This evidence suggests that
the long pentacene axis aligns at an angle of aBsut from the surface normal as
schematized ifrigure 98.

b2
tn
o

Figure 98. Schematic view of the PEN arrangement aie glass surface.

8.2.3 OFET performance

The field effect transistor measurements of thintpeene films prepared by
field alignment were carried out on a bottom-gamplate with bottom contact,
schematic represented iRigure 99 a A drop of a 2% solution of 13,6-

Sulfinylacetamidopentacene in CHGlas cast on the template. Then the substrate
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was heated, after solvent evaporation, at a teryeraf 130°C for 30 minutes in
presence of an electrical field. The resulting tpentacene film exhibits p-type
characteristic as the plot of drain curregd Versus drain voltage & at various gate
voltages \4 in Figure 99 bshows.
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Figure 99. a) Schematic representation of a bottorontact, bottom gate OFET. b) Drain current
I sp versus drain voltage \4p, as a function of gate voltage, §. Channel length 10 pm. c) plot of

Ispand lsp™? versus V4 at constant \j, = -40 V for the device in (a).

The charge carrier mobilityspt was calculated in the saturated regime from
the transconductance to be 0.002%¢its* as already described ithe previous
chapter. The obtained value was however much leso@mpared to that reported in
literature for pentacene. Therefore, alignment @rpents were now carried out at
higher temperature (200° C). It was observed thatvalue (0.02 cfvV's?) of the
sample prepared at 200° C is an order of magnihugeer than that obtained for
samples prepared at 130° C. For comparison, theretec performances of PEN
film, prepared by annealing at 200°C in absenceledtrical fields were tested. The
charge carrier mobility drops to a value of 0.00#\¢*s* and it leads evidence that
the presence of an electrical field improved thekpay of PEN molecules.

The a4t values obtained in this work are however still éswhan that published
for PEN. This can be due to the high PEN sensjtiiot oxidation and to the non-
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oxygen-free preparation conditions, which may haweextreme influence on the

device performance of PEN.

8.3 Conclusions

Within this work, the long-range order of conjughtpolymers has been
improved by means of an electrical field. The cpelotadithiophene-alt-
benzothiadiazole copolymer has been chosen as alsgstem for this investigation
as it is a promising candidate for novel organecebnics. An electrical field, applied
parallel to the deposition surface, has been fotmdalign the CTD-alt-BTZ
copolymer chains during crystallization from sabumti The field influence on the
assembly of CTD-alt-BTZ copolymer chains can betsesl to its lyotropic liquid
crystalline nature in trichlorobenzene. Beyond @cal concentration, the rod-like
CTD-alt-BTZ copolymer chains create a liquid crylsta phase and can be directed
in the field direction. Via solvent evaporationetluniaxial order of the polymer
chains is “frozen” to obtain well-oriented films the solid state. Their anisotropy is
characterized via optical microscopy, atomic foneecroscopy and diffraction
analyses. On the contrary, the CTD-alt-BTZ copolyreains of a reference film,
prepared via drop-casting in absence of an elettiield, are arranged in a different
manner with a preferential orientation of their klaane perpendicular to the
deposition surface. The strongly enhanced ordéneCTD-alt-BTZ copolymer film
and the alignment parallel to the surface are mesipte for the improved performance
of an organic field effect transistor made thereahear and saturated mobilities as

high as 0.07 and 0.14 éfWs could be achieved, respectively.

Furthermore, electrical field alignment experimemtse been conducted on the
soluble pentacene precursor. 13,6-Sulfinylacetapedtacene. Well oriented [3-
pentacene films, have been obtained via perforrtfiegetro-Diels Alder reaction on
the 13,6-Sulfinylacetamidopentacene molecules @sgmce of an electrical field. The
charge mobility of the field effect transistors raatiereof increases by one order of
magnitude in comparison to the electronic perforceanf a reference film prepared in

absence of external electrical forces.
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9 Summary

183



The reported investigation is focused on the stfdye desorption/ionization
characteristics of polycyclic aromatic hydrocarb@®8Hs) in MALDI-TOF-MS and
takes advantage of the use of the novel solveet-fyeocedure for the sample
preparation for the mass characterization of digisbluble or totally insoluble
analytes.

The aim of this investigation is to understand tiedationships between
physico-chemical properties of PAHs and their iatian and desorption efficiencies
which is here recognized as the most importantiremnent for extracting reliable
gualitative and quantitative information from a MBLspectrum.

The investigation starts with the analysis of modgétems composed of
equimolar hexabenzocoronene mixtures (HBC) chosenreference compounds
among the PAH family. The HBCs composing the blediffer only by the different
length of the alkyl substituents anchored to tipariphery. Thus, bearing the same
aromatic core, they possess a comparable absorptiefiicient at the laser light
wavelength and consequently are photo-ionized wdmparable probability. The
analysis of these mixtures allows discovering tifiences of the intermolecular1t
interactions on the desorption step.

The influence of the size of the aromatic system dheir
desorption/photionization process is instead ingattd via analysis of mixtures
composed of a substituted HBC (HBG,C and its dendritic precursor in the
cyclodehydrogenation reaction. Their substantidiffierent absorption at 337 nm £{N
laser light) causes a remarkable difference in qibatzation probability, with as a
result the underestimation of the weakest absorbpegies. The presence in the gas
plume of an analyte amount, which is not represemetaf the solid mixture prepared
for the MALDI, is the problem related to straightf@ard quantitative analysis via
MALDI-TOF-MS. The way to overcome this drawbackoposed here, rests upon the
application of the standard addition method toNt#LDI analysis of PAH blends.

The method of standard addition is used in instntaleanalysis to determine
the concentration of a substance (analyte) in &mawn sample by comparison to a

set of samples of known concentration, similarsmg a calibration curve.

184



3. Extrapolate to
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concentration also.

!

X
4. Read / Concentration

concentration x
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x+B, x+C.
[
— 1. Measure signal at concentration x.

Figure 100. Example of a standard addition plot.

Standard addition (se&igure 100 can be applied to most analytical
techniques and is used instead of a calibratiorvectw solve the “matrix effect”
problem. Here the expression “matrix effect” is ereéd to the different
desorption/photionization of the analytes.

Within this work, this procedure is used for theantitative analysis of the
binary mixture, composed of HBC:£and its precursor, with the aim to develop a
straightforward procedure for the quantitative elctéarization of slightly soluble or
insoluble binary blends, when just one of the twalgtes is available as a pure
sample (e.g. incomplete cyclodehydrogenation reakti

The informations collected via analyses of modettares of synthetic PAHs
are then employed for the quantitative characteomaof natural PAHs, such as
pitches.

Petroleum pitches are produced by the thermal paligation of aromatic
decant oil, a by-product of the fluid catalytic ckang (FCC) of the heavy gas oil
fraction of crude oil, and are generally regardecconsist of alkylated polycyclic
aromatic hydrocarbons (PAHs) with a molecular weigimging from approximately
200 to 2000841

To quantify the amount of monomers, dimers, trimemd tetramers, present in

mesophasic pitch samples, this study relies ofall@ving strategy:
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1) The oligomeric fractions belonging to the pitch gées are separated via
dense-gas extraction (DGE), a multistage separadohnique, followed by
the application of both new and conventional amedyttechniques for
identifying the specific molecular structures thaist in petroleum pitches.

2) The isolated fractions are then used as standardsuflding calibration plots

which allow a reliable quantitative characterizataf crude pitch samples.

Moreover, this study discovers a completely novele uof the mass
spectrometer, employed not only for the resolutdbrtomplex analytical problems,
but also as a novel tool for growing ultrapure, stajtine thin films of organic
molecules.

lons of the analytes are obtained by using a cdiweasd ion source
(secondary ion mass spectrometry SIMS), separatexhlanalyzer (double focusing
sector field analyzer) depending on their differerass to charge ratios, decelerated
via employing suitable decelerating potentials #artled on a conducting surface
with retention of their structure, in a processmEd as “soft-landing”.

For the landing experiments two systems are chosen:

1) A polyethylenoxide oligomer (PEO) with the aim tendonstrate the unique
purification conditions offered in a soft-landingpbsition, such as selection
of mass-defined chains from the PEO molecularidigtion, and to study the
morphology of the flms made thereof. The corregjiog mass spectra before
and after soft-landing are reportedrigure 101
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Figure 101. MALDI spectra of a PEO oligomer beforga) and after (b) soft-landing.
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2) A rod-like molecules, such as dibenzo[b,b']thien®{£5,4-f']-carbazole, for

growing ultrapure (single isotopes, segure 102 b thin films and for

studying the packing of the molecules in soft-lah@ikens.
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Figure 102. MALDI spectra of Dibenzo[b,b'lthieno[2 3-f:5,4-f'-carbazole before (a) and after (b)
soft-landing. ¢) Molecular structure is inserted.
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From the work of Rader et df¥, dedicated to the soft-landing of HBC
molecules, it is in fact known that soft-landingaisle to grow ordered films of HBC
molecules with an unusual edge-on arrangement graphitic surface. Whereas a
preferential face-on growth is observed for HBC ecales sublimed or drop-cast on
HOPG. In the deposition of rod-like and polar males, performed here, the
comparison of the assembly of the molecules inlsofied films with that in drop-
cast film reveals also a substantial differenceictvitan be related either to the ionic
nature of the analyte or to the use of decelergpioigntial as strong as 8 kV for
avoiding crash-landing of the analytes.

The influence of an electrical field of a strengtbmparable to that used
during soft-landing on aromatic molecules bearimgextendedresystem, such as
HBCs, is moreover investigated via performing saffiding-independent
experiments.

The assembly of symmetrically (apolar) and asymicadty (polar) substituted HBC
molecules is studied in films obtained by castimpeentrated solutions of HBC
molecules and evaporation of the solvent in thesgoree of an electrical field. The
alignment experiments are performed on differemfases such as glass, gold and
HOPG to discover the substrate influence on theeouthr packing of substituted
HBC molecules.

Under field action, the large aromatic discs arentb to assemble into
columnar structures that are unidirectionally crehon a range as large as several

millimeters (sed-igure 103.
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Figure 103. AFM micrograph of a field-oriented HBCPhC,, film (left) on a glass surface. Sketch

of the molecular arrangement. Molecular structure § inserted.

The electrical field-aligned HBC molecules maintaieir upright standing
arrangement even on HOP&idure 104 aand 94 b, enlarged vision). Whereas, the
aromatic core of the HBC-Ph£molecules in absence of any external electriaalefo
is face to face on the graphitic substratgyre 104 d. A schematic representation
of the molecular assembly on HOPG is reportefigure 104 ¢

Note that the HOPG affinity to the nanographeneatuks leads to a slightly
tilted edge-on arrangement of the HBC moleculesnbeid in presence of an electrical
field, whereas, the HBC molecules in field-orienféohs, cast on glass, stack with

their planes orthogonal to the columnar axis.
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Figure 104. a) and b) STM current images of the sfiace of an electric field-oriented HBC-PhG,
film. c) Schematic representation of the HBC discraangement with respect to the surface. d)

STM current image of a dry film adsorbed without ekctric field.

Moreover, the field capability to control the oriation of anisotropic
molecules is then used to produce ordered filmsadlition-processible rod-like
molecules, such as cyclopentadithiophene-alt-béremibizole copolymer (CTD-alt-
BTZ copolymer, molecular structure kagure 105 g, as an example for rigid-rod
semiconducting polymers, and pentacene moleculdse Tatter is achieved
performing a retro-Diels Alder reaction on 13,64Bilacetamidopentacene
molecules in presence of an electrical fidgteg(re 105 b.
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Figure 105. a) Structures of CDT, BTZ and alternathg CTD-alt-BTZ copolymer. b) Retro Diels-

Alder reaction of 13,6-Sulfinylacetamidopentacene.

The alignment experiments on the rod-like polymer @onducted on a glass
substrate via casting a drop of CTD-alt-BTZ copadynsolution in trichlobenzene
and dried in field presence. Optical microscopysphology (AFM) and diffraction
studies reveal that the polymer chains can be tédem the field direction and are
aligned parallel to the deposition substrate. Thiated AFM micrographs are

reported inFigure 106 a-c
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Figure 106. AFM micrograph of CTD-alt-BTZ copolymer films prepared in presence of an

electrical field (a-c, with different magnification) and in absence of an electrical field (d).

On the contrary, the polymer chains of a referesaaple, drop-cast in absence
of an external field, are arranged in a differertnmer with a preferential orientation
of their backbone perpendicular to the depositinfiese Figure 107).

a b
lateral distance .

-1 stackin
L\ r-n stacking E °

lateral distance

Figure 107. a) Schematic representation of th@TZ-alt-CDT copolymer chains on the glass
surface in a polymer film prepared by drop-castingin absence of an electrical field. b) Assembly
of the BTZ-alt-CDT copolymer chains in presence of an external electil field parallel to the

surface.
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The strong field influence on the assembly of CTERBa Z copolymer chains
can be related to its lyotropic liquid crystallinature in trichlorobenzene. Beyond a
critical concentration, the rod-like CTD-alt-BTZ malymer chains create a liquid
crystalline phase and can be directed in the fildction. Via solvent evaporation,
the uniaxial order of the polymer chains is frozerobtain well-oriented films in the
solid state.
Electrical field-aligned films of CTD-alt-BTZ copginer are then used as
semiconducting layers for building organic fieldeet transistor. A saturated mobility
as high as 0.2 cffVs and a linear one of 0.01 é&hs are measured for the oriented
films. These values are five orders of magnitudghéi when compared to the

electronic performances of non-oriented referenoesf
In summary, this investigation has:

1) explored the the desorption/photoionization charstics of giant PAHs to
extract qualitative and quantitative informatioarfr their MALDI spectra,;

2) used the mass spectrometry principles to growthapltre thin films of
organic molecules and clarified the processes whitha soft-landing
deposition influence the packing of the moleculeaching the deposition
substrate;

3) employed the capability of electrical fields of eamting in their direction
anisotropic molecules to grow oriented films of smnducting molecules for

the fabrication of OFETs possessing improved edaatrperformances.
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10 Experimental part
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10.1 Clustering behavior of PAHsin MALDI-TOF-MS

10.1.1 Materials

10.1.1.1 Synthesis of symmetrically substituted HBC molecules:

1) HBC-GCs molecules
2) HBC-Cg molecules
The HBC-G and HBC-G moleculs were synthetized according to the symhesite

for symmetric HBC£? which is reported below.

HBC-Gs molecules

At first, a two-step synthetic approach was empiiogeprepare alkyl substituted 4,4 -
diphenylacetylenes which represent the crucial dingl block for the hexafold-
substituted HBC derivative$S¢heme 3.

1) Hydroboration of alkene

2) Suzuki reaction

Pd(dppf)C}
NaOH, HO —
_—

2

Scheme 3. 1) Hydroboration, 2) Suzuki reaction

In a subsequent cyclotrimerization under -catalytoonditions, the 4,4'-
bis(alkyl)diphenylacetylenes were reacted to theapbenylbenzene derivativds
(Scheme 4.
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Co,(CO),
reflux
dioxane

la

Scheme 4. Cyclotrimerization reaction

Unfortunately, the FD mass showed HPB derivativite ane missing alkyl chain.
This undesired effect is probably due to a debraton during the Suzuki reaction.
For this reason, a one-step synthesis for the atbsttiphenylacethylene was
considered, starting from 1-(4-bromophenyl)hexamelen Sonogashira palladium-

catalyzed cross-coupling conditior&cheme 5.

. Pd(PH),CI,
= toluen H,0

Scheme 5. Elevated temperature Sonogashira palladgiicatalyzed cross-coupling reaction.
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By using this approach, the subsequent cyclotriraéion reaction did not afford HPB
derivatives with missing alkyl chains and the crpdeduct could be easily purified.
In the following step, (oxidative planarization) ing FeC§, hexa(4-

hexylphenyl)benzene was reacted to hexa-(hexylgbenzocoronen&theme §.

q
&

O FeCl,

—_—

® CH,C,

CH,NO,

O~

Scheme 6. Cyclodehydrogenation reaction of hexa(4kylphenyl)benzene.

The same  synthetic  procedure was  followed for  ®giing

hexa(octyl)hexabenzocoronene.
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10.1.1.2 Other materials

The syntheses of hexabenzocoronene (HBC), hexayhietkaperi-
hexabenzocoronene, hexa(propyl)h@eai-benzocoronene, hexa(dodecyl)heat
hexabenzocorone (HBC:§ and its precursor hexa(4n-dodecyldiphenyl)benzene
have already been report&d>?

The synthesis of £H4, and its dendritic precursor have been describesivblere
[185].

7,7,8,8 tetracyanoquinodimethane (TCNQ, 98%) taads-2-[3-(4-tert-butylphenyl)-
2-methyl-2-propenylidene]malononitrile  (DCTB) werpurchased from Acros
Organics (Belgium) and used without further puafion. Fullerite was purchased
from Sigma Aldrich (Munich, Germany).

10.1.2 MALDI instrument and calibration: general requireme nt

MALDI and LD analyses were performed using a BruReflex Il mass spectrometer
(Bremen, Germany) operating in reflectron mode. ifis&rument was equipped with
a nitrogen laser (wavelength 337 nm) and the MAkpéctra were recorded with a
pulse rate of 3 Hz. The ions were accelerated bgltage of 20 kV and detected by
using a micro channel plate detector. Calibratioaswarried out before each

measurement by using a fullerite mixture.

10.1.3 Sample preparation

Solvent-free method

A four component equimolar mixture of HBC, HBG;HBC-G, HBC-C, was
prepared with TCNQst 1) and with DCTB ¢et 29 as the matrices in a molar ratio of
1/850 by using an MM 2000 ball mill from F. Kurt Reh GmbH & Co. KG (Haan,
Germany). The powder was then spread on threereliffeplaces of a polished
stainless steel sample holder with a flat spatuta.each sample a composite MALDI

spectrum was acquired by summing 500 single shots.
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By using the same experimental conditions, the raqlar binary mixtures
HBC/HBC-C,, HBC/HBC-G,, HBC/HBC-G, CoooHa/CooHis50 Were prepared and
measured.

Laser desorption analyses were conducted via spggdde analyte powder on a
sample holder with a flat spatula. Laser desorpspactra were then recorded by
summing 200 single shots.

For the sake of simplicity the signal intensitiéshe peaks were evaluated instead of

their relative areas, once the non-variance ofakalts was established.

10.1.4 Preparation of TCNQ/HBC-C; films

Hexa(dodecyl)hexaeri-hexabenzocoronene and 7,7,8,8 tetracyanoquincdaamnet
molecules were dissolved in THF with a concentratad 0.25 mg/mL and 0.6
mg/mL, respectively. Solutions with a donor-acoepholar ratio of 1/1 were then
prepared. TCNQ-HBC- films were obtained via drop-casting on a gladsssate

and slowly evaporating in an atmosphere saturatédselvent vapour.
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10.2 Quantitative MALDI analyses of PAHs and fullerenes

10.2.1 Materials

The syntheses of hexa(dodecyl)hgai-hexabenzocorone (HBC:§ and its
precursor hexa (4n-dodecyldiphenyl)benzene (Sdtale been reported elsewhere
(183 'c60 and C70 fullerene (Set 2) were obtained fi®igma Aldrich (Munich,

Germanyand used without further purification.

10.2.2 MALDI sample preparations

10.2.2.1 Solvent-free method (general procedure)

The analytes were milled together with the TCNQrmdty using a MM 2000 ball
mill from F. Kurt Retsch and Co. KG (Haan, Germarije powder was then spread
on a polished stainless steel sample holder wiftataspatula while moving the
sample position. For each sample, a composite MA§pdctrum was acquired by
summing 500 single shots. All the MALDI spectra eeecorded with the same laser
power (88% laser attenuator). The best conditionshfe quantitative characterization
were found by adjusting the laser power well abdke desorption-ionization

threshold of the analytes.

SET 1. Quantitative MALDI analysisfor the system HPB-C;,/HBC-Cy2

In order to perform quantitative MALDI analyses ¢me binary mixture HPB-

C12/HBC-Cy,, the amount of HPB-G was varied whereas the amount of HBG-C
and TCNQ was kept constant. HPB.@nd HBC-G, were mixed in ratios as listed in
Table 7
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Table 7. Composition of the mixtures for the systerilPB-C,,/ HBC-C,, prepared via solvent-

free sample preparation.

Mixture | HBC-C1J/mg | HPB-Cio/mg | TCNQ/mg | analyte:matrix molar ratio
1 0.27 0.27 230.15 1/3211

2 0.25 0.61 230.14 1/2020

3 0.30 0.87 230.02 1/1484

4 0.26 1.21 232.95 1/1197

5 0.28 1.82 229.71 1/827

6 0.25 2.19 230.15 1/807

7 0.28 3.32 233.40 1/528

MALDI spectra were measured and the intensity saivere calculated and expressed
as Int. (HPB-Gy)/Int.(HBC-C,») as listed irTable 8.

Table 8. Measured intensity ratios of the system i(HPB-C,)/Int. (HBC-C ;,) for different mass
ratios HPB'C]_z/ HBC-Cj..

Mixture | Int.(HPB-C 1)/ Standard | Mass ratio mg. of
Int.(HBC-C 12) deviation | HPB-C;J/HBC-C;, | added
HPB-

Cr2

1 0.110 0.017 1.0 0
2 0.228 0.022 2.2 0.34
3 0.357 0.081 2.9 0.57
4 0.460 0.090 4.6 0.95
5 0.612 0.110 6.4 1.55
6 0.701 0.069 8.7 1.92
7 0.738 0.064 11.8 3.05

For the sake of simplicity, during quantitative sas, the signal intensities of the
peaks were evaluated instead of their relativesareace the non-variance of the

results has been established.
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10.2.2.2 Solvent-based method

In order to reach the best crystallization condsioTHF was selected as a common
solvent for samples and matrix to perform quanueatMALDI analyses on the
mixture HPB-G2/HBC-C;,. Both components were dissolved in THF with a
concentration of 0.061 mg/mL (4.00x3M) and 0.070 mg/mL (4.5x10 M)
respectively, while TCNQ was dissolved in THF atancentration of 2.5 mg/mL
(1.2x10% M). Seven mixtures of the two components were gmegh with different
molar ratios as listed ifable 9 The quantities of HPB-zwere varied whereas the

concentration of HBC-G in the mixtures was kept constant.

Table 9. Composition of the mixtures for the systerlPB-C,,/HBC-C, prepared via solvent

based sample preparation.

SET 1 | TCNQ/uL | HBC-CiJuL | HPB-C1J/uL | analyte:matrix molar ratio
1 20 4 4 1/706
2 20 4 5 1/523
3 20 4 6 1/558
4 20 4 7 1/505
5 20 4 8 1/ 461
6 20 4 9 1/425
7 20 4 10 1/393

The responses for the different molar ratios, olgtifrom the MALDI measurements
and expressed as Int. (HPB2ZInt. (HBC-C;,) are reported iTable 1Q

Table 10. Measured intensity ratios of system HPB-Z/HBC-C 1, for different molar ratios.

Mixture | Int. (HPB-C1y) / Standard | Molar ratio uL of
Int. (HBC-C 1) deviation | HPB-C1,/HBC- HPB-C1,
Cio solution
1 0.254 0.048 1.12 0
2 0.370 0.116 141 1
3 0.422 0.086 1.7 2
4 0.473 0.080 2.0 3
5 0.483 0.086 2.25 4
6 0.621 0.093 2.53 5
7 0.665 0.199 2.81 6
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SET 2: Quantitative MALDI analysisfor the system C70/C60

Solvent-free method

To quantitatively characterize binary mixtures ofOBC60 fullerenes via MALDI-
TOF MS, the amount of C70 was varied whereas theuatof C60 and TCNQ was
kept constant analogous to the procedure in S€alille 11reports the composition
of the different mixtures. The fullerite powder Wwiinknown composition was mixed
with the TCNQ matrix in a mass ratio of 1/407.

Table 11. Composition of the mixtures for the systa C60/C70 prepared via solvent-free sample

preparation.

Mixture |C60/mg | C70/mg | TCNQ/mg analyte:matrix molar ratio
1 0.40 0.17 200.29 1/1294

2 0.38 0.40 199.31 1/973

3 0.37 0.77 202.65 1/693

fullerite 0.50 203.55 Mass ratio: 1/407

The responses for the different molar ratios, olat@ifrom the MALDI measurements
and expressed as Int. C70/Int. C60, are reportéaloe 12

Table 12. Measured intensity ratios of system C708D for different molar ratios.

Mixture Molar ratio Int. C70/ Standard
C70/C60 Int. C60 deviation
1 0.36 0.680 0.037
2 0.90 1.625 0.084
3 1.78 2.432 0.067
fullerite X 0.203 0.010

10.2.3 HPLC characterization of C70/C60 mixtures

High pressure liquid chromatography analyses of @#0/C60 mixtures were
performed by using a C18 reversed phase columnledwpth a diode array detector
working at a fixed wavelength of 330.2 nm which veadected by considering the

strong absorption of the analytes at this wavelengjtsolvent mixture composed of
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toluene and acetonitrile (CHROMASOf\Plus, for HPLC3 99.9%) was chosen as
eluent for the chromatographic analyses.

Solutions of C60 and C70 were prepared by dissgl@60 and C70, respectively, in
a 4:1 solvent mixture of 1,2,4 trichlorobenzene aobliene (0.20 mg/mL). To
establish the calibration curve for the system C®B0/ solutions of C70/C60 mixtures

were prepared with the molar ratios reported@able 13

Table 13. Concentration of C70/C60 solutions for HEC analyses.

Mixture Molar ratio C70/C60 Concentration (mg/mL)
1 1/1.0 0.20
2 1/1.5 0.20
3 1/2.0 0.20
fullerite X 0.20

Three injections were performed for each sampk the resulting data expressed as
C70/C60 peak area ratios were averaged and plajaimhst the respective C70/C60
molar ratios Table 14).

Table 14. Measured signal area ratios of system C/60 for different molar ratios.

mixture Molar ratio Area ratio Standard
C70/C60 C70/C60 deviation

1 1 0.951 0.054

2 0.66 0.742 0.044

3 0.5 0.632 0.065

The commercially available fullerene mixture, knoas fullerite, was dissolved in a
4:1 solvent mixture of 1,2,4 trichlorobenzene avldéne (0.20 mg/mL) and analyzed
by HPLC.

10.3 MALDI analyses of mesophasic pitch

10.3.1 Materials

The feed pitch to the DGE process was an isotrppat, M-50, which was obtained
from Marathon Petroleum Company LLC. Four fracsiah M-50 pitch were isolated

by DGE and then subjected to analysis: Fracti@msaining 79 and 98% monomer,
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and fractions consisting of 89 and 97% dimniBath toluene (HPLC grade, 99.8%
purity, CAS 108-88-3) and methanol (HPLC grade99®purity, CAS 67-56-1) were
obtained from Fisher Scientific and were used asel@as solvents without further

purification.

10.3.2 Dense-gas extraction apparatus and procedure

Because DGE is reported in detail elsewh&®, only a brief description is given
here. The two monomer-rich fractions were produlegdontinuous DGE; the two
dimer-rich fractions by semi-batch DGE.

The continuous DGE unit consists of a packed colwith a height of 1.5 m
of packing and an inner diameter of 1.8 cm. Foypécal experiment, molten M-50
pitch is fed to the top of the column at ~120 gih & single-screw extruder, and a
liquid chromatography pump is used to deliver teesi-gas solvent at ~600 g/h to
the bottom of the column. The dense-gas solvemtsflup the column, the pitch feed
flows down the column, and selected fractions efféed pitch are extracted into the
solvent phase. As would be expected, higher operaressures increase the density
of the solvent and increase the average mol whebwverhead extract. However, the
column operating temperature has been found tdogxhore complex behavior, with
the establishment of a positive temperature gradiem the bottom to the top of the
column yielding the best product puriti@é.ﬂ A liquid-level detector at the bottom of
the column operates based on the difference irtriglacresistivity between the top
and bottom phases and ensures complete separataedn the solvent-rich top
phase and pitch-rich bottom phase. Steady-staetpn is typically reached within
an hour, and an experimental run takes 6-12 h,ra#pg on how much pitch product
is to be produced.

For a semi-batch run ~15 g of the M-50 feed pitclcharged to a still pot in
the bottom of a packed column. Continuous flowths# dense-gas solvent is then
initiated. The solvent flows through the pitch &g extracts a portion of the pitch
depending on the operating (column) temperaturepaesisure, flows up the column,
and removes the extracted pitch fraction out agptoduct. As with continuous DGE,
a positive temperature gradient is established calive length of the column to
enhance product purity. Liquid reflux of a portiof the product back down the
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column, which is created by use of a heated refioger, is also used to enhance

overhead product purity.

10.3.3 Analytical characterization of pitch fractions isolated by DGE

Pitch fractions isolated by the DGE experimentscdbed above were
subjected to a wide range of analytical characéon techniques as described
below. Field desorptieimass spectrometry (FD-MS) analyses were performsadju
a Fisons Instruments VG ZAB2_SE_FPD Sectorfield snsigectrometer. CEl,
(Fisher Scientific, HPLC grade) was used as theeswl for all analyzed pitch
fractions, and a drop of the resulting solution y&sced on the emitter of the mass
spectrometer. lons were produced by field desomptif the analytes by employing
an extraction potential of 8 kV. Calibration wasreed out before each measurement
by using acetone (Fluka, 99.5%).

'H-NMR analyses were performed with a Bruker 700 MH&VR
Spectrometer Avance instrument. Five mg of a gméch fraction were dissolved in
deuterated 1,2-dichlorobenzeng{@eutero GmbH, 99%) and measurements were
carried out at 80°C. This above-ambient tempeeaivas used to improve resolution
and to ensure that all fractions were completelylde in the NMR solvent.

UV-Vis analyses were carried out with a Perkin Birbembda 9 instrument,
with all pitch fractions being dissolved in 1,2 dchlorobenzene (Sigma-Aldrich,
99%). FT-IR analyses of the monomer-rich fractiwsere performed on the bulk
analyte with a Nicolet 730 spectrometer. Elemeatalysis was performed with a
PerkinElmer CHNS/O Model 2400 Series Il elementellygzer.

10.3.4 MALDI and post-source decay

For MALDI analysis, samples were analyzed using rakBr Daltonics Autoflex

MALDI-TOF mass spectrometer equipped with 337 ntrogen laser. The reflectron
mode was used for this study. The target platepoagively charged and set to 19.0
kV; the secondary ion source to 16.5 kV, the len9.40 kV, and the reflector to 20
kV. lons generated after laser bombardment werelaated using pulsed-ion

extraction after a time delay of 90 ns. Other ingnat parameters used during the

207



analysis included a detector gain of 4.0, resotutib2.0, and mol wt suppression up
to 210. MALDI calibration was carried out usingulldrite mixture (Sigma-Aldrich)
before the analysis. Laser powers ranging frono2Z6% of maximum were used for
the MALDI analysis of M-50 petroleum pitch and ftactions, with 200 laser shots
being used to generate the spectra shown herekL.DVim/z values were accurate to
within £0.1 Da.

Both solid-state and solvent-based sample preparatiethods were used to
prepare samples for MALDI analysis. Based on pmrewistudied*® 2 7,7,8,8-
tetracyanoquinodimethane (TCNQ; 98% min. from TGhekica) was used as the
matrix. For the solid-state analysis of M-50 pjttie pitch and TCNQ were mixed
using a grinding mill (Thermo Electron Corp., mod¢ig-L-Bug). The sample was
then transferred to the MALDI target-plate cellngsbur water-spotting methdtfe.
For the solvent-based sample preparation of monaicieiand dimer-rich fractions, a
fine powder of TCNQ was prepared using a grindinly n& thin film of this matrix
powder was then transferred to the MALDI target wiater-spotting. Each pitch
fraction was then dissolved in carbon disulfidesffér Scientific; 99.9% min purity)
at a concentration of 0.02 w/v %, and a drop ofghepared solution was placed on
the film of TCNQ and allowed to dry before analysis

Post-source decay (PSD) analyses were performett wie MALDI
instrument described above, operating in the releacmode and with the Bradbury-
Nielsen ion gate activated. The ion gate was rogned to pass parent species ions
of specified mol wt to within £5 Da, as well as atthgment ions associated with the
parent species. The target plate was positivebrgdd and set to 19.0 kV, the
secondary ion source to 16.8 kV, and the lens €oKk¥. Reflector voltage was
initially set to 20 kV and then progressively reddcto analyze fragment ions of
decreasing mol wt. The pulsed ion extraction delag set to 90 ns, the resolution to
1.0, and 300 laser shots were used to generaspedira. The laser power ranged
from 26 to 33%, with higher laser power than thraptyed in conventional MALDI
being required to fragment a given pitch specied, farther increases in laser power
being required to produce fragment ions of decngpsnol wt. The detector gain
employed ranged from 6 to 16, with higher gainsunemgl to achieve an adequate
detector response for smaller ion fragments. Feagation spectra via PSD are less
accurate than conventional MALDI, that is, to witi0.25 Da.
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Solvent-based sample preparation was used as le$cabove, with 1,2,4
trichlorobenzene (VWR, GPC grade; 99% min. purlging used to dissolve the

samples at a w/v % of 0.1.

10.4 Soft-landing experiments

10.4.1 Soft-landing apparatus

Soft-landing deposition was performed by using adém mass spectrometer
modified for deposition experiments. The depositapparatus was assembled as

following:

Liquid secondary ionization mass spectrometry imuree;
A double focusing sector field analyzer

A deceleration unit

0N PR

A deposition unit.

10.4.2 Deposition of mass-selected PEO chains

Positive LSIMS was in this work used to ionize BfeO chains. A solution of PEO in
THF (Img/mL) was mixed with a volume ratio of 1/3ttw3-nitrobenzyl acid. The
matrix presence allowed the formation of a contusufbow of intact PEO ions.

PEO single chains were deposited on stainless stéaitrate, which was previously

covered with TCNQ, for a soft-landing time of 7 In®u

10.4.3 Deposition of single isotope Dibenzo[b,b'thieno[3;f.5,4-f']-carbazole
molecules

3-nitrobenzyl alcohol (3-NBA matrix) was mixed witha solution of
Dibenzo[b,b’thieno[2,3-f:5,4-f]-carbazole moléesi in THF (10 mg/mL) in 4-1
volume ratio. The analyte molecules were ionizethgud.iquid secondary mass

spectrometry (LSIMS) and soft-landed on a staintteal-TCNQ surface, by using a
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deceleration potential of 80 V and a focusing ptéérof 2.25 V. The deceleration
potential for the deposition of Dibenzo[b,bthi¢n&-f.5,4-f']-carbazole molecules
on carbon-covered aluminum foil and copper surfasas found to be 65 V, by
keeping constant the focusing potential. After gadgtion time of two hours,
Dibenzo[b,b"thieno[2,3-f:5,4-f']-carbazole crystaliere observable on the deposition
surface.

For the TEM analyses of the soft-landed films, ldreding experiments were carried
out on carbon-covered copper grids.

10.5 Electrical field alignment experiments of HBC molecules

10.5.1 Orientation experiments of HBC-PhG, molecules on glass surface

10.5.1.1 Film Preparation

The synthesis for HBC-Phgis described irref. 185. Films of HBC-Ph{ were
obtained by drop-casting solutions (1.5-15 mginin p-xylene (Acros Organics
99%) on a glassurface at ambient temperature. Before the apmitatf the dropo
the surface, the HBC-Ph&solutions were sonificated for 20 min. Electriclde in
the range of 4-5 kVcih (DC) were applied parallel to the glass surface an
maintained until the complete evaporation of thé&vest (1 hour). To ensure the
uniaxial orientation of the molecules, the highésetd strength was selected. At
higher voltages (> 5 kVct), a flashover between the electrode plates wasrogs.
The preparation of the reference sample was dotteexactly the same experimental

conditions except for the application of the elieatrfield.

10.5.1.2 Experimental set-up

The experiments to increase the degree of supramialeorder in films of HBC-
PhG_ molecules were carried out in a home-built apparafccording toFigure
108 two stainless-steel electrodes (area= 3 x 3 dnickness = 0.5 mm) were fixed

parallel to each other on a Teflon support. Thiesngetry was selected to create a
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uniform electric field (0—24 kVci) by charging one electrode and grounding the
other one with a high-voltage power supply (FugcEtmic HCN GmbH 0-24 kV).

FElectrodes

| ——— Sample

— Teflon support

Figure 108. a) Experimental set-up for alignment egeriments with an electrical field. b)

Schematic representation of the apparatus elements.

The sample plate was placed between the electamdése Teflon support. To reduce
the field inhomogeneity near the rim of the eledé® the electrodes were three times
larger than the sample plate. A drop of dissolv&CHPhG, molecules was cast on a
glass substrate. Then, the electric field was epptarallel to the glass surface and
maintained until the solvent was totally evaporaftk experiments were performed
in a small glass box to control the evaporatioe dtthe solvent. Crystallization in an
atmosphere saturated with vapor of the organiceslwas employed to improve the
alignment of HBC-Phg molecules under electric field influence.

10.5.1.3 Optical Microscopy

The anisotropy of field-force oriented HBCPhRGilms was investigated with a

polarizing microscope (Zeiss Axiophot microscopgwAxioCam Camera) with one

polarizer or crossed polarizers parallel to theragcaph edge, taking advantage of
the dichroism or the birefringence of the samptespectively. The microscope was
equipped with a rotating sample stage. The dropfdass on glass were analyzed in
transmitted light.
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10.5.1.4 Electron Microscopy

For morphological analyses, replicas of the fielccé oriented HBC-Phg films
were prepared by covering the film surfaces wititipum from carbon electrodes. A
carbon supporting film was then evaporated ontostmaple. After floating off the
films onto a water surface and transferring thentdpper grids, the samples were
exposed to chloroform to dissolve the organic filhorphological features were
observed with a Zeiss EM 902 transmission microscdEM with Henry-Casting
Energy Filter) at high voltage (80 kV). Electrorffidiction analyses were performed
on the thin films prior to dissolving the samples.

For these analyses, a Zeiss 912 transmission roages(with integrated Omega
Energy Filter) was used at a high voltage of 120 Kie instrument was equipped
with a rotating sample holder and a goniometerestdge apparent diffraction length
was calibrated with a film of evaporated thalliurhlazide. Scanning electron
microscopy analyses were performed by using a LE30llow-voltage, high-
resolution scanning electron microscope with arelacating voltage of 0.60 kV for

the field-force oriented films deposited on glass.

10.5.1.5 X-ray Analyses

The X-ray diffraction (XRD) experiments for oriedteand drop-cast HBC-Ph&
films on glass substrates were performed usingipPIpowder diffractometer with
graphite monochromatized copper irradiation opegatin reflection mode. The
scattered intensity was measured in the rangeeotthttering angle62between 18
and 40°.

10.5.1.6 Atomic Force Microscopy

The morphology of the films on glass substrates stadied using a scanning force
microscope in tapping mode (Multimode Nanoscop&rb)l The film surface was
explored by using an E scanner (12 x 12%pmolecular resolution) at room
temperature with a scan rate of 1 Hz and a resoludf 512 x 512 pixels. All of the

images were reprocessed by using the Nanoscopesaftware.
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10.5.2 Experiment on polycrystalline gold

10.5.2.1 Film preparation

In order to investigate the surface influence am electrical field induced alignment
of HBC-PhG, molecules, alignment experiments were performea gtass surface

previously covered by a thin gold layer.

A 50 nm thin gold film was thermally evaporatedtba glass surface. To improve the
adhesion to the glass surface, the glass substagepreviously covered with a 1.5
nm thin Chromium film. A solution of HBC-Ph@molecules in p-xylene (15 mg/ml)

was cast on the glass surface and let evaporgbeesence of an electrical field as

strong as 4-5 kV/cm.

10.5.2.2 Film Characterization viaFT-IR

The ordered HBC-Phf films were characterized via FT-IR absorptioneefion
analyses with an instrument operating in reflectiwode.
On the contrary a FT-IR instrument was used toyaato record the IR absorption

spectrum of the sample in bulk.

10.5.3 Orientation experiments of HBC-PhG,; molecules on HOPG

10.5.3.1 Film Preparation

Dry films were prepared by drop-casting a solusdiBC-PhG, molecules in 1,2,4-
trichlorobenzene (15 mg/ml) at room temperature dréshly cleaved HOPG, while
an electrical field in the range of 4-5 X10/m was applied parallel to the surface.
The experiments were performed in a small glasstbaontrol the evaporation rate

of the solvent.
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10.5.3.2 STM and AFM analyses

STM and AFM analyses were performed subsequentthemnlry films at the solid-air
interface. For comparison, films were also prepamgthout the presence of an
electrical field, and then characterized by STM.rétwer, HBC-Ph& molecules in
1,2,4-trichlorobenzene (15 mg/ml) were drop-casfreshly cleaved HOPG without
the presence of an external electrical field. SThlsvthen performed at the solid-
liquid interface.

STM measurements were performed using a home-edtle-type STM interfaced
to a commercial control unit (Omicron Nanotechnglo@mbH). STM tips were
prepared by mechanically cutting a 0.25 mm thickr RB0%/20%) wire. SFM
experiments were carried out with a NanoscopeDIgifal Instruments, Inc., Santa
Barbara) in the tapping mode with an E-type scaifb2rx 12 pr) in air at room
temperature. Commercial silicon tips (Digital instrents) on cantilevers with spring
constants between 17 and 64 Nmwere used at typical resonance frequencies in the
range between 280 and 320 kHz.

10.6 Alignment experiments of rod-like molecules

10.6.1 Preparation of cyclopentadithiophene-alt-benzothiadhzole film

Dry films were prepared by drop-casting a solutadnCTD-alt-BTZ copolymer in
1,2,4-trichlorobenzene (5 mg/mL) at 70° C ontdasg substrate, while an electrical
field in the range of 4-5 kV/cm was applied padaitethe surface by using a home-
built apparatus that was previously described. fidference sample was prepared
under exactly the same experimental conditions xéar the application of the

electrical field.

10.6.1.1 OFET measurement of cyclopentadithiophene-alt-benzothiadiazole
films

Bottom contact FET substrates consist of highlyopeat! silicon wafers with 150nm

thermally grown Si@ Photolithography followed by evaporation of 60goid on 4
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nm chrome was used to define source and drainretesst of 1dm channel lengths
and 5mm channel widths. To prevent interfacial ghararrier trapping, the Si@yer
was treated with hexamethyldisilazane (HMDS) vaqidt20°C for 2 hours.

The polymer film was grown by drop-casting from §/ml cyclopentadithiophene-
alt-benzothiadiazolsolution in 1,2,4-trichlorobenzene on substratesdwat 70 °C.
During solvent evaporation an electrical field aorsy as 4-5 KV/cm was applied
until total solvent evaporation. Organic FET’s weneasured using a Keithley 4200
Semiconductor Characterization System. The dewias prepared and measured in

dry nitrogen atmosphere.

10.6.2Retro-Diels Alder reaction of 13,6-Sulfinylacetanmiopentacene in
presence of an electrical field

10.6.2.1 Materials

13,6-Sulphinilacetamidopentacene was obtained gmn&iAldrich and used without

further purification. Chloroform was purchased b ROS and used as received.

10.6.2.2 Film preparation

A solution of 13,6-sulphinilacetamidopentacene hiomoform (1-2 % in weight) was
cast on a glass surface. After solvent evaporattonfilm was placed in a glass box
between two stainless steal electrodes on a Tedflmport. Electrical fields in the
order of 4-5 kV/cm were applied parallel to thesglasubstrate. During the field-
alignment experiment, the temperature was increfisad 25 °C to 130°C and from
25°C to 200°C in a Nitrogen atmosphere. The temperavas kept at 130°C and at
200° C for 30 minutes, respectively, and then tlme Was cooled down always under
electrical field influence. The reference samplesvpaepared exactly in the same

conditions except for the electrical field presence
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10.6.2.3 OFET film preparation

A drop of solution of modified pentacene was dragton a bottom-contact OFET.
After solvent evaporation, electrical fields of 4<&//cm were applied in Nitrogen
atmosphere during annealing at 130° C and at 20@8€hectively. The reference

sample was prepared exactly in the same conditiohs absence of electrical fields.
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