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1 Introduction

1.1 Molecular Electronic Devices

The development of materials and devices such as tools or machines has been
one of the most important driving forces for humanity and mankind. The
development process, from the actual invention to the real application, often
took centuries. In 1839, the French experimental physicist Edmund Becquerel,
discovered the photovoltaic effect while experimenting with an electrolytic cell
made up of two metal electrodes placed in an electrically conducting solution;
the current increased when exposed to light.! In 1905, Albert Einstein
speculated that light could penetrate atoms. The collision of photons and atoms
could force atoms to leave their orbit. This would allow for the creation of an
electric current. Nevertheless, it was not until 1954 when the first solar cell was
developed in the USA by scientists at Bell Labs.

It was the development of smaller and smaller growing integrated circuits that,
e.g., made it possible to build faster and more compact computers. Shockley,
Brattain, and Bardeen were awarded the Nobel Prize in 1956 for their research
on Field Effect Transistors (FETs).>® Many of todays leading scientists agree
that the invention of the transistor is probably one of the most important
achievements of the 20" century. The raw material that is most often used for
building these devices, i.e., photovoltaic cells and Field Effect Transistor, is
silicon. Silicon is the second most abundant element on earth (after oxygen) but
does not occur in its pure state in nature. Therefore, extensive efforts have to
be made in order to obtain the material in its crystalline form.

Within the last two decades, research interest has focused more and more on
devices built from polymers or other organic materials. Around 1980, Cohen
and co-workers reported the first solar cell using conducting polymers®® and it
was in 1989 that two groups reported the utilization of polymers in FETs!® 1%, |n
addition, organic materials have found a number of other potential applications
such as sensors, batteries, switching devices, and optical data storage. Unlike

inorganic materials that consist of covalent or ionic lattices in three dimensions,
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organic materials are based on individual molecules which are linked together
via weak intermolecular forces such as van der Waals hydrogen bonds, or p-p
interactions. Alternately, mesophase (self-assembling) molecules show great
promise since they are easier to process, and self-healing. It is because of
these self-assembling forces that organic materials have lead to so much
research interest in the past. Due to the nature of these forces, the design of the
material can be made on the level of the individual molecule. Therefore, the
amount of synthetic work is considerably lower than in the case of inorganic
materials such as crystalline silicon. When organic materials are used in
electronic or optoelectronic devices, they are usually in the form of thin films,

due to which mesophase forming liquid crystals are being intensively studied.

1.2 Discotic Liquid Crystals

Mesophases (liquid crystals and plastic crystals) represent states of order
between crystals and liquids. They have imperfect long range orders of
orientation and/or position. Thus, they can be fluid like a liquid and also have
anisotropic properties like crystals. Whereas plastic crystals have a
predominant positional order, liquid crystals have a predominant orientational
order (Figure 1).

The main reasons for the formation of liquid crystalline phases are:

a simple geometrical form of the molecule: rods, discs or balls, which allow a
closer packing in a mesophase,

an intramolecular contrast, which causes microseparation of different parts

of the molecules
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Figure 1: lllustration of crystal-, liquid crystal-, and liquid-phase

On the basis of their appearance, liquid crystals are divided into two different
classes: calamitic mesogens, which are rod-like molecules, and discotic
mesogens, characterized by a disc-like core of the molecule. Since Reinitzer™!
discovered the state of liquid crystallinity in 1888, immense efforts in research
and development have pushed this field to where it now stands. With the
discovery of liquid crystals from disc shaped molecules, or discotic liquid
crystals, in 1977 by Chandrasekhar'?, a demanding and challenging door was
opened for many of today’s research groups.*®!

The mesophases exhibited by these disk-like structures can be classified into
three distinct types (Figure 2): columnar (col), discotic-nematic (Ng), and
discotic-lamellar, where the structure of the latter has not yet been completely

elucidated .[*°!

discotic nematic (Ng) columnar (Coly)

Figure 2: lllustration of the two different mesophases of discotic liquid
crystals
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The columnar phase consists of discs stacked one on top of the other to form
columns, the different columns constituting a two-dimensional lattice. Several
variations of the columnar structure have been identified (Figure 3): i.e. columns
with a hexagonal lattice (Coly), rectangular lattice (Col), and an oblique lattice
(Colop), , etc.

Col, Coly

Figure 3: Structures of columnar mesophases

Additionally, the suffix “0” (for ordered) and “d” (for disordered) can indicate the
degree of established organization in the system as depicted in Figure 3,
bottom.

Apart from a few exceptions, these discotic mesogens have a flat or nearly flat
core which is surrounded by four, six, or eight alkyl chains. In Figure 4 some of
the most prominent discotic liquid crystals are displayed. These range from the
first reported discotic liquid crystal namely the hexakis-alkanoyloxy-benzenes 1,

oll4, 1] 3[16-18] 4119-23]

to phthalocyanines , perylenes triphenylenes

dibenzopyrenes 521 24 25 and hexabenzocoronenes 6/2°" (henceforth referred

to as HBC), with the most extended aromatic core of the above. The latter four

belong to the class of large polyaromatic hydrocarbons (PAHSs).8!
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Figure 4: Variety of some of the most prominent discotic liquid crystals

Perylene is a well known chromophore which displays high extinction
coefficients and nearly quantitative fluorescence quantum yields with
outstanding photochemical and thermal stability.’” 8 However, it suffers from
its low processability. This was overcome with the introduction of solubilizing
side groups, also yielding perylene derivatives that exhibit discotic liquid
crystallinity over temperature ranges of up to 200 °C'”! These materials
combine several target properties: a) stable mesophases over large
temperature ranges, b) high thermal and photochemical stability, and c) intense
absorption at long wavelengths.!*”!

Among the above-mentioned liquid-crystalline PAHSs, triphenylenes are the ones
that have been studied most extensively in view of their mechanism of charge
transport®®4! one-dimensional energy transport*> #31 photoconductivity*4*%,

ordering of multilayers (investigated by using Langmuir-Blodgett techniques)®%,
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orientation of two-dimensional crystals® %2 (investigated using scanning
tunneling microscopy (STM)) and their alignment under the influence of a
magnetic field®3. Further, liquid crystalline polymers with triphenylenes both in
the main and in the side chain have been prepared and analyzed 2t 54571
Photophysical properties of several different alkoxy substituted dibenzopyrene
derivatives have been determined to study the phase transitions with the help of
absorption and fluorescence spectroscopy.?® Two switchable ferroelectric
phases of a columnar dibenzopyrene derivative have been reported by Bock et
al?” Here, the co-existence of different columnar phases depends on the
strength of an applied electric field, thus opening possible applications for
electro-optical displays. From the examples given above, it can be seen that by
varying the size and geometry of the aromatic core of discotic liquid crystals, the
properties change dramatically. Increasing the size of the core results in
enhanced p-p overlap, thus giving rise to larger phase widths and more stable
mesophases. Vast differences in the mesoscopic properties are also seen by
changing the periphery, e.g. a hexahexylthiotriphenylene® exhibits a helical
columnar phase and was the previous record holder for charge carrier mobilities
of organic materials other than in single crystals.*®l. Simmerer et al. showed
that by changing the substituents on the perimeter of the triphenylene disc from
pentyloxy to butyloxy, one does not only proceed from a columnar hexagonal
packing to the formation of a so-called plastic discotic phase, but one also
increases the mobilities by an order of magnitude [*®! Two different alignments in
a magnetic field were observed when the triphenylene core was substituted with
six 4-n-octyloxybenzoate groups.®® And finally, Langmuir-Blodgett films of an
asymmetrically substituted triphenylene derivative carrying hydrophobic and
hydrophilic side chains were obtained and investigated *”!

This ample variety of functions, properties and applications also provided
impetus for the development of new and improved syntheses of triphenylenes.
Since Bachmann synthesized the first triphenylene® and Destrade et.al. the
first liquid crystalline derivative® in 1979, numerous improvements in the
synthesis and processing of triphenylenes have been reported.

Initially, hexaalkyloxy triphenylenes with groups larger than methyl had to be

prepared by a three-step route comprised of oxidative trimerization of veratrole
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with chloranil, demethylation of the hexamethoxy triphenylene, and then
alkylation of the resulting hexahydroxy compound. It was later shown that
various hexaalkoxy derivatives could be prepared directly from dialkoxy
benzenes using suspended FeCl; as oxidizing agent, followed by reductive
workup with methanol.®® Recently, Kumar and co-workers reported that VOCl
performs the same oxidation in high yield in very short reaction times (10
minutes), which was attributed to the high solubility of the oxidizing agent.!!
Further, unsymmetrically substituted triphenylenes were desired and a number

of routes have been developed for the synthesis of these *4

1.3 Synthesis and Properties of Hexabenzocoronenes

The very promising properties of alkyl-substituted hexabenzocoronenes (HBCs)
6a-d (Figure 5) prompted the group of Professor Millen to begin systematic

investigations of various functionalized derivatives. Hexabenzocoronenes
belong to the class of polycyclic aromatic hydrocarbons that possess an all-
benzenoid configuration of fused benzene rings.*® This is in itself quite unique
considering the fact that from the total of roughly 20.600 possible alternating
hydrocarbons having between 4 and 10 fused benzene rings, only 17 are all-
benzenoid 8 2 The ,benzene-like behavior* can adequately be described in
terms of Clar's model of the aromatic sextet.® In this qualitative, although
highly successful concept, the p-electrons are assigned to specific six-
membered rings in such a way that the largest possible number of p-electron
sextets is formed. If, according to the Clar formula, all p-electrons are
distributible in closed sextets, the number of carbon atoms necessary is an

integral multiple of six.
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Figure 5: Alkyl substituted and bromo functionalized HBCs

Alkyl-substituted hexabenzocoronenes 6a-6d and their functionalized
derivatives 7-9 (Figure 5) are discotic liquid crystalline materials with one of the
largest PAH cores (approximately three times the size of triphenylene). [26-%7]
This class of mesogen is being well recognized for its extremely large phase
widths (up to 250 °C)?" and its record charge carrier mobilities along the

columnar axis (1.13 cm?V1s1)i30. 351

It was Herwig who reported the first synthesis of an alkyl substituted HBC (6b)
in 1995.%%) Scheme 1 depicts the reaction sequence that was designed to
synthesize the first soluble HBC, since hexabenzocoronene®* ! without any
alkyl substitution 6: R = H) is completely insoluble in any common organic
solvent. The alkyl substituted diphenylacetylene 10b was synthesized in a four

step procedure from commercially available 4-dodecylaniline. In a cobalt
octacarbonyl catalyzed cyclotrimerization 4,4"-didodecyldiphenylacetylene (10b)
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was transformed to hexaphenylbenzene 11b. Hexa(4-dodecylphen-1-
yl)benzene is very soluble in many organic solvents and could be obtained
analytically pure after column chromatography, on multigram scale. The next
step in the reaction cycle is the cyclodehydrogenation, which is the most crucial
step for the synthesis of hexabenzocoronenes. Clar and co-workers reported
the synthesis of unsubstituted HBC 6: R = H) via the evolution of hydrogen
from the precursor at temperatures of 482 °C %% Naturally, this procedure was
not applicable to the alkylated precursor 11. It was Kovacic®® who reported the
utilization of a Lewis-acid (aluminum(lihtrichloride) and an oxidant
(copper(l)chloride) for the improved oxidative polymerization of benzene to
yield poly(para-phenylene) with molecular weights between 900 and 1000.5%-74
Herwig modified these conditions slightly by replacing the copper(ll)chloride
with copper(ID)trifluoromethanesulfonate and this system afforded the alkyl
substituted hexabenzocoronenes 6a-6d in moderate yields (ca. 50%).[26 271

Brand altered these cyclodehydrogenation conditions slightly, and was able to
achieve higher yields and a wider tolerance of other functionalities other than
simple alkyl chains.** 7 Here, iron(lil)chloride dissolved in nitromethane was
used as the Lewis-acid and the oxidant. A detailed history and description of the

development of the above dehydrogenation methods was discussed by D6tz in
2000.[73]
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[Co2(CO)g] IQ/I\/I\/IQ/l

AO—=0- -2,
dioxane, reflux @ O @
R R
10 a-d @
R
11 ad
R=CyoH21 (@)
Cle25 g b)) FeC|3, CH3N02
CiqH (C CH,Cl
CieHaz (d) Ze

Scheme 1: Synthesis of alkyl substituted hexabenzocoronenes

1.4 Mesophase Characterization

All alkyl substituted HBC derivatives 6a-d exhibit liquid crystalline mesophases.
This has been demonstrated by means of polarized optical microscopy studies
(polmic), differential scanning calorimetry (DSC), and X-Ray studies.
Temperature gravimetric analysis (TGA) analysis revealed that the compounds
are stable up to temperatures of 300 °C, at which point decomposition of the
molecules starts. Decomposition is characterized by two steps in the TGA
curve. At first the alkyl chains are cleaved at temperatures between 300 and
490 °C. After that, the unsubstituted HBC disc 6: R = H), which is stable at
temperatures up to 700 °C, sublimes between 500 and 600 °C."”> ™ Figure 6
shows a DSC heating and cooling cycle that is typical for the alkyl substituted
HBCs.

10
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Figure 6: DSC heating and cooling cycle of HBC-C1, (@ 10 °C / min)

The peaks can be assigned as follows: upon heating to 42 °C, a crystalline to
crystalline transition takes place (Ki® Ky), This is attributed to a change in
conformation of the mobile alkyl chains. Then, the transition into the mesophase
at 107 °C (Ko® Dy,) is characterized by the melting of the alkyl chains and the
onset of uni-axial rotation of the aromatic cores. A detailed investigation of this
phenomenon utilizing solid-state NMR technique will be discussed later. At 417
°C the isotropization temperature is reached and the compound enters the liquid
state. These DSC results point out that HBC-C 1, (6b) has a remarkable phase
width of 310 °C, which is among the largest ever reported for columnar
discotics.?”* ">7"1 The combination of TGA and DSC results unfortunately
demonstrate that an annealing process, which is sometimes very important for
optimum film formation when an application in devices is desired, can not be
accomplished. This is because annealing at the isotropization temperature of
417 °C is well above the beginning of the decomposition process at around 300
°C. From polarization microscopy, a fan-like texture, characteristic for columnar

discotic mesophases was observed.?”! X-Ray analysis executed in the liquid

11
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crystalline mesophase of the material disclosed the real nature of the structure.
Figure 7 shows an example of a X-Ray diffractogram recorded at 150 °C with

Cu-Ka radiation.

=
100 =
T ] m HBC'C12
b s _
:rgq alkyl halo %
1 -
T | T | T 1
4] 5 10 15 20 25 30

28/° —»

Figure 7: X-Ray diffractogramm of HBC-C1, in the mesophase

The most prominent reflections are marked and confirm that the assumed
discotic columnar structure is present and that the superstructure has a
hexagonal lattice 2] Their reciprocal spacing follow the ratio 1:+/3:+/4 :4/7:4/0.
The intercolumnar distance determined from the (100) reflection is 25.2 A
whereas the (001) reflection resolves the intracolumnar (face-to-face) distance
to be 3.55 A. The hexagonal superstructure finds support in the presence of the

(110) reflection.

1.5 Solid State NMR Spectroscopy

As mentioned above, solid-state NMR spectroscopy is a powerful tool for the
investigation of aromatic packing behaviors and dynamical processes in liquid

crystals.?* 7881 Using these techniques, the bulk properties and the solid state

12
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characteristics of a material can be studied. In the case of the alkyl substituted
HBC derivative 6b, a structural isomer in which the a-CH, protons were
replaced by deuterium (6b_a-dj,), was synthesized for these studies.?*" 34

Extreme high-field shifts of d = 5.6 ppm, have been recorded® for the aromatic
protons in the solid state phase indicative of the pronounced intermolecular
deshielding interaction present in the bulk. Fast magic-angle spinning (MAS)
and double-quantum 'H solid-state NMR spectroscopy have been used to
further investigate the p-p packing in the columnar structures formed by
hexabenzocoronenes and triphenylenes.®!! In the crystalline phase of the

former 6b_a-di,, three distinct aromatic signals (Figure 8 (1)) are found in the

single-quantum MAS spectrum, in spite of the hexagonal molecular
[34]

symmetry.

crystal phase
@T=60"C
= three aromatic resonances

Jt liguid crystal phase
A

@T=110°C
= single aromatic resonance

1I xSE—'—

dissolved in CDCly

111 @T=25°C
. = single aromatic resonance
T 14 12 1w 8 & 4 2 4 2 4 & ppm

Figure 8: Solid state NMR spectra of HBC at different temperatures and
herringbone-type arrangement in the crystal phase

These three distinguishable peaks are explained in terms of different ring
current influences of adjacent layers which the aromatic core protons
experience since they are stacked in a columnar-rectangular herringbone-type
fashion as demonstrated in Figure 8. These observation are in agreement with

the crystal structures obtained from substituted®" 8% and unsubstituted® HBCs.

13
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However, upon increasing the temperature, so that the liquid crystalline phase
is entered, the three aromatic signals merge into a single resonance (Figure 8
(I). This can be attributed to the transformation into the columnar hexagonal
mesophase and fast axial motion of the HBC discs around the columnar axis.
Quantum chemical ab initio calculations conducted are in agreement with the
solution and solid-state experimental data presented above® &l The
theoretical proton resonance frequency of an isolated HBC 6 (R = H) disc was
calculated to be d = 9.3 ppm. Computation of a trimeric aggregate system also
revealed three different high field *H-NMR signals for the aromatic core as has
been experimentally found with solid-state NMR techniques.3* 83 84

In addition to the data concerning the behavior of aromatic packing and
dynamical processes, solid-state NMR can reveal information about the degree
of order that is present in the hexagonally arranged columns formed by these
discotic materials. The order parameter S, which is defined by Equation 1.0,
determines how perfect the columns that are formed in the mesophase are

organized.

Dn .

Lo

E solid

S= (1.0)

n = NMR frequency in kHz

With S = 1 a perfectly ordered column would be defined and S = 0 would
circumscribe a totally random arrangement of discs. For example, the glass-
forming (2S,3S)-2-chloro-3-methylpentanoyloxypentakis(pentoxy) triphenylene
has an order parameter of S = 0.95, close to the maximum for a perfectly
ordered column!™ In the case of the alkyl substituted HBC-C1, 6b, S was
determined to be 0.84 which is substantially lower then the one reported for
discotic phaseforming triphenylenes.?”* ! Herwig and co-workers?” attribute
this to the fact that the area of the core of hexabenzocoronene is approximately
three times the size of triphenylene and therefore the overlap of the aromatic
core can be very well sustained even without “perfect” p-p overlap, thus still

exhibiting the extremely large phase widths reported above. However, it would
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1 Introduction

be desirable to improve the order in the columns, since charge carrier mobility

strongly depends on order and orientation of the columns. 8!

1.6 Charge Carrier Mobility

It is obvious that organic materials which exhibit a high intramolecular charge
carrier mobility are particularly suitable for the implementation in devices such
as Field Effect Transistors (FETs) or photovoltaic cells. However, it is not only
the value of the charge carrier mobility that is the decisive factor but also the
availibility, stability, and most importantly, processability for the decision:
Ordinary compound or material?*® 47 & 871 gince, discotic liquid crystals such
as triphenylenes and phthalocyanines meet most or all of the above criteria they
have been studied for their application in devices ever since they have been
synthesized .- &

In considering the bulk electrical properties of discotics, one must consider the
possibility of the molecules acting as nanowires where transport processes

occur strictly intermolecularly through the overlapping p-systems as opposed to
the situation of conducting polymers.®® These channels of p-systems are
coaxially insulated by the substituents attached to the periphery of the aromatic
core, thus the designation of nanowires. Transport processes in discotic liquid
crystals have been studied extensively in recent years.[!% 3941 47. 88 A recent
paper summarizes some the important concepts of this situation including
considerations of band gaps of such ensembles and charge injection.®

1 have been

Mechanisms for charge transport in a triphenylene dime
proposed after combining Pulse Radiolysis Time Resolved Microwave
Conductivity (PR-TRMC) measurements and Time of Flight (TOF) experimental
techniques, as well as simulations.*® 411 PR-TRMC utilizes a rapidly oscillating
electric field to probe charge carrier motion without the need for electrodes,
which are required in the case of TOF measurements. In 1994, Adam and co-
workers reported the highest charge carrier mobility fm= 0.1 cm?Vs) in the
helical columnar phase formed by 2,3,6,7,10,11-hexahexylthiotriphenylene (12),

which at that time was higher than for any organic material other than single
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crystal phases.”® Since then, many publications investigating the behavior of

this material have appeared.*® 40 4°]

12

It was A. van de Craats who reported the new record charge carrier mobility for
organic phase forming materials in excess of (m= 1 cm?Vs) in an alkyl
substituted hexabenzocoronene derivative®® ! Figure 9 depicts the
temperature dependant one-dimensional charge carrier mobility reported for

HBC-C1, 6b.

My =Ko Ka2—Dh A
A v
| 1 —
L ]
W - .
85 _
X
&
0l Koo Dy —
I heating 3
HBC-C a e .
| 12 (o cooling -
il 50 100 150 6b

temperature (°C)
-

Figure 9: Temperature dependant charge carrier mobility of HBC-C1, 6b

Upon heating, mk; remains almost constant at 0.96 cm?/Vs up to approximately
105 °C, where an abrupt decrease in charge carrier mobility down to 0.38
cm?/Vs occurs within a few degrees Celsius. After this, no further change in m,
is observed up to the maximum temperature of 200 °C attainable in the PR-
TRMC measurements. Upon cooling, the same behavior is detected with a

slight hysteresis.** *® The drastic changes in the mobility occur at temperatures
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at which the HBC-Ci» 6b transforms from the crystalline phase into the
columnar hexagonal mesophase. In the case of substituted HBCs, both crystal
structures and solid state NMR measurements indicate that in the crystalline
form the disks are stacked with an overlap much like that in graphite giving
optimum p-p overlap. The drop in charge carrier mobility upon entering the
mesophase, associated with increase in mobility and onset of uniaxial rotation,
is therefore attributed to a decrease in order. A similar temperature dependant
behavior was reported for the charge carrier mobility of mesomorphic
triphenylenest? 1 and also for phase forming phthalocyanines® °I. Mobilities
in the crystalline phases of some triphenylenes are more sensitive to
temperature changes, which is attributed to the smaller p-p overlap creating

greater susceptibility of the stacks to perturbation by the side chains.

1.7 STM Investigations

Columns built from hexabenzocoronenes with a face-to-face arrangement have
been described as typical supramolecular patterns of these benzene-based
macromolecules.?” 2 34 sych ordered arrays of molecules are important for
understanding many electrical and electrooptical properties. Further, they
document the need for a more general view upon electronic structures which
includes both intra- and intermolecular p-p-interaction. When dealing with
supramolecular architectures an immediate question concerns the persistence
length of the prevailing motif and the spatial extension of the particular patterns.
Such a view establishes a structural hierarchy which includes the initial
formation of aggregates of a few molecules and proceeds to increasingly
complex structures. The logical starting point of such considerations is the
visualization of single molecules in real space. Scanning probe techniques, e.g.
scanning tunneling microscopy?® 26 28. 29. 91951 gnd atomic force microscopy®Y,
are now available which allow such visualization in real space. In many
instances such experiments require the immobilization of the single molecules
in a matrix or at a surface for which the above principles of self-organization are

important.
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Substituted and unsubstituted PAHs can be made to self assemble in 2 and 3
dimensions as a result of intermolecular interactions and interactions with
surfaces or templates (Figure 10). Self-assembled monolayers may be
deposited on a variety of surfaces to vyield, in essence, 2-dimensional
crystals.[26: 28 52 93, %61 The electron-rich cores are particularly amenable to
visualization by scanning tunneling microscopy (STM), giving bright spots which
provide a clear map of the 2D lattice.* The findings of these endeavors include

characterization of the molecule and insight into packing behavior.

Figure 10: STM image of 13

The high thermal stability of large unsubstituted PAHs such as route shaped
compound 13 7 permits fractional sublimation at 550-650 °C under ultrahigh

vacuum conditions. The self-organization of the sublimed molecules leads to
epitaxial growth of monomolecular adsorption layers on substrates such as
molybdenum sulfide and HOPG as depicted in Figure 10. Using desorption
spectroscopy it was even possible to determine the binding energy of the

molecule to the surface. [°¢ %71

HBC 6 (R = H) forms a hexagonal lattice, indicated by earlier low-energy
electron diffraction (LEED) measurements and later confirmed by STM.%> %!

The coincidence of substrate and adsorbate symmetries is crucial for the
ordering, i.e. for the formation of 2D crystals. Additionally, the HBC 6 (R = H)

molecule, which itself resembles a graphite segment, is oriented along the
HOPG lattice in the same way as a (second) imposed graphite layer.*® This

concludes that the substrate rules the orientation of the molecules. Ordered
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monolayers of HBC could also be used as a ground floor for deposition of a
second layer of a perylenetetracarboxylic dianhydride.® This resulted in true
organic-organic heterostructures with interfaces flat on a molecular level,
presenting the first example of ordered growth of layers (from two different

planar molecules) in a heteroepitaxially stacked film.!°!

When the HBCs are substituted with flexible alkyl chains they can be deposited
on the surface by physisorbtion from solution./?s?®! STM images obtained at the
solid-liquid interface exhibit lower resolution due to a constant equilibration
between adsorbate molecules and molecules in solution as well as
conformational mobilities faster than the STM scanning rate. Visualization by
STM offers support to conclusions which might be drawn from 3D
measurements (X-Ray) such as interdigitation of side chains, interaction of
heteroatoms, hydrogen bonding, etc.®? Regularly ordered monolayers are
formed, where the flexible alkyl chains fill the space between the aromatic
cores. In the case of HBC-Ci» 6b, two co-existing packing patterns were
observed; one rhombic lattice and one where dimers orient in parallel rows.?®
28 |In all STM images presented here, the areas of higher tunneling current
(bright spots in the STM) correspond to the aromatic part of the molecule,
whereas the areas of lower current (dark spots) are attributed to the alkyl side
chains. Higher resolution for the aliphatic side chains could not be achieved due

to their fast dynamics at the solid liquid interface.

1.8 Functionalized Hexabenzocoronenes

Consideration of the molecular structure of HBC, with its hexagonal symmetry,
suggests its description as a “superbenzene”, where each peripheral benzene
ring is equal to one sp?-carbon of benzene. In this fashion, benzene-analogous
nomenclature is used to denote substitution patterns, e.g. HBCs functionalized
in the positions “ortho” 8 and “para” 9 as depicted in Figure 528, Alternative
procedures to synthesize any “meta” derivatives have yet to be implemented.
(This scheme becomes more complicated when substituents are placed in the

bay positions)
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These functionalized HBC derivatives were synthesized on a different route,

since the reaction sequence presented above (Scheme 1) can only produce

hexabenzocoronenes with a Cg symmetry. The corresponding bromo-

hexaphenylbenzene precursors that were required for the build-up of the bromo

functionalized HBCs were synthesized as depicted in Scheme 2 and Scheme

3.8
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Scheme 2: Synthesis of cyclopentadienones 16 and 18

Twofold Aldol condensation of 14 and 15 (as well as 14 and 17) in refluxing

ethanol yielded the tetracyclopentadienones building blocks 16 and 18

respectively (Scheme 2).
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Scheme 3: Synthesis of functionalized hexaphenylbenzenes

[4+2] Diels-Alder reaction of diarylacetylenes (19, 21, and 10b) with
tetraarylcyclopentadienones (16 and 18) in refluxing diphenylether with in situ
decarbonylation afforded the targeted bromo functionalized
hexaphenylbenzenes 20, 22, and 23. The hexaphenylbenzenes were obtained
in good yields and were very soluble in many organic solvents, all were fully
characterized by NMR spectroscopy, mass spectrometry, and elemental
analysis.[?®

Transformation of these hexaphenylbenzenes @0, 22, and 23) to the desired
hexabenzocoronenes (7-9, Figure 5) wusing aluminum(lil)chloride and
copper(IDtrifluoromethanesulfonate did not however, result in the HBC
compounds. According to mass spectrometry data, only partially cyclized
product were formed.?®! This problem was overcome by utilizing the same
methods that were earlier described by Brand, i.e. using iron(lll)chloride

dissolved in nitromethane as the oxidizing agent for the cyclodehydrogenation
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reaction. Implementing this method, bromo functionalized HBCs 7-9 were
isolated in excellent yields.?8!

By benzene-analogous transition-metal catalyzed chemistry, HBC derivatives
with cyano, ether, ester, amino, etc. functionality were prepared®® from the
functionalized HBCs (7-9). Their mesoscopic behavior as well as their packing
in two and three dimensions was studied. The direct visualization of two-
dimensional crystals and liquid crystals of hexabenzocoronene derivatives on
surfaces such as HOPG (highly oriented pyrolytic graphite) and molybdenum
sulfide was achieved by STM techniques.?® 28 2% % |n  the case of the mono
bromo-substituted HBC 7, a particularly interesting lattice structure was
observed®® with two types of arrangements: molecules associated in trimers
(bromine atoms located in the center) and single molecules. The
supramolecular arrangement reveals a hexagonal lattice in which single
molecules fill positions in the center of an ensemble of six trimers as depicted in
Figure 11.1%8

/ domain boundary

point defects

Figure 11: STM image of mono bromo HBC-C1, 7

The mono bromo-substituted HBC was also used as a starting material for a
surface active HBC with a tethered carboxylic acid group. This derivative was
then complexed with amino functionalized polysiloxane and polyethyleneimine
resulting in remarkably long columns essentially free of defects.®? 33 The
surface activity of this HBC was exploited to prepare LB films at the air-water

interface® These few examples taken together with the already existing vast
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number of triphenylene derivatives emphasize the wide horizon facing the field

of discotic liquid crystalline PAHSs.

1.9 *“Superbenzene” Chemistry

The number of possible large PAHs which have been prepared, and/or strictly
isolated, is relatively small compared to other classes of hydrocarbons .8 10
One limiting factor is the harsh synthetic conditions which are often employed. A
particularly mild and reasonably well-defined synthetic method has been
recently developed, & 1% by which Clar-type PAHs of unprecedented size
become available Scheme 4.1°"!

The synthetic route taken is surprisingly simple and allows a systematic
variation not only of the size, but also of the symmetry and the type of
periphery.?® The first phase of the sequence includes the synthesis of 3-
dimensional oligophenylene precursors, which, due to the twisting among the
benzene rings, are non-colored and nicely soluble. The second phase which is
the fusing of the benzene rings can be accomplished by the same mild oxidative
cyclodehydrogenation at room temperature that was described above 2* 73! The
requisite 3D-oligophenylenes are available by transition-metal catalyzed
cyclotrimerization of suitable diarylacetylenes or by the Diels-Alder reaction of
such diarylacetylenes with tetraarylcyclopentadienones and in situ
decarbonylation.?® The repetition of these reactions and the use of oligomeric
starting compounds with multiple acetylene (dienophile) and cyclopentadienone
(diene) functions leads to a remarkable structural manifold.*°* One example is,
Co22 25, which is the largest PAH that has been synthesized so far Scheme
4).11%21 MALDI-TOF spectrometry proves that, indeed, 108 hydrogens are
removed upon transition from 24 to 25 and that the resulting organic material is
99% pure 10
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Scheme 4: Reaction sequence for the synthesis of C222 25

The topology of the oligophenylenes is designed such that the previously
mentioned intramolecular dehydrogenation leads to a flattening of the molecule

and the transition from an oligophenylene to a Clar-type PAH.
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26 R=H,R=t-Bu 27 R=H,R=t-Bu

Figure 12: Structures of “supernaphthalene” 26 and supertriphenylene 27

The role of HBC as “superbenzene” as a repeat unit of giant fused PAHSs is
analogous to using benzene as a building block to produce fused homologues.
This is clear in the naming of the “supernaphthalene” 2602 and
supertriphenylene 27%%4 in which 2 and 3 “superbenzenes” (HBCs) are fused,
respectively (Figure 12).

Functionalization of “superbenzene” as described above, permits covalent

(29]

linking leading to, e.g. “superbiphenyl” 282% and the “supertolane” 291

prepared by transition-metal catalyzed coupling reactions starting from the
monobromo derivatives.
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29

Figure 13: Structures “superbiphenyl” 28, and the “supertolane” 29

Superbenzene as a building block of more complex macromolecular
architectures, becomes particularly obvious from the fact that a benzene-like
chemistry originates from the synthesis of mono-, ortho-di- and para-di-
substituted species mentioned above. Keeping in mind the versatile role of
functionalized benzene derivatives in polymerization and polycondensation
chemistry, it now becomes possible to design an analogous chemistry of

superbenzene.
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2  Motivation and Objective

2.1 Motivation

Once a chemical substance crosses the border from being simply a new
compound to the stage where its materials properties become most dominant
and relevant for its application in devices, one has to think of designing the
synthesis to be as easy, inexpensive and efficient as possible. For one class of
compounds this border has been crossed some time ago. Discotic liquid
crystalline hexabenzocoronenes are being recognized for their potential
applications in molecular electronics as already presented in the Introduction®®.
However, more thorough understanding of the potential of HBCs as materials
will require a library of derivatives, enhanced solubility and processability, and
improved synthetic routes to facilitate their preparation. Soluble conjugated
organic materials such as HBC combine the electronic properties of
semiconductors and the mechanical processing properties of polymeric
materials. This makes them suitable for commercial applications in
optoelectronic technologies where the adaptability and simplicity and low cost of
manufacture make them extremely attractive. In the field of photovoltaics where
the output vs. cost ratio ultimately defines the viability of a technology, solution-

processible organics have a unique advantage.

2.2 Objective

Recently published routes to prepare substituted hexabenzocoronenes relied on
multistep syntheses and long term planning of the substitution pattern in cases
with reduced symmetry and/or functionalized derivatives. It was the aim of this
work to improve procedures for preparing the building blocks needed for HBC
synthesis with symmetric six-fold alkyl substitution where a variety of different
substituents can be introduced as late in the reaction sequence as possible %!
Further, improvement of the solubility and processability of

hexabenzocoronenes is desired since up to this point all alkyl substituted HBCs
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6a-d are only soluble in organic solvents at elevated temperatures and re-
precipitate completely out of solution after cooling to room temperature.
Improved solubility will not only widen the range of feasible reactions but also
influence the processability in terms of spincoating from solution or the use of
printing techniques to produce homogeneous thin films that might find
application in devices. This task is targeted with the idea of using longer or
branched alkyl chains in combination with additional aryl groups as substituents
for the periphery of hexabenzocoronenes. Another outcome of this systematical
investigation of substituents could be the discovery of a HBC derivative that has
an isotropization temperature below the beginning of decomposition. This would
permit annealing and thus, give additional control for manipulating the material.

Since these substituted HBCs form columnar liquid crystals, the aromatic cores
undergo rapid axial rotation on the ns timescale in the mesophase. As a result
of this, the order parameter of the discs (for HBC-C1», 6b), S = 0.84, is found to
be considerably lower than in other columnar discotics.?”! Since high mobility
and low order limit the charge carrier mobility, it was also the aim to synthesize
a less mobile mesogen, which at the same time should improve hexagonal

columnar ordering (Figure 14).

disordered ordered

Increasing columnar order

Figure 14: Illustration of targeted orientation

Increase of intracolumnar order as depicted in Figure 14 can also be tackled by
the introduction of chiral substituents, demonstrated by the increased one-
dimensional charge carrier mobility which was reported for the helical

[39, 45]

mesophase of a hexa hexylthiotriphenylene derivative. Before the

introduction of liquid-crystalline hexabenzocoronenes, this material was the
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previous record holder for the mobility of charge carriers in organic liquid
crystals.® The influence of chiral substituents is also an attractive task for the
visualization of HBC derivatives with an STM at the solid-liquid interface on
surfaces such as HOPG. This influence could lead to interesting new
architectures of PAHs on defined surfaces.

In this context, “surface-induced chirality” was noted in monolayers of nonchiral
triphenylenes on the nonchiral surface HOPG. The disks were ordered in a 2D
hexagonal array as in the 3D mesophase, although with smaller intermolecular
distances. The appearance of a super-lattice in derivatives with longer alkyl
chains, as evidenced by differing contrasts, was attributed to “chiral domains”.
Bromo substituted HBCs 7-9 were earlier synthesized and characterized by
Brand and Wehmeier in the group of Professor Miillen.?® with benzene-analog
chemistry a variety of functionalized derivatives were reported.?® Following up
on this subject, the functionalization of hexabenzocoronenes was carried out in
such a manner that subsequent reactions towards the formation of dimers or

oligomers resulting in stabilized columns of HBC were envisaged.
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3  Novel HBC Derivatives with Cg
Symmetry

3.1 Introduction

A more thorough understanding of the potential of HBCs as materials will
require a library of derivatives and improved synthetic routes to facilitate their
preparation. Recently published routes to prepare  substituted
hexabenzocoronenes relied on multistep syntheses and long term planning of
the substitution pattern in cases with reduced symmetry and/or functionalized
derivatives.?® 271 Here, improved procedures for preparing the building blocks
needed for HBC synthesis with symmetric six-fold alkyl and aryl substitution will
be discussed. Detailed characterization of the materials properties by means of
X-Ray and solid-state NMR experiments will be presented?®!! Further, the
advantageous combination of room temperature liquid crystallinity and high
intramolecular charge carrier mobility®® proved to be very important and was
utilized in a photovoltaic cell with high external quantum efficiencies.2®! A
detailed scanning tunneling microscopy (STM) investigation revealed that the
functionalization of the HBC core with chiral alkyl and chiral alkylphenyl
substituents®” resulted in a fascinating staircase topology on the surface of

highly oriented pyrolytic graphite.[°°!

3.2 Hexaphenyl HBC — A New Material

3.2.1 Attempts Towards Direct Functionalization of
Hexabromo-hexaphenylbenzene

As reported by Herwig and co-workers in 19951%¢) a four-step synthetic

sequence was utilized to prepare alkyl substituted 4,4 -diphenylacetylenes, the

crucial building block for the hexafold-substituted HBC derivatives as depicted

in Scheme 5.7
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Scheme 5: Synthesis of alkyl substituted 4,4"-diphenylacetylenes

The synthesis started with commercially available 4-alkyaniline (30), which was
transformed via Sandmeyer reaction’®” to the corresponding 1-iodo-4-
alkylbenzene @1). Trimethylsilylacetylene and 1-iodo-4-alkylbenzene (1) are
then coupled under classical Hagihara*®® conditions to yield compound 33.
After deprotection of the acetylene with potassium fluoride in DMF, another
Hagihara coupling was carried out under slightly different conditions as
described before2%® This last step finally afforded the desired 4,4'-
dialkyldiphenyl acetylene (10a-d) which is the precursor needed for the
cyclotrimerization discussed in the introduction.

Two disadvantages of this synthesis easily come to mind: a) two of the four
steps are catalyzed by expensive palladium catalysts, and b) the introduction of
a different substituent can not be accomplished on the level of the 4,4’-
diphenylacetylene, but must be introduced right at the beginning of the reaction
sequence. This of course is hard to tolerate in view of fast and easy excess to
an ample variety of different substituents necessary for the screening of
potential materials application. To overcome this problem, direct
functionalization of the hexabenzocoronene core is required. It was already in
1968 that Broser et al*® reported the synthesis of hexakis-(4-bromphen-1-
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yl)benzene (35) (Scheme 6). Here, the synthesis was accomplished via [4+2]

Diels-Alder reaction in refluxing diphenylether with in situ decarbonylation of
4,4 -dibromodiphenylacetylene (21) and tetra-(4-bromphenyl)cyclopentadienone

(34).

21 Br: Br

diphenylether
—_—

Br reflux @
Br
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) ©
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Scheme 6: Synthesis of hexakis-(4-bromphen-1-yl)benzene

Following this procedure, it was possible to synthesize hexakis-(4-bromphen-1-
yl)benzene (35) on a multi-gram scale. Unfortunately, this hexa-functionalized
hexaphenylbenzene could not be transferred to the corresponding HBC
derivative, with six bromo atoms on the periphery, due to the very low solubility
of the resulting product.’? Since the synthesis of a hexa-functionalized HBC
failed, it was instead attempted to use the available hexakis-(4-bromphen-1-
yl)benzene (35) for further reactions.

As mentioned in the Introduction, the overall goal is not only to improve the
reaction pathways for the synthesis of substituted HBC derivatives but also to
improve solubility, processability and the materials properties for the class of
hexabenzocoronenes. Herwig??”! and others in our group synthesized a variety
of HBCs with different alkyl substitution. However, the materials that were
obtained were only soluble in organic solvents such as THF or toluene at
elevated temperatures, upon cooling precipitation was almost complete.

Since high mobility and low order limit the charge carrier mobility, the synthesis
of a less mobile mesogen, which at the same time should improve hexagonal
columnar ordering, was targeted. With this in mind, additional phenyl rings were
thought to be ideal for the insertion between the planar HBC discs and the

pendent alkyl chains. As outlined in Scheme 7 the reaction of bromobenzene
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with dodecanoy! chloride afforded 1-(4-bromophenyl)dodecan-1-one (37).1%

Then the reduction of the carbonyl functionality was carried out with hydrazine

hydrate and sodium hydroxide in diethylene glycol at 185 °C to afford

compound 38 as a colorless oil in good yields.**!

%
Br—@ g CuHzs Br—<@_{(o 'NHZNHz'aq,NaOH? Br-@-c H
AlCl, ) CyHy dethyleneghcol, 185° 15
36 37 38

Scheme 7: Synthesis of 1-bromo-4-dodecylbenezene (38)

Having the right precursor in hand, the next step was to decide on a appropriate
coupling reaction, since a six fold functionalization of hexakis-(4-bromphen-1-
yl)benzene (35) had to be attempted. In 1981 Hayashi et all**? reported that
palladium dichloro[1,1"-bis(diphenylphosphino)-ferrocene], henceforth referred
to as [PdCly(dppf)], is an effective catalyst for the reaction of secondary and
primary alkyl Grignard and alkyl-zinc reagents with organic halides to give the
corresponding coupling products selectively in exceedingly high yields. Since
extremely high yields and selectivity are the prerequisites for a six-fold coupling
reaction it was decided to try to functionalize hexakis-(4-bromphen-1-
yl)benzene @5) under Kumada-type®'? coupling conditions. At first, a one
molar solution of 4-dodecylphenylmagnesiumbromide was prepared under
classical Grignard conditions.?®”! Then this solution was added dropwise to a
degassed suspension of hexakis-(4-bromphen-1-yl)benzene @5) in dry THF
(Scheme 8). An inert atmosphere and the use of absolutely dry solvents are
crucial for this reaction, since even traces of water will jeopardize the complete
coupling of all six bromo functionalities with the corresponding Grignard

reagent.
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,
[PdCly(dppf)], THF, reflux

: Bng‘@' CioHog

Scheme 8: Attempted reaction sequence for the synthesis of
dodecylphenyl substituted HBC

After refluxing the reaction mixture overnight and purification of the crude
product, *H-NMR spectroscopy mass spectrometry analysis revealed that two
products had formed. The major percentage of the analyzed fraction could be
attributed to the desired product. However, around five percent of a side product
had formed where one of the six peri positions was not substituted with a
phenyl-alkyl side chain. Debromination had occurred and was attributed to high
temperatures or to the fact that not all of the starting material (hexakis-(4-
bromphen-1-yl)benzene @5)) was dissolved at the beginning of the reaction.
Nevertheless, it was inspiring that 95% of desired product had formed. During
the course of the following experiments, the temperature, concentration of
starting material and amount of catalyst was varied. Unfortunately, it was not

possible to run the reaction without the formation of by-products. On the other
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hand, attempts to purify the mixture also failed due to the similar chemical and
physical properties of the products. After having tried different reaction
conditions and methods of purification, it was considered possible that
separation of the two products could be feasible after the mixture of products
was subjected to the next step in the reaction pathway. Cyclodehydrogenation
using iron trichloride dispersed in nitromethane was selected as the method of
choice for the oxidative removal of the twelve hydrogen atoms.®4 While the
experiment was carried out under the optimized and tuned
cyclodehydrogenation conditions developed in our group the proceeding of the
ongoing reaction was monitored by means of FD-mass spectrometry. After
taking a sample every 5 minutes it became obvious that after 45 minutes the
reaction was complete. Quenching of the mixture followed by analysis of the
obtained product revealed again the presence of the impurity described above.
Again, attempts to separate the two compounds by column chromatography or
methods of fractional re-precipitation failed. It was clear that a different reaction

sequence had to be chosen to obtain the desired product.

3.2.2 Synthesis of Hexaphenylhexabenzocoronene
(HBC-PhC,)

Since the direct hexa-functionalization of hexakis-(4-bromphen-1-yl)benzene
(35) could not be achieved, it was the goal to target the next nearest precursor
in the reaction sequence. The material best suited for this new attempt is 4,4"-
dibromodiphenylacetylene (21). Scheme 9 outlines the synthesis of 4,4’-
dibromodiphenylacetylene (21), which can be prepared in a two step synthesis,

according to literature procedures!?® 721131141 gn several hundred gram scale.

@ Br2 HOAc B Hone o Br KOLB
39 40 21

Scheme 9: Synthesis of 4,4’ -dibromodiphenylacetylene (21)
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However, previous attempts?®l to functionalize 21 under common Grignard
coupling conditions using NiCk(dppe), NiCk(dppp), or Pd(PPhs3)s; were
unsatisfactory. Encouraged by the high conversion rates of the new
[PdACl(dppf)] catalyst, the functionalization of 4,4 -dibromodiphenylacetylene
was the next experiment to be conducted on the way to a faster and easier
route towards the synthesis of liquid crystalline hexabenzocoronenes.

The new synthesis is outlined in Scheme 10. First, in a Kumada-type coupling
reaction catalyzed with [PdCh(dppf)]**? 4,4 -dibromotolane (1) reacts with 4-
dodecylphenylmagnesiumbromide to give di(4-dodecylbiphenyl) acetylene @1)
with a vyield of 75%. Cyclotrimerization of 41, catalyzed by [C0,(CO)g], in
dioxane then afforded hexa(4-dodecylbiphenyl)benzene (42) with 70% yield

after workup.

Bng‘@' CioHog
Br-<::>-EE-4<:>h-Br » R = R
O [PACIx(dppf)], THF, reflux @ @
21 R = —@- CioHos

reflux

l&?:;;ﬁ?s]*
R
e, OTO
or ©
;

CH,Cl,

42

Scheme 10: Reaction sequence for the synthesis of HBC-PhCi, 43

The key step for the synthesis of HBCs is the oxidative cyclodehydrogenation.
Here, hexa(4-dodecylbiphenyl)benzene (42) was dissolved in CH,Cl, and
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flushed with argon for several minutes, before adding FeCl; dissolved in
CH3NO.,. Precipitation with MeOH after 45 minutes and workup finally afforded
hexa(4-n-dodecylphen-1-yl)hexa-peri-hexabenzocoronene 43, henceforth
referred to as HBC-PhC1, 43, with 80% yield [2%4

As indicated by Scheme 10, the reaction afforded the desired product
analytically pure and in good yields. This is the first example in our group and in
the literature showing that it is feasible to directly functionalize 4,4-
dibromotolane (21). The discovery of the [PdCly(dppf)] catalyst for this reaction
sequence is a milestone for faster excess and multiple convertibility towards
new hexabenzocoronenes.

When HBC-PhC1, 43 became available in larger quantities, it was obvious that
the material would have different properties than HBC-C1» 6b which is the

parent case for all comparisons.
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Figure 15: High resolution *H-NMR spectra of HBC-PhC1, 43 at different
temperatures
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During the workup of HBC-PhCi2, 43 and sample preparation, it was most

striking to notice the dramatically increased solubility of this new HBC
derivative. However, upon measuring a ‘H-NMR spectra only very low
resolution was achieved (Figure 15, bottom).[:%4

It is well known in the literature, that a major obstacle in the NMR-spectroscopic
description of PAHs, related to the limited solubility, is the strong tendency of
the disc-type structures to form aggregates in solution!*® ¢ \which causes
significant line broadening and shielding. The shielding in this case is of course
intermolecular, versus the diatropic effects!'’”! which are normally considered
when looking at single aromatic molecules. Figure 15 shows, however, that by
increasing the temperature from 298 K to 450 K one can obtain *H-NMR signals
with sufficiently narrow line widths.[%4

This simple experiment already indicates that strong intermolecular forces such
as p- interactions and interlocking of the pending phenyl rings must be
present. More detailed studies such as polarized optical microscopy (POLMIC),
differential scanning calorimetry (DSC), X-Ray, and solid state NMR

spectroscopy will be described in the following chapters.

3.2.3 Mesophase Characterization of HBC-PhC,: TGA, DSC,
and POLMIC Analysis

DSC measurements were performed to study the phase behavior of HBC-PhC 12
43. The DSC curve is shown in Figure 16, whereas the phase transition

temperatures and enthalpy changes are given in Table 1.
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Figure 16: DSC trace for the third heating trajectory of HBC-PhC;, at
10 °C/min

At temperatures below -10 °C, HBC-PhC;, 43 is a solid but exhibits a first broad
liquid crystalline phase transition, K® D, in the room temperature area between
- 6 °C and 28 °C, with a maximum at 15.3 °C. The endothermic enthalpy
change that is correlated to this peak is in the order of 30 kJ/mol and thus in the
range of characteristic enthalpy changes reported for other mesophase forming

d [27. 28

hexabenzocoronenes such as 6a- I On further heating a second sharp

transition,D1® D, was found at 79.8 °C. The energy change that corresponds to
this transition is 16.6 kJ/mol. The transition from the mesophase into the
isotropic liquid, Do® I, at around 420 °C is accompanied by a small change in
enthalpy of about 5 J/g but was measured only as an exception, since it occurs
at temperatures above 350 °C where decomposition slowly starts. On cooling
the sample to temperatures below 350 °C, reversible phase transitions with

supercooling in the range of 20 °C were observed.
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T [°C] DH [J/mol] Transition
HBC-PhC, 43 15.3 30 K® D1
79.8 16.6 D1® D>

Table 1: Phase transition temperatures, enthalpy changes, and structural
assignments for HBC-PhCi, (K = crystalline phase, D; = first mesophase,
D, = second mesophase)

To further study the thermal behavior of HBC-PhCj, by optical microscopy
studies, a drop cast film was prepared from a chloroform solution. At room
temperature, the film already showed birefringence supporting the findings that
HBC-PhC;, forms a mesophase at room temperature. On heating the material
under an nitrogen atmosphere, HBC-PhC 1> underwent only one phase transition
at around 420 °C where the material becomes isotropic. The other phase
transitions at 15.3 and 79.8 °C were not observed due to the fact that
compound 43 is already liquid crystalline at room temperature and the
experimental setup does not allow studies which require cooling below room
temperature. The textures observed in the POLMIC experiment were not well
developed domains and did not show any ribbon- or fan-like structures typical
for columnar mesophases'* & 119 Qwing to this fact, no mesophase

superstructure was assigned to HBC-PhC 1 at this point.

3.2.4 Solid State NMR and X-Ray Investigations

The fact that solid state NMR methods are a great tool to investigate the
behavior and properties of discotic liquid crystals can be concluded from the

Introduction. The results!

that are presented below were obtained from of a
collaboration with Dr. Kai Saalwéachter in the group of Prof. Dr. Spiess.

For both HBC-C1> 6b and HBC-PhCi; 43, WAXS patterns demonstrated that
the high-temperature LC mesophases exist as ordered columnar hexagonal

(Colv) superstructures (Figure 17).27 104

For a perfect hexagonal lattice,
reflections at small angles with relative spacings of 1:C8:04:07:(0 are expected,

where the intensities depend on the perfection of the lattice and the order
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parameter. As shown in Figure 17, only the first three peaks, i.e. (100), (110),
and (200), are observed for HBC-C 1, while the fourth peak, (210), is apparent
for HBC-PhC 1, above the noise level, indicating improved long-range packing of
the columns to form a hexagonal arrangement. In addition, the packing of the
cores within the columns is improved, as indicated by the sharp (001) reflection
at 2g»25.6°. This corresponds to an intermolecular distance of 0.350 nm
between the aromatic cores, which should be compared to a spacing of about

0.355 nm in the LC phase of HBC-C1,, where the (001) reflection is significantly

broader.?7: 104
g =
10 ook
| HBC-C,, HBC-PhC,,
T ] T 100
'o g ! 10
= alkyl halo g

280" ——a= 28—

Figure 17: X-Ray diffractogramms of HBC-Ci, and HBC-PhCji; in the
mesophase

Structure and dynamics on a molecular level can be probed in detail by
advanced solid-state NMR spectroscopy.'?® For the high-temperature LC
phase, the rapid rotation of the disc-shaped molecules about the columnar axis
has been confirmed by ?H NMR,?” and more recently by *H double-quantum
(DQ) magic-angle spinning (MAS) NMR.BY This rotation leads to an averaging
of the respective interaction tensors, i.e. the quadrupolar coupling tensor in the
case of ’H NMR, and the homonuclear dipolar coupling tensor in the case of *H
DQ spectroscopy. Thus, fast motional processes can by quantified by
measuring the reduction of the coupling constants. If the symmetry axes of the

tensors (the CH-bond vector and the H-H internuclear vector of the two core-CH
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protons) lie in a plane perpendicular to the rotational axis, the coupling
constants are reduced by a factor of 0.5. With the two methods, reduction
factors of 0.40 and 0.42 have been observed, corresponding to order
parameters!?Y! for the discs of 0.80 and 0.84, respectively, indicating additional
out-of-plane or librational motions.

The application of both methods mentioned above is limited. 2H-NMR
spectroscopy requires specifically isotopically labeled samples, which
represents a considerable synthetic challenge, while *H DQ MAS NMR is
unsuitable in the case of HBC-PhC 1, 43, since the core-CH and the exo-phenyl-
CH H resonances cannot be differentiated. Both limitations are overcome by a
recently developed heteronuclear multiple-quantum correlation method. REPT-
HMQC (Recoupled Polarization-Transfer Heteronuclear Multiple-Quantum
Correlation)*?” is a two-dimensional correlation experiment for solids under
very-fast MAS, which exploits the concept of a 'separated local field'
spectroscopy.’?? An advantage of this technique is the enhanced site-
resolution, made available by the observation of 3C resonances, rather than *H.
As in *H solid-state DQ MAS spectra, the signal in the MQ dimension can be
distributed over several orders of spinning sidebands, with intensities depending
on the dipolar coupling and the spinning frequency.*?® 24 These sideband
intensities can then be used to quantitatively evaluate the heteronuclear dipolar
coupling of site-resolved carbons to their neighboring protons. The sensitivity of
the technique to dipolar couplings of different magnitudes can be chosen by
simply changing the so-called recoupling time, t.cp, which corresponds to the
number of rotor periods, t g, used to excite the MQ modes.

By measuring the dipolar coupling within a CH moiety, one can use such 2D
spectra to obtain site-resolved dynamical information in complex molecules
without the need for isotopic labeling. It should be emphasized that the REPT-
HMQC method is applicable to samples naturally abundant in *3C, and only
requires small amounts of sample, typically 10-15 mg. Both the heteronuclear
dipolar and the quadrupolar coupling tensor of a C-*H and a C-°H group,
respectively, exhibit the same symmetry, such that the results from the

experiments described here can be seen as being analogous to those obtained
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by 2H-NMR spectroscopy, the latter being a well-established method for the
investigation of liquid crystals.*?!

In Figure 18, MQ spinning sideband patterns corresponding to the core-CH
signals of HBC-C;, and HBC-PhCi, are displayed for different temperatures
and different recoupling times. In the latter case, as shown in the 3C CP MAS
spectra, the exo-phenyl-CH are resolved from the core-CH signals. For very-
fast MAS 12% 128l the sideband pattern is that of an isolated spin pair, i.e. being
composed of odd-order sidebands only, with the observed intensity distribution
depending on the product of the recoupling time and the dipolar coupling

constant.1120 123]

exo-phenyl-CH
core-CH \ core-CH
AAAN__PC-CP-MAS M_,\{ 1°C-CP-MAS
1!‘;‘:0 1:10 12I‘0 160 Elﬂ BIO A-ID 2I0 1I50 1:10 1I20 1IIJD E;D E‘:ﬂ 4ID i‘lﬂ
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Figure 18: Solid-state 'H-3C heteronuclear multiple-quantum spinning
side-band patterns, obtained at a spinning frequency of 25 kHz using the
REPT-HMQC pulse sequence

The shown sideband patterns for the room-temperature and high-temperature
LC phases of both materials are similar, but the recoupling times are 2tr and 4

tr for the RT and LC phases, respectively. This means that the dipolar coupling

44



3 Novel HBC Derivatives with C6 Symmetry

are reduced by approximately 50%. A closer inspection reveals that the
sideband pattern for the LC phase of HBC-C1» exhibits less intense third-order
sidebands, indicating a weaker coupling than in HBC-PhC ..

The dipolar coupling constants were evaluated quantitatively by numerically
fitting the sideband patterns to the analytical solution for the case of a
heteronuclear spin pair; such best-fit spectra are shown as dotted lines in
Figure 18. From various independent measurements, the average dipolar
coupling constant for a rigid aromatic CH group - as found in the RT phase of
both materials - was determined to be 20.9+0.5 kHz, which corresponds to an
internuclear distance of 113+1pm, while the motionally reduced coupling
constants for the LC phases were determined to be 8.2+0.9 kHz and 9.7+0.9
kHz for HBC-C1, and HBC-PhC,, respectively. Thus, one calculates reduction
factors of 0.39+0.04 and 0.46+0.04 for the motional processes in the two
materials, corresponding to order parameters of 0.78+0.09 and 0.93+0.09.
Within the limits of experimental error, the value for HBC-C1, agrees with the
earlier findings.?” ¥ In contrast, for HBC-PhC1, the order parameter for the
discs has increased by 15 %, which means that the rotational motion is better
defined and that additional out-of-plane motions are suppressed more
effectively. It should be emphasized that the increase in the order parameter is
better defined than its absolute value, which is subject to systematic deviations.

It may further be noted that the MQ measurements were carried out at 120°C,
such that the motional processes in both HBC samples are assured to be fast
on the NMR timescale, i.e. at least in the ns range. In this respect, from the
decrease of *H MAS linewidths upon heating, it became clear that for HBC-
PhC1,, despite its lower calorimetric phase transition temperature of 79.8 °C,
the degree of motional averaging still increases up to about 110°C. One should
keep in mind that these thermally activated motions, though fast on an NMR
timescale, are not expected to interfere with the dynamics of the hopping
process of charge transport, which takes place on a timescale of less than 1 ns.

These NMR findings strongly support the conclusion of high intracolumnar order
drawn from the X-ray data, and thus we can state that order phenomena in the
LC phase of HBC-PhC3i2 not only extend to longer ranges - as detected by

scattering experiments - but also manifest themselves in a well-defined packing
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of the rotating discs on a molecular level. We also note that preliminary results
concerning motional processes in the sidechains at different temperatures
indicate an initially surprising higher mobility in HBC-PhC1, as compared to
HBC-C,, indicating that a higher order of the HBC cores does not necessarily
lead to an overall reduction of mobility in the system. Since the charge carrier
transport properties in such systems are limited by the degree of long-range
order within the columns, the possibility of the system to undergo molecular
reorientations due to this motional freedom, thus allowing for self-healing, is
highly desirable.

In summary, the design, synthesis and mesophase characterization of a
hexaphenyl substituted HBC has indicated that symmetric substitution can
inhibit out-of-plane mesogen mobility without interrupting the columnar
hexagonal superstructure. Both MQ NMR results and X-ray diffraction indicate

higher inter- and intracolumnar ordering in the mesophase.

3.2.5 Charge carrier mobility

The results presented in this section are the direct outcome of a strong
collaboration with Dr. Anick van de Craats in the group of Professor Warman,
TU Delft.

Increasing attention is being paid to the possible application of discotic
materials as conducting layers in organic molecular electronic devices. These
compounds such as HBCs 6a-d and 43 self-organize into columnar stacks with
aromatic macrocyclic cores surrounded by a saturated hydrocarbon mantle.
This insulated, coaxial structure results in the one-dimensional transport of
charge within the core. Furthermore, their liquid-crystalline properties offer the
possibility of obtaining extensive, well-organized layers in which the columnar
orientation can be controlled and self-healing of structural defects can occur.
For optimum performance, compounds are sought which display high charge
carrier mobilities and extensive temperature regimes over which they have
liquid-crystalline mesophases.

Mesomorphic derivatives of hexabenzocoronene 6a-d and HBC-PhCi, 43

display this combination of advantageous properties.*® 3! For the first time for
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discotic materials, a charge carrier mobility in excess of 1 cm?/Vs was observed
in the crystalline solid phase of these materials, and a value as high as 0.5
cm?/V's was found even in their hexagonal columnar liquid crystalline phase. In
addition, one of the compounds was liquid crystalline at room temperature and,
because of its high solubility in organic solvents, can be readily spin-coated thus
making it an ideal candidate for device applications.% 3%

The molecular structures of the hexabenzocoronene derivatives studied are
shown in Figure 19. Their phase transitions as monitored by differential

scanning calorimetry (DSC) are given in Table 2 and indicated in Figure 19.

T [°C] DH [J/mol] Transition
HBC-C 1o 6a 69 9 Ki® Kz
124 64 K2® Dy,
HBC-C1, 6b 42 10 Ki® Kz
105 78 K2® Dp
HBC-C14 6C 52 13 Ki® Kz
107 99 K2® Dp
HBC-PhC;;, 43 15.3 30 Ki® Dq
79.8 16.6 Di1® D>

Table 2: Phase transition temperatures, enthalpy changes, and structural
assignments for HBCs 6a-c and HBC-PhCi» 43 (K = crystalline phase, Dy =
hexagonal mesophase, D1 = first mesophase, D, = second mesophase)

The sum of the one-dimensional charge carrier mobilities, Smp, has been
derived from the pulse-radiolysis time-resolved microwave conductivity
technique (PR-TRMC). The values of Smp are plotted as a function of

temperature in Figure 19.
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Figure 19: Temperature dependence of the intracolumnar charge carrier
mobilities. Phase transitions as indicated by DSC are depicted by vertical
arrows.

The temperature-dependence for the three directly linked n-alkyl derivatives,

6a-c, is seen to be very similar: the mobility increased slightly on heating in the

crystalline solid phase, K, with no abrupt changes observed at the solid-solid

transitions found in DSC measurements. On entering the Dp-mesophase
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however, an abrupt decrease in the mobility occurred after which it increased
again gradually on further heating. On cooling, the mobility values were
reproduced with a hysteresis of approximately 20 °C at the reverse D\® K

phase transition. The drastic changes in the mobility occur at temperatures at
which the HBC 6a-c transform from the crystalline phase into the columnar

hexagonal mesophase. In the case of substituted HBCs, both crystal structures
and solid state NMR measurements indicate that in the crystalline form the
disks are stacked with an overlap much like that in graphite giving optimum p-p
overlap. The drop in charge carrier mobility upon entering the mesophase,
associated with increase in mobility and onset of uniaxial rotation, is therefore
attributed to a decrease in order. The behavior observed was similar to that
found previously for n-alkoxy-substituted phthalocyanines,®® for which the
decrease at the K® Dy, transition was attributed to the greater motional freedom
and resulting increased structural disorder with the columns in the mesophase.
The mobilities measured at 10 degrees below and above the K® Dy, transition

temperatures are listed in Table 3.

T [°C] Phase am, [°Cl| tuz[ns]

HBC-Cio 6a 115 K> 0.55 180
133 Dn 0.26 142

HBC-C1, 6b 98 K2 0.96 360
110 Dn 0.38 180

HBC-C14 6C 98 K> 1.13 1840
116 Dn 0.31 120

HBC-PhC1, 43 -78 K1 0.17 1800
22 D1 0.22 1000

192 D2 0.46 540

Table 3: Intracolumnar charge carrier mobilities é mp , and first half-lives

tue
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The values for the K phase increased with increasing alkyl chain length up to a
value slightly in excess of 1 cm?/V s for the HBC-C14 compound. The values for
the Dy, or D, phase varied only slightly with the majority of the data for all four
compounds lying within the range 0.4+0.1 cm?/Vs, which is well within the

experimental error of the experiments.

For HBC-PhC3i2, in which the alkyl chains are coupled to the core via a
phenylene moiety, no evidence was found for an abrupt change in Smp at any
temperature within the range studied. Even on cooling to -78 °C no abrupt
increase in Smp, indicative of the formation of a crystalline solid phase, was
observed. The values of Smp, determined at room temperature and at the
lowest and highest temperatures measured, are listed in Table 3. In view of the
fact that no abrupt transition was observed, and the absolute values of the
mobility at elevated temperatures were very close to those for the Dy, phases of
the HBC 6a-c compounds, it is further confirmation that HBC-PhC1, was in fact
liquid-crystalline (Colno) at all temperatures studied and thus does not undergo
the transformation from the typical Herringbone (Col,) arrangement in the
crystalline phase to the Coly, orientation in the LC phase, resulting in generally
lower values for the charge carrier mobility at temperatures below 100°C (see
also further discussion in the X-Ray section). In support of this conclusion, the
compound was found to be malleable even at room temperature and could be
readily compressed by hand to a density of 0.95 g/cm?, which is considerably
higher than can be achieved with polycrystalline solids. The relatively broad
DSC peaks observed at ca. 15 and 80 °C are therefore attributed to

conformational changes within the mesophase and addressed as D; and D,.2*

34, 104]

The mobility values for the liquid-crystalline phases of the present compounds
are the highest ever found for discotic materials, and are well in excess of the
value of ca. 0.1 cm?/ V s found by both PR-TRMC and time-of-flight techniques
for the H (helical) phase of hexakis-hexylthio-triphenylene (12), a previous
record holder*® #*! The values are in fact comparable with the room-

temperature mobilities determined for single crystals of aromatic compounds!*?]
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and approach the value of ca. 3 cm? V s found for the inter-sheet mobility in
graphite 1!

Also listed in Table 3 are the first half-lives, ti», of the mobile charge carriers in
the present materials. As was previously found for the K phase of n-alkoxy-
substituted phthalocyanines, tj» for the HBC 6a-c compounds increased
dramatically with increasing alkyl chain length in the solid.®® 2% This was taken
as evidence that the decay process involves charge recombination via
intercolumnar tunneling through the saturated hydrocarbon mantle. The shorter
life-times in the mesophase for the longer chain compounds were attributed to
the occurrence of an additional pathway for recombination when the alkyl
chains melt, involving intercolumnar diffusion of charged macrocyclic units. It is
interesting in this regard that t,, for the HBC-PhC1, material is considerably
longer than for the Dy phase of the HBC 6a-c compounds. This indicates that
the columnar structure in the mesophase of the former is much more stable with
respect to intercolumnar diffusion. It also indicates that electronic cross-talk
between the columns for this material should be much less, which would further
increase the one-dimensional anisotropy of charge transport.

In conclusion, it was demonstrated that charge-carrier mobilities in
mesomorphic derivatives of hexabenzocoronene are larger than any mobility
value previously found for liquid-crystalline discotic materials. In addition, it was
found that the liquid-crystalline properties can be preserved even at sub-
ambient temperatures by incorporating a phenylene group as the coupling
element between the core and the peripheral alkyl chains. The resulting
combination of high mobility, room-temperature liquid-crystallinity, and very high
solubility in organic solvents makes the HBC-PhCi, compound a particularly
attractive candidate for applications as a conducting layer in molecular

electronic devices, which will be demonstrated in the following section.
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3.2.6 HBC-PhC,, as asemiconductor in high efficiency
photovoltaics
All the results presented in this section are the direct outcome of a strong
collaboration with Lukas Schmidt-Mende in the group of Professor Friend,
University of Cambridge.
High efficiency organic photovoltaic devices derive their performance from two
basic elements: The dissociation of photo-excitons and the transport of the
resulting separated charge out of the devices. Blends of soluble conjugated
polymers and dyes which phase separate into interpenetrating networks of
polymers which exhibit photoinduced charge separation have been used to
create devices with external quantum efficiencies (EQE) of 5-10%.1%% 131 The
high degree of photoluminescence quenching in these systems suggests that
transport, not exciton dissociation, limits performance. By using lamination to
create a multilayer device with an idealized charge transport structure from
spin-coated films soluble in a common solvent, external quantum efficiencies
(EQE) as high as 29% were demonstrated.*? However, yield and scaling
difficulties limit the commercial application of a lamination technique. Impressive
efficiencies have also been demonstrated with small molecule devices relying
on either carefully controlled layer deposition of charge transfer pairs or the use
of extrinsic dopant-mediated charge transfer in a high mobility molecular
matrix.['3*1*° However, both of these approaches suffer from the need for UHV
processing.
In the following passages it will be demonstrated that phase-separated blends
of soluble, small molecule materials have been utilized in such a way as to
produce self-organized photovoltaic structures with maximum EQEs of >34%
and power efficiencies of 1.7%. Microscopy, spectral characteristics and basic
modeling indicate that a nearly ideal, vertically segregated structure, with a high
interfacial area between the electron accepting perylene and hole-accepting
hexabenzocoronene, HBC-PhC;, 43, components has been attained. In this
way, multicomponent self-organization, inducing a high interfacial surface area
morphology and a vertically segregated composition, has been applied to
organic photodiodes in such a way that complex ideally-ordered structures can

be realized in a potentially manufacturable technique. It is uniquely different
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from other extrinsic approaches that rely on multiple evaporation, lamination or
spinning steps to create stratified organic structures.

The materials used in this study include commercially available perylene N,N'-
Bis(1-ethylpropyl)-3,4,9,10-perylenebis(dicarboximide) (perylene diimide 44,
Figure 20) and the discotic, liquid crystalline hexaphenyl-substituted
hexabenzocoronene (HBC-PhC, 43).11%4

o = O
- O \ /—(( L G 4
B ecesete |
44

Figure 20: Structure of perylene diimide 44 and electron diffraction image
of a spin coated film

Perylene diimides are known to possess high electron mobilities*® **®! and have
been utilized previously as an electron acceptor and transport material in small

[133. 137, 138] " Electron diffraction has

molecules and dye-polymer blend devices
been used to show the high crystallinity of the perylene in spin-coated films. The
perylene dye and the HBC-PhCi, are both soluble in chloroform. As already
outlined in the above sections HBC-PhC; is discotic liquid crystalline (LC) at
room temperature. In the LC phase columns of disc-shaped molecules are
formed, which give rise to a quasi-one-dimensional transport of charge carriers
and excitons along the columns with high carrier mobility. Mobilities as high as
Smp = 0.22cm?Vs have been measured for intracolumnar charge carrier
motion in HBC PhC1,.%%

Figure 20 shows the structure of the perylene molecule and an electron
diffraction image taken from a spin-coated xylene film. The most dense ring of
diffraction spots from perylene crystallites corresponds to a spacing of

approximately 3.5 A which is similar to the p-p stacking direction spacing
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observed in many conjugated molecules.'*® Cyclic voltammetry indicates a
HOMO-level of 5.25 eV and a LUMO-level of 2.64 eV for HBC-PhC1, which has
a relatively large bandgap of 2.61 eV as demonstrated in Figure 21. Relative to
the perylene, which has a high electron affinity as a result of the electron-
withdrawing diimide bridges, there is 0.65 eV LUMO step and 0.07 eV HOMO
step which promotes exciton dissociation and charge transfer, verified by

photoluminescence quenching.
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Figure 21. HOMO- and LUMO-levels of HBC-PhC;, 43 and perylene
diimide 44 (CB = contuctance band (LUMO), VB =valence band (HOMO))

Both the hexabenzocoronene and the perylene exhibit characteristic thin film
morphologies upon spin coating from 15 g/l solutions. Figure 22 (a, left) shows
the tapping mode AFM image of a pure HBC-PhC;, on 5 mm and 20 nm (inset)
scales which shows a smooth, textured surface with a RMS surface roughness
of <10 nm. Polarized light microscopy indicates the presence of large domains

with typical in-plane lengthscales of hundreds of microns.
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Figure 22: Tapping mode AFM image of pure HBC-PhCi; (a, left) and pure
perylene (b, right) on 5 mand 20 nm (inset) scales

In contrast, the pure perylene surface is considerably rougher with characteristic
micron-scale elongated crystallites as shown in Figure 22 (b, right). The RMS of
a typical perylene film was >40nm with some crystals protruding 100's of
nanometers from the surface.

Spin coating of blend solutions of close to equal parts HBC PhC1, and perylene
resulted in a markedly different surface morphology indicating the presence of a
nearly continuous surface coverage of shortened perylene crystallites. This can

be seen in the AFM micrograph presented in Figure 23.
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Figure 23: AFM image of a spin coated film from a 40:60 HBC-PhCi, /
perylene mixture

Cross sections of blend films spin-coated on a Si (100) wafer were prepared by
cleaving after immersion in liquid No. The films were then imaged in a field
emission scanning electron microscope (SEM) capable of high resolution, low
accelerating voltage operation.

Figure 24 shows an electron micrograph of 40% HBC PhC3i, blend sample
imaged with the cleaved surface tilted 15 degrees from normal to the incident
electron beam. A stratification is clearly visible in the cross-section with a
characteristic polycrystalline perylene sheet extending down the top surface of
the film. Between the crystalline top surface and the substrate, a less-featured
intermediate layer, possibly HBC-PhCi2, can be seen at the cleaved edge.
Perylene crystallites with a cross-section resembling that of the long crystallites
observed by AFM in the pure perylene film as in Figure 22 (b, right), can be
seen dispersed through the intermediate layer in SEM the image. Blends with
more than a 20% imbalance in binary composition produced more complex
morphologies which suggested that continuous layers were stable only within

composition or thickness limits.
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Figure 24: Field emission SEM image of the HBC / perylene blend imaged
with the cleaved surface tilted 15 degrees from normal to the incident
electron beam

Photodiodes formed by the evaporation of Al onto HBC-PhC; : perylene blend
films spin-coated from 15 g/I chloroform solutions onto oxygen plasma-treated
indium tin oxide (ITO), showed high quantum efficiencies. Figure 25 displays
the external quantum efficiency (EQE) action spectra for a 40:60 HBC-PhC, :
perylene device along with the solid state absorption spectra of HBC-PhC;, and

perylene films.

The EQE action spectra peaks above 34% near absorption bands associated
with both materials demonstrating that efficient charge transfer takes place from
either component.

Figure 26 depicts the current-voltage characteristics for a 40:60 blend
photodiode in the dark and under 545 nm illumination.
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Figure 25: External quantum efficiency (EQE) action spectra for the HBC-
PhCi; : perylene film
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Figure 26: Current-Voltage characteristic for the device with illumination at
545 nm
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The short circuit current and open circuit voltage under illumination were
-33.4mA/cm? and 0.6 V, respectively. The fill factor was 43%. The power
efficiency maximum was 1.77%. It is thought that the high EQEs and open
circuit voltages measured for these solution-processed devices are due to the
high interfacial area within the bilayer structure suggested by the microscopic
investigations presented above. The effectiveness of the vertical self-
organization is supported by comparing the EQE action spectra measured for
illumination from the anode and cathode side of the device. Figure 27 shows
normalized EQE action spectra taken under these illumination conditions for a

device with a thin cathode, corrected for absorption of the contacts and glass.
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Figure 27: Normalized EQE action spectra taken under illumination
through the ITO and Aluminum electrode respectively corrected for
absorption of the contacts and glass

lllumination through the ITO electrode produces significant photoresponse for
regions of the spectra corresponding to HBC and perylene absorptions due to
the relative transparency of the HBC layer to longer wavelength light and the
efficient dissociation of charge near the HBC - perylene interfaces. For
illumination from the Al, the perylene response centered near 490 nm is

reduced relative to the region of the action curve corresponding to HBC
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absorption. This would be expected considering the attenuation of the longer
wavelength light while traversing the perylene rich layer adjacent to the Al
cathode before penetrating to the high interfacial area region where efficient
photoexciton dissociation and charge collection can take place.

Two approaches have been followed to enhance charge separation in organic
photovoltaic cells.?*® The first (as applied above) is to use two-layer p-n
junction devices while the second is to use a single layer of a donor-acceptor
blend called a bulk D-A heterojunction. In these D-A blends, the donor moiety
has a small ionization potential and good hole transport properties while the
acceptor has a high electron affinity and efficient electron transport properties.
Following also the first approach, Noma et al. reported the photovoltaic
properties of the p-n heterojunction cell {ITO/perylene/a-8Thiophene/Au}.t*!
This cell exhibits fairly good characteristics with a conversion efficiency of 0.6%
for irradiation of white light. Similar to the discotic liquid crystalline HBC
derivative utilized here, mesophase forming phthalocyanines have also been
used as the electron-donor in organic solar cells.”! Petritsch and co-workers
reported efficiencies approaching 0.5% for their phthalocyanine/perylene two-
layer device. They reasoned that their device could not be further improved due
to the fact that the phthalocyanine had to be annealed already at high
temperatures (approximately 290°C) in order to align the sample, so that the
axis of the molecule was perpendicular to the charge collecting electrodes.

The results presented here, suggest that self-organization (other than alignment
upon slow cooling from the isotropic liquid) can be exploited in organic
photovoltaics to produce optimized structures for photoexciton dissociation and
charge transport in a solution-processed materials system. This development
brings together the simplicity of single step solution processing, an efficient
combination of molecular materials, and multiplayer transport structure. Further
optimization could prove this route to be a way towards a commercially-viable

organic photovoltaic device.
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3.2.7 HBC-PhC,, as asemiconductor in organic field effect
transistors

In Field Effect Transistors (FETSs), current flows along a semiconductor path
called the channel. At one end of the channel, there is an electrode called the
source. At the other end of the channel, there is an electrode called the drain.
The physical diameter of the channel is fixed, but its effective electrical diameter
can be varied by the application of a voltage to a control electrode called the
gate. The conductivity of the FET depends, at any given instant in time, on the
electrical diameter of the channel. A small change in gate voltage can cause a
large variation in the current from the source to the drain. This is how the FET
amplifies signals. A scheme of the basic set up of a transistor is depicted in
Figure 28.

A flexible transistor is one which, unlike present rigidly-structured transistors,
can be successfully used in packages that can be curled up, wrapped, or bent,
a quality that will enable users to - for example - have a display screen that can

be rolled up.
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Figure 28: Schematic view of a field effect transistor, channel length 2 — 20
m channel width 3 mm.

SOLICS drain

Several factors have motivated engineers to conduct and continue research in
organic semiconductor technology (Organic Field Effect Transistor (OFET)).
One of these factors is cost. Organic materials are relatively cheap compared to
silicon, but until recently, they have proven slow in terms of charge carrier

mobility. Another factor that motivates research in OFET technology is handling
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and application diversity. Organic materials allow easier and cheaper
processing such as spin coating or printing. In applications they would permit for
transistors to be fabricated on flexible surfaces, rather than on rigid materials.

A few extensive reviews on the development and principles of organic field
effect transistors were recently published in the literature by Horowitz and
Katz. [142-144]

As Horowitz points out, during the build up process of a FET, the deposition of
the semiconductor (polymers or organic molecules) is the determining step for
the fabrication of the device. Here, solution-processed deposition, namely spin
coating, is one of the most elegant ways to realize the production of a very
homogeneous film. One requirement for the implementation of this technique is
good solubility, which is unfortunately not present in a great number of
conventional polymers.**? A second requirement for the utilization of the spin
coating technique is a high viscosity solution, this however is not applicable to
small organic molecules.*? From these two given points and the fact that HBC-
PhC1, 43 exhibits a) an extended aromatic core, b) high and constant charge
carrier mobility, ¢) dramatically increased solubility, and d) enhanced film
forming properties, i.e. liquid crystallinity at room temperature, it can be
concluded that this new hexabenzocoronene derivative might be a promising
candidate for implementation in OFETs. Other discotic materials such as
phthalocyanines have been studied extensively for their application in organo-
electronic devices.[t 142 1451471 Theijr field-effect mobilities range between
0.0001 and 0.1 cm?/Vs.14815% Although phthalocyanines have been reported to
behave as both n- and p-type semiconductors, when implemented in OFETs
they are all p-type. The leading problem with phthalocyanines remains their
extreme sensitivity to oxygen.4%

In collaboration with Anick M. van de Craats in the group of Professor Friend,
University of Cambridge, OFETs with HBC-PhC1, 43 as the semiconducting
material have been prepared and analyzed.

The performance of an FET is generally visualized by drawing its drain current
IqVvs. drain voltage V4 curves for various gate voltages. This is called the output
characteristic of the device. The sign of the drain current is governed by that of
the majority carriers of the semiconductor. For an n-type semiconductor, 14 and
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V4 are both positive, while they are negative in a p-type material. The curves

can be divided into two regimes. At low drain voltage, the current follows Ohm’s
law and is proportional to V4. This is the linear regime, where Equation 2.0 is

valid.

I, =%Cim(\/g V)V, (20

Here, Z and L are the channel width and length, C; the capacitance of the
insulator, mthe mobility of the majority carriers, V4 the gate bias and Vo the
threshold voltage. As the drain voltage increases, the device gradually enters
the saturation regime where the drain current becomes independent of the drain

bias. Equation 3.0 is often used to estimate the saturation current.

| oo = ici ”(Vg -Vo )2 (3.0)

The mobility of the majority carriers is one of the most important parameters of
a FET. It can be estimated from both the linear and the saturation current. The
two estimations often disagree because Equation 2 relies on several
assumptions that are not actually fulfilled in organic semiconductors. One of
these is that the mobility is constant; that is, it does not depend on control

parameters such as the gate voltage.

The transistor behavior of the apparatus built up with HBC-PhC;, 43 was
studied using the device structure depicted in Figure 28. HBC-PhC;, performed

as a p-channel transistor and operated as a accumulation-mode device.Figure
29 shows the typical source-drain current |y characteristics of an FET with

HBC-PhC;, as the semiconducting layer at different gate voltages. The material
was deposited by spin coating onto SiO, and the channel length averages at 20

mm.
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Figure 29: The current-voltage characteristic of a FET made from HBC-
PhCi, with a channel length of 20 mm and a channel with of 3 mm

operating in accumulation-mode at different gate voltages. (The FET
measurements were performed by A. M. van de Craats in the group of
Prof. Friend, Cavendish Laboratories, Great Britain)

It is seen that the source—drain current increases with increasing gate voltage
V4. The device is p-channel material and works in the accumulation mode as
evident from Figure 29. The field effect mobility was calculated from Equation
3.0. Vy is the extrapolated threshold voltage and can be obtained from a plot of

ls versus Vg after extrapolation of the linear region to the V4 axis as depicted in

Figure 30. The determined threshold voltage is in the regime of -5 V.
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Figure 30: Vo the extrapolated threshold voltage is obtained from a plot of
|« vS. Vg after extrapolation of the linear region to the Vg axis. (The FET
measurements were performed by A. M. van de Craats in the group of
Prof. Friend, Cavendish Laboratories, Great Britain)

The field effect mobility calculated using Equation 3.0 is in the order of
10° cm?Vs and can up to this point not be determined with more precision,
since only a few initial measurements were conducted. However, the order of
the mobilities is in the range of the ones reported for phthalocyanines. 5 145 146l
The high current modulation or on/off ratio was determined to be 5x10* this
again is comparable to the results reported for discotic phthalocyanines. These
initial experiments did indeed prove that HBC-Phci, has a potential relevance
as a material for the utilization of discotics in organic field effect transistors.
However, it is obvious that more detailed studies and further tuning of material

and device fabrication have to follow.
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3.3 Chiral and racemic branched-alkyl substituted
HBCs — Synthesis and properties

3.3.1 Synthesis and preparation of the chiral HBC-Cg

Chirality has become one of the most important and complex topics of research
in science today. The assembly and aggregation of molecules towards
superstructures such as the double helix arrangement in DNA is one of the
origins of life. Chirality in liquid crystals has been a focus point of interest!*5!
since their first discovery by Reinitzer'™ in 1888, where he discovered two
derivatives of cholesterol which have asymmetric molecular structures, and are
therefore optically active and chiral.*®) They form chiral nematic mesophases
which under certain circumstances have unusual optical properties, i.e. they can
selectively reflect light. This special phase was named cholesteric mesophase.

As already mentioned in the introduction the hexahexylthiotriphenylene®®
derivative 12 exhibits a helical columnar phase and was the previous record
holder for charge carrier mobilities of organic materials other than in single

crystals 0 45!

It is generally agreed that the degree of order in an arrangement
where the molecules are oriented in a helical fashion is higher than in non-
helical aggregates. Since charge carrier mobilities strongly depend on order as
reported for the helical phase of triphenylene derivative™® 4112, the same “trick”

was applied to the hexabenzocoronene core.

It was reported above that previous attempts?® to alkyl functionalize 21 under
common Grignard coupling conditions using NiCl(dppe), NiCl(dppp), or
Pd(PPhs)s were unsatisfactory. Since the aryl-aryl coupling of 21 with two
equivalents 4-n-dodecylphenyl-magnesiumbromide using the [PdChL(dppf)]
catalyst gave great results, it was tried to apply this catalytic system again.*®4!
The extension of this method to the coupling of alkylmagnesiumbromide
species is outlined in Scheme 11. (S)-3,7-Dimethyloctylmagnesiumbromide is
coupled with 21 under Kumada coupling conditions using [PdCI2(dppf)}*? as
the catalyst in THF, to yield the enantiomerically pure alkyl substituted

diphenylacetylene 46 in 85% vyield. This procedure is highly attractive,
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especially when the group to be attached, “R”, is either expensive, or must be
prepared by multistep synthesis.

In a cyclotrimerization reaction under catalytic action of Co(CO)s**? 46 was
transferred to the hexaphenylbenzene derivative 47. This reaction has a yield of
around 90% and the product can easily be purified using standard column
chromatography. The final step for this reaction sequence is the oxidative
planarization of the six pending phenyl rings in 47, with concurrent loss of
twelve hydrogens. The cyclodehydrogenation®* 1% is achieved by adding a
solution of FeClz in nitromethane to the hexaphenylbenzene precursors 47 in
dichloromethane to afford the chiral alkyl substituted hexabenzocoronene
(HBC-Cg', 48). Isolated yields after purification using column chromatography

and slow reprecipitation are of the order of 80%.

a Bng’\/L/\)\

Br @ = @ B (PaCiy(dppl]. THF. refie. @ = _R

[Co2(CO)g],
dioxane,
reflux

R

e ST ——
CH,Cl, @
R

R
FeCl3, CH3NO» @

R

OO0

A7TR = /\/'\/\/k

Scheme 11: Synthesis of chiral hexaalkyl substituted hexabenzocoronene
48
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HBC 48, substituted with chiral branched alkyl chains shows solubilities in
common organic solvents more than ten times higher than HBC derivatives,
substituted with n-alkyl chains, synthesized earlier by our group.?® 2 31 The
above introduced compounds have been characterized by 'H- and *C-NMR,
UV-Vis spectroscopy, and FD-MS. As a typical example for the hexaalkyl-
substituted HBCs, the *H-NMR spectrum of 48 is depicted in Figure 31.

48

J N h A0.82x1C'3 mol/L M L

T
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) M .

90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10
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Figure 31: H-NMR spectra of HBC-Cg 48 at different concentrations
(C2D2Cly, RT)

NMR spectroscopy is an important tool for investigating aromatic stacking. It
has been used to investigate the p-p aggregation of phenylacetylene
macrocycles!'® 18 and columnar structures formed by hexabenzocoronene
derivativest? in the solid state. Here, the downfield signal at e.g. d = 8.2 ppm
for the core protons of compound 48 clearly documents the diatropic character
of these PAHs. These chemical shifts originate from a complex interplay of
aromatic core size, perimeter type®® and aggregation. We have utilized H-

NMR spectra to qualitatively assess the strong influence that changes of
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concentration have on the aggregation of these aromatic compounds in
solution. As depicted in Figure 31, decreasing the concentration only from
12.36x107 mol/L to 0.82x10 mol/L results in a shift to lower field by Dd = 0.33
ppm for the signals arising from the core protons. A less pronounced shift to
lower field can be observed for the a-CH, protons of the alkyl side chains.
These shifts are attributed to a decrease in aggregation number with decreasing
concentration, a conclusion which finds support in theoretical calculations® 84
in concert with solid-state NMR measurements®* 8% 8L 1041 " gimjlar shifts to
lower fields are observed with increasing temperature (for a constant
concentration) and when carbon disulfide (a good solvent for the aromatic core)
is added. A Detailed investigation of these aggregation phenomena will be

presented in Chapter 3.8.

3.3.2 Synthesis and preparation of the racemic HBC-Cg

It was demonstrated in the previous chapter that the synthesis of a
hexabenzocoronene substituted with a chiral branched alkyl chain resulted in a
material with promising properties. Mesophase behavior was studied by means
of TGA and DSC, further phase characterization was carried out by means of X-
Ray analysis of the bulk material and extruded fibers. However, the
investigation whether helical superstructures are present when the HBC core is
substituted with chiral side chains can only be determined with circular
dichroism (CD) studies. In that respect, it was important to synthesize a non
optically active version of HBC 48 namely hexabenzocoronene substituted with
six racemic branched alky chains. The synthesis of the latter was carried out as

depicted in Scheme 12.
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Scheme 12: Synthesis of racemic hexaalkyl substituted hexabenzo-
coronene 51

Experimental details and reaction conditions were similar to the ones described
earlier for HBC-Cg 48. NMR spectroscopy and mass spectrometry revealed the
same high purity of the obtained HBC-Cg 51 as for the chiral derivative 48.
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3.3.3 Mesophase characterization of HBC-C5 and HBC-Cg;:
TGA, DSC, and POLMIC analysis
Thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) and

optical polarization microscopy experiments were performed to study the phase
behavior of HBCs 48 and 51. A summary of the thermal behavior derived from

these measurements is shown in Table 4.

Compound Transition T[°C] | DH [Jmol?]

HBC-Cg 48 K® Col'ho 96 26
Colho® | 430

HBC-Cg51 K® Colyo 81 31
Colho® | 420

Table 4: Optical, thermal, and thermodynamical data for compounds 48
and 51 (K = crystalline phase, Col,, = ordered hexagonal columnar
mesophase, | = isotropisation)

At room temperature both compounds are yellow solids. Upon heating, these
compounds enter the columnar discotic mesophase Col,, which is of chiral
nature in the case of 48, as determined by CD spectroscopy (see next section),
and therefore denoted as Col'n,. For the chiral HBC 48, a sharp endothermic
peak at 96 °C Figure 32) with a characteristic enthalpic value of 26 Jg™
indicates the transition from the solid phase into the chiral columnar
mesophase. A phase transition 15 °C lower, i.e. 81 °C, as depicted in Figure 32,
is observed for the racemic compound 51 with an enthalpic value of 31 Jg*. In
the above cases, liquid crystallinity is maintained over a very large temperature
range and no additional mesophase transitions were observed for any of the
compounds. Thermogravimetry (TGA) revealed, as in previous cases that the
beginning of decomposition starts at temperatures above 300 °C. This is again
well below the isotropisation temperature of the compounds, so that annealing
of the sample could not be achieved.
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Figure 32: Differential scanning calorimetry traces of HBC-C8 48 and
HBC-Cg 51

Optical polarization microscopy studies were conducted for both the HBC
derivatives introduced above, i.e. 48 and 51, in order to study their thermal
behavior as an addition to the DSC experiments. Drop-cast films were prepared
from chloroform solutions. The films were heated at 10 K/min under a nitrogen
atmosphere upon which the HBC samples changed from a crystalline to a liquid
crystalline phase at temperatures reported in Table 4. The columnar hexagonal
mesophases were preserved over large temperature ranges and finally entered
the isotropic phase at above 400 °C. Figure 33 (compound 48) reveals textures
which are typical for the columnar hexagonal mesophase formed from alkyl-
substituted HBCs. These textures were observed after annealing the sample for
a few minutes at the isotropisation temperature followed by cooling the sample
to lower temperatures. These textures did not change until the sample
temperature was decreased to the point of recrystallisation at approximately 96
°C.
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Figure 33: Optical textures of the hexagonal discotic mesophase of 48
observed under polarized light

The fact that branching of the introduced alkyl chains has a positive impact on
the processability of the described compounds has been demonstrated. Not
only has the solubility been increased dramatically compared to HBCs
substituted with n-alkyl chains (e.g. 6b)?® 271 put also the phase transition
temperature into the columnar hexagonal mesophase was reduced by up to 27
°C, without compromising the stability of the mesophase (Tisotrop > 400 °C). The
synthesis of the racemic derivative 51 was important for several reasons. The
mesophase formation of an optically pure material 48) can be documented
properly only if the racemic version (51) of this compound is also subjected to
similar characterization. DSC results showed that 48 enters the columnar
hexagonal mesophase at 96 °C whereas 51 already shows a phase transition at
81 °C (Table 4).

These results are in contrast to those which van Nostrum and co-workers
reported for chiral and racemic derivatives of phthalocyanines.*® They
determined a higher phase transition temperature for the racemic than for the

optically pure material, which lacks a crystalline phase, and only shows
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amorphous behavior at low temperatures. This was not expected and could not
be explained in the course of their experiments. In the case presented here, the
results seem to be more in agreement with what one would expect. The
optically pure HBC-Cg 48 exhibits a higher order in the crystalline phase (see
X-Ray results below) and thus it takes more energy, i.e. higher temperatures, to
transfer the material from the crystalline phase to the mesophase compared to
the racemic HBC-Cs.

3.3.4 Characterization of the chiral superstructure exhibited by
HBC-Cg* 48

Structural information for an optically active compound such as 48 can be
obtained from circular dichroism (CD) spectroscopy which is an important
method to study e.g. the helical orientation of discotic liquid crystalline
aggregatest*®Y such as triphenylenes™®® and phthalocyanines!*® % 154,

CD spectra can either be recorded from solution or films i.e. Langmuir-Blodgett
or spincoated films. Here, thin films of the chiral HBC derivative 48 and the
racemic 51, prepared by spincoating concentrated solutions of 48 and 51 on
quartz substrates were studied. These samples were investigated by means of
CD spectroscopy at room temperature and the resulting spectra are given in
Figure 34.

As expected, the racemic HBC derivative 51 did not show any CD effect at
room temperature or after annealing in the mesophase at 90 °C. Under the
same experimental conditions, the all chiral HBC derivative 48 showed two very
strong, characteristic CD signals. A signal was observed at a wavelength of | =
361 nm, with a positive Cotton-effect in the CD spectra as depicted in Figure 34.
However, the most dominant signal in the spectra (Figure 34) is a so-called CD-
couplet which traverses the baseline at| =229 nm. A CD-couplet is defined as
the direct succession of two intensive Cotton-effects with reversed signs. Within
this CD-couplet, compound 48 exhibits a positive Cotton-effect at higher

wavelength and a negative one at lower wavelength.
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Figure 34: UV-Vis and Circular dichroism spectra of HBC-Cg* 48 and

HBC-Cg 51 recorded from spincoated films

In contrast to optically active phthalocyanine derivatives,® % 1% the prepared
films of 48 did not have to be annealed at higher temperatures to achieve
optical activity which is probably an indication of a very high degree of
preorientation of the HBC discs before or during the preparation of the films.
However, artifacts due to linear dichroism can be excluded, since the identical

spectrum was obtained from the same sample after rotating by 90° in the plane

normal to the incident light.



3 Novel HBC Derivatives with C6 Symmetry

As depicted in Figure 34, spincoated films of 48 give very strong signals during
CD measurements even without annealing whereas spincoated films of 51 do
not show any signal (as expected). In a similar experiment, films of chiral
phthalocyanines had to be annealed before CD signals could be recorded.' In
that case, identical alkyl chains were utilized, which were separated from the
core by an oxygen (ether linkage) spacer. This not only increased the distance
between the core and the stereogenic center, but also the added rotational
freedom associated with an ether linkage may serve to further diminish the
effect of the optically active center on the packing behavior of the core. In the
case of the HBC 48, the stereogenic center is very close to the center and
therefore has a stronger, more direct influence on the packing behavior. The
reported signals in the CD spectra (Figure 34) can be assigned as follows:
Since compound 48 is per definition chiral, with six alkyl chains, each carrying a
stereogenic center, the signal at | = 361 nm results from the individual discotic
molecule 48 . A similar signal is observed by UV/Vis spectroscopy, also at | =
361 nm, assigned as the b-band according to Clar’s nomenclature!® *. The
presence of a CD-couplet as depicted in Figure 34 is an indication for the co-
existence of two electronic excited states with individual transition dipole
moments. These two dipole moments are assigned to two HBC-Cg monomers.
A splitting of the energy levels occurs, since the antiparallel orientation of dipole
moments is energetically preferred. This gives rise to the two absorptions at
different wavelengths (I = 249 nm and 218 nm) in the CD-spectra. The energy
difference is calculated to be DI = 31 nm (249 nm — 218 nm). This phenomena
is commonly addressed as exciton-coupling or Davydov-coupling.*®® This
coupling occurs at a wave length where the UV/Vis spectra shows a presumed
aggregation band, suggesting that the columnar superstructure formed by the
individual HBC-Cg molecules (compound 48) might have a helical orientation.
At this point these assumptions were made in analogy to the conclusions drawn
from detailed experiments with triphenylenes*®*” and phthalocyanines*® but will
be substantiated and strengthened by X-Ray diffraction studies conducted
below.

Further, temperature dependent CD measurements on thin films as displayed in

Figure 35 were conducted to probe the stability of the chiral superstructures.
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Here, the temperature was increased in steps of 20 K from —10 °C up to 70 °C.
The recorded CD signals lost intensity on the order of 20% during the course of
heating, but never faded completely. However, upon increasing the temperature
by an additional 20 K to 90 °C, the CD signal changed dramatically. The
algebraic sign changed from a positive deflection to a negative one and lost
intensity by around 80 %. An increase of temperature by another 10 degrees
shifted the signal slightly but further heating of the film by an additional 10
degrees did not result in a change of signal. Subsequent cooling of the sample
back to room temperature surprisingly did not result in a change of signal back

to the original.
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Figure 35: Temperature dependence of optical activity for HBC-Cg*

From the initial temperature-dependent CD experiments, it can be concluded
that the chiral aggregates formed must be relatively stable up to 70 °C since the
intensity only dropped by a factor of 20% when the temperature was raised from
—10 °C up to 70 °C. The loss of intensity is attributed to higher mobility of the

alkyl side-chains leading to the formation of more mobile, but still chiral,
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aggregates. However, on heating the sample up to 90 °C, close to the entry into
the discotic mesophase at 96 °C, the uni-axial rotation should drastically
increase, which might change the overall orientation of the helical arrangement
of the molecules resulting in a drastic change of the CD signal.

The above described phenomenon could be caused by the fact that in the
temperature regime between —10 °C and 70 °C the chiral hexabenzocoronene
48 is in the crystalline phase, as demonstrated in Chapter 3.3.3. In the
crystalline phase it is most likely that the HBC cores are oriented in a typical
herringbone fashion as demonstrated for HBC 6b (Figure 36, left).! 3481 wWhen
the sample reaches the phase transition temperature at around 90 °C,
reorientation into the columnar phase takes place (Figure 36, right). This
reorientation would naturally cause a change of the CD signal depicted in
Figure 35. On cooling back the sample to room temperature no further change
of the CD signal was observed. This could be explained by the presence of a

frozen-in or supercooled columnar orientation.

Heating

—»
=

Cooling

Crystalline phase Meso phase

Figure 36: Temperature dependent transition from the “Herringbone” (left)
to the columnar orientation (right)

An extensive prediction of this reorientation process of the HBC discs, leading
to the drastic change of the CD signal, cannot be made without temperature
dependant X-Ray characterization. These X-Ray measurements were
conducted on oriented samples of HBC-Cg 48. Orientation was achieved by
drawing fibers from an extruder which was kept at a constant temperature of

60 C. The obtained fibers were approximately 1mm in diameter and between 1
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and 2 cm long. The experimental setup for the X-Ray analysis of the obtained

fibers is depicted in Figure 37.

X-ray filament 2D-pattern —
= L

Figure 37: Experimental setup for the X-Ray analysis of extruded filaments

The high degree of order is revealed by their X-Ray diffraction diagrams as
shown in Figure 39. When the sample was heated to 130°C, i.e. HBC-Cg 48
has entered the mesophase, the equatorial reflections indicate the columns
standing parallel to the stretching direction having a slight tilt with respect to the
column axis as indicated by the splitting in the meridional reflections. In other
words, the HBC discs are aligned along the fiber axis in a two-dimensional

hexagonal lattice as demonstrated in Figure 38 (left).

130°C

Figure 38: Temperature dependent transition from the mesophse 130°C
(left) to the crystalline phase 60°C (right)
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On the meridian the observed scattering intensity stems from the discotic
subunits stacked parallel to each other with a mean distance of around 3.68 A
between the HBC sheets. The intercolumnar distance was calculated to be 26.4
A. These findings correspond well with earlier measurements on a variety of
different HBC derivatives.?®! Crystallization of the fiber below the phase
transition temperature at 96°C affects the orientational order dramatically. To
guarantee that the material has completely crystallized these X-Ray
measurements were conducted at 60°C, i.e. 36°C below the transition

temperature.

o' T=130%

Intenziy B ]
Intensity [a.u.]

2 [im*] : ] [nm'1]

Figure 39: X-Ray diffraction pattern of an extruded fiber of HBC-Cg 48 at
130°C (left) and 60°C (right)

As can be seen from Figure 39, the discs are no longer oriented parallel to the
fiber axis but have adopted a tilted “Herringbone” fashion with a tilt angle of
around 30° with respect to the filament axis as depicted in Figure 38 (right). It is
also obvious that the discs are now stacked with a greater distance between the
individual HBC sheets. Here, a periodicity h alond the fiber axis is dedected with
h = 5nm. The mean intercolumnar distance was calculated to be 37.8 A.

However, what is drastically different from other HBC derivatives investigated?®!
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earlier and in particular the racemic version of HBC-Cg 48, namely HBC-Cg 51,
is the scattering in the corners of the X-Ray diffractogram depicted in Figure 39
(right). This pattern is more clearly demonstrated by the schematic
representation in Figure 40. Here, (a) and (b) mark the common Bragg
reflections by the columnar lattice (a) and the diffuse ring scattering by the
aliphatic side chains (b). Quite different from other HBCs (c) marks the

interference between HBC discs belonging to the same columns.

b

NNS—F,

Figure 40: Schematic representation of the X-Ray diffractogram of
HBC-Cs 48 at 80°C Figure 39); (a) Bragg reflections by the columnar
lattice, (b) diffuse ring scattering by the aliphatic side chains, (c)
interference between HBC discs belonging to the same columns

A very similar X-Ray pattern was reported by Levelut and co-workers™®® for a
discotic triphenylene derivative that was substituted with chiral alkoxy side
chains. Here, a chiral superstructure was assigned to the aggregates after
careful analysis of the X-Ray diffractograms.!*>® Several years later, Heiney and
Jeu also confirmed helical intracolumnar order in oriented strands of a hexa-
hexylthiotriphenylene, these were investigated by X-Ray diffraction studies.**!
The supramolecular structure that was proposed for this triphenylene derivative
is depicted in Figure 41, C. In this case adjacent molecules along a column

minimize steric hinderance via a relative rotation of roughly 45°1%% From this,
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the helical pitch P was determined to be P = 7.92, i.e. after approximately 8
molecules the helical motif is repeated.!*>"

A B

Figure 41: Schematic representation of the three possible helical

arrar}%]ements for discotic liquid crystals, reproduced from van Nostrum
et.al.

The structure and physical properties of an optically active, metal-free
phthalocyanine derivative were investigated by van Nostrum and co-workers.*®!
Here, different from the previously described chiral triphenylene derivatives, X-
Ray diffraction and circular dichroism studies indicated that the molecules are
stacked in columns which have a hexagonal arrangement and a left handed
helical superstructure. This structure is, according to van Nostrum and co-
workers, best represented by column C in Figure 41.

The findings of this investigation also lead to the conclusion that the discs of
HBC-Cg 48 are arranged in a helical fashion as depicted in Figure 41, C. The
following facts rule out arrangements A and B for HBC-Cg: if the stacking

pattern in the crystaline phase would follow motif B, the distance of the
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individual HBC sheets along the columnar axis would be the same for all HBC
discs in a column and very similar to the distance found in the columnar
mesophase at 130°C. That the distance varies along the columnar axis in the
crystalline phase can be derived from the scattering recorded in the X-Ray
diffractogram pointed out in Figure 40, area c). The same holds true for
arrangement A, further the intercolumnar distance in case A is expected to be
larger due to the horizontal shift of the sheets along the column. Therefore, the
third superstructure, C, is proposed for HBC-Cs" 48. The molecules are slightly
tited and, along the columnar axis, the normal of the HBC-plane gradually

rotates around the columnar axis forming a helical superstructure.
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3.4 Combination of branched-alkyl chain substitution
and phenyl-ring insertion — Two new HBC
derivatives with Cg-symmetry

3.4.1 Synthesis and preparation of the chiral HBC-PhCg* 61
and the racemic HBC-PhCg 62

From the elucidations of the previous chapters the following can be directly

deduced:

Insertion of a phenyl ring between the aromatic HBC core and the six
pending alkyl chains increased intracolumnar order,

Liquid crystallinity at room temperature was observed for HBC-PhC1,43
resulting in a constant charge carrier mobility over a large temperature
range,

Substitution of the aromatic HBC core with six branched alkyl chains
increased solubility and processability dramatically,

Introduction of a chiral branched alkyl chain resulted in the formation of

chiral aggregates with a helical superstructure.

Thus, it is desirable to combine the two advantageous properties discussed
above: a) insertion of a phenyl ring and b) substitution with a branched alkyl
chain. The resulting hexabenzocoronene should combine room temperature
liquid crystallinity, highly oriented columnar discotic mesophases (possibly even

helical), and enhanced solubility and processability.

The synthesis of the starting compounds 65 and 56) for this endeavor is
depicted in Scheme 13. In the first step, the commercially available 1-bromo-4-
trimethylsilyloenzene (52) was alkylated under common Kumada-coupling
condition with a chiral and a racemic side chain to afford 53 and 54,
respectively.1® 112 The trimethylsilyl-substituted alkyl-benzenes 53 and 54

were converted to the iodine-functionalized derivatives 55 and 56 via
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electrophilic substitution®®® using iodine monochloride in carbon tetrachloride

as outlined in Scheme 13.11%!

a:BrM g/\*/\/k
b: Bng’\/l\/\/k

0)3Si > i
(H:Os '—<C:)>_Br [PACh@pph], THF, refim 129 38'_@>_R
52

53R= /\/'\/\)\
54R= /\)\/\)\

ICl,
CCl 4

D)
ssre ~ A
sore A~

Scheme 13: Synthesis of phenyl-alkyl precursors 55 and 56

The aryl-aryl coupling of two equivalents of 55 or 56 with 4,4-
dibromodiphenylacetylene (21) was carried out under the same conditions
described earlier® 1%, to yield the chiral biphenyl acetylene 57 and its racemic
derivative 58 (Scheme 14).2%! |n a cyclotrimerization reaction in dioxane under
catalytic action of Co0,(CO)s, 57 and 58 were both transferred to the
hexabiphenylbenzene derivatives 59 and 60 respectively. The
cyclodehydrogenation[S“] (Scheme 14) was carried out by adding a solution of
FeCls in nitromethane to the precursors 59 and 60 to afford the
hexabenzocoronenes HBC-PhCg 61 and HBC-PhCg 62. Isolated yields after

purification using column chromatography and slow re-precipitation were of the
order of 80%.1%!
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Scheme 14: Synthesis and preparation of the chiral HBC-PhCg* 61 and the
racemic HBC-PhCg 62

All materials reported here were fully characterized by NMR spectroscopy,
mass spectrometry, and UV/Vis spectroscopy. The NMR spectra show the
expected number of signals, but the chemical shifts in the *H-NMR spectra were
again strongly concentration dependent as already observed and reported for
HBC-PhC,, 43. This is due to the strong p-p interactions in the aggregates
which are present even at low concentrations. Figure 42 shows a characteristic
'H-NMR of HBC-PhCg' 61 in p-dichlorobenzene at 150 °C. As reported for HBC-
PhCi, 43, high temperatures had to be utilized to resolve the signals of the

aromatic HBC core and the pending phenyl rings.
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Figure 42: 'H-NMR of HBC-PhCg 61 in p-dichlorobenzene at 150 °C

As mentioned before a detailed investigation of the aggregation phenomena will

be presented in Chapter 3.8.
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3.4.2 Mesophase Characterization of HBC-PhCg 61 and HBC-
PhCg 62: TGA and DSC analysis
Thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) and

optical polarization microscopy experiments were performed to study the phase
behavior of HBCs 61 and 62. A summary of the thermal behavior derived from

these measurements is shown in Table 5:

Compound Transition T [°C] DH [Jmol?]
HBC-PhCg 61 K® Col'no <-100
Colhe® | > 400
HBC-PhCg 62 K® Colho -44 3
Colpo® | > 400

Table 5: Optical, thermal, and thermodynamical data for compounds 61
and 62 (K = crystalline phase, Coln, = ordered hexagonal columnar
mesophase, | = isotropisation)

At room temperature, both compounds are very soft yellow solids. On heating a
freshly prepared sample of HBC-PhCg 61, no endothermic or exothermic peak
was observed with DSC as can be seen from Figure 43. This and the presence
of birefringence at room temperature, detected by means of optical microscopy,
is prove of the fact that HBC-PhCg 61 is liquid crystalline over the entire
temperature range (-100 to 250 °C) monitored with DSC.

Contrary to the chiral HBC-PhCg 61, the racemic HBC derivative, namely HBC-
PhCg 62, depicts a phase transition from the crystalline phase to the liquid
crystalline phase at — 44 °C. For both the samples, 61 and 62, the isotropisation
temperature was this time in excess of 400 °C, as monitored with optical
microscopy, and thus well above the beginning of decomposition. TGA analysis
revealed that the onset for decomposition starts for both HBC derivatives at
around 300 °C.
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Figure 43: Differential scanning calorimetry traces of HBC-PhCg 61 and
HBC-PhCg 62

It follows from the above that again no annealing procedure can be conducted

[45, 161]

to orient the samples as demonstrated for triphenylenes and

phthalocyanines!® 541,

3.4.3 Circular dichorism studies for HBC-PhCg* 61

Circular dichroism (CD) spectroscopy was used to obtain detailed information
related to optical activity about the superstructure present in the solid state of
the material and to gain further information about the aggregates formed by
HBC-PhCg* 61 in solution. Investigations concerning the superstructure of this
chiral HBC derivative were accomplished via CD spectroscopy on spincoated
films. All films were prepared by spincoating a chloroform solution (15mg/mL)

onto a quartz substrate. These samples were investigated at different
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temperatures starting at —10 °C in 20K intervals up to 90 °C, the resulting

spectra are shown in Figure 44.

120

| ' | ' | ' | ' |
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Figure 44: Temperature dependence of optical activity for HBC-PhCg* 61
spincoated onto a quartz substrate

As expected, the racemic HBC derivative 62 did not show any CD effect at

room temperature or at elevated temperatures. Under the same experimental
conditions, the all chiral HBC derivative 61 showed two very strong,

characteristic CD signals and two smaller ones. A signal was observed at a
wavelength of | = 375 nm, with a positive Cotton-effect in the CD spectra as
depicted in Figure 44. However, the most dominant signal in the spectra also
with a positive Cotton-effect (Figure 44) has its maximum at | = 263 nm. The
two weaker signals, both with a negative Cotton effect were observed at | =
235 nmand!| =195 nm.

Some of the reported signals in the CD spectra (Figure 44) can be assigned as
follows: Since compound 61 is per definition chiral, with six alkyl chains, each

carrying a stereogenic center, the signal at | = 375 nm is resulting from the
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individual discotic molecule 61. A similar signal is observed by UV/Vis
spectroscopy, also at | = 375 nm, assigned as the b-band according to Clar’s
nomenclature!® 1% The most prominent signal at | = 263 nm is in the region
where the pending phenyl rings also show an absorption maximum in the
UV/Vis spectrum. This is in a way self explaining since the chiral alkyl chains
are directly attached to the phenyl rings and thus experience the strongest
influence from the nearby stereogenic center resulting in the most dominant
signalat| =263 nm.

When the sample was subsequently heated from —10 °C to 90 °C, the CD
activity increased by 15 % of magnitude. However, in contrast to the
temperature dependant studies carried out with HBC-Cg' 48, the CD signal did
not change its algebraic sign but increased intensity upon heating. DSC
analysis revealed that between —-100 °C and 250 °C, no phase transition
occurred, i.e. HBC-PhCg preserves the columnar hexagonal superstructure
over a temperature range of 350 K. Therefore, upon heating the sample and
observing the CD signal, no drastic change was monitored other then for HBC-
Cs 48 where a strong change was reported when the material entered the

mesophase at 96 °C.

The concentration-dependent shift of the signals in the 1H-NMR spectra of
HBC-PhCg* 61 were attributed to the formation of aggregates in solution
resulting from the strong p-p interaction of the aromatic HBC cores. This
aggregation behavior was also investigated by means of temperature-
dependent CD spectroscopy. Dilute solutions of HBC-PhCg* 61 and HBC-PhCg
62 in chloroform were prepared, then the temperature was increased in steps of
10 K from =10 °C up to 60 °C. Again, the racemic HBC derivative 62 did not
show any CD effect. The recorded CD signals lost intensity on the order of 60%
during the course of heating, but never faded completely as depicted in Figure
45. Due to the low concentration of the solution the resolution of the recorded

signals is very poor but still interpretable.
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Figure 45: Temperature dependence of optical activity for HBC-PhCg* 61
measured in a chloroform solution

Similar to the CD spectra recorded when the HBC derivative was spincoated
onto a quartz substrate Figure 44), the strongest CD signal Figure 45) was
observed at | = 278 nm. This is again in the region were the pending phenyl
rings absorb in the UV/Vis spectrum giving rise to the conclusion that the phenyl
rings really exhibit the strongest influence of the attached chiral side chains.

Van Nostrum and co-workers reported that chiral phthalocyanines did not show
any optical activity in solution but only displayed CD activity on annealed
Langmuir-Blodgett (LB) films.!® This hints at the fact that HBCs form stronger
aggregates even at low concentrations as a direct consequence of their large

aromatic core which is three times the size of triphenylene.
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3.5 HBC-Cs: A room temperature liquid crystal with a
lowered isotropization temperature

3.5.1 Synthesis and preparation of HBC-C4g

In order to obtain more information about the influence of the hydrocarbon side
chains that are attached to the HBC core ( e.g. HBCs 6a-d or HBC-Cg 48 and
HBC-Cs 51) on the mesophase characteristics, a new HBC derivative
substituted with six long branched alkyl chain was synthesized. A number of
research groups have recently demonstrated that when branching points are
introduced into the aliphatic side chains of discotic liquid crystals, the
temperature range over which the columnar mesophase is stable, is widened.®®
1621 However, the type of mesophase formed was not affected by the
introduction of the branching points. An additional effect of this structural
modification was the lowering of the isotropization temperature. Schouten and
co-workers reported that for discotic phthalocyanines, the temperatures for the
transitions from the discotic mesophase to the isotropic liquid were reduced by
175 °C upon changing the alkyl substitution from a pentoxy to a branched
dodecaoxy chain®® As already mentioned in the previous chapters, for any
alkyl or phenyl alky substituted HBC, it was so far not possible to observe the
transition into the isotropic melt without reaching the beginning of
decomposition first. Stimulated by the drastic decrease of the melting point in
the case of phthalocyanines®® substituted with long branched alky chains, the
same ‘trick” was played for HBC. A literature survey revealed that the longest
alkyl chain utilized for the decoration of triphenylenes™®! and

phthalocyanines!*®+ 165!

was hexadecyl. Herein the above two cases,
isotropization temperatures of 322 and 196 °C were reported 16315
Considering the fact that branching of alkyl chains demonstrably®®® stabilizes
the mesophase without altering the superstructure, a branched hexadecyl alkyl
chain was selected for the peripheral decoration of HBC. These chains are
derived from phytol 63 (Scheme 15) which is universally distributed in green
plants as a component of the chlorophyll molecule, in which it is present in ester

combination, and as a component part of phylloquinone (Vitamine K;) and
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tocopherols (Vitamine E).[15]

Commercially available phytol, 3,7,11,15-
teramethyl-hexadec-2-ene-1-ol (63) was hydrogenated according to a modified
procedure of Gramatical'®® reported earlier in this work to yield compound 63
as demonstrated in Scheme 15.°7 Replacement of the hydroxyl group by a
bromine atom was carried out using N-bromosuccinimide and

triphenylphosphine in methylene chloride (Scheme 15).157)

/\Qﬁl\//\v/L\/A\/i\v/\v/L\ 63
HO
H2, 80 bar, Pt02
ethyl acetate
/\)\/\/k/\/k/\/k 64
HO

NBS , PP hj
CH>Cl»

/\\/L\/\\/L\/«\/l\/A\/l\ 65
Br

Scheme 15: Hydrogenation and bromination of phytol 63 resulting in alkyl
chain 65

The following steps, leading to the substituted HBC-C1s 68 as depicted in
Scheme 16, were carried out according to procedures used before by our
group:3” 1041 3.7 11 15-tetramethyl-hexadecylmagnesiumbromide was coupled
with 21 under Kumada coupling conditions using [PdCI2(dppf)]**? as the
catalyst in THF to yield the alkyl substituted diphenylacetylene 66 as a colorless
oil in 50% vyield. In a subsequent cyclotrimerization reaction under catalytic
action of Co,(CO)g!** 66 was transferred to the hexaphenylbenzene derivative
67 with 85 % vyield. The resulting crude product was easily purified using
standard column chromatography. The final step for this reaction sequence was
the oxidative planarization of the six pending phenyl rings in 67, with concurrent
loss of twelve hydrogens. The cyclodehydrogenation®* 1% was carried out by
adding a solution of FeClz in nitromethane to the hexaphenylbenzene
precursors 67 in dichloromethane to afford the alkyl substituted
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hexabenzocoronene 68. Isolated Yyields after purification using column

chromatography and slow re-precipitation were of the order of 80%.

BrMg-C2oHa1
Br—<:>+<:>—8r H4,C = CyoH
©) o) [PaC, @ppN], THF, refiee. 412 @ @ 20741
21

66
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dioxane,

CyooHaz CaoHaz

Ha1C20 ©‘©‘© CooHaz Ha1C20 @ @ CooHa1
O FeClz, CH3NO» @
R S
)O\/I\/l\é\ CH,Cl, @

H1C20 CooHaz Ha1C20 @ CaoHa1
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68 67

-CooHa1 = a’\)\/\/l\/\/l\/\/'\

Scheme 16: Synthetic pathway leading to HBC-C5 68

The resulting HBC derivative contains six alkyl chains with sixteen carbon
atoms and four branching methyl groups, and is henceforth referred to as HBC-

Ci6 68. The optical appearance is very much like that of a resin. The bulk

material has a dark yellow color and is malleable at room temperature.

3.5.2 Mesomorphic properties: DSC and optical microscopy of
HBC-C,; 68
In order to detect phase transitions and to determine the corresponding
transition temperatures and enthalpies, differential scanning calorimetry (DSC)
was performed on HBC-Cj6. The heating and cooling rates were 10 K/min.
Figure 46 shows the recorded DSC curve for compound 68. The peak onset in
the DSC is defined as the transition temperature. During the first heating run,
the sample gave rise to two exothermic peaks; subsequent cooling and heating

showed both peaks to be reversible. Figure 46 only shows the third heating run,
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here the peak at —36 °C is related to the crystalline to mesophase transition

(K® Col). When heating HBC-Cj5, the peak at 231 °C corresponds to the

mesophase to isotropic phase transition (Col® 1). The isotropic phase lasts until

300 °C; above this temperature the HBC derivative 68 starts to decompose as

determined by thermogravimetric analysis.

DH [a.u.]
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Figure 46: Differential scanning calorimetry traces of HBC-C;5 68

This is the first time that thermodynamically stable isotropic phases have been
obtained for mesomorphic hexabenzocoronenes which are peripherally
substituted with nonfunctionalized alkyl chains.

Table 6 shows the DSC data, together with data obtained earlier in our group?®
27,34, 37] for hexabenzocoronenes substituted with unbranched (HBCs 6a-c) and

branched (HBCs 48, 51, 68) alkyl chains.
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Compound T[°C] T[°C]
K® Col Col® |
HBC-Cio 6a 124 >420
HBC-C12 6b 107 417
HBC-C14 6C 114 >420
HBC-Cg 48 96 ~430
HBC-Cg 51 81 ~420
HBC-C16 68 -36 231

Table 6: Phase transition temperatures of peripherally hexasubstituted
hexabenzocoronenes with branched and unbranched alkyl chains

The reduction of the melting point by branching and lengthening the attached
alkyl chain is thought to be related to additional steric crowding by neighboring
chains as a consequence of the latter, and to more conformational disorder in
the vicinity of the branch. This causes the aliphatic chains to melt at lower
temperatures, thus reducing the transition temperature to the liquid crystalline
state.

When a sample of HBC-Ci6 68 is placed between two glass slides at room
temperature, the dark yellow, spreadable substance is found to be birefringent.
No definite texture can be observed under the crossed polarizers, possibly due
to the mechanical distortion. However, it seems certain that this HBC derivative
exhibits permanent liquid crystalline behavior even below room temperature.
Upon heating, a highly fluid isotropic liquid appears above 231 °C. Upon slow
cooling, a fan-shaped texture appears at 225 °C as depicted in Figure 47. This

texture is characteristic for a hexagonal columnar mesophase 2!
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Figure 47: Optical textures of the discotic mesophase of 68 observed
under polarized light

By means of the introduction of a long alkyl chain with four branching points it
was possible to reduce the K® Col transition temperature to such an extent, that

a columnar mesophase was observed even below room temperature for HBC-
Ci6 68. Furthermore and even more important, it was possible to reach the

thermodynamically stable isotropic phase. Both facts conclude to a stable
columnar mesophase width of over 267 °C for HBC-C 3.
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3.6 The influence of heteroatoms on liquid crystals

The relationship between the molecular structure and the resulting
mesomorphic properties of a liquid crystal is important for the elucidation of
effects that determine the overall behavior of a material.*®® For this purpose,
heteroatoms have been repeatedly investigated as the constituent element
other than carbon atoms in liquid crystalline molecules.*®*® For example, the
oxygen effect is noteworthy, because the aryl-O-R structure unit is present in
many liquid crystals such as triphenylenes and phthalocyanines. Here, the
oxygen stabilizes the phase width and lowers the transition temperatures . %
1701 |ncorporation of oxygen in the three positions (b-positions) of the lateral n-
alkanoyl chains of discotic benzene hexaalkanoates and triphenylene
hexaalkanoates also leads to a significant stabilization of the columnar
mesophases. This effect was termed the b-oxygen effect”.l168 169 A similar
stabilizing effect as demonstrated for oxygen was reported for the incorporation
of sulfur in the side chains for a series of disc-like molecules: hexaesters of
benzenes, cyclohexanes and triphenylenes’®? The effect was highly
dependant on the position of the heteroatom but generally both transition
temperatures, K® Col and Col® I, were depressed relative to the n-alkyl
analogues.!162

The incorporation of heteroatoms can not only have strong influences on the
mesophase behavior but also on the two and three dimensional crystal packing

of organic materials.!*"17!

These intriguing results prompted the group of Professor Miillen to investigate
the influence that heteroatoms such as oxygen or sulfur might have on the
mesomorphic properties of discotic liquid crystalline hexabenzocoronene. Brand
and co-workers reported the synthesis and characterization of substituted HBC
derivatives with up to six alkyl groups terminally functionalized with carboxcylic
ester, carboxcylic acid, and hydroxy groups.’> 1 However, since the
heteraoatom functionality was not in close proximity to the aromatic core, the

influence on the phase transition temperatures, i.e. lowering the Col® I
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transition below the beginning of decomposition, was very minor. It was for this

reason that the synthesis of an alkoxy substituted HBC, i.e. derivative 70, was

attempted (Scheme 17).17

OC12H25 OC12H25

Ho5C100 @ OC1oH;5 H25C120 @ @ @ OCoHz5

0o )
oo, HF %o,

H25C150 @ OC1,H;5 H25C120 @

OC12H35 OC12H25
69 70
(0]
H25C120 @ g‘
H250120 OC12H2s
OC12Hzs

71

Scheme 17: Attempted synthesis of alkoxy substituted HBC derivative 70

The key step on the path to HBC 70 was the oxidative cyclodehydrogenation of
the oligophenylene precursor 69. Optimization of the appropriate cyclization
conditions finally proved FeCls to be superior to all other Lewis acids on the way
to hexaalkyl-substituted HBCs.B* 7 104 However, in a typical cyclization
experiment the precursor 69 was dissolved in dichloromethane, and a solution
of FeCl; in nitromethane was added dropwise at room temperature. After the
starting material had disappeared the mixture was precipitated in methanol. In
the case of 69 this synthetic protocol did not give the desired compound 70 but
the quinone 71 (Scheme 17) in 96 % yield™® Oxidative dealkylation and
dehydrogenation lead to an extended quinonoid system which also incorporates
the central aromatic ring.'”® It is well known that compounds such as 69
undergo reactions in the presence of Lewis acids which involve both ether
cleavage and oxidation to quinonoid aromatic structures as well as formation of

new carbon-carbon bonds between adjacent phenyl rings. ¢l
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Since the incorporation of oxygen in the aliphatic side chain of the
hexaphenylbenzene precursor 69 prevented the oxidative planarization and
thus the possibility to investigate the influence of heteroatoms on the phase
behavior of HBC, D6tz discovered a new strategy to modify the substitution
pattern of HBC.”®! In the case of triphenylenes, the replacement of oxygen by
sulfur in the a-position to the aromatic core and its impact on the mesophase
behavior as well as its influence on the charge carrier mobility is documented in
the literature in great detail.[3® 40 45 46. 85 1771 Eqpecially in view of Lewis acid
stability, thioether substituted hexaphenylbenzenes should be more suitable
considering the fact that the sulfur-carbon bond is known to be more resistant to

strong acids such as hydrobromic acid than the oxygen-carbon bond.”® 1781791

This project was tackled in a way depicted in Scheme 18. The unsuccessful
attempt to functionalize 4,4 -dibromodiphenylacetylene (21) with thioalkyl
substituents was reported by D6tz in the early stages of this endeavor. Thus,
the routine procedure to built up substituted hexaphenylbenzenes via the
cyclotrimerization route was impossible.”®! However, in this case the direct
hexa-functionalization of hexakis-(4-bromphen-1-yl)benzene (35) was
successful and thioalkyl substituted compound 72 was obtained in good vyields
(Scheme 18)."¥ Unfortunately, it was again the crucial and product determining
step of the oxidative cyclodehydrogenation that did not yield the desired
hexabenzocoronene derivative 73 as depicted in Scheme 18.[]
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Scheme 18: Synthesis of thioalkyl substituted hexaphenylbenzene and
attempted cyclodehydrogenation

From both the unsuccessful attempts to planarize hexaphenylbenzenes
substituted in the 4-positions either by oxygen or sulfur, it can be reasoned that
a different substitution pattern will have to be introduced to close the six
pending phenyl rings.

To reduce the influence of the heteroatoms on the electronic structure of the
HBC precursor molecules such as 69, the distance of oxygen to the six pending
phenylrings in 69 had to be increased. This endeavor was best targeted with the
insertion of an additional phenyl ring to the system. The incorporation of an
extra phenyl group to the HBC precursor had many beneficial effects as already
demonstrated for HBC-PhC1, 43. The starting material for this synthesis was 1-
dodecyloxy-4-iodobenzene which was already utilized as a precursor for
compound 69, and was here synthesized according to literature procedure.!”®

The synthetic sequence that was designed to yield the desired HBC derivative
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with a spacer group between the aromatic center and the alkoxy side chains is

demonstrated in Scheme 19.

IM g_<©_ oC 12H25
= > ~O—=—Or~
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21 R= _<: :>_OC12H25
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l [Co2(CO)g],
dioxane,
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R
R=_©-0C12H25 R =_©-OC12H25
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Scheme 19: Synthetic pathway to phenylalkoxy precursor 75 and
attempted cyclodehydrogenation

The synthesis was carried out as follows: First, in a Kumada-type coupling
reaction catalyzed with [PdCL(dppf)J**?, 4,4 -dibromotolane (21) reacts with 4-
dodecyloxyphenylmagnesiumbromide and di(4-dodecyloxybiphenyl) acetylene
(74) was obtained with a yield of 78%. Cyclotrimerization of 74, catalyzed by
[C0o2(CO)g], in dioxane then afforded hexa(4-dodecyloxybiphenyl)benzene {5)
with 75% yield after workup and purification using column chromatography. The
key step for the synthesis of HBCs was again the oxidative
cyclodehydrogenation. Here, hexa(4-dodecyloxybiphenyl)benzene (75) was
dissolved in CH,Cl> and flushed with argon for several minutes, before adding
FeCl; dissolved in CH3NO,. Precipitation with MeOH after 45 minutes and
workup using standard procedures produced a yellow material with a high

degree of solubility. Unfortunately, mass spectrometry revealed that the desired

103



3 Novel HBC Derivatives with C6 Symmetry

HBC 76 was not obtained but a number of partially cyclized products were
observed. Analysis of the mass spectrum revealed that no ether cleavage had
taken place or any other side products had formed. Therefore, the reaction
conditions were slightly changed. First, the reaction time was increased to eight
hours, with mass spectrometry analysis every 30 minutes. In this case, after
eight hours the loss of six, eight and ten hydrogenatoms was observed. At all
times during the reaction a mixture of different cyclodehydrogenation stages
was seen. Even reaction times in excess of 24 hours did not bring the desired
result. Since long reaction times did not seem to be the key to success, the
excess of cyclodehydrogenation agent (FeCl;) was increased. However, this
also did not result in the formation of clean HBC 76.

The unsuccessful outcome of the cyclodehydrogenation attempts of HBC
precursors 69, 72, and 75 was a great disappointment for the proposed
investigation of heteroatom  substituted hexabenzocoronene cores.
Nevertheless, further research activities of D6tz resulted in the development of
a octadecamethoxy substituted hexaphenylbenzene which finally lead to a HBC
derivative 77 with direct heteroatom substitution of the core (Figure 48)."
Investigations concerning the phase behavior and surface interaction are

currently under way. "

Figure 48: Octadecamethoxy substituted HBC 77
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3.7 STM investigations of HBCs with Cs symmetry

The results in this section origin from a long and productive collaboration with
Dr. P. Samori in the group of Prof. Rabe, Berlin.

The self-assembly of nanometer-sized building blocks into targeted molecular
architectures at surfaces represents one of the major goals of supramolecular
chemistry and material science, given the perspective of the potential
applications of these systems in nanotechnology, e.g. for molecular information
storage devices or functional surfaces.*®% This requires an accurate control of
the molecular arrangements over a wide range of length scales, spanning from
micrometers down to the molecular size. Non-covalent intermolecular forces
have been used to engineer highly ordered three-dimensional (macro)molecular
architectures where the single building blocks are held together by specific

interactions, such as metal-ligand bonding ™88l [184-186]  gp

, hydrogen bonding
pp stacking™®. On the other hand, the self-assembly at the solid-liquid
interface has been successfully used to control the molecular arrangement in
two dimensions.[185 188-194]

Polycyclic aromatic hydrocarbons (PAHs), which can be regarded as two-
dimensional sub-sections of graphite, are well-defined nanoobjects!26-2: 30. 37. 39,
45, 46, 52, 63, 82, 94, 95, 97, 104, 195-202] with interesting electronic properties.[%' 30, 45, 94,
204 puring the last years, soluble derivatives, namely hexa-peri-
hexabenzocoronenes (HBCs), and larger analogues have been synthesized
and characterized as already partly disscussed in previous chapters. From a
synthetic point of view, they are extremely versatile compounds that are able to
bear different chemical functionalities in their periphery,[26-29 37. 82,95, 104]
Scanning Tunneling Microscopy (STM) is a technique which allows the
investigation of physisorbed layers of PAHs both at the graphite-solution
interfacel?® 28 52. 94,201, 202 54 in dry thin films on conductive substrates®® with
molecular resolution. The first type of PAH which has been explored were
triphenylene derivatives® 2°1, which possess 18 carbon atoms in the aromatic
core. Following the recent achievements in the synthesis of larger and larger
PAHSs, the packing at surfaces of compounds with 4225 28 %1 and 60 carbons®¥

in the conjugated core has been also studied. These systems have been found
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to form two-dimensional crystals where the disc-like molecules lie flat on the
basal plane of the conductive substrate. Recently it has been reported that the
self-assembly of a series of triphenylene derivatives with increasing lengths of
the alkyl side substituents can be extended to the third (z) dimension in the
region near the substrate, and the observed structures have been explained
with a frustrated Ising net model.?

In a previous report it has been shown that HBC-C;, (6b) can crystallize in
monolayers at the solution-graphite interface with the conjugated cores lying
equally flat on the basal plane of the HOPG.?®) STM and STS have been used
to study the molecular structure and electronic properties of the monolayer on
the molecular scale. In the latter type of analysis, a diode-like electrical behavior
of the conjugated HBC core has been observed. With the aim of extending the
molecular order of the physisorbed layers to the third dimension (z axis) in the
region near the substrate surface, HBC derivatives symmetrically functionalized
in the peripheral positions with more bulky side chains were investigated, which,
due to steric hindrances could force neighboring HBCs to acquire different

positions along the z axis.
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Here, a sub-molecularly resolved STM investigation of the self-assembly of
different chiral or achiral hydrocarbon substituted HBCs (Figure 49, which have
already been introduced earlier) into monolayers highly ordered in 2D and 3D at

the graphite-solution interface is reported.

R

48 R :)’\/’\/\/l\ HBC-Cg*
61R= +©/\/'\/\/|\ HBC-PhCg*

02 R:.)_©/\)\/\/l\ HBC-PhCyq
5R ))-@/\/\/\/\/\/\ HBC-PhCy,

R NN HBC-C;,

Figure 49: Chemical structure of HBCs investigated by STM

While 48 bears an alkyl side chain exhibiting a chiral methyl function in the 3’
position and an achiral one in 7°, a phenylene has been introduced in compound
61 between the HBC core and the chiral aliphatic chain in each of the six
peripheral positions. In 61, because of the repulsive interactions between ortho-
protons in the phenylenes with the ones of the neighboring aromatic rings, the
phenylenes are likely to be twisted with respect to the HBC core; as a
consequence the whole side chains would attain a conformation which is non
planar to the aromatic core. This loss of planarity of the HBC could play a role in
the organization of the molecules when physisorbed into layers at the HOPG-

solution interface. In addition, in order to gain insight into the role of the chirality
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of the group in the 3’ position, the racemic mixture of 61, namely compound 62,

and compound 43 were also analyzed.

Figure 50: Scanning Tunneling Microscopy of HBC-Cg* 48 at the solution-
HOPG interface. The arrows indicate domain boundaries. Unit cell:
a=(1.86%0.10) nm; b=(2.03+0.10) nm; a=(58+2)°. Ut = 1.00 V and average It

=40 pA.

Figure 50 displays the STM current image of a monolayer of 48 physisorbed at
the interface between an organic solution and the basal plane of highly oriented
pyrolitic graphite (HOPG). It shows a polycrystalline structure with domain
boundaries (indicated by the arrows in Figure 50) that are characterized by a
slight translation of the crystal lattice along one of the three crystallographic
axes. Inside each domain, bright spots are arranged (within experimental error)

in a hexagonal motif. These bright spots are attributed to the p-conjugated
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cores of the molecules, because in STM current images of alkylated aromatic
molecules lying equally flat on HOPG, the aromatic moieties appear brighter
(corresponding to higher currents) than the alkyl chains, due to the smaller
energy difference between their frontier orbitals and the Fermi level of the
substrate.?%?l This assignment is consistent with the fact that the area of the unit
cell corresponds to the area within the van der Waals contour of a single
molecule lying flat on the surface. Since the contrast in STM depends to a great
extent also on the spatial overlap of the electronic states of the adsorbate and
the substrate, molecules which are placed at variable distances from the
substrate can be expected to exhibit different contrast in the STM current
images. Consequently, the distribution of contrasts attained in the STM image in
Figure 50 suggests that the aromatic cores are located at equal positions
relative to the substrate. The high conformational mobility of the side chains at
the surface, which occurs on a time scale faster than the scanning frequency,

did not allow us to resolve their structures.

Starting from HBC-Ci, 6b, the introduction of a phenylene ring between the
aromatic core and the aliphatic side chains in all the six peripheral positions
leads to a dramatic change in the supramolecular structure on the solid surface.
Figure 51 displays the STM image of a monolayer of the achiral phenylene-alkyl
substituted HBC-PhC 12 43 physisorbed on HOPG.
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Figure 51. Scanning Tunneling Microscopy of HBC-PhCi;, 43 at the
solution-HOPG interface. An adsorbed molecule with brighter contrast (A)
is marked with light gray arrows while a molecule with darker contrast (B)
is labeled in dark gray. Unit cell: a=(3.10+£0.10) nm; b=(2.00+0.10) nm;
a=(78x£3)°. Ut= 1.17 V; average It = 251 pA.

Similar to the case of 6b, the 2D unit cell of the monolayer is oblique. In contrast
to 6b, however, two different types of contrast of the aromatic core have been
recorded here, as marked in the image by A (brighter) and B (darker). It is
noteworthy that their spatial distribution does not follow a periodical motif. A
similar contrast behavior has been observed for the other achiral phenylene-
alkyl functionalized HBC, i.e. compound 62 (image not shown). However, in the
latter case, the 2D wunit cell is nearly hexagonal (a=(2.41+0.12) nm;
b=(2.21+0.12) nm; a=(62+4)°).

The STM image of the chiral phenylene-alkyl substituted HBC derivative, HBC-
PhCs 61, self-assembled at the solution-HOPG interface is displayed in Figure
52. Although the 2D packing in the xy plane is almost hexagonal, similar to that
of compounds 48 and 62, the conjugated cores exhibit three different contrasts

distributed in a periodical motif across the plane.
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Figure 52: Scanning Tunneling Microscopy of HBC-PhCg* 61 at the
solution-HOPG interface. A,B,C types of molecules are characterized by a
different contrast. The two white arrows indicate vacancies in the crystal
structure. Around the vacancy O it is possible to notice the presence of 3
neighboring (labeled with light gray arrows) + 1 (dark gray arrow) A type
of molecules. Unit cell of the 2D structure @: a=(2.55+0.10) nm;
b=(2.44+0.10) nm; a=(58%£3)°. Unit cell of the superstructure @:

a'=(4.28+0.17) nm; b'=(4.28+£0.17) nm; a’=(58+3)°. Ut= 1 V; average It = 50
pA.

In Figure 52, the different cores are marked with A, B and C, where A exhibits
the brightest contrast, and C the lowest. Assuming the unit cell of the aromatic

cores to be exactly hexagonal, molecules exhibiting the same contrast form a

3" [3R30° superstructure.

In order to quantify the contrasts in the STM current images, the images have

been processed. In Figure 52 the average brightness and its standard deviation
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have been measured for each bright spot. It was determined from a circular
area with a diameter of 1.1 nm centered on the middle of the spot. The
evolution of these values along the three lattice axes are plotted vs. the position

number in Figure 53.
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Figure 53: Profiles of the contrast in the STM image shown in Figure 52 vs.
the position number, i.e. each unit in the x-axis correspond to one disc. a)
Profiles from B to [] ; b) from @ to O; c) from ¢ to ¢.

In all the three profiles in Figure 53, there is a periodicity due to 3 neighboring
contrasts (A, B, C), although, due to a non perfect flattening of the image, the

absolute values vary across the image.
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Molecule Unit cell in xy | Contrasts of the conjugated
cores in the STM image
HBC-Cg 48 Hexagonal |1 contrast

HBC-PhCsg 61 Hexagonal |3 contrasts periodically
distributed: “Staircase”

HBC-PhCg 62 Hexagonal |2 contrast randomly distributed

HBC-PhCj, 43 Oblique 2 contrasts randomly
distributed
HBC-C1, 6b Oblique 1 contrast

Table 7: Unit cell and contrasts of the conjugated cores in the STM images
of functionalized HBCs.

The different contrasts, observed in the STM images of the molecules with the
phenylene-containing side chains 61, 62 and 43 (Table 7), could be due to four

main effects:

1 defects of the molecular packing at surface;

2 different number of HBCs in a stack filling the tunneling gap
between tip and substrate;
different conformation of the molecule;

different position of the molecule in the gap tip-substrate.

The spatially random distribution of two different contrasts for compound 43
(Figure 51) and 62 on single crystalline domains physisorbed on HOPG could
be explained with effect 1, which can be due to: (a) defects in the HOPG lattice
and/or (b) impurity of the synthetic material. While (a) can be neglected since
the freshly cleaved surface of HOPG in the last decade has been proven with
STM to be almost defect free in the micrometer scale, (b) can be ruled out since
all the compounds which have been used are analytically pure (as determined
by NMR and mass spectrometry).

Assuming 2, the contrast A in Figure 52 could correspond to three stacked
discs, B to two, and C to one disc filling the gap tip-substrate since a stack of
aromatic cores should exhibit a better electron transfer than the solvent

molecules. However, observing carefully the molecular packing in the proximity
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of lattice defects such as a missing molecule (indicated with white arrows 1 and
2 in Figure 52), one can note that these defects are located where one of the
darker discs should be placed, albeit it is desorbed. The desorption of a C type
molecule is very unlikely, since among the three types it is the one which is
better coupled with the substrate, hence more strongly physisorbed on it. This
observation does not support the effect 2.

Phenylene groups which are directly attached to the molecular core are
common to derivatives 61, 62 and 43. In order to minimize the steric
interactions of the ortho-protons with those of the neighboring aromatic core,
they are likely to arrange in a non-planar conformation giving rise to a non-
planarity of the whole system 2% %4 The variation of the conformation (effect 3),
from planar to non-planar, can induce a change in the electronic properties of
the HBCs, causing different contrasts in the STM current image.

According to the interpretation 4, the aromatic cores may be "frozen” at different
positions (“staircase”) in the tunneling gap tip-substrate, as sketched in the

cartoon in Figure 54.

the STM tip scans
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Figure 54: Schematic cartoon of STM constant height investigation. The
molecule can be localized in different z locations within the gap tip-
substrate. In all three cases (A,B,C) the size of the not filled gap, which
can be considered as vacuum, is equal: Gi\= Gg1+Gg2= Gci1tGe2. In the
extreme case (D) the gap consist of vacuum where Ga < Gp.

In this model, the asymmetric position of the molecule within the gap tip-

substrate has an influence on the contrast in STM current images, according to
a resonant tunneling contribution.?®? In the case of the STM images of 61,

which are characterized by three different contrasts, the brighter discs (A) would
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be better coupled to the substrate, while B and C would appear more and more
dark because of their increasing distance from the substrate, and consequently
lower coupling (Figure 54). The extreme case would be characterized by the
absence of the molecule in the gap (case D), which leads to the smallest
current in the STM image, like at vacancies in the 2D lattice (indicated by the
white arrows 1 and 2 in Figure 52). This model is also in accordance with the
observation of a missing molecule (white arrows in Figure 52) of type C, which
can desorb more easily since it is located further away from the substrate.

Therefore, it can be concluded that either 3 or 4, or both of them, cause the

different contrast observed in Figure 51 and Figure 52.

The observation that 61 self-assembles at the solid-liquid interface not only in
two dimensions but also in three dimensions is particularly interesting. In
addition to the role played by the phenylene groups attached to the molecular
core (effect 3) inducing a loss of planarity of the whole system, a contribution of
the aliphatic side chains for the supramolecular arrangement is likely to be
relevant. The branched substitutions themselves, being chiral, also induce well-
defined and periodical losses of planarity. We believe that both these chemical
functionalities are required in order to attain the self-assembly into a staircase
architecture of 61.

On the other hand, the mere existence of the first of the two forces in the case
of compound 43, namely the presence of a phenylene function directly attached
to the HBC core, induces a loss of planarity of the system in the non-adsorbed
state, that upon physisorption at a surface leads to a molecular pattern with a
degree of order only in the xy plane, while the molecules are located randomly,
l.e. in a non periodical fashion, in the third dimension in any of two distinct
positions. In the absence of the phenylene attached directly to the aromatic
core, the molecules tend to physisorb equally flat on the basal plane of graphite,
as has also been observed for several other symmetrically functionalized
PAHs.[26:94

Focussing again on the missing molecules in Figure 52, one can notice that the
superstructure is lost in their vicinity. For example, a total of four A-type

molecules in the vicinity of the vacancy @ in Figure 52 can be recognized:
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Three neighboring ones are marked with light gray arrows and another one is
labeled with a dark gray arrow. The free space provided by the missing
molecule enables the neighboring moieties to attain a position which is nearer
to the substrate if compared to the standard location it would usually assume.
This indicates once again that the steric hindrances (intermolecular interactions)
are essential in order to achieve this type of 3D arrangement. Remarkably,
these vacancies are rather stable features with a life time of several minutes.

A similar supramolecular nanostructure like that of 61 at the solution-HOPG
interface has been detected on triphenylenes bearing long aliphatic side-chains
by Charra and Cousty.? These authors have observed the appearance of a
superlattice in hexagonally packed monolayers with increasing lengths of the

side chains, where every third molecule appears brighter, according to a

V3~ J3R30° superstructure. They explained this phenomenon in the light of an
antiferromagnetic triangular Ising net. However, this model cannot be applied to
our data because (1) it cannot be used to describe a structure consisting of
more than two contrasts, e.g. the staircase built up with 61; (2) it is limited to
polymolecular structures having a hexagonal lattice in the two dimensions; and
(3) it cannot be used to describe the case of randomly distributed contrasts as
the ones observed for compounds 43 and 62.

Drawing the attention to the symmetry of the molecular arrangement in 2D
(Table 7), compounds 48 and 61 exhibit a 2D hexagonal unit cell while for 43 it
is oblique. In the latter case, the steric hindrance of the non branched, i.e.

linear, aliphatic side chains is smaller, giving rise to a larger flexibility of the
molecular system. This allows 43 to pack according to a two-fold symmetry,
similarly to HBC-C12 (6b).?%! This packing is favored since the area per unit cell
is minimized, hence the enthalpy gain upon adsorption at the surface (interfacial
interaction) is maximized ?° Instead, in the first three cases 48, 61 and 62, due
to a larger steric hindrance of the non-conjugated bulky peripheral groups, and
consequently a smaller flexibility of the system, the HBCs cannot arrange in a
two-fold symmetry, thus adopting an almost hexagonal structure, that is
reminiscent of columnar mesophases. Indeed, this class of compounds exhibits

liquid crystalline phases which exist over a wide range of temperatures.?”: 3 104
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In summary, the chemical functionalization of HBCs with phenylene-alkyl chiral
side chains allowed to extend the established two dimensional molecular self-
assembly at the solid-liquid interface to the third dimension in the region near
the substrate. The formation of the staircase architecture finds its origin in the
interplay between intramolecular as well as intermolecular and interfacial
interactions; a key role is played by the steric hindrance suffered by the side
chains. This latter effect can also play a role inducing the molecules to adopt
different conformations allowing the minimization of the intermolecular repulsive
interactions. The staircase architecture appears to be an ideal candidate for
scanning tunneling spectroscopy studies of equal conjugated molecules
possessing different electronic properties due to their variable overlap with the
substrate. Furthermore, it is possible to envisage new interesting experiments
manipulating a single HBC in the xy plane from the near-vacancy to the
vacancy: Depending on the final location that the manipulated molecule
spontaneously adopts along the z axis, the HBC layer might exhibit properties
of a molecular level machine®® where the stimulated switch between two
different positions with respect to the substrate is controlled by intermolecular

interactions.
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3.8 'H-NMR investigation of the aromatic p-stacking
of hexabenzocoronene in solution

3.8.1 Introduction and previous work

A major obstacle in the NMR-spectroscopic description of PAHs, related to the
limited solubility, is the strong tendency of the disc-type structures to form
aggregates in solution,**® 1% which causes significant line broadening and
shielding. The shielding in this case is of course intermolecular, versus the
diatropic effects™”! which are normally considered when looking at single
aromatic molecules. Figure 15 shows, however, that by increasing the
temperature from 298 K to 450 K one can obtain *H-NMR signals with
sufficiently narrow line widths.2®¥ In a more detailed study, one can observe the
strong influence that changes of temperature and concentration have on the p-p
interaction of these aromatic compounds. The shifts of the aromatic 'H
resonance frequencies dependent on changes in temperature are depicted in

Figure 55, and on concentration in Figure 56.12

51.16 x 10-3 mol/L
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Figure 55: Temperature dependent 'H-NMR spectra of HBC-Ci, 6b in
C.D»Cl, at temperatures between 60°C and 120°C
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Figure 56: Concentration dependent H-NMR spectra of HBC-C1, 6b in

C,D,Cl, at 60°C

o

As can be seen in Figure 55, on heating in a temperature range between 60°C
and 120°C, the relevant aromatic signals experience a downfield shift of Dd =
0.26, fromd = 8.11 ppm to d = 8.37 ppm. A somewhat less pronounced shift to
low fields can be observed for the a-CH, protons of the alkyl side chains.
Likewise, decreasing the concentration (at a constant temperature of 60°C)
from 51.2x107 mol/L to 1.4x10° mol/L results in a shift to low fields by almost
0.5 ppm. Again, a less pronounced shift to low fields can be observed for the a-
CH., protons of the alkyl side chains. It can be summarized that increasing
temperature and decreasing concentration affect the solution behavior in a way
that smaller aggregates are formed. This results in a shift of the aromatic proton
signal towards lower fields which is in accordance with the theoretical value
calculated for an isolated molecule.®* 81 On the other hand, it was, until now,
not experimentally possible to reach concentrations low enough to measure
isolated HBC molecules in solution, which would make it possible to determine

association constants and ring current parameters.
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In a similar approach, the aggregation of phenylacetylene macrocycles in
solution has been studied with *H-NMR spectroscopy.™*®> ¢ The association
constant for dimerisation, Kassoc, Was determined by curve fitting the
concentration dependence of the proton chemical shift to a model for monomer-
dimer equilibrium. The results obtained from NMR studies, e.g. aggregation
constants and aggregate size, have independently been verified by vapor
pressure osmometry experiments. It has been further well documented in the
literature that aryl groups tend to associate in either a face-to-face or an edge-
to-face orientation.?°® 271 |n the phenylacetylene macrocyclic systems, it was
possible to assign a face-to-face p-stacking arrangement to the macrocycles in
solution.!*® 11 However, the nature of the forces that cause these self-
association phenomena are still not totally clarified, quadrupole-quadrupole
and/or van der Waals interactions are being discussed in the literature 2% 209
These aromatic p-p interactions are suppressed when the periphery of the
macrocycle is substituted with bulky tert-butyl groups which prevent the

molecules from approaching each other.l"? 8]

3.8.2 Application of self-association models to experimental
data

The experimental data of NMR shift as a function of the concentration of HBC
were used in self-association models in order to determine the association
constant, as described by Martin, 1996.%1% These models deal with equilibrium
or thermodynamics and describe equilibrium constants of the self-association
process using different assumptions. Several models described by Martin were
used in this work, and the results are presented in this section. These models
and the underlying equations involved are described in detail by Martin, only the
main features of the models and the results are mentioned here.
Experimentally, NMR samples of HBC-C3, 6b in tetrachlorethane were prepared
for a concentration range of 0.17 to 5.1x10® mol/L. All NMR experiments were
conducted at a constant temperature of 60°C. In the case of very low
concentrations, a large number of scans was needed to achieve resolution of

the aromatic core proton above the noise level. For all of the measurements, a
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Bruker DRX 500 NMR spectrometer was used and the number of scans that
was utilized in the case of the lowest concentration was in the order of 40000

which translates to three days of experiment time.

3.8.3 Models using nearest neighbors:

In order to apply self-association models to NMR data, it is assumed that the
chemical shift of a molecule (P) is given by

where a, | and x are the mole fractions of the monomer, molecule at the end of
a stack and molecule within a stack respectively, and P,, P, and Py are their
NMR shifts. It is assumed that the NMR shift of a molecule at the end of a stack
can be expressed in terms of the NMR shifts of the monomer and of a molecule

within a stack by means of a factor f, i.e.
P| = f PX + (1'f) Pa

where a setting of f = 0.5 means that a molecule at the end of a stack
experiences half the effect of one inside the stack. This treatment leads to three

unknowns which need to be determined, P,, Py and f.

Equal K (EK) Model:

In the simplest Equal K (EK) model, it is assumed that the addition of a
molecule to a stack occurs with identical free energy and equilibrium constant
(Kg) as for the addition of previous molecules. This model can be refined by
allowing the equilibrium constant for dimer formation to differ from the value of
the equilibrium constant for subsequent additions (by a factor r, i.e. Ko= Kg/r).

Thus, 2 more unknowns, Keg and r, need to be determined.

Attenuated K (AK) Model:
In the Attenuated K (AK) model, it is accounted for that successive additions

become less probable and less favored entropically, and thus successive
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equilibrium constants taper off. Thus, the equilibrium constant for dimer
formation is given by Ky= Ka/2, that of trimer formation is Ks= Ka/3, etc. Similar
to the EK model, it is also possible to allow the equilibrium constant for dimer
formation to not follow this pattern using a factor t = 2 Ky/Ka. Thus, for this

model, the additional unknowns aret and Ka.

3.8.4 Models using next nearest neighbors:

In the above models, it was assumed that only nearest-neighbor interactions
produce chemical shifts. It is also possible to consider the interactions of next
nearest neighbors in vertical stacks. Let the nearest-neighbor effect producing
an NMR shift be n and the next-nearest-neighbor effect be t, with the ratio r =
t/n. A high value of t indicates a high influence of the next-nearest-neighbors.
Thus, instead of the variable f in the models where only the nearest-neighbor

interactions are considered, the variable t needs to be determined.

Equal K Model considering next-nearest-neighbors (EKNN):

This model is similar to the EK model, i.e. Kg and r need to be determined.

Attenuated K Model considering next-nearest-neighbors (AKNN):

This model is similar to the AK model, i.e. Ko and t need to be determined.

3.8.5 Results of experimental data and applied models

The four models introduced above (EK, AK, EKNN and AKNN) were used along
with the experimental data, which at this point were measured even at very low
concentrations (as low as 5.122 x10® mol/L) as listed in Table 8. Since the
equations governing these models are nonlinear, a nonlinear least squares
analysis was carried out in order to fit the parameters of the models to
experimental data. For e.g., in case of the EK model, the equilibrium constant

(Kg), the factor distinguishing dimer formation from other polymers (r), the

monomer shift (Py), the shift of a molecule within a stack (Py), and the factor
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relating the shift of a molecule at the end of a stack to those of the monomer
and within a stack (f) were the parameters that were changed in order to

achieve a good fit for the experimental data (Table 8).

¢ [mol / L] d [ppm]
0.1651 7.975
0.0917 8.049
0.0532 8.109
0.0423 8.140
0.0301 8.177
0.0191 8.238
0.0102 8.315
0.0063 8.378
0.0018 8.542
8.265 x10™ 8.666
4.894 x10™ 8.716
3.263 x10™ 8.785
2.114 x10™ 8.831
1.631 x10° 8.915
1.025 x10°° 9.014
1.025 x10™’ 9.699
5.122 x10® 9.699

Table 8: Experimental data; *H chemical shift of the aromatic core protons
of HBC-C1, 6b in C2D2Cl4 at 60°C

The first results presented do not use the entire set of experimental data. The
last two points were at first neglected as the errors at such high dilution values
can be large. Table 9 shows the parameters of the different models for this set
of experimental data. Figure 57 shows the graphical fit using this set of

parameters.
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EK model AK model EKNN model AKNN model
Ke=188.68 L/mol | Ka =457.32 L/mol | Kg=188.66 L/mol || Ka =457.39 L/mol
r =4.485 t =3.834 r =4.485 t =3.834
f=0.4970 f=0.3773 r = 0.005954 r=0.3253
Pa =8.977 ppm P2 =8.978 ppm Pa=8.977 ppm Pa=8.978 ppm
Pyx=7.641 ppm Pyx=7.239 ppm Pyx=7.641 ppm Pyx=7.239 ppm

Table 9: Parameters for the different models neglecting the last two
experimental data points

B

88

8.6

8.4

Chemical shift [ppm]

82

[ | Experiment
All models

log [concentration / (mol/lit)]

Figure 57: Comparison between experimental data and models for the
experimental data neglecting the last two experimental data points.
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As can be seen from the graphical fit in Figure 57 the experimental data
(neglecting the last two data points) match well with the calculations.
Association constants calculated for the different models are in the range of 188
to 457 L/mol. However, considering that aggregation is present even at low
concentrations this seems rather low. The graph crosses the y-axis at around
8.9 ppm which is below the determined chemical shift for the lowest
concentration used in these calculations. The graph suggests a constant
decrease of aggregate size due to the leveling out towards 8.9 ppm.

In the next set of results, all the data points were used. The NMR shift of the
monomer (P,) was kept constant at 9.699 ppm, i.e. at the value of the data
point with the highest dilution. Table 10 shows the parameters of the different
models for this set of experimental data and Figure 58 shows the graphical fit

using this set of parameters.

EK model AK model EKNN model AKNN model
Kg = 24675.5 Ka =58473.8 Kg = 24695.3 Ka = 58236.3
L/mol L/mol L/mol L/mol
r =57.097 t =49.442 r =57.10 t =49.61
f=0.4451 f=0.3365 r=0.1234 r=0.4861
Pyx=7.766 ppm Pyx=7.178 ppm x = 7.766 ppm Pyx=7.176 ppm

Table 10: Parameters for the different models using the entire set of
experimental data (Chemical shift of the monomer is constant at 9.699

ppm)
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Figure 58: Comparison between experimental data and models using the
entire set of experimental data (Chemical shift of the monomer is constant
at 9.699 ppm).

When all data points are used the association constants are in the range of
25000 L/mol and 58000 L/mol. These values are by a factor of about 1000
higher than the ones calculated previously. The shape of the curve in this case
is different to that observed in the previous case. Here, a shoulder emerges at
concentrations of around 2.1x10™* mol/L. This could be an indication of a two
step aggregation process. At first, an equilibrium between dimers and multimers
is present whereas at lower concentrations (< 2.1x10™* mol/L) an equilibrium
between dimers and monomers is observed. This would also explain the drastic
change of the value for the chemical shift reported in Table 8, i.e. when
decreasing the concentration from 1.025x10° to 1.025x10”" mo/L the d number
jumped from 9.014 to 9.699 ppm. After this, the chemical shift was independent

of the concentration and remained constant at 9.699 ppm.
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The experimentally found value of 9.699 ppm for the chemical shift for a
HBC-C12, monomer is consistent with the calculated data obtained by quantum
chemical ab initio studies. Here, Ochsenfeld and co-workers determined the
chemical shift of a HBC monomer to be 9.7 ppm.® 84 The conformity of both
experimental data and theoretical calculations is a validation for the proof of the
conducted studies. The high dilution that was necessary to reach the point were
no aggregation of HBC discs was observed is an impressive demonstration for
the strong p-p interactions that are responsible for the self-assembly of the
investigated systems.

The distribution of HBC discs in the solution as depicted in Figure 59, i.e. the
number of discs in a stack at a given concentration can be estimated using the
parameters calculated from the EK, EKNN, AK and AKNN methods.

014
013
012
0.11
010
0.08
0.08
0.07

C =0.165 moliL
G =0.053 moliL
G =0.019 moliL

D.06

Moaole fraction

G n=%
0.04
0.03
0.02

o.M

|
0 10 20 30 40 50
Number of HBC discs per aggregate

0.00

Figure 59: Number of discs aggregated at given concentrations
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For the EK and EKNN methods, the mole fraction of the higher n-mers can be

calculated using

a, =ria' (K.C)™*; with i3 2

where C is the total concentration.

while for the AK and AKNN methods, it is given by

a, :—ta'(?fi)c)'_l; withi® 2
The mole fractions of the number of discs in a stack for degrees one (monomer)
to 50 are plotted in Figure 1 for three different total concentrations. For C =
0.019 mol/L, a maximum is attained at n = 3, i.e. about 13% trimers exist; for C
= 0.053 mol/L, a maximum is attained at n = 5; and at the highest concentration

of C = 0.165 mol/L, a maximum is attained at n = 9.

The aggregation behavior of discotic liquid crystalline phthalocyanines was
investigated in a similar approach by Schutte and co-workers.?*Y) Here, the
absorption spectra of a metal free phthalocyanine derivative in dodecane were
analyzed in terms of monomer-dimer-trimer equilibria.?!! The aggregation in
dodecane was studied in a concentration range of 102 to 107 M at room
temperature. In this concentration range, the phthalocyanines were found to
mainly consist of dimers with an association constant of Ky = 1.50x10° M™.
These results compare to the findings of this investigation. For HBC-C3» the
association constant for dimers was determined to be Ka = 5.8x10* M™* when
using the AKNN model. The difference in magnitude (by a factor of 100 lower
for the HBCs) certainly results from the elevated temperature utilized in these
experiments according to van’t Hoff's law and due to the highly simplified model
used by Schutte where higher aggregates (> 3) are neglected. It is not only the
association constants for the discotic phthalocyanine investigated by Schutte
and the HBC derivative studied here that show similar behavior. The number of

phthalocyanine discs assembled in aggregates was reported to be between two
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and six depending on the concentration. In the study conducted here, it was
possible to further extend the investigation of disc-like HBCs, i.e. monomers as

well as aggregates with an average of nine molecules in a stack were found.

Nomenclature:

EK: Equal K model

EKNN: EK considering next nearest neighbors
AK: Attenuated K model

AKNN: AK considering next nearest neighbors

Ke: Equilibrium constant

Ka: Association constant

r: factor by which dimer formation differs from other polymer formation in EK
models (K, =1 Kg)

t: factor by which dimer formation differs from other polymer formation in AK
models (Kz = tKa/2)

f: factor relating shift of end molecule to that of the monomer and the interior
molecule (P, = (1-f)Pa + f Py)

r: factor indicating importance of next-nearest-neighbor

Pa: NMR shift of monomer

P,: NMR shift of interior molecule

3.8.6 Concentration dependant UV/Vis measurements

In a similar approach to the above described H-NMR experiments, UV/Vis
concentration dependant measurements were conducted. Three different
solutions of HBC-C1, 6b in a concentration range of 6.07 x 10 to 6.07 x 10°
mol/L were prepared in CHCl;. Here, the main HBC absorption band at 373 nm,
corresponding to a p-p* transition, was monitored. It was attempted to
reproduce and verify the association constants determined in the previous

chapter, by fitting the shift of the UV/Vis absorption bands to the self-association
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model developed by Martin?*?. However, as apparent from Figure 60 no shift in
the UV/Vis spectra was observed. No bathochromic or hypsochromic shift could
be monitored for the main b-band nor for the parp- (p) band. Not even the band-

width or the overall shape of the different UV/Vis spectra changed (Figure 60).

373
5 /
S, ﬁ;
[ |
o / ———6.07 x 10° mol/L
o f\ ——6.07 x 10" mollL
o) 357 -
2 A \ 6.07 x 10° mollL
O
< / M \ /\402
/ \KJ |
pdf \
vl
w/?’ \\\<\
<§=‘B;
T [ T [ T |
300 350 400 450

Wavelength [nm]
Figure 60: Concentration dependent UV/Vis spectra of HBC-C;, 6b at room

temperature in chloroform

An explanation for this phenomenon is the concentration independence of the
monitored b- and para-band. A different behavior might be observed for the
absorption band which is present at around 250 nm as observed for spincoated
films of HBC (Figure 34). However, this band can not be monitored due to the
absorption of the solvent in this region when conducting UV/Vis measurements
in chloroform. A solvent that would be suited much better for this approach
would be heptane. In heptane, measurements could be conducted even in the
small wavelength region down to 200 nm further, aggregation would be much
stronger in this non-polar solvent. However, the limiting factor in this case is the

very low to non existing solubility of HBC-C1, in heptane at room temperature.
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Other solvents as THF or chloroform will not permit UV studies at room
temperature. Thus, it can be concluded that the determination of association
constants utilizing UV/Vis spectroscopy is not the method of choice. Other
experiments that also reveal concentration dependent behavior are light
scattering and vapor pressure osmometry (VPO). These methods will be used

in the future to further investigate the aggregation behavior of HBCs in solution.
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4  Functionalized HBC derivatives

4.1 Introduction

The production of materials on a large scale becomes more and more important
when the targeted compound is being tested for possible device applications.
The availability of hexaalkyl-substituted HBCs on a multi gram scale has

become more facile with the incorporation of [PdCL(dppf)[*!? for the alkyl

104 However, the

functionalization of 4,4 dibromodiphenylacetylene 21.B"
Co,(CO)s catalyzed cyclotrimerization of a functionalized diphenylacetylene only
gives access to molecules with Cs symmetry. It has the advantage of a fast and
easy access to soluble alkylated HBCs, but the disadvantage of not providing
single site functionalization or break of symmetry in any controlled manner.
Alternately, Ito et al. presented a synthetic strategy that allows mono-, ortho-di-,
and para-di-functionalization of the hexabenzocoronene discs (HBCs 7, 8 and 9
repectively) as already demonstrated in the Introduction.”®! The sp? C-Br bond
of bromo-functionalized HBCs served as a reactive site for coupling reactions
leading to a number of new functionalized HBCs.[?® By benzene-analogous
transition-metal catalyzed chemistry, HBC derivatives with cyano, ether, ester,
amino, etc. functionality were prepared. These syntheses met with varying
levels of success, which were no doubt limited in some cases by unsuccessful

coupling conditions or by low solubility.

The mesoscopic behavior as well as the packing in two and three dimensions
was studied especially for functionalized HBCs. The direct visualization of two-
dimensional crystals and liquid crystals of hexabenzocoronene derivatives on
surfaces such as HOPG (highly oriented pyrolytic graphite) and molybdenum
sulfide was achieved by STM techniques.[?5 2829 %4

The mono bromo-substituted HBC 7 was also used as a starting material for a
surface active HBC with a tethered carboxylic acid group!*” This derivative
was then complexed with amino functionalized polysiloxane and

polyethyleneimine resulting in remarkably long columns essentially free of
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defects.®? 3 The surface activity of the HBC with a tethered carboxylic acid
group was exploited to prepare LB films at the air-water interface [

These few examples taken together with the already existing vast number of
triphenylene, dibenzopyrene and phthalocyanine derivatives emphasize the
wide horizon facing the field of discotic liquid crystalline PAHs. However,
considering the enormous number of publications dealing with triphenylenes
that have been published since 1945, namely 545, only 20 deal with
unsymmetrically substituted triphenylenes.?%: 212230 The same holds true for
phthalocyanines, here 8269 articles have been published since 1945, whereas
only 109 target the topic of unsymmetrical substitution, summarized in a review
article by de laTorre et.al 3!

Nevertheless, the ample variety of functions, properties and applications that
were utilized in the development of new and improved triphenylenes,
dibenzopyrenes and phthalocyanines provided impetus for the syntheses of

some of the functionalized HBC derivatives presented below.

4.2 Towards single columns of HBC

The columnar structure of discotic liquid crystals has been shown to be well
suited for charge transport parallel to the columnar axis. To tailor the long range
order, i.e. the gross structure of the supramolecular assembly as well as the
mesophase behavior and processibility of such materials discotic oligomers,
polymers and networks are required.

Brand and co-workers in the group of Prof. Millen reported that the thermal
polymerization of HBC derivatives containing acryloyl or methacryloyl functions
at the terminal positions of all six alkyl chains had been achieved in the liquid
crystalline phase. Hereby, a network was obtained in which the columnar
hexagonal superstructure of the liquid crystalline phase was preserved and
reported to be stable between —100 °C and 300 °C.'”4 Attempts to polymerize
functionalized HBC derivatives in the main or in the side chain failed so far due
to solubility reasons. However, copolymers from HBC precursors
(hexaphenylbenzene derivatives) with relatively high molecular weights My =

1x10°) have been prepared and analyzed.”*? However, attempts of oxidative
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cyclodehydrogenation using FeCls in order to convert them into more
conjugated HBC groups failed.*2

Liquid crystalline polymers with triphenylenes both in the main and in the side
chain have been prepared and analyzed.[?% 5456, 157, 233]

Side group liquid crystal polymers (SGLCP) of e.g. triphenylenes!??? consist of
three distinct structural components: a polymer backbone, a liquid crystal group
and connecting these, a flexible spacer which is most commonly an alkyl
spacer. The role of the flexible spacer is to decouple, to some extent, the
opposing tendencies of the polymer backbone to adopt a random coil
conformation from those of the liquid crystal groups to self-assemble into an
ordered mesophase. This decoupling endows the polymers with a unique
duality of properties; they exhibit macromolecular characteristics such as
enhanced processibility and glassy behavior combined with, for example, the
electro-optic properties of conventional low molar mass liquid crystalline
discotics. This combination of polymeric and low molar mass mesogenic
properties is the basis of the considerable application potential of liquid
crystalline polymers in a range of advanced electro optical applications.???

The pioneering synthesis of liquid crystalline polymers by Ringsdorf and co-
workers® produced a mixture of products, was limited by scale, and more
importantly, produced a mixture of inseparable isomers of ill-defined

structure 234
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In this work attempts towards main chain polymers with HBC derivatives, i.e.
isolated columns of HBC, will be presented. Figure 61 shows the basic concept

for the realization of single columns of HBC.

/_/_/: Polymerization ,
ﬁ

=
=

it

Figure 61: Schematic representation of a single column consisting of HBC
molecules

Here, the intramolecular function is attached to the HBC core via an alkyl
spacer which may allow control of orientation and/or induction of
supramolecular (columnar) structures by covalent interactions with
complementary components.

As indicated in Figure 61, it was planned to utilize alkyl chains with terminal
double bonds for the polymerization of the HBC discs. Several advantages were
implied with this design: a) all-alkyl hexabenzocoronenes such as 80 show
higher solubilities than their para di-bromo substituted analog (HBC 9), thus
ensuring higher molecular weights, b) the alkyl spacer will permit a certain
flexibility of the system, and c) olefin metathesis?*®> 2% is a transition metal
catalyzed reaction which polymerizes even sterically demanding olefins under
mild reaction conditions.%"]

The synthesis of the dibromo substituted hexa-peri-hexabenzocoronene (p-Br,-
HBC-Cj,) 9 was carried out under the same conditions as previously published
by our group and depicted in the Chapter 128 The introduction of two hexene
chains to the aromatic core was achieved via Kumada coupling reaction*'? of
hex-1-enyl-6-magnesiumbromide and the bis-functionalized p-Br,-HBC-C12 9 in
THF, using [PdClL(dppf)]**? as the catalyst. Precipitation with methanol and
work-up afforded p-hexene-HBC-C i, 80 in 75% vyield as depicted in Scheme 20.
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Bng/M

80

Scheme 20: Synthesis of bis hexene functionalized HBC 80

At this point it is noteworthy that the [PdClL(dppf)]**? catalyst proved to be not
only excellently suited for the transition metal catalyzed functionalization of
4,4 dibromodiphenylacetylene 21 B7 14 put also for the direct functionalization
of bromo substituted HBCs. This is remarkable, since up till now only few
reactions such as the Hagihara®® coupling reaction gave excess to a direct
carbon-carbon bond formation with the HBC core 23 174

Differential scanning calorimetry (DSC) results revealed that p-hexene-HBC-C1»
80 forms a discotic columnar mesophase at 121 °C.

For the endeavor of polymerization, studies conducted by Grubbs and co-
workers!?% 23¢ established that ruthenium carbene catalysts are very effective
for the ring-closing metathesis of dienes. In their publications they disclose that
the new ruthenium carbene catalyst possesses two important advantages over
the common molybdenum-based reagents, i.e. a diminished sensitivity to
atmospheric oxygen and moisture and an increased tolerance of most
functionalities. (%> 2381 Dye to these reasons, this new ruthenium-based Grubbs-
catalyst was selected as the matter of choice for the ring closing polymerization
of 80.

Treatment of HBC-diene 80 with 2-4 mol % of ruthenium catalyst at room

temperature in THF, as depicted in Scheme 21, did surprisingly not result in the
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formation of HBC main-chain polymer or in HBC oligomers but exclusively in the
formation of HBC cyclophane 81 (Scheme 21).

Scheme 21: Outcome of ring closing metathesis of HBC-diene 80 with
ruthenium-based Grubbs-catalyst

Several attempts of varying the reaction conditions such as elevated
temperature, change of solvents, and/or concentration of starting material did
also not afford HBC oligomers or polymer.

Work up of the reaction mixture was performed by quenching and precipitating
the product with methanol. Followed by column chromatography on silica gel
using warm toluene as the eluent. HBC cyclophane 81 was obtained as a
yellow crystalline powder.

Figure 62 displays the FD mass spectra that was obtained from the product
after work up. Here, the two most dominant peaks (M* (100%) = 2663.1 and M**
(35%) = 1331.6) correspond to the cyclophane product 81 (Scheme 21 and
Figure 63). Further, an additional peak at M (18%) = 2692.3 is apparent. This
peak can be assigned to a half closed cyclophane 82 as shown in Figure 63.
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2692.5

Figure 62: FD mass spectra of cyclophane 81 after metathesis reaction

MALDI-TOF mass spectrometry as well as GPC analysis under standard
conditions of the obtained yellow product did not reveal any further oligomer

derivatives or even low molecular weight polymers.

81 82

M: 2664 .26 M: 2692.31

Figure 63: HBC cyclophane 81 and partially closed derivative 82

Literature survey revealed that in a similar experiment Ghadiri’®®® and co-
workers synthesized a tricyclic peptide. Here, it was hypothesized that the

hydrogen-bonded ensemble of peptides, which favors a productive orientation
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of the olefinic side chain moieties, would lower the activation entropy for the
intermolecular carbon-carbon bond forming olefin metathesis process.?®! In
analogy to the above, the strong p-p interactions of the HBC cores also seem to
promote the formation of the cyclophane. The metathesis reaction of the
peptides appeared to proceed in a stepwise fashion as judged by the transient
buildup of small quantities of an intermediate dimeric species where only the
first intermolecular side chain olefine bond was closed. In this case, purified
samples of this intermediate, when subjected to the metathesis reaction
conditions, converted to the tricyclic product.2%®!

From the displayed FD mass spectra it appears that the metathesis reaction of
HBC-diene 80 to the HBC-cyclophane 81 seems to be very efficient and high
yielding in terms of conversion of monomer to cyclophane. However, attempts
to purify the mixture of cyclophane 81 and half closed derivative 82 by means of
column chromatography and/or crystallization were not successful. Even when
the mixture of products was again treated with ruthenium catalyst no defined
cyclophane was obtained. Thus, no defined NMR analysis could be conducted
of cyclophane 81 or its derivative 82. Nevertheless, Figure 64 displays the 'H-
NMR spectrum of the monomer 80 (black line) and the resulting crude products
81 and 82 (red line).

R
18 84 a0 76 7.2 68 &4 &0 36 3z 2.5
fppm)

Figure 64: 'H-NMR spectra of HBC 80 (black line) and crude products 81

and 82 (red line) in CDCl3 at room temperature; protons a), b), and c) as
outlined in Scheme 21
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From this comparison it is obvious that the terminal protons a and b Scheme 21
and Figure 64 have almost disappeared and that only the internal protons ¢ of
the vinyl group remain. The remaining weak signals in the region of the terminal
vinyl protons could be explained by the presence of unclosed double bonds as
in 82. No individual signal was observed between 5.6 and 6.1 ppm but two
multiplets with different intensities. This could be an indication for the presence
of cis and trans configurations of the new formed double bond in 81. The broad
signals that were recorded for the aromatic region after the metathesis reaction
are also an indication for the mixture of products as depicted in Figure 63.

Dr. Mark Watson in our group is currently engaged in altering the synthesis in
such a way that analytically pure material will be available shortly, this includes
the use of a cyclophane monomer where the solubilizing alkyl arms consists of
the branched alkyl chain (as in HBC-Cg) introduced in this work.

4.3 Thiophene substituted HBCs

The beneficial effects of heteroatom inclusion on the phase behavior has
already been discussed previously. Here, the substitution of HBC with
thiophene moieties will be presented. There are several reasons that promote
the substitution of HBC derivatives with thiophene.

For example, it is generally found in p-stacked conductors that the addition of
larger chalcogenide atoms (e.g., S, Se) improves conductivity. This effect is due
to an increase in the radial extension of the orbitals which increases both the
delocalization (bandwidth) and carrier mobility.3% 2% |n this context, Swager
and co-workers reported the syntheses and mesomorphism of novel
octaalkoxymethyl-substituted tetra-2,3-thiopheno-phorphyrazines, heterocyclic
phthalocyanine analogues in which the benzene rings are replaced by
thiophene rings. Among the attractive features of liquid-crystalline 2,3-
thiophenophorphyrazines as compared to phthalocyanines are their lower
mesomorphic and isotropic temperatures. These features have resulted in liquid
crystallinity at room temperature. 240 2411

Additionally, it seems promising to combine the interesting semiconducting

properties of thiophenes or oligothiophenes with the opto-electronic properties
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of hexabenzocoronenes on the level of the respective monomers as well as
further attempts to polymerize the thiophene substituted HBCs.

In a collaboration with Bettina Baumeister in the group of Prof. Jung
(Switzerland) the self-assembly processes and the structure of monolayers of
thiophene substituted HBCs on gold surfaces were intended to be studied by
atomic force microscopy (AFM).

The syntheses of the different thiophene substituted HBC derivatives are

presented in the following sections.

4.3.1 Synthesis and characterization of a-thiophene
substituted HBCs

Over the last years, selective and high yielding syntheses involving thiophenes
and oligothiophenes!?*?! have gained increasing importance due to the growing
interest in these materials for nanotechnology applications such as
photovoltaics and field effect transistors 132 142144, 243, 244]

The general applicability of thiophene substitution on the HBC core was tested
for the mono bromo functionalized HBC derivative 7. One effective method for
the carbon-carbon bond formation involving thiophene as one of the coupling
partners is the Grignard coupling reaction.?*® Here, commercially available 2-
bromo thiophene was transferred to the corresponding thiophenylmagnesium
bromide under classical Grignard conditions. %) The actual coupling of the
metallated thiophene and the bromo functionalized HBC was carried out in THF.
At first, HBC derivative 7 was dissolved in warm THF followed by addition of
[PdClL(dppH)]**?  catalyst, then a  large  excess  of  2-
thiophenylmagnesiumbromide was added to the solution(Scheme 22). After
reflux overnight, the reaction mixture was cooled down to room temperature
upon which crude 83 precipitated from the solution. Reprecipitation of 83 from
toluene and column chromatography on silica gel afforded a-substituted
thiophene HBC derivative in good yields. HBC 83 shows good solubilities at

slightly elevated temperatures in THF, chloroform and toluene.
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Bng’@

[PdACly(dppf)], THF, reflux

Scheme 22: Synthesis of mono-a-thiophene-HBC-C;, 83

Compound 83 has been intensively characterized by NMR spectroscopy and
has been subjected to differential scanning calorimetry (DSC) and thermo
gravimetric analysis (TGA). These results will be discussed later in context with
other thiophene substituted HBC materials.

Considering HBC 83 as a model compound for the general feasibility of
thiophene substitution on the HBC core, it is now important to synthesize a
material that can be subjected to further reactions since 83 is, from this point of
view, a dead end. Mentioned above was the idea to combine HBC and
thiophene in a co-polymer. For this purpose the substitution of di-bromo HBC 9
with a-thiophene was carried out under similar conditions as elaborated for the
synthesis of 83. However, to ensure that the Kumada-type coupling reaction
with [PdCly(dppf)]**? catalyst will only deliver completely substituted material an
even larger excess of 2-thiophenylmagnesiumbromide was used. Scheme 23
displays this reaction sequence that afforded para bis-a-thiophene substituted
HBC 84 in good yields.
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Bng/@

Scheme 23: Synthesis of para-a-thiophene-HBC-C;, 84

The work up and purification of 84 was carried out under the exact same
conditions as described for 83. NMR, DSC and TGA analysis was also carried
out in this case and revealed interesting phase behavior as is discussed below.
The solubility of 84 slightly decreased compared to derivative 83 but is still
within tolerable limits at elevated temperatures. Polymerization of 84 was
attempted with iron(lIl)chloride, FeCls, since this method is reported to be easy,
suitable for large scale production, and gives high molecular weight
polymers.[?*®l The standard procedure for this polymerization is to suspend
FeCls in chloroform and then to add the monomer quickly to this solution.?*”]
This, however, did not result in conversion of monomer 84 to either polymer or
oligomers. Unreacted starting material was recovered after short column
chromatography. Andersson?*® and co-workers reported a slightly altered
version of this polymerization. This procedure consists of adding a suspension
of FeClz in chloroform to the monomer which is also dissolved in chloroform. By
this method, less risk of mislinkages in the polymerization, e.g. coupling in the
4-position on the thiophene ring and high molecular weights were reported.[2%¢!
Unfortunately, also this variation of the FeCl-method was unsuccessful.
Variation of reaction temperature and/or concentration of monomer and/or
FeCl; also did not result in the formation of even small oligomers. The low
solubility or the bulkiness of the starting material might be responsible for this

outcome.
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In the literature solubility problems of oligothiophenes have been reported and
tackled by alkyl substitution of thiophene!?*®> 24l The same approach was
utilized for the synthesis of solubilized HBC 85. In a first step 2-bromothiophene
was functionalized, according to standard literature procedures, with a n-
dodecyl alkyl chain?*® In this attempt, the classical Grignard reaction in
diethylehter was catalyzed with [NiCl,dppp] catalyst. Next, 2-dodecylthiophene
was brominated using bromine and chloroform as the solvent to afford 2-bromo-
5-dodecylthiophene in good yields.**® The final step of this reaction sequence
was the Kumada-type coupling reaction of 5-dodecylthienyl-2-
magnesiumbromide with di-bromo HBC derivative 9 in THF catalyzed with
[PdACI2(dppf)] as depicted in Scheme 24. Here, workup and purification of the
crude product by column chromatography afforded the well soluble material 85

in high yields.

Bng S ClZHZ
[PACl,(dppf)], THF, reflux

Scheme 24: Synthesis of solubilized thiophene HBC derivative 85

The purity of the obtained product is well documented by the *H-NMR spectra
depicted in Figure 65.
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a-CH,-thiophene a-CH,-HBC

CH-HBC \Z

CH-thiophene l
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Figure 65: 'H-NMR spectra of HBC 85 in C,D,Cl4 at 100 °C

Even though the solubility was greatly enhanced in the case of HBC derivative
85, it is not suitable for further polymerization attempts since the reactive a-
positions are both locked with n-dodecyl alkyl chains. However, this material is
of great interest for the self-assembly from solution on gold substrates and is
currently investigated by means of AFM spectroscopy in the hands of Bettina

Baumeister in the group of Prof. Jung (Switzerland).
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4.3.2 Mesophase characterization of thiophene substituted
HBC derivatives 83, 84 and 85
A series of hexabenzocoronenes (83-85) with a variety of different thiophene
substitution patterns, i.e. mono-, para di-, and decorated with flexible dodecyl
chains, was synthesized. Since all the above compounds are thermotropic liquid
crystals, the thermal stability of these materials was first checked by
thermogravimetric analysis (TGA). All other characterizations were then carried
out below the decomposition temperature. The transition temperatures of
compounds 83-85 were measured using differential scanning calorimetry
(DSC). DSC traces and thermodynamic data are given in Figure 66 and Table
11.
In the first heating scan, 83 showed one endothermal peak at 92°C. In the
second heating scan Figure 66), the same peak was observed. The optical
texture that was observed developed in a starburst shape and transformed into
a texture, which was similar to some textures exhibited by columnar
mesophases reported earlier.l?” %!
The thermal behavior of 84 is remarkably different from that of 83. Compound
84 also formed a mesophase in a wide temperature range observed by both
POM and DSC. However, in the first heating scan two endothermal maxima at
71°C and 175 °C were observed. The first cooling scan showed two exothermal
peaks at 120 °C and 68 °C. The second heating scan showed similar features
like the first heating scan. The peaks at 71 °C and 175 °C were attributed to the
phase transition from the crystalline phase to the columnar mesophase and an
inter-mesophase transition respectively.
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Figure 66: Differential scanning calorimetry traces of HBC derivatives 83,
84, and 85

Remarkably, HBC 85 exhibits the highest phase transition temperature among
the thiophene substituted HBCs for the transformation of the crystalline phase
to the columnar mesophase. This transition occurs at 107°C, both in the first
and in the second heating scan. This is surprising since HBC 85 is decorated
with two additional long flexible alkyl chains which normally ensure lower phase

transition temperatures.
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Table 11 summarizes optical, thermal, and thermodynamical data for
compounds 83, 84 and 85.

Compound Transition T[°C] | DH [Jmol?]

83 K® Col 92 64
Col® | >430

84 K® Coly 71 15

Coli® Col, 175 23
Col® | >430

85 K® Col 107 134
Col® | >430

Table 11: Optical, thermal, and thermodynamical data for compounds 83,
84 and 85 (K = crystalline phase, Coly,, = ordered hexagonal columnar
mesophase | =isotropisation)

4.3.3 Synthesis and characterization of b-thiophene
substituted HBC

As reported in the previous chapter, all attempts to polymerize a-thiophene
substituted HBC 84 were unsuccessful. Nevertheless, in order to synthesize a
polymerizable HBC derivative the synthesis of a b-thiophene substituted
derivative, namely HBC 86 was attempted. In this case, both the reactive a-
positions are unblocked and amenable for additional reactions. Initial efforts to
synthesize 86 via Kumada-type coupling reaction of thiophenyl-3-
magnesiumbromide and para di-bromo HBC 9 failed miserably. Alteration of
reaction conditions and variation of transition metal catalyst did not result in the
desired product. Thus a different coupling reaction had to be applied in this
case. Other methods such as Stille or Suzuki coupling reactions involving
thiophene have been reported in the literature.[?*>%1 Scheme 25 displays the
reaction sequence that was successfully utilized to synthesize para b-thiophene
HBC 86. In a Suzuki-type?*® 251 coupling reaction catalyzed with [Pd(PPhs)],
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commercially available thiophene-3-boronic acid reacted with HBC 9 to yield

compound 86 in good yields (75%)).

>
Pd(PPhgz)4, K2COg3,
toluene, 80 °C

Scheme 25: Synthesis of para-b-thiophene-HBC-C;, 86

Surprisingly, HBC derivative 86, different from 84, is almost completely
insoluble in most organic solvents even at elevated temperatures. Thus,
attempts to polymerize 86 with FeCl; were undertaken but also failed
completely. Even reaction times of up to one week and/or elevated temperature

did not result in the formation of dimers or oligomers.
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4.4  Ultrafast excitation energy transfer in covalently
linked donor-acceptor systems

The self-organization of phase separating liquid crystalline and crystalline
soluble conjugated molecular materials has been reported earlier and employed
to create segregated structures optimized for charge separation and transport in
photovoltaic device structures. The soluble, liquid-crystalline discotic hexa-peri-
hexabenzocoronene (HBC-PhCi, 43) has been combined with a soluble
electron-accepting perylene diimide dye 44 to produce thin film photovoltaic
cells with maximum external quantum efficiencies of over 34% near 490 nm. %!
The high efficiencies result from efficient photoinduced charge transfer between
the hexabenzocoronene and the perylene as well as effective transport of
electrons and holes to the cathode and anode through segregated perylene and
discotic hexabenzocoronene p-systems.

The existence of a nearly ideal, self-organized structure in which vertical
segregation of charge transport layers coexists with a high interfacial area
between the two charge transfer components was presented. The close ordered
packing of the HBC-PhCi, 43 and the perylene diimide dye 44 proved to be
important for the efficiency of the fabricated photovoltaic cell. These findings
directed further research towards the development of covalently connected

hexabenzocoronene-perylene donor-acceptor systems.

In a similar approach Bi and co-workers!?>? reported the synthesis of a zinc
phthalolocyanine photosensitized donor-acceptor system for light energy
conversion and for the design of photoelectrochemical molecular devices.
Covalently linked phthalocyanine complexes were incorporated in bilayer lipid
membranes and deposited on SnO, transparent electrodes. Their
photovoltages were measured and compared. It was found that a more
favorable orientation and closer proximity are attained in the covalently linked
diad compound, between the donor (phthalocyanine)-acceptor (anthraquinone)
pair, thus resulting in higher efficiencies.

Peeters et.al.?>® recently published the synthesis, photophysical properties,

and the preparation of photovoltaic devices of covalently linked oligo(p-
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phenylene vinylene)(OPV)-fullerene dyads. The photophysical properties of
these donor-acceptor dyads were studied as a function of the conjugation
length in solvents of different polarity and as thin films. Fast singlet energy
transfer occurred after photoexcitation of the OPVn moiety of the dyads towards
the fullerene moiety in an apolar solvent.”>® Here, through the link of the donor
and acceptor via a covalent bond, a predefined phase segregation of
nanoscopic dimension was created and gave rise to a well-ordered
bicontinuous interpenetrating network of both donor and acceptor. The
nanoscopic dimension of the phase separation was advantageous because the
exciton diffusion length in conjugated polymers is limited to that length scale.
Molecular ordering will enhance the charge carrier mobility and hence the
separation of photogenerated electrons and holes. Finally, the bicontinuous
network will ensure the unrestricted transport of electrons and holes to the
electrodes. Each of these three factors, generation, stabilization and transport,
may improve the efficiency of photovoltaic cells.?>®

Encouraged by these findings, the synthesis and the photophysical properties of
covalently linked hexabenzocoronene-perylene donor-acceptor systems will be

presented below.

4.4.1 Syntheses of novel donor-acceptor systems

Since the above proposed endeavor combines the research interest of two of
the sub-groups in the group of Prof. Mullen, the synergy of a functionalized
liquid crystalline hexabenzocoronene derivative with a perylene dye was tackled
together with E. Reuther.

Functionalized HBC derivative 9 has already been subjected to several
transition metal catalyzed coupling reactions that have resulted in the formation
of new carbon-carbon bonds. One of the most successful reactions in terms of
conversion rate and yield was the Kumada-type coupling reaction.!*? However,
this method is not applicable for the connection of HBC derivative 9 with a
preylene monoimide similar to 87 since the oxygen functionalities do not
tolerate these conditions. Therefore, a different approach was chosen for the

selective coupling of HBC with perylene dye. It was E. Reuther?®? who
successfully prepared the boronic ester derivative 87 from the mono bromo
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functionalized perylenemonoimide precursor. Here, the aryl boronic ester 87

was prepared in a one step procedure!®®® via a palladium catalyzed coupling
reaction of the pinacol ester of diboron and the corresponding bromo
substituted perylenemonoimide .24

The actual Suzuki-coupling’?®®! of HBC derivative 9 and the boronic ester 87 as

depicted in Scheme 26 was carried out under reaction conditions reported by
Ishiyama and co-workers for a large variety of aryl-aryl couplings.?®®

Compound 9 was dissolved in toluene and then peryleneboronicester 87,
potassium carbonate (dissolved in ethanol/water (1:1)), and Pd(PPhs); were
added sequentially. The resulting mixture was heated at 80 °C under argon for
16 h. Work up and purification afforded di perylenemonoimide substituted HBC

[2%5] reported that the reaction is accelerated in polar

88 in 70% vyield. Ishiyama
solvents: e.g., DMSO 3 DMF > dioxane > toluene. In this case, use of more

polar solvents than toluene, resulting in shorter reaction times, was not possible
due to the extremely low solubility of HBC 9 in e.g. DMSO or DMF [25°!

-
Pd(PPh3)4, KoCOsg,
toluene, 80 °C

Scheme 26: Suzuki coupling reaction of HBC derivative 9 with perylene
boronic ester 87 in toluene
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The utilization of organic materials in photophysical experiments or their
employment in high technology applications requires extremely high purities
and thorough characterization of the respective compounds. The !H-NMR

spectra depicted in Figure 67 clearly indicates the high purity of the sample.

11
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Figure 67: 1H-NMR spectra of 88 in CD,Cls at 100°C and assignment of
protons according to H-H cosy experiments

Using H-H cosy NMR spectroscopy, the aromatic signals of the HBC core and
the two perylene substituents could be assigned as indicated in Figure 67 and
Figure 68.
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Figure 68: H-H cosy NMR spectrum of 88 in C,D»Cl, at 100°C

Careful analysis of the side products of this reaction, obtained from column

chromatography revealed that another interesting product had been formed, i.e.
approximately 5% of mono perylene substituted HBC 89. This compound itself

is interesting and important for the completion of the photophysical experiments
on HBC 88 which will be discussed below. Compound 89 as depicted in
Scheme 27 consists of one HBC and one perylenemoniimide moiety.
Additionally, HBC precursor 9 was debrominated on the unsubstituted position

during the reaction. Together with E. Reuther the reaction conditions were
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altered in such a way that the former side product 89 was now obtained with
30% yield.

Pd(PPh3)a, KzCOS
toluene, reflux @“@

Scheme 27: Alternated Suzuki coupling reaction of HBC derivative 9 with
perylene boronic ester 87 in refluxing toluene to yield mono substituted

HBC 89

With the new reaction conditions, only one equivalent of perylene boronic ester

87 was used and the reaction temperature was increased to reflux so that

debromination of the unreacted coupling side was favored. The details of

synthesis and thorough characterization of the material will be discussed by E.

Reuther elsewhere 254

The photophysical characterization of the above systems was carried out by Dr.

S. Mitra in the laboratories of Prof. DeSchreyver (Belgium).
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4.4.2 Absorption properties

The steady state spectra of the A-D-A complex 88 (Fehler! Verweisquelle
konnte nicht gefunden werden.) in THF is shown in Figure 69. The absorption
spectrum consists of two distinct maxima: the structured ultraviolet (UV)
absorption with maxima at around 380 nm and another one at the blue edge of

the spectrum (around 540 nm).
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Figure 69: Steady state absorption and fluorescence emission spectra of

A-D-A complex in THF. The excitation wavelengths are indicated in the
figure.

Comparison of the spectra to those of the model chromophores 6b and 90
(Figure 70)2%": 28] indicates that the ultraviolet absorption originates from the
donor and the blue absorption band is caused by the acceptor. The fact that the
individual identity of the model compounds is almost preserved in the complex

ensures either very low or no interaction between the donor and acceptor
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components in the ground state. The absorption properties are similar for both
the 1:1 (89) and 1:2 (88) complexes both in THF and toluene.

H25C12

oo TR0 o
QL O

6b 90

Figure 70: Structure of the model compounds 6b and 90

4.4.3 Fluorescence properties

Excitation at 470 nm (the acceptor absorption) gives a strong and broad yellow
fluorescence in the range of 525 to 750 nm with a maximum at 568 nm and a
shoulder at 608 nm. These fluorescence characteristics are identical to that of
the model hexaphenylperyleneimide[**® The quantum yield of fluorescence is
very high (f 1 = 0.85).

The most interesting result is the observation of a similar emission profile even
when we excite at the UV absorption band of the complex. The model HBC 6b
shows a structured fluorescence emission in the wavelength range of 450 to
520 nm with a peak at 480 nm (f ; = 0.06).2°) However, as shown in Figure 71,
no HBC emission in that wavelength range was found, instead, only identical
fluorescence emission arises from the acceptor independent of the excitation
wavelength. The complete quenching of the donor fluorescence points to a very
efficient excitation energy transfer from the donor to the acceptor moiety in the
excited state. The similarity of the fluorescence emission profile in all the
excitation position indicates that the nature of the fluorescing state is same
always. The quantum yield of fluorescence is about 0.54 when the complex is
excited at the donor absorption band. The fluorescence excitation spectrum of

this emission is similar to the absorption spectrum of the complex (Figure 71).
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The fluorescence behavior is similar for both 1:1 and 1:2 complexes in both

THF and toluene.

Fluo. Int. (a.u.)

500 550 600 650 700 750
Wavelength /nm

Figure 71: The fluorescence emission of 1:2 A-D-A complex in toluene at
different excitation wavelengths. The wavelength of excitation is 350(a),
400(b), 470(c) and 500(d) nm.

4.4.4 Time resolved fluorescence experiments

To identify the nature of the fluorescing states and the dynamics of the
excitation transfer process, excited state decay time measurements were
conducted using picosecond time correlated single photon counting technique.
All the fluorescence decay traces could be fitted well with a single exponential
decay function. The fluorescence decay parameters of the complexes
measured both in THF and toluene are given in Table 11 along with the
corresponding values for the model compounds. For complexes, the excitation
was done in both the donor and acceptor absorption (for example at 377 and

543 nm, respectively) and the fluorescence was detected at the two different
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wavelengths of 570 and 610 nm. From Table 12 it can be seen that in either
THF or toluene, fluorescence decay times are not dependent upon the
excitation and detection wavelengths. This further indicates that the nature of
the fluorescing state is the same for both excitation conditions. However, the
excitation energy transfer is too fast to be measured with a time resolution of ca.
20 ps in this TCSPC set-up.

System 1:2° 1:1¢ Model®
Solvent || exc(Nm) | | gee(nm) | t(nS) t(ns) t(ns)
THF 543 570 3.50 3.90 4.45
610 3.54 3.95 4.44
377 570 3.50 3.75
610 3.52 3.82
Toluene | 543 570 2.99 3.21 4.0
610 3.10 3.24 41
377 570 2.94 3.12
610 3.11 3.17

Table 12: Fluorescence Decay parameters for 1:1 and 2:1 (acceptor/donor)
complexes in solution?®

%For model donor (HBC), fluorescence decay times are 55ns (86%) and
15ns(14%) in hexane (I exc= 365 nm and | ge= 480 nm)2>7

bdi-perylenemonoimide HBC; °mono perylenemonoimide HBC; %hexaphenyl
perylenemonoimide
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4.5 Synthesis and characterization of aryl amine
substituted HBC derivatives and attempted
oxidation towards diimines

Aromatic amines play a key role in a number of fields, such as pharmaceuticals,
agrochemicals, pigments and electronic materials.”*® Organic hole transport
materials find applications in organic light-emitting diodes (LEDs), where they
substantially increase device performance if placed as a hole transport layer
(HTL) between the anode and the luminescent layer. An organic material is a
potential hole transporter if it can reversibly form radical cations, e.g., if it can
accept and donate positive charges without decomposition. The triarylamine
functionality is known to fulfill this requirement and constitutes a key feature of
many organic hole transport materials.?

Over the years, a number of cleverly designed and extremely useful methods
for aryl C-N bond formation have been reported. Among those, the Buchwald
coupling reaction is up to now the one that has been utilized most frequently in

the literature.[?>% 261l

4.5.1 Synthesis of dodecylaniline substituted HBCs

It was M. Wehmeier in the group of Prof. Millen who reported the synthesis of
primary and secondary amines in previous studies.”?® 2621 Here, it was possible
to cross-couple undecylamine with monobromo HBC 7 and dibromo HBC 9
(compound 91 in Scheme 28) in good yields under classical Buchwald2%® 2611
conditions catalyzed with Pd,(dba)s and BINAP in the presence of sodium tert.-

butanolate [*®!

Furthermore, it was attempted to observe intermolecular
interactions such as hydrogen bonds which are likely to be present in the case
of the amino functionalized HBC derivatives; the STM image at the solid-liquid
interface revealed rows of dimers. Experimental data, however, showed that the
distance between the amino groups of neighboring molecules was presumably
too large for intermolecular hydrogen bonding. Taking into account that the
given data for the unit cell has a reasonably large error margin, hydrogen bonds

could not completely be excluded!?® Further studies conducted by
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Wehmeier?®? also involved the attempts to chemically oxidize undecylamine
substituted HBC derivative 91.

91 92
Scheme 28: Attempted oxidation of para undecylamino substituted HBC 91

In this attempt, the proposed bisimine structure 92 was supposed to exhibit
dramatically  different current-voltage characteristics in the STM
investigations.?®? The history and scientific developments involving quinoid
diimine structures such as 93 and 94 (Figure 72) have been described in great
detail elsewhere”®? However, the formation of a quinoid diimide structure

based on terphenyl (such as 95) has not yet been reported in the literature.
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Figure 72: Quinoid diimide structures based on benzene 93 and biphenyl
94; terphenyl based diimides such as 95 have not been reported yet

As reported by Wehmeier?®2 the attempt to transfer bisamine substituted HBC
derivative 91 via chemical oxidation to the quinoid system 92 was unsuccessful.

During this endeavor, several oxidizing agents such as benzoylperoxide[?®®,
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silver(l)oxidel®®¥, leaddioxide and mercuryoxidel?®® failed to produce the desired
structure.

One of the drawbacks in the attempts of Wehmeier certainly was the utilization
of alkyl amino substituted HBC derivatives such as 91 for the subjection to
oxidizing agents. It was already in 1956 when Hughes?®® and co-workers
reported the enhanced stability of N,N"-diphenyl-quinoid structure (93, R =
phenyl) over alkyl substituted quinoid systems.

When Wehmeier?®? tried to utilize this concept for amine substituted HBCs, he
reported the unsuccessful attempts to synthesize dodecylaniline substituted
HBC using 9 as the starting material and standard Buchwald?® 261 cross-

coupling conditions.

To verify and/or cross-check the results reported earlier,?®? monobromo
substituted HBC 7 and a large excess of dodecylaniline were subjected to the
Buchwald?® 261 reaction catalyzed with Pdx(dba)s and BINAP in the presence
of sodium tert.-butanolate as depicted in Scheme 29. Work-up by precipitation

from methanol followed by filtration over a short pad of silica gel afforded
arylamine substituted HBC derivative 96 in high yields (88%).

H2N_@>_C12H 25

t )
Pd(dba)z, BINAP, Na'OBu,
toluene, 80 °C

Scheme 29: Cross-coupling reaction of monobromo HBC 7 and
dodecylaniline under Buchwald conditions

The material was obtained as a bright yellow powder which was reasonably

soluble in THF, chloroform and toluene.
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The purity of the material was determined by H-NMR spectroscopy of 96 in
C.,D.Cl, at 100 °C. From Figure 73, it is unequivocal that the
dodecylphenylamine substituted HBC derivative was obtained with great purity.
The NMR spectra in Figure 73 only depicts the aromatic region of the

compound. Here, six well resolved signals are visible for the aromatic core
protons of HBC in the region between d = 8.5 and 8.0 ppm. The excepted two
doublets for the phenyl amine moiety are merged to one singlet at d = 7.25
ppm, whereas, the signal for the proton attached to the nitrogen is visible at d =

5.8 ppm.

C.D, C|4

"8%6 84 82 80 78 76 74 72 70 68 66 64 62 60 58 56
(ppm)

Figure 73: *H-NMR (only aromatic region) of 96 in C2D,Cl4 at 100°C

As demonstrated above, it was possible to subject monobromo HBC 7 to a
cross-coupling reaction under Buchwald conditions with dodecylaniline as the
reaction partner.

Encouraged by these results, it was now again attempted to apply these
conditions to the corresponding reaction with dibromo substituted HBC 9 as

previously investigateu py vvenimeer in our group.
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Scheme 30 displays the reaction pathway for the synthesis of para
dodecylaniline substituted HBC 97. In a two-fold Buchwald cross-coupling
reaction under catalytic action of Pdy(dba); and BINAP in the presence of
sodium tert.-butanolate, HBC derivative 9 reacted with a large excess of
dodecylaniline so that the desired compound 97 was obtained in high yields
(89%) after workup and purification. Contrary to earlier findings, it was found
possible to synthesize para arylamine substituted HBCs such as 97 with good

yields and high purities.

HzN_@_ C12H2s

t >
Pd(dba)s, BINAP, NaOBu,
toluene, 80 °C

Scheme 30: Cross-coupling reaction of dibromo HBC 9 and dodecylaniline
under Buchwald conditions

Figure 74 displays the 'H-NMR spectra (only the aromatic region) for
compound 97. The signal to noise ratio in this case is quite poor due to low
concentration of the sample. As mentioned earlier, HBC discs tend to stack on
top of each other resulting in large aggregates which reduce the resolution of
the NMR signal. Thus lower concentrations had to be used for HBC 97. Higher
temperatures as utilized for HBC derivative 96 were not applicable since the

solubility of 97 is very low in C,D»Cl4 but reasonably good in dg-THF.
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Figure 74: *H-NMR (only aromatic region) of 97 in THF at 35°C

Here, due to the increased symmetry of the molecule compared to mono
substituted HBC 96, only three signals for the aromatic HBC core are present
between 9.0 and 8.9 ppm. Also the expected set of doublets for the phenyl
amine are visible and well resolved at 7.4 and 7.25 ppm. As a consequence of a
different solvent, lower concentration and lower temperature, the N-H proton
signal emerges now at around d = 7.8 ppm, thus experiencing a shift of

approximately 2 ppm compared to HBC 96.

4.5.2 Attempt to oxidize amino substituted HBC 97 to the
guinoid diimine

After having successfully synthesized and characterized the aryl amino
functionalized HBC derivative 97 efforts were made to transform this compound
into the corresponding quinoid diimine structure 98. In a similar attempt,
Hughes!?®®! and co-workers reported the successful synthesis of N,N"-diphenyl-
p-pheynylenediimine via oxidation of N,N’-diphenyl-p-pheynylenediamine with
mercuryoxide in refluxing benzene. However, in the case of HBC diamine 97,
these conditions did not yield the desired product 98. The reaction mixture

turned slightly brown but UV/Vis analysis (Figure 75) revealed that no product
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had formed after one hour, since no shift of the main HBC absorption band at |
= 373 nm occurred in comparison to the starting material 97. Longer reaction
times, even reaction overnight and/or elevated temperatures did not result in the
formation of diimine 98. The loss of the fine structure compred to the UV/Vis
spectra of untreated 97, i.e. the a- and para-band according to the Clart*® 63 15°I

nomenclature, is attributed to the presence of oxidizing agent and not optimized
UV/Vis concentrations.

Scheme 31: Attempted oxidation of para diamine substituted HBC 97

Further efforts to oxidize diamine system 97 with silver(l)oxide!®®¥ in diethyl
ether also failed.

The use of more drastic conditions, i.e. deployment of stronger oxidizing agents,
resulted in darker colored reaction mixtures, but also not in the desired product.

Leaddioxide in combination with leadacetate gave the same unsuccessful
results as the previous attempts.
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Figure 75: UV/Vis spectra of HBC 97 before and after treatment with
oxidizing agents

It can be reasoned that the unsuccessful attempts to synthesize a diimine
structure based on the HBC moiety as presented here and earlier by
Wehmeier?®? in our group is most probably not due to the instability of the
proposed product 98, since all the reactions were conducted under an inert
atmosphere with the use of dry solvents, but due to a high energy barrier for the
internal benzene rings of the HBC core to transform into the quinoid structure.
Further studies included the transformation of HBC amine 97 to a di-anion via
treatment with an excess of a strong base. In a first experiment the di-amine 97
was treated with an excess of sodium tert.-butylate in dry Dg-THF under an inert
atmosphere. As can be seen from the 1H-NMR spectra in Figure 76 the N-H
protons were only partly abstracted by the base. The partly negatively charged
species caused the line broadening most eminent in the resulting spectrum
(Figure 76, red line). Quenching of the negatively charged HBC amine with

methyl iodine was conducted to investigated the ratio of dianion and mono
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anion. FD mass spectrometry revealed that 75% of mono methylated species

had formed and only 25% of the di methylated were recorded.

N-phenyl C-H

a0 &8 &6 &4 &2 &0 78 76 74 7.2
{rpm)

Figure 76: *H-NMR spectra of HBC 97 in THF at room temperature (only
aromatic region) before (black line) and after treatment with base (red line)

This could either be an indication for the higher stability of a mono anion or it
could be due to the fact that the utilized base was not strong enough. Therefore,
a tert.-butyl lithium was used as the base in a second experiment. The resulting
NMR spectrum after treatment with the stronger base was very similar to the
one depicted in Figure 76. Here, again quenching of the anion resulted mainly
in the formation of a mono methylated species and only a small portion of the
analyzed material was di methylated. Thus it can be concluded that even with
very strong organic bases di-anion formation of HBC 97 is suppressed.
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4.5.3 A novel HBC derivative with a triarylamine moiety

Organic light emitting devices (OLEDs)?%®! have attracted a great deal of
attention due to their potential use in a wide range of lighting as well as high-
and low-resolution display applications. One of the principal failure modes in
OLEDs involves thermal instability in molecular thin films. Currently, one of the
most widely used hole tranport layer (HTL) materials in OLEDs is TPD (44 -
bis(phenyl-m-tolylamino)bipheny!) 262731 TPD fulfills many requirements for an
HTL, such as providing devices with excellent EL efficiencies and low turn-on
voltages; however, the thermal stability is poor. The main objective for
developing new HTL materials is to improve the thermal properties while
maintaining the desired properties exhibited by TPD. A wide variety of
approaches has been used in the endeavor to fulfill these requirements. For
example, “starburst” molecules having a triphenylamine core have
demonstrated improved thermal stability.!274 2751

Here, the synthesis of diphenylamine substituted HBC 99 is presented. Similar
to previously described procedures, in a two-fold Buchwald cross-coupling
reaction under catalytic action of Pdz(dba)s and BINAP in the presence of
sodium tert.-butanolate, HBC derivative 9 reacted with a large excess of
diphenylamine. Work up and purification afforded the desired compound 99 in

high yields (89%).

Pd(dba)s, BINAP, Na'OBu,
toluene, 80 °C
CioH25

Scheme 32: Cross-coupling reaction of dibromo HBC 9 and diphenylamine
under Buchwald conditions
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Similar to HBC 97, derivative 99 has C, symmetry, thus only three signals are
present for the aromatic protons of the HBC core as depicted in the 1H-NMR
spectra displayed in Figure 77. The two typical multiplets for the phenyl amine
moiety are visible between d = 7.0 and 7.5 ppm. Further, the a-CH; and b-CH,

are well resolved at d = 3.1 and 1.9 ppm, respectively.

C2D,Cly

90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10

ppm)

Figure 77: *H-NMR of 99 in C,D,Cl, at 100°C

Thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) and
optical polarization microscopy experiments were performed to study the phase
behavior of HBC 99. TGA analysis revealed that the diphenylamine substituted
HBC 99 is thermally stable up to 250°C as can be seen from Figure 78. With
this one of the main objectives for developing new HTL materials, i.e. to

improve the thermal properties has been fulfilled.
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Figure 78: TGA analysis of HBC 99

DSC analysis revealed that HBC 99 also depicts a columnar mesophase. The
phase transition from the crystalline phase to the mesophase was found to be at
157 °C. The fact that the present material also arranges in highly ordered
columnar structures is a promising prerequisite for the deployment as a hole

transporting material in organic light emitting devices.
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4.6 HBC as abuilding block for supramolecular
chemistry

Rapid growth and recent breakthroughs in the field of molecular manufacturing
have resulted in the development of an entirely new synthetic strategy for the
preparation of organized nano-structures. This strategy is based on molecular
self-assembly, a phenomenon in which the individual subunits are quickly driven
together and held in place by multiple, accurately positioned non-covalent
interactions.?® 2”7 The use of transition metals and coordination-based design
allows the formation of a variety of self-organized nanosystems in a few highly
convergent synthetic steps. Molecular architecture utilizes the large diversity of
available transition metals and their co-ordination chemistry to create complex
geometric shapes. The challenge facing the future of modern nanotechnology is
molecular manufacturing, a process that is designed to synthesize advanced
materials with specific properties and functions. These are determined by
controlling the form, shape and distribution of each individual building block and
their precise placement. Such intermolecular control imposes strict
requirements on the nature, type and directionality of the bonding forces that
operate within the entire aggregated structure. The chemical bonding of the
subunits must be relatively weak, thermodynamically stable, yet kinetically labile
to allow the self-rearrangement of the subunits within the entire structure,
thereby enabling the self-correction of possible defects. A simple and general
concept for generating ordered structures is based on the recognition-driven
spontaneous assembly of complementary subunits. Since transition metals
have co-ordination sites with specific geometries that depend upon their
electronic structure they can serve as acceptor subunits. These can be linked
together via donor building blocks that form the rigid frame of the assembled
entity. Both of these types of subunits must possess specific geometries and
remain multidentate or at least bidentate, i.e. they must have at least two co-
ordination sites that cannot be capped, to form the desired cyclic structure.
From the above considerations it is obvious that these units can be nitrogen-

containing heteroaryls, or cyano-substituted aromatic molecules.?"® 277!
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The construction of almost any entity that contains a transition metal requires
the assessment of the angles between the binding sites of each donor and
acceptor subunit. Hence, the subunits can be classified into two types based on
the value of this angle: linear subunits that possess these reactive sites with a
180° orientation relative to each other and angular subunits that have other,
smaller angles. For example a molecular square can be assembled in several
different ways, either by combining four linear with four angular building blocks,

or by combining two different angular subunits as depicted in Figure 79.[276: 2771
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Figure 79: Combinatorial library of cyclic molecular polygons

Previous attempts to utilize large polyaromatic molecules in coordination
chemistry involved diazapyrene?’®, diazaperylene?’®, and porphrin ™ to yield

molecular squares.

Drain and Lehn®"® prepared tetranuclear assemblies by two different methods.
One of them involved the cis-[Pt(PhCN)2Cl;] complex as an angular building
block which, when combined with the linear porphyrin resulted in the molecular

square.
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Here, in a similar approach, an effort was made to synthesize a HBC derivative
that was suitable for the above described combinatorial approach towards
supramolecular assemblies.

In a first attempt, 4-(tri-n-butyltin)pyridine was synthesized and subjected to
Stille!?8% 281 coupling conditions with dibromo substituted HBC 9(Scheme 33).

Br
\/\/©\/\/ N\
H25C12 Ci2H2s E'/) Hz5C12 Ci2H2s

@) O @) @
Sn BU3 >
Pd(PPhs)a, Cul, DM, 80 °C O O

CioHos stclzJ\/l\@/l\/L CioHos
Br (Ok/l

N

HosC1o

%

9 101

Scheme 33: Attempted synthesis of pyridyl substituted HBC 101

Unfortunately, all approaches towards the coupling of pyridine substituents to
the HBC core failed. These attempts included variations of the Stille coupling as
well as reactions of 4-bromopyridine and HBC 9 under Grignard or Kumada

type coupling conditions.

Since the synthesis of a HBC as the building block carrying the donor (pyridine)
site of the proposed supramolecular assembly failed, a new strategy was
designed to lead to the desired structure. The synthesis of HBC containing the
acceptor side was carried out by twofold oxidative addition of Pd(PPhs)4 into the
bromo-HBC bond at 80°C in toluene as depicted in Scheme 34.

Workup by reducing the volume of toluene, followed by precipitating the crude
product with hexane and subsequent short column chromatography afforded
HBC 102 in moderate yields (50%). Most evident for this compound was the
dramatically increased solubility compared to, for e.g. the starting material of
this reaction sequence. The very bulky and space-demanding

triphenylphosphine groups (PPhs) seem to prevent aggregation of the HBC
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discs 102 which results in good solubility at room temperatures even in
diethylether.

Pd(PPh 3),

foluene, 80 °C

9 102
Scheme 34: Insertion of Pd(PPh3s)4 into the carbon-bromine bond of HBC

An impressive demonstration of the reduced packing behavior and the
enhanced solubility of 102 is given in the H-NMR spectrum of this HBC
derivative (Figure 80).

The spectrum was recorded at room temperature in CD,Cl,. As can be seen in
Figure 80, all three expected proton signals for the aromatic HBC core are well
resolved at room temperature. This behavior for other HBCs with C, symmetry
was only observed at elevated temperatures of around 100°C. Further,
integration of the signals reveals the correct relation of aromatic HBC protons to

phenyl protons of the inserted palladium phosphine.
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Figure 80: 'H-NMR spectrum of transition metal substituted HBC 102 in
CD,Cly at RT

Additional proof for the described molecule can be obtained from the
phosphorus NMR spectrum of HBC 102. In this case only one signal was

recorded for the four phosphine moieties present in the material. All phosphine
atoms are equivalent and thus show only one signal in the corresponding NMR

spectrum as evident from Figure 81.
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Figure 81: 3'P-NMR spectrum of HBC 102 in CD,Cl, at room temperature

Encouraged by the successful oxidative insertion of Pd(PPhg)s into the carbon-
bromine bond of HBC 9, further research, investigating the utilization of HBC

102 for the self-assembly into molecular squares such as 100 is currently

underway in the group of Prof. Stang (USA).

The applicability of the transition metal-mediated self-assembly process,
employing coordination as the motif, allows the manipulation of the macroscopic
properties of materials at the nanoscopic level and the creation of future
supramolecular species and nanoscale-sized devices with specific, precisely
tuned properties, functions and microenvironments. Here, a small door has

been opened towards the future utilization of HBC in this field.
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4.7 Towards hexa anthracene substituted HBC

Scanning tunneling microscopy (STM) is an important and powerful tool for the
better understanding of the supramolecular behavior and the packing
phenomena of two dimensional graphite subunits such as HBC and its higher
homologues as already impressively demonstrated in earlier Chapters.
Polyaromatic hydrocarbons (PAHs) larger than HBC such as the
supernaphthalene 26 and the superbiphenyl 28 have also been investigated by
means of STM spectroscopy.?® ®¥ The size of the resulting molecular objects
became a key feature, with the opportunity of single-molecule investigations as
an important consequence. Self-assembly at the interface between the basal
plane of graphite and an organic solution allowed crystallization of 28 epitaxially
in different 2D modifications.?%!

In the following section, the main focus is not directed towards the size of the
desired large PAH but on a totally different topology. This new concept is based
on the assumption that PAHs which exhibit free or unoccupied space in their
aromatic center exhibit different contrasts in their STM images. The
visualization of “holes” in a graphite lattice has been reported by Mochiji and co-
workers.®2 |n this study, defects on a graphite surface were produced by
single ion impact using highly charged Ar ions and then investigated by
scanning tunneling microscopy and atomic force microscopy (AFM). The
defects looked like a protrusion in the STM image, while they were flat in the
AFM image. The average value for the defect size increased remarkably with
the charge state of incident Ar ions.'%%%

Bauerle and Mena-Osteritz reported the adsorption and self-assembling
properties of macrocyclic oligothiophene-diacetylenes at the solution HOPG
(highly oriented pyrolythic graphite) interface.?®® Here, holes on graphite were
not generated by an ion impact but through the arrangement of organic cyclic
molecules on a graphite surface. The STM images of these macrocycles
visualize a toroid structure in which the brighter colors result from the higher
tunneling current through the macrocyclic p-conjugated system, whereas the

interior cavity is shaded. This impressive documentation and visualization of
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organic molecules with holes or cavities, described as “donut-like”,?®% initialized
part of the work reported below.

In this work, an attempt was made to synthesize a large polyaromatic
compound (109, Scheme 36) which bears six holes in its center. These holes
have the size of pyrene and thus, should be visible by means of STM
spectroscopy and giving rise to intriguing current-voltage characteristics.

The reaction sequence was started with the design of an appropriate precursor
molecule. Six anthracene moieties around a hexaphenyl benzene core, as

depicted in Scheme 36, form a periphery that one might still be able to close
and connect. Therefore, 9-bromo-anthracene (103) was decorated with a

solubilizing branched alkyl chain in a Kumada-type coupling reaction to give 104

in moderate vyields. Here, the same features of dramatically increased
processability (as demonstrated for HBC-Cg 51) were utilized 7]

Br ~AA CioHa1
BrMg
See -
[PdClo(dppf)], THF, reflux
103 104

Cs,

Bry,
CioH21

See

Br

105

Scheme 35: Synthesis of alkyl substituted bromo-anthracene precursor

The bromination of 9-(3,7-dimethyloctanyl)anthracene (104) was carried out
with bromine in carbon disulfide. After a very short reaction time of only 30 min.,
the brominated anthracene 105 was obtained as a yellow solid and purified by
column chromatography. The next step of the reaction pathway was the Suzuki
coupling of two equivalents 9-bromo-10-(3,7-dimethyloctanyl)anthracene (05)

with 4,4"-diphenylacetylenediboronocacid (106) as depicted in Scheme 36. This
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reaction was monitored by FD-mass spectrometry and after 16 hours of reaction
time, no starting material was detected in the reaction mixture. Unfortunately,
after purification of the crude product by means of column chromatography on
silica gel, the yield of anthracene substituted tolane 107 was as low as 40%. An
explanation for this could be the permanent absorption of part of the product or

its decomposition on the silica gel.

toluene, 80 °C \ /

+0) 8 <O)—=—O)-5s0H, 17

Co,(CO)gl,
106 ldioxane,

2 ~ 2
1
Br 105 _ % .=/ D_CH
Pd(PPh3)4, KOAC, 21%~10 - \ / \ / 10" '21
\ /,
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Scheme 36: Cyclotrimerization and attempted cyclodehydrogenation of a large
PAH with holes

It was already foreseen that the next step shown in Scheme 36, i.e. the
cyclotrimerization of 107, would be low yielding, if at all successful. This was

partly attributed to the size and steric hindrance of the shielded
diphenylacetylene 107. Nevertheless, in a cyclotrimerization reaction of 4,4 -

bis(10-(3,7-dimethyloctanyl)anthracen-9-yl)diphenylacetylene in dioxane using
[Co2(CO)g] as the catalyst, hexaanthracene 108 was obtained in 20% yield after

purification. Characteristic for 108 is good solubility in most organic solvents

and a very strong fluorescence under UV light. The next, most crucial step
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towards the synthesis of a large PAH with holes is the oxidative coupling of 24
aryl moieties with removal of 24 hydrogen atoms. Standard
cyclodehydrogenation conditions®* 14 introduced earlier, were also utilized for
this attempt. After a reaction time of one and two hours, samples were taken
and analyzed by MALDI-Tof mass spectrometry. These spectra showed that
after two hours a mixture of unreacted starting material, mono and double
chlorinated products were present. The loss of a maximum of eight hydrogen
atoms was only observed for the double chlorinated species. A derivative which
was partly hydrogenated either on the inner hexaphenylbenzene core or on the
outer anthracene perimeter was not detected. Since the utilized
iron(lll)chloride/nitromethane method is the mildest (and normally most
successful) version of cyclodehydrogenation reactions applied to PAH
precursors, this seems to be a dead end for the synthesis of a HBC derivative
with holes.

The still interesting and challenging aspect of extended aromatic molecules with

holes will have to be approached in a different way.
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The aim of the present work “Liquid Crystalline Hexabenzocoronenes as
Organic Molecular Materials — Synthesis, Characterization and Application” was

defined by three different topics:

1. Improvement of the synthesis leading to hexabenzocoronene
derivatives with six-fold alky substitution,
2. Design and development of molecular materials with improved

properties such as solubility and processability,
3. Implementation of the obtained molecules in optoelectronic devices

such as organic solar cells and field effect transistors.

The first goal was successfully achieved by the fact that for the first time the
direct functionlization of 4,4"-dibromodiphenyl acetylene was realized with a
Kumada-type coupling catalyst never utilized for the synthesis of HBC precursor

molecules before as displayed in Scheme 37.

CioHos

Br

Ci2H2s

Scheme 37: Functionalization of 4,4"-dibromodiphenylacetylene and
obtained HBC-PhC;,

Hence, it was possible to undertake aryl-aryl and aryl-alkyl coulpings very late in
the reaction sequence leading to a large variety of substituted HBC derivatives.

Hereby, the screening of a vast number of different substituents leading to
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improved device performance became possible. The introduction of a phenyl
spacer between the HBC core and the pending alkyl chains as in HBC-PhC 1, 43
(Scheme 37) had a number of beneficial effects on the characteristics of the
new molecule. The most obvious effect was the dramatically increased
solubility. HBC-PhC;, became soluble even in high concentrations in common
organic solvents such as dichloromethane, chloroform and THF at room
temperature and in hexane or heptane at elevated temperatures. Further, the
fact that this new HBC derivative was found to be liquid crystalline at room
temperature ensured the formation of highly ordered films necessary for the
implementation in organic molecular devices. These findings were also
supported by the investigation of two-dimensional crystals of HBC-PhCi» via
STM techniques. By STM measurements at the solid-liquid interface highly
organized 2-D structures were found and reported. Combination of increased
intra-columnar order, probed by solid state NMR techniques, and almost
constant charge carrier mobility over a large temperature regime (-50 to 200°C)

lead to the utilization of HBC-PhC 1, in organic solar cells.

S

Glass substrate \___m_ v
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Figure 82: Chemical structures of donor and acceptor materials and

utilized device structure (image reproduced and altered from Friend
et.al.[%?)

Here, self-organization of liquid-crystalline hexabenzocoronene and crystalline

conjugated perylene has been employed to create, directly from solution, thin
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films with structures optimized for use in photodiodes. The discotic liquid
crystalline HBC-PhC1, was used in combination with a perylene dye to produce
thin films with vertically-segregated perylene and hexabenzocoronene, with
large interfacial surface area. When incorporated into diode structures, these
films show photovoltaic response with external quantum efficiencies of >34%
near 490 nm and a power efficiency of 1.77%. These efficiencies result from
proficient photoinduced charge transfer between the hexabenzocoronene and
perylene, as well as effective transport of charges through vertically-segregated
perylene and hexabenzocoronene p-systems.

This development demonstrates that complex structures can be engineered
from novel materials using simple solution-processing steps, and may enable
inexpensive, high performance thin-film photovoltaic technology. In a similar
approach, the above material was successfully applied in the fabrication of an
organic Field Effect Transistor.

The functionalization of the hexabenzocoronene core with branched alkyl
chains ensured high solubilities and gave access to a vast number of modern,
transition metal catalyzed reactions which had failed earlier because of the poor
solubility behavior of the HBC component. In addition to improved solubility and
processability, the utilization of a branched enantiomerically pure, namely §)-
3,7-dimethyloctyl alky chain introduced chirality and highly organized helical
superstructures to the HBC family.

Furthermore, this series of soluble hexabenzocoronene derivatives with the
pendant optically active S)-3,7-dimethyloctanyl and R,S)-3,7-dimethyloctanyl
(mixture of stereoisomers) hydrocarbon side chains with and without a
phenylene spacer, were assembled into differently ordered arrays at the
interface between a solution and the basal plane of highly ordered pyrolytic
graphite (HOPG). Molecularly resolved Scanning Tunneling Microscopy (STM)
images revealed that all derivatives self-assemble into oriented 2D-crystals.
However, while for the alkyl substituted HBCs all the single aromatic cores
within a monolayer exhibit the same contrast in the STM, the single aromatic
cores with a phenylene group between the alkyl side chains and the aromatic
core exhibit different contrasts within a monolayer. For the (R,S) side chains a

random distribution of the two different contrasts within the 2D-crystal is
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observed, while the optically active phenylene-alkyl substituted HBC exhibits a
periodical distribution of three contrasts within the monolayer as displayed in
Figure 83.

Figure 83: Scanning Tunneling Microscopy of HBC-PhCg* 61 at the
solution-HOPG interface. A,B,C types of molecules are characterized by a
different contrast

In the case of the optically active side chains combined with the phenyl moiety,
a regular superstructure with three distinctly different positions like in a staircase
is attained. In the present case, the interactions can induce both the molecules
to acquire distinct positions along the z axis and to adopt different
conformations. The formation of the staircase architecture finds its origin in the
interplay between intramolecular as well as intermolecular and interfacial
interactions; a key role is played by the steric hindrance suffered by the side
chains. This latter effect can also play a role inducing the molecules to adopt
different conformations allowing to minimize the intermolecular repulsive
interactions.

Further research in the development of improved material properties of alkyl
substituted HBCs has lead to the synthesis and characterization of a
hexabenzocoronene derivative substituted with six very long alkyl chains. Here,
the fact that branching of alkyl chains demonstrably®®” stabilizes the mesophase
without altering the superstructure was considered and thus, a long branched
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hexadecyl alkyl chain with four branching methyl groups was selected for the

peripheral decoration of HBC. The resulting HBC derivative is henceforth
referred to as HBC-C 16 68 (Figure 84).

AH[au]

! T ! T I T T T ! T
S50 0 50 100 150 200 250
Temperature [*C]

Figure 84: Chemical structure and differential scanning calorimetry trace
of HBC-C16

In addition to the fact that an enormous phase width of 267°C and liquid
crystallinity at room temperature has been attained, this is the first time that
thermodynamically stable isotropic phases have been obtained for
mesomorphic hexabenzocoronenes which are peripherally substituted with

nonfunctionalized alkyl chains.

The aggregation behavior of HBC discs without any surface interaction was
investigated via concentration dependant NMR measurements in solution. Here,
it was found that a total concentration of 0.165 mol/L corresponds to a
maximum concentration of nine HBC molecules per stack, while a total
concentration of 5.12 x10® mol/L corresponds to HBC monomers in solution. In
this concentration regime, the signal for the aromatic core protons experiences

a downfield shift of 1.72 ppm, i.e. from 7.98 ppm for high concentrations to 9.70
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ppm for the lowest one. These experimental findings match with theoretical

calculations for HBC monomers.
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Figure 85: Number of discs aggregated at given concentrations and
comparison between experimental data and models (inset)

In the case of the para di-bromo functionalized HBC derivative the above

introduced [PdClk(dppf)] also proved to be very successful for the carbon-

carbon bond formation between the HBC core and alkenyls, perylenes as well

as heteroaryls. Even the hexafold substitution of hexaphenylbenzene was

achieved via the Kumada-type coupling reaction utilizing this catalyst.
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6.1 General Methods

'H-NMR and ®*C-NMR spectra were recorded in CD,Cl,, CDCls, C,D,Cls,and
THF on a Bruker DPX 250, Bruker AMX 300 and Bruker DRX 500 with use of
the solvent proton or carbon signal as internal standard. UV/Vis spectra were
recorded at room temperature on Perkin-ElImer Lambda 9 or Perkin-Elmer
Lambda 5 spectrometers. Infrared spectra were recorded on a Nicolet FT-IR
320 spectrophotometer as KBr pellets or as film between NaCl discs. Melting
points were determined on a Buchi hot stage apparatus and are uncorrected.
Mass spectra were obtained on a VG Instruments ZAB 2-SE-FPD by using FD.
Elemental analysis were carried out on a Foss Heraeus Vario EL.

Differential scanning calorimetry (DSC) was measured on a Mettler DSC 30
with heating and cooling rates of 10 K/min. First order transition temperatures
were reported as the minima of their endothermic peaks during heating. A Zeiss
Axiophot with a nitrogen flushed Linkam THM 600 hot stage was used to
characterize the polarization microscopy textures.

X-Ray diffraction experiments were performed using a Siemens D 500
Kristalloflex with a graphite-monochromatized Cu, X-Ray beam, emitted from a
rotating Rigaku RV-300 anode. The temperature of the samples, which were
directly on a copper sample holder, was measured by a bimetal sensor and

calibrated by reference measurements.

6.2 Materials

(S)-1-Bromo-3,7-dimethyloctane was synthesized according to standard
literature procedure® using commercially available (3S)-(+)-3,7-dimethyl-6-
octene-1-ylbromide from Aldrich. 4,4 -Dibromodiphenylacetylene (2)** was
synthesized as previously described in the literature. [PdCh(dppf)], Pd(PPh3),

were used as received from Strem. THF (A.C.S. reagent, Riedel-de Haen) was
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refluxed over potassium and distilled freshly before use. All other materials were

used as received.

6.3 Syntheses

6.3.1 4,4 -Bis(4-n-dodecylphen-1-yl)diphenylacetylene (41)

04 O~O)=-O~O)-cut

41

In a 250 mL Schlenk flask, 18 mL of a 1M solution of 4-
dodecylphenylmagnesiumbromide was added dropwise to 1 g (3 mmol) 4,4’-
dibromdiphenylacetylene @1) dissolved in 100 mL of dry THF. 200 mg of
[PACly(dppf)] catalyst was added to this solution. The resulting mixture was
stirred under reflux in an inert atmophere for 20 h. While cooling to room
temperature, a white solid precipitated. The solid was then filtered and washed

several times with petrol ether and methanol to yield 1.5 g (75%) of 41.

IH-NMR (500 MHz, C,D,Cls): d = 7.58 (s, 8H; CH), 7.51 (d, 3J (H,H) = 7 Hz, 4H;
CH), 7.24 (d, 33 (H,H) = 7 Hz, 4H; CH), 2.65 (m, 4H; a-CH,), 1.67 (m, 4H; b-
CH,), 1.25-1.45 (m, 36 H: CHy), 0.91 (t, 3J (H,H) = 6 Hz, 6H: CHa):

BBC-NMR (125 MHz, GD,Cly): d = 143.10, 141.40, 138.0, 132.50, 129.30,

127.23, 127.17, 122.60, 90.70, 36.00, 32.30, 31.50, 30.04, 30.03, 30.00, 29.96,
29.87, 29.76, 29.67, 23.00, 14.36;

m.p.: 225 °C
EA: calcd. (%) for CsoHgs: C 90.03, H 9.97; found: C 89.40, H 10.02.

MS (FD, 8 kV): m/z (%) = 666.9 (100) [M"] (calcd for CsoHes = 666.5)
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6.3.2 Hexa(4-n-dodecylbiphen-1-yl)benzene (42)

CioHos

/\@(312"'25

@)

0
©

@)

©

H25C12

©

CioHos

©—0~0-0—0,

Ci2H2s

42

In a 100 mL round bottom flask equipped with a reflux condensor, a suspension
of 1 g (1.5 mmol) di(4-n-dodecylbiphenyl)acetylene (41) and 50 mL of dioxane

was degassed several times; 78 mg (0.23 mmol) [Co2(CO)g] was then added
and the resulting mixture was refluxed for 3 h. The solvent was evaporated
under vacuum, and was purified using column chromatography on silica with
petrol ether/CH,Cl, (8/2) as the eluent, yielding 0.7 g (70%) of 42 as an off-
white solid.

'H-NMR (500 MHz, C,D,Cly): d = 7.31 (d, 3J (H,H) = 8 Hz, 12H; CH), 7.1 (d, 3J
(H,H) = 8 Hz, 12H; CH), 7.06 (d, J (H,H) = 8 Hz, 12H; CH), 6.88 (d, J (H,H) =
8 Hz, 12H; CH), 2.51 (m, 12H; a-CH,), 1.52 (m, 12H; b-CH,), 1.30-1.15 (m,
108H; CHy), 0.83 (t, 3J (H,H) = 6 Hz, 18H; CHs);

13C-NMR (125 MHz, GD,Cly): d = 142.05, 140.37, 139.94, 138.10, 137.26,
132.27, 128.91, 126.83, 125.18, 35.82, 32.21, 31.76, 29.98 (2x CH,), 29.94,
29.90, 29.82, 29.70, 29.65, 23.02, 14.52;

m.p.: 88 °C

EA: calcd. (%) for C150H190s: C 90.03, H 9.97; found: C 90.11, H 9.82.
MS (FD, 8 kV): m/z (%) = 2002.1 (100) [M*] (calcd for C150H196 = 2001.2)

DSC: K® Coly, T =-66 °C, DH = 55.4 kJ/mol
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6.3.3 Hexa(4-n-dodecylphen-1-yl)hexa-peri-
hexabenzocoronene (43)

A 250 mL two necked round bottom flask was charged with 0.53 g (0.27 mmol)
of hexa(4-n-dodecylbiphen-1-yl)benzene @42) and 70 mL of CH,Cl. Using a

glass capillary, a constant stream of argon was bubbled through the solution.
Then 0.8 g (5 mmol) of FeCl; dissolved in CHsNO, was added dropwise using a
syringe. After 45 min. the mixture was quenched with MeOH and the precipitate

was filtered. The resulting yellow solid was recrystallized from hot THF and
dried under vacuum to yield 0.42g (80%) of 43.

IH-NMR (500 MHz, p-C¢D4Cly, 160 °C): d = 8.57 (s, 12H; CH), 7.92 (d, 33 (H,H)
= 6.5 Hz, 12H; CH), 7.58 (d, 3J (H,H) = 6.5 Hz, 12H; CH), 3.18 (m, 12H; a-CHy),
2.25 (m, 12H; b-CHy), 1.95 (m, 12H; g-CH,), 1.88 (m, 12H; d-CHy), 1.8-1.45 (m,
84H; CHy), 1.13 (m, 18H; CHa);

13C-NMR (125 MHz, GD,Cls, 85 °C): d = 141.87, 140.65, 136.73, 129.83,

129.35, 128.93, 122.63, 120.31, 118.32, 37.37, 33.25, 33.22, 31.40, 31.34,
31.27,31.21, 31.08, 30.90, 30.7, 23.91, 15.12;

UV/Vis:| nm (loge) = 254 (5.24), 371 (5.11);
m.p.: > 300 °C

EA: anal. calcd. (%) for C1s0H1g6: C 90.57, H 9.43; found: C 89.62 H 9.84.
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MS (MALDI-TOF): m/z (%) = 1989.1 (100) [M] (calcd for C1soH1ss = 1989.1)

DSC: K® Coly,1 T =15.3 °C, DH = 30 kJ/mol; Colno,1® Colyo2 T = 79.8 °C, DH =
16.6

6.3.4 4,4 -Bis((S)-3,7-dimethyloctanyl)diphenylacetylene (46)

T -O=0-"1Y

46

In a 250 mL two-necked round bottom flask, 60 mL of a 1M solution of (S)-3,7-
dimethyloctanyl-1-magnesiumbromide (prepared immediately prior to use from
(S)-1-bromo-3,7-dimethyloctane and magnesium) was added dropwise to 5 ¢
(14.9 mmol) 4,4’-dibromodiphenylacetylene (21) dissolved in 150 mL of dry
THF. Then, 500 mg of [PdCly(dppf)] catalyst was added to this solution. The
resulting mixture was stirred under reflux in an inert atmosphere overnight. The
reaction was quenched with methanol and the solvent removed under reduced
pressure. Purification using column chromatography on silica gel with petrol

ether as the eluent afforded 5.8 g 46 as a colorless oil. Yield: 85%.

'H-NMR (500 MHz, C,D,Cly): d = 7.42 (d, %J (H,H) = 7.9 Hz, 4H; CH), 7.15 (d, 3J
(H,H) = 7.9 Hz, 4H; CH), 2.63 (m, 4H; a-CHy), 1.63 (m, 4H; b-CHy), 1.55 (m, 2
H; CH), 1.47 (m, 4H; CHy), 1.37-1.24 (m, 6H; CH, CHy), 1.81 (m, 4H; CH,), 0.94
(d, 3J (H,H) = 6.1 Hz, 6H; CH3) 0.91 (d, 3J (H,H) = 6.1 Hz, 12H; CH);

13C-NMR (125 MHz, C,D,Cls): d = 140.12, 128.11.40, 124.89, 117.35, 85.75,
35.95, 35.06, 33.76, 29.99, 29.13, 24.45, 21.17, 19.16, 19.10, 16.17,

MS (FD, 8 kV): m/z (%) = 458.1 (100) [M*] (calcd for Cz4Hso = 458.77)
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6.3.5 Hexa-4-((S)-3,7-dimethyloctanyl)hexaphenylbenzene (47)

O ©
O—~O—~O
O ©

47

230 mg (0.68 mmol) [Co,(CO)s] was added under argon to a degassed solution
of 2 g (4.36 mmol) (S)-4,4"-bis(3,7-dimethyloctanyl)diphenylacetylene @6) in
100 mL of dioxane in a 250 mL round bottom flask equipped with a reflux
condenser. After refluxing for 3 h, the solvent was evaporated under vacuum,

and the residue was purified using column chromatography on silica gel with
petrol ether/CH,CI, (9/1) as the eluent, yielding 1.8 g 47 as colorless oil. Yield:

90%.

IH-NMR (500 MHz, C,D,Cls): d = 6.61 (d, 3J (H,H) = 7.9 Hz, 12H; CH), 6.56 (d,
33 (H,H) = 7.9 Hz, 12H; CH), 2.29 (m, 12H; a-CHy), 1.47 (m, 6H; CH), 1.35 (m,
6H; CH), 1.20 - 0.98 (m, 48H; CH,), 0.82 (d, 3J (H,H) = 6.7 Hz, 36H; CHs) ),
0.75 (d, 3J (H,H) = 6.1 Hz, 18H; CHy);

13C.NMR (125 MHz, C,D,Cls): 136.58, 135.52, 134.91, 130.0, 122.84, 35.92,
35.24, 33.68, 29.46, 28.52, 24.49, 21.26, 19.36, 19.29, 16.22;

MS (FD, 8 kV): m/z (%) = 1377.0 (100) [M"] (calcd for C10sH1s0 = 1376.31)
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6.3.6 Hexa((S)-3,7-dimethyloctanyl)hexa-peri-
hexabenzocoronene (48)

48

A 250 mL two necked round bottom flask was charged with 0.50 g (0.36 mmol)
of (S)-hexa-4-(3,7-dimethyloctanyl)hexaphenylbenzene (47) and 100 mL of
CH,Cl. Using a glass capillary, a constant stream of argon was bubbled
through the solution. Then, 1.12 g (6.9 mmol) of FeCl; dissolved in CH3NO; (13
mL) was added dropwise using a syringe. After 30 min., the mixture was
quenched with a large excess of methanol and the precipitate was filtered. The
resulting yellow solid was redissolved in dichloromethane and filtered through a
short pad of silica gel and dried under vacuum to yield 0.39 g 48 as a yellow
powder. Yield: 80%.

'H-NMR (500 MHz, C,D>Cls): d = 8.09 (s, 12H; CH), 2.96 (m, 12H; a-CHy), 2.01
(m, 6H; CH), 1.8 (m, 12H; CHy), 1.64 (m, 12H; CH), 1.54 (m, 6H; CH), 1.43 (m,
12H; CHy), 1.33 (M, 12H; CHy), 1.23 (d, 3J (H,H) = 6.1 Hz, 18H; CH;) ), 0.97 (d,
%J (H,H) = 6.7 Hz, 36H; CHs) ;

13C-NMR (125 MHz, C,D,Cls, 100 °C): d = 140.36, 129.98, 123.41, 121.42,
119.56, 40.01, 39.96, 37.95, 35.12, 33.69, 28.42, 25.32, 23.13, 23.05, 20.36;
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UV/NVis: | nm (loge) = 229 (5.22), 359 (5.34);

m.p. > 300 °C

EA: anal. calcd. (%) for C102H13s: C 89.80, H 10.20; found: C 89.77 H 10.17.
MS (FD, 8 kV): m/z (%) = 1364.0 (100) [M'] (calcd for C1gsH135 = 1364.21)

DSC: K® Colho1 T =96 °C, DH = 26 kJ/mol
6.3.7 4,4 -Bis(3,7-dimethyloctanyl)diphenylacetylene (49):

49

Prepared as described above for compound 46. Colorless oll, yield: 86%.

'H-NMR (500 MHz, C,D,Cly): d = 7.38 (d, 3J (H,H) = 7.9 Hz, 4H; CH), 7.11 (d, 3J
(H,H) = 7.9 Hz, 4H; CH), 2.54 (m, 4H; a-CHy), 1.55 (m, 2H; CH), 1.47 (m, 2 H;
CH), 1.37 (m, 4H; CHy), 1.25 (m, 4H; CH,), 1.11-1.05 (m, 8H; CH,), 0.87 (d, 3J
(H,H) = 6.1 Hz, 6H; CHz) 0.82 (d, J (H,H) = 6.7 Hz, 12H; CHy);

13C-NMR (125 MHz, GD,Cly): d = 143.96, 131.85, 128.75, 120.72, 89.35,
39.62, 38.98, 37.43, 33.73, 32.79, 28.25, 25.01, 23.09, 23.00, 19.94;

MS (FD, 8 kV): m/z (%) = 458.5 (100) [M'] (calcd for Cz4Hso = 458.77)
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6.3.8 Hexa-4-(3,7-dimethyloctanyl)hexaphenylbenzene (50)

~

PN

O ©
O—-0—~0O
O ©

50

Prepared as described above for compound 47. Colorless oil, yield: 88%.

'H-NMR (500 MHz, C2D2Cls): d = 6.58 (d, 3J (H,H) = 7.6 Hz, 12H; CH), 6.53 (d,
33 (H,H) = 7.9 Hz, 12H; CH), 2.26 (m, 12H; a-CH,), 1.45 (m, 6H; CH), 1.32 (m,
6H; CH), 1.19 — 1.10 (m, 36H; CHy), 1.05-0.97 (m, 12H; CH;), 0.80 (d, 3J (H,H)
= 6.7 Hz, 36H; CH;) ), 0.73 (d, 3J (H,H) = 5.5 Hz, 18H; CHs);

13C-NMR (125 MHz, C,D,Cls): 139.45, 138.41, 137.78, 130.87, 125.71, 38.79,
38.15, 36.56, 32.34, 31.34, 27.37, 24.14, 22.23, 22.16, 19.09;

MS (FD, 8 kV): m/z (%) = 1375.9 (100) [M*] (calcd for C192H150 = 1376.31)
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6.3.9 Hexa(3,7-dimethyloctanyl)hexa-peri-hexabenzocoronene
(51)

Prepared as described above for compound 48. Yellow powder, yield: 83%.

IH-NMR (500 MHz, C2D,Cls): d = 8.26 (s, 12H:; CH), 3.05 (m, 12H; a-CH,), 2.06
(m, 6H; CH), 1.83 (m, 12H; CH,), 1.65 (m, 12H; CHp), 1.56-1.43 (m, 18H; CH,
CHy), 1.35 (m, 12H; CHy), 1.23 (d, 3J (H,H) = 6.3 Hz, 18H: CHs) ), 0.97 (d, 3J
(H,H) = 6.6 Hz, 36H; CHa) ;

13C.NMR (125 MHz, C,D,Cls, 100 °C): d = 140.07, 129.68, 123.10, 121.18,
119.25, 39.93, 39.87, 37.81, 35.00, 33.57, 28.31, 25.21, 23.06, 22.97, 20.25;

UV/NVis: | nm (loge) = 229 (5.22), 359 (5.34);

m.p.> 300 °C

EA: anal. calcd. (%) for C1p2H13s: C 89.80, H 10.20; found: C 89.83 H 10.11.
MS: (FD, 8 kV): m/z (%) = 1363.5 (100) [M*] (calcd for C1goH13s = 1364.21)

DSC:K® Coly, T =81 °C, DH = 31 kJ/mol
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6.3.10 (S)-1-(3,7-dimethyloctanyl)-4-trimethylsilybenzene (53)

(H3C)sSIHO—~ A~

53

In a 500 mL two-necked round bottom flask, 44 mL of a 1M solution of (S)-3,7-
dimethyloctanyl-1-magnesiumbromide (prepared immediately prior to use from
(S)-1-bromo-3,7-dimethyloctane and magnesium) was added dropwise to a
solution of 5 g (22 mmol) 1-bromo-4-trimethylsilylbenzene (52) dissolved in 300
mL of dry THF and 500 mg of [PdCly(dppf)] catalyst. The resulting mixture was
stirred under reflux in an inert atmosphere overnight. The reaction was
guenched with methanol and the solvent removed under reduced pressure.
Purification using column chromatography on silica gel with petrol ether as the

eluent afforded 5.7 g 53 as a colorless oil. Yield: 90%.

'H-NMR (500 MHz, C,D,Cly): d = 7.41 (d, J (H,H) = 6.7 Hz, 2H; CH), 7.16 (d, 3J
(H,H) = 7.3 Hz, 2H; CH), 2.56 (m, 2H; a-CH,), 1.62-1.60 (m, 2H; b-CH,), 1.59-
1.35 (m, 4H; CH, CHy), 1.30-1.10 (m, 2H; CHy), 0.92 (d, 3J (H,H) = 6.1 Hz, 3H;
CHs) 0.86 (d, %J (H,H) = 6.7 Hz, 6H; CHs) 0.24 (s, 9H; CHa);

13C-NMR (125 MHz, C,D,Cls): d = 144.1, 137.2, 133.7, 128.2, 39.7, 39.1, 37.5,
33.8, 33.0, 28.3, 25.0, 23.1, 23.0, 20.0, -0.6;

MS (FD, 8 kV): m/z (%) = 291.2 (100) [M*] (calcd for C19Hz4Si = 290.56)
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6.3.11 1-(3,7-dimethyloctanyl)-4-trimethylsilybenzene (54)

(H3C); <O~ I~
54

Prepared as described above for compound 53. Colorless oll, yield: 88%.

'H-NMR (500 MHz, C,D,Cly): d = 7.48 (d, 3J (H,H) = 7.3 Hz, 2H; CH), 7.23 (d, 3J
(H,H) = 7.3 Hz, 2H; CH), 2.67 (m, 2H; a-CHy), 1.72 (m, 1H; CH), 1.62-1.54 (m,
3H; CH, CHy), 1.34 (m, 4H; CHy), 1.24 (m, 2H; CH,), 1.01 (d, 3J (H,H) = 5.5 Hz,
3H; CHs) 0.95 (d, 3J (H,H) = 6.7 Hz, 6H; CHs) 0.33 (s, 9H; CHs);

13C-NMR (125 MHz, C,D,Cly): d = 144.0, 137.3, 133.7, 128.2, 39.7, 39.0, 37.5,
33.8, 33.0, 28.3, 27.8, 23.1, 23.0, 20.0, -0.6;

MS (FD, 8 kV): m/z (%) = 290.1 (100) [M'] (calcd for C19Hz4Si = 290.56)

6.3.12 (S)-1-(3,7-dimethyloctanyl)-4-iodobenzene (55)

I —<©\/'\/\/l\

55

A 250 mL two necked round bottom flask was charged with 6.4 g (22 mmol) of
(S)-1-(3,7-dimethyloctanyl)-4-trimethylsilybenzene (63) dissolved in 175 mL of
CCly. After the solution was cooled down to 0 °C, 23 mL (23 mmol) of a one
molar solution of iodine monochloride were added dropwise with a syringe. The
reaction mixture was stirred at this temperature for one hour, poured into an
agueous sodium thiosulfate solution, and extracted with dichloromethane. The

combined organic layers were dried over anhydrous magnesium sulfate, and
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the solvent was removed at reduced pressure to provide 6.4 g (85 %) of 55 as a

colorless oil.

'H-NMR (500 MHz, C,D,Cly): d = 7.56 (d, 2J (H,H) = 7.9 Hz, 2H; CH), 6.91 (d, 3J
(H,H) = 7.9 Hz, 2H; CH), 2.53 (m, 2H; a-CH,), 1.61-1.49 (m, 2H; b-CH,), 1.41
(m, 2H; CHy), 1.32-1.22 (m, 3H; CH, CHy), 1.16 (m, 3H; CH, CHy), 0.91 (d, 3J
(H,H) = 6.7 Hz, 3H; CHs) 0.87 (d, 3J (H,H) = 6.7 Hz, 6H; CHa);

13C-NMR (125 MHz, C,D,Cly): d = 143.2, 137.6, 130.7, 90.7, 39.6, 38.8, 37.4,
33.2,32.8,28.2, 24.9, 22.9, 22.8, 19.9;

MS (FD, 8 kV): m/z (%) = 344.7 (100) [M*] (calcd for C16Has! = 344.27)

6.3.13 1-(3,7-dimethyloctanyl)-4-iodobenzene (56)

| ©—\/I\/\/l\

Prepared as described above for compound 55. Colorless oil, yield: 87%.

'H-NMR (250 MHz, C,D,Cly): d = 7.61 (d, %J (H,H) = 8.2 Hz, 2H; CH), 6.97 (d, 3J
(H,H) = 8.4 Hz, 2H; CH), 2.58 (m, 2H; a-CH,), 1.56 (m, 2H; b-CH,), 1.36-1.24
(m, 4H; CH, CHy), 1.19 (m, 2H; CHy), 0.95 (d, 3J (H,H) = 6.2 Hz, 3H; CHs) 0.91
(d, 3J (H,H) = 6.5 Hz, 6H; CHs);

13C-NMR (62.5 MHz, C,D,Cls): d = 144.1, 138.5, 131.8, 91.8, 40.6, 39.9, 38.4,
34.2,33.7,28.2,29.2, 25.9, 23.9, 20.9;

MS (FD, 8 kV): m/z (%) = 343.8 (100) [M*] (calcd for C1gHas! = 344.27)
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6.3.14 Bis((S)-4-(3,7-dimethyloctanyl)biphenyl)acetylene (57)

1 -0-0—=0- 0~

57

In a 250 mL Schlenk flask, 15 mL of a 1M solution of (S)-1-(3,7-
dimethyloctanyl)benzene-4-magnesiumiodide (55) was added dropwise to 1.2 g
(3.6 mmol) 4,4 -dibromodiphenylacetylene (21) dissolved in 100 mL of dry THF.
200 mg of [PdCl(dppf)] catalyst were added to this solution. The resulting
mixture was stirred under reflux in an inert atmophere for 20 h. The reaction
was quenched with methanol and the solvent removed under reduced pressure.
Purification using column chromatography on silica gel with petrol ether as the
eluent afforded 0.92 g 57 as an off-white solid. Yield: 45%.

H-NMR (500 MHz, C,D,Cly): d = 7.56 (d, 3J (H,H) = 8.5 Hz, 4H; CH), 9.1 (d, 3J
(H,H) = 7 Hz, 4H; CH), 7.48 (d, 3J (H,H) = 7.9 Hz, 4H; CH), 7.22 (d, 3J (H,H) =
8.5 Hz, 4H; CH), 2.66-2.52 (m, 4H; a-CH,), 1.60 (m, 2H; CH), 1.50-1.40 (m, 8
H; CHy), 1.28-1.21 (m, 4H; CHy), 1.1 (m, 6H; CH, CH,),0.89 (d, 3J (H,H) = 6.1
Hz, 6H; CHs) 0.82 (d, %J (H,H) = 6.7 Hz, 12H; CHa);

13C-NMR (125 MHz, GD,Cly): d =142.3, 140.0, 136.5, 131.3, 128.2, 126.1,
126.0, 121.0, 89.4, 38.6, 38.1, 36.4, 32.4, 31.9, 27.2, 24.0, 22.1, 22.0, 19.0;

MS (FD, 8 kV): m/z (%) = 611.3 (100) [M'] (calcd for C4gHsg = 610.96)
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6.3.15 Bis(4-(3,7-dimethyloctanyl)biphenyl)acetylene (58)

O—~0O—=0—-0O—~ L~ L

58

Prepared as described above for compound 57. Off-white crystals, yield: 51%.

'H-NMR (500 MHz, C;D2Cls): d = 7.57 (m, 8H; CH), 7.50 (d, %J (H,H) = 8.5 Hz,
4H; CH), 7.24 (d, °J (H,H) = 8.6 Hz, 4H; CH), 2.62 (m, 4H; a-CHy), 1.64 (m, 2H;
CH), 1.54-1.45 (m, 6H; CH, CH,), 1.32 (m, 4H; CH,),1.14 (m, 8H CH;), 0.93 (d,
*J (H,H) = 6.7 Hz, 6H; CHs) 0.86 (d, ®J (H,H) = 6.7 Hz, 12H; CHy);

13C-NMR (125 MHz, C,D,Cly): d = 143.3, 141.1, 137.7, 132.3, 129.2, 127.1,
127.0,122.2, 90.5, 39.6, 39.0, 37.5, 33.4, 32.9, 28.2, 24.9, 23.0, 22.9, 20.0;

MS (FD, 8 kV): m/z (%) = 610.6 (100) [M*] (calcd for C4gHss = 610.96)
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6.3.16 Hexa((S)-4-(3,7-dimethyloctanyl)biphenyl)benzene (59)

OO

"o O 0"
QO]
/\)\O/I\/\

0% 0%,

20O

59R=)/\/'\/\/|\

In a 100 mL round bottom flask equipped with a reflux condensor, a solution of
0.6 g (0.98 mmol) bis((S)-4-(3,7-dimethyloctanyl)biphenyl)acetylene 67) in 30
mL of dioxane was degassed several times; 78 mg (0.23 mmol) [Co(CO)s] was
then added and the resulting mixture was refluxed for 5 h. The solvent was
evaporated under vacuum, and the crude product was purified using column
chromatography on silica with petrol ether/CHyCl, (8/2) as the eluent, yielding
0.4 g (70%) of 59 as an off-white solid.

H-NMR (500 MHz, C,D,Cly): d = 7.32 (d, 3J (H,H) = 7.9 Hz, 12H; CH), 7.1 (d, 3J
(H,H) = 8.5 Hz, 12H; CH), 7.07 (d, 3J (H,H) = 8.5 Hz, 12H; CH), 6.88 (d, 3J (H,H)
= 7.9 Hz, 12H; CH), 2.50 (m, 12H; a-CH,), 1.55-1.42 (m, 6H; CH), 1.41 (m,
12H; CHy) 1.24-1.17 (m, 18H; CH, CH,) 1.07 (m, 24H, CH,) 0.85 (d, 3J (H,H) =
6.1 Hz, 18H; CHs) 0.80 (d, 3J (H,H) = 6.7 Hz, 36H; CHs);

13C-NMR (125 MHz, C,D,Cls): 142.3, 140.3, 139.9, 138.1, 137.2, 132.3, 128.9,
126.9, 125.2, 39.6, 39.2, 37.4, 33.3, 32.8, 28.2, 24.9, 23.1, 23.0, 19.9 ;
m.p.: 217 °C

MS (FD, 8 kV): m/z (%) = 1833.2 (100) [M*] (calcd for C13gH174 = 1832.89)
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6.3.17 Hexa(4-(3,7-dimethyloctanyl)biphenyl)benzene (60)

o000,

20—~O

60R=%’\J\/\/I\

Prepared as described above for compound 59. Off-white solid, yield: 74%.

'H-NMR (500 MHz, CD,Cl,): d = 7.24 (d, 3J (H,H) = 8.1 Hz, 12H; CH), 7.08 (d,
3J (H,H) = 8.4 Hz, 12H; CH), 7.03 (d, J (H,H) = 8.1 Hz, 12H; CH), 6.91 (d, 3J
(H,H) = 8.2 Hz, 12H; CH), 2.48 (m, 12H; a-CH,), 1.53-1.38 (m, 6H; CH), 1.31
(m, 12H; CH) 1.30-1.13 (m, 18H; CH, CH,) 1.05 (m, 24H, CH,) 0.81 (d, 3J
(H,H) = 6.1 Hz, 18H; CHs) 0.76 (d, *J (H,H) = 6.5 Hz, 36H; CHy);

13C-NMR (125 MHz, CD,Cl,): 143.0, 141.1, 140.4, 138.5, 138.4, 132.7, 129.3,
127.2,125.7, 40.1, 39.7, 37.9, 33.7, 33.3, 28.7, 25.4, 23.2, 23.1, 20.1;

m.p.: 214 °C
EA: anal. calcd. (%) for C13gH174: C 90.43, H 9.57; found: C 90.48 H 9.59.

MS (FD, 8 kV): m/z (%) = 1834.2 (100) [M"] (calcd for C13gH174 = 1832.89)
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6.3.18 Hexa((S)-4-(3,7-dimethyloctanyl)phenyl)hexa-peri-
hexabenzocoronene (61)

R R

OO~

©©
¢
A9 Ql,

20O

61R:)/\/'\/\/|\

A 250 mL two necked round bottom flask was charged with 0.4 g (0.21 mmol) of
hexa((S)-4-(3,7-dimethyloctanyl)biphenyl)benzene 69) and 60 mL of CH,Cl,.
Using a glass capillary, a constant stream of argon was bubbled through the
solution. Then, 0.7 g (4 mmol) of FeCl; dissolved in CHzNO, (8 mL) was added
dropwise using a syringe. After 45 min., the mixture was quenched with a large
excess of methanol and the precipitate was filtered. The resulting yellow solid
was redissolved in dichloromethane and filtered through a short pad of silica gel
and dried under vacuum to yield 0.31 g 61 as a yellow solid. Yield: 80%.

'H-NMR (500 MHz, p-CsD4Clz, 150 °C): d = 8.27 (s, 12H; CH), 7.72 (d, 3J (H,H)
= 6.1 Hz, 12H; CH), 7.47 (d, 3J (H,H) = 6.1 Hz, 12H; CH), 3.13 (m, 12H; a-CH,),
2.20 (m, 6H; CH), 2.03 (m, 12H; b-CHy), 1.90 (m, 12H; CH,), 1.75 (m, 12H;
CHy), 1.66-1.60 (m, 18H; CH, CHy), 1.45 (d, 3J (H,H) = 6.1 Hz, 18H; CHs) 1.22
(d, 3J (H,H) = 5.5 Hz, 36H; CHb);

13C-NMR (125 MHz, p-CsD4Clp, 150 °C): d = 136.8, 134.8, 127.9, 124.1, 1231,
117.9, 114.6, 113.4, 99.4 35.1, 34.7, 33.0, 29.0, 28.7, 23.5, 20.4, 17.9, 17.8,
15.3;

UV/NVis: | nm (loge) = 255 (5.23), 372 (5.16);
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m.p.: > 300 °C

MS (FD, 8 kV): m/z (%) = 1819.5 (100) [M+] (calcd for C13gH162 = 1820.80)

6.3.19 Hexa(4-(3,7-dimethyloctanyl)phenyl)hexa-peri-
hexabenzocoronene (62)

R

SO0 0L,

R
62R=a’\J\/\/I\

Prepared as described above for compound 61. Yellow solid, yield: 79%.

IH-NMR (500 MHz, p-C¢D4Cly, 180 °C): d = 8.81 (s, 12H; CH), 8.01 (m, 12H;
CH), 7.58 (m, 12H; CH), 3.13 (m, 12H; a-CH;), 2.19 (m, 6H; CH), 2.00 (m, 12H;
b-CH,), 1.83-1.72 (m, 24H; CHy), 1.39 (m, 18H; CH, CH,), 1.39 (m, 18H; CHs)
1.17 (m, 36H; CHa);

13C-NMR (125 MHz, p-CsD4Clp, 80 °C): d = 142.7, 140.6, 137.7, 133.2, 129.1,
126.1, 123.6, 120.7, 119.4, 40.8, 38.7, 34.8, 34.3, 31.5, 29.2, 26.2, 23.9, 23.8,
21.0;

UVNis:| nm (log e) = 254 (5.05), 374 (4.69);
m.p.: > 300 °C

MS (FD, 8 kV): m/z (%) = 1821.3 (100) [M'] (calcd for C13gH1e2 = 1820.80)
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HRMS (MALDI-TOF): m/z (%) = 1820.3064 (100) [M*] (calcd for CiagHise =
1820.80)

6.3.20 4,4°-Bis(3,7,11,15-
tetramethylhexadecenyl)diphenylacetylene (66)

Y- 0O=0- Y

66

In a 250 mL two-necked round bottom flask, 60 mL of a 1M solution of
3,7,11,15-tetramethylhexadecenyl-1-magnesiumbromide (prepared immediately
prior to use from 1-bromo-3,7,11,15-tetramethylhexadecane and magnesium)
was added dropwise to a solution of 5 g (149 mmol) 4,4-
dibromodiphenylacetylene @1) dissolved in 150 mL of dry THF and 1 g of

[PACly(dppf)] catalyst. The resulting mixture was stirred under reflux in an inert
atmosphere overnight. The reaction was quenched with methanol and the
solvent removed under reduced pressure. Purification using column
chromatography on silica gel with petrol ether as the eluent afforded 5.5 g 66 as

a colorless oil. Yield: 50%.

'H-NMR (500 MHz, C,D,Cls, 80 °C): d = 7.4 (d, 3J (H,H) = 8.5 Hz, 4H; CHy),
7.14 (d, %J (H,H) = 8.5 Hz, 4H; CH,), 2.61 (m, 4H; a-CH,), 1.63 (m, 2H; CH),
1.52 (m, 2H; CH), 1.45 (m, 4H; 2xCH), 1.26 (m, 24H; 6xCH,), 1.15 (m, 8H;
2XCHy), 1.09 (m, 8H; 2XCH,), 0.92 (m, 6H; CHs) 0.78 (m, 24H; 4XCHa);

13C-NMR (125 MHz, C,D,Cly): d = 144.0, 131.9, 128.8, 120.8, 89.4, 39.7, 39.0,
38.9, 37.8, 37.7, 37.6, 33.8, 33.1, 33.0, 32.8, 28.3, 25.1, 24.82, 24.80, 24.7,
23.1, 23.0, 20.14, 20.11, 20.08, 20.00, 19.9;

MS (FD, 8 kV): m/z (%) = 738.9 (100) [M'] (calcd for CssHag = 739.29)
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6.3.21 Hexa(4-(3,7,11,15-tetramethylhexadecenyl)phen-1-
yl)benzene (67)

C20Ha1

H41C20 @ @ @ CooHay
H41C20 © CooHay

CaoHa1

67 -CooHga1 = a’\/l\/\/k/\/k/\/k

A 100 mL round bottom flask equipped with a reflux condenser was charged
with 1.1 g (1.5 mmol) 4,4 -bis(3,7,11,15-tetramethylhexadecenyl)
diphenylacetylene (66) then 115 mg (0.34 mmol) [Co2(CO)s] was added under
argon to the degassed solution. After refluxing for 5 h, the solvent was
evaporated under vacuum, and the residue was purified using column
chromatography on silica gel with petrol ether as the eluent, yielding 0.94 g 67

as colorless viscous oil. Yield: 85%.

IH-NMR (500 MHz, C,D2Cls, 120 °C): d = 6.64 (d, 3J (H,H) = 8.0 Hz, 12H; CHy),
6.57 (d, 3J (H,H) = 8.2 Hz, 12H; CHy), 2.31 (m, 12H; a-CH,), 1.52 (m, 6H; CH),
1.37 (m, 18H; 3XCH), 1.26 (m, 72H; 6xCHy), 1.19 (m, 18H; CHs), 1.09 (m, 48H;
4XCHj), 0.85 (m, 54H; 3xCHs) 0.78 (d, 3J (H,H) = 5.8 Hz, 18H; CHs);

B3C-NMR (75 MHz, C3D2Cls): d = 140.4, 139.3, 138.7, 131.8, 126.5, 39.7, 39.0,
38.9, 37.77, 37.73, 37.69, 37.62, 37.53, 33.2, 33.0, 32.4, 28.2, 25.0, 24.7, 24.6,
22.9,22.8,20.02, 19.94, 19.89;

MS (FD, 8 kV): m/z (%) = 2218.5 (100) [M'] (calcd for C1goHa70 = 2217.88)
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6.3.22 Hexa-(3,7,11,15-tetramethylhexadecanyl)hexajeri-
hexabenzocoronene (68)

68 -CooHa1 = a’\/l\/\/k/\/k/\/k

A 250 mL two necked round bottom flask was charged with 0.5 g (0.23 mmol) of
hexakis(4-(3,7,11,15-tetramethylhexadecenyl)phen-1-yl)benzene (67) and 80
mL of CH,Cl,. Using a glass capillary, a constant stream of argon was bubbled
through the solution. Then 0.7 g (4.3 mmol) of FeCl; dissolved in 8 mL CH3NO»
was added dropwise using a syringe. After 30 min. the mixture was quenched
with methanol and the precipitate was filtered. The resulting yellow solid was

reprecipitated from THF and methanol and dried under vacuum to yield 0.41g
(81%) of 68.

'H-NMR (500 MHz, C2D2Cls, 120 °C): d = 8.92 (s, 12H; CH), 3.28 (m, 12H; a-
CHy), 2.12 (m, 6H; CH), 1.96 (m, 6H; CH), 1.81 (m, 6H; CH), 1.60 (m, 6H; CH),
1.55-1.47 (m, 24H; CHy), 1.30-1.26 (m, 60H, CHy), 1.19 (d, 3J (H,H) = 6.1 Hz,
18H; CHs), 1.15-1.07 (m, 36H; CHy), 0.92 (d, 3J (H,H) = 6.1 Hz, 18H; CHs), 0.85
(m, 54H; CHs);

13C-NMR (75 MHz, C,DCls, 80 °C): d = 140.7, 130.1, 123.5, 121.6, 119.7, 40.0,
39.7, 38.00, 37.9, 37.79, 37.77, 37.69, 37.62, 35.0, 33.5, 28.1, 25.0, 24.8, 22.9,
22.8,20.22,20.17, 20.13, 20.02, 19.97;

m.p.: 231 °C

MS (FD, 8 kV): m/z (%) = 2206.7 (100) [M"] (calcd for C1gHass = 2205.83)

EA: calcd. (%) for C1s2H258: C 88.21, H 11.79; found: C 88.56 H 11.91.
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DSC: K® Coly, T =-36 °C, DH = 13.5 kJ/mol

6.3.23 4,4°-Bis(4-n-dodecyloxyphen-1-yl)diphenylacetylene (74)

Hy5C120 @ @ = @ @ OC 1,Has

74

In a 250 mL round bottom flask, 15 mL of a 1M solution of 4-

dodecyloxyphenylmagnesiumiodide was added dropwise to 0.5 g (1.5 mmol)
4,4’ -dibromotolane (21) dissolved in 75 mL of dry THF. 100 mg of [PdCl(dppf)]

catalyst was added to this solution. The resulting mixture was stirred under
reflux in an inert atmophere for 16 h. While cooling to room temperature, a white
solid precipitated. The solid was then filtered and washed several times with
petrol ether and methanol to yield 0.81 g (78%) of 74.

IH-NMR (500 MHz, p-C¢D4Clz, 160 °C): d = 7.68 (d, 3J (H,H) = 8.2 Hz, 4H; CH),
7.59 (m, 8H; CH), 7.06 (d, 3J (H,H) = 8.5 Hz, 4H; CH), 4.11 (m, 4H; a-CHy),
1.92 (m, 4H; b-CHy), 1.63 (m, 4H; CHp), 1.55-1.35 (m, 32 H; CHy), 1.03 (t, 3J
(H,H) = 6.1 Hz, 6H; CHa);

13C-NMR (125 MHz, C,D,Cly): d = 159.6, 141.0, 133.1, 132.2, 128.2, 126.7,
122.1, 115.8, 90.4, 68.9, 32.0, 29.8, 29.7, 29.69, 29.63, 29.5, 29.4, 29.3, 26.3,
22.7,14.0;

m.p.: 240 °C
EA: calcd. (%) for C5oHgsO2: C 85.91, H 9.52; found: C 85.56 H 9.43.

MS (FD, 8 kV): m/z (%) = 700.7 (100) [M'] (calcd for CsoHgsO2 = 699.07)
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6.3.24 Hexa(4-n-dodecyoxylbiphenyl)benzene (75)

H25C120
H25C 1202 )\ X OC12Hos
@ ® O ® O
O O O
H25C120 OC12H25

OC12H25

75

In a 50 mL round bottom flask equipped with a reflux condensor, a suspension
of 0.4 g (0.57 mmol) di(4-n-dodecyloxybiphenyl)acetylene (74) and 20 mL of
dioxane was degassed several times; 39 mg (0.12 mmol) [Co2(CO)g] was then
added and the resulting mixture was heated to refluxed. After 3 h additional 20
mg (0.06 mmol) [Co2(CO)s] was added and refluc was maintained for 2 h. The
solvent was evaporated under vacuum, and the crude product was purified
using column chromatography on silica with petrol ether/CH,Cl, (7/3) as the

eluent, yielding 0.3 g (75%) of 75 as an off-white solid.

IH-NMR (500 MHz, C»D,Cls, 110 °C): d = 7.31 (d, 3J (H,H) = 8.6 Hz, 12H; CH),
7.09 (d, 3J (H,H) = 7.9 Hz, 12H: CH), 6.94 (d, 3J (H,H) = 8.5 Hz, 12H; CH), 6.82
(d, 33 (H,H) = 8.6 Hz, 12H; CH), 3.93 (m, 12H; a-CHy), 1.74 (m, 12H; b-CHb),
1.43 (m, 12H; CHy), 1.40-1.20 (m, 96H; CHy), 0.89 (t, 3J (H,H) = 6.7 Hz, 18H;
CH);

BBC-NMR (125 MHz, C,D,Cls): d = 159.0, 140.6, 139.7, 137.7, 133.9, 132.2,
128.0, 124.9, 115.4, 68.9, 32.0, 29.7, 29.69, 29.68, 29.66, 29.64, 29.61, 29.4,
26.2,22.7, 14.0;

m.p.: 134 °C

EA: calcd. (%) for C150H19s: C 85.91, H 9.52; found: C 85.97 H 9.67.
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MS (FD, 8 kV): m/z (%) = 2097.2 (100) [M'] (calcd for C150H1050s = 2097.21)

6.3.25 2,11-Di-(hex-5-enyl)-5,8,14,17-tetradodecyl-hexa-peri-
hexabenzocoronene (80)

H25C12 C12H2s

In a 250 mL Schlenk flask, 15 mL of a 1M solution of hex-1-enyl-6-
magnesiumbromide was added dropwise to 1 g (0.75 mmol) 2,11-di-bromo-
5,8,14,17-tetradodecyl-hexa-peri-hexabenzocoronene Q) dissolved in 100 mL
of dry THF. 200 mg of [PdCl(dppf)] catalyst was added to this solution. The
resulting mixture was stirred under reflux in an inert atmosphere for 16 h. While
cooling to room temperature, a yellow solid precipitated. The solid was then
filtered and washed several times with petrol ether and methanol followed by
reprecipitation from THF to yield 0.87 g (75%) of 80.

'H-NMR (500 MHz, CDCL): d = 8.35 (s, 4H; CH), 8.33 (s, 4H; CH), 8.32 (s, 4H;
CH), 5.98 (m, 2H; CH), 5.17 (d, 3J (H,H) = 17.7 Hz, 2H; CH,), 5.08 (d, 3J (H,H) =
9.8 Hz, 2H; CH,) 3.01 (m, 8H; a-CHy(dodecyl)), 2.32 (m, 4H; a-CHx(hexenyll)),
1.99 (m, 8H; b-CHy(dodecyl)), 1.74 (m, 4H; b-CHy(hexenyll)), 1.66 (m, 8H, CH,),
1.47-1.32 (m, 74 H; CHy), 0.91 (t, 3J (H,H) = 6.4 Hz, 12H; CHs);

13C-NMR (125 MHz, C,D,Cly): d = 139.8, 139.5, 138.9, 129.6, 123.1, 121.0,
119.4, 114.6, 99.0, 37.3, 37.0, 34.0, 32.5, 32.0, 31.8, 31.1, 30.0, 29.93, 29.87,
29.79, 29.5, 29.2,22.7, 14.1;

UV/NVis: | nm (loge) = 228 (5.30), 358 (5.23);

m.p.: > 300 °C
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EA: anal. calcd. (%) for C102H134: C 90.07, H 9.93; found: C 90.41 H 10.17.
MS (FD, 8 kV): m/z (%) = 1359.1 (100) [M+] (calcd for C192H134 = 1360.18)
DSC:K® Coly T =121 °C, DH = 91 kJ/mol

6.3.26 2-(Thien-2-yl)-5,8,14,11,17-pentadodecyl-hexaperi-
hexabenzocoronene (83)

A 250 mL two-necked round bottom flask was charged with 0.20 g (0.14 mmol)
2-bromo-5,8,11,14,17-pentadodecyl-hexa-peri-hexabenzocoronene (7)
dissolved in 100 mL of dry THF and 10 mg of [PdCkL(dppf)] catalyst was added.
Then 1 mL of a 1M solution of thienyl-2-magnesiumbromide was added
dropwise to this solution. The resulting mixture was stirred under reflux in an
inert atmosphere for 16 h. While cooling to room temperature, a yellow solid
precipitated. The solid was then filtered and washed several times with petrol

ether and methanol followed by re-precipitation from THF to yield 0.13 g (65%)
of 83.

'H-NMR (500 MHz, C,D,Cls, 100 °C): d = 8.69 (s, 2H; CH), 8.48 (s, 2H; CH),
8.46 (s, 2H; CH), 8.39 (s, 2H; CH), 8.36 (s, 4H; CH), 7.66 (M, 1H; CHiniophene),
7.55 (M, 1H; CHiniophene), 7-37 (M, 1H; CHiniophene), 3.11 (M, 10H; a-CHy), 2.09
(m, 10H; b-CHj), 1.70 (m, 10H, CHy), ), 1.62 (m, 10H, CH,), 1.52-1.33 (m, 70 H;
CHy), 0.91 (m, 15H; CHs);
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1BC-NMR (125 MHz, C,;D,Cls, 130 °C): d = 140.3, 131.6, 130.3, 130.1, 129.9,
129.6, 128.4, 125.2, 123.9, 123.3, 121.7, 121.5, 119.6, 118.9, 37.4, 37.3, 32.1,
31.9, 30.2, 30.0, 29.9, 29.8, 29.5, 29.2, 22.7, 14.0;

UV/NVis: | nm (loge) = 226 (6.12), 362 (6.11);
m.p.: > 300 °C

EA: anal. calcd. (%) for C106H140S: C 88.03, H 9.76, S 2.22; found: C 87.67 H
9.97.

MS (FD, 8 kV): m/z (%) = 1446.1 (100) [M*] (calcd for C10sH140S = 1446.33)

DSC: K® Co0lho1 T =92 °C, DH = 64.1 kJ/mol

6.3.27 2,11-Di-(thien-2-yl)-5,8,14,17-tetradodecyl-hexa-peri-
hexabenzocoronene (84)

A 250 mL two-necked round bottom flask was charged with 0.25 g (0.19 mmol)
2,11-di-bromo-5,8,14,17-tetradodecyl-hexa-peri-hexabenzocoronene 9)
dissolved in 100 mL of dry THF and 30 mg of [PdCL(dppf)] catalyst was added.
Then 3.7 mL of a 1M solution of thienyl-2-magnesiumbromide was added
dropwise to this solution. The resulting mixture was stirred under reflux in an
inert atmosphere for 16 h. While cooling to room temperature, a yellow solid
precipitated. The solid was then filtered and washed several times with petrol
ether and methanol followed by re-precipitation from THF to yield 0.17 g (68%)
of 84.
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1H-NMR (500 MHz, C,D,Cls, 100 °C): d = 8.65 (s, 4H; CH), 8.29 (s, 4H; CH),
8.23 (s, 4H; CH), 7.62 (d, 3J (H,H) = 3.4 Hz, 2H; CHiophene), 7.54 (d, 3J (H,H) =
4.9 Hz, 2H; CHyiophene), 7-35 (M, 2H; CHiniophene), 3.03 (M, 8H; a-CHj), 2.00 (m,
8H; b-CHy), 1.67 (m, 8H, CH,), ), 1.57 (m, 8H, CHy), 1.49-1.26 (m, 56 H; CHy),
0.94 (t, 3J (H,H) = 6.4 Hz, 12H; CHg);

13C-NMR (125 MHz, C,;D,Cls, 130 °C): d = 139.9, 131.4, 130.0, 129.4, 129.2,

128.4, 125.1, 123.8, 122.8, 121.4, 121.2, 119.1, 118.7, 37.3, 32.1, 31.8, 30.3,
30.1, 30.0, 29.9, 29.8, 29.5, 28.7, 22.7, 14.0;

UV/Vis: | nm (log e) = 230 (5.10), 363 (5.13);
m.p.: > 300 °C

EA: anal. calcd. (%) for CogH118S2: C 86.54, H 8.74, S 4.71; found: C 86.97 H
8.99.

MS (FD, 8 kV): m/z (%) = 1359.6 (100) [M+] (calcd for CggH118S2 = 1360.13)

DSC: K® COlyo1 T = 71 °C, DH = 14.9 kJ/mol, COlyo1® COlno2 T = 175 °C, DH =
23.4 kJ/mol
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6.3.28 2-Di-(5-dodecyl-thien-2-yl)-5,8,14,17-tetradodecyl-hexa-
peri-hexabenzocoronene (85)

A 250 mL two-necked round bottom flask was charged with 0.20 g (0.19 mmol)
2,11-di-bromo-5,8,14,17-tetradodecyl-hexa-peri-hexabenzocoronene 9)

dissolved in 100 mL of dry THF and 30 mg of [PdCL(dppf)] catalyst was added.
Then 2 mL of a 1M solution of 5-dodecyl-thienyl-2-magnesiumbromide was
added dropwise to this solution. The resulting mixture was stirred under reflux in
an inert atmosphere for 16 h. While cooling to room temperature, a yellow solid
precipitated. The solid was then filtered and washed several times with petrol
ether and methanol followed by re-precipitation from THF to yield 0.21 g (67%)
of 85.

'H-NMR (500 MHz, C2D,Cls, 100 °C): d = 8.46 (s, 4H; CH), 8.14 (s, 4H; CH),
8.11 (s, 4H; CH), 7.45 (d,%J (H,H) = 3.1 Hz, 2H; CHihiophene), 7.04 (d, 3J (H,H) =
3.1 Hz, 2H; CHhniophene), 3.12 (m, 4H; a-CHx(thiophene-dodecyl)), 3.04 (m, 8H;
a-CH,(HBC-dodecyl)), 2.05 (m, 12H; CHy), 1.70-1.58 (m, 24H; CH,), 1.53-1.33
(m, 84 H; CH,), 0.91 (m, 18H; CHy);

13C-NMR (125 MHz, C,D,Cls, 130 °C): d = 146.0, 143.4, 139.4, 131.4, 129.5,
129.0, 128.9, 125.4, 123.4, 123.3, 122.4, 121.1, 120.9, 118.6, 118.4, 118.1,

37.4, 32.3, 32.21, 32.19, 31.0, 30.6, 30.3, 30.23, 30.15, 30.09, 30.04, 30.0,
29.93, 29.9, 29.7, 29.6, 22.9, 14.3;
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m.p.: > 300 °C

EA: anal. calcd. (%) for C106H140S: C 86.36, H 9.86, S 3.78; found: C 85.91 H
9.97.

MS (FD, 8 kV): m/z (%) = 1695.7 (100) [M'] (calcd for C125H166S2 = 1696.78)

DSC: K® Coly1 T =107 °C, DH = 134.3 kJ/mol

6.3.29 2,11-Di-(thien-3-yl)-5,8,14,17-tetradodecyl-hexa-peri-
hexabenzocoronene (86)

A 100 mL two-necked round bottom flask was charged with 0.1 g (0.074 mmol)
2,11-di-bromo-5,8,14,17-tetradodecyl-hexa-peri-hexabenzocoronene (9) in 25
mL of toluene. After the mixture was degassed and purged with argon several
times 1.3 g of KoCOg, dissolved in 5 mL EtOH/H,0 [1:1], 40 mg (0.16 mmol) of
3-thienylboronic acid, and 10 mg of [Pd(PPhg)4] catalyst were added. The
resulting mixture was stirred at 80 °C in an inert atmosphere for 16 h. While
cooling to room temperature, a yellow solid precipitated. The solid was then

filtered and washed several times with petrol ether and methanol followed by
reprecipitation from toluene to yield 75 mg (75%) of crude 86.

'H-NMR (500 MHz, C,D,Cls, 130 °C): d = 8.68 (s, 4H; CH), 8.34 (s, 4H; CH),
8.30 (s, 4H; CH), 7.81 (m, 2H; CHtniophene), 7.79 (M, 2H; CHiniophene), 7.67 (M, 2H;
CHhniophene), 3.07 (m, 8H; a-CH,), 2.05 (m, 8H; b-CH,), 1.65 (m, 16H, CHy), 1.47-
1.30 (m, 56 H; CHy), 0.91 (m, 12H; CHa);
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13C-NMR (125 MHz, C,D,Cls, 130 °C): d = 139.8, 131.5, 129.9, 129.4, 129.3,
128.2, 125.0, 123.9, 122.8, 121.4, 121.3, 119.5, 118.9, 37.0, 32.1, 31.9, 30.2,
30.1, 30.05, 29.9, 29.7, 29.5, 28.6, 22.7, 13.9;

UV/NVis: | nm (loge) = 221 (4.83), 363 (4.46);
m.p.: > 300 °C

MS (FD, 8 kV): m/z (%) = 1359.5 (100) [M'] (calcd for CegHy18S, = 1360.13)

6.3.30 2,11-Di[N-(2,6-diisopropylphenyl)-perylene-9-yl-3,4-
dicarboxiimide) -5,8,14,17-tetradodecyl-hexa-peri-
hexabenzocoronene (88)

O - 25 O1225

120 S o

OO
@ O O N\ /

A 500 mL two-necked round bottom flask was charged with 0.25 g (0.185 mmol)
2,11-di-bromo-5,8,14,17-tetradodecyl-hexa-peri-hexabenzocoronene (9) and
250 mL of toluene. Then 0.6 g (0.98 mmol) peryleneboronicester, 3.5 g (25
mmol) potassium carbonate (dissolved in 25 mL ethanol/water (1:1)), and 100
mg Pd(PPhz)s were added sequentially. The resultant mixture was heated at 80
°C under argon for 16 h. After cooling to room temperature the reaction mixture
was dried under vacuum and the crude product was purified using column

chromatography on silica with dichloromethane as the eluent, yielding 0.28 g
(70%) of 88 as a red solid.

H-NMR (500 MHz, C,D,Cls, 100 °C): d = 9.20 (s, 4H; CHugc), 8.86 (m, 8H:;
CHhugd), 8.69 (d, *J (H,H) = 7.3 Hz, 2H; CHperyiene), 8.67 (d, 3J (H,H) = 4.9 Hz,
2H; CHyperylene), 8.65 (d, 3J (H,H) = 4.3 Hz, 2H; CHperylene), 8.57 (d, 3J (H,H) = 8.6
Hz, 2H; CHperylene), 8.47 (d, 33 (H,H) = 3.7 Hz, 2H; CHoerylene), 8.46 (d, 3J (H,H) =
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4.9 Hz, 2H; CHperylene), 8.28 (d, *J (H,H) = 8.6 Hz, 2H; CHyerylene), 8.07 (d, 3J
(H,H) = 7.9 Hz, 2H; CHyerylene), 7.57 (M, 2H; CHoerylene), 7.47 (t, 33 (H,H) = 7.9
Hz, 2H; CHisopropypheny), 7.34 (d, 3J (H,H) = 7.93 Hz, 4H; CHisopropyiphenyl), 3.19 (m,
8H; a-CH,), 2.85 (M, 4H; CHisopropyl), 2.04 (M, 8H; b-CHy), 1.61 (m, 8H, CHy),
1.48 (M, 8H; CH,) 1.37 (m, 8H; CHj), 1.31-1.22 (m, 72H; CH,, CHs isopropy), 0.84
(t, %J (H,H) = 7.0 Hz, 12H; CHy);

13C-NMR (125 MHz, GDCls, 80 °C): d = 164.04, 146.16, 144.08, 141.46,
137.86, 137.79, 137.68, 133.42, 131.76, 130.84, 130.72, 130.32, 130.08,
129.91, 129.22, 128.90, 127.64, 127.29, 124.96, 123.82, 123.77, 121.61,
120.60, 120.17, 37.42, 32.31, 32.07, 30.11, 30.00, 29.94, 29.89, 29.83, 29.51,
29.47,24.31, 22.80, 12.22,;

UV/Vis:| nm (log e) = 242 (5.29), 263 (4.98), 346 (4.89), 363 (5.20), 390 (4.74),
498 (4.96), 527 (5.02);

m.p.: > 300 °C

EA: calcd. (%) for CissHisa N2O4: C 88.06, H 7.67, N 1.30, O 2.97; found: C
88.74 H 7.93, N 1.45.

MS (FD, 8 kV): m/z (%) = 2155.1 (100) [M*] (calcd for C1s5H164N204 = 2155.05)

6.3.31 2-((4-Dodecylphenyl)amino)-5,8,11,14,17-pentadodecyl-
hexa-peri-hexabenzocoronene (96)

©012H25
H

oL IO

A O
O O
"'25(312J\/|\(C>/|\/L CioHos

C12H2s

A 100 mL flame dried and argon purged Schlenk flask was charged with 0.20 g

(0.14 mmol) 2-bromo-5,8,14,11,17-pentadodecyl-hexa-peri-hexabenzocoronene
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7 and 50 mL of dry toluene. Then 17.4 mg (0.028 mmol) of rac-2,2’-
bis(diphenylphosphino)-1,1"-binaphtyl (BINAP), 25.6 mg (0.028 mmol) of
tris(dibenzylideneaceton)-dipalladium(0) (Pdz(dba)s), and 0.92 g (3.5 mmol) of
4-dodecylphenylamine were added. After the resulting mixture was degassed
several times, 0.34 g (3.5 mmol) of sodium-tert.-butanolate was added to this
solution. The resulting mixture was stirred at 80 °C in an inert atmosphere for 16
h. After cooling to room temperature the reaction mixture was carefully poured
into 300 mL of methanol. A yellow solid precipitated, which was then filtered and

washed several times with petrol ether and methanol followed by reprecipitation
from THF to yield 0.2 g (88%) of 96.

IH-NMR (500 MHz, C,D,Cls, 100 °C): d = 8.47 (s, 2H:; CH), 8.45 (s, 2H; CH),
8.38 (s, 2H; CH), 8.33 (s, 2H; CH), 8.11 (s, 2H; CH), 8.07 (s, 2H; CH), 7.28 (s,
4H; CHamino-pheny), 5.81 (s, 1H; NH), 3.01 (m, 6H; CHy), 2.96 (m, 4H; CHy), 2.73
(M, 2H, CHy), 2.05 (m, 6H; CHy), 1.94 (m, 4H; CH,), 1.78 (m, 2H, CHy), 1.60-
1.33 (m, 108 H; CHy), 0.94 (m, 18H; CHs):

13C-NMR (125 MHz, C,D,Cls, 80 °C): d = 141.9, 141.2, 140.1, 139.9, 135.9,
131.0, 129.8, 129.6, 129.2, 123.4, 123.3, 123.2, 121.3, 120.2, 119.5, 119.4,
119.0, 118.8, 117.9, 111.3, 37.5, 37.2, 35.7, 32.4, 32.2, 32.1, 31.9, 30.4, 30.3,
30.2, 30.1, 30.06, 29.97, 29.9, 29.6, 22.9, 14.3,;

m.p.: > 300 °C

MS (FD, 8 kV): m/z (%) = 1623.0 (100) [M'] (calcd for C1a0H167N = 1623.65)
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6.3.32 2,11-Di-((4-dodecylphenyl)amino)-5,8,14,17-tetradodecyl-
hexa-peri-hexabenzocoronene (97)

H25C12

A 100 mL flame dried and argon purged Schlenk flask was charged with 0.25 g
(0.19 mmol) 2,11-di-bromo-5,8,14,17-tetradodecyl-hexa-peri-
hexabenzocoronene 9 and 50 mL of dry toluene. Then, 17.4 mg (0.028 mmol)
of rac-2,2"-bis(diphenylphosphino)-1,1"-binaphtyl (BINAP), 25.6 mg (0.028
mmol) of tris(dibenzylideneaceton)-dipalladium(0) (Pd.(dba)s), and 1.84 g (7
mmol) of 4-dodecylphenylamine were added. After the resulting mixture was
degassed several times, 0.7 g (7 mmol) of sodium-tert.-butanolate was added to
this solution. The resulting mixture was stirred at 80 °C in an inert atmosphere
for 16 h. After cooling to room temperature the reaction mixture was carefully
poured into 300 mL of methanol. A yellow solid precipitated, which was then

filtered and washed several times with petrol ether and methanol followed by
reprecipitation from THF to yield 0.3 g (89%) of 97.

'H-NMR (500 MHz, THF 30 °C): d = 8.89 (s, 4H; CH), 8.80 (s, 4H; CH), 8.75 (s,
4H; CH), 7.79 (s, 2H; NH), 7.43 (d, 3J (H,H) = 8.5 Hz, 4H; CHapmino-pheny)), 7.26 (d,
33 (H,H) = 7.9 Hz, 4H; CHamino-pheny), 3.17 (m, 12H; CH,), 2.69 (m, 12H; CHy),
2.01 (m, 12H, CH), 1.59 (m, 12H, CH,), 1.51-1.29 (m, 84 H; CH,), 0.88 (m,
18H; CHs);

13C-NMR (125 MHz, C,;D,Cls, 130 °C): d = 141.8, 140.1, 136.2, 132.9, 132.8,
132.3, 131.2, 129.6, 129.1, 129.0, 123.5, 121.5, 118.9, 118.5, 111.31, 37.24,
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37.16, 35.68, 32.10, 31.94, 31.80, 30.16, 30.07, 30.03, 29.98, 29.93, 29.89,
29.85, 29.79, 29.70, 29.60, 29.51, 22.81, 22.69, 14.18, 14.09;

UV/NVis: | nm (loge) = 228 (5.44), 374 (5.22);
m.p.: > 300 °C

EA: anal. calcd. (%) for C126H172N2: C 88.26, H 10.11, N 1.63; found: C 88.01 H
9.99.

MS (FD, 8 kV): m/z (%) = 1715.7 (100) [M'] (calcd for C1a6H172N, = 1714.76)

DSC: K® Colyo1 T =118 °C, DH = 24.0 kJ/mol

6.3.33 2,11-Di-(diphenylamino)-5,8,14,17-tetradodecyl-hexa-
peri-hexabenzocoronene (99)

QL O
H25C12\/\/©\/\/ CioHos

QL IO

cone
A 100 mL flame dried and argon purged Schlenk flask was charged with 0.2 g
(0.15 mmol) 2,11-di-bromo-5,8,14,17-tetradodecyl-hexa-peri-
hexabenzocoronene 9 and 50 mL of dry toluene. Then 17.4 mg (0.028 mmol) of
rac-2,2"-bis(diphenylphosphino)-1,1"-binaphtyl (BINAP), 25.6 mg (0.028 mmaol)
of tris(dibenzylideneaceton)-dipalladium(0) (Pdx(dba)s), and 0.625 g (3.7 mmol)
of diphenylamine were added. After the resulting mixture was degassed several
times, 0.7 g (7 mmol) of sodium-tert.-butanolate was added to this solution. The
resulting mixture was stirred at 80 °C in an inert atmosphere for 16 h. After

cooling to room temperature the reaction mixture was carefully poured into 300

mL of methanol. A yellow solid precipitated, which was then filtered and washed

223



6 Experimental Section

several times with petrol ether and methanol followed by reprecipitation from
THF to yield 0.2 g (85%) of 99.

IH-NMR (500 MHz, C,D,Cls 100 °C): d = 8.91 (s, 4H; CH), 8.88 (s, 4H; CH),
8.61 (s, 4H; CH), 7.42 (M, 16H; CHamino-pheny), 7-16 (M, 4H; CHamino-pheny), 3.14
(m, 8H; CHy), 1.95 (m, 8H; CHy), 1.55 (m, 8H, CHy), 1.41-1.27 (m, 64 H; CHy),
0.86 (M, 12H; CHy):

13C-NMR (125 MHz, C,;D,Cls, 130 °C): d = 148.5, 146.8, 141.3, 132.1, 130.7,
130.4, 129.7, 125.0, 124.3, 123.6, 122.4, 122.3, 122.1, 120.4, 120.3, 117.9,
37.1,32.0,31.7, 29.9, 29.8, 29.7, 29.4, 22.7, 14.0;

m.p.: > 300 °C

MS (FD, 8 kV): m/z (%) = 1530.2 (100) [M'] (calcd for C114H13:N, = 1530.31)

6.3.34 2,11-Di-[trans-Pd(PPh;),-Br]-5,8,14,17-tetradodecyl-hexa-
peri-hexabenzocoronene (102)

A 100 mL flame dried and argon purged Schlenk-flask was charged with 0.1 g
(0.074 mmol) 2,11-di-bromo-5,8,14,17-tetradodecyl-hexa-peri-
hexabenzocoronene Q) dissolved in 25 mL of dry toluene. This mixture was
degassed and purged with argon three times. Then 0.18 g (0.16 mmol, 2.1 eq.)
of tetrakis-(triphenyl-phosphine)-palladium(0) [(Pd(PPhs)4] were added to this
solution. The resulting mixture was stirred at 80 °C in an inert atmosphere for 48

h. After cooling to room temperature, the volume of the reaction mixture was
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reduced by 70%, followed by adding 60 mL of dry hexane to the flask. A yellow

solid precipitated, which was then filtered and washed with hexane under an
argon stream several times. Drying under vacuum afforded 96 mg (50%) of 102.

'H-NMR (500 MHz, CD,Cl,): d = 8.79 (s, 4H; CH), 8.29 (s, 4H; CH), 8.04 (s, 4H:;
CH), 7.53 (m, 36H; CHppn3), 6.99 (d, 3J (H,H) = 5 Hz, 24H; CH ppn3), 3.03 (m,
8H; a-CH,), 1.86 (m, 8H; b-CHy), 1.46 (m, 8H, CHy), ), 1.35-1.16 (m, 64 H;
CHy), 0.76 (t, 3J (H,H) = 6.4 Hz, 12H; CHa);

31p_NMR (202 MHz, CD,Cl,): d = 22.91;

MS (FD, 8 kV): m/z (%) = 1195.8 (100) [M" - 2x [Pd(PPhz),-Br]] (calcd for
C162H17zBr2P4Pd2 = 2615.69)

6.3.35 9-(3,7-Dimethyloctanyl)anthracene (104)

-

W, ~
In a 250 mL two-necked round bottom flask, 78 mL of a 1M solution of 3,7-
dimethyloctanyl-1-magnesiumbromide (prepared immediately prior to use from
1-bromo-3,7-dimethyloctane and magnesium) was added dropwise to 10 g (39
mmol) 9-bromoanthracene (103) dissolved in 150 mL of dry THF. Then, 1.4 g (5
mol%) of [PdClx(dppf)] catalyst was added to this solution. The resulting mixture
was stirred under reflux in an inert atmosphere overnight. The reaction was
quenched with methanol and the solvent removed under reduced pressure.
Purification using column chromatography on silica gel with petrol ether as the
eluent afforded a mixture of the desired product and anthracene.

Recrystallisation from hot heptane afforded 6.2 g 104 as a yellow solid. Yield:

50%.
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H-NMR (500 MHz, C,D,Cls): d = 8.26 (s, 1H; CH), 8.19 (d, 3J (H,H) = 9.2 Hz,
2H; CH), 7.94 (d, %J (H,H) = 7.9 Hz, 2H; CH), 7.47 (t, 3J (H,H) = 7.3 Hz, 2H;
CH), 7.41 (t, 3] (H,H) = 7.3 Hz, 2H; CH) 3.59-3.44 (m, 2H; a-CH,), 1.73 (m, 2H;
b-CH,), 1.55 (m, 1 H; CH), 1.48 (m, 2H; CHy), 1.43 (m, 2H; CH,), 1.34-1.26 (m,
3H; CH, CHy), 1.09 (d, 3J (H,H) = 6.1 Hz, 3H; CHs) 0.85 (d, %J (H,H) = 6.1 Hz,
6H; CHy);

13C-NMR (125 MHz, C,D,Cly): d = 136.0, 129.7, 129.5, 128.1, 126.2, 125.2,
124.1,120.9, 38.7, 37.6, 36.3, 33.1, 27.4, 25.3, 24.1, 22.1, 22.0, 19.1,

MS (FD, 8 kV): m/z (%) = 318.1 (100) [M'] (calcd for C24Hz0 = 318.5)

6.3.36 9-Bromo-10-(3,7-dimethyloctanyl)anthracene (105)

=9

A 250 mL round bottom flask was charged with 3.51 g (11 mmol) of 9-(3,7-
dimethyloctanyl)anthracene (04) and dissolved in 75 mL of carbondisulfide.

Then 1,77 g (0.57 mL, 11.1 mmol) bromine dissolved in 10 mL of
carbondisulfide were added droppwise to this solution. After stirring the reaction
mixture for 30 min the solvent was evaporated under reduced pressure. The

remaining crude pruduct was purified using column chromatography on silica
gel with petrol ether as the eluent to yield 3.9 g (90%)of 105 as a yellow solid.

'H-NMR (500 MHz, C»D>Cls): d = 8.56 (d, 3J (H,H) = 9.2 Hz, 2H; CH), 8.22 (d, 3J

(H,H) = 8.5 Hz, 2H; CH), 7.57 (t, 3] (H,H) = 7.3 Hz, 2H; CH), 7.52 (t, 3] (H,H) =
7.0 Hz, 2H; CH) 3.51-3.42 (m, 2H; a-CHy), 1.76 (m, 2H; b-CHy), 1.57 (m, 1 H;
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CH), 1.47 (m, 2H; CHy), 1.39 (m, 2H; CH,), 1.33-1.22 (m, 3H; CH, CH,), 1.13
(d, 3J (H,H) = 6.2 Hz, 3H; CHs) 0.92 (d, 3J (H,H) = 6.2 Hz, 6H; CHk);

13C-NMR (125 MHz, C,D,Cly): d = 135.9, 129.6, 129.4, 127.9, 126.1, 125.1,
124.0, 120.8, 38.7, 37.6, 36.3, 33.1, 27.4, 25.3, 24.1, 22.1, 22.0, 19.1;

MS (FD, 8 kV): m/z (%) = 397.1 (100) [M*] (calcd for C24H20Br = 397.39)

6.3.37 4,4-Bis(10-(3,7-dimethyloctanyl)anthracen-9-
yldiphenylacetylene (107)

aCi<_ )~ =) JCor

A 250 mL two-necked round bottom flask was charged with 2.9 g (7.3 mmol) 9-
bromo-10-(3,7-dimethyloctanyl)anthracene (105) and 125 mL of toluene. Then
0.65 g (2.45 mmol) 4,4 -diphenylacetylenediboronicacid (106), 1.7 g (12 mmol)
potassium carbonate (dissolved in 12 mL ethanol/water (1:1)), and 150 mg
Pd(PPhs)s were added sequentially. The resultant mixture was heated at 80 °C
under argon for 16 h. After cooling to room temperature the reaction mixture
was dried under vacuum and the crude product was purified using column

chromatography on silica with petrol ether/CH,Cl, as the eluent, yielding 0.79 g
(40%) of 107 as a yellow solid.

'H-NMR (500 MHz, C,D,Cly): d = 8.28 (d, %J (H,H) = 9.2 Hz, 4H; CH), 7.79 (d, 3J
(H,H) = 7.9 Hz, 4H; CH), 7.65 (d, %3 (H,H) = 9.2 Hz, 4H; CH), 7.49 (t, °J (H,H) =
7.3 Hz, 4H; CH), 7.42 (d, 3J (H,H) = 7.9 Hz, 4H; CH), 7.34 (t, 3J (H,H) = 7.6 Hz,
4H; CH) 3.69-3.54 (m, 4H; a-CHj), 1.79 (m, 4H; b-CH,), 1.66 (m, 2H; CH), 1.50
(m, 4H; CHy), 1.39 (m, 4H; CHy), 1.33-1.26 (m, 6H; CH, CHy), 1.14 (d, 3J (H,H)
= 6.1 Hz, 6H; CH3) 0.87 (d, 3J (H,H) = 6.1 Hz, 12H; CHs);
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BC-NMR (125 MHz, C,D,Cls): d = 139.9, 136.3, 135.1, 133.9, 131.9, 130.2,
129.2, 127.8, 125.6, 125.3, 124.7, 122.4, 90.2, 39.6, 38.7, 37.4, 34.1, 28.3,
26.2,25.1,23.1, 23.0, 20.1;

UVNVis: | nm (log e) = 235 (4.88), 274 (5.93), 373 (4.56), 390 (4.81), 411 (4.80);

MS (FD, 8 kV): m/z (%) = 810.7 (100) [M"] (calcd for CoHgs = 811.19)

6.3.38 Hexakis(4-(10-(3,7-dimethyloctanyl)anthracen-9-yl)phen-
1-y)benzene (108)

In a 100 mL three-necked round bottom flask equipped with a reflux condenser
0.5 g (0.62 mmol) 4,4 -bis(10-(3,7-dimethyloctanyl)anthracen-9-yl)diphenyl-
acetylene (107) dissolved in 25 mL of dioxane were added under argon to a
degassed solution of 60 mg (0.18 mmol) [Co2(CO)g] in 25 mL of dioxane. After
refluxing for 5 h, the solvent was evaporated under vacuum, and the residue
was purified using column chromatography on silica gel with petrol ether/CH,Cl,
(7/3) as the eluent, yielding 0.1 g 108 as colorless ail. Yield: 20%.

'H-NMR (500 MHz, C2D,Cls): d = 8.19 (d, 3J (H,H) = 9.2 Hz, 12H; CH), 7.55 (d,
3J (H,H) = 7.9 Hz, 12H; CH), 7.52 (d, 3J (H,H) = 8.9 Hz, 12H; CH), 7.30 (d, 3J
(H,H) = 7.9 Hz, 12H; CH), 7.15 (t, *J (H,H) = 7.3 Hz, 12H; CH), 6.60 (t, 3J (H,H)
= 7.5 Hz, 12H; CH) 3.69-3.62 (m, 12H; a-CH,), 1.92 (m, 12H; b-CHy), 1.80 (m,
6H; CH), 1.61-1.54 (m, 12H; CHy), 1.36 (m, 12H; CH,), 1.28-1.20 (m, 18H; CH,
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6 Experimental Section

CHy), 1.17 (d, 3J (H,H) = 6.1 Hz, 18H; CHs) 0.93 (d, 3J (H,H) = 6.1 Hz, 36H:
CH);

13C-NMR (125 MHz, C,D,Cly): d = 139.9, 136.3, 135.1, 133.9, 131.9, 130.2,

129.2, 127.8, 125.6, 125.3, 124.7, 122.4, 121.2, 39.6, 38.7, 37.4, 34.1, 28.3,
26.2,25.1, 23.1, 23.0, 20.1,

UVNVis:| nm (log e) = 239 (5.50), 274 (5.82), 369 (4.93), 389 (5.15), 409 (5.10);

MS (FD, 8 kV): m/z (%) = 2433.6 (100) [M'] (calcd for C1ggH195 = 2433.56)
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